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Abstract 

For the past 75 years gas-phase electron diffraction (GED) has remained the most 

valuable technique for determining structures of small molecules, free from 

intermolecular interactions. Throughout this period many improvements have been 

made to both the experimental and theoretical aspects of this technique, leading to 

the determination of more accurate structures. As the uncertainties associated with 

many stages of the process have been greatly reduced, errors introduced by 

assumptions, which were previously neglected, now play an important role in the 

overall accuracy of the determined structure.  

This work is focused on two such areas, namely the treatment of vibrational 

corrections and the vibrational effects on the scattering of individual electrons by 

multiple atoms. 

A novel method has been developed which allows the extraction of equilibrium 

structures (re) from distances obtained directly from GED experiments (ra). In 

unfavourable cases (such as small molecules with large-amplitude and / or highly 

anharmonic modes of vibration) traditional methods can introduce errors of 

comparable size to those obtained from the experiment. The newly developed 

method, EXPRESS (EXPeriments Resulting in Equilibrium StructureS), overcomes 

the problems which have plagued previous attempts through exploring a more 

extensive region of the potential-energy surface (PES), specifically regions relating 

to the normal modes of vibration. The method has been applied, initially, to sodium 

chloride in the gas phase as this contains dimer molecules with very low-frequency 

large-amplitude modes of vibration. The experimentally determined re structure gives 

good agreement with high-level ab initio calculations. Following this success, the 

EXPRESS method was then applied to sodium fluoride, sodium bromide and sodium 

iodide, giving similarly good agreement with theoretical calculations. 

The regular mixed alkali halide dimers (D2h symmetry) cannot be studied by 

microwave spectroscopy as they do not have a permanent dipole moment. However, 
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mixed dimers (C2v) and asymmetric dimers (Cs) do not suffer from this constraint. 

Using insights learned from the ab initio studies of the sodium halides, geometries 

and dipole moments have been calculated for a range of mixed and asymmetric alkali 

halide dimers to enable their study by microwave spectroscopy.  

A multi-dimensional version of the EXPRESS method has been applied to the low-

frequency modes of chlorofluoroacetylene and chlorodifluoronitrosomethane to 

assess the effects of coupling between these modes of vibration in these structurally 

challenging systems. 

To obtain re structures of larger molecules a second method, using molecular 

dynamics (MD), has been developed and has been implemented on two test cases: 

the sodium chloride dimer and octasilsesquioxane.  

Traditional scattering theory used in GED employs the first-order Born 

approximation (FBO). However, this ignores any multiple scattering events, which 

are important for heavier atoms. Using a method similar in nature to EXPRESS a full 

vibrational analysis of three-atom scattering has been conducted on tellurium 

dibromide and tellurium tetrabromide.  
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Chapter One 

Introduction and background theory 
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1.1 General introduction 

Chemists, by their very nature, have a fundamental interest in the structure of 

molecules. By understanding the ways in which atoms connect together we can better 

understand the chemical and physical properties of the resulting molecules. 

Furthermore, detailed knowledge of molecular structure can provide insights into 

reaction mechanisms and physical processes. Given that the sizes and shapes of 

molecules are of such fundamental importance, molecular structure is of vital 

significance to all areas of chemical research. 

As chemical understanding has advanced so has the need for ever more detailed 

molecular structures to explain further more sophisticated phenomena. Early 

chemists were simply concerned with elemental composition. As chemists became 

more advanced, connectivity of individual atoms also gained favour. Modern 

chemists require not only connectivity information but the exact geometry of their 

compounds defined by accurate bond lengths and angles. Such information can be 

obtained using well-established spectroscopic and diffraction techniques. Ideally, 

these methods are carried out in gas phase where the molecules are isolated and free 

from any intermolecular forces which can distort their structures. This is not the case 

in the solid phase. 

The choice of techniques for structure determination in the gas phase is limited 

mainly to electron diffraction (GED) and rotational spectroscopy. Both techniques 

are routinely used to provide chemists with vital structural information. The most 

common form of rotational spectroscopy; microwave spectroscopy (MW) provides 

extremely accurate structural information, but its application is limited to a relatively 

small number of molecules. The systems that can be studied need to have a 

permanent dipole moment, and generally need to be small and highly symmetric. 

Furthermore, to obtain a full molecular structure, painstaking isotopic substitution is 

often required. To study larger molecules, or molecules which have no permanent 

dipole moment, GED must be employed.  
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In recent years theoretical chemistry has made great advances. At present, structural 

information obtained from quantum chemical calculations is renowned for providing 

valuable insights into complex structural problems and is widely used in combination 

with experimental data to obtain complete structures that could not be obtained by 

experimental information alone. However, gas-phase experimental structures 

continue to be of the utmost importance to allow for the benchmarking of 

computational techniques, and to allow the standardisation of semi-empirical 

approaches. 

Ab initio and density functional theory are well established and powerful 

computational techniques that can calculate many molecular properties from first 

principles. However, the size of molecules that can be studied, and the accuracy of 

structures obtained by these techniques, are limited by the speed and cost of the 

computational equipment. 

1.2 Gas-phase electron diffraction 

Gas-phase electron diffraction (GED) is one of only a handful of techniques that can 

yield the accurate molecular structures of gaseous molecules. However, the 

technique is not without its challenges (these will be explained in detail later), which 

can render all but simple structures insoluble or at least only partially solvable. Thus, 

GED information must often be supplemented with data from other sources.  

The technique is performed by a number of groups worldwide with three apparatus 

located here in the UK (two of which are housed in Edinburgh), several in the USA 

and others in Norway, Russia, Germany, Belgium and Japan. While the theory 

behind the experiment is well accepted, the experimental setup and procedures 

remain largely idiosyncratic and vary widely between individual groups.  
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1.2.1 Theoretical background 

The establishment of the wave theory of light, first proposed in 1673 by Huygens,1 

paved the way for two important discoveries that made gas-phase electron diffraction 

a reality. The first of these was by Young in 1801.2 His double-slit experiment 

proved beyond all doubt that light possessed wave-like properties, thus could be 

diffracted. This experiment involved passing a beam of monochromatic light, from a 

filtered mercury lamp, through a narrow slit in a screen. This caused the light to 

diffract and a cylindrical wavefront to form. This wavefront was then incident on a 

second screen containing two small parallel slits. This produced further diffraction 

and resulted in two identical cylindrical wavefronts. By the processes of constructive 

and destructive interference between the wavefronts, a pattern of light and dark 

fringes was produced on a solid screen.  

The second major breakthrough was by Louis de Broglie in 1924.3 Building on the 

fact that light has wave-like properties he introduced the concept of wave-particle 

duality and postulated that all moving objects have an associated wavelength. In this 

sense a photon of light can be considered to exist both as a particle and a wave and 

according to de Broglie all particles, such as electrons, can exhibit wave-like 

properties. This relationship is given in Equation (1.1) 

p

h=λ  (1.1) 

where  λ is wavelength of the particle, h is Plank’s constant, and p is the momentum 

of the particle. 

Germer and Davisson provided experimental evidence to support de Broglie’s claims 

in 1927 when they showed diffraction of electrons by a nickel crystal.4 These results 

were confirmed by Thompson who reported interference effects using fast-moving 

electrons passing through metal foils.5 
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Once these principles had been established it was only a small step in understanding 

to realise they could be used to determine the structure of molecules. The electric 

field gradient of each atom causes diffraction of passing electrons. This is analogous 

to Young’s experiment, the atom acting like a slit and the beam of electron 

corresponding to the beam of light. Thus, diffraction from pairs of atoms gives rise to 

interference patterns consisting of light and dark fringes. 

The first gas-phase diffraction was performed in 1927 by Debye using X-rays.6 This 

was quickly followed by the first gas-phase electron diffraction by Mark and Wierl.7 

The electron diffraction technique had one major advantage over using X-rays: time. 

Due to the increased scattering power of electrons, Mark and Wierl’s experiment was 

conducted in a matter of seconds compared to the 10 hours it took for Debye’s. Mark 

and Wierl went on to determine the structures of many simple, symmetric molecules 

such as carbon tetrachloride, germanium tetrachloride and benzene.8 

The diffraction patterns are recorded on photographic film and consist of concentric 

light and dark rings, which are due to the random orientations of the molecules in the 

gas phase. An example of this is shown in Figure 1.  
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Figure 1 Image of electron diffraction pattern recorded on Kodak Electron Image 
film 

 

Initially, patterns were interpreted by eye using the visual method.9,10 This consisted 

of measuring the diameters of rings with maximum and minimum intensities and 

comparing these with values calculated from a model. The best fit, determined by 

trial and error, gave the structure. By utilising a Fourier transform of the diffraction 

information the first radial distribution curves were produced.11 This allowed the 

structure determination process to become more intuitive and GED became the most 

powerful technique for the determination of structures in the gas phase. Further 

developments included the introduction of a rotating sector by Debye in 1939.12 This 

allowed for compensation of the atomic background and made quantitative 

interpretation of intensity data possible. Accurate analysis of scattering intensities 

was further enhanced by the introduction of densitometers that could measure the 

optical density distribution of the diffraction images. Today, image plates or CCD 

cameras are used to accurately record diffraction patterns and the technique is 

employed in combination with the least-squares refinement process13 to produce 

highly accurate structures. 
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1.2.2 Experimental apparatus 

There are two major requirements for a gas-phase electron diffraction experiment: a 

beam of focused monochromatic electrons, and a gaseous sample of sufficient 

vapour pressure. The general experimental setup is illustrated in Figure 2. It consists 

of an electron gun, a method for focusing the electron beam, a nozzle to introduce the 

gaseous sample, and a detector to record the diffraction pattern. The beam of 

electrons is accelerated from a cathode (a hot tungsten wire) towards an anode with a 

potential difference of around 40 keV. This corresponds to an electron wavelength of 

around 6 pm. The beam is then cleaned and focused using a series of apertures and 

magnetic lenses. The gaseous sample is introduced using a nozzle perpendicular to 

the electron beam. Diffraction occurs at the point of intersection between the electron 

beam and the molecular beam. The diffracted electrons are then recorded on 

photographic film and the sample is condensed in a cold trap to prevent any further 

interaction with the electrons. The diffraction chamber is maintained at high vacuum 

(approximately 130 �Pa), both to prevent diffraction of the electrons by any other 

species and to protect the tungsten filament. 
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Figure 2 Diagram of a typical electron diffraction apparatus 

 

The range of scattering intensities is too large to be recorded accurately on 

photographic film as the intensity of the scattered electrons decreases dramatically 

with increasing scattering angle (approximately to the fourth power). In order to 

compensate for this a filter is employed. This consists of a rotating metallic disc that 

has an opening cut to the fourth power of the scattering angle (shown in Figure 3), 

and is placed in front of the photographic film. Through rapid rotation this sector 

gives a more uniform distribution of exposure of film by decreasing the effective 

exposure time at smaller scattering angles, where intensities would otherwise be too 

strong to be recorded. Undiffracted electrons are collected in a small metal cylinder 

at the centre of the rotating sector known as beam stop. Unfortunately, this prevents 

data collection at very small scattering angles, but is essential to prevent possible 

back-scattering. 
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Figure 3 Diagram of rotating sector used in the Edinburgh apparatus 

 

 

Typically data are collected at two, or occasionally three, nozzle-to-film distances to 

increase the angular range of the data. An example of this is shown in Figure 4. This 

increases the amount of structural information aiding the determination of the 

molecular geometry. The nozzle-to-film distance and the wavelength of the electrons 

are calculated immediately after each sample has been run by calibration through 

reference to the scattering pattern of benzene.  
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Figure 4 Schematic of (a) short and (b) long nozzle-to-film distances  

 

 

1.2.3 Interpretation of the data 

The diffraction pattern, captured on photographic film consists of diffuse, concentric 

rings due to the random orientation of the molecules in the diffraction chamber. The 

image is digitised using an Epson 1680 Pro flatbed scanner then, using a standard 

program,14 mean optical densities are extracted as a function of scattering angle. For 

convenience, and in the interest of compatibility, a universal variable s is used for the 

data reduction and refinement process. This is a function of both the scattering angle 

(�) and the electron wavelength (� ) [as shown in Equation (1.2)] and has the 

advantage of being independent of the apparatus on which the data were collected. 
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=
2

sin
�4 θ

λ
s  (1.2) 

The mean optical densities represent the total scattering intensity. This can be 

considered to consist of scattering from three different sources, shown in Equation 

(1.3). 

backgroundmoleculeatomtotal IIII ++=  (1.3) 

The molecular scattering intensity (Imolecule) contains all the structural information 

and is obtained via the subtraction of the other two terms in a process termed data 

reduction. The atomic scattering term (Iatom), the intensity obtained from scattering of 

electrons by individual atoms, can be calculated by simply summing the 

contributions from the constituent atoms. The background scattering term (Ibackground) 

is more vague in nature and is the result of other scattering processes such as 

inelastic scattering. As this consists of very low-frequency oscillations it can be 

removed by fitting a cubic spline without the loss of any structural data. Following 

the reduction process the remaining data are known as a molecular-intensity curve 

(MIC) which contains all the geometrical information. However, with the data in this 

form structure solution is somewhat troublesome. A sine Fourier transform of the 

MIC yields the much more useful radial distribution curve (RDC). This reveals a 

peak for every bonded and non-bonded distance in the molecule. For simple systems 

it is possible to directly determine, from simple observation of the RDC, the bond 

lengths and angles to give the molecular structure. However, for more complex cases 

least-squares-refinement techniques13 need to be employed, together with more 

intricate methods to analyse the scattering intensity data and therefore solve the 

structure. These will be discussed in greater depth in the following section. 
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1.2.4 Challenges for gas-phase electron diffraction 

Gas-phase electron diffraction has unrivalled power for determining structures of a 

wide variety of molecular systems in the gas phase. However, it is not without its 

challenges, which will be discussed here together with some possible solutions. 

The major factor that limits the study of molecules by GED is vapour pressure. 

Although the samples used for GED can be in any phase (solid, liquid or gas) at 

ambient temperature and pressure they must possess a sufficiently high vaporisation 

rate to provide a pressure of at least 100 Pa (with heating if necessary). This pressure 

is required to give a beam density that will provide sufficient diffraction intensity 

relative to the background.15 In Edinburgh, the recent addition of a heated reservoir 

to the sample inlet system has enabled compounds to be studied that would otherwise 

not meet these vapour pressure and vaporisation rate requirements.   

Due to the random orientations of molecules in the gas phase, GED yields essentially 

one-dimensional information (similar to powder diffraction experiments). When 

distances are similar in length, this manifests itself in the radial distribution curve as 

overlapping peaks. Thus, the direct determination of the distance between each atom 

pair becomes impossible and thus the structure is not solvable. This is a common 

problem and is exhibited by all but the simplest of molecular structures. However, by 

utilising more complex refinement techniques16-18 and supplementation with 

information from other sources19 (discussed in Section 1.5) this problem can be 

largely overcome. 

Heavy atoms scatter electrons much more than lighter atoms, for example hydrogen. 

Hence it is often impossible to determine the positions of light atoms accurately in 

the presence of heavier ones. This leads to difficulties with structure determination, 

as without a complete set of atomic positions the structure remains incomplete. 

However, by utilising information available from other sources or by employing the 

recently developed DYNAMITE technique,20 this problem, like the previous one, can 

be largely circumvented.  
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Further problems, due to the breakdown of the first-order Born approximation, are 

encountered when studying the structures of molecules with heavy atoms (third 

period and below). These manifest themselves in two forms. The first is a phase shift 

in the de Broglie wavelength as the electron beam passes the electric field of the 

heavy atom. The speed of the passing electrons is increased as they approach the 

heavy nucleus, hence their wavelength is shortened. On passing the nucleus their 

speed returns to its original value, as does the wavelength. An illustration of this 

process can be seen in Figure 5. 

Figure 5 Illustration of the phase effect (adapted from a figure by Bartell21)  

 

This effect becomes most apparent in molecules that contain atoms with dramatically 

differing atomic numbers. The larger atom causes a contraction of the wavelength for 

a short period of time. The result is that the two electronic waves are now out of 

phase with one another. This leads to a beating effect in the molecular intensity 

curve, which manifests itself as a split peak in the radial distribution curve for the 

corresponding distance. By using complex scattering factors (even though the first 

Born approximation alleges them to be real) in the scattering equation, this effect can 

be reproduced in theoretical scattering and thus can be accounted for.  

The second major problem encountered with heavy atoms is the effect of multiple 

scattering. Traditional scattering theory is developed inside the first Born 



  

 14   

approximation, which mathematically includes a sum over individual atoms and a 

sum over pairs of atoms. By moving the truncation to the next term (giving the 

second-order Born approximation) we would also include a sum of triplets of atoms. 

Physically, this can be thought of as pre-scattering of the plane wave incident on an 

atom pair by another atom further upstream (nearer the electron source). For 

particular orientations of the molecule the downstream atoms are effectively in the 

shadow of the upstream atom and so this modified incident plane wave (now a 

combination of a plane and a spherical wave) changes the interference pattern 

between the downstream atom and the third atom in the molecule. Theories have 

been developed to account for these effects but are not often utilised due to problems 

with how to treat the more complex vibrational motion involving atomic triplets. 

This is the subject of a later part of this thesis. 

The final problem associated with GED measurements arises due to the vibrational 

motion of atoms during the experiment. The final GED structure (ra) is vibrationally 

averaged. Each incident electron sees an instantaneous rigid snapshot of the molecule 

that is undergoing vibrational motion. The final diffraction pattern is produced by 

millions of electrons each seeing a different snapshot of the vibrational motion. The 

consequences of this effect are best illustrated by considering the bending motion of 

a linear triatomic molecule such as CO2, illustrated in Figure 6.  
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Figure 6 Bending vibration of CO2 

 

 

Apart from the one instant when it is linear, the molecule spends the rest of its time 

bent. Therefore, on average the distance between the two oxygen atoms is less than 

twice the bonded rC−O distance. Naively, interpretation of the results would show 

CO2 to have a bent, rather than linear structure. This is of course incorrect. Similar 

phenomena are also found in non-linear systems and collectively these are known as 

the ‘shrinkage effect’.22-24 Obviously this molecular motion must be accounted for in 

order to obtain correct structures. The use of molecular force fields helps to correct 

for the effects of these vibrations. These can be generated from experimental data or 

calculated ab initio.  This is the main focus of the first portion of this thesis and the 

problem is described in greater depth in Chapter 2.  

1.3 Rotational spectroscopy 

As mentioned previously, rotational spectroscopy is another technique that can be 

used to obtain molecular structures in the gas phase. The rotational spectra of 

molecules generally appear in the microwave and far-infrared regions and allow for 

the determination of rotational constants with very high precision. There are three 
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main techniques available to obtain the rotational spectra of molecules: microwave 

spectroscopy (which is by far the most common), rotational Raman spectroscopy, 

and vibration-rotation spectroscopy. Although the techniques vary greatly in 

methodology, once the rotational constants have been obtained the procedure for 

obtaining structural information is essentially the same. This is briefly outlined 

below. 

1.3.1 Theoretical background 

If a molecule has a permanent dipole the quantised rotational energy levels can be 

observed. By measuring differences between rotational energy levels rotational 

constants can be measured and then the moment(s) of inertia can be derived. 

The moment of inertia of a molecule about a particular axis is shown in Equation 

(1.4) 

∑=
i

iirmI 2  (1.4) 

where the mass of atom i is mi and ri is the perpendicular distance between atom i 

and the axis. Thus, if we can determine the moment of inertia we can deduce the 

molecular structure of a molecule as the masses will be known. Experimentally we 

can determine a maximum of three principal moments of inertia (IA, IB and IC). By 

convention the largest moment is termed IC and the smallest, IA. Molecular symmetry 

limits the amount of information that is available as two or more moments may be 

identical (e.g. for a symmetric top IA  ≠ IB = IC). 

A diatomic or linear polyatomic molecule has two principal moments of inertia that 

are identical. These are perpendicular to the molecular axis. The third moment of 

inertia (about the molecular axis) is zero. The angular momentum of a linear 

molecule is given by Equation (1.5) 
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)1( += JJP ℏ  (1.5) 

where J is the rotational quantum number. The kinetic energy of rotation is given by 

Equation (1.6) 

2

2

1 ωIEr =  (1.6) 

where I is the moment of inertia and ω is the angular velocity. The angular 

momentum (P) is also related to angular velocity (ω) as shown in Equation (1.7) 

ωIP =  (1.7) 

Combing Equations (1.5), (1.6) and (1.7) we can obtain an expression for the energy 

of the quantised rotational levels [Equation (1.8)].  

)1(
2

2

+= JJ
I

Er

ℏ
 (1.8) 

For convenience, the energy is often expressed in terms of frequency as given by 

Equation (1.9)  

)1( += JBJE f  (1.9) 

where B is the rotational constant (in Hz) and is given by Equation (1.10). 

I
B �

4

ℏ=  (1.10) 
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The previous equations are all formulated within the rigid rotor approximation. This 

assumes that the distances within the molecule do not vary as the rotational energy 

increases. However, this is not the case. As the molecule rotates faster the centrifugal 

forces increase, thus lengthening the bonds. This can be accounted for by including 

extra terms into the energy equation [Equation (1.11)] 

22 )1()1( +−+= JDJJBJE f  (1.11) 

where D is the centrifugal distortion constant. 

A similar approach can be used to derive equations for more complex molecules but 

this is beyond the scope of this brief introduction. 

1.4 Quantum mechanical calculations 

The use of quantum mechanical calculations in chemistry is now commonplace. 

They serve both to complement experimental results and provide unparalleled 

insights into chemical phenomena. Although many physical properties can be 

obtained from these types of calculations, structure determination is probably the 

typical use. Rapidly increasing computational power, at relatively low cost, has 

allowed theoretical techniques to become routine accompaniments to experiments. 

Since the dawn of quantum mechanics a wide range of computational techniques 

have been developed to study a vast array of chemical and physical problems. Many 

of these methods remain strictly ab initio, while others make use of empirical 

constants to reproduce experimental results better. These are known as semi-

empirical methods.  

All quantum mechanical methods involve finding a solution to the Schrödinger 

equation. This describes a system’s behaviour in terms of a time-dependent wave 

function [shown in Equation (1.12) ]. More commonly in chemistry, the equation is 

used in its time-independent form, given by Equation (1.13). 
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Ψ∂
Ψ∂=Ψ ℏiĤ  (1.12) 

Ψ=Ψ ĤE  (1.13) 

The solution to the Schrödinger equation yields not only the structure, but also 

reactivity information and all the fundamental properties of the system. However, 

this equation can only be solved directly for very small systems, those containing 

fewer than three particles. Thus, in order to study systems of chemical interest a 

number of approximations must be applied. The Born-Oppenheimer25 and adiabatic26 

approximations are common to the majority of quantum mechanical methods. The 

Born-Oppenheimer approximation relies on the fact that electrons are much lighter 

and move much faster than the nuclei. Thus, they can respond instantaneously to any 

perturbation to the nuclear geometry. Therefore, the nuclear coordinates can be fixed 

and the electronic and nuclear motions decoupled. The adiabatic approximation 

neglects the coupling between different electronic states and restricts calculations to 

one electronic state (usually the ground state of the system). By employing both of 

these approximations the complexity of the problem is dramatically reduced, as 

terms describing both the nuclear kinetic and potential energies can be neglected. 

Thus, it is only the electronic Schrödinger equation that requires to be solved. This 

has the following form [Equation (1.14)], 
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(1.14) 

The first term in Equation (1.14) describes the kinetic energy of the electrons, the 

second term represents the nuclear-electron potential energy, and the electron-

electron potential-energy is given by the third term. It is this third term that is the 

most troublesome to calculate. In fact, the huge complexity of calculating the 

electron-electron potential energy term means that the equation is only directly 
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solvable for systems containing only one electron (such as H and He+).  However, 

further approximations can be applied to yield solutions of acceptable accuracy for 

more interesting systems.  

1.4.1 Ab initio molecular orbital theory 

Ab initio molecular orbital theory, while computationally expensive, is an extremely 

powerful technique for solving the electronic Schrödinger equation. Ab initio literally 

means ‘from the beginning’ and these calculations rely only on fundamental physical 

constants [the speed of light (c), Plank’s constant (h), the mass of an electron (me) 

and the charge of an electron (qe)] and a geometry of the chemical structure for input. 

However, the problem of computing the electron-electron potential energy term still 

remains, and so approximations must be employed to enable all but the simplest 

systems to be solved. 

Hartree-Fock method 

In the Hartree-Fock (HF) method the complexity of calculating the electron-electron 

potential energy term is circumvented by effectively reducing the n-electron 

electronic Schrödinger equation to n one-electron electronic Schrödinger equations. 

Therefore, each electron is treated as if moving in an average field generated by all 

the electrons in the system. These equations are known as the Hartree-Fock equations 

and are of the form shown in Equation (1.15) 

iiiiF φεφ =  (1.15) 

where φi are the Hartree-Fock orbitals, εi is the energy of orbital i, and Fi is the Fock 

operator given below 
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It can be seen from Equation (1.15) that we require the HF molecular orbitals in 

order to solve the HF equations to yield the orbitals. Thus, the HF equations must be 

solved iteratively, using a method known as self-consistent field (SCF) theory. It is 

important to note that SCF and HF are often used interchangeably in the literature, 

but strictly the SCF method is a method of solving the HF equations. The SCF 

method begins with a set of guessed orbitals, which are used to solve the HF 

equations and yield a new set of orbitals. These should be an improvement on their 

predecessors. These new orbitals are then used to generate a third set of orbitals and 

so on. This process is repeated until a convergence criterion is met. Hartree-Fock 

theory does remarkably well, recovering around 99% of the overall energy of the 

system. However, the remaining 1% can have a dramatic influence on the calculated 

properties of interest. The deficiency in the energy of system is due to the fact that 

HF theory does not take full account of the inter-electronic repulsion term as it 

separates this into a sum of one-electron integrals. The remaining part of this term is 

known as electron correlation energy. The approximation, inherent in HF theory, 

that electrons move in a uniform field generated by all the electrons in the system, 

neglects the fact that the electronic motion is correlated. The electron-correlation 

energy is defined as the difference between the energy of the Hartree-Fock wave 

function and the ‘true’ (non-relativistic) energy of the system. 

 

Electron correlation methods 

To improve upon Hartree-Fock theory and approach the ‘true’ solution to the 

electronic Schrödinger equation the correlated motion of electrons must be accounted 

for. Electron correlation effects are most pronounced in systems with areas of high 
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electron density such as molecules containing highly electronegative atoms, lone 

pairs of electrons or double bonds. If correlation effects are ignored in these types of 

systems then calculated bond lengths are often too short and bond energies are often 

unreliable. There are many methods available (post-HF) to include the effects of 

electron correlation. The Hartree-Fock method determines the best wavefunction 

defined by one Slater determinant. Thus, to improve upon this we must include more 

Slater determinants to approach the true wavefunction. Various methods have been 

developed to do this. The effect of using more Slater determinants is demonstrated 

graphically in Figure 7. From this figure it can be seen that a large number of Slater 

determinants is required to effectively recover the image. 

Figure 7 Photograph expanded in terms of Slater determinants. (A) Original image. 
Original image expanded using (B) one Slater determinant (equivalent to the HF 
approach), (C) two Slater determinates, and (D) eight Slater determinants.† 

 

The theory and mathematics behind these methods is very complex and beyond the 

scope of this introduction, and so the discussion will be limited to a brief overview of 

some of the most popular methods.  

Configuration interaction 

Configuration interaction27,28 is the simplest of the post-HF methods to comprehend 

and is based on the variational principle (like Hartree-Fock). The wave function is 

written as a linear combination of Slater determinants corresponding to excited states 

of the molecule. If we could choose a full CI treatment (including all possible Slater 

determinants) then we would, in principle, have the exact solution to the electronic 

Schrödinger equation. Unfortunately, any CI treatment is incredibly computational 

                                                
† Images created using code developed by Dr. J. K. Dewhurst 
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intensive and is restricted to only the smallest of molecular systems. For example, if 

we consider H2O with a standard 6-31G*29-32 basis set the 10 electrons and 38 spin 

molecular orbitals give 30 046 752 possible Slater determinants! To make problems 

computationally viable CI is often truncated at various levels such as singles (S) (this 

only includes single excitations) and singles and doubles (SD), which includes single 

and double excitations. Because CI methods include contributions from excited states 

of the molecule they can accurately describe processes such as bond breaking and 

bond forming. CI recovers a large amount of the ‘missing’ correlation energy and 

can also provide information about electronic transitions. Traditionally, CI methods 

were regarded as the ‘gold standard’ of ab initio methods.  

Many-body perturbation theory / Møller-Plesset (MP) perturbation theory  

As the name suggests the principle behind MP33 theory is that the electrons are 

‘perturbed’ from their ground state (as given by the HF solution) to an excited state 

and then allowed to fall back down. There are several levels to the perturbation 

theory which are indicated by the number following the abbreviation e.g. MP2,34-38 

MP339,40 etc. The MP2 method is routinely applied to molecules with around 20 

atoms or less. This method tends to give excellent results where the HF wavefunction 

is close to the ‘true’ wavefunction, i.e. around the equilibrium geometry. However, 

systematic studies of theory have shown that it is not necessarily a convergent theory 

at high orders. The convergent properties can be slow, rapid, oscillatory, regular or 

highly erratic, depending on the precise chemical system and / or basis set. 

 Coupled-cluster theory 

Coupled-cluster (CC)41,42 theory works in a similar way to CI theory but generally 

tends to recover much more of the electron-correlation energy for the same 

computational expense. Whereas perturbation methods (e.g. MP theory) include all 

types of correction (S, D, T, Q, etc.) to the reference (HF) wavefunction to a given 

order (2, 3, 4, etc.) the coupled-cluster method includes all corrections of a given 

type to infinite order. It is important to note that full coupled cluster is equivalent to 
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full CI. Generally CC methods are now accepted as the ‘gold standard’ of ab initio 

calculations, replacing CI. 

1.4.2 Density functional theory 

Density functional theory (DFT) methods provide an alternative approach to solving 

the electronic Schrödinger equation. The general theory underpinning DFT is that the 

ground-state electron density can be mapped (one to one) to the ground state 

electronic wavefunction.43 Furthermore, the electron density is only a function of 

three variables rather than the 3n variables (4n including spin) that are required to 

represent the many-electron wavefunction. Thus, this tends to yield greatly improved 

calculation times in comparison with standard ab initio molecular orbital 

calculations. DFT provides an estimate of both the electron correlation (although the 

nature and amount of this is poorly defined) and the exchange energy. This is in stark 

contrast to HF theory, which calculates exchange exactly but includes no electron 

correlation energy. In principle DFT seems all-powerful but it is hampered by a 

serious limitation: while the existence of a functional mapping electron density to the 

wavefunction has been proven, its exact form remains unknown for any system other 

than an electron gas. Therefore, different approximations have to be made to provide 

the functional required. 

 Basic functionals 

The local density approximation (LDA) functional depends solely the value of the 

electron density at the point where the functional is calculated. Thus, it provides 

good results for systems where the electron density is relatively constant, such as 

solid-state metals, but is clearly not adequate for molecular systems. 

Through including the gradient of the electron density at the point of evaluation we 

can account for systems that have much more rapidly changing electron densities, 

such as isolated molecules. This is known as the generalised gradient approximation 

(GGA) functional. To further improve upon this and increase the accuracy and 
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reliability of these functionals much work has been conducted developing more 

sophisticated functionals for use with molecular systems. 

 

Advanced functionals 

Based upon the GGA method these are generally described by two distinct parts: the 

exchange functional and the correlation functional. For example, a common 

functional is BLYP; this uses the exchange functional of Becke (B)44 and the 

correlation functional of Lee, Yang and Parr (LYP)45,46. 

Hybrid Functionals 

As discussed previously HF theory calculates the exchange energy exactly (unlike 

DFT). Thus, hybrid functionals try to capitalise on this fact by ‘mixing in’ a certain 

amount of the exact exchange from HF. The most widely used functional of this type 

is B3LYP. It uses the B exchange functional, the LYP correlation functional, and 

three parameters that control the amount of exact HF exchange energy.47 As we are 

including parameters that are determined though fitting to experimentally determined 

molecular structures these hybrid methods can no longer be considered strictly ab 

initio. 

1.4.3 Basis sets 

In the previous sections I have discussed ways in which the Hamiltonian in the 

Schrödinger equation can be simplified to enable it to be solved. Unfortunately, to 

make the Schrödinger equation truly solvable we also are required to approximate 

the wavefunction. This is achieved using basis functions, a collection of which are 

known as basis set. These are mathematical functions used both in ab initio MO 

theory and DFT to describe the electron distribution and hence model the electron 

density and the molecular orbitals. In theory these could take any form, but it is most 

convenient to represent them as centred on the nuclei of atoms. There are two main 
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types of functions that are used to represent the wavefunction in quantum mechanical 

calculations, Slater-type orbitals (STOs)48 and Gaussian-type orbitals (GTOs). 

Slater-type orbitals 

STOs use functions that are based on the atomic 1s orbital of a hydrogen atom, thus 

provide an accurate description of the electron density with distance from the 

nucleus. The functional form is shown in Equation (1.19) and a graphical 

representation (in one dimension) is provided in Figure 8. Although they provide an 

accurate description they do not lend themselves well to calculations of the two-

electron integrals. 

( )rrfSTO ξ
π
ξ −








= exp)(
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Figure 8 One-dimensional illustration of a STO 

 

 

Gaussian-type orbitals 

The use of GTOs allows the two-electron integrals to be calculated much quicker. 

The functional form is given in Equation (1.20) and a one-dimensional graphical 

representation is shown in Figure 9.  
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Figure 9 One-dimensional illustration of a GTO 

 

 

If we assume that the STO has the correct form then the GTO has some severe 

deficiencies: close to the nucleus it has no cusp and it does not decay rapidly enough 

at longer ranges. To overcome these problems we can use multiple GTOs to 

represent a single STO, using a process known as basis set contraction. This gives 

comparable accuracy (to STOs) whilst still maintaining the improvements in 

computational speed (provided by the use of GTOs). The process of basis contraction 

involves grouping a series of GTOs (as a simple linear combination) to best fit the 

desired STO. For example, an expansion in terms of GTOs would have the following 

form [Equation (1.21)], shown graphically in Figure 10. 

[ ]),(),(),( 3322111 rfdrfdrfdc GTOGTOGTO ααα ++  (1.21) 
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Figure 10 One-dimensional illustration of three contracted GTOs (dotted lines) 
approximating an STO (dashed line) 

 

 

The contraction coefficients (d) are determined by energy minimisations on 

individual atoms, but are then fixed during the molecular orbital calculation. Only 

the basis function coefficient (c) is varied. A basis set of the above type leads to a 

good improvement over an individual GTO but is still known as a minimal basis 

(single zeta) set as there is still only one basis function (contracted GTO) per 

electron. Improvements can be made by increasing the basis function to electron ratio 

to two (double zeta) or to three (triple zeta) and so on. 

Split-valence basis sets 

Standard basis sets have one major drawback in that they treat all electrons equally. 

However, usually the most important electrons are, for the purposes of bonding, the 

outer (valence) electrons. By employing a split-valence basis set we can use more 

basis functions to model the more chemically relevant valence electrons and use a 

minimal basis set for the more inert core electrons. This can give vast improvements 

in both accuracy and efficiency, although the approximation that the ‘core’ electrons 

are not involved in bonding is not always valid (see Chapters 2 and 3). Examples of 

split-valence basis sets are those proposed by Pople et al.,49-51 such as the 3-21G. 

This is single zeta for the core (using three contacted GTOs) and double zeta for the 



  

 30   

valence electrons (consisting of two basis functions; the first has two contracted 

GTOs and the second a single GTO).  

Polarisation functions 

The addition of polarisation functions allows orbitals with higher angular momentum 

(l) than normal to be included into the basis (e.g. p-type functions for hydrogen and 

d-type functions for first-row atoms). This attempts to account for the polarisation 

effect each atom has on the electron cloud of the other when two atoms are brought 

together. This allows for a much more realistic description of the molecular orbitals. 

Diffuse functions 

Diffuse functions are particularly important for modelling systems with anionic 

character as they allow for orbitals with a larger principal quantum number (n) than 

the standard ones, to account for the fact that the electrons may be further away from 

the nucleus in the molecular orbital than in the atomic orbitals. 

Effective-core potentials 

Calculations involving very heavy atoms (fourth period and above) become 

expensive if all the electrons are modelled with basis functions. To overcome this 

effective-core potentials (ECPs) can be utilised. These are simple functions that 

replace the inner core electrons. This gives vast improvements in efficiency with 

often negligible loss of accuracy. The use of ECPs also has the advantage of 

including some effects of relativity in an ad hoc fashion as the ECP functions can be 

calculated using relativistic effects.  

1.5 Combining GED data with information from other sources 

As discussed in the previous sections GED often does not provide enough 

information to determine the structures of molecules independently. Thus, the 

refinement process is often supplemented with data from other sources. This is 

known as the STRADIVARIUS technique (STRucture Analysis using DIffraction 
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and VARIoUS other data).52 The techniques that provide information on isolated 

molecules (ideally gas phase) are most appropriate for this process. The refinement 

program ed@ed,53 which was developed here in Edinburgh, allows the introduction 

of these extra data as flexible restraints (with an associated error) using a process 

known as SARACEN.16-18 This allows for better definition of parameters that could 

otherwise be difficult to define accurately. This extra information can be 

experimental, e.g. from microwave spectroscopy (introduced in the form of accurate 

rotational constants with associated experimental error), liquid-crystal NMR dipolar 

coupling constants, or it can be theoretical in the form of distances (or angles etc.) 

from ab initio calculations. By using parameter differences from ab initio 

calculations (rather than absolute values) greater accuracy can be achieved as errors 

will tend to cancel. The accurate vibrational analysis techniques involved in this 

thesis also give increased accuracy when including data from other sources as the 

available data are now all referring to the same structure type.   

1.6 Aims of this thesis 

In summary, theoretical data are often required in order to solve gas-phase structures. 

Conversely, gas-phase structures provide information that can be used to calibrate 

theoretical approaches. However, experimental and theoretical techniques yield 

subtly different structures and so great care must be taken when comparing the two.  

Increases to the accuracy of the experimental technique of GED highlight 

deficiencies in the theory, which currently account for a large proportion of the 

overall estimated standard deviations (esds) associated with determined parameters. 

These shortcomings are mainly related to inadequate vibrational corrections and 

multiple-atom scattering (for heavy atoms).  

The primary aim of this thesis therefore, is to reduce the discrepancies between 

theoretical and experimental results and thus allow direct comparisons.  
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This will be accomplished by first providing an improved treatment of the vibrational 

effects, resulting in much improved vibrational correction terms. Secondly, the 

problems associated with the use of multiple-atom scattering theories will be 

addressed by providing a clearly defined approach to including vibrational effects 

into current theories. The improved vibrational correctional terms, when applied to 

GED data, together with a routine method of employing vibrationally averaged three-

atom scattering, will allow equilibrium structures to be directly determined from 

experimental data. This will also result in more accurate structures with reduced 

standard deviations for the determined parameters. 
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Chapter Two 

Accurate equilibrium structures obtained from gas-phase electron diffraction data 
using the EXPRESS method: sodium chloride 
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2.1 Introduction 

Knowledge of molecular structure is of vital importance to the understanding of 

chemical properties. Experimental and theoretical methods can independently 

provide significant insights into structure, but much more can be gained when they 

are used together. Techniques, developed in Edinburgh, that allow this, such as 

SARACEN1-3 and DYNAMITE,4 have enabled accurate structural determinations 

that could not be carried out using experimental data alone. 

Computational methods are now widely employed, often by non-experts, in all areas 

of chemistry to give structural data for comparison with experimental results. 

However, where high accuracy is required there is a fundamental flaw when making 

these comparisons: the definitions of structures obtained experimentally and by 

theory are inherently different. 

To determine molecular structures accurately it is essential to define precisely the 

meanings of the geometrical parameters that are obtained. For example, X-ray 

diffraction (XRD) gives the position of the centre of electron density for each atom, 

whereas neutron diffraction, electron diffraction, rotational spectroscopy and NMR 

spectroscopy all give nuclear positions. Additionally, molecular vibrations can cause 

substantial differences between internuclear distances determined by different 

methods. In contrast, computational methods provide information about the multi-

dimensional potential-energy surface, with structures corresponding to minima on 

that surface. These are termed equilibrium structures (re) and correspond to the 

molecular geometry in theoretical vibrationless states. 

For comparison with most computed structures, gas-phase structures are of particular 

value, as it is only in the gas phase that molecules are free from intermolecular forces 

that may distort their structures. The structures of these isolated molecules can then 

be compared directly with theory, assuming that vibrational motion can be accounted 

for. With the increased use of computational techniques in all areas of chemistry, 
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computed structures play a vital role both in supplementing, and for comparison 

with, experimental data. At present, with materials and biological chemistry at the 

forefront of science, it is important to note that the parameterisation of force fields 

used in molecular mechanics modelling programs is largely derived from 

experimental gas-phase structures. Gas-phase experimental structures that can be 

related directly to theory are therefore of vital importance to the further development 

of computational chemistry. 

Microwave spectroscopy can provide very accurate geometrical and vibrational 

information and therefore yields very precise equilibrium structures using techniques 

such as the MORBID method.5,6 However, the applicability of microwave 

spectroscopy is normally restricted to molecules with a permanent dipole moment, 

and often many isotopomers must be studied. Although other experimental 

techniques can give rotational constants, they are often substantially less precise. To 

obtain equilibrium structures for a much wider range of molecules, gas-phase 

electron diffraction (GED) is the technique of choice. However, this increase in the 

number of systems that can be studied comes at a price: GED does not provide the 

same accurate vibrational information that can be extracted from microwave 

spectroscopy, making the determination of equilibrium structures much more 

difficult. Traditional methods involve using a harmonic force field derived from 

either theory or experiment to provide corrections for vibrational motion, which are 

then applied to the experimental structure. Unfortunately, these corrections can 

sometimes introduce errors larger than those they are designed to correct, since the 

effects of both anharmonicity and large-amplitude vibrations are not normally 

included. 

There are three fundamental problems associated with calculating vibrational 

correction terms using the current approach: (1) extrapolation of information that 

relates solely to the bottom of the potential-energy well, which is especially relevant 

for systems involving large-amplitude modes of vibration; (2) non-linear motion of 

atoms; and (3) effects arising from anharmonicity. 
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A more realistic description of the non-linear motions of atoms can be obtained by 

using curvilinear corrections,7,8 as opposed to the traditional rectilinear modelling of 

atomic motion.9,10 Although an improvement, this approach remains reliant on a 

harmonic force field computed at the equilibrium geometry and will describe 

inaccurately large-amplitude modes, and modes involving unusual motions such as 

restricted torsions. 

Problems associated with anharmonic effects can be tackled by the computation of 

anharmonic force fields,11 which include higher-order terms than those in harmonic 

force fields, to give a better description of the shape of the potential-energy surface 

in the vicinity of the equilibrium structure. Software that can include some form of 

cubic anharmonicity in vibrational correction terms has been developed.12 However, 

methods giving a full anharmonic treatment are still far from routine. In addition, 

these methods continue to rely on the extrapolation of information determined from 

the equilibrium position, thus remain inadequate for large-amplitude modes of 

vibration. 

Our novel approach, EXPeriments Resulting in Equilibrium StructureS (EXPRESS), 

accounts for all three of these problems simultaneously, by exploring a much more 

extensive region of the potential-energy surface, specifically along internal 

coordinates relating to the vibrational modes of the molecule. This allows the single-

step computation of vibrational corrections relating the vibrationally averaged GED 

distances (ra) to equilibrium distances (re); the result is an equilibrium structure 

determined directly from experimental data. The alkali halide dimers, present in the 

vapour phase, provide excellent test cases for this procedure: they are simple, floppy 

molecules that contain low-frequency modes of vibration that are both anharmonic 

and of large amplitude. 

2.1.1 Sodium chloride 

Sodium chloride was chosen as the test case for the EXPRESS method. The vapour 

contains both monomer and dimer species at the temperatures required for electron 
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diffraction. The use of very high temperatures (approximately 1000 K) results in 

vibrational corrections being relatively large and thus very important for accurate 

structure determination. The dimer has low-frequency modes of vibration, and so 

high vibrational states are highly populated at these temperatures. In particular, it has 

a low-frequency, large-amplitude bending vibration that is inadequately modelled by 

current methods. Furthermore, it is particularly convenient that the six modes of 

vibration are of five different symmetry species; this limits the degree of coupling 

between the different vibrational modes, so it is straightforward to see the effects of 

our method of analysis. 

Sodium chloride is the classic example of ionic bonding and accurate structures can 

provide a critical test for various models, resulting in better understanding of this 

type of bonding. Moreover, the dimer is the first step from monomers to larger 

clusters.  Ionic models13 have often been used to study these transitional structures. 

Examples of more recent work in this area include an electron-diffraction study of 

specific CsI clusters,14 work on the dynamic isomerisation of small caesium halide 

cluster anions,15 and the observation and manipulation of NaCl chains on a copper 

surface.16 

The determination of the structure of sodium chloride vapour by GED dates back as 

far as 1937,17 when it was studied by heating salt to around 1000 K. As a 

consequence of the visual analysis methods in use at the time, only the predominant 

and expected monomer species were detected. It was not until the 1950’s that the 

existence of associated species such as dimers (Na2Cl2) was discovered using mass 

spectrometry.18 Microwave spectroscopy has provided detailed information on the 

structure of the monomer,19-21  but the lack of a permanent dipole moment makes this 

impossible for the dimer. 

Experimental difficulties made accurate study of the dimer very demanding and so it 

was not until 1985 that its structure could be determined by electron diffraction.22 

Nevertheless, this study was hindered by the fact that almost all of the parameters are 

strongly correlated. The monomer and dimer bonded distances are similar and cannot 
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easily be resolved, because of the large amplitude of the stretching vibrations at high 

temperature. The proportion of dimer present in the vapour is also strongly correlated 

to these distance parameters. Since the first publication of the results of this study, 

there has been much progress in the treatment of vibrational effects in electron 

diffraction. Although current techniques provide a significant improvement on 

previous methods, the floppy nature of the dimer illustrates the limitations of these 

methods in capturing the vibrational behaviour correctly and thus deriving the 

equilibrium structure. These problems result from the high degree of anharmonicity 

in the vibrational modes as well as from the large-amplitude mode of vibration 

combined with the significant population of higher vibrational states. By using our 

much-improved vibrational correction terms, introducing highly accurate data 

obtained by microwave spectroscopy to restrain the monomer distance using the 

STRADIVARIUS method,23 and applying flexible restraints to amplitudes that prove 

problematic to refine, using the SARACEN method,1-3 the problems of previous 

studies have been overcome. 

2.2 Theory  

2.2.1 Definition of vibrational correction terms 

The diffraction equations governing electron scattering relate the scattering 

intensities to interatomic distances. Consequently, the distance obtained directly from 

electron diffraction (ra) is defined by Equation (2.1), where the averaging is over all 

vibrational modes. 

11 −− 〉〈= rra  (2.1) 

Traditionally, the approach by which we can relate these averaged structures (ra), 

obtained from electron diffraction, to equilibrium structures (re), calculated from 

theoretical methods, proceeds as follows. First, the inverted averaged inverse 

distance, ra, can be related to the thermally averaged distance, rg, by Equation (2.2), 
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where the u term is the root-mean-square (RMS) amplitude of vibration for the atom 

pair. This correction is relatively small and so the fact that re is used in the correction 

term is not significant, and in practice ra is often used in its place. 

The distance between average nuclear positions in the ground vibrational state when 

T = 0 K (rα
0) can be derived from rg by accounting for motion of the atoms 

perpendicular to the interatomic vector, which can cause apparent shortening or 

lengthening of interatomic distances. These motions generally contribute to the 

overall shortening of non-bonded distances, which is known in electron diffraction as 

the ‘shrinkage effect’.24-26 This is achieved by the subtraction of a further correction 

term, k, and also an anharmonic term, (AT − A0), which is difficult to evaluate. 

)( 0
0 AAkrr Tg −−−=α  (2.3) 

The remaining difference between rα
0 and re depends on a further anharmonic term, 

as shown in Equation (2.4). 

0
0 Arre −= α  (2.4) 

The anharmonic terms in the above equations are difficult to evaluate accurately, but 

to assess their magnitude pairs of atoms are often treated as diatomic molecules using 

a Morse potential. In this case, the cubic anharmonic term (A3,T) is given by Equation 

(2.5), where a3 is the Morse anharmonic constant and u is the amplitude of vibration. 

Approximate values for AT and A0 are thus obtained from the amplitude of vibration 

at the temperature of the experiment (uT) and at 0 K (u0), respectively. 

2

)(3 2
3

3

Tua
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In all cases distortion of the structure resulting from rotation must also be taken into 

account. This can be done by subtracting a further correction term arising from the 

centrifugal distortion (δr), which is usually relatively small. 

The required distance correction terms discussed above are routinely calculated from 

a harmonic force field, hence anharmonic effects are neglected. These terms may be 

obtained from experimental vibrational frequencies and other data, computed ab 

initio, or based on force constants from similar molecules. In these cases the k 

correction term proves the most cumbersome to compute. At the zeroth level of 

approximation (giving an rh0 structure), it is assumed that the atomic motions are 

described by rectilinear paths, i.e. atomic displacements from equilibrium are in 

straight lines. This is described by Wilson et al.27 and is implemented in the program 

ASYM.9,10 Treating molecular vibrations using rectilinear motions assumes 

implicitly that the motion simply follows the original displacements calculated at 

equilibrium, no matter how great the amplitude of vibration. This is a convenient 

way to model very small-amplitude modes of vibration, but a moment’s 

consideration of the bending motion of a linear triatomic molecule serves to illustrate 

that this approach can be seriously inaccurate. The next level of approximation (rh1), 

as realised in the SHRINK program,7,8 provides a better (curvilinear) description of 

molecular motion but many large-amplitude vibrations are still not described 

accurately. As a result (especially for the rectilinear approach), the k correction terms 

can often be very inaccurate and can sometimes introduce errors larger than those 

that they are trying to correct! Furthermore, anharmonic effects are not included in 

either of these approaches because the correction terms are generated using harmonic 

force fields. However, SHRINK can provide an estimate of cubic anharmonic effects 

from either tabulated constants for the two atoms or, more accurately, using third 

derivatives of the energy. 



  

 44  

2.3 Method and experiment 

2.3.1 Theoretical calculations 

Extensive series of calculations were performed on both the monomer and the dimer 

of sodium chloride to assess the effect of computational method and basis set on the 

structural parameters and to provide the most accurate equilibrium structures 

possible for comparison with experimental results. The vast majority of calculations 

were performed on a 12-processor Parallel Quantum Solutions (PQS) workstation 

running the Gaussian 03 suite of programs.28 Møller-Plesset (MP2)29-34 and coupled 

cluster [CCSD(T)]35-41 calculations with basis sets larger than triple ζ were 

performed using the resources of the EPSRC National Service for Computational 

Chemistry Software42 on a cluster of 22 dual Opteron compute servers. Each Opteron 

compute machine has two 2.4 GHz Opteron 250 CPUs and 8 GB of memory. These 

are connected with a high-speed, low-latency Myrinet network. For all of the 

calculations the convergence criteria were tightened to 1.236 pN, 0.741 pN, 3.175 fm 

and 2.117 fm for the maximum force, root-mean-square force, maximum 

displacement and root-mean-square displacement, respectively. This was to ensure 

consistency between the energies of equilibrium structures and those calculated using 

the modes of vibration. 

2.3.2 Calculation of vibrational correction terms 

For the purposes of this study, the z axis was defined to be through the centre of the 

dimer, perpendicular to the plane of the molecule, and the x axis through the two 

metal atoms (as shown in Figure 2.1). This allows the symmetry species of the 

modes of vibration to remain consistent for all the alkali halides, allowing for any 

future comparisons. In contrast, a conventional scheme would define the z axis to be 

in the plane of the molecule through the two heaviest atoms (in this case the chlorine 

atoms). 
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Figure 2.1 Structure of the Na2Cl2 dimer 

 

 

The monomer species (NaCl) has one mode of vibration of A1 symmetry and the 

dimer (Na2Cl2) has six modes of vibration, of five different symmetry species, 2Ag + 

B1g + B1u + B2u + B3u. The natures of the vibrational modes for the dimer are 

illustrated in Figure 2.2. The RMS amplitudes of vibration (u) and explicit distance 

corrections (ra – re) were calculated using the EXPRESS method as detailed below. 

A harmonic force field computed at the MP2(full)/6-311+G(d)43-46 level, including 

electron correlation for all electrons, was used to generate atomic displacements in 

the first approximation. Although a low-level force field could be used, as it is 

simply required to provide a rough description of the modes, a higher-level force 

field was used in this case. This enabled distance corrections calculated from it 

(using traditional methods) to be compared with those obtained by our EXPRESS 

method. 
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Figure 2.2 Vibrational modes of the Na2Cl2 dimer. Stretching modes (a) Ag, (b) B1g, (c) B2u, (d) B3u; bending modes (e) Ag, (f) B1u. 
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An internal coordinate (ρ) was then chosen to represent each mode of vibration. 

These are listed in Table 2.1. These internal coordinates are often not identical to the 

standard symmetry coordinates to allow anharmonic effects to captured correctly. 

Values of the chosen internal coordinate were then selected to represent the range of 

vibration, with energies ranging up to at least 5 kT. More values were taken around 

the equilibrium position as these have a higher probability of occupation. 

 

Table 2.1 Parameters used to model vibrational modes a 

Mode  Parameter set by varying 
internal coordinates 

Internal coordinate 
used to model 
vibration (ρ) 

Monomer    

A1 stretch stretch r r(Na−Cl) 

Dimer    

Ag stretch symmetric stretch r1 (= r2 = r3 = r4) r(Na−Cl) 

B1g stretch asymmetric stretch r1 (= r3) – r2 (= r4) r[X(1)−X(2)] b  

B2u stretch asymmetric stretch r1 (= r4) – r3 (= r2) r[X(1)−X(2)] b 

B3u stretch asymmetric stretch r1 (= r2) – r4 (= r3) r[X(1)−X(2)] b 

Ag  bend in-plane bend θ1 (= θ3) – θ2 (= θ4)  ∠(Na−Cl−Na) 

B1u bend out-of-plane bend 4-membered ring pucker r[X(1)−X(2)]  

a For the definition of parameters see Figure 2.1. b The effect of varying r[X(1)–
X(2)] is dependent on the vibrational mode being described. X(1) and X(2) are 
described in detail on Page 49 

 

For each mode, the structure was then re-optimised at the MP2(full)/6-311+G(d) 

level with the one selected geometrical parameter (ρ) fixed at the values chosen in 

the previous step, while allowing all the other parameters to relax. Energies and 
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atomic coordinates were recorded for each optimisation. In this way one-dimensional 

slices were taken through the multidimensional potential-energy surface (PES), 

corresponding to the minimum potential-energy path for each particular vibrational 

mode. 

For each 1-D PES slice, the calculated energy was fitted using an appropriate 

function of the internal coordinate (a Morse potential, or a harmonic, or higher-order 

polynomial as required). The variation of the interatomic distances (ij), Na−Cl, 

Na···Na, and Cl···Cl, corresponding to the 1-D PES slice were then also fitted to 

similar analytical expressions. 

Contributions from each of the n modes (m) to terms uij, (ra – re)ij, (ra – rg)ij etc. were 

then calculated by integration, using the Boltzmann distribution to give populations 

over the occupied energy range at the temperature of the experiment, in accordance 

with Equations (2.6) and (2.7), 

2
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Contributions from the individual modes were then combined to give the overall 

vibrational correction terms, using the scheme given in Equations (2.8) and (2.9). 
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The experimental data utilised in this study were obtained at 943 K, which 

corresponds to a thermal energy of 7.84 kJ mol-1. 

where 
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For this system only one internal coordinate was chosen to represent each mode of 

vibration (i.e. only a 1-D potential-energy curve was explored). For more complex 

systems with multiple, coupled large-amplitude or very anharmonic vibrational 

modes, it may be necessary to perform the analysis on multi-dimensional potential-

energy surfaces. 

The modelling parameter (internal coordinate) was chosen to be independent of all 

the other vibrational coordinates. To model each of the modes accurately, all of the 

remaining parameters were relaxed, thus producing the minimum one-dimensional 

PES slice corresponding to the vibrational motion on the multidimensional PES. The 

parameters chosen to represent each of the vibrational modes are shown in Table 2.1. 

For the monomer and symmetric stretch of the dimer, the chosen parameter (ρ) was 

simply the bonded distance and was contracted and expanded as in the scheme 

previously defined. To aid the modelling of the other vibrational modes of the dimer, 

two dummy atoms [X(1) and X(2)] were defined, originating midway between 

Na(1)···Na(3) and Cl(2)···Cl(4), respectively, as shown in Figure 2.1. For the B1g 

symmetric stretch, the atoms Na(1) and Cl(2) were attached to dummy atom X(1), 

and Na(3) and Cl(4) were attached to dummy atom X(2). The distance between the 

two dummy atoms was then varied along the line x = −y, as shown in Figure 2.3(a). 

Thus, the individual bond lengths and angles could optimise but the difference 

between r1 and r2 (equivalent to r3 and r4) remained fixed. 
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Figure 2.3 Scheme for modelling vibrational modes; (a) B1g stretch and (b) B1u bend. 

 

 

A similar principle was applied to all the other modes. The model for the B2u 

asymmetric stretch was implemented by attaching Na(1), Cl(2) and Na(3) to X(1), 

and Cl(4) to X(2). The distance between the two dummy atoms was then varied 

along the y axis. For the B3u mode Na(1), Cl(2) and Cl(4) were attached to X(1), and 

Na(3) to X(2), with the distance between the two dummy atoms being varied along 

the x axis. The in-plane Ag bending motion was modelled by fixing the 

Na(1)−Cl(2)−Na(3) and Na(3)−Cl(4)−Na(1) angles whilst letting the bonded distance 

refine. Finally, the out-of-plane B1u bending motion involved attaching the two 

chlorine atoms to X(1) and the two sodium atoms to X(2) and then varying the 

X(1)−X(2) distance in the z direction, as shown in Figure 2.3(b). This is a similar 

scheme to the one utilised by Laane et al. to model a four-membered ring pucker.47 

2.2.3 Gas-phase electron diffraction (GED) 

The data used for this study are those obtained by Mawhorter et al.22 The sample of 

sodium chloride used was commercially available and of 99.97% purity. An 

accelerating voltage of approximately 41.5 keV was used, and the precise electron 
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wavelength was determined by using the standard ra(C−O) value for CO2 of 116.42 

pm. Scattering intensities were determined by counting electrons at each angle for 

300 s. These were then averaged in intervals of 2 nm-1 from s = 40 to 178 nm-1. 

The weighting points for the off-diagonal weight matrix, correlation parameters and 

scale factors for the data are given in Table 2.2. Further data reduction and the least-

squares refinements were then carried out using the ed@ed structural refinement 

program48 using the scattering factors of Ross et al.49 

Table 2.2 Experimental parameters for the GED analysis a 

T 943 

∆s 2.0 

smin 40.0 

sw1 60.0 

sw2 126.0 

smax 178.0 

Correlation parameter -0.1613 

Scale factor, k 0.911(27) 

a Temperatures are in K, s values are in nm–1. Values in parentheses are standard 
deviations of the last digits.  

2.4 Results and discussion 

2.4.1 Theoretical calculations – equilibrium geomet ry 

There are many examples of ab initio and density functional theory (DFT) studies of 

sodium chloride in the literature.50-54 It seems that there is great difficulty in 

reproducing the highly accurate experimental equilibrium structure for the monomer 

obtained by microwave spectroscopy. One of the main problems involves the 

electron-correlation method. As a result of unfavourable scaling of electron-

correlation schemes, it is usually the case that electrons are partitioned into inner-

shell core electrons and ‘chemically relevant’ valence electrons. Unfortunately, the 

electronic configuration of sodium (1s22s22p63s1) dictates that standard electron-

correlation schemes (using a frozen-core methodology) would only include 
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correlation for the single 3s electron. This approach is clearly inappropriate, 

especially in a highly ionic system such as sodium chloride. 

An extensive range of calculations was performed at various levels of theory and 

with different basis sets to gauge their effects on the structures of the monomer and 

dimer species. Thus, we were able to determine a method and basis set that could be 

used to model the vibrational modes while keeping the computational cost at a 

reasonable level. High-level theory calculations were also performed to try to obtain 

the best possible description of the monomer and dimer for comparison with 

experimental results. Table 2.3 gives results from various calculations of the 

equilibrium structure (re) of both the monomer and the dimer together with 

prominent results from the literature. 

The results using the 6-311+G(d) basis set show a shortening of the Na−Cl distance 

for both the monomer and the dimer (by approximately 1.6 pm and 3.4 pm, 

respectively) on the addition of the standard frozen-core electron correlation. 

Increasing the sophistication of the correlation from MP2 to CCSD(T) has little 

effect on the geometries. However, increasing the correlation to include core 

electrons has a marked effect on the distances, leading to a further decrease of 0.6 pm 

for the monomer and 0.9 pm for the dimer. Again, the sophistication of correlation 

method has little effect. The Cl−Na−Cl angle in the dimer remains reasonably 

consistent throughout all levels of theory, with a slight decrease of around 0.5° when 

only valence correlation is included. 

The results using the 6-311+G(d) basis set show that inclusion of the core electrons 

in the correlation scheme has a much larger impact on the structures of both the 

monomer and the dimer than the sophistication of the scheme itself. As long as some 

form of electron correlation is included, the difference between the monomer and the 

dimer is reasonably consistent. 
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For the monomer, using the highest-level of theory [CCSD(T)] and the 6-311+G(d) 

basis set, the results still give a discrepancy of 1.6 pm between theory and 

experiment for the monomer. This suggests that the basis set is not accurately 

describing the bonding. 

Table 2.3 Calculated geometries (re) for both monomer and dimer at different levels 
of theory a 

Theory / basis set re(Na−Cl) 
monomer 

re(Na−Cl) 
dimer 

∠e(Cl−Na−Cl) ∆re(Na−Cl) 

RHF/6-311+G(d) 239.8 257.3 101.0 17.5 

MP2/6-311+G(d) b 238.2 253.9 100.5 15.7 

CCSD(T)/6-311+G(d) b 238.3 253.9 100.7 15.7 

MP2(full)/6-311+G(d) c 237.6 253.0 100.9 15.4 

CCSD(T)(full)/6-311+G(d) c 237.7 253.0 101.1 15.3 

MP2(full)/6-311+G(3df) c 237.6 253.6 101.8 16.0 

MP2(full)/cc-pVTZ c 237.4 254.3 103.0 16.9 

MP2(full)/cc-pVQZ c 238.6 246.3 132.3 7.7 

MP2(full)/aug-cc-pVQZ c 229.0 244.8 118.3 15.8 

MP2(full)/CVQZ/cc-pCVQZc 236.8 253.6 101.8 16.8 

RHF/TZP d 238.9 257.1 101.6 18.2 

RHF/ECP e 239.7 258.0 100.8 18.3 

RHF/POL f 240.0 257.4 100.8 17.4 

CPF/TZP d 236.1 252.8 101.8 16.7 

MP2/POL f 238.4 253.8 100.2 15.4 

DFT/DZP g 233.0 248.0 102.0 15.0 

DFT/TZP h 233.8 250.0 102.8 16.2 

Expt. (MW) i 236.1 n/a n/a n/a 

a Distances in pm, angles in degrees. b Standard electron correlation on valence 
electrons only. c All electrons were included in the electron correlation scheme. d 
Weis et al.53  e Wetzel et al.54 f Dickey et al.50 g Malliavin et al.51 h Modisette et al.52  
i Derived from Be rotation constants.20  

Calculations on alkali halide - rare gas clusters by Lee et al.55 showed the importance 

of core correlation but also indicated that it was necessary to include polarization 

functions with higher angular momentum, using the 6-311+G(3df) basis set. In the 

case of sodium chloride, this had no effect on the monomer distance but increased 

the dimer distance by 0.6 pm and increased the angle by a degree. The Dunning-style 
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correlation-consistent polarised basis sets (cc-pVnZ) give very erratic results. Further 

calculations show that these basis sets behave well when only valence correlation is 

included but very unpredictably if core correlation is added. This is attributed to the 

fact that these basis sets are not designed for core correlation as they are of minimal 

quality in the inner-shell region.56 Using the correlation-consistent polarised core-

valence n-tuple ζ (cc-pCVnZ) basis sets for Cl57,58 and the recently developed 

equivalent for sodium59 at quadruple-ζ level, the monomer distance is further 

shortened by 0.8 pm, bringing it to within 0.7 pm of the experimental value. 

Consistent trends are also seen in calculation results obtained from the literature. 

With the addition of electron correlation the dimer bonded distance decreases by 

around 3 pm, although this does not affect the Cl−Na−Cl angle significantly. For the 

DFT calculations, the shortening of the dimer Na−Cl distance is even more 

pronounced (by over 6 pm with respect to the non-correlated ab initio value) and a 

slightly larger Cl−Na−Cl angle is observed. 

The Na−Cl distance in the monomer shows a similar trend to that in the dimer, with 

the addition of electron correlation shortening the bond by around 2-3 pm. The DFT 

calculations again show a much shorter distance, by around 6 pm. 

The difference between the dimer and monomer Na−Cl distances is reasonably 

consistent throughout all the calculations (excluding the anomalous results using the 

cc-pVQZ). Uncorrelated methods give values that vary from 17.4 to 18.3 pm and the 

introduction of correlation decreases this to a range of 15.3 to 16.6 pm. 

Because of the large computational cost associated with the CCSD(T) method and 

the large core-valence basis sets, the MP2(full)/6-311+G(d) method was used 

throughout the rest of the study. 
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2.4.2 Theoretical calculations – vibrational correc tion terms 

Harmonic force fields were computed at the equilibrium geometries for both the 

monomer and dimer species at the MP2(full)/6-311+G(d) level in order to compute 

the zeroth- and first-order vibrational corrections, for comparison with the EXPRESS 

method values. The frequencies of the six vibrational modes for the dimer species 

calculated from this harmonic force field are listed in Table 2.4 along with the 

computed value for the monomer. Experimental values are also tabulated.19,60 All of 

the calculated stretching frequencies are somewhat high, e.g. 1.6% for the monomer 

and 8-9% for the B2u and B3u dimer modes. The larger discrepancy for the dimer 

could, in part, result from the effect of the argon matrix used in the experiment. 

Table 2.4 Harmonic theoretical and experimental vibrational frequencies for the 
sodium chloride monomer and dimer calculated at the MP2(full)/6-311+G(d) level a 

Mode νtheo. νexpt.  

Monomer   

A1 stretch 370.5 364.6 b 

Dimer   

Ag stretch 279 — 

B1g stretch 253 — 

B2u stretch 298 274 c 

B3u stretch 244 226 c 

Ag  bend 132 — 

B1u bend 96 108/115 c 

a Frequencies in cm-1. b Brumer et al.19 c Martin et al. 60 

The potential-energy curve for the A1 stretch of the monomer is shown in Figure 2.4. 

The potential-energy curves together with variations of interatomic distances for the 

dimer modes of vibration (Ag, B1g, B2u, B3u stretches and Ag and B1u bends) are shown 

in Figures 2.5 – 2.10. 
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Figure 2.4 Plot of change in energy against change in vibrational mode parameter (ρ) for the A1 vibrational mode for NaCl monomer. 
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Figure 2.5 Plots of changes in (a) energy, (b) r(Na···Na) non-bonded distance and (c) r(Cl···Cl) non-bonded distance against change in 
vibrational mode parameter (ρ) for the Ag stretching motion. 
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Figure 2.6 Plots of changes in (a) energy, (b) r(Na−Cl) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(Cl···Cl) non-bonded 
distance against change in vibrational mode parameter (ρ) for the B1g stretching motion. 
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Figure 2.7 Plots of changes in (a) energy, (b) r(Na−Cl) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(Cl···Cl) non-bonded 
distance against change in vibrational mode parameter (ρ) for the B2u stretching motion. 
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Figure 2.8 Plots of changes in (a) energy, (b) r(Na−Cl) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(Cl···Cl) non-bonded 
distance against change in vibrational mode parameter (ρ) for the B3u stretching motion. 
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Figure 2.9 Plots of changes in (a) energy, (b) r(Na−Cl) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(Cl···Cl) non-bonded 
distance against change in vibrational mode parameter (ρ) for the Ag bending motion. 
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Figure 2.10 Plots of changes in (a) energy, (b) r(Na−Cl) bonded distance,  (c) r(Na···Na) non-bonded distance and (d) r(Cl···Cl) non-
bonded distance against change in vibrational mode parameter (ρ) for the B1u bending motion. 
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From Figure 2.10(b) it can be seen that the sodium-chlorine bonded distance 

increases as the molecule bends. This shows that there is substantial coupling 

between the B1u bending mode and the Ag stretching mode, which is not possible in a 

traditional curvilinear approach. The coupling of these two vibrational modes, of 

different symmetry species, is possible because as the molecule bends (B1u) the 

symmetry drops to C2v and thus both the bending and stretching modes are then of 

the same symmetry. The interplay of these normal modes in describing this large-

amplitude bending motion illustrates how this method has moved beyond the 

limitations of infinitesimal rectilinear displacements, while still using the basic forms 

of the normal modes to define the regions of the potential-energy surface that need to 

be explored for the EXPRESS method. 

For the asymmetric stretching modes (B1g, B2u and B3u), the potential-energy 

functions themselves can contain only even terms. (The vibrations are identical either 

side of equilibrium.) However, the functions relating the potential to the distances do 

not have this same constraint and this method has also enabled the anharmonicity in 

these vibrations to be correctly captured. This proved to have an important influence 

on the final structure. 

These potential functions and distance variations were then used to calculate the 

RMS amplitude of vibration (um) and distance correction terms [(ra – re)
m] using the 

method described earlier. The explicitly calculated RMS amplitudes of vibration (um) 

for each mode of the monomer and dimer, together with the corresponding distance 

corrections [(ra – re)
m], are listed in Table 2.5. Also shown are the overall RMS 

amplitudes of vibration (u) and distance corrections (ra – re) for each distance, 

calculated as described above, and the centrifugal distortion terms (δr) calculated 

using SHRINK.7,8 
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Table 2.5 RMS amplitudes of vibration (u) and distance corrections (ra – re) for NaCl and Na2Cl2 computed using the EXPRESS method at 
943 K, centrifugal distortion corrections (δr) and overall ra – re corrections a 

  A1 Ag B1g B2u B3u Ag B1u   Overall 

Distance  stretch stretch stretch stretch stretch bend bend Total b δr c (ra – re) + δr 

Monomer            

Na−Cl u 11.36       11.36   

 ra – re 1.79       1.79 0.98 2.77 

Dimer            

Na−Cl u  7.32 8.96 7.92 7.94 0.36 0.54 16.12   

 ra – re  0.79 1.06 0.85 0.86 0.19 0.29 4.04 0.59 4.63 

Na···Na u  9.25 0.04 3.96 0.43 22.25 2.32 24.53   

 ra – re  1.10 1.88 2.26 −0.24 −0.95 −0.40 2.65 1.01 3.66 

Cl···Cl u  11.34 4.06 1.24 4.23 18.41 4.02 22.79   

 ra – re  1.15 2.30 0.70 2.44 −1.79 −2.43 2.36 0.71 3.07 

a All values are in pm. b For amplitudes see Equation 2.8; for ra − re see Equation 2.9. cCalculated from MP2(full)/6-311+G(d) force field 
using SHRINK.7,8 
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Comparison of the overall amplitudes of vibration and distance corrections obtained 

by this method and the equivalent values from previous approaches are shown in 

Table 2.6. Our method includes a more complete description of the vibrational 

motion and implicitly takes into account anharmonicity, to any order. 

Table 2.6 RMS amplitudes of vibration and distance corrections for NaCl and 
Na2Cl2 at 943 K a 

Distance  
ASYM 

(rh0)
 b 

SHRINK 

(rh1)
 c 

SHRINK  

(ra3t,1)
 d 

SHRINK  

(ra3,1) 
e 

EXPRESS 

(re)  

Monomer       

Na−Cl u 10.95 10.95 10.95 10.95 11.36 

 ra − rx
 f 0.47 0.47 2.56 2.78 2.77 

Dimer       

Na−Cl u 15.02 15.03 15.03 15.03 16.12 

 ra − rx
 f 2.09 0.20 2.98 4.77 4.63 

Na···Na u 24.89 24.97 24.97 24.97 24.53 

 ra − rx
 f −0.59 −2.88 0.88 3.75 3.66 

Cl···Cl u 22.13 22.21 22.21 22.21 22.79 

 ra − rx
 f −0.47 −2.43 0.62 2.89 3.07 

a All values are in pm. b Obtained from a harmonic force field at MP2(full)/6-
311+G(d) level using first-order distance corrections and centrifugal distortion term 
(δr). c As in footnote b but using first-order distance corrections. d As in footnote c but 
also including cubic anharmonic effects generated from averaged tabulated values. e 
As in footnote c but including cubic anharmonic effects generated using third 
derivatives of the energy. f Correction term from ra to level of theory used. 
 

In order to define accurately the explicit type of structure that has been obtained from 

a GED experiment, a systematic nomenclature is required. This will then allow 

precise comparisons with other experimental and theoretical methods. Thus, an 

extension to the commonly used scheme is therefore proposed, which will allow the 

definition of the level of the force field used (n). This can be h when a harmonic 

force is used, a3 when third derivatives of energy (giving cubic anharmonicity terms) 

are used, a4 using fourth derivatives, etc. The level of force field term (n) should also 

be augmented with a t if tabulated constants have been used to assess the 

anharmonicity. As in the present nomenclature, the level of theory (m) used in 
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calculating the correction terms is given by 0 for zeroth-order rectilinear corrections, 

1 for first-order curvilinear corrections, etc. The structure is thus defined using the 

notation rn,m. Examples are included in Table 2.6. 

The EXPRESS RMS amplitudes of vibration are similar to those obtained using 

other approaches. Anharmonic amplitudes of vibration are typically a few percent 

larger 22 so our slightly larger value for the monomer can be attributed mainly to 

anharmonic effects that are not taken into account in any of the other approaches. 

Even though the distance correction terms in the a3t,1 / a3,1 methods include a 

correction for cubic anharmonic effects, the amplitudes of vibration are still 

calculated in the harmonic approximation. For the dimer bonded distance, the 

difference is twice that of the monomer, and presumably results from a combination 

of higher-order modelling of atomic motion as well as anharmonic effects. Cubic 

anharmonicity should play almost no role in the amplitude of vibration for the non-

bonded distances and indeed their differences are much smaller. 

The EXPRESS distance correction (ra − re) for the monomer is in good agreement 

with that obtained from SHRINK using the third derivatives of the energy (ra3,1). The 

Morse oscillator is a very good approximation for a vibrating diatomic and cubic 

anharmonicity will be the major contributing factor, so such close agreement 

between the two approaches is encouraging. For comparison, the approach using 

averaged constants (ra3t,1) yielded a Morse anharmonicity (a3) of 11.6 nm-1, 

compared with the spectroscopic value of 13.0 nm-1. This is a better value than the 

typical choice of 20.0 nm-1 for a bonded distance,61 which in this case would result in 

an anomalously large distance correction ( ≈ 50%) for the well-characterised 

monomer. 

The EXPRESS distance corrections (ra − re) for the dimer are markedly different 

from those obtained using the rh0 and rh1 approaches because of the large effects of 

anharmonicity. The harmonic force-field and rectilinear corrections (h,0) used by the 

ASYM approach give a large positive correction for the bonded distance and a 

correction of a smaller but negative magnitude for the two non-bonded distances. 
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These correction terms will be largely inaccurate as they dramatically over-correct 

the bonded distance while under-correcting the non-bonded distances. Increasing the 

level of sophistication to first-order, curvilinear corrections (h,1) by using the 

SHRINK program gives a better description of the vibrational motion. This shifts the 

weight from the bonded to the non-bonded terms, although by neglecting 

anharmonicity the correction terms for the two non-bonded distances (Na···Na and 

Cl···Cl) become even more negative and thus the correction terms become worse. It 

is essential to include anharmonicity, as seen by the large improvement that is gained 

simply through the use of tabulated cubic anharmonic constants (a3t,1). This has the 

effect of making all of the correction terms positive and the magnitude of the bonded 

correction 3-5 times larger than those for the non-bonded distances. The correction 

terms are further improved by including more accurate cubic anharmonic effects 

using constants calculated from the third derivatives of the energy. This has the 

effect of increasing the magnitudes of all of the correction terms. The correction 

terms calculated by the EXPRESS method (re) further improve the situation as they 

take into account anharmonic effects to a higher order and explore a much more 

extensive region of the potential-energy surface.  However, it is encouraging that the 

best values obtainable using corrections calculated from conventional force fields (ra 

− ra3,1) are in reasonable agreement with our distance corrections (ra − re). 

The differences between the three approaches to modelling atomic motion can be 

best illustrated by considering the B1u out-of-plane bending vibration of the dimer. 

As this mode has a zero cubic anharmonic component62  (since all of the interatomic 

distances must be identical either side of the equilibrium position), we can compare 

the values obtained from the EXPRESS method to those obtained from the rh0 and rh1 

approaches. These are shown in Table 2.7. 
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Table 2.7 Comparison of RMS amplitudes of vibration and perpendicular motion 
correction terms due to the Na2Cl2 dimer B1u out-of-plane bending mode a 

  ASYM (rh0) SHRINK (rh1) EXPRESS (re) 

Na−Cl u 0.00 0.00 0.54 

 ra − rn
 b 1.71 0.00 0.29 

Na···Na u 0.00 1.87 2.32 

 ra − rn
 b 0.00 −2.66 −0.40 

Cl···Cl u 0.00 1.55 4.02 

 ra − rn
 b 0.00 −2.20 −2.43 

a All values in pm. b Contribution to overall correction term from ra to level of theory 
used, for this mode. 

 

The zeroth-order approach assumes that the Cl···Cl and Na···Na distances do not 

change so the Na−Cl bond lengthens by a large amount during the motion, leading to 

an unrealistically large distance correction for the bonded distance (1.7 pm). The 

first-order approach effectively fixes the Na−Cl distance, with atoms moving along 

curved paths. Although this is a better approximation, it overcompensates for the 

Na···Na non-bonded correction and assumes that the Na−Cl distance does not change 

(which is not the case). Therefore, neither approach adequately describes the atomic 

motions in this large-amplitude mode of vibration. Our approach, which involves 

sampling the potential-energy surface over an extended region instead of just at the 

origin, gives values that generally lie between those given by the other two 

approaches, as expected. 

2.4.3 Gas-phase structural refinements 

In the refinement of the sodium chloride monomer and dimer structures, we have 

attempted to make use of all available experimental data. The GED data provide 

information on both structures. In addition, very precise information about the 

equilibrium monomer bond length is available in the form of rotation constants (Be), 

obtained from microwave spectroscopy for both 23Na35Cl and 23Na37Cl,20 details of 

which are listed in Table 2.8. The apparent experimental estimated standard 
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deviation (esd) associated with each of the rotational constants was not large enough 

to account for the discrepancies between the determined re structures for the two 

isotopomers. This may indicate the breakdown of the traditional Born-Oppenheimer 

potential-energy surface but this phenomenon is not of concern at the level of 

accuracy obtained by GED. Therefore, the estimated standard deviation for these 

measurements was increased beyond the quoted experimental value to allow the re 

structure to be geometrically consistent. 

Table 2.8 Be constants a 

 Be re 
b
 Be used in GED refinement 

23Na35Cl 6537.36521(37) 2.36079485(7) 6537.3652(30) 
23Na37Cl 6397.28111(78) 2.36079378(14) 6397.2811(30) 

a Rotation constants in MHz, distances in pm. b Derived from Be rotation constants20 

 

The rotational constants were introduced as extra information in the form of flexible 

restraints, calculated using physical constants and atomic masses available from the 

National Institute of Standards and Technology.63 This is possible in the ed@ed 

structural refinement program as it allows non-GED data to be employed as 

additional data during the least-squares refinement process. Restraints derived from 

theoretical data can also be applied using the SARACEN method1-3 and these were 

used to restrain some vibrational amplitudes or their ratios to calculated values. 

Four independent parameters (Table 2.9) were used to describe the structure and 

composition of the sodium chloride vapour. Parameter p1 describes the bond length, 

r(Na−Cl), for the monomer, p2 is the dimer bond length r(Na−Cl), p3 is 

∠(Cl−Na−Cl), and p4 is the proportion of NaCl units existing as dimer in the vapour 

(Fd), as defined in Equation (2.10). Previous studies22  have defined the fractional 

amount of dimer in terms of a mole fraction but it is more appropriate to use our 

approach, as it is the total number of monomer units that remains constant. 
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where mm and md are the relative numbers of moles of monomer and dimer, 

respectively. 

Together with the four independent parameters, the RMS amplitudes of vibration 

were refined. As the bonded distances for the monomer and dimer cannot be resolved 

in the electron-diffraction experiment, the ratio of the amplitudes of vibration was 

restrained using values calculated from the EXPRESS method. Any other amplitudes 

that could not be refined sensibly were subject to a SARACEN restraint, with the 

uncertainty taken to be 10% of the computed value. Starting values for the refining 

geometrical parameters were taken from an ab initio calculation using the MP2 

method, applying the correlation to all electrons, using the cc-pCVQZ basis for 

chlorine and CVQZ for sodium. The starting values for the RMS amplitudes of 

vibration (u) and distance corrections (k) were calculated using the EXPRESS 

method, as described above. 

The refinement parameters, their final refined values, and all flexible restraints are 

shown in Table 2.9. The refined amplitudes and associated ra distances are listed in 

Table 2.10. 
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Table 2.9 Refined re vapour structures and composition for NaCl vapour at 943 K a 

Independent parameter re (expt.)  re (theory)
 b Restraint 

p1 r(Na−Cl)monomer 236.0794(4) 236.8 — 

p2 r(Na−Cl)dimer 253.4(9) 253.3 — 

p3 ∠ClNaCl 102.7(11) 101.8 — 

p4 Fdimer 0.27(2)  — 

Dependent parameter    

d1 r(Na···Na) 316.5(43) 319.6 — 

d2 r(Cl···Cl) 395.7(32) 393.2 — 

d3 ∆r(Na−Cl) c 17.3(9) 16.6 — 

d4 Be 
23Na35Cl 6537.3688(19)  6537.3652(30) 

d5 Be 
23Na37Cl 6397.2788(19)  6397.2811(30) 

a Distances in pm, angles in degrees, rotational constants in MHz, numbers in 
parentheses are estimate standard deviations. b Theoretical results from MP2 
calculations using all-electron correlation and CVQZ for sodium and cc-pCVQZ 
basis set for chlorine. c Change in bonded distance on moving from the monomer to 
dimer. 

 

Table 2.10 Refined RMS amplitudes of vibration (u), associated ra distances and 
corresponding values calculated from theory a 

  ra  u(expt.) u(calc.) Restraint 

u1 r(Na−Cl)monomer 
 b 238.8494(5) 10.6(3) 11.4 — 

u2 r(Na−Cl)dimer 
b 256.6(9) 16.2(4) 16.1 — 

u3 r(Na···Na) 316.5(44) 24.6(21) 24.5 24.5(25) 

u4 r(Cl···Cl) 398.1(30) 20.1(14) 22.8 22.8(23) 

a Distances in pm. b u1 / u2 restrained to calculated ratio of 0.703(50). 

 

The proportion of vapour existing as dimer (p4) was fixed at various values and the 

refinement process repeated. The variation of RG with the proportion of dimer is 

shown in Figure 2.11 along with the 95% confidence limit (≈ 2σ) calculated using 

Hamilton’s tables.64 This leads to a final value for the proportion of dimer of 0.27(2) 

with an RG factor of 0.091. The final radial distribution curve is depicted in Figure 
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2.12 and the final molecular intensity curve in Figure 2.13. Table 2.11 shows the 

least-squares correlation matrix. 

Figure 2.11 Variation of R factor with amount of Na2Cl2 dimer at 943 K. The dashed 
line marks the 95% confidence limit. 
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Figure 2.12 Experimental and difference (experimental – theoretical) radial-
distribution curves, P(r)/r, for sodium chloride vapour at 943 K. Before Fourier 
inversion the data were multiplied by s·exp(−0.00002s2)/(ZCl − ƒCl)(ZNa − ƒNa).  
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Figure 2.13 Molecular scattering intensities and difference curve for sodium chloride 
vapour at 943 K. Solid line: experimental data; dashed line: theoretical data; lower 
solid line: difference curve. 
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Table 2.11 Least-squares correlation matrix (×100) from the GED refinement 

  p1 p2 p3 u1 u2 u3 u4 k1 

p1 100 0 0 0 0 0 0 0 

p2 0 100 -16 -7 37 -24 0 63 

p3 0 -16 100 17 -10 23 7 9 

u1 0 -7 17 100 58 5 2 66 

u2 0 37 -10 58 100 -7 3 66 

u3 0 -24 23 5 -7 100 -9 -7 

u4 0 0 7 2 3 -9 100 0 

k1 0 63 9 61 66 -7 0 100 

 

The fit between experimental and theoretical scattering, as determined by the RG 

factor, is reasonably good, considering the noise due to the high temperature of the 

experiment, especially above s = 100 nm-1, and is a significant improvement over the 

original fit.22 The radial-distribution difference curve has a much more uniform 

distribution than those obtained in previous studies,22,65 suggesting that the residual is 

noise rather than indicating a problem with any structural parameter. 
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Allowances for multiple-scattering effects66 have not been included in this study. 

Multiple scattering is an important consideration for molecules containing heavy 

atoms, especially when a triplet forms an angle close to 90º.67,68 In the present case, 

although the angles are not far from 90º, preliminary work we have conducted has 

shown that the effect of this is negligible. However, multiple-scattering effects will 

have a more significant effect for heavier alkali halide dimers, and we are developing 

methods to deal with them. Sensitive mass-spectrometric studies on other alkali 

halides have shown the presence of larger oligomers (such as trimers and tetramers) 

but their vapour pressures are several orders of magnitude smaller than that of the 

dimer.69,70 More recently a mass-spectrometric study of vaporisation fluxes from 

alkali halide single crystals detected no presence of trimer for sodium chloride.71 

Table 2.12 compares the results of our refinement using the EXPRESS method with 

the original analysis by Mawhorter et al.,22 as well as a study by Frischknecht et al.,62 

combining an ASYM analysis (rh0) with retrospective cubic anharmonic corrections, 

obtained from a Morse oscillator model, to bonded distances. Results from a 

refinement that we have performed using amplitudes (u) and distance corrections (ra 

– ra3,1) generated using SHRINK and anharmonic constants from the third derivatives 

of the energy are also tabulated, together with theoretical results obtained using the 

MP2(full)/CVQZ/cc-pCVQZ method, for comparison. 
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Table 2.12 Comparison of experimental results from different methods of analysis a 

Parameter 
Mawhorter 

et al.22  

(ra) 

Frischknecht 
et al. 62 

(rh0 + A3) 
b  

SHRINK  

(ra3,1) 

EXPRESS  

(re) 

Theory c 

(re)  

r(Na−Cl)monomer 238.8(4) d 235.9(4) d 236.0794(4) 236.0794(4) 236.8 

r(Na−Cl)dimer 258.4(17) d 251.4(20) d 254.2(9) 253.4(9) 253.6 

∠(ClNaCl) 101.4(12) d 101.7(14) d 102.5(12) 102.7(11) 101.8 

∆r(Na−Cl) 19.6 15.5 18.1(9) 17.3(9) 16.8 

Fdimer 0.28(6) d e — 0.24(2) d 0.27(2) d — 

RG 0.112 — 0.093 0.091 — 

a Distances in pm, angles in degrees. b rh0 approach with anharmonic corrections to 
bonded distances. c Calculated using MP2(full) and using the CVQZ basis set for 
sodium and cc-pCVQZ for chlorine. d Uncertainties converted to 1σ. e Converted 
from quoted mole fraction to proportion of NaCl units existing as dimer (see 
Equation 2.10).  

 

The EXPRESS method (re structure) reduces the standard deviations for all the 

refined parameters when compared to both the previous study by Mawhorter et al.,22 

Frischknecht et al.,62 and the refinement using the best corrections generated from 

SHRINK (ra3,1). The improved accuracy of the refined structure using the EXPRESS 

method (compared to the one obtained using SHRINK’s vibrational correction terms) 

is a consequence of the improved description of the vibrations. The larger 

improvement when compared to previous studies can be attributed to the improved 

vibrational corrections, as well as the use of the microwave data for the monomer 

and the flexible restraints of the SARACEN method, which consequently provided 

the ability to refine all parameters and RMS amplitudes of vibration simultaneously. 

The improvement in the refinement is also highlighted by the absence of any 

systematic (non-noise) errors in the radial distribution curve (Figure 2.13). 

When compared to our highest level ab initio calculation [MP2(full)//CVQZ/cc-

pCVQZ] the monomer and dimer bonded distances are both calculated to be too long 

(the monomer by 0.7 pm, the dimer by 0.2 pm). While experiment and theory do 

agree for the dimer (within experimental error), a better comparison is the change in 
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bonded distance going from the monomer to the dimer, ∆r(Na−Cl). At this level of 

theory the difference is 16.8 pm, which is within one standard deviation of our 

experimentally determined value of 17.3(9) pm. This calculated difference should be 

more accurate than absolute values as systematic errors in the calculations of both the 

monomer and the dimer will tend to cancel. Frischknecht et al.’s value of 15.5 is 

reasonable because of the inclusion of anharmonicity and the near equivalence of the 

linear normal mode and curvilinear displacements for this particular geometry.62 

Although the best SHRINK calculation also gives good agreement for the dimer 

structure, the combination of the improved distance corrections and the use of 

anharmonic RMS amplitudes of vibration (u) from the EXPRESS method give 

improved accuracy of the determined parameters, an improved fit and a better 

agreement between theory and experiment for the more accurately calculated change 

in bonded distance, ∆r(Na−Cl) (one esd for our method compared with two esds for 

the a3,1 analysis). 

2.5 Conclusion 

Equilibrium structures have been obtained from gas-phase electron diffraction 

experiments. This has been achieved by generating explicit distance corrections that 

directly relate gas-phase electron diffraction structures to the re structures from ab 

initio calculations as well as other experiments. These are generated from the 

analysis of those parts of the ab initio potential-energy surface that correspond to the 

modes of vibration of the molecule. These correction terms therefore include all of 

the effects of anharmonicity to a high order and more accurately describe atomic 

motion, especially in modes with large-amplitude modes of vibration. 

This technique has been applied successfully to the gas-phase electron-diffraction 

structural refinement of sodium chloride vapour at 943 K, in order to give accurate 

determinations of the experimental equilibrium structures of both the monomer and 

dimer, and of the amount of vapour existing as dimer. The structures obtained make 

use of all the available information (GED, MW, and ab initio calculations) and the 

calculated vibrational correction terms provide small but nevertheless important 
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perturbations to the structure obtained purely by experimental means. Nevertheless, 

the final structure is still derived primarily from experimental data. These results for 

the dimer and the monomer-dimer expansion now give very good agreement with 

high-level ab initio theory, within experimental error. 

Of key importance to the accuracy of this study was the inclusion of anharmonic 

effects. By using the best corrections obtainable from the program SHRINK, which 

includes an assessment of cubic anharmonic effects from the third derivatives of the 

energy (ra3,1), comparable accuracy can be obtained for this simple system, where the 

EXPRESS method has been limited to exploring one-dimensional slices of the 

potential-energy surface that correspond to the normal modes of vibration. The 

EXPRESS method also has the capability to explore more complicated systems with 

multiple coupled large-amplitude and/or highly anharmonic modes, for which more 

extensive regions of multi-dimensional surfaces may need to be explored. We plan to 

apply the method to increasingly complex structural problems of this nature.
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Chapter Three 

The equilibrium structures of sodium halides by gas-phase electron diffraction 
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3.1 Introduction 

Alkali halides tend to be found in the solid state at standard temperatures and 

pressures, forming highly ionic, high-coordinate crystal lattices, that are far removed 

from what one could call ‘molecules.’ Therefore, when referring to the molecular 

structures of metal halides we are generally discussing their structure in the vapour 

phase.1  

Gas-phase structures provide the ideal comparison between experiment and the 

growing number of ab initio structural studies.  However, care must be taken when 

comparing results obtained from experimental and theoretical methods as they 

measure subtly different distances. As experimental data are still considered to be the 

ultimate check of reliability of theoretical studies these subtle effects must be 

addressed. A computed geometry, or the so-called equilibrium structure (re), 

corresponds to a hypothetical motionless molecule at the minimum of the Born-

Oppenhiemer potential-energy surface. This is hypothetical as real molecules are 

never motionless, even at 0 K. Experimental structures have a physical meaning, 

which depends on the nature of the experiment used to determine them. X-ray 

diffraction, for example, measures the centres of electron density, whereas electron 

and neutron diffraction studies provide information yielding internuclear distances. 

The way the vibrational motion is averaged during the experiment also has an effect 

on the final structure; this makes direct comparison with theory troublesome. The 

operational parameter (ra) yielded by electron diffraction (as a result of the scattering 

equations) can be converted to something approaching an equilibrium structure by a 

traditional multi-step correction process (explained in detail in Chapter 2.2). 

However, in many cases, especially when considering floppy molecules, this 

correction process can introduce errors larger than those they were supposed to 

correct for. The alkali halides certainly fall into this category, thus providing an 

interesting area of study for the newly developed EXPRESS method (EXPeriments 

Resulting in Equilibrium StructureS),1 which calculates accurate vibrational 

correction terms. The initial test case for this method (sodium chloride) yielded 
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extremely accurate equilibrium structures which now give good agreement with 

high-level ab initio results1 (see Chapter 2).  

Despite the experimental complexities of very low vapour pressures, and thus the 

need for extremely high temperatures, the gas-phase structures of the alkali halides 

have been favourite topics for research since the first electron-diffraction 

experiments in the 1930’s.2 However, the first studies failed to detect any evidence 

for the existence of associated species such as dimers. Since the early days, the 

interest in the study of these simple text-book molecules has remained high as they 

can provide answers to fundamental questions of chemical structure, bonding and 

reactivity. During the 1950’s the existence of clusters in the vapour phase was first 

identified through the use of mass spectrometry3 and molecular beam magnetic 

resonance experiments.4,5 In the majority of cases only the monomer (MX) and dimer 

(M2X2) were detected. (LiI also contained 1-2 % of trimer.) The first theoretical 

structures (planar, D2h) of the dimer molecules were proposed in 19556 followed by 

various models to predict the energies of formation and vibrational frequencies.7-9 

This sparked further electron diffraction studies in Russia, using Indian Ink to protect 

the photographic plates from the light from the red-hot nozzle,10,11 as well as a study 

in America by Bauer et al.12 Microwave techniques, developed around this time, 

were able to provide accurate information on the predominant monomer (MX) 

species, but the planar dimers (M2X2) could not be studied in this way as they have 

no dipole moment. Further diffraction studies were attempted13 and further models 

were developed to try to solve the structures of these elusive compounds. Because of 

the experimental complexities, the completion of all the gas-phase structures of the 

alkali halides was not achieved until the mid 1980’s.14-17 Since then interest in these 

molecules has remained high and more recently experimental studies have 

determined the structures of mixed dimers18,19 together with further microwave 

studies on the monomer yielding rotational constants of higher accuracy for the 

purpose of detecting alkali halides in space.20 The recent literature is littered with 

many theoretical studies,21-25 which have some difficultly in reproducing the highly 

accurate microwave monomer distances. The recent success of the EXPRESS 

method (applied to sodium chloride)1 in providing accurate vibration corrections has 
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allowed the direct comparison of new high-level ab initio calculations and the 

reanalysed experimentally determined structure and achieved good agreement. 

Following this success, it was proposed that the rest of the sodium halides would also 

benefit from such a rigorous treatment. 

3.2 Method and experiment  

3.2.1 Theoretical calculations 

Previous work on sodium chloride1 demonstrated that relatively accurate geometries 

could be obtained by using the MP226-30 method correlating all electrons [MP2(full)]. 

The most accurate results were obtained employing the core-valence basis set of 

Martin et al.31 for the sodium atom and the equivalent basis set by Dunning32,33 for 

the chlorine atom. These specialised basis sets allow for higher orders of angular 

momentum in the traditional ‘core’ region, which is required when more than just the 

standard valence electrons are used in the correlation scheme.34 The calculations 

reported in this work were performed using the Gaussian 03 suite of programs,35 

using mainly machines provided by the resources of the EPSRC National Service for 

Computational Chemistry Software (URL: http://www.nsccs.ac.uk) but also made 

use of the resources provided by the EaStCHEM Research Computing Facility 

(http://www.eastchem.ac.uk/rcf). This facility is partially supported by the eDIKT 

initiative (http://www.edikt.org). Geometry optimisations were carried out on both 

the monomer (NaX) and the dimer (Na2X2) species at the MP2(full)/6-311+G*36,37 

level for all the sodium halides studied. Higher-level geometry optimisations for 

sodium fluoride and sodium bromide were also performed using the CVQZ31 basis 

for sodium and the aug-cc-pwCVQZ31-33 for the halogen atoms. The aug-cc-

pwCVQZ basis is not defined for iodine, and so a calculation at this level could not 

be preformed for sodium iodide. Additionally, a larger range of calculations was 

performed using a variety of methods and basis sets for sodium bromide in order to 

confirm that the results obtained for sodium chloride were valid for the rest of the 

sodium halides. The EXPRESS method1 was carried out using calculations at the 

MP(full)/6-311+G* level for sodium fluoride and sodium bromide. Calculations at 
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this level for sodium iodide proved too computationally expensive, so the correlation 

was restricted to electrons in the two outermost shells [MP2(FC1)]. This restriction 

has been shown to have no effect on the equilibrium geometry of the sodium iodide 

monomer or dimer (see Table 3.4). For all of the calculations the convergence 

criteria were tightened to 1.236 pN, 0.741 pN, 3.175 fm, and 2.117 fm for the 

maximum force, root-mean-square force, maximum displacement and root-mean-

square displacement respectively, in order to ensure consistency was maintained 

between the energies calculated by the geometry optimisation scheme and those 

calculated from exploring the normal modes using the EXPRESS method.  

As in the case of sodium chloride (see Chapter 2) the z axis was defined as passing 

through the centre of the dimer, perpendicular to the plane of the molecule, and the x 

axis through the two metal atoms (an illustration of axes can be seen in Figure 2.1). 

The monomer (MX) has only one mode of vibration, which is of the A1 symmetry 

species, and the dimer has six modes of five different symmetry species (stretching: 

Ag, B1g, B2u, B3u; and bending: Ag and B1u). The graphical representations of these 

modes are the same for those of sodium chloride and are shown in Figure 2.2. The 

vibrational modes were modelled in an identical fashion to those for sodium chloride. 

(See Chapter 2.3.2 for a detailed explanation.) The EXPRESS method was utilised to 

calculate the root-mean-square (RMS) amplitudes of vibration (u), and explicit 

distance corrections distance corrections (ra − re) for each of the three sodium halides 

studied at the temperatures of used to obtain the experimental data. For a detailed 

explanation of the EXPRESS method refer to Chapter 2 or Reference 1. 

3.2.2 Gas-phase electron diffraction (GED) experiments 

The data used for this study were those obtained for sodium fluoride at 1123 K,15 

sodium bromide at 920 K,14 and sodium iodide at 848 K16 by Hartley et al. using the 

technique identical to that used for the study of the alkali chlorides.17 High-purity, 

commercially-available samples were used (purity < 99.97%). Accelerating voltages 

of around 40 keV were used and the precise electron wavelengths were determined 

using the standard ra(C−O) value for CO2 of 116.42 pm. The scattering intensities 
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were determined by counting electrons at each angle for 300 s. These were then 

averaged at intervals of 2 nm-1. For sodium fluoride the averaged data were 

unavailable and so the raw experimental data were used and re-averaged at intervals 

of 1 nm-1 (which is now our current standard for runs at these nozzle-to-detector 

distances). 

The weighting points for the off-diagonal weight matrix, correlation parameters and 

scale factors for the data are given in Table 3.1. Further data reduction and the least-

squares refinements were then carried out using the ed@ed structural refinement 

program38 using the scattering factors of Ross et al.39 

Table 3.1 Experimental parameters for the GED analysis a 

 NaF NaBr NaI 

T 1123 920 848 

∆s 1.0  2.0  2.0  

smin 50.0 28.0 34.0 

sw1 70.0 48.0 54.0 

sw2 152.0 146.0 128.0 

smax 177.0 176.0 150.0 

Correlation parameter 0.4515 0.1765 0.1897 

Scale factor, k 0.939(10) 0.914(17) 0.893(34) 

a Temperatures are in K, s values are in nm–1. Values in parentheses are standard 
deviations of the last digits.  

 

 3.3 Results and discussion 

3.3.1 Theoretical calculations 

Previous work on sodium chloride1 has shown that it is difficult to reproduce the 

accurate microwave results effectively for the monomer (NaCl) using theoretical 

calculations. A comparable range of calculations was performed for sodium bromide, 

the results of which are shown in Table 3.2 together with other prominent results 

from the literature. 
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Table 3.2 Calculated geometries (re) for the sodium bromide monomer and dimer at 
different levels of theory a 

Theory / basis set re(Na−Br)mon. re(Na−Br)dim. ∠e(Br−Na−Br) ∆re(Na−Br) 

RHF/6-311+G(d) 254.8 273.5 103.8 18.8 

MP2/6-311+G(d) b 253.9 271.0 103.4 17.2 

CCSD(T)/6-
311+G(d)b 253.9 271.0 103.5 17.1 

MP2(full)/6-
311+G(d)c 252.9 269.5 103.6 16.6 

MP2(full)/cc-pVTZ c 253.2 268.6 105.2 15.4 

MP2(full)/cc-pVQZ c 250.7 259.4 134.4 8.7 

MP2(full)/aug-cc-
pVQZ c 242.1 254.9 112.3 12.8 

MP2(full)/CVQZ/aug-
cc-pwCVQZ c 251.3 268.5 103.8 17.2 

RHF/ECP d 256.9 277 103.9 20.1 

MP2/POL-ECP e 253.4 271.3 104.0 17.9 

DFT/TZP f 247.3 264.4 105.2 17.1 

Born-Mayer potential g — 281.3 105.7 — 

Harrison potential g — 276.8 108.2 — 

Shell Model h 248 269 102 21 

Expt. (MW) i 250.2 — — — 

a Distances in pm, angles in degrees. b Standard electron correlation on valence 
electrons only. c All electrons were included in the electron correlation scheme. d 
Wetzel et al.25 e Törring et al.21 f Modisette et al.23 g Chauhan et al.40 h Welch et al.41 i 
Brumer et al.42  

 

A trend similar to that for NaCl can be seen with sodium bromide. Spin-restricted 

Hartree-Fock using a 6-311+G(d) basis set overestimates the monomer distance by 

4.6 pm when compared to the accurate microwave structure.42 The use of post-HF 

electron correlation techniques using the standard frozen-core methodology improves 

the situation, decreasing the calculated monomer bond length by around 1 pm. As 

with sodium chloride, the sophistication of the electron correlation scheme is 

unimportant as MP2 and CCSD(T) give almost identical results. Including a larger 

number of electrons in the correlation scheme (core electrons) decreases the 

monomer bond length further, closing the gap between the theoretical and 
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experimental microwave value to 2.7 pm. Performing core correlation using the 

standard Dunning type basis sets (cc-pVnZ) gave very erratic results as was the case 

with sodium chloride and so these basis sets should be avoided for these particular 

systems. By utilising the core-valence basis sets developed by Dunning et al. for 

bromine32,33 and the corresponding one by Martin et al. for sodium,31 together with 

the MP2 method (correlating all electrons) the theoretical results for the monomer 

could be brought to within 1.1 pm of the experimental value.  

Results from the literature also show that the inclusion of electron correlation has the 

effect of shortening the sodium-bromine bond. The DFT results underestimate the 

monomer value when compared with the microwave value.  

If the anomalous results using the Dunning cc-pVnZ type basis sets are ignored then 

the lengthening of the bond on going from the monomer to dimer is reasonably 

consistent throughout all the calculations. Methods where electron correlation is 

included have values for the expansion ranging from 16.6 to 17.9 pm, whereas 

uncorrelated approaches calculated this to be slightly longer (18.8 pm to 20.1 pm). 

Having firmly established the need for core correlation and appropriate basis sets to 

calculate the structures of both sodium chloride and sodium bromide accurately the 

same will be assumed for the other sodium halides (NaF and NaI). The results of 

calculations performed on sodium fluoride are listed in Table 3.3 together with other 

prominent results from the literature. 
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Table 3.3 Calculated geometries (re) for sodium fluoride monomer and dimer at 
different levels of theory a 

Theory / basis set re(Na−F)mon. re(Na−F)dim. ∠e(F−Na−F) ∆re(Na−F) 

MP2(full)/6-311+G(d)b 197.2 210.4 93.3 13.3 

MP2(full)/CVQZ/aug-cc-
pwCVQZb 193.7 207.8 94.0 14.1 

RHF/STO c 192.3 — — — 

RHF/POL d 192.3 206.5 93.1 14.2 

MP2/POL d 194.2 209.4 92.9 15.2 

MP2/modDUN e 198.2 214.1 88.7 15.9 

CI(SD)/STO c 192.1 — — — 

CCSD(T, all)/CV5Z f 192.8 — — — 

DFT/TZP g 191.6 204.7 94.8 13.1 

Born-Mayer potential h — 209.4 90.8 — 

Harrison potential h — 204.5 94.7 — 

SS Model i 161 190 89 29 

Expt. (MW) j 192.6 — — — 

a Distances in pm, angles in degrees. b All electrons were included in the electron 
correlation scheme. c Langhoff et al.43 d Dickey et al.44 e Lintuluoto45 f Iron et al.31 
gModisette et al.23 h

 Chauhan et al.40 i Welch et al.41 j Brumer et al.42 

For the sodium fluoride monomer the MP2(full)/6-311+G(d) calculation 

overestimates the microwave monomer distance by 4.6 pm. However, by increasing 

the basis set to CVQZ for sodium and aug-cc-pwCVQZ for fluorine this difference is 

reduced to 1.1 pm.  

Results from the literature using specifically developed basis sets reproduce the 

experimental monomer distance remarkably well (within 0.3 pm) simply using spin-

restricted Hartree-Fock (RHF).43 However, results using the same basis set but 

including electron correlation on valence electrons at the MP2 level, do not fare as 

well, over-calculating the monomer distance by between 1.6. This would seem to 

suggest the RHF results were some what fortuitous. Other results using MP2 theory 

also overestimate the monomer distance this time by 5.6 pm. The CCSD(T) 

calculation of Iron et al. provides the best result, being only 0.2 pm away from the 

experimental value. DFT once again underestimates the monomer bonded distance. 
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Despite the wide range of absolute values the monomer to dimer lengthening again 

remains reasonably constant (ranging from 13.1 to 15.9 pm) throughout the 

calculations. 

The results of calculations of the equilibrium structure of the monomer and dimer of 

sodium iodide are detailed in Table 3.4, together with a selection of literature values. 

The results for sodium iodide show that the inclusion of core correlation has a less 

pronounced effect, changing the monomer distance by only 0.4 pm. Due to the larger 

computational times it was decided to not correlate all the electrons but only to 

include the two outermost shells in the correlation scheme (FC1). As is shown this 

had no effect on the equilibrium geometry and so consistency can be assumed to be 

maintained away from equilibrium when calculating the vibrational correction terms. 

None of the available methods are able to get closer than 2.6 pm to the experimental 

value of 271.1 pm. 

Table 3.4 Calculated geometries (re) for sodium iodide monomer and dimer at 
different levels of theory a 

Theory / basis set re(Na−I)mon. re(Na−I)dim. ∠e(I−Na−I) ∆re(Na−I) 

MP2/6-311G(d) b 275.9 294.6 106.7 18.7 

MP2(full)/6-311G(d) c 275.3 293.6 107.1 18.3 

MP2(FC1)/6-311G(d)d 275.3 293.6 107.1 18.3 

RHF/ECP e 277.7 299 107.4 21.3 

MP2/POL-ECP f 273.7 291.9 107.5 18.2 

Born-Mayer potential g — 268.6 108.2 — 

Harrison potential g — 257.4 112.0 — 

Shell Model h 263 287 105 24 

Expt. (MW) i 271.1 — — — 

a Distances in pm, angles in degrees. b Standard electron correlation on valence 
electrons only. c All electrons were included in the electron correlation scheme. d 

Electron correlation on two outermost shells.  e Wetzel et al.25 f Törring et al.21g 
Chauhan et al.40 h Welch et al.41 i Brumer et al.42 

 

Harmonic force fields were calculated at the MP2(full)/6-311+G(d) level for both 

sodium fluoride and sodium bromide, and at MP2(FC1)/6-311G(d) level for sodium 
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iodide. These were used to calculate vibrational correction terms using traditional 

methods for comparison with the EXPRESS method. The vibrational frequencies for 

the monomers and the six vibrational frequencies for the dimers are shown in Table 

3.5, together with experimental values. 

Three of the calculated frequencies for sodium fluoride (monomer and dimer) are 

lower than the experimental ones whereas the B1u mode of dimer is calculated to be 

larger by around 3%. For sodium bromide and sodium iodide the reverse situation is 

true, all except the B1u bending mode and calculated to be larger than the one 

obtained experimentally. 
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Table 3.5 Theoretical (harmonic) and experimental vibrational frequencies for the sodium fluoride and sodium bromide monomer and 
dimer, [calculated at the MP2(full)/6-311+G(d) level] and sodium iodide monomer and dimer [calculated at the MP2(FC1)/6-311G(d) 
level]a 

 Sodium fluoride Sodium bromide Sodium iodide 

Mode νtheo. νexpt.
 b

  νexpt.
 c νtheo. νexpt.

 b
  νexpt. 

c νtheo. νexpt. 
b
  νexpt.

 c 

Monomer          

A1 stretch 512.3 536.1 492 300.8 277 277 261.1 259.2 246 / 236 

Dimer          

Ag stretch 387 — — 224 — — 191 — — 

B1g stretch 345 — — 213 — — 189 — — 

B2u stretch 367 — 369 / 348 247 — 230 219 — 199 

B3u stretch 380 — 415 193 — 186 160 — 152 

Ag  bend 204 — — 93 — — 70 — — 

B1u bend 154 — 149  76 — 106 62 — 98 

a Frequencies in cm-1. b Brumer et al.42 c Martin et al. 46 
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The potential-energy curves for the for all the modes of vibration together with 

variations in interatomic distances are shown in Figures 3.1-3.7 for sodium fluoride, 

Figures 3.8-3.14 for sodium bromide, and Figures 3.15-3.21 for sodium iodide 

respectively.  
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Figure 3.1 Plot of change in energy against change in vibrational mode parameter (ρ) for the A1 vibrational mode of the NaF monomer. 
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Figure 3.2 Plots of changes in (a) energy, (b) r(Na−F) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(F···F) non-bonded 
distance against change in vibrational mode parameter (ρ) for the Ag stretching motion of the Na2F2 dimer. 
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Figure 3.3 Plots of changes in (a) energy, (b) r(Na−F) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(F···F) non-bonded 
distance against change in vibrational mode parameter (ρ) for the B1g stretching motion of the Na2F2 dimer. 
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Figure 3.4 Plots of changes in (a) energy, (b) r(Na−F) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(F···F) non-bonded 
distance against change in vibrational mode parameter (ρ) for the B2u stretching motion of the Na2F2 dimer. 
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Figure 3.5 Plots of changes in (a) energy, (b) r(Na−F) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(F···F) non-bonded 
distance against change in vibrational mode parameter (ρ) for the B3u stretching motion of the Na2F2 dimer. 
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Figure 3.6 Plots of changes in (a) energy, (b) r(Na−F) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(F···F) non-bonded 
distance against change in vibrational mode parameter (ρ) for the Ag bending motion of the Na2F2 dimer. 
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Figure 3.7 Plots of changes in (a) energy, (b) r(Na−F) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(F···F) non-bonded 
distance against change in vibrational mode parameter (ρ) for the B1u bending motion of the Na2F2 dimer. 

 



  

 

1
02 

Figure 3.8 Plot of change in energy against change in vibrational mode parameter (ρ) for the A1 vibrational mode of the NaBr monomer. 
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Figure 3.9 Plots of changes in (a) energy, (b) r(Na−Br) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(Br···Br) non-bonded 
distance against change in vibrational mode parameter (ρ) for the Ag stretching motion of the Na2Br2 dimer. 
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Figure 3.10 Plots of changes in (a) energy, (b) r(Na−Br) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(Br···Br) non-
bonded distance against change in vibrational mode parameter (ρ) for the B1g stretching motion of the Na2Br2 dimer. 
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Figure 3.11 Plots of changes in (a) energy, (b) r(Na−Br) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(Br···Br) non-
bonded distance against change in vibrational mode parameter (ρ) for the B2u stretching motion of the Na2Br2 dimer. 
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Figure 3.12 Plots of changes in (a) energy, (b) r(Na−Br) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(Br···Br) non-
bonded distance against change in vibrational mode parameter (ρ) for the B3u stretching motion of the Na2Br2 dimer. 

 



  

 

1
07 

Figure 3.13 Plots of changes in (a) energy, (b) r(Na−Br) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(Br···Br) non-
bonded distance against change in vibrational mode parameter (ρ) for the Ag bending motion of the Na2Br2 dimer. 
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Figure 3.14 Plots of changes in (a) energy, (b) r(Na−Br) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(Br···Br) non-
bonded distance against change in vibrational mode parameter (ρ) for the B1u bending motion of the Na2Br2 dimer. 
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Figure 3.15 Plot of change in energy against change in vibrational mode parameter (ρ) for the A1 vibrational mode of the NaI monomer. 
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Figure 3.16 Plots of changes in (a) energy, (b) r(Na−I) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(I···I) non-bonded 
distance against change in vibrational mode parameter (ρ) for the Ag stretching motion of the Na2I2 dimer. 
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Figure 3.17 Plots of changes in (a) energy, (b) r(Na−I) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(I···I) non-bonded 
distance against change in vibrational mode parameter (ρ) for the B1g stretching motion of the Na2I2 dimer. 
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Figure 3.18 Plots of changes in (a) energy, (b) r(Na−I) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(I···I) non-bonded 
distance against change in vibrational mode parameter (ρ) for the B2u stretching motion of the Na2I2 dimer. 
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Figure 3.19 Plots of changes in (a) energy, (b) r(Na−I) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(I···I) non-bonded 
distance against change in vibrational mode parameter (ρ) for the B3u stretching motion of the Na2I2 dimer. 
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Figure 3.20 Plots of changes in (a) energy, (b) r(Na−I) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(I···I) non-bonded 
distance against change in vibrational mode parameter (ρ) for the Ag bending motion of the Na2I2 dimer. 
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Figure 3.21 Plots of changes in (a) energy, (b) r(Na−I) bonded distance, (c) r(Na···Na) non-bonded distance and (d) r(I···I) non-bonded 
distance against change in vibrational mode parameter (ρ) for the B1u bending motion of the Na2I2 dimer. 
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These potential functions and distance variations were then used to calculate the 

RMS amplitudes of vibration (um) and distance correction terms [(ra – re)
m] using the 

EXPRESS method. The explicitly calculated RMS amplitudes of vibration (um) for 

each mode of the monomer and dimer for sodium fluoride, sodium bromide, and 

sodium iodide, together with the corresponding distance corrections [(ra – re)
m], are 

listed in Tables 3.6, 3.7 and 3.8, respectively. Also shown are the overall RMS 

amplitudes of vibration (u) and distance corrections (ra – re) for each distance, 

calculated as described above, and the centrifugal distortion terms (δr) calculated 

using SHRINK.47,48 
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Table 3.6 RMS amplitudes of vibration (u) and distance corrections (ra – re) for NaF and Na2F2 computed using the EXPRESS method at 
1123 K, centrifugal distortion corrections (δr) and overall ra – re corrections a 

  A1 Ag B1g B2u B3u Ag B1u   Overall 

Distance  stretch stretch stretch stretch stretch bend bend Total b δr c (ra – re) + δr 

Monomer            

Na−F u 10.67       10.67   

 ra – re 1.81       1.81 0.98 2.79 

Dimer            

Na−F u  6.74 8.17 7.39 7.25 0.52 0.60 14.83   

 ra – re  0.79 1.00 0.80 0.85 0.18 0.33 3.05 0.60 3.65 

Na···Na u  7.93 3.14 3.42 0.62 16.45 2.01 18.96   

 ra – re  1.00 1.74 1.93 0.34 −1.34 −1.21 2.46 0.92 3.38 

F···F u  11.06 4.07 1.29 4.07 16.83 2.14 21.09   

 ra – re  1.21 2.26 0.73 2.34 −0.96 −1.27 4.31 0.78 5.09 

aAll values are in pm. b For amplitudes see Equation 2.8; for ra − re see Equation 2.9. c Calculated from MP2(full)/6-311+G(d) force field 
using SHRINK.47,48 
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Table 3.7 RMS amplitudes of vibration (u) and distance corrections (ra – re) for NaBr and Na2Br2 computed using the EXPRESS method at 
920 K, centrifugal distortion corrections (δr) and overall ra – re corrections a 

  A1 Ag B1g B2u B3u Ag B1u   Overall 

Distance  stretch stretch stretch stretch stretch bend bend Total b δr c (ra – re) + δr 

Monomer            

Na−Br u 12.33       12.33   

 ra – re 1.91       1.91 1.06 2.97 

Dimer            

Na−Br u  7.81 9.60 8.44 8.43 0.44 0.61 17.21   

 ra – re  0.84 1.13 0.89 0.90 0.24 0.35 4.35 0.64 4.99 

Na···Na u  9.86 3.54 4.20 0.45 24.24 2.30 26.84   

 ra – re  1.14 1.98 2.40 −0.28 −0.63 −1.42 3.19 0.82 4.01 

Br···Br u  12.12 4.36 1.47 4.43 19.12 4.48 23.94   

 ra – re  1.23 2.48 0.84 2.64 −2.26 −2.68 2.25 0.99 3.24 

aAll values are in pm. b For amplitudes see Equation 2.8; for ra − re see Equation 2.9. c Calculated from MP2(full)/6-311+G(d) force field 
using SHRINK.47,48 
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Table 3.8 RMS amplitudes of vibration (u) and distance corrections (ra – re) for NaI and Na2I2 computed using the EXPRESS method at 
848 K, centrifugal distortion corrections (δr) and overall ra – re corrections a 

  A1 Ag B1g B2u B3u Ag B1u   Overall 

Distance  stretch stretch stretch stretch stretch bend bend Total b δr c (ra – re) + 
δr 

Monomer            

Na−I u 13.08       13.08   

 ra – re 1.97       1.97 1.09 3.06 

Dimer            

Na−I u  8.25 10.17 8.92 8.85 0.53 0.65 18.17   

 ra – re  0.85 1.17 0.93 0.90 0.28 0.36 4.49 0.67 5.16 

Na···Na u  10.50 3.55 4.32 0.89 26.70 2.30 29.33   

 ra – re  1.16 2.00 2.45 −0.54 −0.19 −1.37 3.51 0.94 4.45 

I···I u  12.76 4.56 1.66 4.47 19.46 5.83 24.88   

 ra – re  1.25 2.61 0.95 2.63 −2.26 −4.23 0.95 0.96 1.91 

aAll values are in pm. b For amplitudes see Equation 2.8; for ra − re see Equation 2.9. c Calculated from MP2(FC1)/6-311+G(d) force field 
using SHRINK.47,48 
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For all three of the dimer molecules the RMS amplitudes of vibration corresponding 

to the bonded distances (Na–X) are made up predominantly from the contributions of 

the four stretching motions (Ag, B1g, B2u, B3u). The RMS amplitudes of vibration for 

the non-bonded distances (Na···Na and X···X) are derived predominately from the Ag 

stretching and the Ag bending motions, with a small but significant contribution from 

the B1u out-of-plane (OOP) bending motions. As expected, the size of the RMS 

amplitudes of vibration and distance corrections (ra – re) increase through the series 

of increasing molecular weight as the force constants relating to the traditional 

normal modes of vibration decrease. 

Particular attention must be paid to the OOP B1u bending motion (Figures 3.7, 3.14 

and 3.21 for Na2F2, Na2Br2 and Na2I2, respectively), as this best illustrates the ability 

of the EXPRESS method to capture accurately the true nature of the vibrational 

motions. It can be seen from Figures 3.7, 3.14 and 3.21 that as the dimer molecules 

bend the Na–X bonds lengthen. This can be interpreted as a coupling with the Ag 

stretching mode. This is possible due to the fact that as the molecules bend out of the 

plane (B1u) the overall symmetry drops from D2h to C2v. Thus, both the Ag stretch and 

B1u bend become A1 symmetry and therefore can couple. The ability of the 

EXPRESS method to capture this sophisticated behaviour is in marked contrast to 

traditional methods. 

Comparison of the overall amplitudes of vibration and distance corrections obtained 

by this method and the equivalent values from previous approaches are shown in 

Tables 3.9, 3.10, and 3.11 for the three molecules. The nomenclature used in these 

tables has been proposed in Chapter 2. All of the traditional approaches are based 

upon the use of harmonic force fields. The rh0 approach corrects for vibrational 

effects using these harmonic force fields and approximates vibrational motion by 

computing rectilinear (zeroth-order) corrections. (This can be done using the ASYM 

program.49) The rh1 approach is similar but approximates vibrational motion using 

more sophisticated curvilinear (first-order) corrections. (This can be done using the 

SHRINK program.47,48,50,51) The ra3t,1 approach approximates anharmonicity (at a 

cubic level) by introducing anharmonic effects through the use of tabulated 
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constants. The ra3,1 approach takes this one step further and includes anharmonicity 

(again only at a cubic level) by utilising anharmonic constants calculated by taking 

third derivates with respect to energy. The EXPRESS approach can essentially model 

anharmonic effects and vibrational motion to any order as this simply depends on the 

functional form used to fit the potential-energy slices and distance variations. 

Table 3.9 RMS amplitudes of vibration and distance corrections for NaF and Na2F2 
at 1123 K a 

Distance  
ASYM 

(rh0)
 b 

SHRINK 
(rh1)

 c 
SHRINK  

(ra3t,1)
 d 

SHRINK  
(ra3,1) 

e 
EXPRESS 

(re)  

Monomer       

Na−F u 9.99 9.99 9.99 9.99 10.67 

 ra − rx
 f 0.47 0.47 2.90 2.77 2.79 

Dimer       

Na−F u 13.76 13.76 13.76 13.76 14.83 

 ra − rx
 f 1.54 0.23 3.33 4.78 3.65 

Na···Na u 19.40 19.46 19.46 19.46 18.96 

 ra − rx
 f −0.22 −2.23 1.39 3.25 3.38 

F···F u 20.00 20.05 20.05 20.05 21.09 

 ra − rn
 f −0.33 −2.01 3.11 5.31 5.09 

a All values are in pm. b Obtained from a harmonic force field at MP2(full)/6-
311+G(d) level using first-order distance corrections and centrifugal distortion term 
(δr). c As in footnote b but using first-order distance corrections. d As in footnote c but 
also including cubic anharmonic effects generated from averaged tabulated values. e 
As in footnote c but including cubic anharmonic effects generated using third 
derivatives of the energy. f Correction term from ra to level of theory used. 
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Table 3.10 RMS amplitudes of vibration and distance corrections for NaBr and 
Na2Br2 at 920 K a 

Distance  
ASYM 
(rh0)

 b 
SHRINK 
(rh1)

 c 
SHRINK  
(ra3t,1)

 d 
SHRINK  
(ra3,1) 

e 
EXPRESS 
(re)  

Monomer       

Na−Br u 11.67 11.67 11.67 11.67 12.33 

 ra − rx
 f 0.52 0.52 2.77 2.95 2.97 

Dimer       

Na−Br u 16.09 16.10 16.10 16.10 17.21 

 ra − rx
 f 2.37 0.21 3.31 4.77 4.99 

Na···Na u 26.81 26.91 26.91 26.91 26.84 

 ra − rx
 f −0.81 −3.13 0.76 4.58 4.01 

Br···Br u 22.98 23.07 23.07 23.07 23.94 

 ra − rx
 f −0.24 −3.88 0.96 2.53 3.24 

a All values are in pm. b Obtained from a harmonic force field at MP2(full)/6-
311+G(d) level using first-order distance corrections and centrifugal distortion term 
(δr). c As in footnote b but using first-order distance corrections. d As in footnote c but 
also including cubic anharmonic effects generated from averaged tabulated values. e 
As in footnote c but including cubic anharmonic effects generated using third 
derivatives of the energy. f Correction term from ra to level of theory used. 
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Table 3.11 RMS amplitudes of vibration and distance corrections for NaI and Na2I2 
at 848 K a 

Distance  
ASYM 

(rh0)
 b 

SHRINK 
(rh1)

 c 
SHRINK  

(ra3t,1)
 d 

SHRINK  
(ra3,1) 

e 
EXPRESS 

(re)  

Monomer       

Na−I u 12.34 12.34 12.34 12.34 13.08 

 ra − rx
 f 0.54 0.54 2.94 3.02 3.06 

Dimer       

Na−I u 17.10 17.11 17.11 17.11 18.17 

 ra − rx
 f 2.78 0.22 3.63 5.33 5.16 

Na···Na u 29.25 29.38 29.38 29.38 29.33 

 ra − rx
 f −0.88 −3.62 0.70 5.36 4.45 

I···I u 23.80 23.91 23.91 23.91 24.88 

 ra − rx
 f −0.23 −4.53 0.78 1.51 1.91 

a All values are in pm. b Obtained from a harmonic force field at MP2(FC1)/6-
311+G(d) level using first-order distance corrections and centrifugal distortion term 
(δr). c As in footnote b but using first-order distance corrections. d As in footnote c but 
also including cubic anharmonic effects generated from averaged tabulated values. e 
As in footnote c but including cubic anharmonic effects generated using third 
derivatives of the energy. f Correction term from ra to level of theory used. 

 

3.3.2 Gas-phase structural refinements 

The structural refinements of the sodium halides endeavoured to make use of all 

available experimental data. The GED data provided information on both the 

monomer (NaX) and the dimer (Na2X2) and microwave spectroscopy provided very 

accurate structural information for the monomer only. The microwave information 

was introduced into the refinement process in the form of Be rotational constants 

employing the SARACEN method.52-54 SARACEN restraints were also applied to 

amplitudes that could not refine independently and also to the ratios of the RMS 

amplitudes of vibration for monomer and dimer bonded distances. Four independent 

parameters were used to describe the geometries of the monomer and dimer and the 

composition of the vapour in all the refinements. Parameter p1 describes the 

monomer bond length r(Na–X), p2 the dimer bond length r(Na–X), p3 is the halogen-

sodium-halogen angle ∠(X–Na–X), and p4 is the proportion of NaX units existing as 
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dimer in vapour (Fd) as given by Equation 2.10. Together with the four parameters 

the RMS amplitudes of vibration were also refined. Because the monomer and dimer 

bonded distances can not be resolved the ratios of the RMS amplitudes of vibration 

were restrained to the values calculated from the EXPRESS method with an 

associated uncertainty, using the SARACEN method. Any amplitudes that would not 

refine sensibly were again subject to SARACEN restraints. For sodium fluoride and 

sodium bromide the starting values for the refining geometrical parameters were 

taken from ab initio calculations at the MP2(full)//CVQZ/aug-cc-pwCVQZ level. 

For sodium iodide the starting values were taken from a calculation at the 

MP2(FC1)/6-311G(d) level. The starting values for all the RMS amplitudes of 

vibration were taken from those calculated using the EXPRESS method. For sodium 

fluoride the refinement parameters, their final values, and all the flexible restraints 

are shown in Table 3.12. The refined amplitudes and associated ra distances are 

shown in Table 3.13. The corresponding information for sodium bromide and sodium 

iodide is shown in Tables 3.14 and 3.15, and 3.16 and 3.17, respectively. 

Table 3.12 Refined re structures and composition for NaF vapour at 1123 K using 
EXPRESS analysis for vibrational corrections a 

Independent parameters re (expt.)  re (theory)
 b Restraint 

p1 r(Na−F)monomer 192.5942(2) 193.7 — 

p2 r(Na−F)dimer 207.3 207.8 — 

p3 ∠FNaF 92.8(6) 94.0 — 

p4 Fdimer 0.20(2) — — 

Dependent parameters    

d1 r(Na···Na) 285.9(13) 288.8 — 

d2 r(F···F) 300.4(18) 306.0 — 

d3 ∆r(Na−F) c 14.7(4) 14.1 — 

d4 Be 
23Na19F 13098.0319(28) — 13098.0320 (30) 

a Distances in pm, angles in degrees, rotational constants in MHz, numbers in 
parentheses are estimate standard deviations. b Theoretical results from MP2 
calculations using all-electron correlation and CVQZ for sodium and aug-cc-
pwCVQZ basis set for fluorine. c Change in bonded distance on moving from the 
monomer to dimer. 
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Table 3.13 Refined RMS amplitudes of vibration (u), associated ra distances and 
corresponding values calculated from theory for NaF vapour a 

  ra  u(expt.) u(calc.) 
Restraint / 
Constraint 

u1 r(Na−F)monomer 
 b 195.3842(2) 10.8(1) 10.7 — 

u2 r(Na−F)dimer 
b 211.0(4) 15.7(3) 14.8 — 

u3 r(Na···Na) 289.3(13) 18.5(6) 19.0 19.0(19) 

u4 r(F···F) 304.4 (17) 20.6 21.1 Tied to u3 

a Distances in pm. b u1 / u2 restrained to calculated ratio of 0.719(50) 

 

Table 3.14 Refined re structures and composition for NaBr vapour at 920 K using 
EXPRESS analysis for vibrational corrections. a 

Independent parameters re (expt.)  re (theory)
 b Restraint 

p1 r(Na−Br)monomer 250.20363(8) 251.3 — 

p2 r(Na−Br)dimer 267.9(3) 268.5 — 

p3 ∠BrNaBr 103.8(3) 103.8 — 

p4 Fdimer 0.32(2) — — 

Dependent parameters    

d1 r(Na···Na) 330.6(13) 331.3 — 

d2 r(Br···Br) 421.8(7) 422.5 — 

d3 ∆r(Na−Br) c 17.7(3) 17.2 — 

d4 Be 
23Na79Br 4534.4661(28) — 4534.4673(30) 

a Distances in pm, angles in degrees, rotational constants in MHz, numbers in 
parenthesis are estimate standard deviations. b Theoretical results from MP2 
calculations using all-electron correlation and CVQZ for sodium and aug-cc-
pwCVQZ basis set for bromine. c Change in bonded distance on moving from the 
monomer to dimer. 
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Table 3.15 Refined RMS amplitudes of vibration (u), associated ra distances and 
corresponding values calculated from theory for NaBr vapour a 

  ra  u(expt.) u(calc.) 
Restraint / 
Constraint 

u1 
r(Na−Br)monomer 

 

b 
253.1736(1) 11.4(3) 12.3 — 

u2 r(Na−Br)dimer 
b 272.9(3) 17.0(3) 17.2 — 

u3 r(Na···Na) 334.6(13) 26.1(21) 26.4 26.8(27) 

u4 r(Br···Br) 425.0(7) 23.7(4) 23.9 — 

a Distances in pm. b u1 / u2 restrained to calculated ratio of 0.716(50) 

 

Table 3.16 Refined re structures and composition for NaI vapour at 848 K using 
EXPRESS analysis for vibrational corrections. a 

Independent parameters re (expt.)  re (theory)
 b Restraint 

p1 r(Na−I)monomer 271.1454(10) 275.3 — 

p2 r(Na−I)dimer 291.8(10) 293.6 — 

p3 ∠INaI 105.8(9) 107.1 — 

p4 Fdimer 0.28(2) — — 

Dependent parameters    

d1 r(Na···Na) 352.2(42) 351.8 — 

d2 r(I···I) 465.4(20) 472.7 — 

d3 ∆r(Na−I) c 20.6(6) 18.3 — 

d4 Be 
23Na79I 3531.7187(27) — 3531.7187(30) 

a Distances in pm, angles in degrees, rotational constants in MHz, numbers in 
parenthesis are estimate standard deviations. b Theoretical results from MP2 
calculations using all-electron correlation and 6-311G(d). c Change in bonded 
distance on moving from the monomer to dimer. 

 

Table 3.17 Refined RMS amplitudes of vibration (u), associated ra distances and 
corresponding values calculated from theory for NaI vapour a 

  ra  u(expt.) u(calc.) Restraint / Constraint 

u1 r(Na−I)monomer 
 b 274.2054(1) 11.2(6) 13.1 — 

u2 r(Na−I)dimer 
b 296.7(11) 15.8(7) 18.2 — 

u3 r(Na···Na) 355.4(43) 29.0(26) 29.3 29.3(29) 

u4 r(I···I) 467.5(25) 25.2(13) 24.9 — 

a Distances in pm. b u1 / u2 restrained to calculated ratio of 0.720(50) 
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The proportion of dimer in the vapour (p4) was fixed at various values and the 

refinement process was repeated. The variation in RG against the proportion of dimer 

in the vapour was plotted and is shown in Figures 3.21, 3.22 and 3.23 for sodium 

fluoride, sodium bromide, and sodium iodide, respectively. Also shown on each plot 

is the 95% confidence limit (≈2σ) calculated using the tables of Hamilton.55 The final 

proportion of dimer was 0.20(2) for sodium fluoride, 0.32(3) for sodium bromide, 

and 28(4) for sodium iodide. The respective RG factors the final refinements were 

0.036, 0.033, and 0.129. 

Figure 3.21 Variation of R factor with amount of Na2F2 dimer at 1123 K. The dashed 
line marks the 95% confidence limit. 
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Figure 3.22 Variation of R factor with amount of Na2Br2 dimer at 920 K. The dashed 
line marks the 95% confidence limit. 
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Figure 3.23 Variation of R factor with amount of Na2I2 dimer at 848 K. The dashed 
line marks the 95% confidence limit. 
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The final radial-distribution curves, molecular-scattering intensity curves and least-

squares correlation matrices are given in Figures 3.24, 3.25 and Table 3.18 for 

sodium fluoride, Figures 3.26, 3.27 and Table 3.19 for sodium bromide, and Figures 

3.28, 3.29 and Table 3.20 for sodium iodide. 
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Figure 3.24 Experimental and difference (experimental – theoretical) radial-
distribution curves, P(r)/r, for sodium fluoride vapour at 1123 K. Before Fourier 
inversion the data were multiplied by s·exp(−0.00002s2)/(ZF − ƒF)(ZNa − ƒNa).  
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Figure 3.25 Molecular scattering intensities and difference curve for sodium fluoride 
vapour at 1123 K. Solid line: experimental data; dashed line: theoretical data; lower 
solid line: difference curve. 
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Table 3.18 Least-squares correlation matrix (×100) from the GED refinement for 
sodium fluoride vapour. a 

  p1 p2 p3 u1 u2 u3 k1 

p1 100 0 0 0 0 0 0 

p2 0 100 55 10 57 −7 75 

p3 0 55 100 4 34 −58 38 

u1 0 10 4 100 38 19 64 

u2 0 57 34 38 100 −11 67 

u3 0 −7 −58 19 −11 100 12 

k1 0 75 38 64 67 12 100 

a k1 is a scale factor 

 

Figure 3.26 Experimental and difference (experimental – theoretical) radial-
distribution curves, P(r)/r, for sodium bromide vapor at 920 K. Before Fourier 
inversion the data were multiplied by s·exp(−0.00002s2)/(ZBr − ƒBr)(ZNa − ƒNa).  
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Figure 3.27 Molecular scattering intensities and difference curve for sodium 
bromide vapour at 920 K. Solid line: experimental data; dashed line: theoretical data; 
lower solid line: difference curve. 
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Table 3.19 Least-squares correlation matrix (×100) from the GED refinement for 
sodium bromide vapour. a 

  p1 p2 p3 u1 u2 u3 u4 k1 

p1 100 0 0 0 0 0 0 0 

p2 0 100 −60 −22 39 −56 26 63 

p3 0 −60 100 20 −22 46 −15 −28 

u1 0 −22 20 100 48 0 9 47 

u2 0 39 −22 48 100 −22 19 69 

u3 0 −56 46 0 −22 100 −33 −42 

u4 0 26 −15 9 19 −33 100 28 

k1 0 63 −28 47 69 −42 28 100 

a k1 is a scale factor 
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Figure 3.28 Experimental and difference (experimental – theoretical) radial-
distribution curves, P(r)/r, for sodium bromide vapour at 848 K. Before Fourier 
inversion the data were multiplied by s·exp(−0.00002s2)/(ZI − ƒI)(ZNa − ƒNa). 

0 100 200 300 400 500 600 700 800

rI···I
rNa···Na

rNa-I
(monomer)

P(r)/r

r
a
 / pm

rNa-I (dimer)

 

 

Figure 3.29 Molecular scattering intensities and difference curve for sodium 
bromide vapour at 848 K. Solid line: experimental data; dashed line: theoretical data; 
lower solid line: difference curve. 
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Table 3.20 Least-squares correlation matrix (×100) from the GED refinement for 
sodium iodide vapour. a 

  p1 p2 p3 u1 u2 u3 u4 k1 

p1 100 0 0 0 0 0 0 0 

p2 0 100 −60 −22 9 −14 7 52 

p3 0 −60 100 15 −5 6 −8 −29 

u1 0 −22 15 100 77 1 14 61 

u2 0 9 −5 77 100 0 16 69 

u3 0 −14 6 1 0 100 −6 −9 

u4 0 7 −8 14 16 −6 100 18 

k1 0 52 −29 61 69 −9 18 100 

a k1 is a scale factor 

 

The success of the refinements can be gauged by the RG factors together with the 

experimental minus theoretical difference curves for both the molecular-scattering 

intensity and radial-distribution curves. All of these factors point towards much more 

accurately determined structures with respect to previous refinements.14-16  

Tables 3.21, 3.22, and 3.23 compare the results of these new refinements with those 

of previous work,14-16 those obtained from refinements performed using the best 

available traditional methods of vibrational correction (which allow for cubic 

anharmonicity by taking third derivates of the energy, ra3,1) and the highest level 

theoretical results. 
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Table 3.21 Comparison of experimental results from different methods of analysis 
for NaF vapour a 

Parameter 
Hartley et al.17  

(ra) 
SHRINK  

(ra3,1) 
EXPRESS  

(re) 
Theory b 

(re)  

r(Na−F)monomer 194.4(2) c 192.5942(2) 192.5942(2) 193.7 

r(Na−F)dimer 208.1 (10) c 209.4(4) 207.3(4) 207.8 

∠(FNaF) 84.6(9) c 93.3(9) 92.8(6) 94.0 

∆r(Na−F) 13.7 16.8(4) 14.7(4) 14.1 

Fdimer 0.31(1) c, d 0.19(2) 0.20(1) c — 

RG 0.039 0.038 0.036 — 

a Distances in pm, angles in degrees. b Calculated using MP2(full) and using the 
CVQZ basis set for sodium and aug-cc-pwCVQZ for fluorine. c Uncertainties 
converted to 1σ. d Converted from quoted mole fraction to proportion of NaF units 
existing as dimer (see Equation 2.10).  

 

Table 3.22 Comparison of experimental results from different methods of analysis 
for NaBr vapour a 

Parameter 
Hartley et al.17  

(ra) 
SHRINK  

(ra3,1) 
EXPRESS  

(re) 
Theory b 

(re)  

r(Na−Br)monomer 253.7(6) c 250.20364(8) 250.20363(8) 251.3 

r(Na−Br)dimer 2.740(17) c 267.6(3) 267.9(3) 268.5 

∠(BrNaBr) 101.6(9) c 104.2(4) 103.8(3) 103.8 

∆r(Na−Br) 20.3 17.4(4) 17.7(3) 17.2 

Fdimer 0.30(3) c, d 0.33(2) c 0.32(2) c — 

RG 0.134 0.039 0.033 — 

a Distances in pm, angles in degrees. b Calculated using MP2(full) and using the 
CVQZ basis set for sodium and aug-cc-pwCVQZ for bromine. c Uncertainties 
converted to 1σ. d Converted from quoted mole fraction to proportion of NaBr units 
existing as dimer (see Equation 2.10).  
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Table 3.23 Comparison of experimental results from different methods of analysis 
for NaI vapour a 

Parameter 
Hartley et al.17  

(ra) 
SHRINK  

(ra3,1) 
EXPRESS  

(re) 
Theory b 

(re)  

r(Na−I)monomer 253.7(6) c 271.1454 (11) 271.1454(10) 275.3 

r(Na−I)dimer 2.740(17) c 291.6(10) 291.8(10) 293.6 

∠(INaI) 101.6(9) c 106.1(8) 105.8(8) 107.1 

∆r(Na−I)  20.3 20.6(10) 20.6(10) 18.3 

Fdimer 0.30(3) c, d 0.28(2) c 0.28(2) c — 

RG 0.134 0.115 0.114 — 

a Distances in pm, angles in degrees. b Calculated using MP2(full) and using the 6-
311G. c Uncertainties converted to 1σ. d Converted from quoted mole fraction to 
proportion of NaI units existing as dimer (see Equation 2.10).  

 

All the structures obtained using the EXPRESS method show improved estimated 

standard deviations (esds) on the refined parameters when compared with previous 

results and traditional approaches. When equating experiment and theory the best 

comparison is that of the dimer expansion [∆r(Na–X), the difference between the 

dimer and monomer bond length]. As this is a distance difference we tend to get 

cancellation of errors for theoretical results. The EXPRESS method brings the dimer 

expansion to within two esds of the calculated value for sodium fluoride whereas the 

best traditional approach (ra3,1) is over seven esds away. For sodium bromide the 

expansion is calculated to be within two esds of the theoretical result and the ra3,1 

approach is within one esd, however, the fit is slightly better for the EXPRESS 

refinement. For sodium iodide the EXPRESS and ra3,1 refinements give identical 

values (20.6 pm) for the dimer expansion. Neither reproduces the theoretical result 

particularly well (both are three esds away) and there could be two main reasons for 

this. First, the heavier atoms in sodium iodide may be causing multiple scattering 

effects, which have not been accounted for in this study. Secondly, the calculation in 

this instance is not of such high quality due to the aug-cc-pwCVQZ basis not being 

available for iodine. 
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By comparing the differences between the calculated values for the CVQZ/aug-cc-

pwCVQZ calculations and the standard 6-311+G(d) basis sets for the smaller halides 

it can be seen that the monomer-dimer expansion is larger for the larger basis sets 

(0.8 pm larger for NaF, 0.4 pm larger for NaCl1, and 0.6 pm larger for NaBr). Thus, 

following this trend the dimer expansion for NaI is undoubtedly underestimated by 

the 6-311+G(d) calculations. The average increase in dimer expansion on going from 

the 6-311+G(d) basis to CVQZ/aug-cc-pwCVQZ is 0.6 pm for the other three 

sodium halides. Assuming a correction of this magnitude to the theoretical results 

would bring the theory and the GED results within three standard deviations. 

Another notable result is the proportion of dimer present in the vapour for sodium 

fluoride. The proportions of dimer for the other sodium halides agree reasonably well 

with those obtained in previous studies of Mawhorter et al.17 and Hartley et al.14-16 

However, this is not the case for sodium fluoride, for which the reanalysis of the data 

shows a decrease in the amount of dimer of around 10%. This is seen both in the ra3,1 

and EXPRESS (re) analyses. This point illustrates the importance of accurate 

vibrational corrections when studying systems with such strongly correlated 

parameters. 

Figure 3.30 shows a graphical representation of the structural parameters for all the 

reanalysed sodium halide dimers. The plot shows a more pronounced curve for the 

experimental results than for the theoretical calculations. However, this curvature 

may be reduced somewhat by the inclusion of three-atom scattering into the analysis 

for sodium iodide. 
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Figure 3.30 Sodium halide dimer structures. Squares and the solid line are 
experimental values obtained using the GED EXPRESS method, and triangles and 
the dashed line are theoretical values obtained at the MP2(full)/6-311+G(d) level. 
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3.4 Conclusion  

Experimental equilibrium structures have been determined for the sodium halide 

dimers. This was achieved by employing the recently developed EXPRESS method, 

which allowed for the calculation of vibrational correction terms that are the most 

accurate to date. The equilibrium structures were determined for both the monomers 

and the dimers together with the proportion of vapour existing as dimer. These 

structures made use of all the available information (GED, MW, and ab initio 

calculations). The experimental results are encouraging, giving good agreement with 

theory, although it is possible that further improvements could be achieved by 

including multiple-scattering effects for sodium iodide. 
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Chapter Four 

An ab initio investigation of four-atom mixed alkali halide clusters containing either 
three or four different atomic species  
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4.1 Introduction 

During the last 40 years the structures of alkali halide clusters have provided fertile 

ground for the study of the subtle relationship between theory and experiment.1-44 

Early research was largely motivated by the premise that these simple clusters could 

be understood using a crude combination of coulombic attractive and repulsive 

forces. This primitive approach led to the development of a plethora of models. 

Later, more sophisticated models were developed taking into account the 

polarisability of the ions.29 

It has been demonstrated that the majority of the alkali halide vapours contain 

predominantly monomer and dimer molecules (four atom clusters containing two 

different atomic species, M2X2), which were planar with D2h symmetry.4-6,9,11 A few 

cases showed a small percentage of trimer (1-2%).45 Early experimental work 

investigating dimers revolved around matrix-isolation infra-red (IR) 

spectroscopy.14,15 However, the only structural information obtained during these 

investigations was through comparison with theoretical models used to assign 

vibrational frequencies. During the 1980s, accurate structures were obtained using 

gas-phase electron diffraction (GED) for all the symmetric alkali halide dimers, 

M2X2.
21,23-25  

The large majority of theoretical and experimental work on the alkali halide clusters 

has centred on symmetric dimers containing only two different atomic species 

(M2X2, planar, D2h symmetry). Three-species, mixed four-atom clusters (M2XY and 

MNX 2, planar, C2v symmetry), and four-species, mixed four-atom clusters (MNXY, 

planar, Cs symmetry), provide an extra dimension to study. Unlike the symmetric 

dimers they have permanent dipole moments and so can be studied using microwave 

spectroscopy. Their lower symmetry also gives rise to more IR-active vibrational 

modes, which in turn allows more information to be obtained using vibrational 

spectroscopy. The first experimental study investigating three-species mixed clusters 
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was conducted by Snelson et al. using IR spectroscopy.15 A further study was carried 

out by Ramondo et al.,26 but the two studies do not agree on peak assignments. More 

recently, an accurate microwave structure has been obtained for LiNaF2.
46 

Theoretical studies of three-species mixed clusters include models based on previous 

IR work27,28 and a systematic ab initio study by Cave and Ono.31 To date no work has 

been conducted on four-species mixed clusters. 

Recently, a new technique (EXPRESS), enabling the extraction of experimental 

equilibrium structures from GED data by utilising sophisticated vibrational 

corrections, has been developed.47 This has been employed to reanalyse previous 

GED data,21,23-25 and obtain equilibrium structures for the monomers (MX) and 

dimers (M2X2) of sodium fluoride,48 sodium chloride,47 sodium bromide,48 and 

sodium iodide.48 Recent ab initio calculations on the sodium halide monomers (NaX) 

and rhombic dimers (Na2X2) demonstrated good agreement with these 

experimentally obtained equilibrium structures.47,48 The calculations that gave the 

best agreement with the experimental results were performed using the MP2 

method49-53 and correlating both valence and core electrons. This extra correlation is 

important because of the highly ionic nature of these compounds. Increasing the 

sophistication of the correlation technique had little or no effect on the structures. 

The most accurate results obtained employed basis sets specifically developed to 

allow core correlation (by Dunning et al.54,55 for the halogen atoms and Martin et 

al.56 for the alkali metals) as these include orbitals with higher orders of angular 

momentum in the core region. 

In Hanover, Germany, Mawhorter et al. have obtained a structure for LiKF2 using 

microwave spectroscopy.57 This study benefited from accurate ab initio calculations 

(presented in this work), which provided an initial geometry used to search for the 

rotational transitions by indicating where lines would appear. Comparison of these 

microwave structures with those obtained using GED for symmetric dimers will help 

assess the extent to which multiple scattering58 perturbs the determined GED 

structure. This is particularly relevant for the heavier dimer molecules.  
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Given these recent developments, an extension of the previous ab initio work of 

Cave and Ono31 was warranted. This work provides more accurate ab initio 

structures, using superior basis sets, which will provide the foundations for further 

experimental study as well as allowing comparisons with more recent experimental 

results.46,57 The core-correlation basis sets of Martin et al.56 are available for lithium, 

sodium, and potassium and those by Dunning et al.54,55 are available for fluorine, 

chlorine, and bromine. This study has therefore concentrated on various 

combinations of these six atoms. 

The apparatus used to study LiKF2
57 is of much higher resolution than that used 

previously to study LiNaF2,
15 and thus allows splittings due to the interaction of 

nuclear quadruples to be observed. However, these splittings can substantially reduce 

the intensity of the rotational transitions, which may become masked by noise. 

Therefore, atoms that have no (or negligible) nuclear quadrupole moments will be 

the simplest to study using this new apparatus. Fluorine has a nuclear spin of ½ and 

so has no nuclear quadrupole moment, and the 6Li isotope has a negligible 

quadrupole moment of –0.082 fm2, splittings from which will be too small to 

observe. Therefore, this study has been arranged by molecules containing an 

increasing number of atoms with a significant quadrupole moment. Four of the three-

species clusters studied have one atom with a significant nuclear quadrupole 

moment: 6LiNaF2 (Na), LiKF2 (K, all three isotopes), 6Li2FCl (Cl, both isotopes), and 
6Li2FBr (Br, both isotopes). Two have two atoms with significant nuclear quadrupole 

moments: 6Li2ClBr and NaKF2. All four of the four-species mixed clusters have two 

atoms with significant nuclear quadrupole moments: 6LiNaFCl, 6LiKFCl, 6LiNaFBr, 

and 6LiKFBr. Furthermore, two of the three-species mixed clusters contain three 

atoms with substantial nuclear quadrupole moments: Na2FCl, and 6LiNaCl2. These 

two three-species mixed clusters are included largely for comparison with the work 

of Cave and Ono rather than to provide information for experimental study as the 

large number of splittings, caused by the nuclear quadrupole moments, would 

substantially reduce the microwave intensity. The size of the dipole moment also 

affects the signal intensity; this was also be calculated. 
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4.2 Method 

The calculations reported in this work were performed using the Gaussian 03 suite of 

programs,59 using mainly machines provided by the EaStCHEM Research 

Computing Facility (http://www.eastchem.ac.uk/rcf). This facility is partially 

supported by the eDIKT initiative (http://www.edikt.org). Additionally, some 

calculations were carried out using the resources of the EPSRC National Service for 

Computational Chemistry Software (URL: http://www.nsccs.ac.uk).  

All calculations were performed using the MP method,49-53 correlating electrons in 

the n–1 shell and above [MP2(FC1)], on monomers, three-species and four-species 

mixed clusters. Geometry optimisations were performed using the 6-311+G(d)60,61 

basis set on both the metal and halogen atoms for all the systems studied. Frequency 

calculations were also performed at this level to ensure the structures represented 

minima on the potential-energy surface (PES) and to allow comparison of vibrational 

frequencies. Geometry optimisations using the larger core-correlation basis sets were 

also performed. The aug-cc-pwCVQZ basis sets developed by Dunning et al.54,55 

were used for the halogen atoms and the equivalent CVQZ basis sets developed by 

Martin et al.56 were used for the metal atoms. 

4.3 Results and Discussion 

Extensive computational studies investigating the monomers and regular rhombic 

dimers of sodium halides47 have demonstrated good convergence with respect to the 

level of theory and the size of basis set used. Large basis sets, which include orbitals 

with higher angular momentum in the core region, and an electron correlation 

scheme that correlates more than just valence electrons are necessary to reproduce 

experimental results consistently. This research reported that electron correlation is 

required up to the MP2 level in order to obtain accurate geometries. More 

sophisticated correlation schemes do not provide any significant improvement. The 

convergence with respect to basis set is demonstrated for the sodium chloride 
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monomer (NaCl) in Table 4.1. Although it is not necessarily the case that these 

results will be transferable to all of the larger systems studied, they should serve as 

good indications as to the quality of the remainder of the calculations. As LiNaF2 is 

the smallest of the cluster systems studied in this Chapter, and thus the least 

computationally demanding, convergence with respect to basis set for this cluster 

was also explored. The results of this are detailed in Table 4.2. These results serve 

again as an indication of the accuracy of the results obtained for the larger associated 

species.  

Table 4.1 Calculated geometries (re) for Na–Cl using various basis sets at the MP2 
level correlating electrons in the n-1 shell and above a 

 re(Na–Cl) E 

CVDZ b /aug-cc-pwCVDZ c 240.7 –621.9378 

CVTZ b /aug-cc-pwCVTZ c 238.2 –622.2070 

CVQZ b /aug-cc-pwCVQZ c 236.8 –622.3078 

CV5Z b /aug-cc-pwCV5Z c 236.4 –622.3478 

Expt. d 236.1 — 

a Distances in pm, energies in Hartrees. b Basis sets by Martin et al.56 used for alkali 
metal atoms. c Basis sets by Dunning et al.54,55 used for halogen atoms. d

 Brumer and 
Karplus.16 Experimental uncertainties are quoted on the third decimal place and so 
were not relevant to the accuracy obtained in this study. 
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Table 4.2 Calculated geometries (re) for LiNaF2 using various basis sets at the MP2 
level (unless stated otherwise) correlating electrons in the n-1 shell and above a 

 re(Li–F) re(Na–F) ∠e(F–Li–F) E 

CVDZ b /aug-cc-pwCVDZ c 173.2 210.7 110.9 –369.1545 

CVTZ b /aug-cc-pwCVTZ c 172.0 210.3 110.6 –369.4546 

CVQZ b /aug-cc-pwCVQZ c 171.1 209.4 110.2 –369.5525 

CV5Z b /aug-cc-pwCV5Z c 171.0 209.1 110.2 –369.5884 

[RHF] 6-31G(2) d 170.1 208.0 110 — 

6-311G(2) d 173.0 208.8 110 — 

Expt. e 170.8(5) 208.5(9) 110.0(5) — 

a Distances in pm, energies in Hartrees. The figures in parentheses are the estimated 
standard deviations of the last digits. b Basis sets by Martin et al. used for alkali metal 
atoms.56 c Basis sets by Dunning et al.54,55 used for halogen atoms. d Cave and Ono.31 
For definitions of basis sets see original article. e Biermann et al. 46  

 

For the sodium chloride monomer and mixed cluster (LiNaF2) the quintuple-zeta 

basis sets provide only a limited improvement over the quadruple-zeta equivalents 

but need substantially more computational effort. For the heavier atoms, calculations 

at the quintuple-zeta level would prove too computationally demanding using current 

resources. The remainder of this study was therefore conducted using quadruple-zeta 

basis sets. The convergent nature associated with the basis sets used in this work is in 

contrast to the findings of Cave and Ono,31 who reported that increasing the number 

of polarisation functions on the basis set had an oscillatory effect on the bond length 

of the monomers (NaF, LiF) and on the mixed cluster (LiNaF2), which were studied 

in detail. However, in general, they documented a similar trend that increasing the 

basis set decreases the bond lengths of monomers and dimer. Their results also 

showed that electron correlation, when included, had the effect of lengthening the 

bond lengths of both the monomers and clusters. Their MP2 calculations had a 

tendency to lengthen the bonds by around 1 pm for the smaller basis sets, and by up 

to 3 pm for the larger basis set. They found this difference to be generally reduced by 

moving to a higher level of theory [such as Coupled Cluster,62,63 CCSD64-67 or 

CCSD(T)68]. However, the results that agreed best with experimental evidence, for 

both the monomers16 and the mixed dimer46 were calculated using the RHF method 
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and a small basis set [6-31G(2)]† This would seem to suggest that there is a 

somewhat fortuitous effect involving the cancellation of errors. The small basis sets 

caused overestimation of the bond lengths and the lack of electron correlation an 

underestimation. 

The results of this investigation, for both monomer (NaCl) and mixed cluster 

(LiNaF2), show a similar trend to that observed by Cave and Ono, with respect to the 

size of the basis set (i.e. increasing the basis set decreases the bond length). Previous 

work on the monomer and regular dimers of the sodium halides47 however, showed 

the opposite trend with respect to the level of theory, as increasing the level of theory 

decreased the bond length. The consistent nature of results shown in this project 

suggests an improved confidence in the calculations and their ability to be transferred 

to other, larger systems.  

Results for the geometry optimisations of the monomer (MX) species studied, 

together with their values determined experimentally from microwave spectroscopy, 

are shown in Table 4.3 

                                                

† For the definition of this basis set please see the original article.31 
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Table 4.3 Calculated geometries (re) for monomers (M–X) at MP2(FC1) level of 
theory with electron correlation applied to electrons in the n–1 shell and above a 

 
6-311+G(d) 

CVQZ b/ aug-cc-
pwCVQZ c 

Expt. d 

re(Li−F) 159.5 157.2 156.4 

re(Li−Cl) 201.6 202.8 202.1 

re(Li−Br) 217.9 217.8 217.0 

re(Na−F) 197.2 193.4 192.6 

re(Na−Cl) 237.6 236.8 236.1 

re(Na−Br) 252.9 251.3 250.2 

re(K−F) 222.5 218.0 217.1 

re(K−Cl) 269.9 267.0 266.7 

re(K−Br) 285.6 282.7 282.1 

a Distances in pm, angles in degrees. b Basis sets by Martin et. al.56 used for alkali 
metal atoms. c Basis sets by Dunning et. al.54,55 used for halogen atoms. d

 Brumer and 
Karplus.16 Experimental uncertainties are quoted on the third decimal place and so 
are not relevant to the accuracy obtained in this study. 

 

For the monomers studied the bond lengths (re) were consistently overestimated by 

the theoretical calculations. However, the MP2(FC1)//CVQZ/aug-cc-pwCVQZ 

method came close to reproducing the experimental values, with the average 

deviation between theory and experiment being only 0.7 pm. The largest deviation 

was for sodium bromide, for which the calculated Na–Br distance is 1.1 pm longer 

than the experimental value. As expected the 6-311+G(d) basis set performed less 

well with the average deviation from experiment being 2.7 pm and the largest 

discrepancy coming for potassium fluoride at 5.4 pm. The results for lithium fluoride 

and sodium fluoride by Cave and Ono, produced at the RHF/6-31G(2)† level are 

closest to the experimental value. These deviate from the experimental values by 

only 0.3 and 0.2 pm, respectively. However, increasing the size of the basis set, or 

increasing the level of theory, increases the discrepancy. Additionally, the authors 

                                                

† For the definition of this basis set please see the original article.31 
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noted that while the LiF and NaF bond lengths agree with experiment to within 0.3 

pm, values for LiCl and NaCl deviate from experiment by as much as 3 pm. 

Table 4.4 compares the vibrational frequencies obtained at the MP(FC1)/6-311+G(d) 

level with values obtained experimentally by Brumer and Karplus.16 

Table 4.4 Harmonic theoretical and experimental vibrational frequencies for the A1 
stretching mode of the monomers (M–X) calculated at the MP2(FC1)/6-311+G(d) 
level a 

 Theory Expt.b 

Li−F 937.9 910.3 

Li−Cl 708.0 643.3 

Li−Br 616.6 563.2 

Na−F 512.3 536.1 

Na−Cl 370.2 364.6 

Na−Br 300.6 298.5 

K−F 413.4 426.0 

K−Cl 274.0 279.8 

K−Br 216.4 219.2 

a Frequencies in cm-1. b Brumer and Karplus.16 Experimental uncertainties are not 
quoted. 

 

Apart from lithium chloride and lithium bromide, whose vibrational frequencies are 

within 10 % of the experimental values, the vibrational frequencies are within 5% of 

the experimental values. The frequencies tend to be overestimated for the lithium 

halides and underestimated for the potassium halides.  

A demanding test of an ab initio wavefunction is its ability to predict the dipole 

moment. The calculated dipole moments are compared with experimental values in 

Table 4.5. The large core-correlation basis sets give excellent agreement with the 

experimental values.  
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Table 4.5 Calculated dipole moments for monomers (M–X) at the MP2(FC1) level 
of theory with electron correlation applied to applied to all electrons a 

 
6−311+G(d) 

CVQZ b/ aug-cc-
pwCVQZ c 

Expt. d 

µLi−F 6.52 6.32 6.28 

µLi−Cl 7.13 7.13 7.09 

µLi−Br 7.35 7.30 7.23 

µNa−F 8.58 8.09 8.12 

µNa−Cl 9.31 9.05 8.97 

µNa−Br 9.49 9.21 9.09 

µK−F 9.18 8.67 8.56 

µK−Cl 10.97 10.32 10.24 

µK−Br 11.36 10.72 10.60 

a Values in Debye. b Basis sets by Martin et al.56 used for alkali metal atoms. b Basis 
sets by Dunning et al.54,55 used for halogen atoms. d

 Brumer and Karplus.16 
Experimental uncertainties were not quoted. 

 

The geometries and dipole moments for the mixed and asymmetric dimers calculated 

at the MP2(FC1)//CVQZ/aug-cc-pwCVQZ level are shown in Table 4.6 together 

with those results reported by Cave and Ono calculated at the RHF/6-31G(2) level.31 
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Table 4.6 Geometries and dipole moments of alkali halide clusters (M1M2X1X2) at the MP2(FC1)//CVQZ/aug-cc-pwCVQZ level a 

 nQb re(M1–X1) re(M1–X2) re(M2–X1) re(M2–X2) ∠(X1–M1–X2) ∠(X1–M2–X2) µ 
6LiNaF2 1 171.1 171.1 209.4 209.4 110.3 84.1 2.73 

LiNaF2
 c — 170.1 170.1 208.0 208.0 110 — — 

LiNaF2 
d — 170.8(5) 170.8(5) 208.5(9) 208.5(9) 110.0(5) — 2.64 

6LiKF2  1 170.1 239.7 170.1 239.7 115.3 73.7 4.25 
6Li2FCl 1 170.7 222.0 170.7 222.2 103.1 103.1 1.86 

Li2FCl c — 170.0 224.5 170.0 224.5 103 103 — 
6Li2FBr 1 170.3 238.1 170.3 238.1 103.5 103.5 2.35 
6Li2ClBr 2 219.0 235.4 219.0 235.4 109.1 109.1 0.45 

NaKF2 2 206.6 206.6 238.3 238.3 98.8 82.4 1.59 
6LiNaFCl 2 168.9 220.9 208.0 256.3 112.2 88.2 3.36 
6LiKFCl 2 168.2 219.1 238.0 290.5 117.6 77.2 5.13 
6LiNaFBr 2 168.4 237.3 207.7 271.7 112.4 89.1 3.67 
6LiKFBr 2 167.8 235.3 237.6 306.8 117.8 78.0 5.48 

Na2FCl 3 206.1 255.3 206.1 255.3 97.0 97.0 2.10 

Na2FCl c — 204.7 258.9 204.7 258.9 97 97 — 
6LiNaCl2  3 218.2 218.2 254.9 254.9 116.6 93.4 2.76 

LiNaCl2
 c — 220.9 220.9 258.7 258.7 117 — — 

a Distances in pm, angles in degrees, µ in Debye. The figures in parentheses are the estimated standard deviations of the last digits. b 

Number atoms with significant quadrupole moments. c Cave and Ono [RHF/6-31G(2)].31 d Biermann et al. (microwave r0 structure).46 
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In the three-species and four-species mixed four-atom clusters the bond lengths were 

quite similar to those obtained in the previous study of the sodium halides,47 and 

were largely constant throughout the series of compounds studied. For the three-

species clusters the Li–F bond length ranged from 170.1 to 171.1 pm and for the 

four-species clusters it was found to be slightly shorter, ranging from 167.8 to 168.9 

pm. Figure 4.1 shows a plot of how the Na–F distance changes as a function of the 

second metal atom in a NaMFX cluster. The Na–F bond length showed a greater 

variation than the Li–F bond length taking values from 206.1 pm in Na2FCl to 209.4 

pm in 6LiNaF2. The K–F bond showed a variation of around 2 pm with values from 

237.6 to 239.7 pm. As expected the bond angles showed much larger deviations from 

their corresponding symmetric dimers. In the 6LiNaCl2 cluster the Cl–Na–Cl angle 

changes from 101.8° in the symmetric dimer (Na2Cl2) to 93.4°. The results for the 
6LiNaF2 cluster agree with the published microwave r0 structure within the quoted 

experimental error. 

Figure 4.1 Graph showing the Na–F bond length as a function of the second metal 
atom in mixed clusters in NaMF2 (black squares), NaMFCl (red triangles), NaMFBr 
(blue circle). The NaF monomer bond length is also shown (black star). 
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The vibrational frequencies calculated at the MP2(FC1)/6-311+G(d) level, those 

from Cave and Ono at the RHF/6-31G(2)† level,31 and experimental results obtained 

by Ramondo et al.26 are shown in Table 4.7 

                                                

† For the definition of this basis set please see the original article.31 
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Table 4.6 Vibrational frequencies calculated at the MP(FC1)/6-311+G(d) level. a 

 B1 / A″ OOP bend  A1 / A′ IP bend A1 / A′ stretch B2 / A′ stretch A1 / A′ stretch B2 / A′ stretch 
6LiNaF2 253 285 325 374 740 630 

LiNaF2
 b 252 301 343 400 720 625 

LiNaF2
 c 232 not obs. 356 371 705 584 

6LiKF2  246 257 237 302 790 618 
6Li2FCl 249 276 437 550 718 644 

Li2FCl b 245 280 377 489 701 637 
6Li2FBr 238 230 381 490 716 655 
6Li2ClBr 182 176 377 476 579 496 

NaKF2 135 175 300 257 384 388 
6LiNaFCl 210 225 243 363 494 726 
6LiKFCl 208 210 161 288 491 759 
6LiNaFBr 197 186 210 364 433 731 
6LiKFBr 196 185 131 286 433 755 

Na2FCl 127 164 236 286 382 385 

Na2FCl b 132 176 213 265 404 406 
6LiNaCl2  166 179 247 260 447 613 

LiNaCl2
 b 155 179 229 243 399 519 

a Frequencies in cm-1. OOP is out-of-plane bend; IP is in-plane bend. b Cave and Ono [RHF/6-31G(2)].31 c Ramondo et al. (experimental 

IR).26 Experimental uncertainties were not quoted. 
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The vibrational frequencies, calculated at MP(FC1)/6-311+G(d) level, for LiNaF2 

with the experimental values to within 10%. The discrepancy between theory and 

experiment is largely due to the error introduced by employing the smaller basis sets, 

which do not contain higher order angular momentum in the core region. At Present, 

frequency calculations using the CVQZ/aug-cc-pwCVQZ basis sets are too 

computationally demanding. The results of Cave and Ono at the RHF/6-31H(2)* 

level give similar agreement to the experimental results (within 9%).  

4.4 Conclusions 

Geometries and vibrational frequencies have been calculated for a series of mixed 

and asymmetric alkali halide dimers, based on an ab initio wavefunction at the MP2 

level correlating electrons in n–1 shells and above. This will enable many of them to 

be studied by microwave spectroscopy. 6LiKF2 was shown to be an ideal candidate 

for study by microwave spectroscopy as it has only one atom with a significant 

nuclear quadrupole moment and a large dipole moment of 4.25 D. This study has 

now been completed by Mawhorter et al.57 Other possible candidates would include 

the asymmetric dimer; 6LiKFCl and the mixed dimers of 6Li2FCl and 6Li2FBr. 

Both the mixed and asymmetric dimers have been shown to give similar bond 

lengths to one another, and to the previously studied sodium halide symmetrical 

dimers. The major difference lies in the bond angles. To obtain very accurate results 

the larger core-correlation basis sets of Dunning et al. and Martin et al. must be 

employed. 

                                                

* For definitions of basis set see original article. 31 
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Chapter Five 

A multi-dimensional approach to the EXPRESS method 
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5.1 Introduction 

The EXPRESS (EXPeriments Resulting in Equilibrium StructureS) method1 was 

developed to compute root-mean-square (RMS) amplitudes of vibration (u) and 

distance corrections (ra – re) to account for the effects of vibrational motion on 

structures obtained from gas-phase electron diffraction (GED) (see Chapter 2). By 

obtaining the lowest energy path of each mode of vibration, motions that have a high 

degree of anharmonicity and / or have a large amplitude can be modelled effectively. 

Thus, this novel method overcomes the inadequacies of the more commonly used 

traditional approaches. 

The difference between a traditional normal-mode analysis and the EXPRESS 

method can be elegantly illustrated using an example of carbon dioxide. Figure 5.1 

shows a 2-D surface corresponding to the two stretching motions of a CO2 molecule. 

The asymmetric C–O stretch (shown by the yellow squares) breaks the D∞h 

symmetry of the molecule, thus in theory the two stretching modes (A1g and A1u) can 

couple. However this behaviour only causes an appreciable difference at the far 

extremes of the vibrational motion (∆rC–O > 4 pm) and so is not physically realistic 

under standard conditions. At the origin, the asymmetric mode involves the 

stretching of one bond and the compression of the other by equal amounts. However, 

as the vibration moves further away from the equilibrium position this is no longer 

true, due to anharmonicity. The changes in the bond lengths can then be represented 

as contributions of asymmetric (equal and opposite) and symmetric (equal) 

components. As illustrated, the EXPRESS method (shown by red squares) captures 

this behaviour. 
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Figure 5.1 2-D PES of the C–O bond lengths in CO2. The yellow circles and squares 
show the normal modes for νsym.(C–O) and νasym.(C–O), respectively. The red circles 
show the EXPRESS mode for νasym.(C–O). 

 

 

So far the EXPRESS method has been applied to the structural studies of sodium 

fluoride, sodium chloride, sodium bromide, and sodium iodide (see Chapters 2 and 

3). The alkali halide dimers (present in the gas phase) possess large-amplitude and 

anharmonic modes of vibration, which are poorly modelled using traditional 

approaches, and so illustrate the need for a more sophisticated analysis. They are also 

good test cases because the dimers have six vibrational modes of five different 

symmetry species and so the coupling between modes is limited, and therefore can 

easily be studied using a more simplistic one-dimensional approach. However, this 

will not be the case for more complex systems. A multidimensional implementation 

of the EXPRESS method has therefore been developed. This uses potential-energy 

hyper-surfaces (as opposed to 1-D potential-energy slices) to model coupled 
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vibrational motions. The two molecules that were chosen to act as test cases for this 

new multi-dimensional approach were chlorofluoroacetylene (which has two large-

amplitude bending vibrations) and chlorodifluoronitrosomethane (which has large-

amplitude bending and torsional motions). 

5.2 Method 

All calculations were performed using the Gaussian 03 suite of programs2 using 

resources provided by the EPSRC National Service for Computational Chemistry 

Software (http://www.nsccs.ac.uk). For chlorofluoroacetylene, geometry 

optimisations were performed using the spin-restricted Hartree-Fock (RHF) method 

and the 3-21G(d)3,4 basis set of Pople. Additionally, a frequency calculation was 

performed at this level to ensure the optimised structure corresponded to a minimum 

on the PES. Further calculations were conducted using larger basis sets, namely 6-

31G(d)3,4 and 6-311+G(d),5,6 and electron correlation was included using second-

order Møller-Plesset perturbation theory (MP2).7-11 A harmonic force field was also 

computed at the MP2/6-311+G(d) level. This was used to generate RMS amplitudes 

of vibration and distance corrections with the SHRINK program.12,13 Third 

derivatives of the energy were also calculated at this level in order to apply the cubic 

anharmonic contributions to the distance corrections that the SHRINK program also 

makes provision for. The SHRINK analysis was used with the ‘ignore’ option to 

exclude the stretching modes from the RMS amplitudes and distance corrections 

allowing the results to be directly compared with those from the EXPRESS method. 

A two-dimensional surface corresponding to the two E1 bending motions of 

chlorofluoroacetylene was computed by varying the Cl–C=C and F–C=C angles (the 

two modelling parameters). This 2-D PES was fitted using high-order Chebyshev 

polynomials. Surfaces fitting the modelling parameters against each of the distances 

in the molecule were also obtained using the same method. The standard EXPRESS 

method (see Chapter 2.3.2) was then employed (but this time in two dimensions) to 

calculate the RMS amplitudes of vibration and distance correction terms. A standard 
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1-D express analysis of the two modes was also carried out so that the effects of 

coupling could be assessed. 

A previous study by Smart et al.14 had shown that the MP2 method and a double-zeta 

basis set were adequate to model chlorodifluoronitrosomethane. They also identified 

two conformational potential minima in the gas-phase, gauche (C1 symmetry) and 

syn (Cs symmetry), but large-amplitude torsional motions were also detected.  

Geometry optimisations and frequency calculations were carried out at the MP2/6-

311+G(d) level  for both the gauche and syn conformers. A 2-D potential-energy 

surface was computed by varying the C–N=O angle and the Cl–C–N=O torsion 

angle. RMS amplitudes of vibration and distance corrections were calculated in the 

same way as for chlorofluoroacetylene. These modes were also analysed using the 1-

D EXPRESS method for comparison. 

5.3 Results and discussion 

5.3.1 Chlorofluoroacetylene 

Table 5.1 details the results of the geometry optimisations of chlorofluoroacetylene 

at the different levels of theory and basis sets that were explored. 

Table 5.1 Calculated geometries (re) for chlorofluoroacetylene a 

Theory / basis set re(F−C)  re(C−C) re(C−Cl) 

RHF/3-21G(d) 129.8 117.3 164.3 

RHF/6-31G(d) 126.9 117.3 165.2 

MP2/6-31G(d) 129.7 120.9 164.7 

MP2/6-311G(d) 128.2 120.7 164.6 

MP2/6-311+G(d) 128.3 120.7 167.6 

MW (r0)
 b 127.4 120.6 163.2 

a Distances in pm. b Guarnieri and Andolfatto.15 The r(C–C) distance was assumed to 
be 120.6 pm in order to calculate r(F–C) and r(C–Cl) distances. 
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Including the electron correlation [using the 6-31G(d) basis set] at the MP2 level has 

the effect of lengthening the F–C bond length by 2.8 pm and the C–C bond length by 

3.6 pm, but the C–Cl bond length is shortened by 0.5 pm. Increasing the basis set to 

triple zeta (for the valence electrons) has a modest effect on the structure, the biggest 

change (of 0.5 pm) being observed for the F–C bonded distance. Adding diffuse 

functions to the basis set has little effect on the geometry. Interestingly, the 

calculation at the highest level [MP2/6-311+G(d)] still overestimates the 

experimental value15 for the C–Cl distance by 4.4 pm. 

The one-dimensional EXPRESS method was used to calculate the contributions to 

the RMS amplitudes of vibration (u) and distance corrections (ra – re) from both the 

F–C–C and Cl–C–C bending modes. The plots of the change in energy against F–C–

C and Cl–C–C angles are shown in Figures 5.2 and 5.3, respectively. 

Figure 5.2 Plot of change in energy against F–C–C bend angle. 
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Figure 5.3 Plot of change in energy against Cl–C–C bend angle. 

150 160 170 180 190 200 210

0

5

10

15

20

25

∆E kJ mol-1

θ (Cl-C-C)

 

 

The PES calculated for use with the two-dimensional EXPRESS is shown in Figure 

5.4 
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Figure 5.4 Two-dimensional PES of the F–C–C and Cl–C–C bond angles in 
chlorofluoroacetylene. 

 

 

Using this two-dimensional surface (and corresponding surfaces relating the 

distances to the changing angles, cf. Chapter 2) the contribution from these modes to 

the RMS amplitudes of vibration and distance corrections were calculated. 

Corresponding values were calculated for the rh0, rh1 and ra3,1 approaches using the 

SHRINK program, but ignoring the stretching modes of vibration. The values from 

the different approaches are shown in Table 5.2. 
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Table 5.2 Components of the RMS amplitudes of vibration and distance corrections 
arising from the bending vibrations for chlorofluoroacetylene at 300 K a 

Distance  
ASYM 

(rh0)
 b 

SHRINK 

(rh1)
 c 

SHRINK  

(ra3,1) 
d 

EXPRESS 

1-D (re) 

EXPRESS 

2-D (re)  

F–C u 0.00 0.00 0.00 0.18 0.18 

 ra − rx
 e 1.29 0.06 0.08 0.06 0.06 

C–C u 0.00 0.09 0.09 0.23 0.23 

 ra − rx
 e 11.23 0.03 0.04 0.17 0.12 

C–Cl u 0.00 0.01 0.01 0.26 0.26 

 ra − rx
 e 6.52 0.05 0.09 0.09 0.07 

C···Cl u 0.00 8.49 8.49 0.72 0.84 

 ra − rx
 e 0.34 –16.79 –16.74 –0.26 –0.26 

F···C u 0.00 5.26 5.26 0.72 1.14 

 ra − rx
 e 3.99 –8.02 –7.99 –0.26 –0.38 

F···Cl u 0.00 8.76 8.76 2.10 2.50 

 ra − rx
 e 0.02 –18.25 –18.18 –1.42 –1.84 

a All values are in pm. b Obtained from a harmonic force field at MP2(full)/6-
311+G(d) level using first-order distance corrections and the centrifugal distortion 
term (δr). c As in footnote b but using first-order distance corrections. d As in footnote 
c but including cubic anharmonic effects generated using third derivatives of the 
energy. e Correction term from ra to level of approximation. 

 

As expected the rh0 (rectilinear) approach provides distance corrections which largely 

affect the bonded distances, but there is also a substantial correction (3.99 pm) for 

the F···C non-bonded distance. The amplitudes of vibration for all of the distances are 

zero by definition. Due to the rectilinear approximation large correction term is 

obtained for the C–C bonded distance (11.2 pm) 

The rh1 (curvilinear) approach gives huge correction terms for the three non-bonded 

distances (over 18 pm for the F···Cl non-bonded distance!), which appear to be 

unrealistically large. Amplitudes of vibration calculated at this level are 8.49, 5.26, 

and 8.76 pm for the C···Cl, F···C and F···Cl non-bonded distances, respectively. 

These amplitudes are also unexpectedly large considering that the stretching 

vibrations were not included in this analysis. When the stretching modes are 
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introduced in to the analysis these amplitudes increase to 9.58, 6.94 and 10.10  pm. 

GED experiments conducted by Almenningen et al.16 report the experimentally 

determined amplitude of vibration for the Cl···Br non-bonded distance in the similar 

molecule of bromochloroacetylene to be 4.8(2) pm. In comparison to this value the 

amplitudes calculated from the rh1 analysis do seem somewhat unrealistic. This may 

indicate a problem associated with using the curvilinear approach to model linear 

systems. 

Including cubic anharmonicity in the calculation of the correction terms (ra3,1) has 

little effect. This is expected as any anharmonicity involved in the bending motions 

is unlikely to be cubic in nature, but in reality these bending motions may include 

higher order terms anharmonic terms that are not considered in the SHRINK 

analysis. 

Both the one-dimensional and the two-dimensional EXPRESS methods calculate 

RMS amplitudes and distance correction terms that are much smaller than rh1 / ra3,1 

approaches, and  which appear to be more reasonable considering the experimental 

work by Almenningen et al.16  

By comparing the one-dimensional and two-dimensional EXPRESS approaches the 

extent to which coupling affects those amplitudes of vibration and distance 

correction terms can be assessed. From this study it would appear that the coupling 

between modes has a limited impact on the determined values as the majority of the 

amplitudes and distance correction terms give very similar values. However, the two-

dimensional approach calculates the RMS amplitude and distance correction for the 

F···C non-bonded distance to be about 50% larger than their one-dimensional 

equivalents. The amplitude and distance correction for the F···Cl non-bonded 

distance are also calculated to be larger than those obtained from the one-

dimensional case. 
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Unfortunately, no experimental data are available at this time so these improved 

correction terms cannot be applied to the analysis of the structure by GED.  

5.3.2 Chlorodifluoronitrosomethane 

Figure 5.5 shows the gauche conformation of chlorodifluoronitrosomethane together 

with atom numbering. 

Figure 5.5 illustration showing atom numbering of chlorodifluoronitrosomethane 
(gauche  conformation). 

 

 

The results of the geometry optimisations at the MP2/6-311+G(d) level of theory are 

shown in Table 5.3 together with the experimental structure determined by Smart et 

al.14 for both the syn and gauche conformers. The temperature used in the GED 

experiment was 298 K. 
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Table 5.3 Calculated and experimental structures for chlorodifluoronitrosomethane a 

 MP2/6-311+G(d) GED b 

 syn gauche syn gauche 

N(1)–O(2) 120.3 120.7 117.5(3) 117.9(3) 

N(1)–C(3) 154.2 153.2 156.7(5) 155.9(5) 

C(3)–F 133.6 133.3/132.9 132.0(2) 132.1(2)/131.0(2) 

C(3)–Cl(6) 173.6 174.5 173.9(2) 174.2(2) 

C(3)–N(1)–O(3) 114.2 111.7 110.8(12) 110.7(12) 

N(1)–C(3)–Cl(6) 115.5 107.3 117.5(5) 108.9(5) 

N(1)–C(3)–F 104.8 105.8/112.0 103.7(2) 104.2(2)/111.6(2) 

Cl(6)–C(3)–N(1)–O(2) 0.0 99.1 fixed from ab initio potential 

a Distances in pm, angles in degrees. Atom numbering is shown in Figure 5.5 b Smart 
et al.14  

 

In general, the calculations performed at the MP2/6-311+G(d) level reproduce the 

experimental results with good accuracy. However, a noticeable error is shown for 

the N(1)–O(2) bonded distances, which are calculated to be around 2-3 pm longer 

than the experimental values. The C(3)–N(1)–O(3) and N(1)–C(3)–Cl(6) angles also 

show errors, ranging up to 3.4°. 

The plots of change in energy against the O–N–C angle and the O–N–C–Cl torsional 

angle are shown in Figures 5.6 and 5.7, respectively. During the whole extent of the 

torsional motion there is only a small change in energy, approximately 8 kJ mol-1, so 

at a temperature of 300 K this will have a large influence on the amplitudes of 

vibration and distance correction terms.  
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Figure 5.6 Plot of change in energy against O–N–C bend angle. 
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Figure 5.7 Plot of change in energy against O–N–C–Cl torsional angle. 
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A two-dimensional PES plot of the O–N–C–Cl torsional angle and C–N–O angle is 

shown in Figure 5.6. 



  

 175   

Figure 5.8 Two-dimensional PES of Cl–C–N=O torsional angle and C–N=O angle 

 

 

RMS amplitudes of vibration and distance correction terms were calculated using 

both the one-dimensional and two-dimensional EXPRESS methods. Unfortunately, 

the modes of vibration in the chlorodifluoronitrosomethane molecule are heavily 

convoluted and so the contribution of torsional rotations of the substituted methyl 

group and C–N–O bending motion to overall amplitudes of vibration and distance 

corrections terms could not easily be extracted from the SHRINK analysis. The 

values obtained from the EXPRESS method are shown in Table 5.4. 
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Table 5.4 RMS amplitudes of vibration and distance corrections 
chlorofluoroacetylene at 300 K a 

Distance  
EXPRESS 

1-D (re) 

EXPRESS 

2-D (re)  

rN(1)–O(2) u 0.38 0.34 

 ra − rx
 b –0.06 –0.06 

rN(1)–C(3) u 1.01 1.07 

 ra − rx
 b 0.58 0.56 

rN(1)···F(4) u 4.98 4.94 

 ra − rx
 b –3.15 –3.02 

rN(1)···F(5) u 1.62 4.90 

 ra − rx
 b 0.24 –3.09 

rN(1)···Cl(6) u 7.22 7.15 

 ra − rx
 b 4.92 4.74 

rO(2)···C(3) u 4.08 3.87 

 ra − rx
 b 0.62 0.62 

rO(2)···F(4) u 27.16 26.67 

 ra − rx
 b –7.77 –4.94 

rO(2)···F(5) u 15.00 26.13 

 ra − rx
 b –4.19 –4.64 

rO(2)···Cl(6) u 31.41 30.55 

 ra − rx
 b –15.06 –13.40 

rC(3)–F(4) u 0.64 0.50 

 ra − rx
 b 0.43 0.39 

rC(3)–F(5) u 0.33 0.51 

 ra − rx
 b 0.06 0.39 

rC(3)–Cl(6) u 0.51 0.51 

 ra − rx
 b –0.38 –0.36 

rF(4)···F(5) u 0.36 0.34 

 ra − rx
 b 0.22 0.22 

rF(4)···Cl(6) u 0.18 0.51 

 ra − rx
 b –0.05 –0.36 

rF(5)···Cl(6) u 0.50 0.51 

 ra − rx
 b –0.40 –0.37 

a All values are in pm. b Correction term from ra to level of theory used. 
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Once again it seems that the coupling of vibrational motion has only a limited effect 

on the majority of the vibrational correction terms and the RMS amplitudes of 

vibration. However, many of the non-bonded distances involving fluorine are 

substantially affected. The two-dimensional approach computes the contribution to 

the RMS amplitude of vibration for the rN(1)···F(5) non-bonded distance to be over 3 

pm larger than the value calculated from the one-dimensional approach. The ra – re 

correction term for this distance is also calculated to be substantially different from 

the two approaches (0.24 from the one-dimension approach and –3.09 from the two-

dimension one). Other large differences are obtained for rO(2)···F(4) and rO(2)···F(5) 

non-bonded distances. As the one-dimensional approach was conducted in C1 

symmetry, the bending motion will effect the two O(2)···F non-bonded distances in 

very different ways. In contrast, the two-dimensional approach, which samples the 

full two-dimensional area, gives almost identical values for the two oxygen-to-

fluorine distances, as expected. 

The largest RMS amplitudes of vibration and distance correction terms are obtained 

for the O(2)···Cl(6) non-bonded distance for both the one-dimensional and two-

dimensional methods. The two-dimensional method calculates the RMS amplitude to 

be slightly smaller than the one-dimensional approach (by 0.86 pm), and the distance 

correction is calculated to be 1.66 pm smaller.  

It is encouraging that the anomalously large amplitude for the O(2)···Cl(6) non-

bonded distance of around 30 pm (from both methods) is reported experimentally by 

Smart et al. to be 33 pm.14 

Due to the convoluted nature of vibrational modes in chlorodifluoronitrosomethane it 

is obviously not sufficient to simply use a two-dimension potential-energy surface to 

model the coupling of the vibrational motion as all the modes are coupled. In theory, 

therefore, the whole 12-dimensional (3N – 6) potential-energy hyper-surface would 

need to be studied in order to analyse the highly coupled vibrational motion of this 

molecule fully. The poor fit between the experimental and theoretical radial-
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distribution curves (in the area above 300 pm) shown in the study conducted by 

Smart et al.14 implies that a more sophisticated approach is warranted to model the 

complex vibrational effects.     

 

5.4 Conclusions 

This short chapter has laid the ground work for studying more complex molecules 

using the EXPRESS method but this work has by no means reached its conclusion.  

It has shown that the method can be implemented using a multi-dimensional 

approach (in this case two dimensions) to allow for the coupling between large-

amplitude vibrational motions. In the case of chlorofluoroacetylene the coupling 

between vibrational motions was shown to have a limited effect. However, 

chlorodifluoronitrosomethane was much more sensitive to the coupled nature of the 

vibrational motions and substantially different amplitudes and distance correction 

values were obtained from the one- and two-dimensional EXPRESS methods. Due to 

the complex nature of the vibrational modes in chlorodifluoronitrosomethane a two-

dimensional approach is insufficient, and a full 12-dimensional (3N – 6) analysis is 

probably required. This is possible as the EXPRESS approach is not limited to two-

dimensions so in principle many-dimensional hyper-surfaces can be studied if 

required. However, when vibrational motion is so convoluted a more elegant 

approach would be to use a molecular dynamics approach to calculate the effects of 

vibrational motion (see Chapter 6). 
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Chapter Six 

A molecular dynamics approach to vibrational corrections 
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6.1 Introduction 

Distances obtained directly from gas-phase electron diffraction (GED) represent the 

inverse of the vibrationally averaged inverses of distances between atom pairs (ra). 

These distances must be corrected for two reasons: first, because of the effects of 

vibrations these distances can lead to geometrically inconsistent structures, and 

secondly, if we are to compare structures with those obtained from other sources 

(both experimental and theoretical), we require a comparable structure type. Ideally, 

an equilibrium structure (re) would be extracted from experiments allowing direct 

comparisons with theoretical structures. However, this process is non-trivial. Initial 

attempts to account for vibrational motion used harmonic force fields, determined 

experimentally or theoretically, to provide amplitudes of vibration and distance 

corrections (both used in the GED structure refinement process) by implementing a 

rectilinear approximation to vibrational motion (h0).1,2 In unfavourable cases, 

corrections of this type can introduce errors larger than the ones they are trying to 

correct for. An improvement to this simplistic approximation involves using 

curvilinear displacements to model the modes of vibration (h1).3-5 However, even 

this method often proves unsatisfactory for systems with large amplitudes, 

anharmonic or unusual vibrational modes, as this approach relies on a harmonic force 

field calculated at a single point on the potential-energy surface (PES). 

Anharmonicity can be introduced into these vibrational corrections, albeit in an ad 

hoc fashion, through the inclusion of cubic constants from either tabulated values or 

third derivatives of the energy (a3,1).6 More recently, a new method (EXPRESS)7 

has been developed to provide more sophisticated vibrational corrections by 

exploring a more extensive region of the PES, specifically those regions relating to 

the normal modes of vibration. This method can include the curvature of vibrational 

motion and anharmonicity to any order, although it is extremely time consuming, as 

every mode of vibration must be modelled in turn. Thus it is best suited to the 

accurate study of small molecular systems. 
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For larger systems a new approach has been developed using molecular dynamics 

(MD) simulations. In principle, an MD simulation, performed at the temperature of 

the GED experiment, would accurately simulate the vibrational motion of the 

molecule. All the relevant areas of the PES would be explored and molecular motion 

would be described without the need for any approximations (rectilinear or 

curvilinear). It would also implicitly account for any anharmonic effects. From these 

simulations root-mean-square (RMS) amplitudes of vibration (u) and distance 

corrections (ra–re) could quite easily be extracted and used in the GED structure 

refinement process, yielding experimentally determined equilibrium structures. 

 6.2 Test case one – octahydridosilsesquioxane 

6.2.1 Introduction 

Octahydridosilsesquioxane is part of a wider class of molecules known as polyhedral 

oligomeric silsesquioxanes (POSS). These are nanometer-sized, multifunctional 

molecules with a general chemical composition (RSiO1.5)n where n can take values 6, 

8, 10 etc. However, by far the most commonly researched of this group is the 

octahydridosilsesquioxane (n = 8, R = H), which is essentially a cube-shaped 

structure with silicon atoms at the vertices and oxygen atoms bridging along the 

edges. The POSS systems have a wide range of potential applications including 

being used as additives to alter the properties (temperature resistance, glass transition 

temperature and mechanical properties) of many everyday materials such as paints, 

coatings, packaging materials, resins, elastomers and advanced plastics.8-10 They are 

suitable for modifying interfacial properties11 and have been shown to be promising 

catalysts.12,13 Their use as nanoscale building blocks14,15 has been demonstrated, as 

has their ability to produce water-soluble micelles,16,17 nano-composite foams,18,19 

liquid crystals20-22 and CVD coatings.23 They have also provided a route to 

synthesising hyper-branched or cross-linked polymers.24-26 This remarkable array of 

products stems from the rich chemistry available through the ease of 

functionalisation of the hydrogen atoms, which terminate the silicon atoms, as these 
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can easily be substituted with other groups. The syntheses of the many POSS 

derivatives are well documented in the literature.27  

Octahydridosilsesquioxane has been characterised by a number of X-ray and neutron 

diffraction studies.28,29 In the solid state the molecule has been shown to have Th 

symmetry. However, in solution studies the ideal Oh symmetry is observed. Oh 

symmetry has been justified through 1H and 29Si NMR spectra, which each consist 

only of a single peak.30 IR and Raman studies31 also confirm the Oh point group. A 

further vibrational study has been conducted using inelastic neutron scattering (INS), 

to analyse the non-optically active modes of vibration.30 

The majority of the theoretical work employed plane-wave density functional theory 

methods (PW-DFT) and simulations using molecular-mechanics (MM) force 

fields.32-35 

The vibrational studies looking at Si8O12H8 show low-frequency modes that cause 

distortions to the soft Si–O–Si angles. This will have a large effect on the 

vibrationally averaged structure and can cause even more severe problems when the 

hydrogen is replaced by larger substituents such as methyl groups.36 Thus, 

vibrational effects will play a large role in the structural analysis of POSS 

compounds and so octahydridosilsesquioxane is an ideal candidate for study with the 

new MD method for obtaining vibrational correction terms. 

6.2.2 Method and experiment 

Theoretical calculations 

A series of calculations was performed using the Gaussian 03 suite of programs37 to 

assess how the molecular geometry of silsesquioxane (Si8O12H8) was affected by 

different levels of theory and basis sets. The majority of the calculations were carried 

out using resources provided by the EPSRC National Service for Computational 
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Chemistry Software (http://www.nsccs.ac.uk). Additionally, this work has also made 

use of the resources provided by the EaStCHEM Research Computing Facility 

(http://www.eastchem.ac.uk/rcf). This facility is partially supported by the eDIKT 

initiative (http://www.edikt.org). Calculations were initially performed at a low level, 

using the spin-restricted Hartree-Fock (RHF) method and the 3-21G(d)38,39 basis set 

of Pople. A geometry optimisation was carried out together with a frequency 

calculation, to ensure the optimised structure corresponded to a minimum on the 

PES. Further calculations were conducted using larger basis sets, namely 6-

31G(d),38,39 6-311+G(d),40,41 6-311++G(d,p)40,41 and 6-311++G(3df,3pd).40,41 

Electron correlation was included using second-order Møller-Plesset perturbation 

theory (MP2)42-46 and density functional theory (DFT) calculations were also carried 

out using the hybrid functional B3LYP.47-50 A harmonic force field was computed at 

the B3LYP level using the 6-311++G(d,p) basis set. This was used to generate RMS 

amplitudes of vibration and distance corrections with the SHRINK program.3,4 These 

values were generated for use in the GED refinement process and for comparison 

with those generated by the new MD approach. Third derivatives of the energy were 

also calculated at this level in order to apply the cubic anharmonic contributions to 

the distance corrections that the SHRINK program also makes provision for. 

Plane-wave density functional theory (PW-DFT) calculations were performed using 

the CPMD software package51 and the Blue Gene computational resource provided 

by Edinburgh Parallel Computing Centre. PW-DFT codes are generally designed for 

periodic systems. Thus, to model a molecule in the gas phase a large supercell 

calculation is required to minimise interactions between the molecule and its periodic 

images. Wavefunction minimisations were performed using the geometry obtained 

from the B3LYP/6-311+G(d) calculations. The PBE52 generalised-gradient-

approximation (GGA) functional was used and the core-valence interaction was 

represented with the norm-conserving pseudopotentials of Troullier and Martins.53 

The Tuckerman Poisson solver54 was employed to help further minimise the 

interaction between the cell and its periodic images. The convergence criterion for 

the minimisation of the wavefunction energy was tightened from the default to 2.3 
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 µHartrees. The energy convergence with respect to the cell size is shown in Figure 

6.1. Acceptable limits for the convergence of the energy are usually required to be 

within 73.5 µHartree per atom (2 meV). This was achieved using a cubic cell of 

length 1.40 nm.  

Figure 6.1 Convergence of energy with respect to cell length for Si8O12H8. 
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The energy convergence with respect to the energy cut-off, which essentially 

describes the quality of the basis set, is demonstrated in Figure 6.2. Using similar 

convergence criteria an acceptable energy cut-off was determined to be 60 Hartrees.  
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Figure 6.2 Convergence of energy with respect to plane-wave cut-off energy for 
Si8O12H8. 
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As the simulation was of an isolated molecule only one k point, located at the Γ 

position, was sampled.  

In order to model the vibrational motions accurately at the temperature of the 

experiment, the canonical ensemble (NVT) was chosen to perform the dynamics; this 

is where the number of particles, cell volume and temperature are conserved. This 

ensemble requires a thermostatting procedure, so a chain of three Nosé-Hoover55,56 

thermostats was employed using a thermostat frequency of 2400 cm-1. The dynamics 

simulation was run in P1 symmetry using the Carr-Parrinello formulism57 with an 

electronic time step of 72.57 as. The geometry was sampled every 15 electronic time 

steps, giving an effective time step of 1.088 fs. This was chosen based on the highest 

frequency mode of vibration of the molecule. The simulation was run for a total of 

16 ps.  

The eigenvalues corresponding to the modes of vibration were extracted from the 

trajectories using a standard velocity-auto-correlation function (VAF) method. The 

eigenvectors were also extracted using code developed by M. M. Siddick.58 A 
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Blackman windowing function59 with a width of 6.5 ps was employed to counter the 

problems associated with using a finite data set. 

An optimised structure was also obtained using the CPMD software by optimising 

the atomic positions using the same plane-wave energy cut off and cell size as that 

used in the simulation.  

The RMS amplitudes of vibration (u) were extracted from the simulation by 

obtaining the square of the difference between the instantaneous distance between 

atoms i and j at each time step and the average i–j distance throughout the entire 

simulation. This was then averaged over the number of steps, then over equivalent 

atom pairs and finally the square root was taken. This is shown formally in Equation 

(6.1). 

( )
0.52

,

1 1

1 Np Ns
n p p

ij ij ij
p n

u r r
NpNs = =

 
= −   ∑∑  (6.1) 

where Ns and Np are the number of steps and number of equivalent pairs, 

respectively, and angled brackets indicate an averaged quantity. 

The distance that is obtained directly from electron diffraction experiments (ra) is 

formally the inverse of the vibrationally averaged inverse of the distance between 

atoms i and j. This can also be calculated from the MD simulation by computing the 

inverse of the distances between atom pairs and then averaging this over the number 

of cycles in simulation, and then over the number of equivalent rij distances. This is 

then inverted giving the ra distance. The correction terms ra–re are then obtained by 

subtracting the optimised equilibrium distances, as shown in Equation (6.2). 
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where Ns and Np are the number of steps and number of equivalent pairs, 

respectively 

Data taken from a second MD simulation, carried out by A. M Reilly, using a 

molecular-mechanics (MM) force field were also used in this study. This simulation 

was performed using the DL_POLY software package60,61 and resources provided by 

the EaStCHEM Research Computing Facility. The hybrid-COMPASS force field 

(HC)8 was used to model the forces acting on the silsesquioxane molecule. A 

simulation box size of 10 nm was utilised. The simulation was run using the 

canonical (NVT) ensemble using a single Nosé-Hoover thermostat. The RMS 

amplitudes of vibration (u) and distance corrections (ra–re) were obtained using the 

method described above. The eigenvalues and eigenvectors of the modes of vibration 

were also extracted from the simulation using the procedure previously outlined. 

Additionally, an equilibrium structure (re) was obtained by performing a simulation 

of the molecule cooled down to 0 K. 

Gas-phase electron diffraction (GED) 

Data were collected for Si8O12H8 using the Edinburgh gas-phase electron diffraction 

(GED) apparatus,62 with an accelerating voltage of 40 kV (corresponding to an 

electron wavelength of approximately 6.0 pm). The scattering intensities were 

recorded on Kodak Electron Image films at two nozzle-to-film distances (90.46 and 

251.99 mm). For the shorter distance the sample was held at a constant temperature 

of 400 K, whilst the nozzle was held at 406 K to prevent the sample condensing. For 

the longer nozzle-to-film distance, the sample and the nozzle were held at 409 and 

417 K respectively. The camera distances and electron wavelength were calculated 

using diffraction patterns of benzene recorded directly after each of sample runs. The 

scattering intensities were measured using an Epson Expression 1680 Pro flatbed 
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scanner and converted to mean optical densities using a method described 

elsewhere.63 The data were then reduced and analysed using the ed@ed least-squares 

refinement program64 employing the scattering factors of Ross et al.65 The weighting 

points for the off-diagonal weight matrix, correlation parameters and scale factors are 

shown in Table 6.1. 

Table 6.1 Experimental parameters for the GED analysis of Si8O12H8.
a 

Nozzle-to-film distance 90.46 251.99 

∆s 4.0   2.0 

smin 10.8 30.0 

sw1 12.8 50.0 

sw2 300.0 120.0 

smax 348.0 136.0 

Correlation parameter 0.2546 0.4456 

Scale factor, k 0.779(12) 0.820(7) 

a Distances in mm, s values in nm–1. Values in parentheses are standard deviations of 
the last digits.  

 

6.2.3 Results and Discussion 

Computational studies 

The majority of the theoretical studies conducted on silsesquioxanes and their 

derivatives have used solid-state calculations. Table 6.2 details the results of 

geometry optimisations performed using various basis set and levels of theory, 

together with prominent theoretical results from the literature and experimental 

distances from neutron and X-ray diffraction experiments.29 In the solid phase the 

molecular symmetry is reduced from Oh to Th, so the experimental results for the 

bond lengths are the quoted average values. 
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Table 6.2 Calculated geometrical parameters (re) for Si8O12H8.
a 

 re(Si−O) re(Si−H) ∠e(Si−O−Si) E 

RHF/6-31G(d) 162.6 145.2 149.4 –3215.6971 

MP2/6-31G(d,p) 164.8 146.4 147.8 –3218.4137 

MP2/6-311++G(d,p) 164.2 146.0 148.8 –3219.1664 

MP2/6-311++G(3df,2p) 162.9 145.7 148.0 –3219.9867 

MP2/6-311++G(3df,3pd) 162.9 145.3 147.8 –3220.0084 

B3LYP/6-311++G(d,p) 164.4 146.0 149.1 –3225.1219 

B3LYP /6-311++G(3df,2p) 162.9 146.0 148.0 –3225.3594 

B3LYP /6-311++G(3df,3pd) 162.9 145.8 148.0 –3225.3623 

PW-DFT PBE 164.7 147.2 146.9 –229.6003 

RHF/cc-pVdz b 165.0 146.2 148.7 — 

PW-DFT (VASP) b 163.0 146.3 146.7 — 

MM/CTR c 162.0 147.6 146.8 — 

MM/UFF c 160.0 146.4 147.0 — 

MM/COMPASS c 162.4 147.3 148.2 — 

MM/HC c 163.8 147.6 146.9 — 

MM/HC w/o c 163.8 147.6 146.9 — 

Neuton (29 K) d (rneutron) 162.6(2) 146.1(5) 147.35(12) — 

X-Ray (9.5 K) e (rx-ray) 162.1(1) 136(2) 147.18(2) — 

a Distances in pm, angles in degrees, energies in Hartrees. b McCabe et al.66 c Ionescu 
et al.8 d Törnroos et al.29 e Calzaferri et al.28  

 

The MP2 and B3LYP calculations show good agreement when used with equivalent 

basis sets. On introducing electron correlation, either through the MP2 method or 

DFT (B3LYP), the bond lengths are increased relative to the Hartree-Fock (RHF) 

method. Increasing the size of the basis set from double-zeta to triple-zeta quality has 

a modest effect on the calculated bond lengths at the MP2 level, decreasing the Si–O 

bond length by 0.6 pm and Si–H by 0.4 pm. However, augmenting the basis set with 

orbitals of higher angular momentum [6-311++G(3df,2p)] has a more pronounced 

effect, decreasing the Si–O bond length by a further 1.3 pm using the MP2 method, 

and 1.5 pm using the B3LYP method. Adding further polarisation functions onto the 

hydrogen atoms obviously has little effect on the Si–O bond but does further 

decrease the Si–H bond length. McCabe et al. reported a much larger Si–O distance 
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(165.0 pm) using isolated molecule calculations, the HF method and a double-zeta 

basis set. 

The bond lengths from the low-level calculation using the Hartree-Fock (HF) method 

and the modest 6-31G(d) basis set agree well with the higher level calculations. This 

is largely due to a cancellation of errors, with the lack of electron correlation causing 

an underestimation of the bonded distances but the small basis set causing an 

overestimation of similar magnitude. However, the Si–O–Si angle is overestimated 

by RHF/6-31G(d) by around 1.5°.  

The average distances obtained from the neutron diffraction studies of Törnroos et 

al.29 agree with the highest-level isolated-molecule calculations to within two 

standard deviations for the Si–O distance, and to within one for the Si–H distance. 

However, the Si–O–Si angle is calculated to be around 0.5° wider. The X-ray data do 

not provide so good agreement as the measured quantities are the centres of electron 

density and not the nuclear positions. 

The PW-DFT calculation, in the large supercell, calculates the bond lengths to be 1.8 

pm longer for Si–O and 1.4 pm longer for Si–H than the B3LYP/6-311++G(3df,3pd) 

calculation. As expected the MM methods give more varied results, but still give 

reasonable accuracy when compared to the ab initio methods. 

The extracted vibrational spectra for both the MM and PW-DFT simulations are 

shown in Figure 6.3 The modes at very low frequency cannot be resolved due to 

artefacts created by the VAF methods. 
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Figure 6.3 Vibrational spectra from molecular dynamics simulations. The solid line 
is from the PW-DFT simulation and the dotted line is from the MM simulation. 
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The MM-MD and PW-DFT-MD simulations show broadly similar vibrational 

spectra, although the DFT method tends to give lower frequencies. 

The harmonic frequencies calculated at the B3LYP/6-311++G(d,p) level and those 

extracted from the PW-DFT and MM molecular dynamics simulations are shown in 

Table 6.3 together with experimental frequencies from IR and Raman spectroscopy 

and inelastic neutron scattering (INS). 
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Table 6.3 Frequencies from experimental and theoretical methods .a 

sym Experimental Calculated 

 IR Raman INS B3LYP PW-DFT MM 

A1g  2302 2301 2362 2187 2223 

T2g  2286/2296 2301 2352 2174 2212 

T1u 2277  2301 2355 2164 2208 

A2u   2301 2350 2152 2194 

T1g    1039 956 1105 

Eu    1038 968 1111 

T1u 1141   1139 1056 1173 

T2g  1117  1131 1049 1147 

A2u    1108 1039 1142 

Eg  932 916 915 857 994 

T2u   916 908 846 978 

T2g  897/883 890/879 891 824 969 

T1u 881  879/870 878 814 964 

T1g  811 870/817 799 757 690 

Eu   817 802 739 680 

Eg  697 688 664 650 668 

T2u   675 652 632 663 

T2g  610 608 588 573 597 

A1g  580 563 580 533 589 

T1u 566  563 556 522 572 

T1u 465  458 455 383 564 

A1g  456 458 438 368 542 

Eg  423 415 419 351 452 

T2g  414 405/400 398 352 414 

T1u 399  389 396 312 397 

T1g  352 330 329 292 331 

A2u   314 309 282 273 

T2u   286 288 264 174 

T2g  171 178/175 167 158 112 

Eu   172 159 146 109 

Eg  84 88 73 72 91 

T2u   65 61   

Ag    49   

a Frequencies are in cm-1. No experimental uncertainties were quoted.  
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The harmonic frequencies obtained from the B3LYP/6-311++G(d,p) calculations 

tend to give better agreement with the experimental results than those obtained from 

the MD simulations. The frequencies extracted from the MD simulation should 

account for the effects associated with anharmonicity and were obtained at 400 K 

(the temperature of the GED experiment). The anharmonicity coupled with the 

relatively high temperature should lower the vibrational frequencies, which can 

clearly be seen when comparing the MD frequencies with the calculated harmonic 

frequencies. The experimental frequencies were obtained at lower temperatures than 

the MD simulation, which partially explains why the simulations underestimate the 

experimental values. 

Figure 6.4 shows a picture of the molecular structure complete with atom numbering. 

The RMS amplitudes of vibration (u) calculated using the traditional methods (uh0 

and uh1) with the B3LYP/6-311+G(d,p) harmonic force field are shown in Table 6.4, 

together with the amplitudes calculated from the two simulations. 

Figure 6.4 Structure of Si8O12H8 showing atom numbering.† 

 

                                                

†Image produced by Derek A. Wann 
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Table 6.4 Calculated RMS amplitudes of vibration (u) for Si8O12H8.
a 

 Atom pair uh0 uh1 PW-DFT u MM  u 

u1 Si(1)−H(5) 8.58 8.58 3.70(13) 4.53(12) 

u2 Si(1)−O(3) 4.48 4.68 2.92(2) 3.37(3) 

u3 O(3)···H(5) 12.05 12.12 7.45(6) 8.18(10) 

u4 O(3)···O(4) 8.39 9.24 7.16(8) 7.53(9) 

u5 Si(1)···Si(2) 9.12 9.78 6.43(19) 6.67(8) 

u6 O(3)···O(10) 38.15 38.72 29.91(11) 21.04(26) 

u7 Si(1)···O(4) 20.16 20.69 15.34(7) 12.74(16) 

u8 Si(1)···H(6) 12.49 13.67 8.21(6) 9.03(10) 

u9 Si(1)···Si(8) 9.30 9.96 7.20(26) 8.32(22) 

u10 O(3)···O(9) 24.90 25.56 16.51(13) 15.59(10) 

u11 H(5)···H(6) 22.74 24.58 15.34(8) 16.04(18) 

u12 O(3)···H(12) 20.90 21.94 16.20(15) 13.62(12) 

u13 Si(1)···O(9) 19.01 19.48 12.86(19) 13.47(13) 

u14 O(3)···O(26) 24.44 25.03 16.97(3) 16.04(14) 

u15 Si(1)···Si(7) 9.04 9.30 6.14(8) 10.50(9) 

u16 Si(1)···H(12) 14.45 15.54 9.77(16) 11.43(13) 

u17 O(3)···H(11) 21.19 21.86 13.62(12) 14.49(11) 

u18 H(5)···H(12) 19.23 21.03 13.06(9) 13.94(9) 

u19 Si(1)···H(11) 12.25 12.67 7.23(9) 11.49(10) 

u20 H(5)···H(11) 14.79 15.36 8.69(7) 12.37(11) 
a Distances in pm. Values in parentheses are the standard deviations on the last 
digits. See Figure 6.4 for atom numbering. 

 

The MD simulations give RMS amplitudes which are generally much smaller than 

those calculated using traditional methods. This discrepancy is greatest for the Si–H 

bonded distance (u1), where the PW-DFT-MD simulation gives an amplitude that is 

only 43% of the uh0 / uh1 value. The MM simulation gives a slightly larger value of 

4.53 pm, however this is still only 52 % of the value calculated using traditional 

methods. This is somewhat unexpected considering that the vibrational frequencies 

obtained from the harmonic force field (which was used to calculate the uh0 and uh1 
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values) and from the MD simulations are in much better agreement than the 

difference in amplitudes suggests. In general, the agreement is better for distances 

involving heavier atoms. For example, O(3)···O(4) has a discrepancy of only around 

20% when comparing the MD simulations with the traditional approaches. This 

suggests that the discrepancies arise because of the classical modelling of molecular 

motion. The amplitudes of vibration calculated by the traditional methods use a 

quantum mechanical regime, whereas both the MD simulations move the atoms 

classically (even though the PW-DFT method calculates the forces quantum 

mechanically the atomic trajectories are still calculated using Newton’s equations of 

motion). Quantum mechanically, the RMS amplitudes of vibration would be larger as 

the wavefunction can spread into classically forbidden areas. The Debye temperature 

dictates whether a classical approach is valid at a given temperature. This 

relationship is shown in Equation (6.3) 

m
D

b

h

k

νθ =  (6.3) 

where  θD is the Debye temperature, h is Planck constant, νm is the Debye frequency 

and kb is the Boltzmann constant. 

From this relationship it can be determined that at a temperature of 400 K, 

frequencies of vibration above about 280 cm-1 should be treated with a quantum 

mechanical approach. The he vast majority of the modular contributions to the RMS 

amplitudes of vibration will therefore be underestimated if a classical approach is 

taken. 

Table 6.5 shows the ra–rx distance correction values obtained using the traditional 

rectilinear (h0) and curvilinear (h1) approaches and those obtained from the MD 

simulations. Also shown are values generated from the a3,1 approach (curvilinear 

with cubic anharmonicity included by taking third derivatives of the energy). 
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Table 6.5 Calculated distance correction values (ra–rx) for Si8O12H8.
a 

 Atom pair h0 h1 a3,1 PW-DFT MM 

(ra–rx) 1 Si(1)−H(5) 2.15 –0.12 1.78 0.50(2) 0.59(2) 

(ra–rx) 2 Si(1)−O(3) 1.98 –0.02 0.69 0.59(1) 0.28(1) 

(ra–rx) 3 O(3)···H(5) 2.73 0.02 1.86 1.09(3) 0.59(2) 

(ra–rx) 4 O(3)···O(4) 2.89 –1.18 0.38 0.08(2) –0.18(2) 

(ra–rx) 5 Si(1)···Si(2) 0.01 –3.08 –1.15 –0.87(5) –0.47(2) 

(ra–rx) 6 O(3)···O(10) –2.69 –8.54 –4.66 –4.63(20) –2.11(13) 

(ra–rx) 7 Si(1)···O(4) –0.20 –4.91 –2.15 –2.00(11) –1.10(7) 

(ra–rx) 8 Si(1)···H(6) 0.49 –4.30 –0.74 –1.03(3) –0.61(3) 

(ra–rx) 9 Si(1)···Si(8) 0.05 –4.30 –1.60 –1.24(5) –0.81(5) 

(ra–rx) 10 O(3)···O(9) –0.35 –7.44 –3.46 –3.30(15) –1.86(9) 

(ra–rx) 11 H(5)···H(6) 0.01 –5.86 –1.20 –1.54(9) –1.05(10) 

(ra–rx) 12 O(3)···H(12) 0.11 –6.29 –1.75 –2.12(8) –1.23(6) 

(ra–rx) 13 Si(1)···O(9) –0.17 –6.58 –2.83 –2.48(14) –1.53(9) 

(ra–rx) 14 O(3)···O(26) –0.14 –8.29 –3.79 –3.40(24) –2.17(15) 

(ra–rx) 15 Si(1)···Si(7) –0.02 –5.32 –2.02 –1.51(5) –1.05(7) 

(ra–rx) 16 Si(1)···H(12) 0.20 –6.14 –1.46 –1.61(5) –1.09(5) 

(ra–rx) 17 O(3)···H(11) 0.21 –8.36 –2.52 –2.82(12) –1.78(8) 

(ra–rx) 18 H(5)···H(12) 0.37 –7.74 –1.37 –1.95(7) –1.35(7) 

(ra–rx) 19 Si(1)···H(11) 0.29 –7.27 –1.77 –1.89(6) –1.34(7) 

(ra–rx) 20 H(5)···H(11) 0.42 –9.41 –1.69 –2.37(7) –1.70(7) 
a Distances in pm. Values in parentheses are the standard deviations on the last 
digits. See Figure 6.4 for atom numbering. 
 

The distance corrections (ra–rx) obtained from the h0 and h1 approaches have vastly 

differing values, illustrating the limitations of a simplistic rectilinear approximation 

of vibrational motion. The inclusion of cubic anharmonicity shifts the ra–rx distance 

correction for the bonded distances from negative values in the h1 approach to 

positive values in the a3,1 approach. In general, the cubic anharmonicity shifts the 

value of negative distance corrections towards the positive. It is noteworthy that the 

inclusion of anharmonicity makes large differences to the correction terms, and that 

in many cases the values obtained by the simple h0 approach are better than those 

given by the h1 method,  
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It is encouraging to note that both the MD simulations, PW-DFT (where the forces 

are calculated quantum mechanically) and MM (where the forces are calculated 

classically from a force field) predict the same signs of corrections as the a3,1 

approach, except for (ra–rx)4, for which both MM and a3,1 terms are very small. 

As expected the agreement between the a3,1 approach and the MD simulations for 

the distance corrections is better for heavier atom pairs due to smaller contributions 

from quantum effects. The worst agreement is for the Si–H distance where the PW-

DFT and MM simulations give correction terms, which are approximately 30% of 

those obtained by the a3,1 method. Overall, however, the MD method appears to be 

more satisfactory than either h0 or h1. The distance corrections obtained by the h0 

method give a RMS deviation from the a3,1 method of 2.04 pm, the h1 method 

produces more inaccurate distance corrections with an RMS deviation from the a3,1 

method of 4.16 pm, the PW-DFT-MD method produces much more accurate 

corrections with an RMS deviation of 0.47 pm with MM-MD method giving an RMS 

deviation of 1.03 pm. 

Due to the problem with RMS amplitudes of vibration generated from the MD 

simulations they have not been used in the structural refinement of the GED data. 

Refinements have been carried out using distance corrections generated from both 

the h1, a3,1 and the PW-DFT-MD approaches and amplitudes obtained from the h1 

method. 

GED refinements  

A molecular model was written using octahedral symmetry to allow the refinable 

geometrical parameters to be converted into Cartesian coordinates. The high 

symmetry of the model (Oh) allowed the geometry to be described using only three 

parameters, namely the Si–O and Si–H bonded distances (p1 and p2, respectively) and 

the Si–O–Si angle (p3). See Figure 6.4 for a picture of the molecular structure 

complete with atom numbering. 
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The initial geometry for the refinement of the structure was taken from the results of 

the ab initio calculations. In addition, harmonic force fields computed at the 

B3LYP/6-311+G(d) level in Cartesian coordinates were used to calculate values for 

the root-mean-square (RMS) amplitudes of vibration (uh1) and perpendicular 

‘shrinkage’ corrections (kh1) to the first order of approximation using the methods 

described by Sipachev.3,4 Cubic anharmonicity constants, extracted from the third 

derivates of the energy, were also used to produce anharmonic shrinkage corrections 

(ka3,1). The least-squares refinement process was carried out using the ed@ed 

software,64 initially using the harmonic distance corrections (kh1). A SARACEN 

restraint67-69 was applied to the Si−H bond length using the calculated value and an 

uncertainty of 1 pm, as otherwise it could not be refined sensibly. The refined value 

of 146.4 pm fell within the estimated uncertainty of the restraint. RMS amplitudes of 

vibration for distances under the same peak in the radial-distribution curve (RDC) 

were restrained by ratios derived from the calculated values. A full list of the 

amplitudes of vibration and their corresponding distances is given in Table 6.6. A 

further flexible restraint was applied to u17 [O(3)···H(11)], using an uncertainty of 

10% of the absolute computed value. The refined value lies within two uncertainties 

of computed value. With these restraints in place all parameters and all significant 

RMS amplitudes of vibration (those involving at least one non-hydrogen atom) were 

refined. The final RG factor for the fit between the theoretical scattering (generated 

from the model) and the experimental data was 0.062 (RD = 0.041). The RDC and 

molecular-intensity scattering curves for this refinement using the harmonic distance 

corrections are shown in Figures 6.5 and 6.6, respectively. The least-squares 

correlation matrix is shown in Table 6.7. 
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Table 6.6 Refined and calculated RMS amplitudes of vibration (u), associated ra 
distances and corresponding distance correction values (ra–rh1) for Si8O12H8 using 
the h1 method of vibrational corrections. a 

 Atom pair ra u (expt.) ra–rh1 uh1(calc.) 

u1 Si(1)−H(5) 146.1(8)   8.5(tied to u2) –0.12 8.6 

u2 Si(1)−O(3) 162.13(4)   4.6(1)  –0.02 4.7 

u3 O(3)···H(5) 252.1(7) 12.2(tied to u4) 0.02 12.1 

u4 O(3)···O(4) 263.4(2)   9.3(2) –1.18 9.2 

u5 Si(1)···Si(2) 309.1(1)   9.3(2) –3.08 9.8 

u6 O(3)···O(10) 365.7(2) 36.0(tied to u7) –8.54 38.7 

u7 Si(1)···O(4) 373.4(1) 19.3(2) –4.91 20.7 

u8 Si(1)···H(6) 409.9(7) 15.3(tied to u9) –4.30 13.7 

u9 Si(1)···Si(8) 437.2(2) 11.2(2) –4.30 10.0 

u10 O(3)···O(9) 450.9(3) 28.7(tied to u9) –7.44 25.6 

u11 H(5)···H(6) 475.2(10) 24.6(fixed) –5.86 24.6 

u12 O(3)···H(12) 487.2(7) 21.8(tied to u13) –6.29 21.9 

u13 Si(1)···O(9) 503.3(1) 19.4(5) –6.58 19.5 

u14 O(3)···O(26) 520.9(3) 24.9(tied to u13) –8.29 25.0 

u15 Si(1)···Si(7) 535.5(2)   9.2(tied to u13) –5.32 9.3 

u16 Si(1)···H(12) 561.1(8) 15.5(tied to u13) –6.14 15.5 

u17 O(3)···H(11) 642.5(8) 23.1(20) –8.36 21.9 

u18 H(5)···H(12) 672.5(14) 21.0(fixed) –7.74 21.0 

u19 Si(1)···H(11) 679.7(9) 13.4(tied to u17) –7.27 12.7 

u20 H(5)···H(11) 823.7(17) 15.4(fixed) –9.41 15.4 
a Distances in pm. Values in parentheses are the standard deviations on the last 
digits. See Figure 6.4 
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Table 6.7 Least-squares correlation matrix (×100) from the GED refinement using 
the a3,1 method of vibrational corrections a 

  p1 p2 p3 u2 u4 u5 u7 u9 u13 u17 k1 k2 

p1 100            

p2  100           

p3   100          

u2    100       82  

u4     100        

u5      100       

u7       100      

u9        100     

u13         100    

u17          100   

k1           100  

k2            100 

a Only elements with absolute values ≥ 50% are shown; k1 and k2 are scale factors 

 



  

 203   

Figure 6.5 Experimental and difference (experimental minus theoretical) radial-
distribution curves, P(r)/r, for Si8O12H8 using the h1 method of vibrational 
corrections. Before Fourier inversion the data were multiplied by 
s·exp(−0.00002s2)/(ZSi − ƒSi)(ZO − ƒO). 
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Figure 6.6 Molecular-intensity scattering and difference (experimental minus 
theoretical) curves for Si8O12H8 using the h1 method of vibrational corrections. 
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The radial distribution difference curve (the difference between the theoretical and 

experimental RDC) , shown in Figure 6.5, from the refinement using the first-order 
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harmonic corrections (h1), showed a distinct problem under the peak containing the 

Si–O distance. As the structure refinement process fits the entire pattern, often 

problems with other regions of the pattern can cause certain parameters to 

compensate to give a better overall fit. In the case of this octahydridosilsesquioxane 

molecule, in which the cage structure has unusual modes of vibration and the 

structure is defined by such a small number of parameters, inaccuracies in vibrational 

correction terms could cause the Si–O distance to compensate. 

In order to take a better account of the vibrational distortions, which were affecting 

the structure, the refinement process was repeated using corrections that included 

cubic anharmonic corrections (a3,1). These are calculated using the third derivatives 

of the energy. The refinement used identical conditions to those previously 

discussed. The final RG factor for the fit between the theoretical scattering (generated 

from the model) and the experimental data was 0.050 (RD = 0.032). This is lower 

than the value obtained using the purely harmonic corrections indicating a better a 

fit. The RDC and molecular-intensity scattering curves for this refinement using the 

anharmonic distance corrections are shown in Figures 6.7 and 6.8, respectively. The 

use of the cubic anharmonic corrections has also eradicated the problem with the fit 

around the peak generated from the Si–O distance. A full list of the amplitudes of 

vibration and their corresponding distances is given in Table 6.8. The least-squares 

correlation matrix is shown in Table 6.9. 
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Figure 6.7 Experimental and difference (experimental minus theoretical) radial-
distribution curves, P(r)/r, for Si8O12H8 using the a3,1 method of vibrational 
corrections.  Before Fourier inversion the data were multiplied by 
s·exp(−0.00002s2)/(ZSi − ƒSi)(ZO − ƒO). 
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Figure 6.8 Molecular-intensity scattering and difference (experimental minus 
theoretical) curves for Si8O12H8 using the a3,1 method of vibrational corrections. 
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Table 6.8 Refined and calculated RMS amplitudes of vibration (u), associated ra 
distances and corresponding distance correction values (ra–ra3,1) for Si8O12H8 using 
the a3,1 method of vibrational corrections. a 

 Atom pair ra u (expt.) ra–ra3,1 uh1(calc.) 

u1 Si(1)−H(5) 147.5(8)   8.5(tied to u2) 1.78 8.6 

u2 Si(1)−O(3) 161.97(3)   4.6(1)  0.69 4.7 

u3 O(3)···H(5) 252.8(7) 12.1(tied to u4) 1.86 12.1 

u4 O(3)···O(4) 263.6(1)   9.3(2) 0.38 9.2 

u5 Si(1)···Si(2) 309.4(1)   8.9(2) –1.15 9.8 

u6 O(3)···O(10) 367.6(2) 35.7(tied to u7) –4.66 38.7 

u7 Si(1)···O(4) 374.14(8) 19.1(2) –2.15 20.7 

u8 Si(1)···H(6) 411.4(7) 15.2(tied to u9) –0.74 13.7 

u9 Si(1)···Si(8) 437.5(2) 11.1(2) –1.60 10.0 

u10 O(3)···O(9) 452.5(2) 28.4(tied to u9) –3.46 25.6 

u11 H(5)···H(6) 477.5(9) 24.6(fixed) –1.20 24.6 

u12 O(3)···H(12) 489.4(7) 21.8(tied to u13) –1.75 21.9 

u13 Si(1)···O(9) 504.3(1) 19.3(4) –2.83 19.5 

u14 O(3)···O(26) 522.7(3) 24.8(tied to u13) –3.79 25.0 

u15 Si(1)···Si(7) 535.8(2)   9.2(tied to u13) –2.02 9.3 

u16 Si(1)···H(12) 562.9(8) 15.4(13) –1.46 15.5 

u17 O(3)···H(11) 645.1(8) 23.2(20) –2.52 21.9 

u18 H(5)···H(12) 675.7(13) 21.0(fixed) –1.37 21.0 

u19 Si(1)···H(11) 681.7(8) 13.5(tied to u17) –1.77 12.7 

u20 H(5)···H(11) 827.5(16) 15.4(fixed) –1.69 15.4 
a Distances in pm. Values in parentheses are the standard deviations on the last 
digits. See Figure 6.4 for atom numbering. 
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Table 6.9 Least-squares correlation matrix (×100) from the GED refinement using 
the a3,1 method of vibrational corrections a 

  p1 p2 p3 u2 u4 u5 u7 u9 u13 u17 k1 k2 

p1 100            

p2  100           

p3   100          

u2    100       83  

u4     100        

u5      100       

u7       100      

u9        100     

u13         100    

u17          100   

k1           100  

k2            100 

a Only elements with absolute values ≥ 50% are shown; k1 and k2 are scale factors 

 

In order to test the PW-DFT-MD distance corrections a refinement was conducted 

using these corrections and amplitudes obtained from h1 method. The refinement 

used identical conditions to those previously discussed. The final RG factor for the fit 

was 0.049 (RD = 0.032). Encouragingly, this is lower than the value obtained using 

the a3,1 method, although the difference is not statistically significant. The RDC and 

molecular-intensity scattering curves for this refinement using the molecular 

mechanics distance corrections distance corrections are shown in Figures 6.9 and 

6.10, respectively. A full list of the amplitudes of vibration and their corresponding 

distances is given in Table 6.10. The least-squares correlation matrix is shown in 

Table 6.11. 

 



  

 208   

Figure 6.9 Experimental and difference (experimental minus theoretical) radial-
distribution curves, P(r)/r, for Si8O12H8 using the PW-DFT-MD method of 
vibrational corrections. Before Fourier inversion the data were multiplied by 
s·exp(−0.00002s2)/(ZSi − ƒSi)(ZO − ƒO). 
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Figure 6.8 Molecular-intensity scattering and difference (experimental minus 
theoretical) curves for Si8O12H8 using the PW-DFT-MD method of vibrational 
corrections. 
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Table 6.8 Refined and calculated RMS amplitudes of vibration (u), associated ra 
distances and corresponding distance correction values (ra–rMD) for Si8O12H8 using 
the PW-DFT-MD method of vibrational corrections. a 

 Atom pair ra u (expt.) ra–rMD uh1(calc.) 

u1 Si(1)−H(5) 146.5(8)   8.5(tied to u2) 0.50 8.6 

u2 Si(1)−O(3) 161.91(3)   4.6(1)  0.59 4.7 

u3 O(3)···H(5) 252.0(7) 12.0(tied to u4) 1.09 12.1 

u4 O(3)···O(4) 263.7(1)   9.2(2) 0.08 9.2 

u5 Si(1)···Si(2) 309.4(1)   8.9(2) –0.87 9.8 

u6 O(3)···O(10) 368.2(2) 35.7(tied to u7) –4.63 38.7 

u7 Si(1)···O(4) 374.4(8) 19.1(2) –2.00 20.7 

u8 Si(1)···H(6) 411.1(7) 15.1(tied to u9) –1.03 13.7 

u9 Si(1)···Si(8) 437.6(2) 11.0(2) –1.24 10.0 

u10 O(3)···O(9) 453.3(2) 28.2(tied to u9) –3.30 25.6 

u11 H(5)···H(6) 477.3(9) 24.6(fixed) –1.54 24.6 

u12 O(3)···H(12) 489.3(7) 21.6(tied to u13) –2.12 21.9 

u13 Si(1)···O(9) 504.9(1) 19.2(4) –2.48 19.5 

u14 O(3)···O(26) 523.9(3) 24.7(tied to u13) –3.40 25.0 

u15 Si(1)···Si(7) 535.9(2)   9.2(tied to u13) –1.51 9.3 

u16 Si(1)···H(12) 562.7(8) 15.3(tied to u13) –1.61 15.5 

u17 O(3)···H(11) 645.2(8) 23.4(20) –2.82 21.9 

u18 H(5)···H(12) 675.2(13) 21.0(fixed) –1.95 21.0 

u19 Si(1)···H(11) 681.5(8) 13.6(tied to u17) –1.89 12.7 

u20 H(5)···H(11) 827.0(16) 15.4(fixed) –2.37 15.4 
a Distances in pm. Values in parentheses are the standard deviations on the last 
digits. See Figure 6.4 for atom numbering. 
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Table 6.9 Least-squares correlation matrix (×100) from the GED refinement using 
the PW-DFT-MD method of vibrational corrections a 

  p1 p2 p3 u2 u4 u5 u7 u9 u13 u17 k1 k2 

p1 100            

p2  100           

p3   100          

u2    100       82  

u4     100        

u5      100       

u7       100      

u9        100     

u13         100    

u17          100   

k1           100  

k2            100 

a Only elements with absolute values ≥ 50% are shown; k1 and k2 are scale factors 

 

The final refined structures for both the rh1, ra3,1 and rMD refinements are shown in 

Table 6.11. Also shown are the re values calculated at the MP2/6-311++G(3df,3pd) 

level. 

Table 6.x Refined structure for Si8O12H8.
a 

Parameter rh1 ra3,1 rMD re
b Restraint 

p1 rSi−O 162.15(4) 161.28(3) 161.32(3) 162.87 –– 

p2 rSi−H 146.2(8) 145.7(8) 146.0(8) 145.3 145.3(10) 

p3 ∠Si−O−Si 148.6(2) 148.6(1) 148.2(1) 147.8 –– 

a Distances in pm, angles in degrees, numbers in parentheses are estimated standard 
deviations. b Theoretical results from MP2/6-311++G(3df,3pd) calculations. 

 

The use of the anharmonic distance correction terms in the refinement process 

produces a better fit to the experimental data (as signified by the reduced R-factor) a 
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more uniform appearance in the radial-distribution difference curve, and a smaller 

estimated standard deviation (esd) for the Si–O bond length and the Si–O–Si angle. 

The determined ra3,1 structure yields an Si–O bond length that is 1.64 pm shorter than 

that given by the highest-level calculation. Calculating bond lengths between first 

and second period atoms is often troublesome and it has been demonstrated here that 

the basis sets require polarisation functions with higher orders of angular momentum 

[6-311++G(3df,3dp)]. If the basis sets were augmented with further polarisation 

functions the Si–O distance might be further reduced, bringing it closer to the 

experimental value. The Si–H bonded distance obtained from the ra3,1 refinement 

agrees with the calculated value to within the experimental uncertainty. The Si–O–Si 

bond angle is calculated to be 0.8° smaller than the experimental value. Some of this 

error may stem from the overestimation of Si–O bond length in the theoretical 

calculation. Despite the large underestimation of the amplitudes by the MD method 

the distance corrections give results comparable to those achieved by the current 

‘gold standard’ a3,1 method. 

6.3 Test case two – sodium chloride dimer 

6.3.1 Introduction 

The alkali halide dimers have proved to be interesting ground for the study of the 

relationship between theory and experiment. The high temperatures required to 

investigate them in the gas phase, in conjunction with their floppy nature, makes 

their experimental structures challenging to solve. Their highly ionic nature makes 

accurate theoretical calculations of structure even more difficult. Recently a 

comprehensive study has been carried out on the vibrational effects of the alkali 

halide dimers using the EXPRESS method, giving the most accurate vibrational 

corrections to date.7 A comprehensive test of the MD method of obtaining vibrational 

corrections would therefore be provided by comparison with the accurate values 

obtained using the EXPRESS method. 
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The highest frequency mode of vibration of the sodium chloride dimer molecule is 

the Ag symmetric stretch at around 300 cm-1. This corresponds to a Debye 

temperature of around 430 K. The temperature of the GED experiment used to study 

sodium chloride in the gas phase was 943 K, well above the Debye temperature, so a 

classical approach to the generation of  vibrational corrections is justified.  

Unfortunately, the canonical ensemble (NVT) is inappropriate to study such a small 

system, as the accuracy of the thermostatting is related to the number of degrees of 

freedom of the system. An alterative approach to simulating conditions similar to 

those the molecule would be subjected to in the GED experiment was therefore 

required. In principle, by performing a large number of simulations using the 

microcanonical ensemble (NVE), with random initial geometries, a distribution of 

temperatures could be accumulated. Unfortunately, using quantum mechanical MD 

to run a large number of NVE simulations is not feasible using current resources and 

so the system must be modelled using MM force fields. The Madden group has 

developed sophisticated potentials for alkali halide systems,70 albeit for the 

condensed phase, so these provided a good starting point for study of the dimer 

molecule.  

6.3.2 Method and experiment 

Microcanonical (NVE) simulations were run using software developed by the 

Madden group71 and a supercell size of 15.9 nm was used. A time step of 0.484 fs 

was used and each NVE simulation was run for 484 fs (1000 steps). At the end of 

each simulation the atomic positions were retained, but new random velocities were 

assigned to each atom (corresponding to a temperature of 1000 K). In total 1000 

NVE simulations were run. A histogram plot of the average temperature of each run 

is shown in Figure 6.9 together with a Gaussian fit to the data. Additionally, an 

equilibrium structure was obtained by performing a simulation at 0 K.  
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Figure 6.9 Histogram plot of average temperature of the Na2Cl2 NVE simulations. 
The solid line is a fitted Gaussian. 

400 600 800 1000 1200 1400 1600
0

20

40

60

80

100

120

140

160

180

F
re

qu
en

cy

Temperature / K

 

 

The RMS amplitudes of vibration and ra–re distances corrections were calculated 

from the simulation using the method outlined previously. 

6.3.4 Results and Discussion 

Table 6.9 compares the equilibrium geometries obtained from the MM code, with 

those obtained from isolated molecule calculations and PW-DFT. 

Table 6.9 Calculated geometries (re) for both monomer and dimer at different levels 
of theory a 

 
re(Na−Cl) 

dimer 
∠e(Cl−Na−Cl) 

MP2(full)/CVQZ/cc-pCVQZb 253.6 101.8 

MM 250.6 100.0 

Expt. (GED EXPRESS) c 253.4(9) 102.7(11) 

a Distances in pm, angles in degrees. b All electrons were included in the electron 
correlation scheme. Basis set from sodium (CVQZ) by Martin et al.72 Basis set for 
chlorine by Dunning et al.(cc-pCVQZ)73,74  c McCaffrey et al.7 
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Considering the classical potentials used were developed for the condensed phase, 

the equilibrium structure obtained gives remarkably good agreement with the high-

level ab initio results and the experimental data. The Na–Cl bonded distance is 

calculated to be about 3 pm too short and the Cl–Na–Cl angle too narrow by around 

3°. 

The RMS amplitudes of vibration and distance corrections obtained from the 

simulation are compared with those obtained from the traditional h0, h1 and a3,1 

methods in Table 6.10 

Table 6.10 RMS amplitudes of vibration and distance corrections for Na2Cl2 
a 

Distance  
ASYM 

(rh0)
 b 

SHRINK 

(rh1)
 c 

SHRINK  

(ra3,1) 
e 

EXPRESS 

(re)  
MM MD 

(re) 

Na−Cl u 15.02 15.03 15.03 16.12 15.53(11) 

 ra − rx
 f 2.09 0.20 4.77 4.63 5.13(11) 

Na···Na u 24.89 24.97 24.97 24.53 27.88(84) 

 ra − rx
 f −0.59 −2.88 3.75 3.66 8.39(45) 

Cl···Cl u 22.13 22.21 22.21 22.79 26.33(42) 

 ra − rx
 f −0.47 −2.43 2.89 3.07 4.02(31) 

a All values are in pm. b Obtained from a harmonic force field at MP2(full)/6-
311+G(d) level using first-order distance corrections and centrifugal distortion term 
(δr). c As in footnote b but using first-order distance corrections. d As in footnote c but 
also including cubic anharmonic effects generated from averaged tabulated values. e 
As in footnote c but including cubic anharmonic effects generated using third 
derivatives of the energy. f Correction term from ra to level of theory used. 

 

The RMS amplitudes of vibration obtained from the simulation give reasonable 

agreement with those obtained from the other methods. The MD method gives an 

amplitude that is about 4% lower than that given by the EXPRESS method for the 

bonded distance and values that are 14% and 16% larger for the sodium-sodium and 

chlorine-chlorine non-bonded distances, respectively. The distance corrections for all 

of the distances are calculated to be greater than their EXPRESS equivalents. The 
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majority still give reasonable agreement, except for the sodium-sodium non-bonded 

distance correction, which was calculated to be unrealistically large value (8.4 pm).  

The potentials developed by Madden et al. largely focussed on the anion-cation and 

anion-anion interactions, as these had the most pronounced affects on the systems 

they studied, and so the sodium-sodium potential will be the least well defined in this 

simulation. The inaccuracy in this potential is most likely to be the major cause of 

the discrepancy between the distance corrections calculated by EXPRESS and MD 

methods. 

6.4 Conclusions 

The structure of octahydridosilsesquioxane (Si8O12H8) has been determined by a 

combination of GED and ab initio methods. The ra3,1(Si–O) and ra3,1(Si–H) bond 

lengths were determined to be 161.23(3) and 145.1(3) pm, respectively. The 

∠a3,1(Si–O–Si) bond angle was determined to be 148.6(1)°. The importance of using 

cubic anharmonic constants to describe the vibrational motion in these cage-like 

structures accurately was also demonstrated. 

The determination of RMS amplitudes of vibration and distance correction terms 

using an MD methodology was not a complete success, but served to show a ‘proof 

of concept’ but still provided distance correction terms of comparable accuracy to the 

a3,1 using the PW-DFT method. The simulation of Si8O12H8 was hampered due to 

quantum mechanical effects that could not be accounted for using the classical 

trajectories of the standard MD simulations. Nevertheless, although the amplitudes of 

vibration were not satisfactory the distance correction terms were close to the best 

obtainable (a3,1) by force-field analysis. The simulation of Na2Cl2 showed better 

agreement with the previous results, although the poorly defined sodium-sodium 

interaction potential introduced errors to the correction for that distance. 
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The future direction of this work will be discussed further in Chapter 8. 
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Chapter Seven 

The effects of vibrationally averaged three-atom scattering on the structures refined 
from GED data 
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7.1 Introduction 

Gas-phase electron diffraction (GED) is widely renowned as the most powerful tool 

for obtaining molecular structures in the gas phase. Much of its early popularity can 

be attributed to the relative ease of interpretation of scattering patterns using a simple 

independent-atom model (IAM), developed inside the first-order Born approximation 

(FBO). This mathematically includes a sum over individual atoms and a sum over 

pairs of atoms. These approximations allow the complex problem of scattering from 

a non-spherical potential of a molecule to be treated as a superposition of spherical 

atomic scattering centers. The failure of this naive kinematic interpretation of 

scattering theory was demonstrated by Glauber and Schomaker in 1952.1 They 

reported that phase shifts on scattering (if atoms in the molecule had largely differing 

atomic numbers) may split peaks in the radial distribution curve (RDC) into two 

components. To account for this problem the Glauber approximation was developed, 

in which the exact (infinite-order) intra-atomic scattering cross sections were utilised. 

This yielded complex scattering factors even though strictly the Born approximation 

alleges them to be real. (These can be calculated accurately using the method of 

partial waves.)2 Thus, this theory could account for the peak splittings in the RDC, 

and so could reproduce experimental molecular scattering intensities to high 

accuracy. The Glauber approximation to scattering theory is in marked contrast with 

the earlier kinematic theory, in which both intra- and inter-scattering amplitudes are 

treated to the same order. However, even this more sophisticated approach does not 

account for the possibility of multiple inter-atomic scattering events. 

According to Glauber theory the splitting of the peaks in radial distribution curves, 

caused by phase shifts in the scattered electron waves, should yield component peaks 

that have the same shape and size and must be symmetrically placed either side of 

the equilibrium distance (neglecting any small effects due anharmonic vibrations). 

Experimentally, however, the peaks are invariably different sizes, giving the double 

peak an asymmetry that cannot be explained through anharmonicity alone. Jacob and 
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Bartell3 reported a marked asymmetry to the splitting of the Re–F peak in ReF6, 

which was attributed to multiple scattering effects.†  Multiple scattering effects can 

be considered as the pre-scattering of the plane wave incident on an atom pair by 

another atom further upstream (nearer the electron source). For particular 

orientations of the molecule, the downstream atoms are effectively in the shadow of 

the upstream atom, and so this modified incident plane wave (now a combination of 

a plane and a spherical wave) changes the interference pattern between the 

downstream atom and the third atom in the molecule. 

A number of researchers have attempted to overcome the problem of multiple 

scattering, either by simply including the next term in the Born approximation,4-12 or 

by modifying Glauber theory using an Intra-Target Propagation (IPT) model13-15 to 

include the higher-order scattering terms. By moving the truncation to higher order, a 

sum over atomic triplets is obtained together with the traditional one-atom and two-

atom terms. The most rigorous treatment of multiple scattering published to date is 

that of Kohl and Arvedson.8-10 However, this is too computationally intensive to be 

employed routinely in a least-squares refinement process, but serves as useful 

benchmark for other scattering theories. 

The effects of three-atom scattering will be larger for electrons that possess a longer 

wavelength (lower energy). This is discussed by Volkmer et al.16-18 in their work on 

electron diffraction by oriented molecules. In addition, for a given energy, the size of 

the multiple scattering effects will be proportional to the scattering power 

(approximately proportional to Z) of the upstream atom. Thus, intermolecular 

multiple scattering will be most important for molecules containing heavy atoms.  

                                                

† In some publications the term ‘multiple scattering’ is used to describe the scattering of diffracted 
electrons by other molecules. However, in this work it is used to describe intra-molecule multiple 
scattering events. 
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Karle and Karle19 were the first to devise an experimental method to investigate 

multiple scattering.  Further studies have been conducted by Gunderson et al.,20 

Huang et al.21,22 Strand,23 and Richardson et al.24 

By far the most successful method to date, in terms of use in the determination of 

molecular structures, is the ITP method of Miller and Bartell15 

While in many cases it has been demonstrated that it is important not to 

underestimate the effects of multiple scattering, it is also important not to 

overestimate them through neglecting damping due to vibrational motion. However, 

the examples of multiple scattering in the literature generally overlook the effects of 

vibrational motion with only Bartell4 proposing an approximate method to account 

for it. The study by Gunderson et al.20 on TeF6 employed some form of vibrational 

damping to the multiple scattering amplitudes by using terms for the perpendicular 

and parallel motion of the upstream atom relative to downstream pair. However, 

these terms were simply approximated from what were thought to be reasonable 

values.25 Thus, a reliable estimate of the uncertainty these terms introduce cannot be 

ascertained. 

Recently, a new approach to multiple scattering has been developed by Dewhurst et 

al.26 which employs the full Green’s functions as opposed to their long-range limits 

(scattering factors) in order to describe more accurately the inter-atomic scattering 

events. This work, however, is not considered here. 

In order to assess the effects of vibrational motion on the multiple-atom scattering 

terms fully, and in turn its effects on molecular structure determination, a systematic 

analysis of vibrationally averaged theoretical three-atom scattering was undertaken 

for two systems: tellurium dibromide (TeBr2) and tellurium tetrabromide (TeBr4). 

These molecules both contain heavy atoms with relatively small bond angles 

(approaching 90°), therefore, the effects of multiple scattering will be substantial. 
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TeBr2 is an ideal test case to investigate the effects of vibrational motion on three-

atom scattering, as it has three well defined modes of vibration: the A1 bend, the B2 

asymmetric stretch, and the A1 symmetric stretch. The TeBr4 molecule will be used 

to illustrate how the neglect of three-atom scattering can introduce significant errors 

into a refined structure. As TeBr4 has five heavy atoms the effects of three-atom 

scattering will be larger than for TeBr2, however, it is vital that the effects of are not 

overestimated. This will be achieved by ensuring that the three-atom term is properly 

vibrationally averaged. As TeBr4 has two similar, but subtly different, tellurium–

bromine distances (axial and equatorial) it will be extremely sensitive to the effects 

of multiple scattering as both the distances are contained under the same peak in the 

radial-distribution curve. The multiple scattering was calculated using the ITP 

method developed by Miller and Bartell13-15 for static (vibrationless) instantaneous 

structures. This was then vibrationally averaged by generating an array of these 

instantaneous structures, corresponding to the modes of vibration, using an approach 

analogous to the EXPRESS method.27  

7.2 Method and experiment 

All molecular structure calculations were performed using the Gaussian 03 suite of 

programs.28 Many of the calculations were conducted using resources provided by 

the EPSRC National Service for Computational Chemistry Software 

(http://www.nsccs.ac.uk). The remaining calculations were carried out using a Linux 

12-processor Parallel Quantum Solutions (POS) workstation. For tellurium 

dibromide, calculations were initially performed at a low level, using the spin-

restricted Hartree-Fock (RHF) method and the aug-cc-VDZ-pp basis set.29,30 The 

starting geometry for the calculation was obtained from a previous electron 

diffraction study conducted by Rogers and Spurr.31 A geometry optimisation was 

conducted together with a frequency calculation, to ensure the optimised structure 

corresponded to the minimum on the PES. Further calculations were conducted using 

a variety of basis sets and methods. Electron correlation was included using second-

order Møller-Plesset perturbation theory (MP2)32-36 and density functional theory 
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(DFT) calculations were also carried out using the hybrid functionals B3LYP and 

B3PW91.37-40 An equilibrium structure was also obtained for TeBr4 at the 

B3LYP/aug-cc-VQZ-pp level of theory. 

Fortran 90 code was developed to calculate the ITP three-atom scattering terms for 

fixed (non-vibrating) instantaneous structures using the equations given by Miller 

and Bartell.15 This was tested by ensuring results obtained using hypothetical 

molecules consisting of three fluorine atoms in various orientations were consistent 

with those in the original paper.  

In order asses the errors introduced by neglecting three-atom scattering, theoretical 

data sets were generated for a variety of theoretical structures. The data sets were 

generated through combining two-atom and three-atom scattering intensities, which 

were both vibrationally averaged together with a small amount of random noise. 

These data sets were then refined using a standard refinement process (two-atom 

scattering only) thus, the importance of three-atom scattering could be determined 

for various structures.      

The EXPRESS method was employed to generate 1D potential energy curves along 

each mode of vibration by performing a series of calculations at the B3LYP/aug-cc-

VQZ-pp level and varying the normal-mode parameter (ρ) (a set of Cartesian 

displacement parameters defining each mode of vibration) for both TeBr2 and TeBr4. 

For TeBr2 the effects of each of the three vibrational modes (A1 bend, A1 symmetric 

stretch and B2 asymmetric stretch) on the three-atom scattering amplitudes were 

assessed by vibrationally averaging the term at 500 K. This was achieved by 

computing the three-atom scattering intensity at each point along the 1D potential 

energy curve corresponding to the mode of vibration. This was then weighted with a 

Boltzmann probability (see Equation 2.7), summed and then normalised.  
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By combining the 1D potential energy slices a pseudo potential-energy surface (PES) 

was generated corresponding to the modes of vibration of the molecules. This 

produced a three-dimensional pseudo PES in the case of TeBr2 and a nine-

dimensional surface for TeBr4. At each point on the surfaces the ITP three-atom 

scattering was evaluated, weighted using a Boltzmann probability (see Equation 2.7) 

and then summed. Finally, the scattering intensity was normalised. Mock-ups of 

experimental molecular intensity curves were generated by adding the contribution 

from the vibrationally averaged three-atom terms to vibrationally averaged two-atom 

terms together with a small amount of random noise generated using a method 

developed by Marsaglia and Bray.41 Least-squares refinements were carried out 

using traditional two-atom scattering theory and the ed@ed structural refinement 

program42 employing the scattering factors of Ross et al.2 to assess the error 

introduced by not accounting for multiple scattering effects. 

Root-mean-square (RMS) amplitudes of vibration (u) for both TeBr2 and TeBr4 were 

also calculated using the EXPRESS method at 500 K. 

7.3 Results and discussion 

7.3.1 Tellurium dibromide 

Table 7.1 shows the results of geometry optimisations of tellurium dibromide 

performed using various levels of theory and different basis sets. Also listed are the 

experimental results obtained by Rogers and Spur.31 
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Table 7.1 Calculated geometries (re) TeBr2 at different levels of theory a 

Theory / basis set re(Te–Br)  ∠e(Br−Te−Br) 

RHF/aug-cc-VDZ-pp 250.0 99.2 

RHF/aug-cc-VTZ-pp 247.9 99.3 

RHF/aug-cc-VQZ-pp 247.5 99.4 

B3LYP/aug-cc-VDZ-pp 253.4 101.4 

B3LYP/aug-cc-VTZ-pp 251.5 101.2 

B3LYP/aug-cc-VQZ-pp 251.1 101.2 

B3PW91/aug-cc-VDZ-pp 251.0 101.1 

B3PW91/aug-cc-VTZ-pp 249.1 100.9 

B3PW91/aug-cc-VQZ-pp 248.7 100.9 

MP2/aug-cc-VDZ-pp 251.3 99.0 

MP2/aug-cc-VTZ-pp 246.7 98.7 

MP2/aug-cc-VQZ-pp 244.4 98.1 

GED b 251(2) 98(3) 

a Distances in pm, angles in degrees. b Rogers and Spur. 31 

 

All theoretical methods demonstrate a decrease in the tellurium bromine bond length 

on increasing the size of basis set. The longest bond length is predicted using the 

B3LYP method and the shortest by MP2 theory. The GED results of Rogers and 

Spur31were obtained by the visual method, and so have large associated uncertainties. 

However, the B3LYP results appear to give the best agreement with experimental 

bond length and demonstrate the best convergence with respect to the size of basis 

set. All bromine-tellurium-bromine bond angles agree with the experimental results 

if rounded to the nearest degree. Earlier GED work by Grether43 on TeBr2 predicted a 

much larger bond angle of around 155°, but these theoretical results add evidence to 

support the structure with the narrow angle obtained by Rogers and Spur. 31 

Harmonic frequencies for TeBr2 calculated at the B3LYP/aug-cc-VQZ-pp level are 

shown in Table 7.2 
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Table 7.2 Harmonic theoretical vibrational frequencies for TeBr2 calculated at the 
B3LYP/aug-cc-VQZ-pp level a 

Mode νtheo. 

A1 bend 79 

B2 asymmetric stretch 246 

A1 symmetric stretch  251 

a Frequencies in cm-1. 

 

The potential-energy curves calculated for each of the three modes of vibration (the 

A1 bend, the B2 stretch and the A1 stretch) are shown in Figure 7.1 
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Figure 7.1 Plots of change in energy against vibrational mode parameter (ρ) for (a) A1 bend, (b) B2 stretch and (c) A1 stretch 
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Three-atom scattering intensities were calculated using the ITP approach of Miller 

and Bartell,15 which includes no vibrational damping terms. Figure 7.2 shows the 

standard two-atom scattering amplitude together with the ITP amplitude generated 

from the static geometry calculated at the B3LYP/aug-cc-VQZ-pp level. 

Figure 7.2 Molecular scattering intensities for tellurium dibromide. The black line 
represents two-atom scattering and the red line the three-atom scattering (IPT). 
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The amplitude of the three-atom scattering term is much smaller than that of the 

traditional two-atom term. However, it is clearly of different phase and so will 

influence refined parameters to some extent.  

Using the EXPRESS method the effect each separate mode of vibration has on the 

three-atom scattering amplitude was examined. This is shown in Figure 7.3 
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Figure 7.3 Three-atom scattering intensities for TeBr2. (A) Static scattering from the 
equilibrium geometry. (B) vibrationally averaged over the A1 bending mode. (C) 
vibrationally averaged over the B2 asymmetric stretching mode. (D) vibrationally 
averaged over the A1 symmetric stretching mode. 
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There is a marked difference between the effects of the bending mode and the 

stretching modes on the scattering amplitude. The A1 bending mode appears to cause 

an effect that yields scattering analogous to that seen in the damped two atom 

scattering term. However, the stretching modes also appear to have an effect which is 

more complex in nature. 

The fully vibrationally averaged three-atom scattering, averaged over the whole 

three-dimensional pseudo PES, is shown in Figure 7.4 together with the statically 

generated scattering. 
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Figure 7.4 Three-atom scattering amplitudes generated for TeBr2 from the static 
equation (black line) and with vibrational averaging (red line).  
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The importance of including the vibrational damping when including three-atom 

scattering in GED refinements is glaringly apparent, as above s = 10 nm-1 the 

difference between the static and vibrationally averaged amplitude is dramatic. 

In order to assess the effects of both the static and vibrationally averaged three-atom 

terms on the structural determination process a series of refinements was carried out. 

Theoretical data sets were constructed (at the geometry obtained from B3LYP/ aug-

cc-VQZ-pp) using (I) only the two-atom scattering term, (II) the two-atom and static 

three-atom terms, (III) the two-atom and vibrationally averaged three-atom terms, 

and (IV) the two-atom and vibrationally averaged three-atom terms minus the static 

three-atom term. Random noise was also added to all of the datasets. The purpose of 

calculating (IV) is to simulate the error induced by correcting for three-atom 

scattering through subtracting the static term which has been commonly employed in 

the past. These data sets were then refined using the traditional two-atom term. The 

radial distribution curve and molecular intensity curves from the refinements are 

shown for (I) in Figures 7.5 and 7.6, for (II) in Figures 7.7 and 7.8, for (III) in 

Figures 7.9 and 7.10, and for (IV) in Figures 7.11 and 7.12, respectively 
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Figure 7.5 Refined and difference (calculated data set (I) – theoretical two-atom 
scattering) radial-distribution curves, P(r)/r, for TeBr2. Before Fourier inversion the 
data were multiplied by s·exp(−0.00002s2)/(ZTe − ƒTe)(ZBr − ƒBr) 
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Figure 7.6 Molecular scattering intensities and difference curve (calculated data set 
(I) – theoretical two-atom scattering) for TeBr2. Solid line: calculated data set (I); 
dashed line: theoretical two-atom scattering; lower solid line: difference curve. 

50 100 150 200 250 300 350 400

 s / nm-1

s4I
mol

(s)

 



  

 236   

Figure 7.7 Refined and difference (calculated data set (II) – theoretical two-atom 
scattering) radial-distribution curves, P(r)/r, for TeBr2. Before Fourier inversion the 
data were multiplied by s·exp(−0.00002s2)/(ZTe − ƒTe)(ZBr − ƒBr) 
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Figure 7.8 Molecular scattering intensities and difference curve (calculated data set 
(II) – theoretical two-atom scattering) for TeBr2. Solid line: calculated data set (II); 
dashed line: theoretical two-atom scattering; lower solid line: difference curve. 
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Figure 7.9 Refined and difference (calculated data set (III) – theoretical two-atom 
scattering) radial-distribution curves, P(r)/r, for TeBr2. Before Fourier inversion the 
data were multiplied by s·exp(−0.00002s2)/(ZTe − ƒTe)(ZBr − ƒBr) 
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Figure 7.10 Molecular scattering intensities and difference curve (calculated data set 
(III) – theoretical two-atom scattering) for TeBr2. Solid line: calculated data set (III); 
dashed line: theoretical two-atom scattering; lower solid line: difference curve. 
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Figure 7.11 Refined and difference (calculated data set (IV) – theoretical two-atom 
scattering) radial-distribution curves, P(r)/r, for TeBr2. Before Fourier inversion the 
data were multiplied by s·exp(−0.00002s2)/(ZTe − ƒTe)(ZBr − ƒBr) 
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Figure 7.12 Molecular scattering intensities and difference curve (calculated data set 
(IV) – theoretical two-atom scattering) for TeBr2. Solid line: calculated data set (IV); 
dashed line: theoretical two-atom scattering; lower solid line: difference curve. 
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Table 7.3 Refined parameters for TeBr2
a  

 (I) (II)  (III)  (IV)  calc. b 

Independent parameters     

r(Te–Br) 251.10(2) 251.02(4) 251.03(4) 251.13(4) 251.10 

∠(Br−Te−Br) 101.18(9) 101.23(15) 101.20(22) 101.15(23) 101.20 

Amplitudes     

u1 (Te–Br) 5.66(2) 5.46(5) 5.57(5) 5.76(5) 5.64 

u2 (Br···Br) 16.6(2) 16.2(3) 16.5(4) 17.0(5) 16.5 

R-factor      

RG 0.028 0.059 0.054 0.068 — 

a Distances in pm, angles in degrees. Values in parentheses are standard deviations of 
the last digit. Scattering calculated using random noise and (I) two-atom scattering, 
(II) two- and three-atom scattering (static), (III) two- and three-atom scattering 
(vibrationally averaged), and (IV) two- and three-atom scattering (vibrationally 
averaged) minus three-atom scattering (static). b Parameters used to calculate 
scattering amplitudes. 

 

As expected, all of the parameters are successfully recovered, within the least-

squares estimated standard deviations (esds), from the refinement process using data 

set (I) with an R-factor of 0.028. The inclusion of static multiple scattering (data set 

II) introduces small errors in the refined parameters, 0.8 pm in the tellurium-bromine 

distance together with 0.2 pm and 0.3 pm for the tellurium bromine and 

bromine···bromine RMS amplitudes of vibration, respectively. For this refinement 

the R-factor increased to 0.059. The inclusion of vibrational averaging to the three-

atom scattering term (data set III) still introduces a similar error in the Te–Br 

distance, but does not effect the RMS amplitudes to the same degree as they are both 

successfully recovered within the obtained esds. These last two refinements 

demonstrate that, in the case of tellurium dibromide, neglect of three-atom scattering 

should have a relatively small effect on the refined parameters and that any effect 

will be reduced by the vibrational damping of the term by vibrational motion. 

Interestingly, however, the worst fit (given by the R-factor) to the generated data sets 

is obtained with data set (IV). This data set is analogous to ones obtained in GED 

refinements where the effects of multiple scattering have been accounted for using 
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the static three-atom scattering equation. Thus, certainly in this case, not accounting 

for three-atom scattering at all in the refinement process (data set III) gives a better 

fit than trying to take account of these multiple scattering events using a non-

vibrationally averaged term (data set IV). However, in contrast to the poorer fit, all of 

the parameters were successfully recovered within the obtained esds. 

7.3.2 Tellurium tetrabromide 

The tellurium tetrabromide molecule was used to see how sensitive particular 

molecular geometries are to the neglect of three-atom scattering effects. The 

difference between the axial and equatorial distances (∆r) was varied to give four 

theoretical test cases. Theoretical data sets were then generated, including 

vibrationally averaged three-atom scattering and then the structures were refined 

using just two atom scattering to see if the theoretical structure could be recovered 

from the refinement process. 

The geometry optimisation of tellurium tetrabromide performed at the B3LYP/ aug-

cc-VQZ-pp level yielded the following results: r(Te–Br)ax = 266.4 pm, r(Te–Br)eq = 

250.6 pm, ∠(Br−Te−Br)ax = 170.9°, and ∠(Br−Te−Br)eq = 100.4°. A representation 

of the structure is shown in Figure 7.13. 
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Figure 7.13 Structure of TeBr4 showing atom numbering. 

 

 

The harmonic frequencies calculated at the B3LYP/ aug-cc-VDZ-pp level are shown 

in Table 7.4 together with experimental values obtained by Adams and Lock.44 

Table 7.4 Harmonic theoretical vibrational frequencies for TeBr2calculated at the 
B3LYP/aug-cc-VQZ-pp level a 

Mode νtheo.. νexpt.
 b 

A1 axial bend 37  

B1 axial deformation 51 50 

A2 twist 75  

A1 equatorial bend 82  

B2 equatorial deformation 90  

A1 axial sym. stretch 166  

B2 axial asym. stretch 223 199 

B1 equatorial asym. stretch 232 222 

A1 equatorial sym. stretch  234 242 

a Frequencies in cm-1. Adams and Lock. 44 

 

The potential-energy curves were calculated for each of the nine modes of vibration 

of TeBr4. These are shown in Figure 7.14 
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Figure 7.14 Plots of change in energy against vibrational mode parameter (ρ) for (a) A1 axial bend, (b) B1 axial deformation, (c) A2 twist, 
(d) A1 equatorial bend, (e) B2 equatorial deformation, (f) A1 axial symmetric stretch, (g) B2 axial asymmetric stretch, (h) B1 equatorial 
asymmetric stretch, and (i) A1 equatorial symmetric stretch. 
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Vibrationally averaged three-atom scattering was calculated for TeBr4 using the 

geometry obtained from the calculation at the B3LYP/aug-cc-VQZ-pp level. The 

calculated difference between the axial and equatorial Te–Br bond lengths (∆r) was 

equal to 15.8 pm. The vibrationally averaged three-atom term was also calculated for 

three hypothetical molecules with ∆r = 10.0 pm, 5.0 pm and 2.0 pm. These structures 

were obtained by reducing the axial tellurium bromine distance by the desired 

amount. In each case a least-squares refinement was conducted, using a data set 

computed from a combination of traditional two-atom scattering and the 

vibrationally averaged three-atom term, together with a small amount of random 

noise. The structures were refined using just the two-atom scattering term to asses 

the error introduced by neglecting three-atom scattering in the structural 

determination process. 

A model was written to convert parameters into Cartesian coordinates using C2v 

symmetry for the TeBr4 molecule. Four independent parameters were utilised, the 

two tellurium–bromine bond lengths [r(Te–Br)ax and r(Te–Br)eq], defined using the 

average [r(Te–Br)av] and the difference [r(Te–Br)diff], and the two Br–Te–Br angles 

(axial and equatorial). 

Details of the refinement results from the four data sets are shown in Table 7.5. All 

of the parameters and amplitudes were allowed to refine. The radial distribution 

curve obtained from the refinement with ∆r = 10.0 pm is shown in Figure 7.15(a). 

The Fourier transform of the contribution from the vibrationally averaged three-atom 

scattering is shown in Figure 7.15(b). The difference curves for the refinements with 

∆r = 15.8 pm, 10.0 pm, 5 pm, and 2 pm are also shown, in Figures 7.15 (c)-(f), 

respectively. 
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Table 7.5 Refined parameters for TeBr4. 
a 

  ∆r = 15.8 pm ∆r = 10.0 pm ∆r = 5.0 pm ∆r = 2.0 pm 

 refined calc. b refined calc. b refined calc. b refined calc. b 

Independent parameters        

r(Te–Br)av 258.0(1) 258.50 255.0(1) 255.6 252.6(1) 253.1 251.0(1) 251.6 

r(Te–Br)diff 13.8(4) 15.80 10.0(3) 10.0 10.4(3) 5.0 10.4(2) 2.0 

∠(Br−Te−Br)ax 172.8(5) 170.9 171.7(3) 170.9 161.7(3) 170.9 159.8(3) 170.9 

∠(Br−Te−Br)eq 105.5(5) 100.4 105.0(3) 100.4 91.1(3) 100.4 91.1(2) 100.4 

Dependent parameters        

r(Te–Br)ax 264.90(2) 266.40 260.0(1) 260.6 257.8(1) 255.6 256.2(1) 252.6 

r(Te–Br)eq 251.0(3) 250.60 250.0(2) 250.6 247.4(1) 250.6 245.8(1) 250.6 

Amplitudes         

u1 (Te–Br)eq 10.5(4) 7.80 9.5(2) 7.8 10.3(2) 7.8 7.3(2) 7.8 

u2 (Te–Br)ax 8.2(2) 6.80 6.5(1) 6.8 5.2(1) 6.8 5.0(1) 6.8 

u3 (Br···Br)ax 11.5(4) 11.32 11.0(3) 11.3 11.0(3) 11.3 11.0(3) 11.3 

u4 (Br···Br)eq 15.2(10) 20.11 14.9(7) 20.1 14.8(6) 20.1 13.6(5) 20.1 

u5 (Br···Br)ax–eq 19.5(4) 23.18 19.6(3) 23.2 21.1(4) 23.2 21.0(3) 23.2 

R-factor         

RG 0.089  0.054  0.055  0.055  

a Distances in pm, angles in degrees. Values in parentheses are standard deviations of the last digit. b Parameters used to calculate scattering 
amplitudes. 
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Figure 7.15 (a) Radial distribution curve from refinement using data calculated with 
∆r = 10.0 pm, (b) Fourier transform of three-atom scattering contribution (∆r = 10.0 
pm), and difference curves from refinement using data with (c) ∆r = 15.8 pm, (d) ∆r 
= 10.0 pm, (e) ∆r = 5.0 pm, and (f) ∆r = 2.0 pm. 

 

 

The contribution from the Fourier transform of the three-atom scattering term shows 

a distinct asymmetric peak underneath the peak containing the tellurium bromine 

distances. This is consistent with the results obtained by Gundersen et al. for TeF6 

and would account for any asymmetry in split peaks (caused by a difference in phase 

shifts) if they were present. Despite the substantial three-atom component, 

refinements neglecting it still manage to fit the data well [(C)-(F)], particularly when 

∆r is small. The refinement results show very similar difference curves for the ∆r = 
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10.0 pm, 5 pm, and 2 pm cases, which is confirmed by the similarity in R-factors 

(Table 7.5). The ∆r = 15.8 pm case shows a worse fit to the two-atom theoretical 

scattering. 

The results for the structure with ∆r = 15.8 pm yields a refined average tellurium–

bromine distance 0.5 pm shorter than the value used to calculate the scattering data 

sets and the difference is 2 pm less. The angles obtained are about 2° and 5° too large 

for the axial and equatorial cases, respectively. Neglecting three-atom scattering in 

the analysis of data for this compound would therefore lead to substantial errors in 

the refined parameters. 

The ∆r = 10.0 pm case shows a similar contraction to the tellurium bromine average 

distance but the difference is recovered correctly. The angles show similar 

expansions to the ∆r = 15.8 pm case. However, the situation becomes much more 

concerning for smaller values of ∆r (5 pm and 2 pm). Again both of these 

refinements give the average tellurium–bromine distance approximately 0.5 pm too 

short but a large error is introduced in the parameter defining the difference between 

the axial and equatorial tellurium–bromine bond lengths. In order to fit the 

asymmetry in the Te–Br peak, introduced by the multiple scattering, the tellurium–

bromine difference has expanded, introducing errors of 5.4 pm and 8.4 pm for the ∆r 

= 5.0 pm and 2 pm structures, respectively. Both of the angles also demonstrate large 

deviations from the parameters used to generate the data sets, by around 10°. 

Disconcertingly, both of the ‘goodness of fit’ parameters (R-factors) and the uniform 

nature of the difference curves appear to give acceptable fits to the ‘experimental’ 

data. Therefore, extreme care must be taken when studying systems that are sensitive 

to the effects of multiple scattering if accurate geometrical information is to be 

obtained. 

The amplitudes of vibration obtained from the refinement process show relatively 

large deviations from those used to generate the data sets, differing by as much as 
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33% in the case of that for the non-bonded bromine-bromine equatorial distance in 

the ∆r = 2.0 pm refinement. The large deviations in these amplitudes show that these 

parameters are attempting to compensate for the poorer fitting of the geometrical 

parameters. In order to asses the extent of this effect the four refinements were 

repeated with the amplitudes fixed at their calculated values. The refinement results 

are shown in Table 7.6 and the radial distribution difference curves are shown in 

Figure 7.17. 
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Table 7.6 Refined parameters for TeBr4 with an Te–Br axial / equatorial difference (∆r) set to various values (fixed amplitudes). a 

  ∆r = 15.8 pm ∆r = 10.0 pm ∆r = 5.0 pm ∆r = 2.0 pm 

 refined calc. b refined calc. b refined calc. b refined calc. b 

Independent parameters        

r(Te–Br)av 257.5(1) 258.50 254.5(1) 255.6 251.8(1) 253.1 251.3(1) 251.6 

r(Te–Br)diff 15.2(2) 15.80 11.1(2) 10.0 8.75(3) 5.0 8.0(2) 2.0 

∠(Br−Te−Br)ax 169.5(10) 170.9 169.0(6) 170.9 168.2(6) 170.9 167.2(6) 170.9 

∠(Br−Te−Br)eq 99.6(14) 100.4 100.2(8) 100.4 101.1(8) 100.4 101.4(2) 100.4 

Dependent parameters        

r(Te–Br)ax 265.1(2) 266.4 260.1(1) 260.6 256.2(2) 255.6 254.3(2) 252.6 

r(Te–Br)eq 249.9(2) 250.6 249.0(1) 250.6 247.5(2) 250.6 246.3(2) 250.6 

R-factor         

RG 0.125  0.088  0.096  0.102  

a Distances in pm, angles in degrees. Values in parentheses are standard deviations of the last digit. b Parameters used to calculate scattering 
amplitudes. 
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Figure 7.17 (a) Radial distribution curves from refinements (with amplitudes not 
refining) using data sets calculated with ∆r = 10.0 pm, and difference curves from 
refinements using data with (b) ∆r = 15.8 pm, (c) ∆r = 10.0 pm, (d) ∆r = 5.0 pm, and 
(e) ∆r = 2.0 pm. 

 

 

As expected, the refinements with fixed amplitudes do not provide such impressive 

fits to the generated data sets, with much higher R-factors and substantial features in 

the difference curves. The average tellurium–bromine distances show larger 

deviations from their respective input values than those obtained from the 

refinements including the amplitudes. The deviations are 1 pm, 1.2 pm, 1.3 pm, and 

0.3 pm for the ∆r = 15.8 pm, 10.0 pm, 5.0 pm and 2.0 pm refinements, respectively. 

The tellurium–bromine difference parameters are recovered to a better degree than 

with the amplitudes refining but the error introduced by three-atom scattering 
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increases as ∆r decreases. The angles also show reduced errors with a maximum 

deviation of 3.7° (which is for ∠(Br−Te−Br)ax in the ∆r = 2 pm refinement) 

compared with over 10° when the amplitudes were refining. 

7.4 Conclusions 

Vibrational motion has a significant effect on multiple-scattering amplitudes. If this 

is not taken into consideration then corrections introduced to account for the effects 

of three-atom scattering will be overcompensating for the effect. In the case of 

TeBr2, correcting for multiple-scattering effects using the static approach actually 

produced a worse fit than not accounting for the effect at all. However, the results for 

TeBr2 did confirm previous claims by Pulay et al.45 that multiple scattering has little 

effect on structural parameters. The inclusion of vibrational damping (which reduces 

the amplitude of the multiple scattering) only serves to affirm these claims. 

These results are in marked contrast to those obtained for the various hypothetical 

structures of TeBr4. Even with reduced intensity, caused by the inclusion of 

vibrational damping, the multiple scattering still has dramatic effects on the refined 

structure. It has been demonstrated that, certainly in some cases, three-atom 

scattering can introduce significant errors, possibly many times the standard 

deviations obtained in the refinement, into the refined structural parameters if it is 

not accounted for in the refinement process. It is rather concerning that if the RMS 

amplitudes of vibration are allowed to refine they can compensate for fitting errors 

introduced by neglecting the effects of the multiple scattering, so that a reasonable fit 

can still be obtained to a traditional two-atom theoretical scattering. Thus, extreme 

care must be taken when studying systems with heavy atoms and sets of similar but 

different distances if three-atom terms are neglected.  
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Chapter Eight 

Final conclusions, recommendations, and future work 
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8.1 The EXPRESS method 

The equilibrium structure is the ‘holy grail’ to all structural chemists as it allows 

direct comparison of structural methods and provides an unambiguous description of 

what the structure actually represents. 

The development of the EXPRESS method (EXPeriments Resulting in Equilibrium 

StructureS) has allowed true equilibrium structures to be obtained from gas-phase 

electron diffraction (GED) experiments, by providing the most accurate vibrational 

corrections available to date. The key to the success of this method was exploring a 

more extensive region of the potential-energy surface (PES) than has been explored 

with previous methods, and allowing explicit distance corrections (ra – re) to be 

generated in single step, thus reducing errors. These vibrational correction terms 

include all the effects associated with anharmonicity and do not force molecular 

motion to follow a prescribed path (e.g. rectilinear or curvilinear). Thus the effects of 

large-amplitude motion can be modelled effectively. 

The initial systems studied, the alkali halides (Chapters 2 and 3), provided ideal test 

cases for the EXPRESS method as the dimer molecules in the gas phase were subject 

to large-amplitude low-frequency bending motions. This in conjunction with the high 

temperatures required for the GED experiment leads to the vibrational effects having 

a significant impact on the obtained structure. In addition, due to the limited coupling 

between the modes (as the six modes of vibration were of five different symmetry 

species) the vibrational motion was relatively straightforward to study. 

However, the more complicated systems studied in Chapter 5 provided challenging 

examples. The extent of coupling between two vibrational modes was assessed for 

two test cases using a multidimensional variant of the EXPRESS method. 

Chlorofluoroacetylene (which contained two large-amplitude bending modes) 

showed that any coupling effects had a limited impact on determined RMS 
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amplitudes of vibration and distance corrections. In contrast, 

chlorodifluoronitrosomethane demonstrated that coupling between modes caused 

dramatic differences to both RMS amplitudes of vibration and distance correction 

terms. However, due to convoluted nature of the vibrational modes in this complex 

case, a two dimensional approach is not sufficient. Future work in this area would 

involve a full 12-dimensional analysis of the vibrational problem. This system would 

also be well suited to study by the MD method (see Chapter 6).  

8.1.1 Radial-distribution-curve peak shapes 

One of the limitations encountered when computing distance corrections (ra – re) to 

account for the effects of vibrational motion for use in the GED refinement process is 

that the standard probability in the radial-distribution function assumes that the 

shapes of the peaks are Gaussian in nature, albeit skewed with an anharmonicity 

parameter. Some molecules, however, will be subjected to motions that will generate 

peak shapes that may be rather different. For instance, the bending motion of a 

triatomic molecule would yield a peak for the non-bonded distance that is only half 

of the standard Gaussian shape, due to the fact that the vibrational motion will never 

cause an increase (just a contraction) to the non-bonded distance (relative to its 

equilibrium distance) over its entire motion. However, the experimental peak would 

have a more traditional appearance, as other motions such as the bond-stretching 

vibrations would lead overall to a peak with more Gaussian character. Nevertheless, 

we should expect that in certain cases the vibrational motion will lead to a 

probability distribution that is distinctly non-Gaussian. Fitting the experimental data 

with traditional Gaussian probability functions would, in such cases, yield significant 

errors in the obtained structures.    

The standard EXPRESS method allows for the extraction of more information than 

has been demonstrated until now. As the potential-energy function is determined 

explicitly for each mode of vibration, information regarding the probability 

distribution of the atomic positions is readily available. Thus, in principle, it should 
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be possible to combine these modular distributions to give an overall probability 

distribution for each distance in the molecule. This could replace the traditional 

skewed Gaussian employed in a traditional GED refinement process giving a more 

accurate description. 

8.1.2 Quantum EXPRESS  

One of the major limitations of the EXPRESS method is that it relies on classical 

probabilities (see Equation 2.7) to determine the amplitudes of vibration (u) and 

distance corrections (ra – re). This assumption is valid for all of the systems that have 

been studied so far by the EXPRESS method, as their low-frequency vibrational 

modes and high temperatures dictate that that a quantum approach is unnecessary 

(see Equation 6.3). The types of molecular vibrations that are poorly modelled by 

traditional methods (rh0, rh1 and ra3,1) tend to be large-amplitude and low-frequency 

in nature, and so classical modelling is generally acceptable. However, it is 

conceivable that some molecular motions, which are not adequately described using 

traditional methods, would require a more rigorous treatment using the EXPRESS 

method, but would also need to be treated quantum mechanically.  

Certainly, in the one-dimension case, quantum effects could be included into the 

EXPRESS method. The method would proceed as before (see Chapter 2.3.2), but 

once the 1-D potential-energy function had been obtained for each vibrational mode, 

the Schrödinger equation could be solved using an approach such as the Runge-Kutta 

method1 to obtain the energy levels and associated wavefunctions. These could then 

be populated in accordance with the temperature of the experiment and the quantum-

mechanical expectation values obtained. The only obvious stumbling block would be 

the definition of the reduced mass. This is trivial for atoms which follow traditional 

rectilinear motions, but would be more complex when the atoms are no longer 

moving in straight lines.    
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8.1.3 Nomenclature  

It is of vital importance that published molecular structures describe exactly what the 

geometrical information relates to, so that the reader is able to compare structural 

information like for like. This is only possible if a standardised notation is religiously 

implemented. The ra, rh0, rh1, and re notations have been used accurately throughout 

this work and an extension to this scheme has been proposed to include cases where 

cubic anharmonic corrections are employed (ra3,1). Unfortunately, this is not so 

strictly adhered to in all GED publications. Many different experimental and 

theoretical distances are measured in structural chemistry but the nature of the 

reported structures is often not made explicit.  

The SHRINK program and calculated harmonic force fields to determine amplitudes 

of vibration (uh1) and distance corrections (kh1) are now widely used, and it is 

becoming increasingly common to include cubic anharmonicity (ka3,1). It is expected 

that the standardised notation proposed through this work will become more widely 

employed. At the 2005 European Electron Diffraction Symposium Dr. Derek Wann 

recommended the strict use of the rh0 / rh1 nomenclature. This message was reiterated 

at the 2007 symposium, together with the extension of this notation to include the use 

of cubic anharmonicity. These recommendations were well received by the audience. 

8.2 Equilibrium structures of four-atom alkali halide clusters 

The structures of alkali halides in the gas phase have long provided fertile ground for 

the study of the subtle differences between theory and experiment. The need for 

extremely high temperatures and the high degree of correlation between geometrical 

parameters make the structure determination from GED problematic, while their 

highly ionic nature makes the ab initio calculation of their structures equally 

challenging. A wide variety of theoretical methods, and basis sets, was employed in 

an attempt to reproduce experimental results with the desired accuracy. It was 

discovered that electron correlation was important outside the standard valence 
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region (the outer electron shell) and that large core-valence basis sets2-4 were 

required to obtain acceptable results. 

Experimental equilibrium structures were obtained from GED and MW data, using a 

combination of the EXPRESS,5 SARACEN6-8 and STRADIVARIUS9 methods, for 

the monomers and dimers (symmetric four-atom clusters) of sodium fluoride, sodium 

chloride, sodium bromide and sodium iodide. The experimental structures gave good 

agreement with the high-level ab initio calculations. In addition, it was demonstrated 

that if cubic anharmonicity was included in the traditional vibrational correction 

terms (ra3,1), through computing the third derivatives with respect to energy, 

comparable accuracy could be obtained. Future work in this area may involve 

reanalysing all the remaining GED data of the alkali halides to obtain ideally re 

structures (using the EXPRESS method), or failing that, ra3,1 structures (using the 

SHRINK program), as the large-amplitude and highly anharmonic vibrational 

motions dramatically influence the refined structure. Additionally, for the systems 

containing heavy atomic species and perhaps even sodium iodide, multiple scattering 

effects may have to be taken into account. 

Reflecting on the work conducted when calculating the monomer and dimer 

molecules, equivalent procedures and calculations were employed to produce equally 

accurate ab initio structures for other four-atom alkali halide clusters, which 

contained three or four different atomic species. This study has provided the 

groundwork for further structural investigation using microwave techniques. As a 

consequence of this work a MW study of 6LiKF2 has been conducted by Mawhorter 

et al.10 and future candidates have been identified as 6Li2FCl and 6LiKF2.  

8.3 Vibrational corrections from molecular dynamics 
simulations 

The EXPRESS method is most applicable to the accurate study of small molecules, 

as each mode of vibration must be studied in turn. For larger systems this process 
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would be too cumbersome and choosing parameters to define each mode of vibration 

would be increasingly complex. To obtain accurate vibrational correction terms for 

molecules containing many atoms, a new method employing molecular dynamics 

calculations was developed. This was applied with some success to 

octahydridosilsesquioxane. However, to simulate the majority of the modes of 

vibration in this system successfully a quantum mechanical treatment is required. 

Although the ab initio simulation calculated the forces quantum mechanically the 

system was still evolved in a classical manner. The amplitudes of vibration and 

distance corrections were therefore calculated to be too small, as quantum 

mechanically the probability distribution can spread into regions that are classically 

forbidden. Despite this obvious restriction the results obtained demonstrated that 

although the amplitudes were underestimated, especially for pairs containing light 

atoms, the distance corrections gave reasonably good agreement with the those 

obtained by ra3,1 method.  

Due to the small number of degrees of freedom in the sodium chloride dimer system, 

it was necessary to run a large number of NVE simulations rather than a single NVT 

simulation, as standard thermostatting procedures could not be used. Due to 

computational costs this was conducted using potentials, developed by Madden et al. 

for use in the solid phase, as opposed to calculating the forces ab initio. Despite this 

seemingly crude approach the results were encouraging. However, by developing 

more sophisticated potentials this author is confident that the quality of the results 

could be improved upon. 

As with the EXPRESS method, information regarding the peak shapes is also 

contained in these MD simulations and so could be extracted and used in the GED 

refinement process. 



  

 263   

8.3.1 Including quantum effects 

The majority of large systems that one would wish to study using the MD method 

would include some high-frequency modes that would require quantum mechanical 

treatment at the temperatures routinely used for GED experiments. However, 

traditionally, MD simulations have no way to include these quantum mechanical 

effects. One possible solution would involve the use of path integrals. Here each 

atom would be modelled by a series of ‘beads’. This can simulate the quantum 

effects, as although some beads would be constrained to classically allowed areas 

others would be forced outside this region. Path integral MD, while developed over 

10 years ago, remains in its infancy and is extremely computationally demanding. 

Much of the work in this field has been conducted by Marx.11-13 It would be 

interesting to apply these methods to simulate vibrational motion. Utilising current 

computational resources full ab initio path integral simulations are probably out of 

reach. However, as computational power of supercomputers continues to grow, in 

accordance with Moore’s law,14 this may not be the case in the near future. However, 

performing path integrals using MM-MD could be conducted at an acceptable 

computational cost. As the hybrid-COMPASS force field produced results of 

comparable accuracy to those from the ab initio simulation for silsesquioxane, 

research simulating vibrational motion in this way may prove fruitful. 

8.3.2 Monte Carlo 

All of the initial work simulating the vibrational motion of larger systems has centred 

on using an MD approach. However, Monte Carlo simulations may provide an 

alternative route to the same end. These simulations may be able to provide more 

accurate vibrational corrections, as their very nature ensures ergodicity which is 

often difficult to achieve with short ab initio MD simulations.  
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8.4 The effects of multiple scattering in GED 

The EXPRESS method has also enabled multiple-scattering theory to include the 

effects of vibrational motion. The investigation (detailed in Chapter 7) demonstrated 

that vibrational damping is important, as otherwise the effects of multiple scattering 

will be overcompensated for.  

Ignoring the effects of multiple scattering was also shown to have devastating effects 

on the structural refinement of TeBr4, if the scattering intensities were simply refined 

using traditional two-atom scattering theory. The geometric parameters were 

dramatically altered, while acceptable fits were still obtained. This gives a stark 

warning to electron diffractionists that extreme care must be taken when studying 

systems such as this. 

Although the EXPRESS method provided a route to obtaining a fully vibrationally 

averaged multiple-scattering amplitude, it is not practical for routine use. The 

integration over the nine-dimensional pseudo-PES, for TeBr4, took over 15 hours on 

our PQS system. Therefore, this is impractical for everyday use. Moreover, the 

situation would become much worse for larger systems. However, with detailed 

study of the effects of vibrational motion in a variety of systems, an expression using 

derived empirical parameters could be developed that would allow the effects of 

vibrational motion on multiple scattering to be approximated effectively.   
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A novel method has been developed to allow the accurate determination of equilibrium gas-phase structures
from experimental data, thus allowing direct comparison with theory. This new method is illustrated through
the example of sodium chloride vapor at 943 K. Using this approach the equilibrium structures of the monomer
(NaCl) and the dimer (Na2Cl2), together with the fraction of vapor existing as dimer, have been determined
by gas-phase electron diffraction supplemented with data from microwave spectroscopy and ab initio
calculations. Root-mean-square amplitudes of vibration (u) and distance corrections (ra - re) have been
calculated explicitly from the ab initio potential-energy surfaces corresponding to the vibrational modes of
the monomer and dimer. Theseu and (ra - re) values essentially include all of the effects associated with
large-amplitude modes of vibration and anharmonicity; using them we have been able to relate thera distances
from a gas-phase electron diffraction experiment directly to there distances from ab initio calculations.
Vibrational amplitudes and distance corrections are compared with those obtained by previous methods using
both purely harmonic force fields and those including cubic anharmonic contributions, and the differences
are discussed. The gas-phase equilibrium structural parameters arere(Na-Cl)monomer) 236.0794(4) pm;re-
(Na-Cl)dimer ) 253.4(9) pm; and∠eClNaCl ) 102.7(11)°. These results are found to be in good agreement
with high-level ab initio calculations and are substantially more precise than those obtained in previous structural
studies.

Introduction

Knowledge of molecular structure is of vital importance to
the understanding of chemical properties. Experimental and
theoretical methods can independently provide significant
insights into structure, but much more can be gained when the
two are used together. Techniques, developed in Edinburgh, that
allow this, such as SARACEN1-3 and DYNAMITE,4 have
enabled accurate structural determinations that could not be
carried out using experimental data alone.

Computational methods are now widely employed, often by
non-experts, in all areas of chemistry, to give data for
comparison with experimental results. However, where high
accuracy is required, there is a fundamental flaw when making
these comparisons: the definitions of structures obtained
experimentally and by theory are inherently different.

To determine molecular structures accurately it is essential
to define precisely the meanings of the geometrical parameters
that are obtained. For example, X-ray diffraction (XRD) gives
the position of the center of electron density for each atom,
whereas neutron diffraction, electron diffraction, rotational
spectroscopy, and NMR spectroscopy all give nuclear positions.
Additionally, molecular vibrations can cause substantial differ-
ences between internuclear distances determined by different
methods. In contrast, computational methods provide informa-
tion about the multidimensional potential-energy surface (PES),

with structures corresponding to minima on that surface. These
are termed equilibrium structures (re) and correspond to the
molecular geometry in theoretical vibrationless states.

For comparison with most computed structures, gas-phase
structures are of particular value, as it is only in the gas phase
that molecules are free from intermolecular forces that may
distort their structures. The structures of these isolated molecules
can then be compared directly with theory, assuming that
vibrational motion can be accounted for. With the increased
use of computational techniques in all areas of chemistry,
computed structures play a vital role both in supplementing,
and for comparison with, experimental data. At present, with
materials and biological chemistry at the forefront of science,
it is important to note that the parametrization of force fields
used in molecular mechanics modeling programs is largely
derived from experimental gas-phase structures. Gas-phase
experimental structures that can be related directly to theory
are therefore of vital importance to the further development of
computational chemistry.

Microwave spectroscopy can provide very accurate geo-
metrical and vibrational information and therefore yields very
precise equilibrium structures using techniques such as the
MORBID method.5,6 However, the applicability of microwave
spectroscopy is normally restricted to molecules with a perma-
nent dipole moment, and often many isotopomers must be
studied. Although other experimental techniques can give
rotational constants, they are often substantially less precise.
To obtain equilibrium structures for a much wider range of
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molecules, gas-phase electron diffraction (GED) is the technique
of choice. However, this increase in the number of systems that
can be studied comes at a price: GED does not provide the
same accurate vibrational information that can be extracted from
microwave spectroscopy, making the determination of equilib-
rium structures much more difficult. Traditional methods involve
using a harmonic force field derived from either theory or
experiment to provide corrections for vibrational motion, which
are then applied to the experimental structure. Unfortunately,
these corrections can sometimes introduce errors larger than
those they are designed to correct, because the effects of both
anharmonicity and large-amplitude vibrations are not normally
included.

There are three fundamental problems associated with
calculating vibrational correction terms using the current ap-
proach: (1) extrapolation of information that relates solely to
the bottom of the potential-energy well, which is especially
relevant for systems involving large-amplitude modes of vibra-
tion; (2) nonlinear motion of atoms; and (3) effects arising from
anharmonicity.

A more realistic description of the nonlinear motions of atoms
can be obtained by using curvilinear corrections,7,8 as opposed
to the traditional rectilinear modeling of atomic motion.9,10

Although an improvement, this approach remains reliant on a
harmonic force field computed at the equilibrium geometry and
will inaccurately describe large-amplitude modes and modes
involving unusual motions such as restricted torsions.

Problems associated with anharmonic effects can be tackled
by the computation of anharmonic force fields,11 which include
higher-order terms than those in harmonic force fields, to give
a better description of the shape of the PES in the vicinity of
the equilibrium structure. Software that can include some form
of cubic anharmonicity in vibrational correction terms has been
developed.12 However, methods giving a full anharmonic
treatment are still far from routine. In addition, these methods
continue to rely on the extrapolation of information determined
from the equilibrium position and thus remain inadequate for
large-amplitude modes of vibration.

Our novel approach, EXPeriments Resulting in Equilibrium
StructureS (EXPRESS) accounts for all three of these problems
simultaneously, by exploring a much more extensive region of
the PES, specifically along internal coordinates relating to the
vibrational modes of the molecule. This allows the single-step
computation of vibrational corrections relating the vibrationally
averaged GED distances (ra) to equilibrium distances (re); the
result is an equilibrium structure determined directly from
experimental data. The alkali halide dimers, present in the vapor
phase, provide excellent test cases for this procedure: they are
simple, floppy molecules that contain low-frequency modes of
vibration that are both anharmonic and of large amplitude.

Sodium Chloride. Sodium chloride was chosen as the test
case for the EXPRESS method. The vapor contains both
monomer and dimer species at the temperatures required for
electron diffraction. The use of very high temperatures (ap-
proximately 1000 K) results in vibrational corrections being
relatively large and thus very important for accurate structure
determination. The dimer has low-frequency modes of vibration,
and so high vibrational states are highly populated at these
temperatures. In particular, it has a low-frequency, large-
amplitude bending vibration that is inadequately modeled by
current methods. Furthermore, it is particularly convenient that
the six modes of vibration are of five different symmetry species;
this limits the degree of coupling between the different

vibrational modes, so it is straightforward to see the effects of
our method of analysis.

Sodium chloride is the classic example of ionic bonding, and
accurate structures can provide a critical test for various models,
resulting in better understanding of this type of bonding.
Moreover, the dimer is the first step from monomers to larger
clusters. Ionic models13 have often been used to study these
transitional structures. Examples of more recent work in this
area include an electron-diffraction study of specific CsI
clusters,14 work on the dynamic isomerization of small cesium
halide cluster anions,15 and the observation and manipulation
of NaCl chains on a copper surface.16

The determination of the structure of sodium chloride vapor
by GED dates back as far as 1937,17 when it was studied by
heating salt to around 1000 K. As a consequence of the visual
analysis methods in use at the time, only the predominant and
expected monomer species was detected. It was not until the
1950s that the existence of associated species such as dimers
(Na2Cl2) were discovered using mass spectrometry.18 Microwave
spectroscopy has provided detailed information on the structure
of the monomer,19-21 but the lack of a permanent dipole moment
makes this impossible for the dimer.

Experimental difficulties made accurate study of the dimer
very demanding, and so it was not until 1985 that its structure
could be determined by electron diffraction.22 Nevertheless, this
study was hindered by the fact that almost all of the parameters
are strongly correlated. The monomer and dimer bonded
distances are similar and cannot easily be resolved, because of
the large amplitude of the stretching vibrations at high temper-
ature. The proportion of dimer present in the vapor is also
strongly correlated to these distance parameters. Since the first
publication of the results of this study, there has been much
progress in the treatment of vibrational effects in electron
diffraction. Although current techniques provide a significant
improvement on previous methods, the floppy nature of the
dimer illustrates the limitations of these methods in capturing
the vibrational behavior correctly and thus to derive the
equilibrium structure. These problems result from the high
degree of anharmonicity in the vibrational modes as well as
from the large-amplitude mode of vibration combined with the
significant population of higher vibrational states. By using our
much-improved vibrational correction terms, introducing highly
accurate data obtained by microwave spectroscopy to restrain
the monomer distance using the STRADIVARIUS method23 and
applying flexible restraints to amplitudes that prove problematic
to refine using the SARACEN method,1-3 the problems of
previous studies have been overcome.

Theory

Definition of Vibrational Correction Terms. The diffraction
equations governing electron scattering relate the scattering
intensities to interatomic distances. Consequently, the distance
obtained directly from electron diffraction (ra) is defined by eq
1, where the averaging is over all vibrational modes.

Traditionally, the approach by which we can relate these
averaged structures (ra), obtained from electron diffraction, to
equilibrium structures (re), calculated from theoretical methods,
proceeds as follows. First, the inverted averaged inverse
distance,ra, can be related to the thermally averaged distance,
rg, by eq 2,

ra ) 〈r-1〉-1 (1)
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where theu term is the root-mean-square (RMS) amplitude of
vibration for the atom pair. This correction is relatively small
and so the fact thatre is used in the correction term is not
significant, and in practicera is often used in its place.

The distance between average nuclear positions in the ground
vibration state whenT ) 0 K (rR

0) can be derived fromrg by
accounting for motion of the atoms perpendicular to the
interatomic vector, which can cause apparent shortening or
lengthening of interatomic distances. These motions generally
contribute to the overall shortening of nonbonded distances,
which is known in electron diffraction as the “shrinkage
effect”.24-26 This is achieved by the subtraction of a further
correction term,k, and also an anharmonic term,AT - A0, which
is difficult to evaluate.

Typically thek term is generated in the harmonic approximation,
and the anharmonic term is usually small and is often ignored.
Distances derived this way are labeledrhn, where h implies a
harmonic correction andn indicates the level of the correction
term, that is, 0 indicates a zeroth-order correction, 1 indicates
a first-order correction, and so forth. It is important to note at
this point that the parameterrR

0 has a fundamental, precisely
defined physical meaning (the distance between average nuclear
positions whenT ) 0 K) and that experimental distances quoted
asrR

0 are usually approximations to it, and in most cases are in
fact rh0 distances. It is also important to note thatrR

0 is
equivalent torz obtained from rotational constants; they are just
obtained by different methods.

The remaining difference betweenrR
0 and re depends on a

further anharmonic term, as shown in eq 4.

The anharmonic terms in the above equations are difficult to
evaluate accurately, but to assess their magnitude pairs of atoms
are often treated as diatomic molecules using a Morse potential.
In this case, the cubic anharmonic term (A3,T) is given by eq 5,
where a3 is the Morse anharmonic constant andu is the
amplitude of vibration. Approximate values forAT andA0 are
thus obtained from the amplitude of vibration at the temperature
of the experiment (uT) and at 0 K (u0), respectively.

In all cases distortion of the structure resulting from rotation
must also be taken into account. This can be accounted for by
subtraction of a further correction term arising from the
centrifugal distortion (δr), which is usually relatively small.

The required distance correction terms mentioned above are
routinely calculated from a harmonic force field hence, and
anharmonic effects are neglected. This may be obtained from
experimental vibrational frequencies and other data, computed
ab initio, or based on force constants from similar molecules.
In these cases thek correction term proves the most cumbersome
to compute. At the zeroth level of approximation (giving arh0

structure), it is assumed that the atomic motions are described
by rectilinear paths, that is, atomic displacements from equi-
librium are in straight lines. This is described by Wilson et al.27

and is implemented in the program ASYM.9,10 Treating mo-
lecular vibrations using rectilinear motions assumes implicitly
that the motion simply follows the original displacements
calculated at equilibrium, no matter how great the amplitude
of vibration. This is a convenient way to model very small-
amplitude modes of vibration, but a moment’s consideration of
the bending motion of a linear triatomic molecule serves to
illustrate that this approach can be seriously inaccurate. The
next level of approximation (rh1), as realized in the SHRINK
program,7,8 provides a better (curvilinear) description of mo-
lecular motion, but many large-amplitude vibrations are still
not described accurately. As a result, thek correction terms can
often be very inaccurate and can sometimes introduce errors
larger than those that they are trying to correct! Furthermore,
anharmonic effects are not included in either of these approaches
because the correction terms are generated using harmonic force
fields. However, SHRINK can provide an estimate of cubic
anharmonic effects from either tabulated constants for the two
atoms or, more accurately, using third derivatives of the energy.

Method and Experiment

Theoretical Calculations. Extensive series of calculations
were performed on both the monomer and the dimer to assess
the effect of computational method and basis set on the structural
parameters and to provide the most accurate equilibrium
structure possible for comparison with experimental results. The
vast majority of calculations were performed on a 12-processor
Parallel Quantum Solutions (PQS) workstation running the
Gaussian 03 suite of programs.28 Møller-Plesset (MP2)29-34

and coupled cluster [CCSD(T)]35-41 calculations with basis sets
larger than tripleú were performed using the resources of the
EPSRC National Service for Computational Chemistry Soft-
ware42 on a cluster of 22 dual Opteron compute servers. Each
Opteron compute machine has two 2.4 GHz Opteron 250 CPUs
and 8 GB of memory. These are connected with a high-speed,
low-latency Myrinet network. For all of the calculations the
convergence criteria were tightened to 1.236 pN, 0.741 pN,
3.175 fm, and 2.117 fm for the maximum force, RMS force,
maximum displacement, and RMS displacement, respectively.
This was to ensure consistency between the energies of
equilibrium structures and those calculated using the modes of
vibration.

Calculation of Vibrational Correction Terms. For the
purposes of this study, thez-axis was defined to be through the
center of the dimer, perpendicular to the plane of the molecule,
and thex-axis through the two metal atoms (as shown in Figure
1). This allows the symmetry species of the modes of vibration
to remain consistent for all the alkali halides, allowing for any

rg ≡ 〈r〉 ) ra + u2

re
(2)

rR
0 ) rg - k - (AT - A0) (3)

re ) rR
0 - A0 (4)

A3 )
3a3u(T)2

2
(5)

Figure 1. Structure of the Na2Cl2 dimer.
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future comparisons. The monomer species (NaCl) has one mode
of vibration of A1 symmetry and the dimer (Na2Cl2) has six
modes of vibration, of five different symmetry species, 2Ag +
B1g + B1u + B2u + B3u. The natures of the vibrational modes
for the dimer are illustrated in Figure 2. The RMS amplitudes
of vibration (u) and explicit distance corrections (ra - re) were
calculated using the EXPRESS method as detailed below.

A harmonic force field computed at the MP2(full)/6-311+G-
(d)43-46 level, including electron correlation for all electrons,
was used to generate atomic displacements in the first ap-
proximation. Although a low-level force field could be used,
as it is simply required to provide a rough description of the
modes, a higher-level force field was used in this case. This
enabled distance corrections calculated from it (using traditional
methods) to be compared with those obtained by our EXPRESS
method.

An internal coordinate (F) was then chosen to represent each
mode of vibration. These are listed in Table 1. Values of the
chosen internal coordinate were then selected to represent the
range of vibration, with energies ranging up to at least 5 kT.

More values were taken around the equilibrium position as these
have a higher probability of occupation.

For each mode, the structure was then re-optimized at the
MP2(full)/6-311+G(d) level with the one selected geometrical
parameter (F) fixed at the values chosen in the previous step,
while allowing all the other parameters to relax. Energies and
atomic coordinates were recorded for each optimization. In this
way we produced one-dimensional (1D) slices through the
multidimensional PES, corresponding to the minimum potential-
energy path for each particular vibrational mode.

For each 1D PES slice, the calculated energy was fitted using
an appropriate function of the internal coordinate (a Morse
potential, or a harmonic, or higher-order polynomial as required).
The variation of the interatomic distances (ij ), Na-Cl, Na‚‚‚
Na, and Cl‚‚‚Cl, corresponding to the 1D PES slice, were then
also fitted to similar analytical expressions.

Contributions from each of then modes (m) to termsuij, (ra

- re)ij, (ra - rg)ij, and so forth, were then calculated by
integration, using the Boltzmann distribution to give populations
over the occupied energy range at the temperature of the
experiment, in accord with eqs 6 and 7,

where

Contributions from the individual modes were then combined
to give the overall vibrational correction terms, using the scheme
given in eqs 8 and 9.

The experimental data utilized in this study were obtained at
943 K, which corresponds to a thermal energy of 7.84 kJ mol-1.

For this system only one internal coordinate was chosen to
represent each mode of vibration (i.e., we explored only a 1D
potential-energy curve). For more complex systems with
multiple, coupled large-amplitude or very anharmonic vibra-
tional modes, it may be necessary to perform the analysis on
multidimensional PESs.

The modeling parameter (internal coordinate) was chosen to
be independent of all the other vibrational coordinates. To model
each of the modes accurately, all of the remaining parameters
were relaxed, thus producing the minimum 1D PES slice
corresponding to the vibrational motion on the multidimensional
PES. The parameters chosen to represent each of the vibrational
modes are shown in Table 1. For the monomer and for the
symmetric stretch of the dimer, the chosen parameter (F) was
simply the bonded distance and was contracted and expanded
as in the scheme previously defined. To aid the modeling of
the other vibrational modes of the dimer, two dummy atoms

Figure 2. Vibrational modes of the Na2Cl2 dimer. Stretching modes
(a) Ag, (b) B1g, (c) B2u, and (d) B3u; bending modes (e) Ag and (f) B1u.

TABLE 1: Parameters Used To Model Vibrational Modesa

mode fixed parameter

internal
coordinate

(F)

Monomer
A1 stretch stretch r r (Na-Cl)

Dimer
Ag stretch symmetric stretch r1 ()r2 ) r3 ) r4) r(Na-Cl)
B1g stretch asymmetric stretchr1 ()r3) - r2 ()r4) r[X(1)-X(2)]
B2u stretch asymmetric stretchr1 ()r4) - r3 ()r2) r[X(1)-X(2)]
B3u stretch asymmetric stretchr1 ()r2) - r4 ()r3) r[X(1)-X(2)]
Ag bend in-plane bend θ1 ()θ3) - θ2 ()θ4) ∠(Na-Cl-Na)
B1u bend out-of-plane bend 4-membered ring

pucker
r[X(1)-X(2)]

a For the definitions of the parameters see Figure 1.

uij
m ) (∫(rij - re,ij)

2P(r) δr

∫P(r) δr )1/2

(6)

(ra - re)ij
m) (∫rij

-1P(r) δr

∫P(r) δr )-1

- re,ij (7)

P(r) ) exp(-E
kT)

uij ) (∑
m)1

n

(uij
m)2)1/2 (8)

(ra - re)ij ) ∑
m)1

n

(ra - re)ij
m (9)
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[X(1) and X(2)] were defined, originating midway between Na-
(1)‚‚‚Na(3) and Cl(2)‚‚‚Cl(4), respectively, as shown in Figure
1. For the B1g symmetric stretch, the atoms Na(1) and Cl(2)
were attached to dummy atom X(1), and Na(3) and Cl(4) were
attached to dummy atom X(2). The distance between the two
dummy atoms was then varied along the linex ) -y, as shown
in Figure 3a. Thus the individual bond lengths and angles could
be optimized but the difference betweenr1 and r2 (equivalent
to r3 and r4) remained fixed.

A similar principle was applied to all the other modes. The
model for the B2u asymmetric stretch was implemented by
attaching Na(1), Cl(2), and Na(3) to X(1) and Cl(4) to X(2).
The distance between the two dummy atoms was then varied
along they-axis. For the B3u mode, Na(1), Cl(2), and Cl(4) were
attached to X(1) and Na(3) was attached to X(2), with the
distance between the two dummy atoms being varied along the
x-axis. The in-plane Ag bending motion was modeled by fixing
the Na(1)-Cl(2)-Na(3) and Na(3)-Cl(4)-Na(1) angles while
letting the bonded distance be refined. Finally, the out-of-plane
B1u bending motion involved attaching the two chlorine atoms
to X(1) and the two sodium atoms to X(2) and then varying
the X(1)-X(2) distance in thez direction, as shown in Figure
3b. This is a similar scheme to the one utilized by Laane to
model a four-membered ring pucker.47

Gas-Phase Electron Diffraction (GED).The data used for
this study are those obtained by Mawhorter et al.22 The sample
of sodium chloride used was commercially available and of
99.97% purity. An accelerating voltage of approximately 41.5
keV was used, and the precise electron wavelength was
determined by using the standardra(C-O) value for CO2 of
116.42 pm. Scattering intensities were determined by counting
electrons at each angle for 300 s. These were then averaged in
intervals of 2 nm-1 from s ) 40 to 178 nm-1.

The weighting points for the off-diagonal weight matrix,
correlation parameters, and scale factors for the data are given
in Table S1 (Supporting Information). Further data reduction

and the least-squares refinements were then carried out using
theed@edstructural refinement program48 using the scattering
factors of Ross et al.49

Results and Discussion

Theoretical Calculations: Equilibrium Geometry. There
are many examples of ab initio and density functional theory
(DFT) studies of sodium chloride in the literature.50-54 It seems
that there is great difficulty in reproducing the highly accurate
experimental equilibrium structure for the monomer obtained
by microwave spectroscopy. One of the main problems involves
the electron-correlation method. As a result of unfavorable
scaling of electron-correlation schemes, it is usually the case
that electrons are partitioned into inner-shell core electrons and
“chemically relevant” valence electrons. Unfortunately, the
electronic configuration of sodium (1s22s22p63s1) dictates that
standard electron-correlation schemes (using a frozen-core
methodology) would only include correlation for the single 3s
electron. This approach is clearly inappropriate, especially in a
highly ionic system such as sodium chloride.

An extensive range of calculations was performed at various
levels of theory and with different basis sets to gauge their effect
on the structures of the monomer and dimer species. Thus, we
were able to determine a method and basis set that could be
used to model the vibrational modes while keeping the
computational cost at a reasonable level. High-level theory
calculations were also performed to try to obtain the best
possible description of the monomer and dimer for comparison
with experimental results. Table 2 gives results from various
calculations of the equilibrium structure (re) of both the
monomer and the dimer together with prominent results from
the literature.

The results using the 6-311+G(d) basis set show a shortening
of the Na-Cl distance for both the monomer and the dimer
(by approximately 1.6 and 3.4 pm, respectively) on the addition
of the standard frozen-core electron correlation. Increasing the
sophistication of the correlation from MP2 to the CCSD(T) has
little effect on the geometries. However, increasing the correla-
tion to include core electrons has a marked effect on the
distances, leading to a further decrease of 0.6 pm for the
monomer and 0.9 pm for the dimer. Again, the sophistication
of the correlation method has little effect. The Cl-Na-Cl angle
in the dimer remains reasonably consistent throughout all levels
of theory, with a slight decrease of around 0.5° when only
valence correlation is included.

The results using the 6-311+G(d) basis set show that
inclusion of the core electrons in the correlation scheme has a
much larger impact on the structures of both the monomer and
the dimer than the sophistication of the scheme itself. As long
as some form of electron correlation is included, the difference
between the monomer and the dimer is reasonably consistent.

For the monomer, using the highest level of theory [CCSD-
(T)] and the 6-311+G(d) basis set, the results still give a
discrepancy of 1.6 pm between theory and experiment for the
monomer. This suggests that the basis set is not accurately
describing the bonding.

Calculations on alkali halide-rare gas clusters by Lee and
Lee55 showed the importance of core correlation but also
indicated that it was necessary to include polarization functions
with higher angular momentum, using the 6-311+G(3df) basis
set. In the case of sodium chloride, this had no effect on the
monomer distance but increased the dimer distance by 0.6 pm
and increased the angle by a degree. The Dunning style
correlation-consistent polarized basis sets (cc-pVnZ) give very

Figure 3. Scheme for modeling vibrational modes: (a) B1g stretch
and (b) B1u bend.
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erratic results. Further calculations show that these basis sets
behave well when only valence correlation is included but very
unpredictably if core correlation is added. This is attributed to
the fact that these basis sets are not designed for core correlation
as they are of minimal quality in the inner-shell region.56 Using
the correlation-consistent polarized core-valencen-tupleú (cc-
pCVnZ) basis sets for Cl57,58 and the recently developed
equivalent for sodium59 at quadruple-ú level, the monomer
distance is further shortened by 0.8 pm, bringing it to within
0.7 pm of the experimental value.

Consistent trends are also seen in calculation results obtained
from the literature. With the addition of electron correlation the
dimer bonded distance decreases by around 3 pm, although this
does not effect the Cl-Na-Cl angle significantly. For the DFT
calculations, the shortening of the dimer Na-Cl distance is even
more pronounced (by over 6 pm with respect to the non-
correlated ab initio value) and a slightly larger Cl-Na-Cl angle
is observed.

The Na-Cl distance in the monomer shows a similar trend
to that in the dimer, with the addition of electron correlation
shortening the bond by around 2-3 pm. The DFT calculations
again show a much shorter distance, by around 6 pm.

The difference between the dimer and the monomer Na-Cl
distances is reasonably consistent throughout all the calculations
(excluding the anomalous results using the cc-pVQZ). Uncor-
related methods give values that vary from 17.4 to 18.3 pm
and the introduction of correlation decreases this to a range of
15.3 to 16.6 pm.

Because of the large computational cost associated with the
CCSD(T) method and the large core-valence basis sets, the
MP2(full)/6-311+G(d) method was used throughout the rest of
the study.

Theoretical Calculations: Vibrational Correction Terms.
Harmonic force fields were computed at the equilibrium
geometries for both the monomer and the dimer species at the
MP2(full)/6-311+G(d) level to compute the zeroth- and first-
order vibrational corrections, for comparison with the EXPRESS
method values. The frequencies of the six vibrational modes
for the dimer species calculated from this harmonic force field
are listed in Table 3 along with the computed value for the
monomer. Experimental values are also tabulated.19,60 All of
the calculated stretching frequencies are somewhat high, for
exmaple, 1.6% for the monomer and 8-9% for the B2u and

B3u dimer modes. The larger discrepancy for the dimer could,
in part, result from the effect of the argon matrix used in the
experiment.

The potential-energy curve for the B1u mode of vibration of
the dimer is shown in Figure 4 together with plots showing the
variation of interatomic distances. The equivalent plots for the
other dimer modes and the monomer A1 stretch are shown in
Figures S4-S9 (Supporting Information). From Figure 4b we
can see that the sodium-chlorine bonded distance increases as
the molecule bends. This shows that there is substantial coupling
between the B1u bending mode and the Ag stretching mode,
which is not possible in a traditional curvilinear approach. The
coupling of these two vibrational modes, of different symmetry
species, is possible because as the molecule bends (B1u) the
symmetry drops toC2V and thus both the bending and stretching
mode are then of the same symmetry. The interplay of these
normal modes in describing this large-amplitude bending motion
illustrates how this method has moved beyond the limitations
of infinitesimal rectilinear displacements, while still using the
basic forms of the normal modes to define the regions of the
PES that need to be explored for the EXPRESS method.

For the asymmetric stretching modes (B1g, B2u, and B3u), the
potential-energy functions themselves can contain only even
terms. (The vibrations are identical either side of equilibrium.)
However, the functions relating the potential to the distances
do not have this same constraint and this method has also
enabled the anharmonicity in these vibrations to be correctly
captured. This proved to have an important influence on the
final structure.

TABLE 2: Calculated Geometries (re) for Both Monomer and Dimer at Different Levels of Theorya

theory/basis set re(Na-Cl)monomer re(Na-Cl)dimer ∠e(Cl-Na-Cl) re(Na-Cl)difference

RHF/6-311+G(d) 239.8 257.3 101.0 17.5
MP2/6-311+G(d)b 238.2 253.9 100.5 15.7
CCSD(T)/6-311+G(d)b 238.3 253.9 100.7 15.7
MP2(full)/6-311+G(d)c 237.6 253.0 100.9 15.4
CCSD(T)(full)/6-311+G(d)c 237.7 253.0 101.1 15.3
MP2(full)/6-311+G(3df)c 237.6 253.6 101.8 16.0
MP2(full)/cc-pVTZc 237.4 254.3 103.0 16.9
MP2(full)/cc-pVQZc 238.6 246.3 132.3 7.7
MP2(full)/aug-cc-pVQZc 229.0 244.8 118.3 15.8
MP2(full)/CVQZ/cc-pCVQZc 236.8 253.3 101.8 16.6
RHF/TZPd 238.9 257.1 101.6 18.2
RHF/ECPe 239.7 258.0 100.8 18.3
RHF/POLf 240.0 257.4 100.8 17.4
CPF/TZPd 236.1 252.8 101.8 16.7
MP2/POLf 238.4 253.8 100.2 15.4
DFT/DZPg 233.0 248.0 102.0 15.0
DFT/TZPh 233.8 250.0 102.8 16.2
expt. (MW) 236.1i n/a n/a n/a

a Distances in pm, angles in deg.b Standard electron correlation on valence electrons only.c All electrons were included in the electron correlation
scheme.d Weis et al.53 e Wetzel et al.54 f Dickey et al.50 g Malliavin and Coudray.51 h Modisette et al.52 i Derived fromBe rotation constants.20

TABLE 3: Harmonic Theoretical and Experimental
Vibrational Frequencies for the Sodium Chloride Monomer
and Dimer Calculated at the MP2(full)/6-311+G(d) Levela

mode νtheo. νexpt.

Monomer
A1 stretch 370.5 364.6b

Dimer
Ag stretch 279
B1g stretch 253
B2u stretch 298 274c

B3u stretch 244 226c

Ag bend 132
B1u bend 96 108/115c

a Frequencies in cm-1. b Brumer and Karplus.19 c Martin and
Schaber.60
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These potential functions and distance variations were then
used to calculate the RMS amplitude of vibration (um) and
distance correction terms [(ra - re)m] using the method described
earlier. The explicitly calculated RMS amplitudes of vibration
(um) for each mode of the monomer and dimer, together with
the corresponding distance corrections [(ra - re)m], are listed
in Table 4. Also shown are the overall RMS amplitudes of
vibration (u) and distance corrections (ra - re) for each distance,
calculated as described above, and the centrifugal distortion
terms (δr) calculated using SHRINK.7,8

Comparison of the overall amplitudes of vibration and
distance corrections obtained by this method and the equivalent
values from previous approaches are shown in Table 5. Our
method includes a more complete description of the vibrational
motion and implicitly takes into account anharmonicity, to any
order.

To define accurately the explicit type of structure that has
been obtained from an GED experiment, a systematic nomen-
clature is required. This will then allow precise comparisons
with other experimental and theoretical methods. We propose
an extension to the commonly used scheme, which will allow
the definition of the level of the force field used (n). This can
be h when a harmonic force is used, a3 when third derivatives
of energy (giving cubic anharmonicity terms) are used, a4 using
fourth derivatives, and so forth. The level of the force field term
(n) should also be augmented with a t if tabulated constants
have been used to assess the anharmonicity. As in the present
nomenclature, the level of theory (m) used in calculating the
correction terms is given by 0 for zeroth-order rectilinear
corrections, 1 for first-order curvilinear corrections, and so forth.
The structure is thus defined using the notationrn,m. Examples
are included in Table 5.

Figure 4. Plots of changes in (a) energy, (b)r(Na-Cl) bonded distance, (c)r(Na‚‚‚Na) nonbonded distance, and (d)r(Cl‚‚‚Cl) nonbonded distance
against change in vibrational mode parameter (F) for the B1u bending motion.

TABLE 4: RMS Amplitudes of Vibration ( u) and Distance Corrections (ra - re) for NaCl and Na2Cl2 Computed Using the
EXPRESS Method at 943 K, Centrifugal Distortion Corrections (δr), and Overall ra - re Correctionsa

distance A1 stretch Ag stretch B1g stretch B2u stretch B3u stretch Ag bend B1u bend totalb δrc overall (ra - re) + δr

Monomer
Na-Cl u 11.36 11.36

ra - re 1.79 1.79 0.98 2.77

Dimer
Na-Cl u 7.32 8.96 7.92 7.94 0.36 0.54 16.12

ra - re 0.79 1.06 0.85 0.86 0.19 0.29 4.04 0.59 4.63
Na‚‚‚Na u 9.25 0.04 3.96 0.43 22.25 2.32 24.53

ra - re 1.10 1.88 2.26 -0.24 -0.95 -0.40 2.65 1.01 3.66
Cl‚‚‚Cl u 11.34 4.06 1.24 4.23 18.41 4.02 22.79

ra - re 1.15 2.30 0.70 2.44 -1.79 -2.43 2.36 0.71 3.07

a All values are in pm.b For amplitudes see eq 8; forra - re see eq 9.c Calculated from MP2(full)/6-311+G(d) force field using SHRINK.7,8
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Our RMS amplitudes of vibration are similar to those obtained
using other approaches. Anharmonic amplitudes of vibration
are typically a few percent larger22 so our slightly larger value
for the monomer can be mainly attributed to anharmonic effects
that are not taken into account in any of the other approaches.
Even though the distance correction terms in the a3t,1 and a3,1
methods include a correction for cubic anharmonic effects, the
amplitudes of vibration are still calculated in the harmonic
approximation. For the dimer bonded distance, the difference
is twice that of the monomer and presumably results from a
combination of higher-order modeling of atomic motion as well
as anharmonic effects. Cubic anharmonicity should play almost
no role in the amplitude of vibration for the nonbonded distances
and indeed their differences are much smaller.

Our distance correction (ra - re) for the monomer is in good
agreement with that obtained from SHRINK using the third
derivatives of the energy (ra3,1). The Morse oscillator is a very
good approximation for a vibrating diatomic and cubic anhar-
monicity will be the major contributing factor, so such close
agreement between the two approaches is encouraging. For
comparison, the approach using averaged constants (ra3t,1)
yielded a Morse anharmonicity (a3) of 11.6 nm-1, compared
with the spectroscopic value of 13.0 nm-1. This is a better value
than the typical choice of 20.0 nm-1 for a bonded distance,61

which in this case would result in an anomalously large distance
correction (≈50%) for the well-characterized monomer.

Our distance corrections (ra - re) for the dimer are markedly
different from those obtained using therh0 andrh1 approaches
because of the large effects of anharmonicity. The harmonic
force-field and rectilinear corrections (h,0) used by the ASYM
approach give a large positive correction for the bonded distance
and a correction of a smaller but negative magnitude for the
two nonbonded distances. These correction terms will be largely
inaccurate as they dramatically over-correct the bonded distance
while under-correcting the nonbonded distances. Increasing the
level of sophistication to first-order, curvilinear corrections (h,1)
by using the SHRINK program gives a better description of
the vibrational motion. This shifts the weight from the bonded
to the nonbonded terms, although by neglecting anharmonicity
the correction terms for the two nonbonded distances (Na‚‚‚Na
and Cl‚‚‚Cl) become even more negative, and thus the correction
terms become worse. It is essential to include anharmonicity,
as seen by the large improvement that is gained simply through
the use of tabulated cubic anharmonic constants (a3t,1). This

has the effect of making all of the correction terms positive
and the magnitude of the bonded correction a factor of 3-5
larger than those for the nonbonded distances. The correction
terms are further improved upon by including more accurate
cubic anharmonic effects using constants calculated from the
third derivatives of the energy. This has the effect of increasing
the magnitudes of all of the correction terms. The correction
terms calculated by the EXPRESS method (re) further improve
the situation as they take into account anharmonic effects to a
higher order and explore a much more extensive region of the
PES. However, it is encouraging that the best values obtainable
using corrections calculated from conventional force fields (ra

- ra3,1) are in reasonable agreement with our distance corrections
(ra - re).

The differences between the three approaches to modeling
atomic motion can be best illustrated by considering the B1u

out-of-plane bending vibration of the dimer. As this mode has
a zero cubic anharmonic component62 (because all of the
interatomic distances must be identical either side of the
equilibrium position), we can compare the values obtained from
the EXPRESS method to those obtained from therh0 and rh1

approaches. These are shown in Table 6.
The zeroth-order approach assumes that the Cl‚‚‚Cl and

Na‚‚‚Na distances do not change so the Na-Cl bond lengthens
by a large amount during the motion, leading to an unrealistically
large distance correction for the bonded distance (1.7 pm). The
first-order approach effectively fixes the Na-Cl distance, with
atoms moving along curved paths. Although this is a better
approximation, it overcompensates for the Na‚‚‚Na nonbonded
correction and assumes that the Na-Cl distance does not change
(which is not the case). Therefore, neither approach adequately
describes the atomic motions in this large-amplitude mode of
vibration. Our approach, which involves sampling the PES over
an extended region instead of just at the origin, gives values
that generally lie between those given by the other two
approaches, as expected.

Gas-Phase Structural Refinements.In the refinement of the
sodium chloride monomer and dimer structures, we have
attempted to make use of all available experimental data. The
GED data provide information on both structures. In addition,
very precise information about the equilibrium monomer bond
length is available in the form of rotation constants (Be), obtained
from microwave spectroscopy for both23Na35Cl and 23Na37-
Cl,20 details of which are listed in Table 7. The apparent
experimental estimated standard deviation (esd) associated with
each of the rotational constants was not large enough to account
for the discrepancies between the determinedre structures for
the two isotopomers. This may indicate the breakdown of the
traditional Born-Oppenheimer PES, but this phenomenon is
not of concern at the level of accuracy obtained by GED.
Therefore, the esd for these measurements was increased beyond

TABLE 5: RMS Amplitudes of Vibration and Distance
Corrections for NaCl and Na2Cl2 at 943 Ka

distance
ASYM
(rh0)b

SHRINK
(rh1)c

SHRINK
(ra3t,1)d

SHRINK
(ra3,1)e

EXPRESS
(re)

Monomer
Na-Cl u 10.95 10.95 10.95 10.95 11.36

ra - rn
f 0.47 0.47 2.56 2.78 2.77

Dimer
Na-Cl u 15.02 15.03 15.03 15.03 16.12

ra - rn
f 2.09 0.20 2.98 4.77 4.63

Na‚‚‚Na u 24.89 24.97 24.97 24.97 24.53
ra - rn

f -0.59 -2.88 0.88 3.75 3.66
Cl‚‚‚Cl U 22.13 22.21 22.21 22.21 22.79

ra - rn
f -0.47 -2.43 0.62 2.89 3.07

a All values are in pm.b Obtained from a harmonic force field at
MP2(full)/6-311+G(d) level using first-order distance corrections and
centrifugal distortion term (δr). c As in footnoteb but using first-order
distance corrections.d As in footnote c but also including cubic
anharmonic effects generated from averaged tabulated values.e As in
footnotec but including cubic anharmonic effects generated using third
derivatives of the energy.f Correction term fromra to level of theory
used.

TABLE 6: Comparison of RMS Amplitudes of Vibration
and Perpendicular Motion Correction Terms Due to the
Na2Cl2 Dimer B1u Out-of-Plane Bending Modea

ASYM (rh0) SHRINK (rh1) EXPRESS (re)

Na-Cl u 0.00 0.00 0.54
ra - rn

b 1.71 0.00 0.29
Na‚‚‚Na u 0.00 1.87 2.32

ra - rn
b 0.00 -2.66 -0.40

Cl‚‚‚Cl u 0.00 1.55 4.02
ra - rn

b 0.00 -2.20 -2.43

a All values in pm.b Contribution to overall correction term fromra

to level of theory used, for this mode.
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the quoted experimental value to allow there structure to be
geometrically consistent.

The rotational constants were introduced as extra information
in the form of flexible restraints, calculated using physical
constants and atomic masses available from the National
Institute of Standards and Technology.63 This is possible in the
ed@edstructural refinement program as it allows non-GED data
to be employed as additional data during the least-squares
refinement process. Restraints derived from theoretical data can
also be applied using the SARACEN method1-3 and these were
used to restrain some vibrational amplitudes or their ratios to
calculated values.

Four independent parameters (Table 8) were used to describe
the structure and composition of the sodium chloride vapor.
Parameterp1 describes the bond length,r(Na-Cl), for the
monomer,p2 is the dimer bond lengthr(Na-Cl), p3 is ∠(Cl-
Na-Cl), andp4 is the proportion of NaCl units existing as dimer
in the vapor (Fd), as defined in eq 10. Previous studies22 have
defined the fractional amount of dimer in terms of a mole
fraction, but it is more appropriate to use our approach, as it is
the total number of monomer units that remains constant.

wheremm andmd are the relative numbers of moles of monomer
and dimer, respectively.

Together with the four independent parameters, the RMS
amplitudes of vibration were refined. As the bonded distances
for the monomer and dimer cannot be resolved in the electron-
diffraction experiment, the ratio of the amplitudes of vibration
was restrained using values calculated from the EXPRESS
method. Any other amplitudes that could not be refined sensibly
were subject to a SARACEN restraint, with the uncertainty taken
to be 10% of the computed value. Starting values for the refining
geometrical parameters were taken from an ab initio calculation
using the MP2 method, applying the correlation to all electrons,
using the cc-pCVQZ basis for chlorine and CVQZ for sodium.

The starting values for the RMS amplitudes of vibration (u)
and distance corrections (k) were calculated using the EXPRESS
method, as described above.

The refinement parameters, their final refined values, and all
flexible restraints are shown in Table 8. The refined amplitudes
and associatedra distances are listed in Table 9.

The proportion of vapor existing as dimer (p4) was fixed at
various values and the refinement process repeated. The
variation ofRG with the proportion of dimer is shown in Figure
5 along with the 95% confidence limit (≈2σ) calculated using
Hamilton’s tables.64 This leads to a final value for the proportion
of dimer of 0.27(4) with anRG factor of 0.091. The final
molecular intensity curve is depicted in Figure 6 and final radial
distribution curve in Figure 7.

TABLE 7: Be Constantsa

Be re
b

Be used in GED
refinement

23Na35Cl 6537.36521(37) 2.36079485(7) 6537.3652(30)
23Na37Cl 6397.28111(78) 2.36079378(14) 6397.2811(30)

a Rotation constants in MHz, distances in pm.b Derived fromBe

rotation constants.20

TABLE 8: Refined re Vapor Structures and Composition
for NaCl Vapor at 943 Ka

re (exptl) re (theory)b restraint

Independent Parameters
p1 r(Na-Cl)monomer 236.0794(4) 236.8
p2 r(Na-Cl)dimer 253.4(9) 253.3
p3 ∠ClNaCl 102.7(11) 101.8
p4 Fdimer 0.27(2)

Dependent Parameters
d1 r(Na‚‚‚Na) 316.5(43) 319.6
d2 r(Cl‚‚‚Cl) 395.7(32) 393.2
d3 ∆r(Na-Cl) c 17.3(9) 16.6
d4 Be

23Na35Cl 6537.3688(19) 6537.3652(30)
d5 Be

23Na37Cl 6397.2788(19) 6397.2811(30)

a Distances in pm, angles in deg, and rotational constants in MHz.
Numbers in parenthesis are estimate standard deviations.b Theoretical
results from MP2 calculations using all-electron correlation and CVQZ
for sodium and cc-pCVQZ basis set for chlorine.c Change in bonded
distance on moving from the monomer to dimer.

Fd )
2md

mm + 2md
(10)

TABLE 9: Refined RMS Amplitudes of Vibration ( u),
Associatedra Distances, and Corresponding Values
Calculated from Theorya

ra u(exptl) u(calcd)

restraint/
constraint

u1 r(Na-Cl)monomer
b 238.8494(5) 10.6(3) 11.4

u2 r(Na-Cl)dimer
b 256.6(9) 16.2(4) 16.1

u3 r(Na‚‚‚Na) 316.5(44) 24.6(21) 24.5 24.5(25)
u4 r(Cl‚‚‚Cl) 398.1(30) 20.1(14) 22.8 22.8(23)

a Distances in pm.b u1/u2 restrained to the calculated ratio of
0.703(50).

Figure 5. Variation of R factor with amount of Na2Cl2 dimer at 943
K. The dashed line marks the 95% confidence limit.

Figure 6. Experimental and difference (experimental-theoretical)
radial-distribution curves,P(r)/r, for sodium chloride vapor at 943 K.
Before Fourier inversion the data were multiplied bys exp(-
0.000 02s2)/(ZCl - ×c4Cl)(ZNa - ×c4Na).
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The fit between experimental and theoretical scattering, as
determined by theRG factor, is reasonably good, considering
the noise due to the high temperature of the experiment,
especially aboves) 100 nm-1, and is a significant improvement
over the original fit.22 The radial-distribution difference curve
has a much more uniform distribution than those obtained in
previous studies,22,65suggesting that the residual is noise rather
than indicating a problem with any structural parameter.

Allowances for multiple-scattering effects66 have not been
included in this study. Multiple scattering is an important
consideration for molecules containing heavy atoms, especially
when a triplet forms an angle close to 90°.67,68 In the present
case, although the angles are not far from 90°, preliminary work
we have conducted has shown that the effect of this is negligible.
However, multiple-scattering effects will have a more significant
effect for heavier alkali halide dimers, and we are developing
methods to deal with them. Sensitive mass-spectrometric studies
on other alkali halides have shown the presence of larger
oligomers (such as trimers and tetramers), but their vapor
pressures are several orders of magnitude smaller than that of
the dimer.69,70 More recently a mass-spectrometric study of
vaporization fluxes from alkali halide single crystals detected
no presence of trimer for sodium chloride.71

Table 10 compares the results of our refinement using the
EXPRESS method with the original analysis by Mawhorter et
al.,22 as well as a study by Frischknecht and Mawhorter62

combining an ASYM analysis (rh0) with retrospective cubic
anharmonic corrections, obtained from a Morse oscillator model,
to bonded distances. Results from a refinement that we have
performed using amplitudes (u) and distance corrections (ra -
ra3,1) generated using SHRINK and anharmonic constants from
the third derivatives of the energy are also tabulated, together
with theoretical results obtained using the MP2(full)/CVQZ/
cc-pCVQZ method, for comparison.

The EXPRESS method (re structure) reduces the standard
deviations for all the refined parameters when compared to both

the previous study by Mawhorter et al.22 and Frischknecht and
Mawhorter62 and the refinement using the best corrections
generated from SHRINK (ra3,1). The improved accuracy of the
refined structure using the EXPRESS method (compared to the
one obtained using SHRINK’s vibrational correction terms) is
a consequence of the improved description of the vibrations.
The larger improvement when compared to previous studies can
be attributed to the improved vibrational corrections, as well
as the use of the microwave data for the monomer and the
flexible restraints of the SARACEN method, which conse-
quently provided the ability to refine all parameters and RMS
amplitudes of vibration simultaneously. The improvement in
the refinement is also highlighted by the absence of any
systematic (non-noise) errors in the radial distribution curve
(Figure 7).

When compared to our highest level ab initio calculation
[MP2(full)//CVQZ/cc-pCVQZ] the monomer and dimer bonded
distances are both calculated to be too long (the monomer by
0.7 pm, the dimer by 0.2 pm). While experiment and theory do
agree for the dimer (within experimental error), a better
comparison is the change in bonded distance going from the
monomer to the dimer,∆r(Na-Cl). At this level of theory the
difference is 16.6 pm, which is within one standard deviation
of our experimentally determined value of 17.3(9) pm. This
calculated difference should be more accurate than absolute
values as systematic errors in the calculations of both the
monomer and the dimer will tend to cancel. Frischknecht and
Mawhorter’s value of 15.5 is reasonable because of the inclusion
of anharmonicity and the near equivalence of the linear normal
mode and curvilinear displacements for this particular geom-
etry.62 Although the best SHRINK calculation also gives good
agreement for the dimer structure, the combination of the
improved distance corrections and the use of anharmonic RMS
amplitudes of vibration (u) from the EXPRESS method give
improved accuracy of the determined parameters, an improved
fit and a better agreement between theory and experiment for
the more accurately calculated change in bonded distance,
∆r(Na-Cl) (one esd for our method compared with two esd’s
for the a3,1 analysis).

Conclusion

Equilibrium structures have been obtained from GED experi-
ments. This has been achieved by generating explicit distance
corrections that directly relate GED structures to there structures
from ab initio calculations as well as other experiments. These
are generated from the analysis of those parts of the ab initio
PES that correspond to the modes of vibration of the molecule.
These correction terms therefore include all of the effects of
anharmonicity to a high order and more accurately describe
atomic motion, especially in modes with large-amplitude modes
of vibration.

This technique has been successfully applied to the GED
structural refinement of sodium chloride vapor at 943 K, to give

Figure 7. Molecular scattering intensities and difference curve for
sodium chloride vapor at 943 K. Solid line, experimental data; dashed
line, theoretical data; lower solid line, difference curve.

TABLE 10: Comparison of Experimental Results from Different Methods of Analysisa

parameter ref 22 (ra) ref 62 (rh0 + A3)b SHRINK (ra3,1) EXPRESS (re) theoryc (re)

r(Na-Cl)monomer 238.8(4)d 235.9(4)d 236.0794(4) 236.0794(4) 236.8
r(Na-Cl)dimer 258.4(17)d 251.4(20)d 254.2(9) 253.4(9) 253.6
∠(ClNaCl) 101.4(12)d 101.7(14)d 102.5(12) 102.7(11) 101.8
∆r(Na-Cl) 19.6 15.5 18.1(9) 17.3(9) 16.6
Fdimer 0.28(6)d,e 0.24(2)d 0.27(2)d

RG 0.112 0.093 0.091

a Distances in pm, angles in deg.b rh0 approach with anharmonic corrections to bonded distances.c Calculated using MP2(full) and using the
CVQZ basis set for sodium and cc-pCVQZ for chlorine.d Uncertainties converted to 1σ. e Converted from quoted mole fraction to proportion of
NaCl units existing as dimer (see eq 10).
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accurate determinations of the experimental equilibrium struc-
tures of both the monomer and dimer, and of the amount of
vapor existing as dimer. The structures obtained make use of
all the available information (GED, MW, and ab initio calcula-
tions) and the calculated vibrational correction terms provide
small but nevertheless important perturbations to the structure
obtained purely by experimental means. Nevertheless, the final
structure is still derived primarily from experimental data. These
results for the dimer and the monomer-dimer expansion now
give very good agreement with high-level ab initio theory, within
experimental error.

Of key importance to the accuracy of this study was the
inclusion of anharmonic effects. By using the best corrections
obtainable from the program SHRINK, which includes an
assessment of cubic anharmonic effects from the third deriva-
tives of the energy (ra3,1), comparable accuracy can be obtained
for this simple system, where the EXPRESS method has been
limited to exploring 1D slices of the PES that correspond to
the normal modes of vibration. The EXPRESS method also has
the capability to explore more complicated systems with multiple
coupled large-amplitude and/or highly anharmonic modes, for
which more extensive regions of multidimensional surfaces may
need to be explored. We plan to apply the method to increasingly
complex structural problems of this nature.
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