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Abstract 
Gas electron diffraction (GED) is a technique that has been developed to study the 

molecular structure of species in the gas phase. This thesis focuses on the 

reconstruction of the Canterbury GED apparatus (moved from Edinburgh, UK) and 

the requirements for modifying the apparatus to incorporate a mass spectrometer 

(MS) so diffraction and MS data can be obtained within a single experiment.  

 

The combined GED-MS system has been identified in previous work in the Masters 

group as a necessary development for studying the structure of short-lived species 

generated in situ. This is particularly true for the study of ketene, which as shown in 

this thesis, can be generated from several precursors as part of a multiple product 

pyrolysis system. While GED data for ketene generated from acetic anhydride has 

been refined, the species formed from the pyrolysis of Meldrum’s acid were 

determined to be too difficult to deconvolute without additional experimental data 

from MS. A computational study of possible ketene derivatives that could be studied 

with a GED-MS apparatus is also presented. 

 

Lastly, this thesis details a structural study of the gas-phase structures of 

tris(chloromethyl)amine and a family of substituted disilane systems which have 

been determined in the gas phase for the first time. A comprehensive GED, Raman 

spectroscopy and ab initio study have been undertaken for tris(chloromethyl)amine 

[N(CH2Cl)3] which is shown to have a different structure in the solid and gas phase. 

Further work in the form of a molecular dynamics investigation has been identified 

as necessary to describe the low amplitude motion of one of the CH2Cl groups in the 

gas phase to allow for the GED refinement to be completed. The work on the 

substituted disilane systems X3SiSiXMe2 (X = F, Cl, Br, I) and X3SiSiMe3 (X = H, 

F, Cl, Br) demonstrates the effect of increased halogen substitution on the electronic 

effects of the disilanes, and the effect that the methyl groups have as larger halogens 

increase the steric bulk of the system.   
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CHAPTER 1 
 

Introduction 
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1.1 Thesis outline 
This work is focussed around determining the molecular structure of gas-phase 

molecules by gas electron diffraction (GED), particularly for short-lived species. Part 

of the work undertaken for this thesis involved the reconstruction and modification 

of the Canterbury GED apparatus, where GED is the main technique that is used in 

this thesis to determine gas-phase molecular structure.  

 

Understanding molecular structure is important for predicting and determining 

properties and this is especially true for intermediate species in a reaction, which are 

often short-lived. A recent focus on the generation and study of short-lived species in 

situ by GED has highlighted the need for mass spectrometry (MS) data to be 

collected simultaneously in an experiment.1 A combined GED-MS apparatus can 

determine the composition of the analysed gas vapour and the relative amounts of 

each species, allowing this additional information to be used in a GED refinement. 

This is particularly important for unstable, reactive molecules (which may not be 

isolated after a GED experiment and analysed elsewhere) as additional experimental 

information may be necessary to fully determine their molecular structure.  

 
This thesis presents several different sections of work. Following the details 

regarding the setup and modifications made to the Canterbury GED apparatus, the 

initial planning towards a GED-MS design is presented. Structural studies of ketene, 

an example of a short-lived species, from a variety of precursors is also given. As 

part of the structural study of ketene, reference has been made to the need for a 

GED-MS apparatus to fully refine the GED data of ketene when generated from 

Meldrum’s acid. Lastly, two additional structural studies are also presented. 

Tris(chloromethyl)amine, N(CH2Cl)3, is shown to adopt different conformations 

between the gas and solid phases. The other study is on two complementary disilane 

systems, X3SiSiXMe2 (X = F, Cl, Br, I) and X3SiSiMe3 (X = H, F, Cl, Br), with a 

structural investigation of the effect of a series of halogen substituents, and their 

proximity to the methyl groups, on the overall molecular structure.  
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1.2 General introduction  
The structure and function relationships that exist in molecules are a key aspect of 

chemistry. The exact atom connectivity and geometry of molecules can be used to 

predict and determine chemical and physical properties. These properties can, in 

turn, be used to design new molecules for specific applications such as synthesising 

medicinal compounds. Understanding molecule behaviour allows for further 

advances in chemistry, as more is understood about chemical reactions and 

properties. An example of this are anti-cancer drugs such as cis-platin,2 where 

understanding how the molecule enters cells through the membrane and the mode of 

binding to DNA are important parts of rationalising their anti-cancer behaviour. 

Through this understanding, trends can be identified for similar molecules with 

different substituents. In many cases this results in a cheaper alternative being 

developed or one that works better for a specific application such as a treatment of a 

particular type of cancer.3 

 

Molecules can exist in the gas, solution or solid phase. Chemical reactions typically 

take place in the solution or liquid phase. Ideally the structure would be studied in 

this state as the effect of intermolecular interactions, such as hydrogen bonding and 

dipole interactions, on the structure will be considered. However, techniques used to 

determine the molecular structure of liquid-phase molecules, including liquid-crystal 

nuclear magnetic resonance (LCNMR) and extended X-ray absorption fine structure 

(EXAFS), are limited for routine structure determination.4 A closer comparison to 

molecular structure in the liquid state can be gained by studying structure in the gas 

phase rather than in the solid state. Molecules in the gas phase are free of constraints 

that would exist in the solid state, such as intramolecular interactions and packing 

forces that can distort the structure. These constraints are present in the liquid phase, 

but generally to a lesser extent than in the solid phase, where the relative potential 

energy of the molecules is much higher than the kinetic energy, resulting in the 

molecules being closely packed. 

 

There are two techniques that experimental chemists can use to determine the 

structure of gas-phase molecules: rotational spectroscopy and gas electron diffraction 

(GED). Rotational spectroscopy involves determining the moments of inertia from 



! 4!

measured rotation constants to obtain structural information. In GED, combinations 

of atoms within the molecules scatter an electron beam. From the interference pattern 

of the scattered electrons the internuclear distances, and hence the overall three-

dimensional structure, can be deduced. Both of these techniques have limitations. 

Rotational spectroscopy can be applied only to small molecules since only three 

rotational constants at most can be measured for a single isotopic species of a 

particular compound. Beyond this, stable isotopic molecules have to be considered, 

which is a problem for molecules incorporating fluorine or phosphorus due to the 

stability of these isotopes.5 In this PhD research small and large molecules (greater 

than 10 atoms) will be considered; however, where applicable information obtained 

from other experiments will be utilised for completeness.  
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1.3 Gas Electron diffraction 

1.3.1 Historical background 
GED works on the principles of wave-particle duality theory; that electrons can 

exhibit wave properties even though they are normally considered to be particles. 

Studies by Louis de Broglie, in conjunction with his brother doing X-ray diffraction 

in 1922, led him to publish an article about black-body radiation in which photons 

were treated as particles (or “atoms of light”).6 After considering Thomas Young’s 

discovery of interference phenomena in 1803, de Broglie generalised wave-particle 

duality in 1923. He published the famous formula linking particles (in this case 

electrons) to a wave7,8 as follows: 

 

! = ℎ/!"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.1)!
     

where wavelength λ is related to Planck’s constant h, v being the speed of the 

electron and m the mass of the electron. This equation ties together the wave 

(wavelength) and particle (momentum) properties, in particular for an electron. 

Taking into account de Broglie’s results7,8 and Young’s double-slit experiment, it can 

be shown that electrons directed at multiple slits will diffract and interfere (due to the 

coherent nature of the scattering) to form minima and maxima as shown for a wave 

model (Figure 1.1). 

 

It was observed that, when a beam of electrons is directed at a molecule, the spacing 

between the atoms acts as a slit resulting in diffraction of the electrons. In 1927 

Germer and Davisson9 showed that the phenomenon of electron diffraction by 

crystals existed (confirmed by Thomson10) and in 1929 Debye11 carried out the first 

gas-phase X-ray diffraction experiment, followed less than a year later by the first 

GED by Mark and Wierl.12 
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Figure 1.1 Illustration representing maxima and minima obtained by diffraction in a 

double-slit experiment by (a) a wave model and (b) a particle model. 

 

 

 

 

 

 

1.3.2 Gas Electron Diffraction  

The general set-up for the GED apparatus to be used by the Masters research group 

(and previously used in Edinburgh) is shown in Figure 1.2.  GED apparatus are not 

commercially available, so they are typically custom built. However different GED 

machines exploit the same underlying physical processes. 

 

An electron beam is produced by an electron gun (with an accelerating voltage of ca. 

40 keV) and is focussed through a series of magnetic lenses and apertures to produce 

a wavelength comparable to the interatomic spacing in a molecule. The gas sample is 

introduced to the chamber at right angles to the electron beam through a fine effusive 

nozzle and the resulting diffraction that occurs is recorded on a detector. The entire 

(a) 

(b) 
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system is operated under vacuum to minimise scattering of the electron beam by 

undesired background molecules.  

 

Figure 1.2 Schematic representation of the components of the Canterbury GED 

apparatus. 

 

For the Masters group the scattered electrons are recorded on photographic film, 

although image plates or a charge-coupled device (CCD) can be used. Typically, two 

nozzle-to-detector distances are used to widen the angular range of the electron 

scattering, thus collecting more experimental data, with the overlap region ensuring 

consistency between the data collection. The calibration of the nozzle-to-detector 

distance is usually performed with benzene since its gas-phase structure is known 

accurately. 

 

1.3.3 Data collection with GED 

Due to the random orientation of the molecules with respect to the electron beam in 

the gas phase, the interference patterns are concentric rings (Figure 1.3). This is a 

result of maxima and minima formed by the wavefront interference, and is a measure 

of the intensity of the scattering. From the centre of the plate to the outside, the 

intensity of the scattering falls off as r4, where r is the distance from the centre of the 

plate. To minimise the overall intensity in the centre from obscuring any information, 

a rotating sector is used to average out the intensity over the detector.13 These sectors 

can come in different shapes (the one used by the Masters group is heart shaped) 
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with the common feature being a curved edge similar to the fourth power with an 

opening angle α. Similarly to the fall off in scattering intensity by the fourth power, α 

increases as a function of r4 to a distance of r0, the maximum radius of the rotating 

sector (see Figure 1.3). The diffraction pattern on the film is scanned using a flat-bed 

scanner to read the intensities over the whole plate, allowing digitisation and 

extraction of the data. 

 

Figure 1.3 Example of a diffraction pattern obtained from a GED experiment (left) 

with the use of a rotating sector (schematically shown on the right). Rotating sector 

image retrieved from Structural Methods in Molecular Inorganic Chemistry 

(2013).14 

 

 

To analyse the intensities, the optical data must be first converted into the total 

electron scattering intensity (Itotal) which can be expressed as: 

 

!!"!#$ = !!"#$%& + !!"#$%&#'( + !!"#$%&'()*!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.2)!
       

The molecular scattering intensity must be separated from the atomic scattering, after 

the background scattering intensity is subtracted. This is done by subtracting 

tabulated atomic scattering factors for the atomic scattering.4 The total scattering 

intensity can be expressed as a function of the scattering angle, θ, and then of the 

variable, s, given by4 

 

! = 4! sin(θ/2)/!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.3)!
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Molecular  
intensity  
curve 

Radial 
distribution 
curve 

Fourier transform 

The total atomic scattering intensity for a molecule (Itotal) is simply the sum of the 

contributions of the diffraction of each of the atoms (Equation 1.4) with Fi(s), the 

atomic scattering factors, being readily calculated or obtained from published 

tables.15 

!!"#$%& ! = !! ! !/!!
!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.4)!

    

Atomic scattering occurs via electron diffraction of single atoms so the scattering for 

each atom will not vary between molecules and can be subtracted from the total 

electron scattering intensity. The resulting molecular intensity curve (MIC) 

undergoes Fourier transformation to express the data in terms of its frequency 

components. The resulting radial distribution curve (RDC) gives the probability P(r) 

of finding an interatomic distance r in the molecule. This probability distribution 

consists of Gaussian curves for each distance, superimposed to give the overall 

probability of an interatomic distance occurring at a particular distance (Figure 1.4).  

 

Figure 1.4 Conversion from the MIC to RDC for a GED experiment. Note it is 

normal practise to refine using s4Imol(s) for data from the Canterbury apparatus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The mean vibrational amplitudes determine the width of the Gaussian curves in the 

RDC, with the area under each peak being given by: 
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!"#$ ∝ !!"!!!!!!"
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.5)!

      

where nij is the multiplicity of rij, and Zi and Zj are the atomic numbers of atoms i and 

j. This means that similar interatomic distances will not be resolved, and a composite 

peak results. Also, just as with X-ray diffraction, the hydrogen atoms are not well 

defined by GED due to their poor scattering power. By using the known wavelength 

of the electrons and the distances between atoms in the molecule, the overall 

molecular structure can be determined by analysis of the diffraction pattern. 

 

1.3.4 Least-squares refinement 
Experimental data is analysed by a comparison of the experimental MIC to that 

generated from a parameterised model molecule. A Fortran model is constructed 

consisting of a minimum number of bond lengths, bond angles and dihedral angles to 

describe the geometry of the model molecule, using averages and differences where 

appropriate. Starting values of the parameters in the model are taken from the ab 

initio or density functional theory (DFT) calculations that provide the starting 

geometry for the refinement. The MIC of the model molecule is generated from 

scattering equations.16   

 

During the least-squares refinement, the parameters of the model are allowed to 

change to minimise the difference between the model and experimental data. The 

physical reasonability of the refined values is checked throughout the refinement. 

The agreement between the model and experimental data is determined by the 

goodness-of-fit factor, R-factor, where a lower R factor denotes a better fit. Typically 

the RD and RG are the R-factors used in a GED refinement. RD is the R-factor 

assuming there is no correlation in the experimental data whereas RG takes into 

account correlation between adjacent observations in the immediately off-diagonal 

position of the weight matrix.17,18 For a further mathematical description, refer to 

Reference 18. Typically correlation in experimental data is present so RG will be 

larger than RD. 
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Refining GED data with this least-squares refinement process requires that the 

content of the analysed gas vapour and approximate structure of the molecule are 

known. If a GED refinement suggests that there are multiple conformers present, the 

Boltzmann distribution can be used to determine the ratio of the conformers. The 

ratio of a Boltzmann distribution computed for two states is known as the Boltzmann 

factor. It is dependent on the energy difference between two states (Equation 1.6) 

where N1 and N2 are the number of molecules in states 1 and 2, E1 and E2 are the 

energy states 1 and 2, k is Boltzmann’s constant (1.381 × 1023 J K-1) and T is the 

temperature in Kelvin.  

!!
!!

= exp−(!! − !!)!" !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.6)!

 

There can be limitations to fully refining GED data without the aid of additional 

experimental and theoretical information as discussed below. 

 

1.3.5 Limitations of GED and solutions 

GED is a very powerful technique that is used to obtain molecular structure in the 

gas phase. However, one method does not always provide sufficient information to 

determine the complete structure of a molecule – especially for more complex 

systems where more than one conformer may be present. There can also be a 

problem when there are similar internuclear distances in the molecule and overlap of 

peaks is observed in the RDC. When this occurs, multiple Gaussian curves overlap, 

rendering the individual internuclear distances difficult to distinguish (see  

Figure 1.4). This meant that GED was traditionally limited to small or highly 

symmetric molecules.  

 

To overcome this problem, methods have been developed to analyse data obtained 

from several different experimental and theoretical sources. Rankin et al.19-24 have 

developed methods to analyse data obtained by several techniques (experimental and 

theoretical); the Combined Analysis and SARACEN methods. The Combined 

Analysis method19-21 combines data from experimental methods such as GED, 

rotational spectroscopy and LCNMR. The SARACEN method,22-24 Structural 

Analysis Restrained by ab initio Calculations for Electron diffractioN, uses 
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experimental data in combination with data from ab initio or density functional 

theory calculations to determine the most probable structure based on experimental 

and theoretical data. The DYNAMITE method,18,25 DYNAMic Interaction of Theory 

and Experiment, developed by the Masters research group, builds from SARACEN 

by dynamically linking experimental data and theoretical data within the least-

squares refinement process. Thus asymmetry is allowed in ligands without the need 

for a large number of parameters. This technique has been further developed with the 

introduction of the SEMTEX method,26 Structural Enhancement Methodology for 

Theory and Experiment. SEMTEX allows information from higher-level theoretical 

calculations to be incorporated into the refinement process without compromising 

computational efficiency. 

 

Another problem to consider with GED arises from the intramolecular vibrational 

effects in a molecule. Since the molecule is constantly vibrating and the atoms are 

not stationary, the observed MIC is an average over all vibrational states. In the case 

of linear molecules, such as CO2, this means that the molecule appears to be bent 

rather than linear as the molecule averages more of its time bent than linear (Figure 

1.5). Despite this, the C=O bond length remains basically unchanged.  

 

Figure 1.5 Vibrational states of a linear triatomic molecule 

 

This problem is known as the shrinkage effect.27,28 A vibrational correction is 

necessary in order to obtain accurate structures by GED. Corrections are obtained 

using the SHRINK software29,30 and applied to each pair of atoms in the refinement. 

For molecules with low amplitude motions, molecular dynamics may be used to 

obtain the corrections instead of SHRINK to correct for the vibrational motion.31  



! 13!

1.4 Computational chemistry 

1.4.1 Ab initio calculations 

Ab initio calculations use Quantum mechanical principles to simulate the structure 

and electronic arrangement within molecules. This is undertaken by finding a 

solution to the time-independent Schrödinger equation 

 

ĤΨ = EΨ !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.7) 

 

where E is the total molecular energy, Ψ is the total molecular wavefunction 

(describing the position of nuclei and electrons) and Ĥ  is the Hamiltonian operator 

(containing the electronic and nuclear kinetic and potential energy terms). As we can 

only solve the Schrödinger equation for one-electron systems, approximations to 

both the wavefunction and Hamiltonian operator are needed to apply it to molecular 

systems. 

 

If the Hamiltonian operator of the time-independent Schrödinger equation is 

considered in more detail we see that there are five energy terms to account for.  

 

Ĥ = T̂e+ T̂n+ V̂en+ V̂ee+ V̂nn !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.8)!
 

Two of these are kinetic energy terms for the motion of the nuclei ( T̂n ) and the 

electrons ( T̂e ) and three are potential energy terms for the electron-electron repulsion 

( V̂ee ), the nuclear-nuclear repulsion ( V̂nn ) and the electron-nuclear attraction (V̂en ). 

By introducing the Born-Oppenheimer approximation that heavy nuclei are 

stationary in a field of light moving electrons, the nuclear energy terms can be 

eliminated ( T̂n  = 0, nuclear-nuclear repulsion = constant) to leave only the electronic 

Hamiltonian to be considered further. 

 

A series of one-electron Schrödinger equations can be solved with the electron 

repulsion term being replaced by the Hartree-Fock (HF) potential. However, this 

assumes that all electrons are static and that an individual electron interacts to an 

averaged electron density by the other electrons in the molecule. This is generally 
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referred to as the mean-field approximation. Whilst this approximation can account 

for ~99% of the energy of the system, it is not completely accurate. Electrons are 

able to come close together, resulting in inaccurate bond distances and energies, so 

therefore correcting for these small differences between the model and real case is 

very important. 

 

To account for the behaviour of electrons in a system, electron correlation methods 

are used. Electron correlation accounts for the instantaneous interactions of pairs of 

electrons with opposite spin. Møller-Plesset (MP) perturbation theory adds higher 

excitations to the HF theory. If we divide the Hamiltonian operator into two parts, 

where 

  

Ĥ = Ĥ 0+λV̂                                                   (1.9) 

 

and Ĥ 0  is solvable exactly, then λV̂  is a perturbation applied to Ĥ 0 . V̂  is a small 

perturbation to Ĥ 0  and the perturbed wavefunction and energy can be expressed as a 

power series in λ , where!λ  is an arbitrary real parameter that controls the size of the 

perturbation. By truncating the power series at various points we get MP2, MP3, 

MP4 etc.32 The most commonly used MP2 level of theory has been utilised in this 

PhD thesis.  

 

1.4.2 Density functional calculations 

Other types of calculations that are utilised in this thesis include DFT methods. 

These are based on the electron density, rather than the wavefunction, and are 

favourable when studying large systems. DFT is based on the proof by Hohenberg 

and Kohn that there exists a one-to-one mapping between the electron density of a 

system and its energy.33 The exchange-correlation functional is not known exactly 

and must be approximated through methods such as the Localised Density 

Approximation (LDA)34 and Generalised Gradient Approximation (GGA).35 DFT 

methods are generally less accurate than post-HF methods such as MP2. However, 

the main advantage of DFT methods lies in the speed at which large systems can be 

calculated. The main DFT method used in this thesis is Minnesota 06-2X (M06-
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2X)36 which consists of a set of four meta-hybrid GGA functionals. The M06-2X 

functional parameters are empirically fitted to suit the study of main group elements 

(groups 1–2, 13–18) such as those used in this project. 

 

1.4.3 Basis sets 
The total electronic wavefunction is approximated by the orbitals within a system. 

The orbitals of a system are described using a set of mathematical functions known 

as a basis set. Simplifications to the basis set are made so that the Schrödinger 

equation can be used to calculate it. An exact description of each electron would 

require a basis set of infinite size (i.e. an infinite number of functions), which is not 

practical. Instead, truncated basis sets are used for computational efficiency. Use of 

larger basis sets results in a better description of the orbitals since there are fewer 

restrictions on the location of each electron.  

 

Standard basis sets use linear combinations of Gaussian functions to represent 

orbitals. Basis sets assign a group of basis functions to each atom in a molecule to 

approximate its orbitals. There are various different types of basis sets: minimal, 

split-valence and polarised. Minimal basis sets contain the minimum number of basis 

functions needed for each atom and will not be used in this PhD since larger basis 

sets are needed to describe the systems of interest. Split-valence basis sets are larger 

and have more basis functions per atom. Common split-valence basis sets, such as 3-

21G37,38 and 6-31G39,40 have two sizes of basis function for each valence orbital. 

They are referred to as double-zeta and form molecular orbitals from linear 

combinations of two sizes of functions for each atomic orbital. 

 

Split-valence basis sets allow orbitals to change size but not to change shape (i.e. 

symmetry is conserved). Polarised basis sets remove this limitation by adding 

orbitals with angular momentum beyond what is required for the ground state to the 

description of each atom. For example, 6-31G(d)41,42 indicates a double-zeta split-

valence basis set with d functions added to heavy atoms; it is also known as 6-31G*. 

6-31G(d,p) (also known as 6-31G**)41,42 adds p functions to hydrogen atoms in 

addition to the d functions on heavy atoms. 
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Diffuse functions can also be added to basis sets. Diffuse functions are large-sized 

versions of the s and p functions used in standard valence basis sets and allow 

orbitals to occupy a larger region of space. These functions are particularly important 

for systems where electrons are relatively far from the nucleus and include systems 

with lone pairs of electrons, anions, radicals and systems in excited states. The 6-

31+G(d) basis set41,42 has diffuse functions added to the heavy atoms whereas 6-

311++G(d)43,44 also has diffuse functions added to the hydrogens.  

 

Examples of basis sets used in this work include the Pople-type split valence basis 

sets37-44 and Dunnings’ correlation consistent basis sets.45,46  
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1.5 Unstable and short-lived species 
Recently there has been a focus on studying short-lived (transient) gas molecules in 

the Masters research group. Transient species are of interest since they are often the 

intermediate species in a reaction and by understanding their structure, the 

mechanism of the reaction (and other possible reactions) can be further understood. 

By their very nature the structure of these molecules is hard to calculate (for example 

due to very shallow potential energy wells) so experimental data is required to 

calibrate theory. However due to the nature of these molecules, multiple separate 

experimental techniques cannot be conducted if structural data is to be collected by 

GED. The species has to be generated and analysed within the electron diffraction 

apparatus (in situ), limiting the amount of experimental data that can be obtained 

since the species cannot be isolated and analysed elsewhere. Techniques such as 

Nuclear Magnetic Resonance (NMR) cannot be used due to the short lifetime of the 

species of interest. The timescale of a NMR experiment can span from picoseconds 

to days depending on the structure of the molecule under investigation.47 This is not 

practical for the study of short-lived species by GED, which can fall in the 

femtosecond region.48 

 

1.5.1 Generation of short-lived species 

Whilst the study of short-lived species is often difficult, a number of techniques 

already exist to study such molecules. 

 

Flash vacuum pyrolysis (FVP) and photolysis are common methods used in organic 

synthesis to generate short-lived species from heating (leading to decomposition)49,50 

or bond dissociation from light51 respectively.  FVP is often coupled with other 

techniques such as mass spectrometry (MS)52 and matrix isolation methods53 to 

further study the species once it has been trapped. However, these methods are 

limited to species with a sufficient lifetime, and full structure determination (from 

complementary techniques) may not be possible. 

 

GED has been used to study unstable transient molecules in the past, including the 

indenyl radical,54 bromoethyl radical55 and the allyl radical,56 but is not a routine 

focus of other GED research groups. The advancement of ultrafast GED, allowing 
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chemical processes to be studied on the femtosecond timescale,48 has opened the 

avenue for studying short-lived species to other GED groups, but the equipment 

required is costly. Development of a new nozzle for the Canterbury GED apparatus 

allowed for the generation of short-lived species in situ on a milli to microsecond 

timescale, and has previously been used to collect data for ketene and the benzyl 

radical. However, there have been issues in refining the GED data obtained in these 

experiments, especially since there is no technique to confirm the pyrolysis products 

have been generated in situ. 

 

1.5.2 Limitation of using GED to study short-lived species 

Routine structure determination of short-lived species is one current research focus 

of the Masters group, with these species often being generated in situ. However, the 

generation of multiple molecules in situ can lead to issues refining the obtained GED 

data. GED, which routinely collects 1-dimensional data of 3-dimensional structures, 

is already limited to determining the structure of simple molecules. However, 

additional experimental and ab initio data can allow for the structures of more 

complicated systems such as Ga(hfac)3 and In(hfac)3 (hfac = 1,1,1,5,5,5-

hexafluoropentane-2,4-dionate)57 with more than 40 non-hydrogen atoms to be 

solved. A mixed vapour model contains multiple species, often with similar 

interatomic distances, which can lead to additional complexities in the refinement 

model. In such cases additional parameters are introduced to describe similar 

interatomic distances. Additionally, parameters are also introduced to describe the 

relative weighting (percentage amount) of each species for use with the GED 

refinement model.  

 

Although it is already routine to use ab initio data with the SARACEN method22-24 to 

apply restraints on computed structures, the additional experimental data available 

depend on the system being investigated. Often in GED rotational constants obtained 

from microwave (MW) spectroscopy are used in the refinement process, such as with 

methylphosphine, methylphosphineborane and vinylarsine.1 However with short-

lived species, collection of data such as from MW spectroscopy and NMR is limited 

by the short-lifetime of the species.47 Previous work in the Masters group by Noble-

Eddy1 highlighted that the largest gain in additional data will come from the addition 
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of information from MS. This is particularly true as MS data can be obtained in situ 

during a GED experiment.  
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1.6 This work 
This thesis is concerned with the developing the Canterbury GED apparatus to 

incorporate MS, creating a combined GED-MS system, and the structural 

determination of short-lived species. 

 

The first part of this work involved the reconstruction of the Canterbury GED 

apparatus following its move from the University of Edinburgh (UK), and covers the 

modifications/repairs and calibration of the machine.  Chapter 2 details the assembly 

and modifications made to the GED apparatus here at University of Canterbury.  

 

This thesis commenced with the intention to have a fully working MS with the GED 

apparatus, but due to time and equipment constraints, the construction of the parts 

has not commenced whilst the planning phase is complete. Chapter 3 highlights the 

technical requirements for MS in a GED-MS setup and details the requirements for 

running GED and MS in unison during an experiment. Schematic plans are also 

presented for the new chamber design, which are required for a GED-MS setup. 

 

Alongside the lab and construction work of the apparatus, studies were commenced 

with ketene, an example of a short-lived species of interest to the Masters group. 

Chapter 4 details the study of ketene from acetic anhydride and Meldrum’s acid, and 

includes a computational study of ketene derivatives that will be explored by GED in 

the future.  

 

Two additional structure determination studies are also presented. Chapter 5 

considers the structure of tris(chloromethyl)amine, N(CH2Cl)3, which is shown to 

differ between the gas and solid phases. Chapter 6 details the study of two 

complementary disilane systems, X3SiSiXMe2 (X = F, Cl, Br, I) and X3SiSiMe3 (X = 

H, F, Cl, Br) with emphasis on the effect of the proximity of the methyl groups with 

respect to the halogen substituents.  

 

Finally, Chapter 7 concludes this thesis work and comments on the next steps that 

will be pursued for obtaining a GED-MS setup. This chapter also considers the future 

direction of study for short-lived species by the Masters group and planned data 
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collection. Necessary upgrades to the GED refinement software, ed@ed,18 as noted 

during this work are covered briefly. Lastly, planned future experimental work on 

N(CH2Cl)3 and its corresponding GED refinement will be covered.  
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CHAPTER 2 
 

Reconstruction and modification of the Canterbury gas 

electron diffraction apparatus 

  



! 26!

2.1 Introduction 
As part of the move by Dr Sarah Masters to take up an appointment at the University 

of Canterbury in 2011, the GED apparatus from the University of Edinburgh (UK) 

was deconstructed and relocated. The GED apparatus (known as the Edinburgh GED 

apparatus in the literature)1 has been housed at the University of Edinburgh since 

1977, and at University of Cornell (USA) prior to that.2 Due to the relocation of the 

apparatus to the University of Canterbury it is now referred to as the Canterbury 

GED apparatus. 

 

A significant part of my PhD has involved the reconstruction of the Canterbury GED 

apparatus. This was done using images taken of the GED apparatus during its 

deconstruction at the University of Edinburgh as a guide. The start of the 

reconstruction was delayed by remediation of the available lab space (which was 

setback due to the Canterbury earthquakes). During the reconstruction process, 

repairs to the apparatus have been necessary and this resulted in the need for 

modifications to the original apparatus design. 

 

My involvement with the reconstruction has included the assembly and extensive 

testing of the apparatus under vacuum. Construction and modification of large 

components were made in conjunction with the University of Canterbury Chemistry 

workshop staff. 

 

This chapter will cover the general construction of the Canterbury GED apparatus, 

with modifications to the original setup being covered in detail. The current status 

and future work will be highlighted. Lastly, the procedure for calibrating 

experiments will be described. 
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2.2 Reconstruction of the Canterbury GED apparatus 
A major component of this thesis involved the reconstruction of the Canterbury GED 

apparatus, including the implementation of repairs and modifications. The overall 

reconstruction of the Canterbury GED apparatus has been a lengthy process, due to 

the time taken to remediate the current lab space, and the time required to 

repair/modify the existing apparatus during construction and testing. Leak testing the 

apparatus has not been a trivial task since this involved repetitive leak testing and 

retesting of the achievable vacuum, followed by repairs to the leak tester itself. 

 

This section will cover the general setup of the Canterbury GED apparatus, 

highlighting modifications to the main chamber, vacuum pumps, cooling system, and 

electron gun. The role of the leak tester is also briefly described. 

 

2.2.1 Main chamber attachments 

The initial stages of the reconstruction of the GED apparatus involved the set up of 

the mounting frame to support the main chamber, electron gun, and camera. The 

main chamber, shown in Figure 2.1, contains two nozzle inlet ports for injecting the 

sample as a gas at two different nozzle-to-camera distances, and is connected to a 

mechanical camera and electron gun as shown. A cold trap (above the main 

chamber) is filled with liquid nitrogen during an experiment, minimising secondary 

diffraction of the sample during data collection. Oil diffusion pumps are connected to 

the main chamber as shown in Figure 2.2. 

 

The mechanical camera, shown on the left in Figure 2.1, houses photographic film 

holders that are used to collect diffraction patterns on photographic film during an 

experiment. Extra plate holders have been made by the workshop (to replace the bent 

plate holders). The aim is to upgrade the mechanical camera to a digital detector in 

the future, as photographic film is no longer in production. The planned upgrade of 

the detector is described in Chapter 3.  
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Figure 2.1 Canterbury GED apparatus.  

 

2.2.2 Vacuum pumps and cooling system  

GED experiments are conducted under vacuum (10-6 – 10-7 Torr) ensuring diffraction 

of the electron beam occurs only at the point where it crosses the stream of gas 

vapour injected into the machine.3 An operational vacuum is usually achieved with a 

series of diffusion pumps and/or turbomolecular pumps, run in unison with a suitable 

backing pump.4 

 

Due to the high heat output of diffusion pump and turbomolecular pumps, external 

cooling is required to avoid overheating of the pumps during operation.4,5 The 

vacuum system for the Canterbury GED apparatus originally consisted of two large, 

and one small, oil diffusion pumps (Figure 2.2), with a rotary backing pump. Cooling 

of the muck traps is provided by liquid nitrogen filled and there is also an external 

cooling water pipe around the exterior of the diffusion pumps. During initial 

installation, the feed pipes to the external cooling pipes (made of copper) were found 

to leak so these were replaced with rubber piping (Figure 2.2). The cooling water for 

the diffusion pumps works in conjunction with a chiller unit connected to each of the 

pumps. 

 

Cold trap 

Camera 
Sample inlets 

 

Electron gun 
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Initial tests with these vacuum pumps resulted in an oil spill within the apparatus, 

with silicon oil from the smallest diffusion pump spreading into the main chamber 

and electron gun. Following extensive cleaning, trial repairs to the pump, and leak 

testing, the small diffusion pump was replaced with a small turbomolecular pump by 

the Chemistry workshop technical staff.! 
 

Figure 2.2 The vacuum setup of the Canterbury GED apparatus. The original three 

diffusion pumps are shown on the left. The smallest diffusion pump (left image as 

indicated) has been replaced with a small turbomolecular pump (see right image). 

The backing rotary pump is out of view (left of the setup as shown). 

 

2.2.3 Electron gun! 
Having obtained a suitable vacuum, the electron beam needs to be aligned and 

focussed prior to the conduction of a GED experiment. In a GED experiment 

electrons are passed through an accelerating voltage of ca. 40 keV (electron 

wavelength ca. 6.0 pm) and are focussed through a series of lenses and apertures to 

provide a narrow beam. A digital camera connected to a small television set aids 

visualisation of the electron beam and helps to establish whether a clear path from 

the electron gun to the detector has been achieved. 

Turbomolecular 
pump 

Oil diffusion 
pumps 

To rotary pump 
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The electron source for the Canterbury GED apparatus (Figure 2.3) has been adapted 

for use from a Phillips EM301 electron microscope apparatus. However since the 

electron microscope was designed for vertical operation, use of the electron beam in 

a horizontal setup (as it is for the Canterbury GED apparatus) can lead to problems 

with misalignment of the electron beam due to tilting of the electron gun. The 

construction of a sliding rack for the electron gun by the Chemistry workshop staff 

(see Figure 2.3) has aided the placement of the electron gun and allows for easy 

removal and access to the filaments.  

 

Figure 2.3 Electron gun (attached to the main chamber) and mounted on a sliding 

track. 

 

Whilst a clear path was established between the detector and electron gun using a 

laser, vacuum leaks were discovered when the electron gun was repositioned on the 

end of the main chamber (to correct for any off-tilt). Despite checking and cleaning 

the seals, a suitable vacuum for running the electron gun could not be re-established 

without extensive use of a leak tester. This meant that the vertical tilt of the electron 

gun, and subsequent beam alignment, could not be checked until a suitable vacuum 

was re-established. 

 

2.2.4 Leak tester 
Constructing or altering an apparatus that runs under high vacuum often results in 

vacuum leaks around the seals and valves that are so small that they cannot be 

detected without the use of a leak tester. During the reconstruction process of the 

GED apparatus, the leak tester from the Department of Physics and Astronomy 

Sliding track Electron gun 
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(University of Canterbury) was borrowed to aid in establishing a suitable vacuum. 

This leak tester works by acting as the backing pump for the apparatus, and detects 

leaks by indicating the presence of helium gas. Helium gas is directed at seals on the 

vacuum chamber externally, and is detected by the MS in the leak tester. Helium MS 

leak testers can typically detect leaks in the range of 10-2 to 10-8 Torr L s-1 so a 

suitable vacuum for the operation of the backing pump needs to have been 

established already.4  

 

The leak tester was initially used whilst modifying the set up of the vacuum pumps 

(Section 2.1.2), after which time the electron gun and construction of the slide track 

were setup in position for testing. However, in the space of a few months, during 

which time the leak tester was not being used with the GED apparatus, the leak tester 

was discovered to have reached a state of disrepair and was abandoned by the 

Department of Physics and Astronomy. This has led to delays in getting the GED 

apparatus operational, as the leak tester first needs repairing. The delays and current 

state of the GED apparatus are described below. 

 

2.2.5 Future work 

Current efforts towards getting the Canterbury GED apparatus operational are 

hindered by the need for a working leak tester. This is particularly important for 

getting the electron gun aligned as adjustments that are made by detaching the 

electron gun from the main chamber can easily introduce more vacuum leaks in the 

apparatus. Work is underway by the Chemistry workshop staff to repair the leak 

tester. The rotary pump for the leak tester has already been replaced, with the oil and 

residue build-up from the diffusion pump and MS having been removed.  

 

With the delay in repairs to the leak tester, the timeframe for the electron beam 

alignment, and experimental calibration of the GED apparatus has been set back. 

This has meant that the leak testing will recommence after the submission of this 

thesis. Future work with the Canterbury GED apparatus will involve leak testing of 

the GED apparatus before the electron beam alignment can continue. Following 

successful alignment of the electron beam (after a suitable experimental vacuum has 

been obtained), experimental calibration will commence.  
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2.3 Calibration of the GED apparatus 
Following the establishment of suitable experimental conditions, calibration of the 

GED apparatus using benzene will be the next step. Although calibration data has not 

been obtained during this thesis, the methodology that will be followed for 

calibration of the Canterbury GED apparatus in future work will be outlined in this 

section.  

 

During a GED experiment, data is collected for both a sample of interest and a 

calibration sample. The calibration sample will have a well-known bond length that 

will be used to accurately determine the nozzle-to-camera distance. Often a highly 

symmetrical molecule such as benzene is used,6,7 with ra(C–C) = 139.70 pm.8 In the 

case of the Canterbury GED apparatus, benzene is collected either before or after 

running a sample through the apparatus to check that the nozzle-to-camera distance 

has not changed during the experiment.  

 

The nozzle-to-camera distance is determined by multiplying the assumed nozzle-to-

camera distance against the ratio of the refined and exact C–C distance of benzene. 

This can be represented as 

 

!!(C− C)!"#!
!!(C− C)!"#$%

×!! = !!"#$%!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.1)!

 

where ra is the apparent distance from the electron diffraction experiment3 as 

calculated from the refinement [ra(C–C)calc] and from the literature [ra(C–C)exact], L is 

the assumed nozzle-to-camera distance and Lexact is the calculated nozzle-to-camera 

distance for the sample. Assumed distances of 95 mm, 210 mm and 285 mm are used 

during calibration for the high-temperature short, medium and long distances 

respectively. For the room temperature nozzle distances of 128 mm and 255 mm are 

used. 

 

Following future upgrades to the GED apparatus, the nozzle-to-camera distances will 

change to a short and long distance upon incorporation of MS, rather than the three 

distances currently available. This will be discussed more in Chapter 3. 
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2.4 Conclusion 
Following refurbishment of the available lab space, the Canterbury GED apparatus 

has been reassembled. Modifications to the apparatus have been made during the 

reconstruction process, mostly in part to repair the original vacuum pumps and 

cooling system. Efforts are now underway to align and focus the electron beam. 

 

The introduction of vacuum leaks whilst adjusting the electron gun has delayed the 

establishment of suitable experimental conditions for the GED apparatus. The delays 

are also partly due to the time taken to repair the leak tester from the Department of 

Physics and Astronomy. Efforts are currently underway by the Chemistry workshop 

staff to repair the leak tester. The repairs of the leak tester have not been completed 

in time to include results for further leak testing of the GED apparatus and electron 

beam alignment in this thesis.  

 

Future work with the GED apparatus includes the alignment of electron beam and 

calibration testing, once a suitable experimental vacuum has been established. The 

calibration method that will be used with the Canterbury GED apparatus has also 

been outlined. 
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CHAPTER 3 
 

Planning and design for a combined GED-MS apparatus 
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3.1 Introduction 
Previous work by the Masters group1 has focussed on developing the capability of 

studying the in situ generation of short-lived species using the Canterbury GED 

apparatus. However, to enable routine structure determination of short-lived species, 

there is a need to modify the apparatus to include MS capability. 

 

The Canterbury GED apparatus generates short-lived species using pyrolysis 

methods1 which can result in multiple species being formed in an experiment. While 

the composition of the gas vapour can be predicted by both ab initio calculations and 

previous experimental studies, the generation of short-lived species can result in 

further products being formed due to recombination2 and/or further decomposition 

routes.3 The incorporation of MS in a GED experiment not only provides additional 

information about the composition of the gas vapour (and relative amounts of each 

species), it also highlights the presence of any unexpected species. This is 

particularly important for future study of pyrolysis routes that are not previously 

detailed in the literature and those that do not cleanly form species, for example in a 

dissociation process, upon heating. 

 

This chapter highlights the plans developed during this thesis for upgrades (and 

future upgrades) to convert the Canterbury GED apparatus to a GED-MS apparatus. 

The type of MS in the GED-MS apparatus design has been considered, as well as the 

additional requirements to perform tandem GED and MS experiments. The design 

presented here is discussed with comparisons to the setups used by the Girichev 

group (Ivanovo State University of Chemistry and Technology, Russia) and Wann 

group (University of York, UK). Although the implementation of all of the planned 

upgrades has not been achievable during the course of this thesis work, concept and 

schematics for the incorporation of MS with the Canterbury GED apparatus have 

been created and are presented here. The planned future upgrade of the mechanical 

camera to a CCD with the GED-MS setup will also be outlined. 

 

The following sections present the conceptual and schematic designs for the 

incorporation of MS capability into the Canterbury GED apparatus. Details are 

presented regarding the type of ionisation method and mass analyser that is suitable 
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to allow simultaneous use of MS with GED in Section 3.2. For a short-term approach 

to a GED-MS design, Section 3.3 details the setup of an existing MS in a test rig to 

conduct experiments independently from GED (prior to the construction of the final 

GED-MS apparatus). Unfortunately the MS test rig did not work so experimental 

progress with the MS was halted. The last part of this chapter (Sections 3.4 – 3.6) 

covers the conceptual and schematic design requirements for conduction of both 

GED and MS techniques within a single experiment. These requirements are 

reflected in the concept designs to allow two nozzle-to-camera distances to be used 

in a GED-MS experiment. Schematic drawings are also presented giving detailed 

measurements of the new chamber section that is to be constructed to fit the existing 

framework of the GED apparatus. As a new MS could not be purchased within the 

timeframe of this thesis, the GED-MS designs in this chapter allow for flexibility in 

the required design to connect the MS unit to the GED main chamber. However, an 

ideal MS unit for a GED-MS design with the Canterbury GED apparatus has been 

highlighted as part of this planning stage.  
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3.2 Mass spectrometry in GED-MS 
The choice of MS for a GED-MS design is strongly dictated by the samples being 

studied and the conditions required for a given GED-MS experiment, where the 

sample travels into the MS unit in the gas phase (sometimes at high temperature)4,5 

after it has diffracted the electron beam. It is possible for the sample to contain 

multiple molecular species therefore the chosen MS system is required to have 

suitable resolution for distinguishing between molecules of similar atomic mass, as 

well as covering a suitable range of detectable molecular masses. 

 

MS is a technique that involves the separation of charged species by an applied 

magnetic field. Analysis of the charged species can be directly correlated to the 

species present in the original sample.6  

Typically MS involves four stages: 

(1) Ionisation of the molecule of interest after vaporisation. 

(2) Separation of the charged ions by their mass-to-charge (m/z) ratio by a 

mass analyser providing an electromagnetic field. 

(3) Amplification of the ion signal by a detector. 

(4) Analysis of the amplified signal to obtain a mass spectrum. 

Out of the four stages listed above, (1) and (2) are affected the most by a GED-MS 

setup and are discussed here. The type of MS that is suitable for a future GED-MS 

setup is also discussed.  

 

3.2.1 Ionisation method 

In a GED experiment the electron beam that is diffracted as it passes through the 

sample does not ionise the sample. Therefore the sample needs to be ionised 

separately before passing into the MS. Ionisation methods that can be used with GED 

are limited to those that can be applied to molecules already in the gas phase: 

electron ionisation (EI) and chemical ionisation (CI).  

 

Electron ionisation 

EI, also referred to as electron impact ionisation, is a harsh technique that involves 

bombarding the sample with electrons, producing charged species and fragmenting 

the molecule.6 Reproducible fragments can be matched to databases to help 
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determine the overall structure of the species of interest. Ionisation occurs above the 

ionisation energy threshold of the sample.7 For EI, an ionisation energy of around 70 

eV (giving the electrons a wavelength that is similar to the bond length in organic 

molecules) so maximum energy transfer and fragmentation can occur during 

collisions. At energies greater than 70 eV, the probability of ionisation occurring 

decreases as insufficient energy is transferred in collisions with the electrons.7 It 

should be noted that during a GED experiment, any ionising electron collisions 

occurring from the 40 keV beam can be considered negligible, i.e. such that 

ionisation during a GED experiment does not occur. 

 

Chemical ionisation 

CI produces ions through the collision of the sample with ions of a reagent gas such 

as methane, hydrogen, isobutane and ammonia.8,9 The reagent gas is ionised 

preferentially to the sample (using a lower electron energy than in EI) and the 

resulting ionisation plasma of the reagent gas reacts with the sample to produce 

charged ions for analysis. Although CI is a softer technique, meaning that molecules 

are not as fragmented as in EI (which usually leads to simpler spectra),8 it adds the 

additional complexity of introducing more gas vapours into the chamber during a 

GED experiment. This means that MS data cannot be collected using CI during a 

decomposition experiment that will produce the reagent gases as a byproduct.  

 

Choice of ionisation method for the Canterbury GED-MS apparatus 

Of the ionisation methods considered, EI was considered to be more suitable for the 

Canterbury GED-MS apparatus. Whilst EI can lead to greater complexity in the 

obtained mass spectrum, it does not limit the possible GED-MS experiments that can 

be investigated. The reagent gas used in CI restricts the collection of MS data to 

systems without the reagent gas, including those that generate it as a byproduct. 

Introducing more species into the main chamber also adds additional complexity, as 

a GED experiment will be conducted simultaneously with the MS experiment.  

 

3.2.2 Mass analyser 

There are various methods of separating the ions of different mass. Separation of the 

charged ions occurs within a mass analyser, such as a quadrupole mass spectrometer 
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(QMS), by subjecting the ions to a magnetic field, which separates the ions 

according to their mass-to-charge (m/z) ratio.6,10 It should be noted that not all mass 

analysers use a magnetic field to separate the charged ions. A time-of-flight (TOF) 

mass analyser, for example, separates the charged ions in a field-free tube after 

subjecting them to an accelerating field by their flight time, as the m/z ratio of the 

charged species is related to its overall kinetic energy.6,10  

 

The choice of mass analyser with a GED-MS design is dictated by the size of the MS 

(as it would be an additional component on the existing GED apparatus), the typical 

molecules used in a GED experiment, and the associated cost for purchasing a MS. 

Two of the features of mass analysers that are also important to consider are ion 

sensitivity and mass resolution. Ion sensitivity is the signal response detected 

normalised against the ion giving the response.11 Mass resolution is the ability to 

distinguish two peaks at slightly different m/z ratios and is calculated in terms of the 

apparent width (ΔM) of the peak which appears for one type of ion (mass M), when 

plotted as ion current versus mass number (Equation 3.1).10 Mass resolution is 

typically measured at either 5, 10 or 50 % of the total peak height.11 

 

Resolution = !
!" !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(3.1) 

 

Of the various mass filters that are available, a QMS and TOF mass analyser were 

considered for the Canterbury GED-MS design. These filters are discussed below, 

highlighting the achievable mass range of the analyser compared to the mass range 

required for future GED-MS experiments. Typically the mass range that a MS can 

detect is reported in daltons (Da) where 1 Da = 1.660538921(73) x 10-27 kg and is 

equivalent to 1 g mol-1.6 In this thesis, the mass range will be referred to in Da as it is 

cited in these units from the literature sources. 

 

 

 

Quadrupole mass filter 

A QMS works by directing an ion beam through a series of circular and hyperbolic 

rods, selectively filtering ions based on their m/z ratio.6,10 An oscillating field is 
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applied between four hyperbolic rods, allowing charged ions with a particular m/z 

ratio for a given voltage to resonate and pass through the rods to a detector (Figure 

3.1). The trajectory of a non-resonant ion is disrupted in the oscillating field, ejecting 

the ion before it reaches the detector. To build a full mass spectrum a sweeping 

potential voltage is usually applied so that smaller ions are detected first followed by 

larger ones. The continual resetting of the sweeping allows for a mass spectrum 

image to be built.10 

 

The detectable mass range for QMS filters varies depending on the model. Typically 

QMS filters have low to medium resolution11 due to an increased signal-to-noise 

ratio when using a sweeping voltage. However, an increased resolution of the mass 

analyser can be achieved by sacrificing sensitivity (ion transmission).11 Commercial 

QMS filters can have mass ranges of < 100 Da to ~ 3000 Da.11 In comparison, a TOF 

analyser (described below) can detect mass ranges up to several hundred, or even 

thousands of Da with high sensitivity and mass resolution. 

 

Figure 3.1 Setup of a quadrupole mass analyser. An electric field is applied along 

the two sets of hyperbolic rods to separates ions by their charge, with a particular 

charge to reach the detector. A MS image is built up by sweeping the potential over a 

range of values. 

Time-of-flight mass analyser 

A TOF mass analyser separates the charged ions by applying an accelerating voltage 

(to induce an electric field), separating the ions according to their m/z ratio along the 
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length of the TOF tube (Figure 3.2). The aim of a TOF analyser is to give all ions the 

same energy, so that their velocities, and hence the time taken to reach the detector, 

are a function of the mass/charge ratio.6,10 As a result, lighter ions reach the detector 

first. 

 

For a TOF-MS with path length l (see Figure 3.2 for reference) ions of mass m and 

velocity v passing through a potential V in the accelerating field, the energy of the 

ions, E, is given by 

 

! = 1
2!!

! = !"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(3.2) 

 

where e is the charge of an electron (1.60217657 × 10-19 coulomb). Therefore, the 

resulting time for the ions to reach the detector is simply10 

 

time!of!flight = !
! = ! 2!"!

!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(3.3) 

 

 

Figure 3.2 Setup of a linear TOF-MS. The ions are accelerated before separating by 

their m/z ratios in the flight tube (1 – 3), with lighter ions reaching the detector first. 

 

 

The ability of a TOF mass analyser to separate ions of similar mass has been 

improved by variations to a TOF analyser that include a reflectron TOF.6 In a 

reflectron TOF the separated ions are reflected within an electrostatic field back 

towards the detector. Lighter ions penetrate further into this field before being 
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deflected compared to the heavier ions. This results in all of the ions reaching the 

detector at the same time, which is often referred to as a TOF focus. TOF mass 

analysers can detect upwards of 1000 – 3000 Da compared to upwards of 100,000 

Da in a reflectron TOF.11 A reflectron allows for the flight path to be double in 

length for half of the space required for a conventional TOF. However, for the 

convenience of a smaller apparatus the electronics and controls for a reflectron TOF 

quickly scale upwards in cost with an increase in ability to separate the ions. An 

increased resolution and sensitivity also scales upwards in cost with other MS filters, 

especially for custom designs. 

 

Choice of mass filter for the Canterbury GED-MS apparatus 

Both a QMS and TOF mass filter were proposed to be suitable for the Canterbury 

GED apparatus, with EI as the proposed ionisation method. While a QMS would be 

suitable for the current systems being studied by GED, a TOF would allow for a 

wider mass range of molecules to be analysed, and would provide an improvement 

on the resolution of a QMS. Also, if a build up of the molecular ion beam were 

necessary for MS analysis (due to low vapour pressure), a TOF analyser would be 

preferable. 
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3.3 Proposed MS for the Canterbury GED-MS setup 
For a short-term approach to a GED-MS design, a QMS was available for use from 

the deconstructed molecular ion beam machine of Professor Peter Harland 

(University of Canterbury). However, the intention of the Canterbury GED-MS 

design is to incorporate a TOF for long-term use, as it would allow the study of a 

wider range of species. Preliminary tests with the QMS were unsuccessful as 

discussed below. 

 

3.3.1 Preliminary tests with MS for GED-MS 

Prior to the concept and schematic designs for the modifications to incorporate MS 

with the Canterbury GED apparatus, a MS test rig and vacuum setup was to be 

constructed. The plans to make a MS test rig occurred shortly after commencing the 

reconstruction and modification stage of the Canterbury GED apparatus (see Chapter 

2) so it was advantageous to modify the two setups independently, prior to 

combining them together in the final GED-MS setup (as discussed in the later 

sections of this chapter). The construction of a separate MS test rig (with its own 

vacuum system) would allow independent experiments with the MS to be conducted 

before and after a GED experiment to check the purity of a sample. After 

establishing the combined GED-MS apparatus, a separate vacuum system for the MS 

would also allow the MS to be isolated from the main GED chamber (while still 

under vacuum) to change sample and nozzle-to-camera distance, shortening the time 

for an experimental vacuum to be re-established between data collection runs. Also, 

as gains in resolution and sensitivity with MS are ultimately linked to vacuum 

quality11 it was deemed important to establish a good vacuum system for use with the 

MS. 

 

As part of preliminary work towards designing the Canterbury GED-MS setup a 

QMS from Professor Peter Harland (University of Canterbury) was available for use. 

Whilst the QMS had not been used in many years, all of the electronic control units 

were available and it had an inbuilt EI source. The detectable mass range of up to 

300 Da was also suitable for preliminary studies for simple, small molecules such as 

benzene and acetone. 
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Over the course of two years, a suitable vacuum system was constructed for the 

QMS using a small turbomolecular pump and rotary backing pump (Figure 3.3, left). 

Initial tests indicated an achievable vacuum of approximately 10-5 Torr, but despite 

this being a suitable vacuum pressure to operate the QMS with, the QMS would not 

turn on (presumably due to its pressure interlock). After checking the electronics of 

the QMS the vacuum system of the MS test rig was upgraded, changing the 

turbomolecular pump to a larger oil diffusion pump with a liquid nitrogen cold trap 

(Figure 3.3, right). Despite having achieved a better vacuum of 10-7 Torr compared 

to the initial setup (after months of leak testing with the test rig) the QMS was still 

not operational. Further tests at this point indicated the problem to be with the 

control unit used to operate the QMS. 

 

The failure to get the QMS operational at this point led to the abandonment of 

experimental work with the MS test rig. Even if time (and money) were spent fixing 

the QMS control unit, this would not guarantee successful implementation of the 

QMS. Also, the intention for the GED-MS is to purchase a MS with a larger mass 

range (preferably a TOF). It was decided that experimental work with the MS unit 

would be put on hold until after the purchase of a new MS. However, the purchase of 

a new MS is still pending. 

 

As a result, the following sections in this chapter present the conceptual and 

schematic designs for the Canterbury GED-MS apparatus. The specific requirements 

for MS in a GED-MS design are highlighted, while allowing for flexibility in the 

specific choice of MS and how it will interface the GED apparatus. 
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Figure 3.3 Setup of the MS test rig with (a) the initial setup with a turbomolecular 

pump and (b) with a larger oil diffusion pump replacing the turbomolecular pump. 

The quadrupole is inside the chamber as indicated. Note that the framework in (b) 

has been altered to accommodate the larger pump. 
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3.4 Requirements for a GED-MS design 
For the incorporation of MS into a GED experiment, the sample inlet and MS unit 

have to be directly opposite each other. This is so when the sample is injected into 

the apparatus, electron diffraction occurs before the gas vapour continues to the other 

side of the chamber into the MS. This is illustrated in Figure 3.4. 

 

Figure 3.4 Simplified setup of a GED-MS apparatus showing the gas vapour (blue 

line) interacting with the electron beam before travelling into the MS unit. 

 

The challenge in incorporating the MS unit arises from the need to change the 

nozzle-to-camera distance, to allow for variable-angle data collection. In a GED 

experiment variable-angle data collection is necessary to obtain as much structural 

data as possible. A short nozzle-to-camera distance will allow wide-angle data to be 

collected and a longer nozzle-to-camera distance provides narrow-angle data.6 An 

overlapping part of the data collection from both distances is checked to ensure the 

integrity of the sample between runs. 

 

To obtain data from two different distances in a GED-MS experiment either the inlet 

nozzle and the MS unit, or the camera (detector), has to move. Both of these designs 

are currently in use by other GED groups. The choice of how to change the nozzle-

to-camera distance leads to large differences in experimental design as highlighted in 

the next section. 
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3.5 Nozzle-to-camera distance design 
To obtain data from two different distances in a GED-MS experiment either the inlet 

nozzle and the MS unit will have to move, or the camera (detector) has to move. A 

fixed camera is used in the GED-MS setup of the Girichev group (Ivanovo, Russia)12 

and a fixed MS position is used in the setup for the Wann group (York, UK).13 It 

should be noted that GED machines are custom built so can differ widely from group 

to group. Both potential designs are discussed below. 

 

3.5.1 Fixed detector, moveable inlet system (Girichev group) 

The GED-MS apparatus of the Girichev group (Ivanovo, Russia) involves a 

monopole MS unit that moves with the inlet system in relation to a fixed image 

detector.12 The nozzle-to-camera distance is changed by moving the inlet system and 

MS unit to one of two sets of fixed distance inlet ports (Figure 3.5). !

 

The apparatus is vertical in its arrangement with respect to the direction of the 

electron beam compared to the Canterbury GED apparatus (which is horizontal). 

This means that the shift of the MS unit and nozzles is vertical in this apparatus 

(parallel to the direction of the electron beam) between the two sets of ports as 

shown (Figure 3.5). Since the two distances available for a GED experiment are 

fixed, there is minimal adjustment and alignment required. However, the main 

downside to this particular design is that either the whole machine has to be brought 

back up to atmospheric pressure to change the nozzle-to-detector distance or the MS 

has to be isolated under vacuum as the distance is changed. In the case of this GED-

MS setup, the Girichev group bring the apparatus to atmospheric pressure between 

experiments to move the inlet system. 
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Figure 3.5 Vertical GED-MS setup of the Girichev group (Ivanovo, Russia). The 

setup shows the MS and nozzle in the shorter of the two available positions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.5.2 Fixed inlet system, moveable detector (Wann group) 

The GED-MS system of the Wann group has a horizontal setup, with respect to the 

direction of the electron beam, similar to the Canterbury GED apparatus.13 In this 

setup a QMS unit remains fixed in position while the CCD moves. The Wann group 

modified the CCD so that it was held within a cylindrical tube with an outer tube 

layer (Figure 3.6). This cylindrical tube is allowed to move within the port on the 

diffraction chamber while the chamber is under vacuum to alter the nozzle-to-camera 

distance.13 However, this setup is not without problems. In particular, vacuum leaks 

around the CCD casing is an issue that is currently being addressed by the Wann 

group. 

 

 

 

 

 

 

 

Nozzle 
inlet ports MS ports 
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Figure 3.6 Front view (left) and rear view (right) of the CCD camera and vacuum 

casing used by the Wann group (University of York). 

 

 

 

 

 

 

 

!

3.5.3 Nozzle-to-camera outline for Canterbury GED-MS 

From consideration of the GED-MS designs from the Girichev and Wann groups, a 

moveable CCD with fixed inlet and MS unit was chosen for the Canterbury GED-

MS design. Although both modification options are viable, a design based on that 

used by the York group (with a similar horizontal beam setup as the Canterbury 

apparatus) was determined to be the best option for the Canterbury GED-MS design. 

It will minimise the need to shift and readjust the position of the MS unit between 

experiments which will help preserve the lifetime of the MS unit, as continuously 

bringing the MS back to atmospheric pressure (from vacuum) will reduce its 

expected lifetime.11 The downside of the design used by the Wann group is the 

vacuum casing for the CCD camera, which while allowing for adjustment under 

vacuum, is prone to generating vacuum leaks. An alternative design to change the 

position of the camera of the Canterbury GED-MS apparatus is given in Section 3.6. 

It is expected that the new design will minimise the generation of vacuum leaks 

compared to the Wann group’s design.  
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3.6 Modification of the Canterbury GED apparatus 
The modification of the Canterbury GED apparatus to incorporate MS capability 

focusses on redesigning the main chamber. As discussed in Section 3.5.3, the 

Canterbury GED-MS modification will involve a fixed inlet and moveable detector. 

The aim of this GED-MS design is to retain as much of the existing GED apparatus 

framework as possible. As such, the design of the GED-MS chamber is based on the 

existing chamber dimensions to minimise alterations to the framework and the rest of 

the GED apparatus.  

 

The conceptual and schematic designs for the incorporation of MS capability into the 

Canterbury GED apparatus are presented. As the MS unit for the GED-MS apparatus 

is yet to be purchased, the schematic designs for integration of the MS to the GED 

chamber have not been rigorously proposed. This will allow flexibility in the 

schematic measurements for the interface of the MS with the chamber. An ideal MS 

unit for a GED-MS design with the Canterbury GED apparatus has been highlighted 

(Section 3.3) as part of this planning stage. 

!

3.6.1 Outline of modification and requirements 
The main chamber of the Canterbury GED apparatus is made up of three separate 

sections, with the section highlighted in bold in Figure 3.7 being the diffraction zone. 

The main chamber to be modified is connected to a camera (detector) opposite the 

electron beam, the sample inlet nozzle opposite one of the diffusion pumps and the 

cold trap opposite the room temperature nozzle inlet underneath the chamber. 

Schematic views of the current GED setup generated from Open Source CAD 

(QCAD),14 a free online engineering software tool, are shown in Figure 3.8. 

 

To enable the MS unit to be opposite the sample inlet the positions of the vacuum 

pumps around the main chamber need to be altered. This is primarily due to the 

position of one of the diffusion pumps occupying the proposed location of the MS 

unit in the original apparatus design. For this to happen a new section of the main 

chamber will be constructed with appropriate ports to allow the sample inlet nozzle 

and MS unit to align. To maintain the current experimental vacuum, both diffusion 

pumps on the MS side of the chamber will be moved underneath the main chamber 
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(replacing the room temperature nozzle since both high and room temperature 

experiments can be conducted using the main large nozzle port).  

 

Figure 3.7 Highlighted section of the GED machine where the chamber will be 

modified (bold outline) and the section of chamber (to the right of it) to be removed 

to incorporate the longer GED-MS chamber design (dotted outline). 

 

 

 

 

 

 

 

 

 

 

 

The Canterbury GED apparatus currently uses a mechanical camera with 

photographic film as the detector but the future aim is to have a set up with a CCD. 

This is a necessary upgrade as the photographic films are no longer available for 

purchase when the current supply runs out. Integrating a CCD will also remove the 

need for a rotating sector (which stops overexposure in the centre of the 

photographic film6) and will remove the problems associated with the change in 

measured scattered angle relative to the detector position. As such, a CCD is an 

integral part of the GED-MS modification to the Canterbury apparatus. The design 

concepts and schematics are given below in Sections 3.6.2 and 3.6.3 respectively 

take into account the incorporation of a CCD, while allowing the mechanical camera 

to be used in the interim. 
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Figure 3.8 Selected views of the current GED chamber design looking from the 

camera end (a) towards the electron gun showing (b) the port size for the current 

diffusion pump (left hand side), and (c) the inlet port sizes for the sample nozzle 

(right hand side). A schematic of the top side and underneath side of the diffraction 

chamber (showing the cold trap and room temperature inlet respectively) is not 

shown. Measurements were made using callipers. All dimensions are in millimetres 

(error ± 0.005 mm). 
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3.6.2 Design concept for the Canterbury GED-MS apparatus 

As stated above, the design of the Canterbury GED-MS will be based upon that of 

the Wann group with a moveable CCD in relation to a fixed MS and nozzle inlet 

system. To allow for changes in the nozzle-to-camera distance, a spacer unit has 

been proposed which can be placed between the camera and main chamber, to 

change the nozzle-to-camera distance (Figure 3.9a and 3.9b). This will potentially be 

an improvement on the design used by the Wann group (Section 3.5.2) as the MS 

unit and main chamber can be isolated from each other to change the nozzle-to-

camera distance without the issue of generating vacuum leaks around a CCD vacuum 

casing.  

 

As part of this design, two inlet ports will be included so that multiple nozzle-to-

camera distances can be used while the spacer unit is being constructed. Currently 

the very-high-temperature nozzle (VHT) (allowing sample heating of up to  

1100 K)1,15 can only be used from one distance in the chamber (the large port shown 

in Figure 3.8c) since the inlet ports are not the same size. The GED-MS design 

includes two inlet ports to incorporate the VHT nozzle at both distances. An adaptor 

allows for the medium temperature nozzle to be used (which is smaller in diameter 

than the VHT nozzle). This will mean that high temperature experiments can be 

conducted from each port, allowing for wide data collection.  

(c) 
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Another advantage of having two ports for initial use during development is that it 

allows for the use of both the mechanical camera and photographic film until after 

the spacer unit has been made. Prior to the incorporation of the CCD, both ports will 

be used with the mechanical camera, with MS data being collected at the shortest 

nozzle-to-camera distance (Figure 3.10). Following the implementation of the spacer 

unit, the long distance port (furthest from the camera) will be no longer used, as the 

nozzle-to-camera distance will be completely controlled by the addition and removal 

of the spacer unit. This is elaborated further in Section 3.6.3 with the design 

requirements of the spacer unit. 
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Figure 3.9 Schematic top-down view of the proposed GED-MS setup (a) with the 

spacer unit and (b) without the added spacer unit. The second inlet port (covered 

with a blanking plate) will not be used once the CCD and spacer are implemented. 

 

 

 

 

 

 

 

 

 

 

  

(a) 

(b) 
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Figure 3.10 Schematic top-down view of the proposed GED-MS setup before the 

CCD and spacer are implemented. The position of the nozzle can change between (a) 

and (b), with MS only being collected at position (a). This is in contrast to the final 

design (which will collect MS data at both distances) shown in Figure 3.8. 

 

 

 

 

 

 

 

 

(a) 

(b) 
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3.6.3 Schematics for the GED-MS design 

The design specifics for the GED-MS chamber are highlighted below for the nozzle 

inlet ports and camera section of the chamber. Requirements for the side of the 

chamber incorporating the MS unit will be touched upon briefly. The remaining 

sections of the chamber involving the cold trap and repositioning of the vacuum 

ports is not covered, as this will allow flexibility in design during the construction 

process by the Chemistry technical staff, as the frame supporting the main chamber 

will likely be modified to allow inclusion of the pumps on the underside of the 

chamber. 

  

Nozzle inlet ports 

The schematics shown in Figure 3.11 highlight the planned construction of the 

nozzle inlet side of the GED-MS apparatus. The two large ports will allow for VHT 

data to be collected at both long and short distances with the mechanical camera, 

prior to upgrading to a CCD. From previous experiments with the Canterbury GED 

apparatus, the two nozzle-to-camera distances were determined to be approximately 

95 mm and 285 mm. These were chosen to keep the nozzle-to-camera distances 

consistent with previous experiments and to accommodate two large inlet ports that 

can house the VHT nozzle. The required distance is measured from the centre of the 

inlet port to the edge of the chamber where the front edge of the CCD would align. 

 

However, as shown in Figure 3.11, the distance for the two ports (95 mm and 285 

mm), allowing for a suitable separation between the two ports, exceeds the current 

dimension of the diffraction chamber (approximately 300 mm as from Figure 3.8c). 

This means that the empty section of chamber next to the diffraction zone (Figure 

3.7) will be removed to accommodate it.  
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Figure 3.11 Proposed schematic for the nozzle inlet side of the main chamber. The 

two required nozzle-to-camera distances (95 mm and 285 mm) have been indicated. 

 

Camera port 

The end of the chamber to house the CCD is to be kept the same as with the current 

GED chamber (Figure 3.6a) to allow for use of the mechanical camera during 

development of the spacer unit. As part of the planned incorporation of a CCD, an 

adaptor will be fitted to allow the incorporation of the CCD camera into the current 

camera port. This adapter has yet to be designed as it will be affected by the setup of 

the electronics of the CCD during preliminary testing. 

 

MS port  

The side of the chamber which will incorporate the MS unit requires a port for the 

MS unit to be made for it to align with the nozzle closest to the camera end (the left 

hand side port shown Figure 3.8). The MS unit will be placed at this port to allow for 

collection of data at a short nozzle-to-camera distance in the absence of the spacer 

unit. The width of the GED-MS chamber allows a MS to be placed within 300 mm 

of the inlet nozzle which, as discussed by Girichev,12 is important to allow for 

laminar flow of the gas vapour into the MS chamber. Distances greater than 300 mm 

will mean that more gas vapour has to be produced for the sample to reach the MS, 

especially as resolution and ion transmission decrease with long ion paths.11 A small 

port for entry of the gas vapour to the MS is preferred for differential pumping.12 
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This will be important to consider when incorporating a MS with the GED apparatus 

in the future. 

 

3.7 Conclusion 
Current progress towards a GED-MS apparatus has seen the identification of EI and 

TOF as the favoured choice of ionisation method and mass filter for the Canterbury 

GED-MS apparatus. A preliminary setup of an old QMS as part of the concept 

development was unsuccessful and experiments were put on hold until a new MS has 

been purchased. The requirement for performing simultaneous GED and MS 

experiments has led to a proposed design of a moveable CCD in relation to a fixed 

MS and nozzle inlet system. A new chamber for the GED-MS apparatus has yet to be 

constructed to allow inclusion of the MS unit (ideally a TOF) and the current vacuum 

pumps as the MS has yet to be purchased. Schematic designs have been presented for 

the new chamber while allowing flexibility in the specific choice of MS being 

incorporated into the new chamber, which will be mounted on the existing GED 

framework. Measurements and detailed schematics to allow for modification of the 

nozzle-to-camera distance (for wide angle data collection) have been presented.  

 

To modify the nozzle-to-camera distance in a GED-MS experiment, a spacer unit has 

been proposed to work in conjunction with the CCD. The end of the chamber will be 

modelled using the current design to allow for the mechanical camera to be used 

whilst the CCD and spacer unit are developed. Two large nozzle inlet ports are 

included in the design to allow for collection of VHT data at short and long nozzle-

to-camera distances, and for use of the mechanical camera in the interim. Following 

implementation of the CCD and spacer unit, only one of the nozzle inlet ports will be 

used, as the spacer unit will control the nozzle-to-camera distance. Plans to vary the 

proposed nozzle-to-camera distances (95 mm and 285 mm) and include a medium 

distance by construction of spacers of varying widths will be considered following 

the successful implementation of the GED-MS design. 
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CHAPTER 4 
 

GED investigation of the gas-phase molecular structure of 

ketene, and computational investigation of selected 

RR’C=C=O derivatives  
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4.1 Introduction 
Previous work in the Masters group has focussed on the generation of molecules in 

the gas phase on the millisecond to second timescale using pyrolysis methods. In 

these experiments, molecules are generated using in situ pyrolysis techniques 

utilising a VHT nozzle developed by the Masters group1,2 in conjunction with the 

expertise of the GED group in Ivanovo, Russia. Testing of the nozzle with 

antimony(III) oxide has shown the capability of the nozzle for the study of non-

volatile species,2 but not the capability of the combined VHT-GED system to 

generate short-lived species.  

 

Work by Robert Noble-Eddy in the Masters group1 focussed on the generation of 

ethenone (CH2CO), the simplest example of a ketene, from three different 

precursors: acetic anhydride, Meldrum’s acid and acetone. Ethenone (H2C=C=O), 

referred to ketene throughout this work, was chosen as a test case, as it is an unstable 

molecule, dimerising rapidly to form diketene [(CH2CO)2] at room temperature.3 

Ketene itself has been studied before by GED by carefully storing a cold sample,4,5 

and can be generated from a variety of precursors. Several ketene derivatives have 

been studied by GED, including diketene and methyldiketene,6 

bis(trimethylgermyl)ketene,7 bis(trifluoromethylthio)ketene8 and, perhaps most 

interestingly, dichloroketene,9 which was generated from the precursor 

trichloroacetyl chloride using a gas-solid reaction. 

 

While Noble-Eddy was able to collect pyrolysis data for acetic anhydride and 

Meldrum’s acid, there were problems regarding processing and analysing of the 

experimental data.1 In particular the experimental data collected for Meldrum’s acid, 

which pyrolyses to give carbon dioxide, ketene and acetone,10 was thought to contain 

another equivalent of ketene and methane due to secondary pyrolysis of acetone.11 

This is shown to not to be the case in this chapter, as the GED data were determined 

to contain diketene (from the recombination of ketene to diketene).3 The presence of 

diketene was not accounted for by Noble-Eddy1 despite diketene being the same 

colour as the brown residue remaining after conducting the GED experiment. The 

analysis of the data presented in this chapter highlights the need for techniques such 

as GED-MS to confirm the species generated during a GED experiment. 
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This chapter focuses on the continuation of Noble-Eddy’s work1 on the study of the 

GED structure of ketene. All of the GED data processed in this chapter were 

collected using the Canterbury GED apparatus2 while it was still at the University of 

Edinburgh. The analysis and ab initio studies are all my own work. Work on the gas-

phase structure of acetic anhydride and its corresponding pyrolysis products is 

presented, with comparisons being made to other studies in the literature. In 

particular, the acetic anhydride data in the literature was processed using the ed@ed 

refinement program12 and SARACEN method.13-15 The data collected by Noble-

Eddy1 for Meldrum’s acid and its pyrolysis products have also been reprocessed, 

including the description of the model for Meldrum’s acid to provide an 

improvement in the analysis. Lastly, since the generation and study of ketene by 

VHT-GED allows for the study of other substituted ketenes, including 

asymmetrically substituted ketenes, a complementary computational study of a 

selection of ketene derivatives from the corresponding Meldrum’s acid derivatives 

has been conducted and is also presented here.  
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4.2 Acetic anhydride  

4.2.1 Introduction 

Acetic anhydride has been previously studied by GED, IR spectroscopy and by ab 

initio studies,16 revealing the gas vapour to consist of two low energy conformers. 

These conformers are related to each other by two large amplitude torsional motions 

around the central C–O–C=O dihedral angles as indicated (Figure 4.1).  

 

Figure 4.1 Bond rotation around the C–O–C=O dihedral angles of acetic anhydride. 

 

 

In the previous GED refinement by Wu et al.16 the gas-phase structure of acetic 

anhydride was described by the use of a dynamic model. A dynamic model in GED 

aids the description of a low energy rotation in a molecule; this is typically done by 

implementing a potential function17 or a series of pseudoconformers. In the case of 

Wu and co-workers,16 the acetic anhydride conformers were described using a set of 

pseudoconformers for each of the two conformers. 

 

However, to investigate the pyrolysis products of acetic anhydride by GED (Section 

4.3) a dynamic model of acetic anhydride is too complex to incorporate into a 

refinement that also includes decomposition products. This section details the 

reanalysis of the acetic anhydride GED data obtained by Wu and co-workers16 to test 

the validity of using a simpler two-conformer model to describe the gas-phase 

structure of acetic anhydride. As part of this work, a comparison has been conducted 

to show improvements on the original GED refinement of acetic anhydride by using 

a two-conformer model and the SARACEN method.13-15  
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4.2.2 Experimental 

Theoretical methods 

Geometry optimisation and frequency calculations were performed using the 

resources of the National Service for Computational Chemistry Software (NCSSC)18 

and the Gaussian09 program.19 All MP220 methods were frozen core [MP2(fc)]. 

Geometry optimisations were performed on the two acetic anhydride conformers 

(one with C1 symmetry and the other with C2 symmetry) using both M06-2X21 and 

MP220 methods. 

 

Geometry optimisations 

Two conformers of acetic anhydride were located on the potential energy surface 

(PES) with C1 and C2 symmetry. The acetic anhydride conformer geometries were 

optimised at the HF level with the 6-31G* basis set,22,23 and at the M06-2X level 

with 6-31G*, 6-311G*,24,25 6-311+G*26,27 and 6-311++G** basis sets. For 

comparison, the geometries were also optimised using the MP220 method over the 

same basis sets. With higher-level calculations (i.e. larger basis sets) geometry 

optimisations were performed using C1 and C2 symmetry for the two conformers. 

 

Frequency calculations 

Analytic second derivatives of the energy with respect to nuclear coordinates 

calculated at the M06-2X/6-311++G** level gave the force fields for the lowest 

energy conformers of acetic anhydride. These were used with the program 

SHRINK28,29 to provide estimates of the amplitudes of vibration (u) and 

perpendicular distance corrections (k) for use in the GED refinement. As harmonic 

corrections to the amplitudes of vibration have been implemented, the refinement 

type is denoted rh1.30 

 

GED study 

The GED structure of acetic anhydride was re-determined using the electron 

diffraction data as provided by Wu et al.16 in their Supplementary Information, 

which used an average experimental temperature of 338.15 K. The data-reduction 

and least-squares-refinement processes were carried out using the ed@ed program12 

(Version 2.4) employing the scattering factors of Ross et al.31 The scattering 
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intensities of the GED data from Wu et al.16 were scaled by 50 for use with the in-

house refinement program.12 The weighting points for the off-diagonal weight 

matrices, electron wavelengths, correlation parameters and scale factors for the 

nozzle-to-camera distance are given in Appendix Table A2.1. 

 

4.2.3 Results 

Ab initio calculations 

A previous ab initio study of acetic anhydride16 identified two non-planar minima, 

labelled (sp, sp) and (sp, ac), related to each other by large amplitude torsional 

motions. These conformer names are based on the O=C–O–C dihedral angles. The 

abbreviation sp refers to synperiplanar (a dihedral angle of 0 ± 30°); ac refers to 

anticlinal (a dihedral angle of -90 to -150°). In this previous study, the (sp, sp) and 

(sp, ac) conformers were described as a series of pseudoconformers around the 

O=C–O–C torsion, and were grouped together to collectively describe the (sp, sp) 

and (sp, ac) conformers in the GED refinement.16 This is in contrast to the work 

presented here, where the O=C–O–C torsions were able to alter with respect to the 

optimisation of the (sp, sp) and (sp, ac) conformer geometries over a range of ab 

initio calculations. The lowest energy structures of the acetic anhydride conformers 

[(sp, sp) and (sp, ac)] and atom numbering are presented in Figure 4.2. 

 

Figure 4.2 The lowest energy structures of the (sp, sp) and (sp, ac) conformers of 

acetic anhydride with atom numbering. 

The two conformers of acetic anhydride were optimised at the HF level with the 6-

31G* basis set,22,23 and at the M06-2X21 level with the 6-31G*, 6-311G*,24,25 6-

311+G*26,27 and 6-311++G** basis sets. From the ab initio results, (sp, sp) was 

determined to have C2 geometry, whereas (sp, ac) had C1 geometry. The results of 

calculations performed at the M06-2X level are presented in Appendix Table A2.2. 
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GED 

GED refinements were re-performed for acetic anhydride, based on the ab initio 

calculations described above (optimised at the M06-2X/6-311++G** level). The gas-

phase structure for acetic anhydride was re-determined by processing the raw GED 

data from a previous experiment,16 using the SARACEN method.13-15 The original 

investigation used a dynamic model to describe the two non-planar conformers of 

acetic anhydride (sp, sp) and (sp, ac) implementing eight pseudoconformers; five 

clustered around the (sp, sp) conformer, and three around the (sp, ac) conformer. In 

this present study a two-conformer model was employed, rather than a dynamic 

model, as a model with multiple species was to be used for the GED study of the 

acetic anhydride pyrolysis products (Section 4.3). This is because it would be too 

complicated to include a dynamic model in a refinement that also includes multiple 

pyrolysis products. Similar parameters were grouped together using the (sp, sp) 

parameter as an average, with differences applied to generate the respective values 

for the (sp, ac) conformer. The structure was defined in terms of 32 independent 

geometric parameters and 20 dependent parameters as described in Appendix 2.  

 

Theoretical Cartesian force fields were generated for both conformers at the M06-

2X/6-311++G** level and converted to a set of force fields described by sets of 

symmetry coordinates. Root-mean-square (RMS) amplitudes of vibration were 

obtained from the SHRINK program.28,29 All independent geometric parameters were 

refined using a least-squares method and restraints were applied using the 

SARACEN method13-15 (Table 4.1). In addition, the corresponding amplitudes of 

vibration were refined (see Table A2.3). The success of the refinement can be 

assessed numerically using the final R factor,32 which was RG = 0.073 (RD = 0.067), 

and visually using the RDCs (Figure 4.3), and the MICs (Figure A2.1). The refined 

conformer weighting of (sp, sp) was 40.7(±9.4) %, which was comparable to the 

refined weighting in the original study (37±15 %).16 

 

Calculations at the M06-2X level21 showed that MP2 incorrectly predicted the (sp, 

sp) conformer as being lower in energy. In the previous GED study16 56.8 % was 

obtained as the predicted conformer weighting from the sum of the (sp, sp) 

pseudoconformers, compared to weighting of 28.8 % as predicted by M06-2X/6-

311++G** using the Boltzmann distribution for the GED experimental conditions.  



! 69!

Table 4.1 Refined (rh1) and calculated (re) geometric parameters for acetic anhydride 

from the SARACEN GED refinement.a 

Parameters GED (rh1) M06-2X/ 

6-311++G** (re) 

Restraint 

Independent    

p1 rC–C (sp, sp) 148.5(3) 149.8 – 

p2 rC–C diff 1 0.1(1) 0.1 0.1(1) 

p3 rC–C diff 2 0.3(1) 0.3 0.3(1) 

p4 rC=O (sp, sp) 118.3(1) 118.7 – 

p5 rC=O diff 1  0.8(1) 0.8 0.8(1) 

p6 rC=O diff 2  0.1(1) 0.1 0.1(1) 

p7 rC–O (sp, sp)  138.7(2) 138.7 – 

p8 rC–O diff 1  2.2(1) 2.2 2.2(1) 

p9 rC–O diff 2 1.3(1) 1.3 1.3(1) 

p10 rC–H av 108.4(4) 108.9 108.9(6) 

p11 ∠H(11)–C–C (sp, sp) 109.5(1) 109.5 109.5(1) 

p12 ∠H–C–C diff 1  1.8(1) 1.8 1.8(1) 

p13 ∠H–C–C diff 2 0.1(1) 0.1 0.1(1) 

p14 ∠H(25)–C–H(24) (sp, ac) 110.5(1) 110.5 110.5(1) 

p15 ∠H(20)–C–H(19) (sp, ac) 109.9(1) 109.9 109.9(1) 

p16 ∠C–C=O (sp, sp) 126.3(5) 127.2 – 

p17 ∠C–C=O diff 1 1.6(1) 1.6 1.6(1) 

p18 ∠C–C=O diff 2 0.9(1) 0.9 0.9(1) 

p19 ∠C–C–O (sp, sp) 111.2(5) 110.0 – 

p20 ∠C–C–O diff 1 7.2(2) 7.2 7.2(2) 

p21 ∠C–C–O diff 2 0.1(1) 0.1 0.1(1) 

p22 ∠C–O–C (sp, sp) 120.3(1) 120.3 120.3(1) 

p23 ∠C–O–C (sp, ac) 122.4(2) 122.5 122.5(2) 

p24 φO=C–C–H(11) (sp, sp) 5.7(20) 5.7 5.7(20) 

p25 φO=C–C–H(25) (sp, ac) -1.1(10) -1.0 -1.0(10) 

p26 φO=C–C–H(20) (sp, ac) 21.7(19) 21.3 21.3(20) 
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p27 φO(9)=C(1)–C(10)– 

O(2) (sp, sp) 

177.6(1) 177.6 177.6(1) 

p28 φO=C–C–O diff 1 1.4(11) 1.9 1.9(11) 

p29 φO=C–C–O diff 2 1.0(1) 1.0 1.0(1) 

p30 φC(10)–C–O–C (sp, sp) -155.7(15) -153.2 -153.2(20) 

p31 φC(23)–C–O–C (sp, ac) 173.5(20) 172.7 172.7(22) 

p32 φC(17)–C–O–C (sp, ac) -41.5(15) -38.6 -38.6(20) 

Dependent    

dp1 rC(14)–C(23) (sp, ac) 148.6(3) 149.9 – 

dp2 rC(16)–C(17) (sp, ac) 148.8(3) 150.1 – 

dp3 rC(14)=O(22) (sp, ac) 119.0(1) 119.5 – 

dp4 rC(16)=O(21) (sp, ac) 118.2(1) 118.6 – 

dp5 rC(14)–O(15) (sp, ac) 136.5(2) 136.5 – 

dp6 rC(16)–O(15) (sp, ac) 140.0(2) 140.0 – 

dp7 ∠H(25)–C–C (sp, ac) 109.4(1) 109.4 – 

dp8 ∠H(20)–C–C (sp, ac) 107.7(1) 107.7 – 

dp9 ∠C–C=O(22) (sp, ac) 125.4(5) 126.3 – 

dp10 ∠C–C=O(21) (sp, ac) 124.7(5) 125.6 – 

dp11 ∠O–C=O (sp, sp) 122.5(2) 122.7 – 

dp12 ∠O–C=O(21) (sp, ac) 116.8(2) 117.2 – 

dp13 ∠O–C=O(22) (sp, ac) 123.3(2) 123.5  

dp14 ∠C(17)–C–O (sp, ac) 118.4(5) 117.2 – 

dp15 ∠C(23)–C–O (sp, ac) 111.3(5) 110.1 – 

dp16 φO(21)=C(16)–C(17)–

O(15) (sp, ac) 

176.2(11) 175.7 – 

dp17 φO(22)=C(14)–C(23)–

O(15) (sp, ac) 

-178.6(1) -178.6 – 

dp18 φO(8/9)=C–O–C (sp, sp) 26.6(16) 29.1 – 

dp19 φO(21)=C–O–C (sp, ac) 142.0(18) 145.3 – 

dp20 φO(22)=C–O–C (sp, ac) -7.8(20) -8.7 – 
a Distances (rh1) are in pm and bond angles (∠) and dihedral angles (φ) are in 

degrees. 
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Figure 4.3 Experimental and difference (experimental – theoretical) RDCs for acetic 

anhydride. Before Fourier inversion the data were multiplied by s·exp(-

0.00002s2)/(ZC – fC)(ZO – fO).  

 

!
A trial refinement was conducted at the MP2/6-311++G** level and was used as the 

starting point for the M06-2X refinement. The energies and calculated conformer 

weightings at the MP2 and M06-2X level for a range of basis sets are presented in 

Table A2.4. The least-squares correlation matrix is given in Table A2.5 and the 

coordinates for the final GED structure and for the calculated structure (M06-2X/6-

311++G**) are in Tables A2.6 and A2.7 respectively. 

 

4.2.4 Discussion 

The new refinement of acetic anhydride produces parameters that are, in most cases, 

comparable to those obtained in the previous study by Wu et al.16 The bond lengths 

are in agreement for both studies and ab initio calculations obtained at the M06-

2X/6-311++G** level. Errors in both studies are reported as the estimated standard 

deviation. The rC–C distance was reported in the original study to have a value of 

148.9(2) pm. This is comparable to the rC–C distances that were individually 

described for the (sp, sp) and (sp, ac) conformers in this study [148.5(3) pm for (sp, 

sp), and 148.6(3) and 148.8(3) pm for (sp, ac)]. The rC–O distances for the (sp, sp) 

conformer were underestimated in the original study compared to the ab initio results 

[137.0(15) pm compared to 138.7 pm], with rC–O from this study [138.7(2) pm] in 
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close agreement with the M06-2X/6-311++G** value. A difference was also 

observed between the ab initio and GED values for the (sp, ac) conformer, with 

values for rC(14)–O(15) and rC(16)–O(15) from the original study being higher and 

lower than the corresponding ab initio values [137.0(13) pm compared to 136.5 pm, 

and 140.6(6) pm compared to 140.0 pm]. As before, the C–O values obtained for (sp, 

ac) in this study [136.5(2) pm and 140.0(2) pm] were in close agreement to the ab 

initio values. 

 

The ∠O–C–C parameters from both studies agreed reasonably well with the ab initio 

values. This was not the case for ∠O=C–O which were wider for the (sp, sp) 

conformer in the original study [124.8(10)°], and overestimated for the (sp, ac) 

conformer [117.1(10)° and 124.2(18)°] compared to the results of this study 

[122.5(2)° for (sp, sp), and 116.8(2)° and 123.3(2)° for (sp, ac) respectively]. The 

∠C–O–C parameters also differed between the two studies. In the previous work 

∠C–O–C was reported as being 116.5(20)° and 121.0(15)° for the (sp, sp) and (sp, 

ac) conformers respectively which were narrower than the ∠C–O–C parameters 

obtained from this work [120.3(1)° for (sp, sp) and 122.4(2)° for (sp, ac)].  

 

The differences between these angles and the ab initio results can be attributed to the 

conformational flexibility of acetic anhydride, specifically due to φO=C–O–C which 

differs significantly between the conformers. As the SARACEN method13-15 was not 

used in the original study these parameters were not previously refined with high 

accuracy or precision. For the (sp, sp) conformer, φO=C–O–C agreed reasonably 

well with the ab initio calculations, but for φO(22)=C(14)–O(15)–C(16) and 

φO(21)=C(16)–O(15)–C(14) in (sp, ac), the previous GED study overestimated and 

underestimated the magnitude of the dihedral angles [-27.4(3)° and 122.0(39)°, 

compared to -7.8(20)° and 142.0(18)° in this study]. φO=C–O–C was shown to vary 

depending on the ab initio calculation used as indicated in Table A2.2. This 

suggested that these parameters would be poorly refined by GED data alone so in 

this study a restraint was applied that encompassed this range of values. The refined 

φO=C–O–C from the previous GED study16 falls outside this range. The rest of the 

parameter comparisons are given in Table 4.2, with respect to the numbering scheme 

given in Figure 4.2.  
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Table 4.2 Parameter comparison for study of acetic anhydride by GED.a 

Parameters GED (rh1) Previous GED 

study13  

M06-2X/ 

6-311++G** (re) 

(sp, sp)    

C(1)–C(10) 148.5(3) 148.9(2)b 149.8 

C(3)–C(4) 148.5(3) – 149.8 

C(1)=O(9) 118.3(1) 118.2(3) 118.7 

C(3)=O(8) 118.3(1) 118.2(3) 118.7 

C(1)–O(2) 138.7(2) 137.0(15) 138.7 

C(3)–O(2) 138.7(2) 137.0(15) 138.7 

<C–H>c 108.4(4) 109.9(4) 108.9 

∠O(2)–C(1)=O(9) 122.5(2) 124.8(20) 122.7 

∠O(2)–C(3)=O(8) 122.5(2) 124.8(20) 122.7 

∠O(2)–C(1)–C(10) 111.2(5) 114.6(23) 110.0 

∠O(2)–C(3)–C(4) 111.2(5) 114.6(23) 110.0 

∠C(1)–O(2)–C(3) 120.3(1) 116.5(20) 120.3 

φO(9)=C(1)–O(2)–C(3) 26.6(16) 30.9(67) 29.1 

φO(8)=C(3)–O(2)–C(1) 26.6(16) 30.9(67) 29.1 

(sp, ac)    

C(14)–C(23) 148.6(3) 148.9(2)b 149.9 

C(16)–C(17) 148.8(3) – 150.1 

C(14)=O(22) 119.0(1) 119.4(3) 119.5 

C(16)=O(21) 118.2(1) 118.2(3) 118.6 

C(14)–O(15) 136.5(2) 137.0(13) 136.5 

C(16)–O(15) 140.0(2) 140.6(6) 140.0 

<C–H>c 108.4(4) 109.9(4) 108.9 

∠O(15)–C(14)=O(22) 123.3(2) 124.2(18) 123.5 

∠O(15)–C(16)=O(21) 116.8(2) 117.1(10) 117.2 

∠O(15)–C(14)–C(23) 111.3(5) 110.9(17) 110.1 

∠O(15)–C(16)–C(17) 118.4(5) 111.1(22) 117.2 

∠C(14)–O(15)–C(16) 122.4(2) 121.0(15) 122.5 

φO(21)=C(16)–O(15)–C(14) 142.0(18) 122.0(39) 145.3 
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φO(22)=C(14)–O(15)–C(16) -7.8(20) -27.4(53) -8.7 
a The distances are given in pm. Bond angles (∠) and dihedral angles (φ) are in °.  
b The C–C distances were averaged over both conformers.  
c An average C–H distance from both conformers was used. 

 

The fact that the parameters in the original study did not describe the flexible 

dihedral angles overly well was reflected in the refinement of the corresponding 

amplitudes of vibration. This meant that the refined amplitudes for the O···O, O···C 

and O···C interatomic distances differed greatly from what was calculated. This is 

more apparent for the (sp, ac) conformer, such as for O(21)···O(22) where the 

calculated amplitudes were 7.8 pm (MP2/6-31G*) compared to the refined value of 

14.2(24) pm.16 Comparatively in this study the same amplitude of vibration was 

calculated to be 26.3 pm (M06-2X/6-311++G**) and 30.0(18) pm (GED). For these 

flexible dihedral angles, and their corresponding amplitudes, applying restraints with 

the SARACEN method13-15 was of great benefit to the success of the refinement. A 

full comparison of these amplitudes against the theoretically calculated values is 

given in Table A2.8. 

 

4.2.5 Conclusion 

This work has demonstrated the viability of using the SARACEN method13-15 to 

describe the gas-phase structures of acetic anhydride using a two-conformer model. 

As part of this work comparisons have been drawn between this study and the 

previous GED study of acetic anhydride, which used a dynamic model to describe 

the (sp, sp) and (sp, ac) conformers. Analysis has shown that while the previous 

refinement is valid, improvements to the refinement are made by implementing the 

SARACEN method, allowing restraints to be used to describe the varying O=C–O–C 

torsion angles in the molecule. This in turn allows for refinement of the amplitudes 

of vibration that are dependent on these torsions. 
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4.3 Pyrolysis of acetic anhydride 

4.3.1 Introduction 

Acetic anhydride, [(CH3CO)2O], is known to generate acetic acid and ethenone 

(CH2C=O), the simplest example of a ketene, in good yield by FVP.33 The pyrolysis 

process has not been studied by GED before in the literature. Previous studies 

suggest the decomposition mechanism to be an intramolecular rearrangement,34-36 

with the most obvious route involving one methyl proton moving to the central O 

and subsequent breaking of the C–O bond34 as shown in Figure 4.4.  

 

Figure 4.4 Mechanism for the pyrolysis of acetic anhydride to give acetic acid and 

ketene. 

 

Work by Noble-Eddy in the Masters group1 has resulted in collection of GED data 

for the pyrolysis of acetic anhydride, however the model descriptions reported in his 

thesis did not allow for the products to be treated separately in the refinement. 

Noble-Eddy averaged bond parameters such as C–C, C–O and C=O together, rather 

than refining them separately with the SARACEN method,13-15 so the refined 

parameters were less accurate than what would be expected in a standard GED 

experiment. It was deemed necessary to repeat the data analysis along with 

construction of a new model for the refinement so that a more comprehensive 

analysis could be conducted. 

 

The analysis of the GED structures of ketene and acetic acid, as obtained from the 

pyrolysis of acetic anhydride, is presented following the reconstruction of the GED 

model and subsequent refinement of the GED data. The experimental setup used for 

the pyrolysis experiment is described briefly. Selected parameters of ketene and 

acetic acid have been compared to previous GED5,37 and MW38,39 spectroscopy 

studies and are also presented. 
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4.3.2 Experimental 

Synthesis 

Acetic anhydride (> 99%) was obtained from Sigma Aldrich as used without further 

purification in the GED experiment. Acetic acid and ketene were generated by 

pyrolysis of acetic anhydride using the VHT nozzle system as described below. 

 

Very-High-Temperature (VHT) nozzle system 

To enable the generation of short-lived species for GED experiments, a VHT nozzle 

system was constructed to work with the Canterbury GED apparatus.2 Previous work 

with the VHT nozzle has involved re-determination of the gas-phase structure of 

antimony (III) oxide.2 The configuration of the VHT nozzle allowed for the study of 

relatively involatile samples, over a wider range of temperatures than are normally 

accessible using the Canterbury GED apparatus, by allowing a build up of vapour 

pressure. The setup used in the study of antimony (III) oxide is one of the four 

potential configurations for the VHT nozzle system. 

 

This study is concerned with the generation of acetic acid and ketene by pyrolysis of 

acetic anhydride, therefore a different setup of the nozzle is required. Specific details 

regarding the VHT nozzle, such as the types of materials used, is covered 

elsewhere.1,2 As shown in Figure 4.5, the VHT nozzle setup consists of an external 

sample inlet which is used to allow the sample to pass into the VHT oven in close 

proximity to the diffraction zone. With this design, changing the sample at the 

external gas inlet is simple, so benzene calibration can be obtained without removing 

the VHT nozzle from under vacuum. However, using an external gas inlet system is 

only applicable if the sample of interest has sufficient vapour pressure. Acetic 

anhydride has a vapour pressure of 4 Torr at 293.15 K,40 which is sufficient for study 

by GED with this setup. 
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Figure 4.5 The VHT nozzle inlet system used in this work showing (a) the general 

set-up and (b) the cross-section of the path of the electron beam through the end of 

the nozzle. The outer inlet system cooling is not shown in (a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Theoretical methods 

Geometry and frequency calculations were performed using the resources of the 

NSCCS18 and the Gaussian09 program.19 All MP220 methods were frozen core 

[MP2(fc)].  

 

Geometry optimisations 

Geometry optimisations were performed using C2v symmetry for ketene and Cs 

symmetry for acetic acid at the HF level with the 6-31G* basis set,22,23 and at the 

MP2 level with 6-31G*, 6-311G*,24,25 6-311+G*26,27 and 6-311++G** basis sets. 

 

Frequency calculations 

Analytic second derivatives of the energy with respect to the nuclear coordinates 

calculated at the MP2/6-311++G** level gave the force fields for the lowest energy 

geometries of ketene and acetic acid. These force fields were used in the program 

(b) 

(a) 
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SHRINK28,29 to provide estimates of the amplitudes of vibration (u) and 

perpendicular distance corrections (k) for use in the GED refinement.  

 

GED (performed by Robert Noble-Eddy, University of Edinburgh) 

Data were collected for the pyrolysis of acetic anhydride to acetic acid and ketene, 

using the Edinburgh GED apparatus, now located at the University of Canterbury,2 

and the VHT nozzle setup as described above. An accelerating voltage of around 40 

keV was used (electron wavelength ca. 6.0 pm) with a maintained pyrolysis 

temperature of 823 K. Scattering intensities were recorded at a nozzle-to-plate 

distance of 212.2 mm on Kodak Electron Image films. An Epson Expression 1680 

Pro flatbed scanner was used to convert the electron-scattering intensities to mean 

optical densities as a function of the scattering variable, s, using an established 

program.41 The data-reduction and least-squares-refinement processes were carried 

out using the ed@ed program12 (Version 2.4) employing the scattering factors of 

Ross et al.31 The weighting points for the off-diagonal weight matrices, correlation 

parameters and scale factors for the nozzle-to-camera distance are given in Table 

A2.9, along with the electron wavelengths determined from the scattering patterns of 

benzene vapour.  

 

4.3.3 Results 

Ab initio calculations 

The gas-phase geometries of ketene (with C2v symmetry) and acetic acid (with Cs 

symmetry) were optimised at the HF level with the 6-31G* basis set,22,23 and at the 

MP220 level with the 6-31G*, 6-311G*,24,25 6-311+G*26,27 and 6-311++G** basis 

sets, with the MP2 results presented in Table A2.10. The atom numbering and 

relative structures of ketene and acetic acid are given in Figure 4.6. 
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Figure 4.6 The lowest energy structures of ketene (left) and acetic acid (right) with 

atom numbering. 

 

GED 

GED refinements for the pyrolysis products of acetic anhydride were carried out 

based on ab initio calculations at the MP2/6-311++G** level. From the mechanism 

for the pyrolysis of acetic anhydride,34-36 it is expected that ketene and acetic acid 

(Figure 4.6) are generated with 1:1 stoichiometry so this was fixed in the refinement. 

Rather than setting the amount of ketene present to be 50 %, the ratio of ketene to 

acetic acid was fixed at 66:33 % to reflect the ratio of the enantiomers present in the 

vapour. A trial refinement of the data showed that the contribution of acetic 

anhydride was < 2 % so only ketene and acetic acid were included in the model. The 

structures of ketene and acetic acid were defined in C2v and Cs symmetry 

respectively, using 15 parameters and one dependent parameter. The 15 independent 

parameters comprised eight bond lengths, six bond angles and one dihedral angle. 

Independent parameters included rC=O, rC=C and rC–H for ketene (p1, p4 and p7), 

and rC=O, rC–O, rC–C, rO–H and rC–H for acetic acid (p2, p3, p5, p6 and p8). The 

bond angles included ∠H–C=C for ketene (p9) and ∠H(7)–C–H(8/9), ∠C–C–H, 

∠C–C=O, ∠C–C–O and ∠C–O–H for acetic acid (p10 – p14). The dihedral φH–O–C–

C for acetic acid (p15) was defined, but fixed at 180° in the final refinement due to Cs 

symmetry. One dependent parameter, ∠H–C–H was also specified for ketene to 

allow comparison to previous structural studies.  

 

The final goodness-of-fit factors, RG and RD, were determined to be RG = 0.088 and 

RD = 0.049. The refined GED parameters are given in Table 4.3 alongside the 

theoretical calculations obtained at the MP2/6-311++G** level. The refined 

amplitudes of vibration are given in Table A2.11. The success of the refinement is 
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also shown in the RDCs (Figure 4.7) and MIC (Figure A2.2). The final GED and 

calculated structure (MP2/6-311++G**) coordinates are also given in the Appendix 

(Tables A2.12 – A2.13). No significant correlation (≥ 50%) was shown between 

refined parameters therefore no least-squares correlation matrix is presented. 

 

Table 4.3 Refined and calculated parameters for GED refinement of pyrolysis of 

acetic anhydride, [CH3C(=O)O]2, giving ketene and acetic acid.a 

Parametersb GED (rh1) MP2/6-311++G** 

(re) 

Restraint 

Independent    

p1 rC=O ket 115.4(3) 116.8 116.8(4) 

p2 rC=O acet 119.6(4) 121.0 121.0(5) 

p3 rC–O acet 136.5(6) 135.9 – 

p4 rC=C ket  132.3(2) 132.2 132.2(2) 

p5 rC–C acet  150.0(3) 150.4 150.4(3) 

p6 rO–H acet 96.9(3) 96.8 96.8(3) 

p7 rC–H ket 108.5(1) 108.5 108.5(1) 

p8 rC–H acet average 108.6(8) 109.1 109.1(9) 

p9 ∠H–C=C ket 119.4(5) 119.1 119.1(5) 

p10 ∠H(7)–C–H(8/9) acet 110.5(2) 110.2 – 

p11 ∠C–C–H acet  109.5(2) 109.5 109.5(2) 

p12 ∠C–C=O acet  126.4(6) 126.4 126.4(6) 

p13 ∠C–C–O acet  110.4(7) 111.0 111.0(8) 

p14 ∠C–O–H acet  105.7(27) 105.8 105.8(27) 

p15 φH–O–C–C acet 180.0c 180.0 – 

 % Ketene 66.6c 66.6 – 

Dependent    

dp1 ∠H–C–H ket 121.3(10) 121.8 – 
a Distances (rh1) are in pm and bond angles (∠) and dihedral angles (φ) are in °. 
b ket = ketene, acet = acetic acid. 
c This parameter was fixed. 
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Figure 4.7 Experimental and difference (experimental – theoretical) RDCs for the 

pyrolysis of acetic anhydride (giving acetic acid and ketene). Before Fourier 

inversion the data were multiplied by s·exp(-0.00002s2)/(ZC – fC)(ZO – fO). 

 

 

The structures of ketene and acetic acid were compared to previous GED and MW 

studies (Table 4.4). The theoretical ab initio values from MP2/6-311++G** 

calculations are given alongside for comparison. 
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Table 4.4 Selected structural parameters for the lowest energy structures of ketene 

and acetic acid.a 

Parameters GED (rh1) Previous GED 

studies5,37 

Previous MW 

studies38,39 

MP2/6-311++G** 

(re) 

Ketene     

rC=O 115.4(3) 116.0(20) 116.1b 116.8 

rC=C 132.3(2) 130.0(20) 131.4b 132.2 

rC–H 108.5(1) 107.0(20)c 108.3b 108.5 

∠H–C–H 121.3(10) 117.5(125)c 122.4b 121.8 

Acetic Acid     

rC=O 119.6(4) 121.4(3) 120.9(6) 121.0 

rC–O 136.5(6) 136.4(3) 135.7(5) 135.9 

rC–C 150.0(3) 152.0(5) 149.4(10) 150.4 

rO–H 96.9(3) 97.0c 97.0(3) 96.8 

rC–H av 108.6(8) 110.2(10) 110.2(12) 109.1 

∠C–C=O 126.4(6) 126.6(6) 126.2(7) 126.4 

∠C–C–O 110.4(7) 110.6(6) 112.0(6) 111.0 

∠C–O–H 105.7(27) 107.0c 105.9(5) 105.8 
a Bond distances are given in pm and bond angles (∠) in degrees. 
b No e.s.d.’s were quoted. 
c This parameter was assumed. 

 

4.3.4 Discussion 

From this GED study, all of the parameters agree reasonably well with the theoretical 

calculations (MP2/6-311++G**) except for the ketene and acetic acid C=O bond 

lengths (p1 and p2 respectively), which are somewhat shorter than may be expected. 

These parameter values are still considered reasonable as they fall within the range 

of expected values for a range of ab initio calculations (see Table A2.10), which 

were applied as restraints using the SARACEN method.13-15 

 

The parameters from the MW study agree closely with the MP2/6-311++G** results 

(Table 4.4). The GED results from this study and previous work mostly agree with 
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the MW and ab initio results as well, although some parameters differ as described 

below. For ketene the C=O bond length was comparable [116.0(20) pm from 

previous GED compared to 115.4(3) pm in this study] but for acetic acid the C=O 

bond length was underestimated in this study [119.6(4) pm] when compared to prior 

GED results [121.4(3) pm]. However, these peaks occur in a region of considerable 

overlap in the RDC (Figure 4.7), when considering that the parameters for ketene 

and acetic acid were obtained from independent GED studies. For ketene, the ∠H–

C–H value from this study, 121.3(10)°, was closer to the MW and ab initio values 

(122.4° and 121.8°) than the assumed parameter from the original GED study 

[117.5(125)°]. For acetic acid, the ∠C–O–H value was assumed in the previous GED 

study with a value of 107.0° and hence differed slightly (although still within the 

uncertainty) from the refined value of 105.7(27)° in this study. 

 

When making these comparisons it is important to note that the previous studies did 

not apply restraints to the parameters involving hydrogen, choosing instead to 

assume the parameter values in the refinement. This GED study, for the pyrolysis of 

acetic anhydride to give ketene and acetic acid, used the SARACEN method13-15 to 

apply suitable restraints to these parameters which would not normally be well 

refined from GED data alone. Overall, the refined parameter values from this study 

are in close agreement with the predicted ab initio values, and this work successfully 

demonstrates the advantages of using the SARACEN method in such refinements. 

 

4.3.5 Conclusion 

This work successfully shows the refinement of the pyrolysis products of acetic 

anhydride, acetic acid and ketene, from GED giving an improvement on the analysis 

originally conducted by Noble-Eddy.1 The validity of the refined structures was 

confirmed by comparison of parameters obtained from previous GED and MW 

studies of acetic acid and ketene in the literature. 
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4.4 Meldrum’s acid  

4.4.1 Introduction 

2,2-Dimethyl-1,3-dioxane-4,6-dione, also known as Meldrum’s acid, has been the 

subject of previous theoretical42 and X-ray crystallography43 studies in the literature, 

although the gas-phase structure has yet to be reported. 

 

Previous work in the Masters group1 has involved the collection and analysis of GED 

data of Meldrum’s acid. However limitations with the refinement model meant that it 

could not be applied to other Meldrum’s acid derivatives, such as (but not limited to) 

those described in Section 4.6. The previous model also could not be easily 

incorporated into a multiple product refinement such as for the pyrolysis data of 

Meldrum’s acid (Section 4.5).  

 

This section provides a reanalysis of the GED refinement of Meldrum’s acid by 

Noble-Eddy,1 with construction of a model that is suitable for GED studies of other 

Meldrum’s acid derivatives. This reanalysis improves on the description of the cyclic 

ring of Meldrum’s acid. A comparison is also made to selected parameters from a 

previous X-ray study.43 This work is also supported by complementary ab initio 

studies. 

 

4.4.2 Experimental 

A purified sample of Meldrum’s acid was provided by Professor Hamish McNab 

(University of Edinburgh, UK).1 

 

Theoretical methods 

Geometry optimisations and frequency calculations were performed using the 

resources of the NSCCS18 and the Gaussian09 suite of programs.19 All MP220 

methods were frozen core [MP2(fc)]. 

 

Geometry optimisations 

The geometry of Meldrum’s acid was optimised at the HF level with the 3-21G*44-46 

and 6-31G*22,23 basis sets, and at the MP2 level with the 6-31G*, 6-311G*,24,25 6-
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311+G*26,27 and 6-311++G** basis sets. Across all calculations the geometry 

optimisations resulted in a single conformer with Cs symmetry. 

 

Frequency calculations 

Analytic second derivatives of the energy with respect to the nuclear coordinates 

calculated at the MP2/6-311++G** level were used to generate the force field. The 

force field was used in the program SHRINK28,29 to provide estimates of the 

amplitudes of vibration (u) and perpendicular distance corrections (k) for use in the 

GED refinement.  

 

GED (performed by Robert Noble-Eddy, University of Edinburgh) 

Data were collected for Meldrum’s acid using the Edinburgh GED apparatus (now at 

University of Canterbury).2 An accelerating voltage of around 40 keV was used 

(electron wavelength ca. 6.0 pm) with the sample and nozzle temperatures 

maintained at 370 K and 402 K respectively. Scattering intensities were recorded at 

nozzle-to-plate distances of 189.4 mm and 253.9 mm on Kodak Image films. An 

Epson Expression 1680 Pro flatbed scanner was used to convert the electron-

scattering intensities to mean optical densities as a function of the scattering variable, 

s, using an established program.41 The data-reduction and least-squares refinement 

processes were carried out using the ed@ed refinement program12 (Version 2.4) 

employing the scattering factors of Ross et al.31 The electron wavelengths, weighting 

points for the off-diagonal weight matrices, correlation parameters, and scale factors 

for the nozzle-to-camera distances are given in Table A2.14. 

 

4.4.3 Results 

Ab initio calculations 

The gas-phase geometry of Meldrum’s acid was optimised at the HF level with the 3-

21G*44-46 and 6-31G*22,23 basis sets, and at the MP220 level with the 6-31G*, 6-

311G*,24,25 6-311+G*26,27 and 6-311++G** basis sets. The MP2 results are presented 

in Table A2.15. The geometry optimisations resulted in a single conformer adopting 

a boat conformation as shown in Figure 4.8. The optimised structure of Meldrum’s 

acid was found to have Cs symmetry, with H(11) and H(16) of the methyl groups and 

H(17) and H(18) of the CH2 group lying in the mirror plane of the central ring.   
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Figure 4.8 Optimised molecular structure of Meldrum’s acid with atom numbering. 

 

 

GED results 

GED refinements for Meldrum’s acid were carried out based on the ab initio 

calculations described above (optimised at the MP2/6-311++G** level) with Cs 

symmetry.  

 

The model for Meldrum’s acid was described using 26 independent parameters and 

five dependent parameters. The independent parameters used to describe the bond 

lengths included rC=O (p1), rC–O as an average and difference (p2, p3), rC–C as an 

average and three differences (p4 – p7) and an average C–H distance (p8). The two 

methyl groups were described using one α angle [∠H(16)–C–C, ∠H(11)–C–C; p9, 

p11] and one β angle [∠H(16)–C–H(15), ∠H(11)–C–H(12); p10, p12] as they were 

calculated as having Cs symmetry, each with one hydrogen, H(16) and H(11), in the 

same plane. The methyl groups were set relative to each other by ∠C(H3)–C–C(H3) 

(p13) and relative to the ring with φO(4)–C(2)–C(1)–O(5) (p21). The cyclic ring 

structure of Meldrum’s acid was found to be symmetrical in terms of bond lengths, 

angles and dihedral angles. The ring was described by building one side using the 

∠C(3)–C–O(4), ∠C(1)–C–O, ∠C–O–C, ∠O–C=O, ∠O–C–C (p14 – p18) and φC(1)–

C(2)–O(4)–C(6), φC(2)–O(4)–C(6)=O(9), φC(2)–O(4)–C(6)–C(8) and φO(4)–C(6)–

C(8)–H(17) (p22 – p25). The relative position of the hydrogens of the CH2 group were 

described using the α angle ∠O(4)–C(6)–H(17) (p19) and β angle ∠H(17)–C–H(18) 

(p20) and were described relative to the ring using φC(6)–C(8)–H(17)–H(18) (p26). 

Following this, the atoms described for one side of the ring were reflected to fully 

generate the ring and complete the structure. The five dependent parameters were 

used to obtain the absolute bond lengths for rC–O (dp1, dp2) and rC–C (dp3 – dp5). 
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A theoretical Cartesian force field was generated at the MP2/6-311++G** level and 

converted to a force field described by a set of symmetry coordinates. RMS 

amplitudes of vibration were obtained from the SHRINK program.28,29 All 

independent geometric parameters were refined using a least-squares method and 

restraints were applied using the SARACEN method13-15 (Table 4.5) based on 

calculations at the MP2/6-311++G** level. In addition, the corresponding 

amplitudes of vibration (u) were refined (Table A2.16). The success of the GED 

refinement are reflected in the final R-factors32 which were RG = 0.080 (RD = 0.042) 

and in the RDC (Figure 4.9) and MIC (Figure A2.3). The least-squares correlation 

matrix is provided in the Appendix (Table A2.17) along with the coordinates for the 

final GED structure and calculated structure at the MP2/6-311++G** level (Tables 

A2.18 – A2.19 respectively). 

 

Selected parameters from the GED refinement were also compared to parameters 

obtained from the solid-state structure43 and ab initio calculations. These are 

presented in Table 4.6. 

 

 

 

 

  



! 88!

Table 4.5 Refined and calculated geometric parameters for Meldrum’s acid 

(distances in pm, angles in °) from the GED study.a 

No. Description GED (rh1) MP2/6-311++G** (re) Restraint 

Independent parameters  

p1 rC=O 120.1(2) 120.4 120.4(3) 

p2 rC–O av 139.8(1) 139.8 139.8(1) 

p3 rC–O diff 3.7(2) 3.6 3.6(2) 

p4 rC–C av 152.4(3) 151.6 – 

p5 rC–C diff1 0.1(1) 0.1 0.1(1) 

p6 rC–C diff2 0.5(1) 0.5 0.5(1) 

p7 rC–C diff3 0.4(1) 0.4 0.4(1) 

p8 rC–H av 109.3(1) 109.3 109.3(1) 

p9 ∠H(16)–C–C 109.2(3) 109.2 109.2(3) 

p10 ∠H(16)–C–H(15) 109.4(2) 109.4 109.4(2) 

p11 ∠H(11)–C–C 112.1(2) 112.1 112.1(2) 

p12 ∠H(11)–C–H(12) 108.5(2) 108.5 108.5(2) 

p13 ∠C(H3)–C–C(H3) 113.0(2) 112.9 112.9(2) 

p14 ∠C(3)–C–O(4) 105.5(2) 105.5 – 

p15 ∠C(1)–C–O 110.8(2) 110.7 110.7(2) 

p16 ∠C(2)–O(4)–C(6) 118.9(1) 118.8 118.8(1) 

p17 ∠O(4)–C(6)=O(9) 120.3(1) 120.4 120.4(1) 

p18 ∠O(4)–C(6)–C(8) 116.0(2) 115.8 115.8(2) 

p19 ∠C(7)–C(8)–H(17) 108.3(3) 108.7 108.7(3) 

p20 ∠H(17)–C(8)–H(18) 106.9(6) 106.8 106.8(6) 

p21 φO(4)–C(2)–C(1)–O(5) 124.4(4) 124.0 124.0(4) 

p22 φC(1)–C(2)–O(4)–C(6) -77.0(6) -75.4 -75.4(11) 

p23 φC(2)–O(4)–C(6)=O(9) 170.1(11) 169.9 169.9(12) 

p24 φC(2)–O(4)–C(6)–C(8) -12.2(10) -11.9 -11.9(12) 

p25 φO(4)–C(6)–C(8)–H(17) 99.9(16) 97.2 – 

p26 φC(6)–C(8)–H(17)–H(18) 116.7(2) 117.0 117.0(2) 
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Dependent parameters  

dp1 rC(2)–O(4/5) 143.4(2) 143.4 – 

dp2 rC(6/7)–O(4/5) 136.1(2) 136.2 – 

dp3 rC(1)–C(2) 152.8(3) 152.1 – 

dp4 rC(2)–C(3) 151.9(3) 151.1 – 

dp5 rC(6/7)–C(8) 152.4(3) 151.5 – 
a Figures in parentheses are the estimated standard deviations of the last digit. See 

text for parameter definitions. 

 

Figure 4.9 Experimental and difference (experimental – theoretical) RDC, P(r)/r, for 

Meldrum’s acid. Before Fourier inversion the data were multiplied by s·exp(-

0.00002s2)/(ZC – fC)(ZO – fO). 
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Table 4.6 Selected parameter comparison for Meldrum’s acid between GED, X-ray 

and ab initio results (distances in pm, angles in °).a 

Parameter GED (rh1) X-rayb MP2/6-311++G** (re) 

rC=O 120.1(2) 119.3(4) 120.4 

rC(2)–O(4/5) 143.4(2) 144.4(4) 143.4 

rC(6/7)–O(4/5) 136.1(2) 135.2(4) 136.2 

rC(1)–C(2) 152.8(3) 150.4(6) 152.1 

rC(2)–C(3) 151.9(3) 150.4(6) 151.1 

rC(6/7)–C(8) 152.4(3) 149.4(5) 151.5 

∠C(H3)–C–C(H3) 113.0(2) 113.7(3)c 112.9 

∠C(2)–O(4/5)–C(6/7) 118.9(1) 120.5(3)c 118.8 

∠O(4/5)–C(6/7)=O(9/10) 120.3(1) 119.1(3)c 120.4 

∠C(1)–C–O 110.8(2) 110.9(3)c 110.7 

∠C(3)–C–O 105.5(2) 105.5(3)c 105.5 

φC(2)–O(4)–C(6)=O(9) 170.1(11) –d 169.9 

φC(2)–O(4)–C(6)–C(8) -12.2(10) –d -11.9 
a Figures in parentheses are the estimated standard deviations of the last digit. See 

text for parameter definitions. 
b The crystal structure did not possess Cs symmetry so average parameters are given 

(see Reference 43). 
c This error was estimated. 
d This parameter was not reported. 

 

4.4.4 Discussion 

The GED structure of Meldrum’s acid was successfully reanalysed to give a single 

boat conformer with Cs symmetry. All of the parameters obtained in the GED 

refinement agree reasonably well with the theoretical calculations. As a result of 

many similar internuclear distances (such is the case with a ring structure), a large 

number of restraints were applied using the SARACEN method,13-15 based on the 

range of expected values from ab initio calculations (see Table A2.15). 
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A single boat conformation of Meldrum’s acid was obtained, which is more 

energetically favourable than a chair conformation due to the requirement to 

accommodate two lactone groups (C–O–CO–C) in the ring (lactone groups are 

characteristically planar). The absence of significant 1,4-steric interactions also 

makes a boat conformation unfavourable.42,43 This is observed in the near planarity 

of φC(2)–O(4)–C(6)=O(9) and φC(2)–O(4)–C(6)–C(8), with GED values of 

170.1(11)° and -12.2(10)° respectively. These dihedral angles are not perfectly linear 

due to the tilt at either end of the ring to generate the boat shape. 

 

This refinement provides an improvement on the work conducted by Noble-Eddy,1 

by describing the ring structure of Meldrum’s acid with a range of angles, bond 

lengths and dihedral angles. In the original model, Noble-Eddy used two bond angles 

and three bond lengths, to generate the ring structure as a triangular prism, with two 

tilt angles at either end allowing for description of the boat conformation. While this 

model used far less parameters than this current work, describing the ring system this 

way led to φC(2)–O(4)–C(6)=O(9) refining to a value of 175.4(11)°, which is larger 

than the values obtained in this study [170.1(11)°, GED; 169.9°, MP2/6-311++G**]. 

A limitation of the model from the previous work1 is the lack of adaptability of the 

model to describe a conformation other than a boat structure without completely 

rewriting the model. Derivatives of Meldrum’s acid are shown to adopt chair and 

twist-chair conformations depending on their substituents,42 so such a model as used 

in this work is especially applicable to them. This study also sets the groundwork of 

the model for GED studies of possible Meldrum’s acid derivatives as discussed in 

Section 4.6. 

 

Although the obtained boat conformation of Meldrum’s acid is similar to the X-ray 

structure, the X-ray structure did not possess Cs symmetry.43 Parameters have been 

compared in Table 4.6, with average parameters being made where necessary to 

allow for a general comparison. While the ring of Meldrum’s acid for the X-ray 

structure is not symmetrical, the bond lengths are lower than the values obtained in 

this GED study and predicted by ab initio calculations, except for C(2)–O(4/5) which 

was reported with a value of 144.4(4) pm compared to 143.5(2) pm obtained by 
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GED. As a result of lengthened C(2)–O(4/5) bonds in the X-ray structure, ∠C(2)–

O(4)–C(6) has increased to 120.5(3)°, with a decrease in ∠O=C–O to 119.1(3)°. The 

other angles of the ring are similar to those obtained in the GED study and are not 

shown here. This comparison, however, does not take into account distortions in the 

crystal structure due to intermolecular interactions. The X-ray crystallography study 

shows that hydrogen bonding occurs in Meldrum’s acid for C–H···O, with H···O 

distances that are less than the sum of the van der Waals radii of oxygen and 

hydrogen (270 pm).43 In the crystal structure hydrogen bonding was shown to occur 

for C(8)–H(17)···O(9) with an H···O distance of 243.0(30) pm but not for C(8)–

H(18)···O(10) [with an H···O distance of 280.0(30) pm].43 As hydrogen bonding 

plays a part in determining the molecular packing of Meldrum’s acid in the crystal 

structure, the structural differences between the solid and gas-phase structures may 

be attributed to this and should not be overlooked. 

 

4.4.5 Conclusion 

The structure of Meldrum’s acid obtained by GED has been reanalysed to provide a 

general model that can be applicable to derivatives of Meldrum’s acid used in future 

GED studies. This work also provides an improvement on the original refinement 

model,1 as it allows for a better description of parameters, particularly dihedral 

angles, within the ring structure. 

 

A comparison has also been made with parameters obtained from prior X-ray studies 

of Meldrum’s acid. While both GED and X-ray structures resulted in a single boat 

conformer, the X-ray structure did not have Cs symmetry so selected parameters 

were averaged to allow a comparison to be made. Differences between the solid and 

gas phase structures may be due to the intermolecular hydrogen bonding interactions 

that are present in the crystal structure, but absent in the gas phase.  
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4.5 Pyrolysis of Meldrum’s acid  

4.5.1 Introduction 

The pyrolysis of Meldrum’s acid is well known to give acetone, ketene and CO2, via 

a cyclic transition state10,47 as shown in Figure 4.10. 

 

Figure 4.10 Mechanism for the pyrolysis of Meldrum’s acid. 

 

 

Previous work in the Masters group was directed at determining the gas-phase 

structure of these products following collection of pyrolysis data of Meldrum’s acid 

by GED.1 However, deconvolution of the data proved difficult as there appeared to 

be more than just Meldrum’s acid, acetone, ketene and CO2 in the GED data. 

Possible secondary pyrolysis (of acetone to give methane and a second equivalent of 

ketene)11 was considered in the refinement, but this did not deconvolute the 

structures. 

 

This section presents a reinvestigation of the refinement of pyrolysis data of 

Meldrum’s acid which have been shown to include diketene in the GED data. While 

the species present have been successfully determined, limitations in the GED 

refinement program12 prevent the relative percentage weighting of species present 

from being freely refined. This can be remedied by conducting the pyrolysis 

experiment with a GED-MS setup so known fixed percentage weightings can be 

applied and this is discussed. 

 

4.5.2 Experimental 

Synthesis 

The pyrolysis of Meldrum’s acid (to generate ketene, acetone and CO2) was 

conducted using the VHT nozzle as described earlier in Section 4.3.2. 
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Theoretical methods 

Geometry and frequency calculations were performed using the resources of the 

NSCCS18 and the Gaussian09 suite of programs.19 All MP220 methods were frozen 

core [MP2(fc)]. 

 

Geometry optimisations 

The geometries of ketene, acetone, CO2 and diketene were optimised at the HF level 

with the 3-21G*44-46 and 6-31G*22,23 basis sets, and at the MP2 level with the 6-

31G*, 6-311G*,24,25 6-311+G*26,27 and 6-311++G** basis sets.  

 

Frequency calculations 

Analytic second derivatives of the energy with respect to the nuclear coordinates 

were calculated at the MP2/6-311++G** level for all species. The generated force 

fields were used in the program SHRINK28,29 to provide estimates of the amplitudes 

of vibration (u) and perpendicular distance corrections (k) for use in the GED 

refinement.  

 

GED (performed by Robert Noble-Eddy, University of Edinburgh) 

Data were collected for the pyrolysis of Meldrum’s acid using the Edinburgh GED 

apparatus (now at University of Canterbury)2 and the VHT nozzle setup as described 

earlier in the chapter. An accelerating voltage of around 40 keV was used (electron 

wavelength ca. 6.0 pm) with an average sample and nozzle temperature of 437.3 K 

respectively. Scattering intensities were recorded at a nozzle-to-plate distance of 

186.32 mm on Kodak Image films. An Epson Expression 1680 Pro flatbed scanner 

was used to convert the electron-scattering intensities to mean optical densities as a 

function of the scattering variable, s, using an established program.41 The data-

reduction and least-squares refinement processes were carried out using the ed@ed 

refinement program12 (Version 2.4) employing the scattering factors of Ross et al.31 

The electron wavelengths, weighting points for the off-diagonal weight matrices, 

correlation parameters, and scale factors for the nozzle-to-camera distances are given 

in Table A2.20. 
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4.5.3 Results 

Ab initio calculations 

The gas-phase geometries of ketene, acetone, CO2 and diketene were optimised at 

the HF level with the 3-21G*44-46 and 6-31G*22,23 basis sets, and at the MP220 level 

with the 6-31G*, 6-311G*,24,25 6-311+G*26,27 and 6-311++G** basis sets. The MP2 

results are presented in Table A2.21. Over all calculations CO2 was linear (as 

expected) and ketene, acetone and diketene were shown to adopt C2v, C2 and Cs 

symmetry respectively. For diketene, the molecule lies on a single plane except for 

the two hydrogens of the CH2 group [H(39) and H(40)] in the central four membered 

ring. The optimised structures of these molecules are shown in Figure 4.11.  

 

Figure 4.11 Optimised structures of Meldrum’s acid (1 - 18), CO2 (19 – 21), acetone 

(22 – 31), ketene (32 – 36) and diketene (37 – 46) with atom numbering. 
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GED 

GED refinements for the pyrolysis of Meldrum’s acid were carried out based on the 

ab initio calculations described above (optimised at the MP2/6-311++G** level). 

 

Prior to constructing a model and refining, the species present in the collected GED 

data were crudely determined using coordinates from ab initio calculations for 

Meldrum’s acid, ketene, acetone, CO2 and diketene. While this did not allow for 

refinement of any parameters, the fixed coordinates in the ed@ed refinement 

program12 revealed that diketene and Meldrum’s acid were present in the GED data, 

and needed to be included in a refinement model. Also, this crude refinement 

provided an R-factor of 22% with just background removal, which was much better 

than the R-factor of 28% obtained by Noble-Eddy for a full refinement of the data 

without including diketene in the model.1 Tests with the coordinate model revealed 

that both ketene and diketene were present and that secondary pyrolysis of acetone, 

to give ketene and methane, did not occur. A significant amount of Meldrum’s acid 

(such that it wasn’t negligible) was also present. To refine the GED data in this work 

a model was constructed containing Meldrum’s acid, acetone, CO2, ketene and 

diketene. 

 

The model for Meldrum’s acid (p1 – p8, p23 – p34, p50 – p55) and ketene (p13 – p15, p42) 

were as outlined earlier in the chapter. CO2 was described with the C=O bond length 

(p9). Acetone was described with C2 symmetry based on ab initio calculations at the 

MP2/6-311++G** level. The parameters for the bond lengths were rC=O, rC–C and 

the average C–H bond length (p10 – p12). To describe the CH3 groups in C1 symmetry 

(reflected on a C2 symmetry axis), and also ∠C–C=O and ∠C–C–C, six bond angles 

were defined (p35 – p41). Lastly, as all of the atoms were not lying in the same plane, 

one dihedral angle φH(23/29)–C–C=O was defined (p56). The Cs model of diketene 

was described using seven bond lengths (p16 – p22), seven angles (p43 – p49) and one 

dihedral angle (p57). The parameters used to describe the C–O and C–C bond lengths 

were defined as averages and differences. An average C–H bond length was also 

described, with fixed differences applied to describe the hydrogens bonded to the 

alkene and the central ring. The one dihedral angle, φH(39)–C–C=O was used to 

describe the position of the hydrogen atoms [H(39) and H(40)] in the central ring, 
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that did not lie in the same plane as the rest of the molecule. In total 57 independent 

parameters (22 bond lengths, 27 angles and 8 dihedral angles) were used and 11 

dependent parameters to describe the C–O and C–C bond lengths in Meldrum’s acid, 

and the individual C–O, C–C and C–H bond lengths in diketene.  

 

Theoretical Cartesian force fields were generated at the MP2/6-311++G** level and 

converted to force fields described by sets of symmetry coordinates. RMS 

amplitudes of vibration were obtained from the SHRINK program.28,29 All 

independent geometric parameters were refined using a least-squares method and 

restraints were applied using the SARACEN method13-15 (Table 4.7) based on 

calculations at the MP2/6-311++G** level. In addition, the corresponding 

amplitudes of vibration (u) were refined (Table A2.22).  

 

As Meldrum’s acid and diketene were both present in the GED data, the relative 

weighting of each species could not be determined in the refinement. This is because 

limitations in the ed@ed program12 make it unable to refine groups of species 

together (i.e. the amount of ketene plus diketene would be relative to the amount of 

acetone and CO2 present). Due to this limitation, and the unknown experimental 

ratios, the refinement could not be completed. Despite having obtained reasonable 

parameters for each species (Table 4.7) and good agreement between the RDCs 

(Figure 4.12) and MICs (Figure A2.4) the determined amounts of each species in the 

refinement were not accurate. The best R-factors that could be obtained in this study 

were RG = 0.107 and RD = 0.065. These were deemed inaccurate as the weighting of 

each molecule in the refinement had to be manually altered to improve the data fit. 

Manually altering the weighting of each molecule was deemed inaccurate as, 

although a low R-factor may be obtained, the weighting of each species may not 

correspond to the actual amount generated in the experiment. The issue with the 

relative species weighting was also the case for refinement of GED data collected at 

556.3 K, with both Meldrum’s acid and diketene present in the data (not presented 

here). As the GED refinement could not be completed in this study only the 

calculated structure coordinates at the MP2/6-311++G** level for each species is 

provided (Table A2.23). Several refined GED values also differed very little from 

their calculated restraints, suggesting that those restraints may be having a negligible 

effect on the refinement.   
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Table 4.7 Refined and calculated geometric parameters for Meldrum’s acid 

(distances in pm, angles in °) from the GED study.a,b 

No. Description GED (rh1) 

MP2/ 

6-311++G** 

(re) 

Restraint 

Independent parameters 

p1  rC=O Meld 120.0(3) 120.4 120.4(3) 

p2  rC–O av Meld 139.8(1) 139.8 139.8(1) 

p3  rC–O diff Meld 3.5(2) 3.6 3.6(2) 

p4  rC–C av Meld 151.7(6) 151.6 – 

p5  rC–C diff1 Meld 0.1(1) 0.1 0.1(1) 

p6  rC–C diff2 Meld 0.5(1) 0.5 0.5(1) 

p7  rC–C diff3 Meld 0.4(1) 0.4 0.4(1) 

p8  rC–H av Meld 109.3(1) 109.3 109.3(1) 

p9  rC=O CO2 117.0(1) 117.0 117.0(1) 

p10  rC=O Acet 121.9(3) 122.0 122.0(3) 

p11  rC–C Acet 151.6(2) 151.6 151.6(2) 

p12  rC–H av Acet 109.3(1) 109.3 109.3(1) 

p13  rC=O Ket 116.8(1) 116.8 116.8(1) 

p14  rC=C Ket 132.2(2) 132.2 132.2(2) 

p15  rC–H Ket 108.5(1) 108.5 108.5(1) 

p16  rC=O Dket 118.9(2) 118.9 118.9(2) 

p17  rC=C Dket 133.0(1) 133.0 133.0(1) 

p18  rC–O av Dket 140.6(2) 140.6 140.6(2) 

p19  rC–O diff Dket 0.5(2) 0.5 0.5(2) 

p20  rC–C av Dket 151.8(1) 151.8 151.8(1) 

p21  rC–C diff Dket 1.1(1) 1.1 1.1(1) 

p22  rC–H av Dket 108.7(1) 108.7 108.7(1) 

p23  ∠H(16)–C–C Meld 109.3(3) 109.2 109.2(3) 

p24  ∠H(16)–C–H(15) Meld 109.4(2) 109.4 109.4(2) 

p25  ∠H(11)–C–C Meld 112.1(2) 112.1 112.1(2) 

p26  ∠H(11)–C–H(12) Meld 108.5(2) 108.5 108.5(2) 

p27  ∠C(H3)–C–C(H3) Meld 112.9(2) 112.9 112.9(2) 
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p28  ∠C(3)–C–O(4) Meld 105.5(5) 105.5 – 

p29  ∠C(1)–C–O Meld 110.7(2) 110.7 110.7(2) 

p30  ∠C(2)–O(4)–C(6) Meld 118.8(1) 118.8 118.8(1) 

p31  ∠O(4)–C(6)=O(9) Meld 120.4(1) 120.4 120.4(1) 

p32  ∠O(4)–C(6)–C(8) Meld 116.3(6) 115.8 – 

p33  ∠C(6)–C(8)–H(17) Meld 108.7(3) 108.7 108.7(3) 

p34  ∠H(17)–C(8)–H(18) Meld 106.8(6) 106.8 106.8(6) 

p35  ∠H(23/29)–C–C Acet 110.1(6) 110.1 110.1(6) 

p36  ∠H(28/31)–C–C Acet 110.5(3) 110.5 110.5(3) 

p37  ∠H(24/27)–C–C Acet 109.2(10) 109.2 109.2(9) 

p38  ∠H(23/29)–C–H(31/28) Acet 110.2(4) 110.2 110.2(4) 

p39  ∠H(23/29)–C–H(24/27) Acet 109.5(1) 109.5 109.5(1) 

p40  ∠C–C=O Acet 122.0(1) 122.0 122.0(1) 

p41  ∠C–C–C Acet 116.1(3) 116.1 116.1(3) 

p42  ∠H–C=C Ket 119.1(4) 119.1 119.1(4) 

p43  ∠C=C–H(46) Dket 119.5(5) 119.5 119.5(5) 

p44  ∠C=C–H(45) Dket 120.8(2) 120.8 120.8(2) 

p45  ∠O–C=C Dket 126.5(3) 126.5 126.5(3) 

p46  ∠C–O–C Dket 90.8(1) 90.8 90.8(1) 

p47  ∠O–C=O Dket 127.5(1) 127.5 127.5(1) 

p48  ∠O=C–C Dket 139.4(1) 139.4 139.4(1) 

p49  ∠C–C–H Dket 114.0(2) 114.0 114.0(2) 

p50  φO(4)–C(2)–C(1)–O(5) Meld 124.0(4) 124.0 124.0(4) 

p51  φC(1)–C(2)–O(4)–C(6) Meld -73.9(13) -75.4 – 

p52  φC(2)–O(4)–C(6)=O(9) Meld 169.9(12) 169.9 169.9(12) 

p53  φC(2)–O(4)–C(6)–C(8) Meld -12.7(9) -11.9 -11.9(12) 

p54  φO(4)–C(6)–C(8)–H(17) Meld 97.2(12) 97.2 97.2(12) 

p55  φC(6)–C(8)–H(17)–H(18) Meld 116.9(2) 117.0 117.0(2) 

p56  φH(23/29)–C–C=O Acet -8.4(45) -8.4 -8.4(42) 

p57  φH(39)–C–C=O Dket 64.4(2) 64.4 64.4(2) 
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Dependent parameters 

dp1 rC(2)–O(4/5) Meld 143.3(2) 143.4 – 

dp2 rC(6/7)–O(4/5) Meld 136.3(2) 136.2 – 

dp3 rC(1)–C(2) Meld 152.1(6) 152.1 – 

dp4 rC(2)–C(3) Meld 151.2(6) 151.1 – 

dp5 rC(6/7)–C(8) Meld 151.6(6) 151.5 – 

dp6 rC(37)–O(41) Dket 140.1(3) 140.1 – 

dp7 rC(43)–O(41) Dket 141.1(3) 141.1 – 

dp8 rC(37)–C(38) Dket 152.9(2) 152.9 – 

dp9 rC(38)–C(43) Dket 150.8(6) 150.7 – 

dp10 rC(38)–H(39/40) Dket 109.2(1) 109.1 – 

dp11 rC(44)–H(45/46) Dket 108.2(1) 108.3 – 
a Figures in parentheses are the estimated standard deviations of the last digit. See 

text for parameter definitions. 
b Meld = Meldrum’s acid, Acet = acetone, Ket = ketene, Dket = diketene. 

 

 

Figure 4.12 Experimental and difference (experimental – theoretical) RDC, P(r)/r, 

for the pyrolysis of Meldrum’s acid. Before Fourier inversion the data were 

multiplied by s·exp(-0.00002s2)/(ZC – fC)(ZO – fO). 
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4.5.4 Discussion 

The GED data for the pyrolysis of Meldrum’s acid were determined to contain 

acetone, CO2 and ketene with the indication that some of the ketene had recombined 

to form diketene. A significant amount of Meldrum’s acid was still present in the 

data, resulting in the need to include Meldrum’s acid in the refinement model. 

Despite the inability to completely refine the data (due to setting the conformer 

weightings in the refinement program) the refined parameters for the species present 

agreed reasonably well with the corresponding ab initio calculations at the MP2/6-

311++G** level. As shown in Table 4.7, most of these parameters have been 

restrained using the SARACEN method,13-15 which is not surprising given the degree 

of peak overlap in the RDC and the number of parameters containing hydrogen 

atoms (which are poorly defined from GED data alone). 

 

An important part of this work was the highlighted need to know the relative 

amounts of each species present in the GED data. For systems that contain secondary 

processes (such as the recombination of ketene to form diketene) and / or significant 

amounts of precursor still present, knowing the relative amounts of each species 

present is important to include in the refinement. To refine complex conformer 

weightings in the GED refinement such as with this study, the ability to tie together 

the relative weighting of multiple species is important. The relative amounts of each 

species would need to be refined such that the total amount of ketene and diketene is 

equal to the individual amounts of acetone and CO2 that were produced, as the 

amount of diketene produced is limited by how much ketene was produced during 

the pyrolysis. 

 

Limitations in the ed@ed refinement program12 prevented relative refinements of 

each species. Currently the amount of each species is refined individually, against 

fixed amounts of each species present, before refining all of the species in turn. 

However, even if this limitation is addressed in the refinement program it will not be 

easily applied to systems that are being studied for the first time. This system is a key 

example of what could be addressed with a GED-MS setup (see Chapter 3) as not 

only will it allow for using fixed species amounts in the refinement (determined from 

MS data), it will allow for fine tuning of the experimental conditions. This is 
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particularly important in this case, as even though Meldrum’s acid was heated above 

500 K at the nozzle tip (with an average temperature of 437.3 K in the experiment), 

the pyrolysis was incomplete and some ketene recombined. The use of MS would 

allow for fine-tuning of the experimental conditions with the VHT nozzle to obtain 

conditions that would provide mostly complete pyrolysis so that the precursor does 

not have to be included in the model. 
 

4.5.5 Conclusion 

The species present in the GED data for the pyrolysis of Meldrum’s acid has been 

successfully determined. As well as containing ketene, acetone, and CO2, the GED 

data were determined to contain diketene (from the recombination of ketene) and 

Meldrum’s acid due to incomplete pyrolysis conditions. Despite knowing the species 

present, and having reasonable agreement to ab initio calculations with the refined 

parameters, limitations in the ed@ed refinement program prevented the relative 

amount of each species to be refined. This will be remedied by a GED-MS setup as 

the amount of each species present can be determined by MS and set as fixed 

amounts in the refinement. The use of a GED-MS setup will also allow for 

optimisation of the pyrolysis conditions of Meldrum’s acid as refinement of this data 

showed that the pyrolysis was incomplete.!
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4.6 Computational investigation of ketene derivatives of 

Meldrum’s acid  
 

4.6.1 Introduction 

Work in the previous sections of this chapter has focussed on determining the 

structure of ethenone (CH2C=O), the simplest form of ketene, from acetic anhydride 

and Meldrum’s acid. However, as highlighted in Section 4.5, if incomplete pyrolysis 

occurs, the amount of each species present in the GED vapour cannot be determined 

without the use of a GED-MS apparatus (see Chapter 3). 

 

There are several other issues with studying ketene, particularly with an incomplete 

pyrolysis process or the possibility of multiple processes occurring. If the pyrolysis 

process is incomplete there can be difficulties in refining similar interatomic 

distances of the ketene and parent molecule in GED data without techniques such as 

the SARACEN method.13-15 Refining GED data becomes more difficult if the species 

generated in the pyrolysis experiment has the potential to undergo secondary 

pyrolysis. Also species can dimerise (such as ketene to diketene)3 making the 

determination of the relative amount of each species difficult, especially if the same 

ketene is produced by both pyrolysis processes (primary and secondary). Observing 

whether secondary pyrolysis processes are occurring is easily determined by 

producing substituted ketenes during the primary pyrolysis process. Derivatives of 

Meldrum’s acid can be used to produce substituted ketenes by a similar pyrolysis 

process as described earlier in the chapter.  

 

While substituted ketenes have been studied by GED before, they have often been 

generated and studied after isolation as a cold sample4,5 rather than generated in situ. 

This section details the computational study of various ketene derivatives, and their 

corresponding parent molecules, for future pyrolysis studies using the VHT nozzle 

and the Canterbury GED apparatus.1,2 With reference to the pyrolysis of Meldrum’s 

acid (Section 4.5) the feasibility of pyrolysis studies with various ketene derivatives 

is shown to depend on actually conducting the experiment, rather than relying on 

theoretical predictions. Parameters that will be refined from GED data (in particular 
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the C=O and C=C distances in ketene) have been extracted from ab initio 

calculations for use in future experimental work with ketenes. 

 

4.6.2 Experimental 

Theoretical methods 

Geometry optimisations and frequency calculations were performed using the 

resources of the NSCCS18 and the Gaussian09 program.19 All MP220 methods were 

frozen core [MP2(fc)]. 

 

Geometry optimisations 

The geometry of the Meldrum’s acid derivatives and corresponding ketene 

derivatives (Figure 4.13) were optimised at the HF level with the 6-31G*22,23 basis 

set, and at the MP2 level with the 6-31G*, 6-311G*,24,25 6-311+G*26,27 and 6-

311++G** basis sets.  

 

Figure 4.13 General pyrolysis reaction scheme for various Meldrum’s acid 

derivatives. 

 

 

 

 

Frequency calculations 

Frequency calculations were conducted at the MP2/6-311++G** level for all 

compounds. Thermodynamic data were extracted from the Gaussian outputs using a 

Perl script.48  

 

 

  

R = R’ = H         1a         2a 
R = H, R’ = CH3     1b         2b 
R = R’ = CH3         1c          2c 
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4.6.3 Results 

Geometry optimisations 

The gas-phase geometry of the parent molecules 1a – 1c (and corresponding ketene 

derivatives 2a – 2c) were optimised at the HF level with the 6-31G*22,23 basis set, 

and at the MP220 level with the 6-31G*, 6-311G*,24,25 6-311+G*26,27 and 6-

311++G** basis sets. In all cases, the Meldrum’s acid derivatives adopted Cs 

symmetry and the corresponding ketene derivatives C2v symmetry, except for 2b 

with Cs symmetry. The optimised structures of all compounds obtained at the 

MP2/6-311++G** level are given in Figure 4.14. 

 

Figure 4.14 Optimised structures at the MP2/6-311++G** level with atom 

numbering.  

 

 

1a 

1b 

1c 

2a 

2b 

2c 
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Selected parameters for GED 

To compare the parameters that are suitable for GED refinement, bond lengths, bond 

angles and dihedral angles were extracted from ab initio calculations at the MP2/6-

311++G** level for 1a – 1c and 2a – 2c (Table 4.8). Geometry optimisations were 

performed and in each case, one conformer was located on the PES. Parameters for 

CO2 and acetone (found in earlier sections of this chapter) will not be discussed here. 

 
 
Table 4.8 Selected geometric parameters for 1a – 1c and 2a – 2c at the MP2 level 

with the 6-31G*, 6-311G*, 6-311+G* and 6-311++G** basis sets.a,b  

1a 6-31G* 6-311G* 6-311+G* 6-311++G** 

rC(6/7)=O(9/10) 121.1 120.2 120.4 120.4 

rC(2)–O(4/5) 143.9 143.3 143.6 143.4 

rC(6/7)–O(4/5) 136.7 136.2 136.1 136.2 

rC(1)–C(2) 151.8 151.9 151.9 152.1 

rC(2)–C(3) 150.9 151.0 150.9 151.1 

rC(6/7)–C(8) 151.2 151.4 151.4 151.5 

rC–H(11) 109.1 109.1 109.1 109.2 

rC–H(12/13) 109.2 109.2 109.2 109.3 

rC–H(14/15) 109.2 109.1 109.1 109.2 

rC–H(16) 109.1 109.0 109.1 109.1 

rC–H(17) 109.7 109.5 109.6 109.6 

rC–H(18) 109.1 109.0 109.1 109.1 

∠H(11)–C–C 111.9 112.2 112.3 112.1 

∠H(16)–C–C 109.0 109.0 109.3 109.2 

∠H(11)–C–H(12/13) 108.5 108.3 108.4 108.5 

∠H(16)–C–H(14/15) 109.4 109.3 109.3 109.4 

∠C(H3)–C–C(H3) 113.2 113.1 113.1 112.9 

∠C(3)–C–O 105.3 105.3 105.4 105.5 

∠C(1)–C–O 110.5 110.5 110.7 110.7 

∠C(2)–O–C(6/7) 119.5 119.0 118.9 118.8 

∠O(4/5)–C=O(9/10) 120.2 120.4 120.4 120.4 

∠C(8)–C–O(4/5) 115.8 115.7 115.9 115.8 
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∠C–C–H(17) 108.9 108.9 108.9 108.7 

∠H(17)–C(8)–H(18) 106.7 106.3 106.1 106.8 

φO(4)–C(2)–C(1)–O(5) 124.3 124.4 124.0 124.0 

φC(1)–C(2)–O(4)–C(6) -79.1 -76.5 -75.6 -75.4 

φC(2)–O–C=O 173.3 170.9 169.7 169.9 

φC(2)–O(4)–C(6)–C(8) -7.8 -10.8 -12.0 -11.8 

φO(4)–C–C–H(17) 92.9 97.0 98.2 97.2 

φC(6)–C(8)–H(17)–H(18) 117.2 116.7 116.8 117.0 

1b     

rC(6/7)=O(9/10) 121.3 120.3 120.5 120.5 

rC(2)–O(4/5) 143.6 143.1 143.3 143.2 

rC(6/7)–O(4/5) 136.8 136.3 136.2 136.3 

rC(1)–C(2) 151.7 151.8 151.9 152.1 

rC(2)–C(3) 150.8 150.9 150.8 151.0 

rC(6/7)–C(8) 151.7 152.0 152.0 152.1 

rC(8)–C(17) 153.4 153.2 153.4 153.5 

rC–H(11) 109.3 109.3 109.3 109.4 

rC–H(12/13) 109.2 109.2 109.2 109.3 

rC–H(14/15) 109.2 109.1 109.1 109.2 

rC–H(16) 109.1 109.1 109.1 109.2 

rC–H(18/20) 109.1 109.0 109.0 109.1 

rC–H(19) 109.3 109.3 109.3 109.4 

rC–H(21) 109.9 110.0 110.0 109.9 

∠H(11)–C–C 110.7 111.1 111.4 111.1 

∠H(16)–C–C 109.0 109.0 109.3 109.3 

∠H(11)–C–H(12/13) 108.6 108.3 108.3 108.5 

∠H(16)–C–H(14/15) 109.4 109.3 109.2 109.4 

∠C(H3)–C–C(H3) 113.9 113.8 113.7 113.6 

∠C(3)–C–O 105.7 105.8 105.9 105.9 

∠C(1)–C–O 109.7 109.6 109.9 109.9 

∠C(2)–O–C(6/7) 118.4 117.4 117.6 117.5 

∠O(4/5)–C=O(9/10) 120.0 120.4 120.3 120.3 
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∠C(8)–C–O(4/5) 117.4 116.8 117.0 117.0 

∠C(6/7)–C–C(17) 111.7 112.1 112.1 112.0 

∠H(19)–C–C 111.4 111.3 111.5 111.2 

∠H(19)–C–H(18/20) 108.6 108.4 108.4 108.5 

∠H(21)–C(8)–C(17) 107.0 107.1 107.0 107.3 

φO(4)–C(2)–C(1)–O(5) 123.5 123.5 123.1 123.1 

φC(1)–C(2)–O(4)–C(6) -72.7 -69.5 -69.6 -69.2 

φC(2)–O–C=O 159.1 156.4 156.7 156.6 

φC(2)–O(4)–C(6)–C(8) -25.6 -28.9 -28.4 -28.5 

φO(4)–C–C–C(17) 131.1 136.1 134.6 134.4 

φC(6)–C(8)–C(17)–H(21) 113.6 113.1 113.3 113.3 

φH(19)–C–C–C(6) -66.4 -66.9 -66.7 -66.7 

1c     

rC(6/7)=O(9/10) 121.4 120.4 120.6 120.5 

rC(2)–O(4/5) 143.4 143.0 143.2 143.0 

rC(6/7)–O(4/5) 136.9 136.5 136.5 136.5 

rC(1)–C(2) 151.7 151.9 151.9 152.1 

rC(2)–C(3) 150.8 150.9 150.8 151.0 

rC(6/7)–C(8) 152.1 152.3 152.4 152.4 

rC(8)–C(17) 153.3 153.0 153.2 153.3 

rC(8)–C(21) 154.6 154.8 155.0 155.0 

rC–H(11) 109.4 109.4 109.4 109.5 

rC–H(12/13) 109.2 109.2 109.2 109.3 

rC–H(14/15) 109.2 109.1 109.1 109.2 

rC–H(16) 109.1 109.1 109.1 109.2 

rC–H(18/20) 109.2 109.1 109.1 109.2 

rC–H(19) 109.4 109.4 109.4 109.5 

rC–H(22/23) 109.2 109.2 109.2 109.3 

rC–H(24) 109.4 109.4 109.4 109.5 

∠H(11)–C–C 110.6 110.9 111.2 110.9 

∠H(16)–C–C 109.0 109.1 109.3 109.3 

∠H(11)–C–H(12/13) 108.6 108.3 108.3 108.5 
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∠H(16)–C–H(14/15) 109.4 109.2 109.2 109.4 

∠C(H3)–C–C(H3) 114.0 113.9 113.8 113.7 

∠C(3)–C–O 105.9 105.9 106.0 106.1 

∠C(1)–C–O 109.6 109.5 109.7 109.7 

∠C(2)–O–C(6/7) 118.1 116.9 117.1 117.0 

∠O(4/5)–C=O(9/10) 119.6 120.2 120.0 120.1 

∠C(8)–C–O(4/5) 117.8 116.9 117.2 117.2 

∠C(6/7)–C–C(17) 110.0 110.4 110.4 110.4 

∠C(6/7)–C–C(21) 105.8 105.1 105.4 105.5 

∠H(19)–C–C 111.7 111.6 111.8 111.7 

∠H(19)–C–H(18/20) 108.4 108.3 108.3 108.5 

∠H(24)–C–C 111.0 111.2 111.4 111.2 

∠H(24)–C–H(22/23) 108.9 108.8 108.8 109.0 

∠C(17)–C(8)–C(21) 109.4 109.7 109.5 109.3 

φO(4)–C(2)–C(1)–O(5) 123.1 123.2 122.7 122.8 

φC(1)–C(2)–O(4)–C(6) -71.9 -68.5 -68.2 -68.0 

φC(2)–O–C=O 156 152.7 152.6 153.1 

φC(2)–O(4)–C(6)–C(8) -30.1 -34.0 -33.9 -33.3 

φO(4)–C–C–C(17) 133.9 140.2 139.1 137.7 

φC(6)–C(8)–C(17)–C(21) 115.8 115.3 115.6 115.6 

φH(19)–C–C–C(6) -64.2 -64.7 -64.4 -64.4 

φH(24)–C–C–C(6) 61.6 61.3 61.2 61.3 

2a     

rC=O 118.1 116.9 116.9 116.8 

rC=C 132.0 132.0 132.1 132.2 

rC–H(4/5) 108.1 108.0 108.0 108.0 

∠H(4/5)–C=C 119.6 119.5 119.5 119.1 

∠H–C–H 120.7 121.0 121.0 121.8 

φH–C=C=O 180.0 180.0 180.0 180.0 
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2b     

rC=O 118.4 117.2 117.3 117.2 

rC=C 132.1 132.1 132.2 132.2 

rC–C 150.9 151.2 151.3 151.3 

rC–H(4) 108.4 108.4 108.5 108.4 

rC–H(6/7) 109.4 109.3 109.3 109.4 

rC–H(8) 109.3 109.2 109.2 109.3 

∠H(4)–C=C 116.5 116.4 116.3 116.1 

∠C(5)–C=C 122.7 122.7 122.6 122.5 

∠C–C–H(4) 120.8 121.0 121.0 121.5 

∠H(8)–C–C 111.1 111.2 111.2 111.0 

∠H(8)–C–H(6/7)) 107.8 107.7 107.7 107.8 

φH(4)–C=C=O 178.7 179.9 -179.9 -178.9 

φC(5)–C=C=O -1.3 -0.1 0.1 1.1 

φH(8)–C–C=C 0.1 0.1 0.1 0.1 

2c     

rC=O 118.7 117.5 117.6 117.6 

rC=C 132.3 132.1 132.1 132.2 

rC(3)–C(4) 151.9 151.1 151.1 151.2 

rC(3)–C(8) 151.9 151.1 151.1 151.1 

rC–H(5) 109.4 109.5 109.5 109.6 

rC–H(6) 109.3 109.5 109.5 109.6 

rC–H(7) 109.4 109.2 109.2 109.3 

rC–H(9) 109.4 109.5 109.5 109.6 

rC–H(10) 109.4 109.2 109.2 109.3 

rC–H(11) 109.3 109.5 109.5 109.6 

∠C(4)–C=C 118.9 120.3 120.3 120.2 

∠C(8)–C=C 118.9 120.3 120.3 120.3 

∠C–C–C 122.2 119.3 119.4 119.4 

∠H(7/10)–C–C 112.6 112.2 112.2 112 

∠H(7/10)–C–H(5/9) 108.0 107.9 107.9 108 

∠H(7/10)–C–H(6/11) 107.4 107.9 107.9 108 
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φH(7)–C–C=C -61.2 0.1 0.1 0.3 

φH(10)–C–C=C 61.3 -0.1 -0.1 -0.1 

φC(4)–C=C=O -48.6 -71.1 4.6 -59.3 

φC(8)–C=C=O 131.4 102.9 -175.4 120.9 
a Distances are in pm and angles are in °.  
b Refer to Figure 4.14 for atom numbering. 

 

 

Viability of using VHT nozzle 

To determine the viability of using the VHT nozzle with these Meldrum’s acid 

derivatives, the theoretical decomposition of 1a to give 2a, acetone and CO2 was 

compared to the decomposition shown in the GED data in Section 4.5. The 

thermodynamic data to determine the Gibbs free energy, ∆G, at a given experimental 

temperature were extracted from frequency calculations at the MP2/6-311++G** 

level and are presented in Table 4.9. 

 

Table 4.9 Thermodynamic output as calculated from MP2/6-311++G** frequency 

calculations using temperature (T), entropy (S) and enthalpy (∆H) to find the Gibbs 

free energy [∆G(T)] for the pyrolysis of Meldrum’s acid. 

Molecule T (K) S (J mol-1 K-1) ∆H (kJ mol-1)a 

Meldrum’s acid 437.3 462.9 52.3 

 556.3 517.5 79.4 

Ketene 437.3 265.3 20.1 

 556.3 281.0 27.9 

CO2 437.3 229.4 15.0 

 556.3 240.1 20.3 

Acetone 437.3 331.2 29.1 

 556.3 358.0 42.5 

∆G(437.3)b -146.8   

∆G(556.3)b -189.9   
a ∆H = H(T) – H(0), where H(0) is the zero-point energy. 
b Units of kJ mol-1. 
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4.6.4 Discussion 

A range of Meldrum’s acid derivatives (1a – 1c) and their corresponding ketene 

derivatives (2a – 2c) have been investigated by a range of ab initio calculations to 

determine the value of parameters that would be used in a GED refinement (Table 

4.8). As indicated in Section 4.5, the pyrolysis of Meldrum’s acid (1a) to give ketene 

(2a), acetone and CO2, led to extensive overlap in the RDCs due to similar bond 

distances. The intention of these calculations was to determine if parameters between 

the Meldrum’s acid derivative and corresponding derivative differed as the 

substituents changed. 

 

For 1a – 1c, the optimised structures have Cs symmetry, with a mirror plane through 

the centre of the ring. As shown in Section 4.5, 1a was shown to adopt a boat 

conformation in the gas phase, and this was also shown to be the case for 1b and 1c. 

Derivatives of Meldrum’s acid are shown to adopt chair and twist-chair 

conformations depending on their structure42 so it was not unexpected to observe the 

central ring flexing to accommodate the substituents around C(8) as the substituents 

increased in size for 1b and 1c. This meant that the central ring deviated from the 

boat conformation required to accommodate the lactone groups (C–O–CO–C) on 

either side of the ring in a near planar geometry. The deviation of the central ring 

from the boat shape in 1a is reflected in calculated values at the MP2/6-311++G** 

level of 156.6° (1b) and 153.1° (1c) for φC(2)–O(4)–C(6)=O(9), and -28.5° (1b) and 

-33.3° (1c) for φC(2)–O(4)–C(6)–C(8) compared to 169.9° and -11.8° for 1a. 

Interestingly the substituent on C(8) which is closer to the C=O groups has an 

increased bond length compared to the other substituent on the same carbon. This 

means that for 1a C–H(17) is longer than C–H(18) (109.6 pm  compared to 109.1 

pm). However, this increase in bond length is more noticeable for 1c, with both 

substituents being methyl groups, giving C(8)–C(21) a calculated bond length of 

155.0 pm which is much longer than the adjacent C(8)–H(17) bond length (153.3 

pm) and the other C–C bonds in the rest of the molecule. It is likely that heavier 

substituents will cause further strain on the central ring and result in an increase in 

bond length, although further computational and experimental studies will be 

necessary to discern this. In particular, deviations in the boat geometry of the 

Meldrum’s acid derivatives confirms the need to have a more flexible model to use 
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in GED refinement, as a rigid description like used previously by Noble-Eddy1 

would not be suitable for derivatives adopting a different geometry. For a full 

comparison of parameters for 1a – 1c refer to Table 4.8. 

 

For a GED refinement, the C=O, C=C and C–C bond lengths contribute most to the 

RDCs so differences between these parameters for 2a – 2c were considered. Across 

all molecules the C=C bond length was determined to be similar (132.2 pm at 

MP2/6-311++G** for all 2a – 2c) and the C–C bond lengths were similar for 2b and 

2c [151.3 pm in 2b, and 151.2 pm and 151.1 pm in 2c]. While the C=O bond length 

differed slightly between the ketene derivatives and lengthened with increased 

substitution (116.8 pm, 117.2 pm, 117.6 pm; 2a – 2c) the bond lengths would still 

overlap in RDCs obtained in a GED experiment. Overall the C=O bond lengths were 

shorter than those obtained for the corresponding Meldrum’s acid derivatives (120.5 

pm, 120.5 pm, 120.4 pm; 1a – 1c) however as they still would fall in the same region 

of the RDCs, the SARACEN method13-15 would be relied upon to restrain the bond 

lengths for the precursor and pyrolysis products. This is particularly important if 

pyrolysis does not proceed fully (as shown in Section 4.5) as a heavily restrained 

model is affected by the accuracy of the ab initio calculations applied as restraints in 

the refinement. Ideally, a pyrolysis process studied by GED will proceed to near 

completion such that there is a negligible amount of precursor in the molecular beam.  

 

To determine if a pyrolysis scheme with 1b or 1c were viable, thermodynamic 

calculations were performed for 1a, 2a, acetone and CO2 at the MP2/6-311++G** 

level and compared to the GED results discussed in Section 4.5. Using an open 

source Perl script,48 thermodynamic data were extracted from frequency calculations 

conducted at the MP2/6-311++G** level to determine the Gibbs free energy, ΔG, for 

the reaction at the given experimental temperatures (Table 4.9). Assuming that no 

secondary pyrolysis processes were occurring, a negative value of ΔG indicates that 

the reaction will proceed in the forward direction, with an equilibrium constant, K, 

that will favour the pyrolysis products. For both experimental temperatures (437.3 K 

and 556.3 K) the negative values of ΔG indicated that the reaction should have 

proceeded fully, with minimal precursor remaining. However, as shown in Section 

4.5, this was not the case with the experimental data collection for the pyrolysis of 

1a, as a significant amount of Meldrum’s acid was observed in the GED data. This 
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shows that despite the calculations indicating these temperatures as being suitable 

temperature for pyrolysis, fine-tuning of the experimental conditions will still be 

necessary to optimise the pyrolysis conditions for a range of systems that will be 

studied in the future. Along with the results in Section 4.5, this emphasises the need 

to use a GED-MS setup to successfully study these systems. 

 

4.6.5 Conclusion 

The optimised gas-phase structures of Meldrum’s acid derivatives (1a – 1c) and their 

corresponding ketene derivatives (2a – 2c) have been determined from ab initio 

calculations, comparing parameters obtained for a range of basis sets.  

 

An increase in substituent size from 1a to 1c, resulting in a lengthened bond length 

to accommodate the substituent near the C=O groups. Accommodating larger 

substituents also led to an increase in strain on the boat geometry of the ring. With 

larger substituents the ring can flex to accommodate the substitutents42 thus 

highlighting the need for a flexible model (with numerous dihedral angles) to 

describe a range of Meldrum’s acid derivatives in a GED refinement. 

 

All of the molecules 1a – 1c and 2a – 2c were shown to exist in areas of significant 

overlap in RDCs. Optimisation of pyrolysis conditions to have negligible precursor 

remaining would be ideal to reduce the number of restraints applied in a GED 

refinement. As shown by thermodynamic calculations, comparison to results in 

Section 4.5 indicates that optimising the pyrolysis conditions may be best done 

experimentally.  
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CHAPTER 5 
 

Tris(chloromethyl)amine, N(CH2Cl)3: A combined GED, 

Raman spectroscopy and computational investigation 
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5.1 Introduction 
Molecules that have different behaviour between the solid, liquid or gas phases, are 

of interest to the Masters group, particularly those that adopt different conformations 

or structures. Examples include N-methyldichloroacetamide [MeNHC(O)CHCl2]1 

which is shown to exhibit different conformers between the solid and gas phases and 

the phosphinyl radical [ !PR2 , R = CH(SiMe3)2],2 which undergoes bond breaking in 

the gas phase to relieve high steric torsion / strain. In some cases molecular 

behaviour can be different between all phases as observed in recent work on 1,2-

bis(trifluoromethyl)-1,1,2,2-tetramethyldisilane, where more stable conformers in the 

solution phase (compared to the gas and solid phases) was determined to be due to 

interactions between the solvent and the molecule.3 

 

As well as solvent interaction,3 some molecule stability is observed to be due to 

hyperconjugation. Hyperconjugation is the interaction of electrons in a sigma bond 

with an adjacent empty (or partially filled) p- or π-orbital. An extended molecular 

orbital is formed by the orbital overlap, resulting in bond elongation and changes in 

molecular geometry.4 This effect has been widely observed and has been used to 

justify the structures of trimethylamine5 and trimethylamine derivatives.6 In 

particular, perfluorotrimethylamine, N(CF3)3, is shown to have an unusual planar 

geometry of the amine centre7 with C–N–C angles of 117.9(4)°.8 The sum of the C–

N–C angles are approximately 360° rather than 330° which would be expected for a 

pyramidal arrangement of the amine centre such as for N(CH3)3 with C-N-C angles 

of 110.9(4)°.9 Resonance occurs for trimethylamine derivatives via the amine centre 

with the formation of a partially positive charged immonium nitrogen as shown in 

Figure 5.1. 

 

Figure 5.1 Tautomeric equilibrium of tris(chloromethyl)amine (adapted from 

Reference 6). 

 



! 120!

A study undertaken by Klapötke et al.6 investigated the structural properties of 

tris(chloromethyl)amine, N(CH2Cl)3, a tertiary amine with exclusively 

halogenmethyl groups. A crystal structure, from X-ray diffraction, was obtained for 

N(CH2Cl)3, showing Cs symmetry with a near planar NC3 unit. The three CH2Cl 

groups were found to point in the same direction, away from the slight apex and lone 

pair of electrons on the N atom, due to steric and multiple hyperconjugative effects 

(Figure 5.2).6 However, a computational investigation of tris(chloromethyl)amine 

was not conducted. 

 

Figure 5.2 Molecular structure of tris(chloromethyl)amine in the solid state. 

This chapter presents work done to elucidate the gas-phase structure of 

tris(chloromethyl)amine which is shown to have a different structure in the gas and 

solid phase. This is the first time the gas-phase structure has been presented. 

Comparisons between structural parameters obtained from the gas-phase (GED) and 

solid-phase (X-ray) studies have been drawn. The ab initio studies, conducted in 

parallel to this study, are presented to support the conclusions made. 
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5.2 Experimental 

5.2.1 Synthesis 
Tris(chloromethyl)amine, N(CH2Cl)3, was synthesised at a 10 times reduced scale 

based on a previous literature method by Fluck and Meiser.10 The experiment was 

conducted under a N2(g) atmosphere to avoid decomposition due to water.11 Due to 

concerns regarding the toxicity of the product, all glassware was cleaned prior to 

removal from the fumehood and a colleague was in attendance during the synthesis. 

 

Hexamethylenetetramine (0.7 g; 5 mmol) and phosphorus pentachloride (4.18 g;  

20 mmol) were added to 15 mL of dry dichloromethane (DCM) in a 50 mL round 

bottomed flask. The flask was fitted with a reflux condenser and a drying tube 

containing CaCl2(s) before being placed on an aluminium heat block on a stirrer 

hotplate. The mixture was refluxed for 20 hours at 75 °C at approximately 1.5 Torr 

of pressure followed by transfer to a vial under a N2(g) atmosphere. The synthesis by 

Fluck and Meiser10 suggested purification of the product by resublimation or 

recrystalisation in DCM. Initial attempts at recrystalisation for purification led to 

decomposition due to water in the atmosphere. In a subsequent synthesis 

resublimation was used instead. Not all of the product could be retrieved from the 

sublimation tube before decomposition started to occur. Melting point measurements 

and mass spectrometry analysis could not be done due to the compound’s toxicity 

and its ready decomposition in water (which is routinely flushed through the 

Chemistry department’s mass spectrometer). The purity of the sample was 

determined by 1H-NMR and 13C-NMR (Appendix Figures A3.1 and A3.2), with the 

remaining product being sealed in a 5 mm NMR tube for analysis by Raman 

spectroscopy. Yield 0.5 g, 62 % (colourless crystalline solid at room temperature). ∂H 

(500 MHz, CDCl3) 5.13 (6H, s, N(CH2Cl)3); ∂C (125.6 MHz, CDCl3) 65.4 (3C, t, 

N(CH2Cl)3). 

 

5.2.2 GED study 
Data were collected for tris(chloromethyl)amine using the Edinburgh GED 

apparatus, now located at the University of Canterbury.12 An accelerating voltage of 

around 40 keV was used (electron wavelength ca. 6.0 pm). Scattering intensities 
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were recorded at nozzle-to-plate distances of 94.29 mm and 256.16 mm on Kodak 

Electron Image films. The sample and nozzle temperatures were maintained at  

351 K and 393 K respectively for the short camera distance and at 395 K and 413 K 

respectively for the long camera distance. An Epson Expression 1680 Pro flatbed 

scanner was used to convert the electron-scattering intensities to mean optical 

densities as a function of the scattering variable, s, using an established program.13 

The data-reduction and least-squares refinement processes were carried out using the 

ed@ed program14 (Version 2.4) employing the scattering factors of Ross et al.15 The 

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

scale factors for the two nozzle-to-camera distances are given in Appendix Table 

A3.1, together with the electron wavelengths which were determined from the 

scattering patterns of benzene vapour before and after the experiment. 

 

5.2.3 Raman spectroscopy (with Mark Waterland and Jason Carr, 

Massey University) 

Raman spectra were acquired using a home-built Raman confocal microscope based 

on an inverted Olympus IX70 fluorescence microscope. Excitation was provided by 

an Ondax 785 nm fibre-coupled diode laser. Volume Bragg band-pass filters from 

OptiGrate Inc. were used to filter background emission from the diode laser before 

directing the beam into a 40 × microscope objective using a second OptiGrate band-

pass filter. Rayleigh and Raman scattered light was collected in a 180° back-

scattering geometry through the microscope objective. The scattered light was 

filtered by three sequential OptiGrate Notch filters and focussed into a 50 micron 

optical fibre coupled to an Acton LS 785 NIR Lens Spectrograph (Princeton 

Instruments) with a PIXIS 400 CCD camera for detection, controlled by Princeton 

LightField Software. Typical excitation power at the sample was 20 mW and 

integration times ranged from 1 – 5 minutes. Temperature dependent Raman spectra 

were acquired on a home-built temperature stage. 
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5.3 Ab initio methods 

5.3.1 Theoretical methods 
Geometry optimisations and frequency calculations were obtained using the 

resources of the NSCCS16 and the Gaussian09 program.17 All MP218 methods were 

frozen core [MP2(fc)].  

 

5.3.2 Geometry optimisations 

An extensive search of the PES was conducted for the gas-phase structure of 

N(CH2Cl)3 using the HF method and 6-31G* basis set19,20 followed by calculations at 

the MP2 level18 to locate local minima. Each CH2Cl group was initially set at 0° 

relative to the lone pair of electrons on the nitrogen and rotated in turn about the 

molecule in 15° steps, relative to fixed positions of the other CH2Cl groups. Using 

the molecular structures corresponding to the lowest single point energies of the 

CH2Cl rotations, relaxed geometry optimisations were conducted at the MP2 level 

with the 6-31G*, 6-311G*,21,22 6-311+G*,23,24 cc-pVDZ,25 aug-cc-pVDZ,25 cc-

pVTZ26 and aug-cc-pVTZ26 basis sets. These calculations resulted in a minimum 

structure with two, almost equivalent, CH2Cl groups pointing downwards, relative to 

the lone pair of electrons on the central nitrogen atom. Depending on the method and 

basis set used, the torsion angle of the upward pointing CH2Cl group was observed to 

vary between 0° and approximately ±30°. The coordinates for each of the three 

conformers (A – C) were then optimised using the M06-2X27 method and aug-cc-

pVDZ basis set. The calculated lowest energy structures of tris(chloromethyl)amine 

are shown in Figure 5.3.  

 

Figure 5.3 Lowest energy structures of tris(chloromethyl)amine with atom 

numbering. 

A C B 
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5.3.3 Frequency calculations 

Analytic second derivatives of the energy with respect to nuclear coordinates 

calculated at the MP2/aug-cc-pVDZ level gave the force fields for the lowest energy 

geometries of the N(CH2Cl)3 conformers. Following a trial refinement cubic 

forcefields were also calculated for N(CH2Cl)3 at the M06-2X/aug-cc-pVDZ level to 

generate the amplitudes of vibration (u) and perpendicular corrections (ka3,1) for use 

in the GED refinement by using the SHRINK program.28,29  

 

5.3.4 Stabilisation interactions 

An investigation was undertaken to determine if there were any stabilising 

interactions that would explain the difference in structure between the solid and gas 

phases of tris(chloromethyl)amine. A prior study of the crystal structure of 

N(CH2Cl)3 indicated that there were no interactions or hydrogen bonding between 

molecules6 and this was confirmed with calculations at the MP218 and M06-2X 

level27 with the aug-cc-pVDZ basis set,25 using the counterpoise method30,31 to 

account for basis set superposition error (BSSE).30 Solid-state coordinates for a 

dimer and monomer unit in the crystal structure were provided by Professor Norbert 

Mitzel (Universität Bielefeld, Germany). While calculations were not conducted in 

the solid state using a periodic system, gas-phase calculations performed using the 

solid-state coordinates were used to calculate the relative energy differences between 

the solid-state and gas-phase conformers. The calculations for the solid-state 

structure were conducted at the MP2/aug-cc-pVDZ level and were compared to the 

results from the ab initio calculations of the gas-phase structure as described above. 
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5.4 Results 

5.4.1 Ab initio calculations 
An extensive PES search at the HF/6-31G* and MP2/6-31G* level was conducted to 

locate all local minima as described in Section 5.3.2. The coordinates from the 

resulting lowest single point energies were optimised with relaxed geometry 

optimisations conducted at the MP2 level18 with the 6-31G*,19,20 6-311G*,21,22  

6-311+G*,23,24 cc-pVDZ,25 aug-cc-pVDZ,25 cc-pVTZ26  and aug-cc-pVTZ26 basis 

sets (refer to Table A3.2). Using the MP2 coordinates for each of the three possible 

conformers (Figure 5.3, A – C) as a starting point, the three conformers were then 

optimised at the M06-2X/aug-cc-pVDZ level (Table 5.1), as the optimised geometry 

was dependent on the starting coordinates with the M06-2X method. The 

calculations conducted at the M06-2X level suggested that conformers A and C were 

equivalent, so only A and B were considered for the GED refinement. 

 

As the suggested conformation of N(CH2Cl)3 was different between the gas phase 

and the solid phase, calculations were conducted to investigate if there were any 

favourable interactions that were only present in the solid state. Using crystal 

structure coordinates as provided by Professor Norbert Mitzel (Universität Bielefeld, 

Germany), the crystal structure coordinates were extracted so that calculations could 

be performed in the gas phase. Single point energy calculations of the dimer and 

monomer units of the crystal structure were conducted and compared to results for 

the gas-phase conformers using the MP2 and M06-2X methods and the aug-cc-

pVDZ basis set (Table 5.2). Whilst the crystal structure viewing program Mercury32 

showed no hydrogen bonding or other intermolecular interactions, single point 

energy calculations at the the MP2 and M06-2X level with the aug-cc-pVDZ basis 

set were conducted on both the dimer and monomer crystal structure coordinates 

using the counterpoise method30,31 to account for BSSE.30 The calculations revealed 

that there were no intermolecular interactions between monomer units in the crystal 

structure as was predicted by the Mercury program32 (and hence are not presented). 

However the difference in energy between the solid state and gas-phase coordinates 

suggests that there is some other stabilising interaction (not necessarily due to crystal 

packing) that needs to be investigated further. This includes considering the dipoles 
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in the solid and gas-phase conformers as well as investigating the crystal structure 

using solid-state methods such as a periodic system. 

 
Table 5.1 Theoretical geometrical parameters at the M06-2X/aug-cc-pVDZ level for 

the three conformers A, B and C of tris(chloromethyl)amine [N(CH2Cl)3].a 

Parameter A B C 

rC(2)–Cl(11) 184.5 184.1 183.9 

rC(5)–Cl(12) 181.4 182.7 181.4 

rC(8)–Cl(13) 183.9 184.1 184.5 

rN(1)–C(2) 141.1 141.1 141.4 

rN(1)–C(5) 143.0 142.1 143.0 

rN(1)–C(8) 141.4 141.1 141.1 

rC(2)–H(3) 109.2 109.3 109.2 

rC(2)–H(4) 109.1 109.1 109.1 

rC(5)–H(6) 109.1 109.2 109.5 

rC(5)–H(7) 109.5 109.2 109.1 

rC(8)–H(9) 109.1 109.2 109.1 

rC(8)–H(10) 109.2 109.3 109.2 

∠N(1)–C(2)–Cl(11) 114.5 114.0 114.4 

∠N(1)–C(5)–Cl(12) 111.1 111.9 111.1 

∠N(1)–C(8)–Cl(13) 114.4 113.9 114.6 

∠N(1)–C(2)–H(3) 110.6 110.5 109.9 

∠N(1)–C(2)–H(4) 110.5 110.7 110.6 

∠N(1)–C(5)–H(6) 109.9 111.1 112.2 

∠N(1)–C(5)–H(7) 112.2 111.2 109.9 

∠N(1)–C(8)–H(9) 110.6 110.8 110.4 

∠N(1)–C(8)–H(10) 109.9 110.4 110.6 

∠Cl(11)–C(2)–H(3) 104.3 104.8 104.7 

∠Cl(11)–C(2)–H(4) 105.5 105.5 105.7 

∠Cl(12)–C(5)–H(6) 107.0 106.0 105.8 

∠Cl(12)–C(5)–H(7) 105.8 106.0 107.0 

∠Cl(13)–C(8)–H(9) 105.7 105.5 105.5 

∠Cl(13)–C(8)–H(10) 104.7 104.8 104.3 
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∠C(2)–N(1)–C(5) 117.3 118.1 116.7 

∠C(2)–N(1)–C(8) 119.9 118.0 117.2 

∠C(5)–N(1)–C(8) 116.7 120.6 119.9 

φCl(11)–C(2)–N(1)–C(5) -66.7 -72.5 -67.7 

φCl(12)–C(5)–N(1)–C(2) -131.3 -101.2 -76.0 

φCl(13)–C(8)–N(1)–C(5) 67.9 72.8 66.5 

Energy (Hartrees) -1553.1935 -1553.1934 -1553.1935 
a All distances in pm and all angles in degrees. See Figure 5.3 for atom numbering. 

 

 

Table 5.2 Calculated energy differences between the gas-phase and solid phase 

structures of tris(chloromethyl)amine [N(CH2Cl)3].a 

Conformer M06-2X/  

aug-cc-pVDZ 

Relative energy 

difference 

(Hartrees)b 

Relative energy 

difference  

(kJ mol-1) 

Gas-phase    

A -1553.1935 - - 

B -1553.1934 0.0001 0.263 

C -1553.1935 - - 

Crystal structurec    

Optimised -1553.1904 0.0031 8.139 

Single-point -1553.0491 0.1443 378.9  
a Energies are reported in Hartrees. 
b The energy difference was calculated relative to conformers A and C. 
c A relaxed geometry optimisation and single point energy calculation was performed 

using the provided crystal structure coordinates. 
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5.4.2 GED 

Electron diffraction refinements were carried out for tris(chloromethyl)amine based 

on the ab initio calculations described above. The ab initio results suggested that the 

two downward pointing CH2Cl groups were somewhat equivalent, in terms of bond 

lengths and orientation with respect to the lone pair on the nitrogen atom. These two 

CH2Cl groups were treated as equivalent in the refinement model; thus reducing the 

number of parameters to a manageable amount. To describe the change in torsion of 

the upward pointing CH2Cl group a C1 model was adopted. Ab initio calculations at 

the M06-2X/aug-cc-pVDZ level showed that both A and B were present in the GED 

data with 67 % of A predicted to be present in the GED data. Trial refinements 

conducted treating A and B separately revealed that both A and B were present in the 

GED data so a two-conformer model was used. The trial refinements were first 

conducted with harmonic corrections implemented from the MP2/aug-cc-pVDZ 

force fields but the amplitudes of vibration were poorly described when compared to 

the experimental data. Instead, cubic force fields calculated at the M06-2X/aug-cc-

pVDZ level were implemented in the refinement. 

 

The structure of tris(chloromethyl)amine in the two-conformer model was defined in 

terms of 21 independent parameters and six dependent parameters (Table 5.3). The 

21 independent parameters comprised of five bond lengths, 10 bond angles and six 

dihedral angles. As the two conformers only differed in the rotation of one CH2Cl 

group, the bond lengths and angles were treated as being the same across both 

conformers. To describe rC–Cl and rN–C of the equivalent and unique CH2Cl 

groups an average and difference parameter for rC–Cl (p1, p2) and rN–C (p3, p4) was 

used. The rC–H parameter was defined as an average over both conformers (p5). To 

describe ∠N–C–Cl an average and difference was used (p6, p7). For ∠N–C–H an 

average value was used (p8), with fixed differences applied from ab initio 

calculations. For ∠C–N–C, three parameters were defined (p13 –p15). For ∠Cl–C–H 

two parameters were used to describe the position of the equivalent (p9, p10) and 

unique (p11, p12) CH2Cl groups. Lastly, to describe the torsions of the three CH2Cl 

groups, three dihedral angles were used for A (p16 – p18) and three for B (p19 – p21). 

The six dependent parameters were used to obtain rC–Cl, rN–C and ∠N–C–Cl for 

the equivalent and unique CH2Cl groups. 
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Theoretical Cartesian force fields for both conformers were generated at the M06-

2X/aug-cc-pVDZ level and converted to a set of force fields described by a set of 

symmetry coordinates. RMS amplitudes of vibration were obtained from the 

SHRINK program.28,29 All independent parameters were refined using a least-squares 

method and restraints were applied using the SARACEN method33-35 (Table 5.3). 

The restraints were based on calculations at the M06-2X and MP2 levels. In addition 

the corresponding amplitudes of vibration were refined (see Table A3.3). The 

amplitudes of vibration were still not well described even with the cubic force field 

corrections. This is reflected in the RDCs (Figure 5.4) and MICs (Figure A3.3). As a 

result the R-factors RG = 0.1758 (RD = 0.1319) are significantly higher than what 

would be deemed suitable for a successful structure refinement. This has also 

resulted in an increased error for the relative conformer weighting of conformer A in 

the GED data [73.1(284) %]. The error of the conformer weighting was directly 

obtained from the GED refinement, although it is presumed the error would decrease 

slightly if a plot of RG against the conformer weighting was used to give the 95 % 

confidence limit. Whilst the data have not been fully refined the least-squares 

correlation matrix is presented in Table A3.4 along with the GED structure 

coordinates and calculated coordinates at the M06-2X/aug-cc-pVDZ level in Tables 

A3.5 – A3.6 respectively. 
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Table 5.3 Refined (ra3,1) and calculated (re) geometric parameters for 

tris(chloromethyl)amine from the SARACEN GED refinement.a,b,c 

Parameters GED (ra3,1) M06-2X/ 

aug-cc-pVDZ 

(re) 

Restraint 

Independent    

p1 rC–Cl av 178.2(3) 182.8 182.8(30) 

p2 rC–Cl diff  2.2(10) 2.8 2.8(10) 

p3 rN–C av 140.4(4) 142.1 - 

p4 rN–C diff  -1.7(10) -1.7 -1.7(10) 

p5 rC–H av  108.7(6) 109.2 109.2(1) 

p6 ∠N–C–Cl av 113.8(4) 112.8 - 

p7 ∠N–C–Cl diff   3.2(5) 3.3 3.3(5) 

p8 ∠N–C–H av 110.2(9) 110.6 110.6(10) 

p9 ∠Cl(11/13)–C(2/8)–H(3/10)  104.8(15) 104.3 104.3(15) 

p10 ∠Cl(11/13)–C(2/8)–H(4/9) 105.8(10) 105.5 105.5(10) 

p11 ∠Cl(12)–C(5)–H(6) 107.3(15) 107.0 107.0(15) 

p12 ∠Cl(12)–C(5)–H(7) 106.1(10) 105.8 105.8(10) 

p13 ∠C(5)–N(1)–C(2) 117.6(17) 117.3 117.3(30) 

p14 ∠C(5)–N(1)–C(8) 115.2(14) 116.7 116.7(15) 

p15 ∠C(2)–N(1)–C(8) 119.8(14) 119.9 119.9(20) 

p16 φCl(11)–C(2)–N(1)–C(5) (A) -62.3(28) -66.7 -66.7(40) 

p17 φCl(12)–C(5)–N(1)–C(2) (A) -138.1(32) -131.3 -131.3(35) 

p18 φCl(13)–C(8)–N(1)–C(5) (A) 59.3(43) 67.9 67.9(55) 

p19 φCl(24)–C(15)–N(14)–C(18) (B) -75.5(50) -72.5 -72.5(50) 

p20 φCl(25)–C(18)–N(14)–C(15) (B) -100.5(52) -101.2 -101.2(50) 

p21 φCl(26)–C(21)–N(14)–C(18) (B) 74.9(41) 72.8 72.8(40) 

Dependent    

dp1 rC(2/8)–Cl(11/13) 179.4(4) 184.2 - 

dp2 rC(5)–Cl(12) 177.1(8) 181.4 - 

dp3 rN(1)–C(2/8) 139.5(5) 141.3 - 

dp4 rN(1)–C(5) 141.2(8) 142.9 - 
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dp5 ∠N(1)–C(2/8)–Cl(11/13) 115.4(4) 114.4 - 

dp6 ∠N(1)–C(5)–Cl(12) 112.2(5) 111.1 - 
a Distances (ra3,1) are in pm and bond angles (∠) and dihedral angles (φ) are in 

degrees. 
b Difference parameters are from the equivalent CH2Cl groups minus the unique 

CH2Cl group. 
c Dihedral angles from conformers A and B are as indicated. 

 

 

Figure 5.4 Experimental and difference (experimental – theoretical) RDC, P(r)/r, for 

tris(chloromethyl)amine. Before Fourier inversion the data were multiplied by 

s·exp(-0.00002s2)/(ZN – fN)(ZCl – fCl). 
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5.4.3 Raman spectroscopy 

Temperature dependent Raman spectra for tris(chloromethyl)amine were collected at 

Massey University (Palmerston North, NZ) using the setup as described above. 

Noting that the reported literature melting point of tris(chloromethyl)amine is  

366 K,10 data were collected at room temperature (approximately 293 K), 333 K and 

393 K to allow for comparison of the Raman spectra for the solid phase and melt. 

The experimental data sets were offset from each other and split into two plots with 

different intensity scaling to aid visualisation (Figure 5.5).  

 

Figure 5.5 Temperature dependent Raman spectra of tris(chloromethyl)amine 

collected at 293 K (black), 333 K (red) and 393 K (blue). 

The assignment of the Raman spectra peaks were based on the calculated vibrational 

frequencies obtained from calculations at the M06-2X/aug-cc-pVDZ level for 

conformers A, B and C. The calculated spectra are shown in Figure 5.6, with the full 

table of spectra assignments being given in Appendix Table A3.7. Most of the bands 

were largely unchanged upon heating the sample through to its melting point. The 

most significant changes were seen for modes 1 – 4 (from 40 – 130 cm-1) which all 

involve torsional motions and modes 20 and 21 (approximately 1290 cm-1) which 

involve CH2 wagging motion (asymmetric stretching). 

 

Following the temperature dependent data collection, the sample of 

tris(chloromethyl)amine was allowed to cool. While the sample was cooling, Raman 

data were collected at temperatures of 363 K, 333 K and 303 K (Figure 5.7). It was 

293 K 

333 K 

393 K 
393 K 
333 K 

293 K 
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noted that sample was possibly undergoing a reversible reaction as the peak at 

approximately 370 cm-1 (Figure 5.7) was reversible with temperature. However, as 

N(CH2Cl)3 had become orange in colour, with the colour still lingering after cooling, 

this could be due to impurities present in the sample. Therefore the possibility of a 

reversible reaction requires further investigation.  

 

Figure 5.6 Calculated Raman spectra for conformers A (black), B (blue) and C (red) 

of tris(chloromethyl)amine from calculations at the M06-2X/aug-cc-pVDZ level. 

 

 

Figure 5.7 Temperature dependent Raman spectra of tris(chloromethyl)amine 

collected at 363 K (blue), 333 K (red) and 303 K (black) as the sample was cooling 

following the data collection shown in Figure 5.5.  

B 

C 

A 

B 

C 

A 

303 K 

333 K 

363 K 

303 K 

333 K 
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5.5 Discussion 
The GED data of tris(chloromethyl)amine were determined to contain conformers A 

and B, with A being more prevalent in the data [73.1(284) %]. From ab initio 

calculations conformers A and C were considered to be equivalent enantiomers so 

for simplicity, A will be referred to here. The refined parameters for the bond 

lengths, angles and torsions mostly agree with the predicted ab initio results (Table 

5.3). The C–Cl bond lengths are shorter than what was predicted by ab initio 

calculations and this can be accounted for by the rC–Cl average parameter having a 

low uncertainty [178.2(3) pm] despite a large restraint being applied [182.3(30) pm]. 

This suggests that the effect of the restraint in the refinement is negligible. In 

particular this is true for the parameters related to the different dihedral angles of A 

[-62.3(28)°, -138.1(32)° and 59.3(43)° compared to -66.7°, -131.3° and 67.9° from 

ab initio calculations] and B [-75.5(50)°, -100.5(52)° and 74.9(41)° compared to -

72.5°, -101.2° and 72.8° from ab initio calculations]. However, despite successfully 

determining the conformers present in the GED data for tris(chloromethyl)amine, the 

GED data have yet to be fully refined due to issues related to the description of the 

amplitudes of vibration (Table A3.3). 

 

Molecules that exhibit large amplitude motions, such as in this case, are poorly 

described by harmonic amplitude corrections28 which are usually applied in a 

refinement (such as the rh1 refinements in Chapter 4). Following an initial test with 

harmonic amplitude corrections, cubic force fields were calculated at the M06-

2X/aug-cc-pVDZ level allowing for cubic corrections to the amplitudes of vibration 

to be implemented in an ra3,1 refinement28,36 (refer to Reference 36 for more detail 

about the naming convention of ra3,1). However, despite implementing better force 

fields in the model, the amplitudes of vibration were poorly described for the 

periphery atoms, in particular, the C–H bond lengths and the CH2Cl dihedral angle of 

the unique CH2Cl group. The correction to the amplitudes of vibration for the C–H 

bond lengths of the unique CH2Cl group resulted in much longer C–H bond lengths 

than what would be expected [114.3(6) pm and 114.7(6) pm]. As the refinement 

cannot be fully completed without a better description of the amplitudes of vibration, 

especially for the motion of the CH2Cl torsions, molecular dynamics calculations 

will be undertaken to implement in the refinement. This has worked well in the past 
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with refining GED data of molecules with low frequency torsional motions.37 The 

molecular dynamics study of tris(chloromethyl)amine is currently underway.  

 

To better understand the low frequency amplitudes in tris(chloromethyl)amine, a 

Raman study was undertaken with data being recorded at different temperatures. 

Data were collected at approximately 293 K, 333 K and 393 K (Figure 5.5) so that 

data for both the solid phase and melt could be collected, as the reported melting 

point of N(CH2Cl)3 is 366 K.10 The experimental bands were matched to the 

corresponding normal modes using the calculated spectra (Figure 5.6) from 

frequency calculations at the M06-2X/aug-cc-pVDZ level.  

 

Upon heating the sample through to its melting point, changes were observed in 

modes 1 – 4 which all involve torsional motions, and modes 20 and 21 which involve 

a CH2 wagging (asymmetrical stretching) mode of vibration. As the rest of the bands 

were largely unchanged these bands were determined to correspond to the unique 

CH2Cl group. The Raman results tie in with the results observed from GED as the 

description of the amplitude of the C–H bond lengths were problematic in the GED 

refinement, especially for the unique CH2Cl group. Determining the main change 

between the solid and gas phases of tris(chloromethyl)amine as being the torsional 

motions also supports the gas-phase structures determined from the ab initio 

calculations.  

 

Interestingly the main difference between the calculated Raman spectra for 

conformers A and C was the presence of mode 19 (1215 cm-1 in Figure 5.6), which 

was more intense in C and could not be seen on the same scale as the other modes in 

A. However despite being present in the calculated spectra, mode 19 was absent 

from the experimental data. This suggests the presence of conformer A rather than C 

in the GED data. Since A and C were considered equivalent from ab initio 

calculations, with essentially the same energy and parameters as expected for 

enantiomers, this needs further investigation.  

 

Further investigation also needs to be undertaken to determine the reason why 

tris(chloromethyl)amine adopts a different conformation in the solid and gas phases. 

In the solid phase the CH2Cl groups are all pointing downwards, whereas in the gas 
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phase one CH2Cl group is pointing upwards, deviating from a fixed upright position 

due to a low frequency torsion. Ab initio calculations show the gas-phase conformers 

A and B to be lower in energy than the solid state conformer however no 

intermolecular interactions (such as hydrogen bonding) were deduced from ab initio 

calculations with the crystal structure coordinates. The energy difference between the 

solid and gas phases suggest that there is some sort of stabilisation. Further ab initio 

calculations are required to determine the reason for the difference in energy between 

the solid and gas phases of tris(chloromethyl)amine. This includes considering the 

dipoles in the solid and gas phases, and conducted calculations for the crystal 

structure coordinates in the solid state rather than just for the gas phase as was 

presented here. 
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5.6 Conclusions 
The GED data of tris(chloromethyl)amine have been successfully determined to 

contain two conformers A and B, differing only in the torsion of the upward pointing 

CH2Cl group. This conformation differs from that in the solid state, with all CH2Cl 

groups pointing downwards.  

 

Despite obtaining a close agreement between to the ab initio results for the refined 

independent parameters, the large amplitude motion of the upward pointing CH2Cl 

group of the gas-phase conformers has led to problems in the GED refinement. In 

particular, the wagging motion (asymmetric stretch) of the CH2 group on the unique 

CH2Cl group is poorly described in the GED refinement with harmonic or cubic 

corrections to the force fields. Work is currently underway to obtain molecular 

dynamics data of tris(chloromethyl)amine to better describe the amplitudes of 

vibration in the GED refinement. 

 

An independent Raman spectroscopy study has also been conducted on the solid and 

gas phases of tris(chloromethyl)amine. Upon heating, observed changes in the 

spectra were identified to be due to modes 1 – 4 (torsional) and modes 20 and 21 

(CH2 wagging). The change in these modes confirm the change in conformation 

from the solid to gas phase. The Raman data also show the change in vibration for 

the C–H bonds, which are currently poorly described in the GED refinement. 
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CHAPTER 6 
 

Theoretical and experimental investigation of the gas-phase 

molecular structures of X3SiSiXMe2 (X = F, Cl, Br, I) and 

X3SiSiMe3 (X = H, F, Cl, Br) 
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6.1 Introduction 
Previous work in the Masters group has focussed on understanding the steric bulk of 

substituted disilane systems in the gas phase. The study of 1,1,2,2-tetra-tert-

butyldisilane,1 for example, demonstrated the effect that steric bulk has on the central 

silicon tetrahedral angle of 109.5°, where the Si–Si–C angles were observed to 

increase to 117.0(5)° and 110.0(6)° to tilt the tert-butyl groups away from each other. 

Large Si–Si–C angles have been observed in other disilane systems such as 1,1,2,2-

tetrakis(trimethylsilyl)disilane and 1,1,2,2-tetrakis(trimethylsilyl)dimethyldisilane,2 

1,2-di-tert-butyldisilane,3 and the tetrasilylmethane derivative (Me3Si)3CSiH3.4 This 

large deviation in Si–Si–C angle has also been observed in the solid-state for 

[(Me3Si)3CSiH2]2 which had an increase of ∠Si–Si–C to 120.05(9)°, as determined 

by X-ray diffraction.4 While these studies show that the presence of bulky flexible 

groups can dictate changes in geometric structure to accommodate steric strain, these 

studies have not examined the electronic effect that substituents can have on 

structure – in some cases both electronic and steric effects play a part.  

 

Substituted disilanes of the form Si2X6 are typically similar to substituted ethanes 

(which have been widely studied)5 with properties depending on the adopted 

conformations around the central Si-Si bond. Substituted disilanes usually adopt a 

staggered conformation due to electron repulsion from bonds close together in 

space.6,7 It is known that the Si-Si bond lengthens or shortens as it is rotated through 

360° depending on the adopted conformation (i.e. staggered ! eclipsed) and the 

atom (or group of atoms) in place of X.7 The electronic effect of substituents on 

disilanes has been demonstrated by considering the change in Si–Si bond length 

compared to that in Si2H6.6-9 When the hydrogen substituents are replaced with 

electron-withdrawing F and Cl substituents in Si2F6
7,8 and Si2Cl6,7 the Si–Si bond is 

observed to shorten, whereas the Si–Si bond lengthens as the substituents are 

replaced with methyl groups in Si2Me6.8 Previous GED studies of substituted 

disilanes have included 1,1,2-triiododisilane (I2HSiSiH2I),10 1,1,2,2-

tetrachlorodisilane (Cl2HSiSiHCl2),11 1,2-diiododisilane (IH2SiSiH2I)12 and 1,1,2,2-

tetraiododisilane (I2HSiSiHI2),12 although these studies did not look at the effect on 

the Si–Si bond with more than one ligand type. 
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This chapter details the work carried out for the refinement of the GED data for 

1,1,1,2-tetrabromo-2,2-dimethyldisilane (Br3SiSiBrMe2) to determine the effect of 

more than one ligand type on the structural behaviour of disilanes. A computational 

investigation was conducted for the related halogen analogues of X3SiSiXMe2 (X = 

F, Cl, Br, I) to determine trends within the related halogenated disilane molecules. 

The study of the electronic trends of disilanes also included a GED study and 

complementary computational investigation of the substituted disilanes X3SiSiMe3 

(X = H, F, Cl, Br), to examine the effect that the methyl groups have on the 

compounds. Both of these studies are covered in detail within this chapter.  
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6.2 X3SiSiXMe2 (X = F, Cl, Br, I) 

6.2.1 Experimental 
Synthesis (with Karl Hassler, Technische Universität Graz, Austria)  

1,1,1,2-Tetrabromo-2,2-dimethyldisilane was synthesised according to the method 

presented by Herzog and Roewer,13 with the purity of the sample being determined 

by 1H and 29Si NMR spectroscopy. 

 

Theoretical methods 

All geometry optimisation and frequency calculations for F3SiSiFMe2 (1), 

Cl3SiSiClMe2 (2), Br3SiSiBrMe2 (3) and I3SiSiIMe2 (4) were performed using the 

resources of the NSCCS,14 using the Gaussian09 suite of programs.15 All MP216 

calculations were frozen core [MP2(fc)]. 

 

Geometry optimisations 

An extensive search of the torsional potentials of X3SiSiXMe2 (X = F, Cl, Br, I) was 

undertaken at the HF level with the 3-21G* basis set17-19 in order to locate all local 

minima. For all compounds (1 – 4) three equivalent minima were identified, with  

X–Si–Si–X torsion angles of ± 60° and 180.0° indicating staggered conformations. 

For X = Br three equivalent higher energy, very shallow, minima were also identified 

at ± 120.0° and 0.0° indicating the possibility of an eclipsed structure. These were 

investigated at a higher level with larger basis sets at which the eclipsed minima 

disappeared and only the three equivalent staggered conformers remained. Further 

geometry optimisations were undertaken for 1 – 4 using the HF and MP2 methods 

with the standard 6-31G*20-22 basis set, and using the MP2 method with the  

6-311G*23,24 and 6-311+G* basis sets.  For X = I (4), the SDB-aug-cc-pVTZ basis25 

was used to describe iodine above 3-21G*. The lowest energy structure of 1,1,1,2-

tetrabromo-2,2-dimethyldisilane with the atom numbering scheme is shown in Figure 

6.1. The structures of the related X3SiSiXMe2 (X = F, Cl, I) were similar and the 

same atom numbering schemes were used. 
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Figure 6.1 The lowest energy structure of 1,1,1,2-tetrabromo-2,2-dimethyldisilane 

with atom numbering. 

 

 

 

 

 

 

 

 

 

Frequency calculations 

For 1 – 4, analytic second derivatives of the energy with respect to nuclear 

coordinates calculated at the HF/6-31G* level (HF/6-31G*//SDB-aug-cc-pVTZ for 

X = I) gave the force field, which was used to provide estimates of the amplitudes of 

vibration (u) and perpendicular distance corrections for use in the GED refinement of 

3. Calculating the force field at the MP2 level of theory would make little difference 

to the vibrational quantities and was deemed unnecessary. 

 

GED  

Data were collected for 3 using the Edinburgh GED apparatus26 when it was at the 

University of Edinburgh (it is now located at the University of Canterbury).27 An 

accelerating voltage of ca. 40 keV (electron wavelength ca. 6.0 pm) was used, whilst 

maintaining the sample and nozzle temperatures at 394 K and 461 K respectively. 

Scattering intensities were recorded at nozzle-to-plate distances of 94.26 mm and 

249.59 mm on Kodak Electron Image films. The electron-scattering intensities were 

measured using an Epson Expression 1680 Pro flatbed scanner and converted to 

mean optical densities as a function of the scattering variable, s, using an established 

program.28 The data-reduction and least-squares refinement processes were carried 

out using the ed@ed program29 (Version 2.4) employing the scattering factors of 

Ross et al.30 The weighting points for the off-diagonal weight matrices, correlation 

parameters and scale factors for the two camera distances are given in Appendix 

Table A4.1, together with electron wavelengths, which were determined from the 

scattering patterns of benzene vapour. These were recorded immediately after the 
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patterns of 3 and analysed in exactly the same way, to minimise systematic errors in 

wavelengths and camera distances. 

 

6.2.2 Results 
Ab initio calculations  

An extensive search of the torsional potentials of 3 was undertaken at the HF level 

with the standard 3-21G* basis set in order to locate all local minima. The 

investigation conducted about φBr–Si–Si–Me led to three equivalent minima at ± 60° 

and 180.0° indicating a staggered conformation (Figure 6.2). Three other small 

minima were observed at ± 120.0° and 0.0° but at a higher level of theory (MP2/6-

311+G*) these minima were not observed.  

 

All the potential energy scans for the other tetrahalogenated disilane analogues 1, 2 

and 4 gave only three equivalent minima at ± 60° and 180.0° similar to 3, again 

implying a stable staggered conformation for each as expected. The three minima 

were then optimised at higher levels of theory and basis sets. For 4 there is no all-

electron basis set readily available beyond 3-21G* for iodine. Therefore in all 

subsequent HF and MP2 calculations for 4, the SDB-aug-cc-pVTZ effective core 

potential (ECP) and basis was used for iodine.25 Whilst each calculation step is 

useful to show the gradual convergence towards the most accurate model of the 

investigated molecule (see Appendix Table A4.2), only the highest-level calculations 

were used for analysis of results and are presented in Table 6.1. 
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Figure 6.2 Potential-energy scans of φBr–Si–Si–Me at HF/3-21G* (black) and 

MP2/6-311+G* (red). Half of the scan is shown for clarity. The offset in relative 

energy is due to the difference in methods between HF and MP2. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.1 Theoretical geometrical parameters at the MP2/6-311+G* level for 

X3SiSiXMe2 (X = F, Cl, Br, I; 1 – 4). For X = I, the SDB-aug-cc-pVTZ basis set and 

ECP were used on the iodine atoms, with 6-311+G* on C, Si and H.a 

Parameter X = F X = Cl X = Br X = I 

rSi(1)–Si(2) 234.9 233.3 233.7 234.4 

rSi(1)–C(3/7) 185.9 186.3 186.4 186.9 

rSi(1)–X(14) 163.3 207.1 224.1 246.5 

rSi(2)–X(11) 160.9 205.2 223.2 246.5 

rSi(2)–X(12/13) 160.4 204.3 220.0 244.9 

∠Si(2)–Si(1)–C(3/7) 109.8 109.5 109.4 109.7 

∠Si(2)–Si(1)–X(14) 106.0 106.4 106.3 104.3 

∠Si(1)–Si(2)–X(11) 110.0 108.6 107.7 107.5 

∠Si(1)–Si(2)–X(12/13) 113.4 111.7 111.3 110.6 

Energy (Hartrees) -1056.5624 -2496.3927 -10947.7811 -703.1549 
a All distances in pm and all angles in degrees. See Figure 6.1 for atom numbering. 
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GED 

Electron diffraction refinements were carried out for 3 based on the ab initio 

calculations described above (optimised at the MP2/6-311+G* level), using a model 

of Cs symmetry to describe the vapour. Due to the large number of geometric 

parameters required to define the structure some assumptions were made in the 

model to reduce the number of parameters to a manageable amount.  

 

The structure of the 3 was defined in terms of eleven independent geometric 

parameters, comprising four bond lengths, five bond angles, one torsion parameter, 

one tilt parameter, and two dependent parameters (Table 6.2). The independent 

parameters include the Si–Si and Si–C bond lengths (p1 and p3), and the average Si–

Br and C–H bond lengths (p2 and p4), with small differences between non-equivalent 

bond lengths fixed at the ab initio values. To describe the SiBr3 group the internal 

∠Br–Si–Br (p5) was used. To define the SiBrMe2 group both ∠Si–Si–Br(14) (p6) 

and ∠Si–Si–C (p7) were used, as well as the Br–Si–C bond angle (p9) to place the 

methyl groups relative to the lone bromine atom. The Si–C–H bond angles (p8) were 

all assumed to be identical on the basis of the ab initio results. The remaining two 

independent parameters represented the H–C–Si–Si (methyl) torsion (p10) and the Si–

Br3 tilt (p11). For p11, a positive tilt represents a tilt of the SiBr3 group away from 

Br(14) on the SiBrMe2 group. Two dependent parameters were included to obtain the 

values of the Si–Si–Br angles at Si(1) (dp1 and dp2).  

 

A theoretical Cartesian force field was generated and converted into a force field 

described by symmetry coordinates. RMS amplitudes were obtained from the 

SHRINK program.31,32 All independent geometric parameters were refined using a 

least-squares method and restraints were applied, using the SARACEN method,33-35 

to parameters that could otherwise not be refined (Table 6.2). The restraints were 

based on values calculated at the MP2/6-311+G* level and the uncertainties were 

derived from the changes in value of each parameter during the series of calculations 

that were performed. In addition, 10 groups of amplitudes of vibration were refined 

(see Appendix Table A4.3). The success of the refinement can be assessed 

numerically using the final R-factor, calculated to be RG = 0.065 (RD = 0.036), and by 

visually assessing the RDCs (Figure 6.3), and the MICs (Figure A4.1). The least-
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squares correlation matrix is given in Table A4.4 and coordinates for the final GED 

structure and for the calculated structure (MP2/6-311+G*) are in Table A4.5 and 

A4.6, respectively. 

 

 

Figure 6.3 Experimental and difference (experimental – theoretical) RDC, P(r)/r, for 

1,1,1,2-tetrabromo-2,2-dimethyldisilane. Before Fourier inversion the data were 

multiplied by s·exp(-0.00002s2)/(ZSi – fSi)(ZBr – fBr).  
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Table 6.2 Refined and calculated geometric parameters for 1,1,1,2-tetrabromo-2,2-

dimethyldisilane (distances in pm, angles in °) from the GED study.a 

No. Description GED (rh1) MP2/6-311+G* (re) Restraint 

Independent parameters  

p1 rSi–Si 235.6(5) 233.7 - 

p2 rSi–Br av 220.3(1) 222.8 - 

p3 rSi–C 185.4(3) 186.4 - 

p4 rC–H av 109.8(4) 109.4 109.4(5) 

p5 ∠Br–Si–Br 107.5(1) 108.8 - 

p6 ∠Si–Si–Br(14) 106.1(4) 106.3 106.3(5) 

p7 ∠Si–Si–C 109.2(8) 109.4 109.4(12) 

p8 ∠Si–C–H av 112.8(9) 110.9 110.9(12) 

p9 ∠Br–Si–C 111.1(5) 109.0 109.0(10) 

p10 φH–C–Si–Si av 62.8(12) 62.6 62.6(15) 

p11 Si–Br3 tilt 5.1(7) 2.0 2.0(13) 

Dependent parameters  

dp1 ∠Si–Si–Br(11) 106.3(7) 107.7 - 

dp2 ∠Si–Si–Br(12/13) 113.8(4) 111.3 - 
a Figures in parentheses are the estimated standard deviations of the last digit. See 

text for parameter definitions. 
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6.2.3 Discussion 

The GED and ab initio studies show that 1,1,1,2-tetrabromo-2,2-dimethyldisilane (3) 

exists as a single conformer in the gas phase, adopting a staggered conformation with 

φBr–Si–Si–Br = 180.0°. The final experimental structure proved to be in reasonable 

agreement with the MP2/6-311+G* ab initio calculations showing a variance in 

results of no more than 2.5 pm for bond lengths and 2.1° for the bond angles.  The 

results obtained for the GED experiment are comparable to those obtained for 

Si2Me6.36 The Si-Si bond length for Si2Me6 was 234.0(9) pm, somewhat shorter than 

that observed for 1,1,1,2-tetrabromo-2,2-dimethyldisilane at 235.6(5) pm. The bond 

angle Si–Si–C was larger for Si2Me6, 108.4(4)° compared to 109.2(8)° in 1,1,1,2-

tetrabromo-2,2-dimethyldisilane. An experimental comparison to Si2Br6 could not be 

made as there are no GED data available. The structural trends in the series 

X3SiSiXMe2 (X = F, Cl, Br, I) were also investigated computationally in the absence 

of complete experimental data for all four molecules. 

 

The analysis of bond lengths in molecules 1 – 4 show results concurrent with the 

expected behaviour for variation of the halogen types within a series (Table 6.1). 

Due to an increase in size of the halogen and decrease in electronegativity from F to 

I, the Si–X bond lengthens, whereas the Si–Si and Si–C bond lengths remains 

relatively unchanged by the substitution. This was also observed in DFT studies of 

Si2X6 molecules (X = F, Cl, Br and I).7 The relative decrease in the electronegativity 

and increase in atomic radii of the halogens from F to I contributes to the lengthening 

of the Si–X bond. 

 

The effects of substitution on the Si–Si–X bond angles will be discussed separately 

for the Si(1)Me2X group and the Si(2)X3 group. Interestingly there is no variation of 

Si-Si-C angles in the Si(1)Me2X group from X = F, Cl, Br to I, with ∠Si(2)–Si(1)–

C(3/7) remaining constant at ~109.5°, the accepted tetrahedral angle. The ∠Si(2)–

Si(1)–X(14) remains at a value of ~106.3° for X = F, Cl and Br, only decreasing by 

2° when X = I. Examination of the experimental Si–Si–X bond angles in the simple 

disilanes Si2H6 and Si2F6 [110.3(4)° and 110.3(2)°, respectively]37,38 reveals that, 

with no other substituents to exert steric influence, Si–Si–X bond angles of about 

110.3° would be expected for both substituents. This can be attributed to a similar 
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radius of the X substituent; it is a well-known fact that F is similar in size to H.39 

Therefore, in the systems studied for this work, the methyl groups are exerting some 

steric influence, causing repulsion between themselves and the F substituent, thus 

decreasing ∠Si–Si–F to 106.0°. Sequential substitution of F by Cl and Br lengthens 

the Si–X bond length but results in little change to the observed ∠Si–Si–X. When X 

= I, there is enough steric repulsion between X and the methyl groups to further 

decrease ∠Si–Si–X, despite the lengthening of the Si–X bond. The overall trend in 

the SiMe2X group indicates that the methyl groups exert more steric influence than 

the halogen substituent. 

 

In the Si(2)X3 group the Si–Si–X angles are not equivalent with ∠Si(1)–Si(2)–X(11), 

which lies on the mirror plane of the molecule, consistently smaller than ∠Si(1)–

Si(2)–X(12/13) by about 3°. This variation indicates that the SiX3 groups are all 

tilted away from the lone halogen on Si(1). This could be due to the narrower ∠Si–

Si–X(14) at the opposite end of the molecule as the groups at each end of the 

molecule are slightly tilted to accommodate each other, highlighting the flexible 

nature of bonding around silicon atoms. 
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6.2.4 Conclusion 

All compounds of the X3SiSiXMe2 (X = F, Cl, Br, I) series were investigated by ab 

initio methods and were determined to exist in the staggered conformation although, 

for the Br analogue, there were a greater number of potentially stable eclipsed and 

gauche conformers. The gas-phase structure of 1,1,1,2-tetrabromo-2,2-

dimethyldisilane was also successfully determined by GED to exist in a staggered 

conformation. 

 

The calculated geometric parameters for each molecule were compared, while 

considering the accuracy of the calculations with respect to the GED results. These 

comparisons showed that various trends of the disilane series could be observed. In 

particular, the flexible nature of bonding around silicon atoms was highlighted, even 

in this perceived less sterically crowded system. 
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6.3 X3SiSiMe3 (X = H, F, Cl, Br) 

6.3.1 Experimental 
Synthesis (with Karl Hassler, Technische Universität (Graz), Austria)  

1,1,1-trimethyldisilane (5), 1,1,1-trifluoro-2,2,2-trimethyldisilane (6), 1,1,1-trichloro-

2,2,2-trimethyldisilane (7) and 1,1,1-tribromo-2,2,2-trimethyldisilane (8) were 

synthesised as described by Zink and Hassler.40 The purity of the samples was 

checked by 29Si NMR and used without further purification upon arrival in 

Edinburgh. 

 

Theoretical methods 

Calculations were performed with the resources of the NSCCS,14 using Gaussian 

09.15 All MP216 calculations were frozen core [MP2(fc)]. Geometry optimisations for 

5 – 8 were performed in C3v symmetry. 

 

Geometry optimisations 

An extensive potential energy scan was undertaken at the HF/6-31G*20-22 level to 

confirm the minimum energy conformers for 5 – 8. With φX–Si–Si–Me initially set 

to 180°, three equivalent minimum energy conformers were located for φX–Si–Si–

Me at (± 60° and 180°) for 5 – 8. For the global minimum, full optimisations were 

performed at the HF level using the 3-21G*17-19 and 6-31G* basis sets, and then the 

level of theory was increased to MP2(fc). At this level calculations were performed 

using the 6-31G*, 6-311G*23, 24 and 6-311+G* basis sets. The generic molecular 

structure of the X3SiSiMe3 series with common atom numbering is shown in Figure 

6.4. 
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Figure 6.4 The lowest energy structure of X3SiSiMe3 (X = H, F, Cl, Br; 5 – 8) 

showing the common atom numbering scheme. 

 

 

 

 

 

 

 

 

Frequency calculations 

Analytic second derivatives of the energy with respect to the nuclear coordinates 

calculated at the HF level with the 6-31G* basis set for 5 – 8 gave force fields which 

were then used to provide estimates of the amplitudes of vibration (u) for use in the 

GED refinements. These force fields were also used to calculate the vibrational 

frequencies, which provided information about the nature of the stationary points.  

 

GED 

Data were collected for 5 – 8 using the Edinburgh GED apparatus26 when it was at 

the University of Edinburgh (it is now located at the University of Canterbury).27 An 

accelerating voltage of around 40 keV was used, representing an electron wavelength 

of approximately 6.0 pm. Scattering intensities were recorded on Kodak Electron 

Image films at the nozzle-to-plate distances and sample/nozzle temperatures given in 

Appendix Table A4.10 along with the weighting points for the off-diagonal weight 

matrices, correlation parameters and scale factors for both camera distances for all 

compounds. The electron wavelengths as determined from the scattering patterns for 

benzene, which were recorded immediately after the patterns for the sample 

compounds, are also presented (Table A4.10). The scattering intensities were 

measured using an Epson Expression 1680 Pro Flatbed Scanner and converted to 

mean optical densities as a function of the scattering variable, s, using an established 

program.28 The data-reduction and the least-squares refinement processes were 

carried out using the ed@ed program29 (Version 2.4) employing the scattering 

factors of Ross et al.30 
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6.3.2 Results 

Ab initio calculations 

The molecular structures of a series of related molecules have been studied at the 

MP2/6-311+G* level. All the molecules have the general formula X3SiSiMe3 (X = 

H, F, Cl, Br; 5 – 8) (Figure 6.4). 

 

An extensive search of the PES of 5 – 8 at the HF/6-31G* and MP2/6-31G* levels 

was conducted to locate all local minima. The investigation about φX–Si–Si–Me 

(where X = H, F, Cl and Br) led to three equivalent minima at ± 60° and 180°, 

indicating a staggered conformation with C3v symmetry (Figure 6.4). The barrier to 

internal rotation at the MP2/6-31G* level was calculated to be  

4.22 kJ mol-1 for 5 (MP2(full)/6-31G(d), 4.39 kJ mol-1),41 4.82 kJ mol-1 for 6,  

7.50 kJ mol-1 for 7 and 6.15 kJ mol-1 for 8. The minima obtained from the potential 

energy scans for 5 – 8 were then optimised with larger basis sets. Although each step 

is useful to show the gradual convergence towards the most accurate model of the 

investigated molecules (refer to Appendix Table A4.11), only the highest level 

calculations, MP2/6-311+G*, were analysed and are presented in Table 6.3. 

 

Table 6.3 Theoretical geometrical parameters at the MP2/6-311+G* level for 

X3SiSiMe3 (X = H, F, Cl, Br; 5 – 8).a 

Parameter X = H X = F X = Cl X = Br 

rSi–Si 234.9 234.1 233.4 234.0 

rSi–C 188.4 187.8 187.6 187.5 

rSi–X 148.8 161.1 205.4 223.3 

rC–H av 109.4 109.4 109.4 109.4 

∠Si–Si–X 111.0 112.9 111.4 110.8 

∠Si–Si–C 109.6 107.8 107.5 107.4 

∠Si–C–H av 111.4 111.3 111.3 111.2 

φX(15)–Si–Si–C(11) 180.0 180.0 180.0 180.0 

Energy (Hartrees) -699.1019 -996.6003 -2076.4688 -8415.0098 
a All distances are in pm and angles in degrees. See Figure 6.4 for atom 

numbering. 
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A supplementary natural population analysis (NPA)42-44 was conducted for a series 

of disilanes to evaluate the electronic effects due to the presence of the methyl and 

halogen groups (Table 6.4). This analysis was only conducted for the bromo-

substituted disilanes Br3SiSiMe3, Br3SiSiBrMe2, Br3SiSiBr2Me and Si2Br6. All 

calculations were performed at the MP2(fc)/6-31G* level.  

 

Table 6.4 Natural Population Analysis (NPA) at MP2(fc)/6-31G* level for 

Br3SiSiMe3, Br3SiSiBrMe2, Br3SiSiBr2Me and Si2Br6. 

Atom Br3SiSiMe3 Br3SiSiBrMe2 Br3SiSiBr2Me Si2Br6 

Si(Br3) 0.89 0.89 0.89 0.90 

Br [trans to unique 

substituent on  

Si(Me3-nBrn)] 

-0.34 -0.34 -0.30 -0.30 

Br -0.34 -0.31 -0.32 -0.30 

Br -0.34 -0.31 -0.32 -0.30 

     

Si(Me3-nBrn) 1.48 1.33 1.14 0.90 

X [unique substituent on 

Si(2)] 
-1.20 -0.36 -1.23 -0.30 

X -1.20 -1.21 -0.33 -0.30 

X -1.20 -1.21 -0.33 -0.30 

 

 

GED 
Electron diffraction refinements were carried out for 5 – 8 based on the ab initio 

calculations optimised at the MP2/6-311+G* level. A C3v model was used to 

describe the symmetry. 

 

All of the structures (5 – 8) were defined in terms of eight independent geometric 

parameters comprising of four bond lengths, three bond angles and one torsion angle 

(Table 6.5). The independent parameters include rSi–Si, rSi–C and rSi–H (p1, p2, p4) 

and the bond angles ∠Si–Si–C and ∠Si–C–H (p6 and p7). For each investigated 

X3SiSiMe3 structure (X = H, F, Cl, Br; 5 – 8) the bond length Si–X (p3) and bond 
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angle Si–Si–X (p5) were defined accordingly. The torsion angle φX(15)–Si–Si–C(11) 

(p8) was used to define the orientation of the SiX3 group relative to the SiMe3 group. 

This torsion was fixed at -60° for all refinements based on the results of the ab initio 

calculations. Variation of this torsion value by ±3° did not affect the refinements or 

the parameters obtained from them, hence providing confidence to fix the value. 

 

Theoretical Cartesian force fields were generated and converted into a set of force 

fields described by a set of symmetry coordinates and RMS amplitudes were 

obtained from the SHRINK program.31,32 All independent geometric parameters were 

refined using a least-squares method and restraints were applied, using the 

SARACEN method,33-35 to parameters that would otherwise not be refined (Table 

6.5).  These restraints were based on ab initio calculations at the MP2/6-311+G* 

level with the uncertainties being derived from the change in each of the parameter 

values during the series of calculations that were performed. In addition, groups of 

amplitudes of vibrations (u) for 5 – 8 were refined (see Appendix Tables A4.12 – 

A4.15 for details). 

 

The success of the GED refinements for 5 – 8 are reflected in the final R-factors 

which were RG = 0.088 (RD = 0.047) for 5, RG = 0.049 (RD = 0.037) for 6, RG = 0.062 

(RD = 0.036) for 7 and RG = 0.055 (RD = 0.033) for 8.  

 

The refinement of these structures is also observed in the RDCs (Figures 6.5a – 6.5d) 

and the MICs (Appendix Figures A4.2 – A4.5). The coordinates for the final GED 

structures and calculated structures (MP2/6-311+G*) of 5 – 8 (Appendix Tables 

A4.16 – A4.23) and the least-squares correlation matrices (Appendix Tables A4.24 – 

A4.27) are provided as supplementary material.  
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Table 6.5 Refined (rh1) and calculated (re) geometric parameters for 5 – 8 from the 

GED study.a 

 Description GED(rh1) MP2/6-311+G* (re) Restraint 

1,1,1-trimethyldisilane 

p1 rSi–Si 233.5(2) 234.9 - 

p2 rSi–C 188.1(1) 188.4 - 

p3 rSi–H 150.4(4) 148.8 - 

p4 rC–H 108.3(2) 109.4 - 

p5 ∠Si–Si–H 111.3(5) 111.0 111.0(5) 

p6 ∠Si–Si–C 109.5(2) 109.6 - 

p7 ∠Si–C–H av 110.8(3) 111.4 - 

p8 φH(15)–Si–Si–C(3) -60.0(fixed) -60.0 - 

1,1,1-trifluoro-2,2,2-trimethyldisilane 

p1 rSi–Si 233.5(2) 234.1 234.1(3) 

p2 rSi–C 188.0(1) 187.8 - 

p3 rSi–F 158.1(1) 161.1 - 

p4 rC–H 110.5(2) 109.4 - 

p5 ∠Si–Si–F 112.0(1) 112.9 - 

p6 ∠Si–Si–C 108.9(3) 107.8 - 

p7 ∠Si–C–H av 111.8(4) 111.3 111.3(3) 

p8 φF(15)–Si–Si–C(3) -60.0(fixed) -60.0 - 

1,1,1-trichloro-2,2,2-trimethyldisilane 

p1 rSi–Si 233.4(2) 233.4 - 

p2 rSi–C 187.2(2) 187.6 - 

p3 rSi–Cl 204.8(1) 205.4 - 

p4 rC–H 107.7(3) 109.4 109.4(8) 

p5 ∠Si–Si–Cl 111.8(1) 111.4 - 

p6 ∠Si–Si–C 107.0(2) 107.5 107.5(4) 

p7 ∠Si–C–H av 111.0(3) 111.3 111.3(3) 

p8 φCl(15)–Si–Si–C(3) -60.0(fixed) -60.0 - 
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1,1,1-tribromo-2,2,2-trimethyldisilane 

p1 rSi–Si 234.8(2) 234.0 234.0(3) 

p2 rSi–C 189.2(1) 187.5 - 

p3 rSi–Br 221.2(1) 223.3 - 

p4 rC–H 108.8(3) 109.4 109.4(5) 

p5 ∠Si–Si–Br 111.2(1) 110.8 - 

p6 ∠Si–Si–C 108.8(2) 107.4 107.4(3) 

p7 ∠Si–C–H av 111.1(4) 111.2 111.2(4) 

p8 φBr(15)–Si–Si–C(3) -60.0(fixed) -60.0 - 
a Figures in parentheses are the estimated standard deviations of the last digit.  

See text for parameter definitions. 
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Figure 6.5 Experimental and difference (experimental – theoretical) RDC, P(r)/r, for 

(a) 1,1,1-trimethyldisilane, (b) 1,1,1-trifluoro-2,2,2-trimethyldisilane, (c) 1,1,1-

trichloro-2,2,2-trimethyldisilane and (d) 1,1,1-tribromo-2,2,2-trimethyldisilane. 

Before Fourier inversion the data were multiplied by s·exp(-0.00002s2)/(ZSi – fSi)(ZX 

– fX) where X  = C, F, Cl and Br respectively. 

 

(a) 
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(c) 
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6.3.3 Discussion 

The GED and ab initio studies show that 5 – 8 exist as single conformers in the gas 

phase, adopting a staggered conformation with φX–Si–Si–C(Me) = 180°. The final 

experimental structures for 5 – 8 proved to be in reasonable agreement with the 

respective MP2/6-311+G* ab initio calculations showing a variation in results of no 

more than 3.0 pm for bond lengths and 1.1° for the bond angles over all of the 

structures. The variation in the values obtained by the ab initio calculations in this 

study are comparable to results obtained from other theoretical disilane studies.40 The 

structural trends in the series X3SiSiMe3 (X = H, F, Cl and Br; 5 – 8) in this study 

were investigated using experimental GED data for all four molecules and are 

supported by complementary ab initio calculations.  

 

The analysis of bond lengths in 5 – 8 shows an increase in the Si–X bond length for 

the investigated halogen types (Table 6.5) whilst rSi–C and rSi–Si remain relatively 

unchanged. This result is concurrent with the expected trends for a halogen series 

where the Si–X bond lengthens due to an increase in size of the halogen (and hence 

atomic radii) and a decrease in electronegativity. This trend has also been observed 

in DFT studies of Si2X6 molecules (X = F, Cl, Br and I)7 and other GED studies of 

substituted disilanes (see Section 6.2). 

 

For 5 – 8 the Si–C–H and Si–Si–C bond angles remained relatively unchanged for 

the substitution of the halogens (Table 6.5). The Si–Si–X bond angles were observed 

to increase from 111.3(5)° to 112.0(1)°, from 5 to 6, before decreasing to 111.8(1)° 

for 7 and 111.2(1)° for 8. This fluctuation allows for accommodation of the halogen 

atoms, due to increasing atomic radii and Si–X bond length, and is similar to the 

fluctuation observed in ∠Si–Si–X for X3SiSiXMe2 (X = F, Cl, Br and I) as described 

in Section 6.2. Comparing these two studies indicates that the methyl groups do play 

a role, but the structural trends observed are largely due to substitution of different 

halogen atoms. For X3SiSiXMe2, the Si–Si–X bond angle involving the halogen 

adjacent to the methyl groups is smaller than that for the other halogens due to the 

adjustment of the halogen and methyl groups to accommodate each other around the 

silicon atom. When comparing ∠Si–Si–X for the halogens of the SiX3 group, similar 

bond angles, and fluctuations, are obtained as for the X3SiSiMe3 study. This suggests 
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that the methyl groups do have an effect on the angles to the halogen substituents, 

but this effect is greatly reduced if the methyl groups are not directly adjacent to the 

halogen atom(s). Otherwise it would be expected that a difference between the 

X3SiSiXMe2 and X3SiSiMe3 study would be observed for ∠Si–Si–X3 since the SiX3 

group is adjacent to two different groups (SiXMe2 and SiMe3 respectively). These 

results suggest that, unless the methyl groups are on the same silicon atom as the 

halogens, then there will be very little steric influence on the overall structure in 

these non-bulky disilanes. 

  

To consider if there were any electronic effects from the halogens and methyl groups 

on the overall structure, a NPA analysis was conducted (Table 6.4) at the MP2(fc)/6-

31G* level. For the analysis, a series of bromo-substituted disilanes were considered 

(Br3SiSiMe3, Br3SiSiBrMe2, Br3SiSiBr2Me and Si2Br6). For 1,1,1-tribromo-2,2,2-

trimethyldisilane (Br3SiSiMe3) the charge is less than one (0.89) for the silicon of  

the SiBr3 group as expected due to the electron-withdrawing nature of the bromine 

atoms. Similarly, the charge is greater than one (1.48) for the silicon of the SiMe3 

group due to methyl groups being electron donating. 

 

These results were compared to the results for 1,1,1,2-tetrabromo-2,2-

dimethyldisilane (Br3SiSiBrMe2) which has asymmetry introduced to the molecule. 

For the SiBr3 group, the charge on the silicon atom did not change but for the 

SiBrMe2 group, the charge on silicon was observed to decrease to 1.33 as a result of 

an electron-donating methyl group being replaced by an electron-withdrawing 

bromine atom. The electron-donating effect of the remaining methyl groups 

outweigh the withdrawing effect of the bromine atom and therefore the silicon atom 

remains δ-. For 1,1,1,2,2-pentabromo-2-methyl-disilane (Br3SiSiBr2Me), as with the 

other structures considered thus far, the charge of the silicon atom on SiBr3 is 

unchanged with a value of 0.89. This means that there has been no effect on the 

electronic arrangement of this system due to the substitution of methyl groups by 

bromine atoms at the other silicon atom. A reduction in charge to 1.14 is observed 

for the silicon atom of the SiMeBr2 group and this reduction is consistent with that 

seen when replacing the electron-donating methyl group with an electron-

withdrawing bromine atom. It is interesting to note that, in this case, the donating 
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effect of the methyl group still outweighs the withdrawing effect of the bromine 

atoms, so the silicon atom remains δ-. Finally, for hexabromodisilane (Si2Br6) the 

charge on both silicon atoms is less than one and the charge (0.90) can be considered 

the same as for the other molecules in the series. It can be concluded that there is no 

electronic effect observed due to the substitution of the methyl groups by bromine 

atoms for the adjacent silicon atom. It is only when the methyl groups are fully 

replaced by bromine atoms that the charge observed on silicon reduces to below one 

for both silicon atoms. 
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6.3.4 Conclusion 

All compounds of the investigated series X3SiSiMe3 (X = H, F, Cl and Br) were 

found to exist in the staggered conformation from the GED data and this was 

supported by ab initio calculations. The geometric parameters for each molecule 

were analysed to determine if there were any structural trends in the disilane series.  

 

The methyl groups were determined to have a far less significant effect on ∠Si–Si–X 

in 5 – 8 than when they are directly adjacent to the halogen atoms, as in the 

X3SiSiXMe2 study (Section 6.2). In this study no significant influence was observed 

on the Si-Si bond length with successive substitution of halogen atoms. Therefore it 

can be concluded that there is no significant electronic influence of the halogen 

atoms on the Si-Si bond length in sterically unencumbered systems. The NBO 

analysis for brominated disilanes indicated a lack of contributory electronic effects 

by both halogen and methyl groups on the observed structural trends. However, the 

trends for substituted halogens down the series and the flexible nature of the silicon 

atoms were highlighted for systems in this and previously found systems. 
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CHAPTER 7 
 

Conclusions and future work 
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7.1 Introduction 
Determination of molecular structure continues to play a key role in our 

understanding of chemistry. GED is routinely used to determine the structure of 

small molecules in the gas phase, or those with high symmetry. The study of larger, 

bulky species can be conducted with the aid of ab initio calculations and other 

experimental data but can be limited by the complexity of the system, especially if 

large numbers of conformers are present. 

 

This thesis presents the progress made towards the development of a GED-MS setup 

to allow the determination of molecular structure of short-lived species in situ by 

GED a routine method. Chapters 2 and 3 highlighted the progress towards the 

reconstruction of the Canterbury GED apparatus, and the planned modifications that 

are required to implement a GED-MS design. The study of ketene, an example of a 

short-lived species, was studied in Chapters 4. In particular the need for GED-MS 

capability was highlighted for studying ketene and other short-lived species, in order 

to determine the species present (in a multiple product pyrolysis system) and to 

optimise the methods used to generate them in situ. Lastly Chapters 5 and 6 involved 

parallel structural studies that were undertaken during this thesis. Chapter 5 involved 

the investigation of tris(chloromethyl)amine whose structure was determined to be 

different between the solid and gas phases, with investigation into this behaviour 

ongoing. While the study in Chapter 6 regarding related halogen-substituted disilane 

systems is a relatively complete set of work, this does not limit study towards other 

substituted disilane or halogenated systems. Extension of the further electronic and 

steric investigation of other halogen-substituted disilanes will not be covered here. 

 

The conclusion and future work for each part of this thesis is presented in the 

following sections. In particular, focus is placed on the next stages of the Canterbury 

GED apparatus reconstruction and GED-MS development. Finally, the direction of 

research in the Masters group after establishment of a Canterbury GED-MS setup is 

discussed. 

!
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7.2 Canterbury GED apparatus 
The first part of this thesis was concerned with the reconstruction of the Canterbury 

GED apparatus, as it had not been reassembled since its move to the University of 

Canterbury from the University of Edinburgh. Chapter 2 detailed the reconstruction 

of the Canterbury GED apparatus and modifications that were made to the original 

setup as the result of repairs and improvements.  

 

Delays in getting the GED apparatus operational were due to the repair of the helium 

leak tester (acquired from the Department of Physics and Astronomy). As fine leaks 

were introduced to the main chamber during adjustment of the electron gun, a 

working leak tester was required to find them and fix the vacuum problems. Due to 

the significant time required for the Chemistry department technical staff to fix the 

leak tester, calibration of the electron gun and subsequent calibration data testing 

could not be conducted during this thesis. 

 

7.2.1 Calibration and tests with the Canterbury GED apparatus 

Following the successful repairs to the leak tester, the vacuum leak introduced by 

adjusting the position of the electron gun can be identified. Alignment of the electron 

gun will recommence once the leak has been identified, with the leak tester being 

used to locate any more introduced vacuum leaks. The process for aligning the 

electron beam will likely take place over several weeks as any adjustments to the 

filament of the electron gun will require the apparatus to be vented to atmosphere 

before re-establishing a suitable experimental vacuum for testing.  

 

Initial data tests will be conducted with benzene which is often used to calibrate the 

nozzle-to-camera distance.1,2 Following these tests, the Canterbury GED apparatus 

will be operational for data collection for other samples while the GED-MS chamber 

is being constructed. 
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7.3 Canterbury GED-MS setup 
A major component of this thesis is the planned modification of the Canterbury GED 

apparatus to incorporate MS capability (Chapter 3). As the progress of reconstructing 

the GED apparatus was linked to the overall progress that can be made to a GED-MS 

setup during this thesis, only the conceptual design and planning has been done. In 

particular, the MS for the final GED-MS setup needs to be purchased and the GED-

MS main chamber (to accommodate the MS setup) needs to be constructed with the 

help of the Chemistry department technical staff. 

 

7.3.1 Purchasing a new MS unit 
The next major step towards a GED-MS apparatus is the purchase of a suitable MS 

to work simultaneously with GED in an experiment. In Chapter 3 a QMS or TOF 

were identified as suitable MS for a GED-MS setup. However, as with most 

equipment purchases, an increase in cost will lead to better ion selectivity, mass 

resolution and a larger detectable mass range. A TOF was determined to be the 

preferred choice although the MS to be purchased will depend on the research funds 

available. The connection of the MS to the GED apparatus will depend on the 

specific MS being purchased and although a TOF-MS is usually quite long (about 

1.5 metres), a vertical setup of the TOF tube should not be ruled out.  

 

7.3.2 Construction of the GED-MS main chamber 
Following the purchase of the MS for incorporation with GED, the main chamber for 

the Canterbury GED-MS apparatus can be constructed. The plan to incorporate the 

two nozzle-to-camera distances with the VHT nozzle has already been designed.  

The main chamber is designed to fit on the existing GED framework with minimal 

alterations. Depending on the MS purchased, the position of the two diffusion pumps 

on the underside of the chamber may vary, requiring the GED apparatus framework 

to be altered to accommodate them. The aim of the initial GED-MS setup is to allow 

MS data to be collected at the short nozzle-to-camera distance using photographic 

film as is currently done for a GED experiment. Following the construction of the 

spacer unit and setup of the CCD, the nozzle will be kept in a fixed position opposite 
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the MS, with the inclusion/removal of the spacer unit controlling the two nozzle-to-

camera distances in an experiment. 

 

7.3.3 Construction of the spacer unit 
The design of the spacer unit has yet to be fully confirmed, although in this thesis it 

has been presumed to be a section of chamber that connects/removes from the main 

GED-MS chamber by a vacuum valve or seal. As the spacer unit will be constructed 

by the technical workshop staff to the dimensions specified (for the required 

experimental nozzle-to-camera distances), the design of the spacer unit seal will be 

dependent on the way the vacuum pumps and MS are connected to the main 

chamber. 

 

Ideally, the spacer unit will be able to be removed and replaced without venting the 

MS unit. This would mean that the MS unit can be isolated from the main chamber, 

such as with a gate valve, so that continuous venting around the MS filaments can be 

avoided, as this will limit the lifetime of the filaments in the ion source.3 There is 

allowable flexibility in the design so that the Chemistry workshop staff can choose 

the best way to incorporate the spacer unit as the most important part of the 

schematics for a GED-MS experiment is the selected nozzle-to-camera distances. 

The spacer unit ports for connecting to the apparatus and detector will be designed 

while taking the CCD into mind (see Section 7.3.4) as the detector will be upgraded 

at the same time the spacer unit is developed. 

 

The spacer unit will initially be only one size, permitting two nozzle-to-camera 

distances of approximately 95 mm and 285 mm to be used with the GED-MS setup. 

This removes the option of a medium distance which can be used with the current 

GED setup with select nozzles (not the VHT nozzle). To allow more flexibility in the 

future for several nozzle-to-camera distances, differing sized spacer units may be 

constructed based on the required nozzle-to-camera distance. 
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7.3.4 Software development and incorporating a CCD with GED-MS 

The next component of the final GED-MS design is the incorporation of a CCD 

camera to replace the current photographic film collection system. Not only is there a 

limited supply of photographic film remaining (it is no longer in commercial 

production), but changing to an electronic collection system will minimise fouling of 

the plates or jamming of the film plateholders in the mechanical camera during an 

experiment. 

 

A CCD camera has been obtained from an old X-ray crystallography machine in the 

Chemistry department and will be considered in the design and construction of the 

spacer unit as described above. Software development for the CCD detection system 

will be written in conjunction with researchers at the University of York (Wann 

group) and will involve calibration and testing of the camera for data collection from 

GED and GED-MS experiments. 

 

7.4 Study of short-lived species 
Chapter 4 in this thesis involved the study of the molecular structure of ketene by 

GED, where FVP methods where used to generate ketene from suitable precursors. 

While data have been previously collected for ketene by the Masters group,4 quality 

assurance of the pyrolysed data was not able to be obtained, and in particular led to 

problems refining the pyrolysis products of Meldrum’s acid (ketene, CO2 and 

acetone) when significant amounts of Meldrum’s acid were still remaining such that 

it had to be incorporated into the refinement model. Not only was the problem in 

completing the refinement due to limitations in the refinement program, the amount 

of each species produced in situ (and hence the completion of the pyrolysis) could 

not be determined from GED alone. This has prompted the need to repeat the study 

of ketene using a GED-MS setup as described in Chapter 3. 

 

7.4.1 Limitations with current ed@ed refinement program 
The current study of short-lived species is limited to the refinement of systems that 

undergo full pyrolysis or have very little precursor remaining so that it can be 
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considered negligible in the refinement model. The relative amount of each product 

in an experiment will be directly related to the stoichiometry in the experimental 

process and the relative symmetry of the molecule (as GED cannot distinguish 

isomers). This means that to fully refine GED data from a pyrolysis experiment, the 

species generated cannot undergo any secondary processes otherwise the fixed 

amount of each species produced will not be able to be predicted from a mechanism 

without further experimental data collected during the GED experiment (such as MS 

data). This was apparent for the pyrolysis study of Meldrum’s acid where significant 

amounts of it was still present in the vapour. While the ed@ed refinement program5 

could be improved to allow refinement of groups of molecules with relative 

weighting amounts, the biggest improvement will be in incorporation of fixed 

weightings from MS data that will be collected simultaneously in an experiment. 

 

7.4.2 Study of short-lived species with a GED-MS setup 
The incorporation of MS in a GED experiment will allow for the relative amount of 

species in the gas vapour to be determined. In the case of the pyrolysis of Meldrum’s 

acid, as discussed in Chapter 4, the fit to pyrolysis data collected by Noble-Eddy4 

suggested that a large amount of Meldrum’s acid was still present, even after 

overheating the sample. While this data has been reprocessed, the data cannot be 

fully refined without knowing the relative amount of each species produced, 

especially since that some of the ketene produced in the experiment recombined to 

form diketene. Not only will simultaneous collection of MS data in a GED-MS setup 

will allow for determining fixed ratios of each species for inclusion in the ed@ed 

refinement program,5 it will allow for optimisation of the pyrolysis techniques used 

to generate species in situ for study with GED.  

 

7.5 Further investigation of the low amplitude torsional 

motion of N(CH2Cl)3 
As highlighted in Chapter 5, tris(chloromethyl)amine was determined to exist in 

different conformations in the gas and solid phases. While GED data have been 

collected and refined for N(CH2Cl)3, ab initio calculations have suggested that the 
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rotation of the unique upward pointing CH2Cl group is a very low amplitude 

vibration (43 cm-1) about the N–C bond, with the position of the group varying quite 

largely even with larger basis sets such as aug-cc-pVDZ and aug-cc-pVTZ. 

 

7.5.1 Molecular dynamics investigation 
As the ab initio calculations of tris(chloromethyl)amine suggested a different 

position of the unique CH2Cl torsion depending on the basis set, a molecular 

dynamics approach to modelling this torsion is being considered. The molecular 

dynamics investigation is currently underway, with the intention to use the molecular 

dynamics results to better describe the amplitudes of vibration in the GED 

refinement. 

 

7.6 Future work after GED-MS development 
This section highlights one of future research directions of the Masters group after 

the GED-MS setup has been constructed and is made operational. As highlighted 

above, Chapter 4 in this thesis involved the study of ketene using FVP methods to 

generate it from suitable precursors. Not only will ketene be restudied with a GED-

MS setup, the intention is to extend the study the molecular structure of other short-

lived species such as the benzyl radical. This also includes studying the structure of 

different derivatives of short-lived species which have not been studied or generated 

before in situ. As well as refining the pyrolysis methods to generate these species in 

situ, other generation methods such as photolysis can be considered with the GED-

MS setup. 

 

7.6.1 Study of new short-lived species 
Work with a GED-MS setup can be extended following this preliminary work to the 

study of species that have not been generated by FVP methods before. As 

highlighted in Chapter 4, calculations can be performed for systems to determine the 

likeliness of pyrolysis occurring at a given temperature. Whilst the calculations can 

somewhat be used to predict the conditions required to generate short-lived species 

in situ, a GED-MS setup will be able to confirm the generation of these species. A 
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GED-MS setup could not only lead to further investigation of substituted short-lived 

species and to systematic studies of structural trends in related molecules, it could 

offer improvements on the theoretical methods used to calculate whether pyrolysis 

will occur. 

 

7.6.2 Development of photolysis methods 
The generation of short-lived species will not just be limited to pyrolysis techniques. 

The setup of the Canterbury GED-MS apparatus will mean that the species can be 

generated external to the main chamber, prior to injection of the gas vapour if 

desired. This allows for use of other techniques, such as photolysis, to provide the 

energy required to drive a dissociation reaction. One of the future aims of the 

Masters group is to develop the capability for photolysis methods in conjunction with 

the current FVP methods as there will be some species that cannot be generated in 

situ by use of heat alone.  
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APPENDIX 2 
 

GED investigation of the gas-phase molecular structure of 

ketene, and computational investigation of selected 

RR’C=C=O derivatives 
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Acetic anhydride 

 

Model description for acetic anhydride 

The structure of acetic anhydride was described as a two-conformer model and was 

defined in C2 symmetry for the (sp, sp) conformer and in C1 symmetry for the (sp, 

ac) conformer. A total of 32 independent parameters and 20 dependent parameters 

were used to describe the model (see Table 4.1). The atom numbering is given in 

Figure 4.2. The independent parameters included 10 bond lengths, 13 bond angles 

and nine dihedral angles. For the (sp, sp) conformer the parameters describing bond 

lengths included rC–C, rC=O and rC–O (p1, p4 and p7). rC–H was defined as an 

average from both conformers (p10). To describe the bond angles for the (sp, sp) 

conformer, ∠H(11)–C–C (p11), ∠C–C=O (p16), ∠C–C–O (p19) and ∠C–O–C (p22) 

were defined, with the dihedral angles being φO=C–C–H(11)  (p24), φO(8/9)=C–C–O  

(p27), and φC(4)–C–C–O  (p30) . 

 

For the (sp, ac) conformer, the C–C, C–O and C=O bond lengths were each 

described by two differences applied to the respective parameter value obtained for 

the (sp, sp) conformer. For rC–C these difference parameters were p2 and p3, and this 

was similarly described for rC–O (p5 and p6) and rC=O (p8 and p9). The rC–H 

parameter (p10), as stated above, was the same as for (sp, sp). To describe the two 

methyl groups of the (sp, ac) conformer two β H–C–H angles were used (p14 and p15) 

to describe the Cs and C1 methyl groups (as determined from ab initio calculations) 

respectively, with fixed differences being applied to each of them to describe the 

other β angles as required. For the (sp, ac) conformer two differences were applied to 

∠H(11)–C–C (p10) from the (sp, sp) conformer to describe ∠H(20)–C–C and 

∠H(25)–C–C (p12 and p13).  Two difference parameters relative to the (sp, sp) value 

was used to describe ∠C–C=O  (p17 and p18) and ∠C–C–O (p20 and p21). A unique 

∠C–O–C (p23) was also defined. The remaining parameters represented φO=C–C–

H(25) (p25), φO=C–C–H(20) (p26), two φO=C–C–O differences applied to 

φO(8/9)=C–C–O (sp, sp) value (p28 and p29), φC(23)–C–C–O  (p31) and φC(17)–C–

C–O (p32) for (sp, ac). 
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The 20 dependent parameters were used to obtain the individual C–C, C=O and C–O 

bond lengths, the H–C–C, O–C=O, C–C=O and C–C–O bond angles and the O–C–

C–O, O–C–O–C dihedral angles for each conformer, to allow for comparison to the 

previous acetic anhydride GED study.  
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Table A2.1 Nozzle-to-plate distances (mm), weighting functions (nm–1), correlation 

parameters, scale factors and electron wavelengths (pm) used in the electron-

diffraction study of acetic anhydride using data from the Wu et al. study.a  

Nozzle-to-plate distance 200.0 350.0 600.0 

∆s 2.5 2.5 2.5 

smin 145 75 40 

sw1 165 95 60 

sw2 270 170 110 

smax 315 198 128 

Correlation parameter -0.078 0.441 0.292 

Scale factorb 2.334(87) 1.612(28) 1.178(17) 

Electron wavelength 6.02 6.02 6.02 
a J. Phys. Chem. A. 2000, 104, 1576-1587. 
b Values in parentheses are the estimated standard deviations. 
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Table A2.2 Parameter values for the (sp, sp) and (sp, ac) conformers of acetic 

anhydride from ab initio calculations at the M06-2X level for a range of basis sets.a,b 

Parameter 6-31G* 6-311G* 6-311+G* 6-311++G** 

(sp, sp)     

rC(1)–C(10) 150.3 150.0 149.9 149.8 

rC(3)–C(4) 150.3 150.0 149.9 149.8 

rC(1)=O(9) 119.2 118.6 118.7 118.7 

rC(3)=O(8) 119.2 118.6 118.7 118.7 

rC(1)–O(2) 138.6 138.7 138.7 138.7 

rC(3)–O(2) 138.6 138.7 138.7 138.7 

rC–H average 109.2 109.0 109.0 109.0 

∠H(11)–C–C 109.3 109.5 109.6 109.5 

∠H(5)–C–C 109.3 109.5 109.6 109.5 

∠H(11)–C–H(12) 110.4 110.5 110.5 110.8 

∠H(11)–C–H(13) 110.2 110.0 109.9 110.2 

∠H(5)–C–H(6) 110.2 110.0 109.9 110.2 

∠H(5)–C–H(7) 110.4 110.5 110.5 110.8 

∠C(10)–C=O 126.9 127.1 127.2 127.2 

∠C(4)–C=O 126.9 127.1 127.2 127.2 

∠O(9)=C–O 123.3 123.1 122.8 122.7 

∠O(8)=C–O 123.3 123.1 122.8 122.7 

∠C(10)–C–O 109.7 109.7 110.0 110.0 

∠C(4)–C–O 109.7 109.7 110.0 110.0 

∠C–O–C 120.3 120.3 120.3 120.3 

φO(9)=C–C–H(11) 2.7 4.9 5.8 5.7 

φO(8)=C–C–H(5) 2.7 4.9 5.8 5.7 

φO(9)=C–C–O 177.5 177.7 177.6 177.6 

φO(8)=C–C–O 177.5 177.7 177.6 177.6 

φO(9)=C–O–C 26.0 27.2 29.0 29.1 

φO(8)=C–O–C 26.0 27.2 29.0 29.1 

φC(10)–C–O–C -156.5 -155.0 -153.2 -153.2 

φC(4)–C–O–C -156.5 -155.0 -153.2 -153.2 
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(sp, ac)     

rC(14)–C(23) 150.3 150.1 149.9 149.9 

rC(16)–C(17) 150.4 150.2 150.2 150.1 

rC(14)=O(22) 120.0 119.4 119.5 119.5 

rC(16)=O(21) 119.3 118.5 118.6 118.6 

rC(14)–O(15) 136.7 136.6 136.6 136.5 

rC(16)–O(15) 139.6 140.0 139.9 140.0 

rC–H average 109.1 108.9 108.9 108.9 

∠H(25)–C–C 109.3 109.5 109.5 109.4 

∠H(20)–C–C 107.4 107.6 107.8 107.7 

∠H(25)–C–H(24) 110.4 110.4 110.4 110.6 

∠H(25)–C–H(26) 110.4 110.4 110.2 110.5 

∠H(20)–C–H(18) 110.8 110.7 110.7 111.0 

∠H(20)–C–H(19) 110.2 109.9 109.6 109.9 

∠C(23)–C=O 126.1 126.2 126.4 126.3 

∠C(17)–C=O 125.2 125.5 125.5 125.6 

∠O(22)=C–O 124.1 124.0 123.5 123.5 

∠O(21)=C–O 116.9 117.1 117.2 117.2 

∠C(23)–C–O 109.8 109.8 110.1 110.1 

∠C(17)–C–O 117.8 117.4 117.1 117.2 

∠C–O–C 123.2 123.0 122.3 122.5 

φO(22)=C–C–H(25) 0.3 -0.2 -1.4 -1.0 

φO(21)=C–C–H(20) 17.0 18.1 22.0 21.3 

φO(22)=C–C–O -178.5 -178.6 -178.6 -178.6 

φO(21)=C–C–O 176.1 176.0 175.8 175.7 

φO(22)=C–O–C -8.1 -7.7 -8.8 -8.7 

φO(21)=C–O–C 151.2 148.6 145.0 145.3 

φC(23)–C–O–C 173.4 173.7 172.5 172.7 

φC(17)–C–O–C -32.4 -35.1 -38.9 -38.6 
a Bond lengths are in pm, bond angles (∠ ) and dihedral angles (φ) in degrees. 
b Atom numbering is given in Figure 4.2. 
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Table A2.3 Refined and calculated (M06-2X/6-311++G**) amplitudes of vibration 

(u), associated ra distances and corresponding correction values (k) for the rh1 

refinement of acetic anhydride.a,b  

 

Atom pair ra uGED k ucalc. Restraint 

u1 C(23)–H(25) 108.2(4) 7.8(Tied to u8) 0.4 7.6  

u2 C(10)–H(11) 108.2(4) 7.7(Tied to u8) 0.4 7.6  

u3 C(17)–H(20) 108.2(4) 7.8(Tied to u8) 0.4 7.6  

u4 C(17)–H(18) 108.2(4) 7.8(Tied to u8) 0.4 7.6  

u5 C(17)–H(19) 108.2(4) 7.8(Tied to u8) 0.4 7.6  

u6 C(4)–H(7) 108.2(4) 7.8(Tied to u8) 0.4 7.7  

u7 C(23)–H(24) 108.2(4) 7.9(Tied to u8) 0.4 7.7  

u8 C(4)–H(6) 108.2(4) 7.9(4) 0.4 7.7 7.7(8) 

u9 C(16)–O(21) 118.1(1) 3.3(Tied to u10) 0.1 3.6  

u10 C(3)–O(8) 118.2(1) 3.3(2) 0.1 3.6 3.6(4) 

u11 C(14)–O(22) 119.0(1) 3.4(Tied to u10) 0.1 3.7  

u12 C(14)–O(15) 136.3(2) 5.2(Tied to u13) 0.1 4.7  

u13 C(1)–O(2) 138.6(2) 5.4(3) 0.1 4.9 4.9(5) 

u14 O(15)–C(16) 139.9(2) 5.5(Tied to u13) 0.2 5.0  

u15 C(1)–C(10) 148.5(2) 5.0(3) 0.2 5.0 5.0(5) 

u16 C(14)–C(23) 148.6(3) 5.0(Tied to u15) 0.2 4.9  

u17 C(16)–C(17) 148.8(3) 5.0(Tied to u15) 0.2 5.0  

u18 H(18)···H(19) 173.8(8) 12.5(fixed) -0.1 12.5  

u19 H(24)···H(26) 173.8(8) 12.6(fixed) -0.2 12.6  

u20 H(12)···H(13) 175.9(6) 12.5(fixed) -0.1 12.5  

u21 H(19)···H(20) 176.4(6) 12.4(fixed) -0.1 12.4  

u22 H(11)···H(13) 175.9(6) 12.4(fixed) -0.1 12.4  

u23 H(25)···H(26) 177.0(6) 12.5(fixed) -0.2 12.5  

u24 H(11)···H(12) 175.9(6) 12.4(fixed) -0.1 12.4  

u25 H(18)···H(20) 177.7(6) 12.3(fixed) -0.1 12.3  

u26 C(16)···H(20) 208.2(4) 10.8(fixed) -0.2 10.8  

u27 C(1)···H(13) 210.2(3) 11.4(fixed) -0.2 11.4  

u28 C(14)···H(25) 210.2(4) 10.9(fixed) -0.2 10.9  
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u29 C(16)···H(19) 210.0(4) 11.1(fixed) -0.2 11.1  

u30 C(1)···H(11) 210.2(3) 10.8(fixed) -0.3 10.8  

u31 C(14)···H(24) 210.3(4) 11.5(fixed) 0.0 11.5  

u32 C(3)···H(7) 210.3(3) 11.2(fixed) -0.1 11.2  

u33 C(16)···H(18) 213.2(4) 10.9(fixed) -0.1 10.9  

u34 O(15)···O(21) 220.1(3) 4.4(Tied to u36) 0.0 5.6  

u35 O(15)···O(22) 224.8(2) 4.2(Tied to u36) -0.1 5.4  

u36 O(2)···O(9) 225.3(2) 4.2(2) 0.0 5.4 5.4(5) 

u37 O(15)···C(23) 235.3(7) 6.4(Tied to u38) 0.0 6.5  

u38 O(2)···C(4) 236.9(7) 6.6(6) 0.0 6.7 6.7(7) 

u39 C(17)···O(21) 236.4(4) 4.7(Tied to u42) -0.4 5.9  

u40 C(1)···C(3) 240.0(4) 6.7(6) -0.3 6.8 6.8(7) 

u41 O(22)···C(23) 237.7(4) 4.7(Tied to u42) -0.3 5.9  

u42 C(4)···O(8) 237.8(4) 4.6(3) -0.4 5.9 5.9(6) 

u43 C(14)···C(16) 241.4(5) 7.9(Tied to u40) -0.7 8.0  

u44 O(15)···C(17) 247.9(7) 6.8(Tied to u38) 0.0 6.9  

u45 H(19)···O(22) 266.7(38) 30.9(fixed) 17.4 30.9  

u46 H(20)···O(21) 252.1(9) 15.2(fixed) 1.2 15.2  

u47 O(2)···H(12) 257.6(17) 19.9(fixed) 2.2 19.9  

u48 O(22)···H(25) 255.8(8) 15.3(fixed) 3.2 15.3  

u49 O(9)···H(11) 255.8(7) 15.0(fixed) 1.9 15.0  

u50 O(15)···H(24) 259.8(12) 22.5(fixed) 2.8 22.5  

u51 O(15)···H(18) 264.4(14) 17.1(fixed) 1.8 17.1  

u52 O(2)···H(13) 268.5(18) 21.5(fixed) 1.1 21.5  

u53 H(18)···O(22) 284.3(56) 43.6(fixed) 8.7 43.6  

u54 C(16)···O(22) 277.3(6) 13.5(Tied to u55) 0.0 14.0  

u55 C(1)···O(8) 278.4(6) 10.6(6) 1.4 11.0 11.0(10) 

u56 C(17)···O(22) 293.1(23) 15.9(Tied to u81) 8.8 16.4  

u57 O(8)···O(9) 280.0(27) 19.2(18) 4.7 16.8 16.8(20) 

u58 C(14)···H(18) 294.0(33) 26.2(fixed) 7.5 26.2  

u59 C(14)···C(17) 301.2(12) 10.2(Tied to u71) 4.2 10.6  

u60 O(15)···H(19) 293.8(18) 18.7(fixed) 0.2 18.7  
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u61 H(19)···O(21) 289.9(13) 17.8(fixed) -1.9 17.8  

u62 C(14)···H(19) 311.0(31) 26.9(fixed) 7.0 26.9  

u63 O(9)···H(13) 300.1(11) 19.2(fixed) -2.6 19.2  

u64 O(22)···H(26) 301.9(7) 20.9(fixed) -3.4 20.9  

u65 H(7)···O(8) 305.7(10) 16.7(fixed) -2.7 16.7  

u66 H(18)···O(21) 314.9(8) 13.0(fixed) -2.2 13.0  

u67 O(15)···H(25) 323.3(6) 10.5(fixed) -4.1 10.5  

u68 O(2)···H(11) 325.9(6) 10.5(fixed) -3.1 10.5  

u69 O(15)···H(20) 329.2(9) 11.9(fixed) -2.7 11.9  

u70 C(14)···O(21) 334.0(8) 12.4(Tied to u55) -4.0 12.8  

u71 C(1)···C(4) 361.2(7) 9.7(6) -2.6 10.1 10.1(10) 

u72 C(16)···C(23) 366.8(6) 7.1(Tied to u71) -2.0 7.4  

u73 C(3)···H(13) 380.5(18) 24.4(fixed) -0.9 24.4  

u74 O(21)···O(22) 372.2(15) 30.0(Tied to u57) -5.2 26.3  

u75 H(20)···O(22) 396.3(22) 17.4(fixed) 4.6 17.4  

u76 C(16)···H(26) 391.6(15) 20.2(fixed) -0.3 20.2  

u77 C(3)···H(12) 390.7(16) 21.0(fixed) -3.5 21.0  

u78 C(14)···H(20) 401.1(12) 13.1(fixed) 0.2 13.1  

u79 H(18)···H(26) 410.6(54) 49.2(fixed) 12.4 49.2  

u80 H(18)···C(23) 412.2(38) 31.2(fixed) 6.6 31.2  

u81 C(4)···O(9) 405.9(13) 19.7(15) -1.7 20.4 20.4(20) 

u82 O(8)···H(13) 415.0(34) 38.2(fixed) 0.7 38.2  

u83 C(17)···C(23) 435.8(18) 15.4(Tied to u93) 1.4 15.6  

u84 C(3)···H(11) 442.8(6) 12.8(fixed) -4.8 12.8  

u85 C(17)···H(26) 451.6(36) 31.4(fixed) 3.0 31.4  

u86 H(19)···C(23) 453.1(34) 29.1(fixed) 2.5 29.1  

u87 C(16)···H(25) 446.0(6) 12.1(fixed) -4.9 12.1  

u88 O(21)···C(23) 447.0(10) 9.9(Tied to u81) -5.3 10.2  

u89 O(21)···H(24) 453.2(22) 25.8(fixed) -0.7 25.8  

u90 H(7)···H(12) 463.3(52) 40.0(fixed) 2.1 40.0  

u91 H(18)···H(25) 469.1(41) 37.1(fixed) 8.2 37.1  

u92 O(8)···H(12) 457.4(13) 24.1(fixed) -6.2 24.1  
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u93 C(4)···C(10) 467.6(16) 10.2(9) -5.5 10.3 10.4(10) 

u94 C(4)···H(12) 471.5(29) 26.0(fixed) -3.2 26.0  

u95 H(5)···O(9) 473.4(13) 22.8(fixed) -2.2 22.8  

u96 H(6)···H(12) 477.9(37) 43.8(fixed) -0.9 43.8  

u97 H(19)···H(26) 483.6(45) 41.2(fixed) -1.4 41.2  

u98 C(4)···H(13) 486.7(27) 28.7(fixed) -5.6 28.7  

u99 C(17)···H(25) 498.8(16) 20.3(fixed) 2.5 20.3  

u100 H(19)···H(25) 500.6(36) 34.4(fixed) 7.0 34.4  

u101 H(6)···H(13) 522.1(44) 36.7(fixed) -10.7 36.7  

u102 H(20)···C(23) 532.3(20) 18.7(fixed) -2.9 18.7  

u103 H(20)···H(26) 541.7(40) 34.4(fixed) -0.1 34.4  

u104 O(21)···H(25) 530.6(10) 15.0(fixed) -10.3 15.0  

u105 H(5)···C(10) 555.8(12) 13.4(fixed) -9.1 13.4  

u106 H(7)···H(11) 566.9(28) 27.0(fixed) -9.6 27.0  

u107 H(6)···H(11) 568.8(15) 31.8(fixed) -8.1 31.8  

u108 H(20)···H(25) 599.7(19) 22.5(fixed) -2.6 22.5  

u109 H(5)···H(11) 641.8(9) 15.3(fixed) -12.3 15.3  

 a Distances in pm. Values in parentheses are the standard deviations in terms of the 

last digits. Atom numbering follows 1 – 13 for (sp, sp) and 14 – 26 for (sp, ac).  
b Unrefined amplitudes of vibration were fixed at the values obtained using the M06-

2X/6-311++G** force field. 
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Table A2.4 Energy comparison (Hartrees) and conformer weighting (%) calculated 

using the MP2 and M06-2X methods.a  

 6-31G* 6-311G* 6-311+G* 6-311++G** 

MP2     

Energy 

(Hartrees) 

    

(sp, sp) -380.6183 -380.7839 -380.8010 -380.8440 

(sp, ac) -380.6176 -380.7828 -380.7999 -380.8429 

% Conformer     

(sp, sp) 47.3 57.5 57.3 57.4 

(sp, ac) 52.7 42.3 42.7 42.6 

M06-2X     

Energy 

(Hartrees) 

    

(sp, sp) -381.5666 -381.6724 -381.6810 -381.6876 

(sp, ac) -381.5673 -381.6730 -381.6813 -381.6878 

% Conformer     

(sp, sp) 21.8 22.9 27.6 28.8 

(sp, ac) 78.2 77.1 72.4 71.3 
a A temperature of 338.15 K was used for all calculations. 

!

!
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Table A2.5 Least squares correlation matrix (× 100) for the GED refinement of 

acetic anhydride.a  

  p7 p19 u8 u10 u13 u15 u42 k2 k3 

p1 -54    -83 -59    

p4   -56       

p7     62 62    

p16  -92        

u8    52      

u13      81    

u36       50   

k1        72  

k2         -57 
a Only elements with absolute values ≥ 50% are shown; k1, k2 and k3 are scale 

factors. 
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Table A2.6 Experimental coordinates from the GED refinement of the (sp, sp) and 

(sp, ac) conformers of acetic anhydride.a  

Atom  x y z 

(sp, sp)    

C(1) -120.3 69.0 0.0 

O(2) 0.0 0.0 0.0 

C(3) 120.3 69.0 0.0 

C(4) 229.7 -13.6 -56.9 

H(5) 324.4 37.0 -42.6 

H(6) 212.4 -28.6 -162.8 

H(7) 232.2 -109.7 -6.8 

O(8) 130.9 178.0 44.6 

O(9) -130.9 178.0 -44.6 

C(10) -229.7 -13.6 56.9 

H(11) -324.4 37.0 42.6 

H(12) -232.2 -109.7 6.8 

H(13) -212.4 -28.6 162.8 

(sp, ac)    

C(14) -136.5 0.0 0.0 

O(15) 0.0 0.0 0.0 

C(16) 75.1 118.1 0.0 

C(17) 30.3 230.5 -86.6 

H(18) -17.2 194.6 -177.2 

H(19) -42.7 289.8 -32.8 

H(20) 117.2 291.0 -109.7 

O(21) 173.8 118.6 64.9 

O(22) -201.8 98.6 13.6 

C(23) -190.4 -137.5 -15.6 

H(24) -150.8 -200.9 62.9 

H(25) -298.7 -134.5 -10.8 

H(26) -157.8 -178.5 -110.4 
a Coordinates are in pm. 
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Table A2.7 Calculated coordinates at the M06-2X/6-311++G** level for the (sp, sp) 

and (sp, ac) conformers of acetic anhydride.a  

Atom  x y z 

(sp, sp)    

C(1) 0.0 120.3 -8.5 

O(2) 0.0 0.0 60.5 

C(3) 0.0 -120.3 -8.5 

C(4) -63.5 -227.4 75.0 

H(5) -50.2 -323.7 26.5 

H(6) -169.8 -205.1 86.0 

H(7) -19.2 -227.8 174.6 

O(8) 48.5 -132.6 -116.1 

O(9) -48.5 132.6 -116.1 

C(10) 63.5 227.4 75.0 

H(11) 50.2 323.7 26.5 

H(12) 19.2 227.8 174.6 

H(13) 169.8 205.1 86.0 

(sp, ac)    

C(14) 113.3 12.8 -11.3 

O(15) 8.0 -70.3 14.1 

C(16) -125.1 -28.9 1.5 

C(17) -158.0 110.6 46.0 

H(18) -95.4 141.8 129.5 

H(19) -139.8 179.5 -36.5 

H(20) -263.2 112.7 73.3 

O(21) -203.4 -109.4 -36.7 

O(22) 101.5 121.2 -60.2 

C(23) 242.0 -53.5 27.7 

H(24) 251.0 -148.6 -24.9 

H(25) 325.2 11.9 2.9 

H(26) 240.7 -75.0 134.6 

 a Coordinates are in pm.  
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Table A2.8 Comparison of refined and calculated selected RMS amplitudes, u, from 

the two GED studies of acetic anhydride. 

Atom Pair Previous GED studya This Study 

 uGED ucalc.
b uGED ucalc.

c 

(sp, sp)     

C(1)···C(4) 16.2(24) 6.9 9.7(6) 10.1 

C(1)···O(8) 12.6(25) 9.0 10.6(6) 11.0 

C(3)···O(9) 17.5(25) 9.0 10.6(6) 11.0 

C(3)···C(10) 14.6(23) 6.9 9.7(6) 10.1 

C(4)···O(9) 16.9(23) 8.0 19.7(15) 20.4 

C(4)···C(10) 9.4(75) 8.8 10.2(9) 10.3 

O(8)···O(9) 16.9(25) 13.4 19.2(18) 16.8 

O(8)···C(10) 6.7(23) 7.9 19.7(15) 20.4 

(sp, ac)     

C(14)···C(17) 18.2(24) 7.0 10.2(Tied to C1···C4) 10.6 

C(14)···O(21) 9.4(25) 9.4 12.4(Tied to C1···O8) 12.8 

C(16)···O(22) 9.0(31) 6.1 13.6(Tied to C1···O8) 14.0 

C(16)···C(23) 16.0(68) 8.7 7.1(Tied to C1···C4) 7.4 

C(17)···O(22) 8.4(23) 7.1 15.9(Tied to C4···O9) 16.4 

C(17)···C(23) 8.9(23) 8.0 15.4(Tied to C4···C10) 15.6 

O(21)···O(22) 14.2(24) 7.8 30.0(Tied to O8···O9) 26.3 

O(21)···C(23) 24.0(24) 13.1 9.9(Tied to C4···O9) 10.2 
a J. Phys. Chem. A. 2000, 104, 1576-1587. 
b Calculated from the MP2/6-31G* force field.  
c Calculated from the M06-2X/6-311++G** force field. 
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Figure A2.1. Experimental and final weighted difference (experimental – 

theoretical) MICs from the GED study of acetic anhydride.  
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Pyrolysis of acetic anhydride 

 

Table A2.9 Nozzle-to-plate distance (mm), weighting function (nm–1), correlation 

parameter, scale factor and electron wavelength (pm) used in the VHT-GED study of 

ketene and acetic acid by the pyrolysis of acetic anhydride.  

Nozzle-to-plate distancea 212.2 

∆s 1 

smin 20 

sw1 40 

sw2 163 

smax 190 

Correlation parameter 0.422 

Scale factorb 1.207(12) 

Electron wavelength 6.18 
a Determined by reference to the scattering pattern of benzene vapour.  
b Values in parentheses are the estimated standard deviations. 
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Table A2.10 Parameter values for ketene and acetic acid from ab initio calculations 

at the MP2 level for a range of basis sets.a,b 

Parameter 6-31G* 6-311G* 6-311+G* 6-311++G** 

Ketene     

rC=O 118.1 116.9 116.9 116.8 

rC=C 132.0 132.0 132.1 132.2 

rC–H 108.1 108.0 108.0 108.0 

∠H–C=C 119.6 119.5 119.5 119.1 

∠H–C–H 120.7 121.0 121.0 121.8 

Acetic acid     

rC=O 121.8 121.0 121.1 121.0 

rC–O 136.3 136.0 135.8 136.0 

rC–C 150.2 150.3 150.1 150.4 

rO–H 97.9 96.8 96.9 96.8 

rC–H(7) 108.9 108.8 108.8 108.8 

rC–H(8/9) 109.3 109.2 109.2 109.2 

∠H(7)–C–H(8/9) 110.2 110.2 110.1 110.2 

∠C–C–H(7) 109.3 109.5 109.5 109.5 

∠C–C–H(8/9) 109.7 109.5 109.8 109.5 

∠C–C=O 126.4 126.4 126.4 126.4 

∠C–O–H 105.4 105.8 107.2 105.8 

φH–O–C–C 180.0 180.0 180.0 180.0 
a Bond parameters are in pm, bond angles (∠ ) and dihedral angles (φ) in degrees. 
b Atom numbering is given in Figure 4.6. 
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Table A2.11 Refined and calculated (MP2/6-311++G**) amplitudes of vibration (u), 

associated ra distances and corresponding correction values (k) for the rh1 refinement 

of ketene and acetic acid from the pyrolysis of acetic anhydride.a,b  

 
Atom pair ra uGED k ucalc. Restraint 

u1 O(11)–H(12) 96.8(3) 6.7(7) 0.4 6.9 6.9(7) 

u2 C(1)–H(2) 108.5(1) 6.7(8) 0.4 7.5 7.5(8) 

u3 C(6)–H(7) 108.6(8) 7.1(8) 0.5 7.7 7.7(8) 

u4 C(6)–H(8) 108.6(8) 7.2(Tied to u3) 0.5 7.8  

u5 C(4)–O(5) 115.4(3) 3.6(4) 0.1 3.6 3.6(4) 

u6 C(10)–O(13) 119.5(4) 4.1(4) 0.1 3.9 3.9(4) 

u7 C(1)–C(4) 132.4(2) 4.7(4) 0.2 4.4 4.4(4) 

u8 C(10)–O(11) 135.7(6) 5.3(5) 0.3 5.2 5.2(5) 

u9 C(6)–C(10) 150.1(3) 5.2(6) 0.3 5.7 5.7(6) 

u10 H(8)···H(9) 171.2(16) 13.2(fixed) -2.8 13.2  

u11 H(7)···H(8) 173.6(14) 13.7(fixed) -3.8 13.7  

u12 C(10)···H(12) 185.6(31) 11.3(fixed) -0.5 11.3  

u13 H(2)···H(3) 186.1(9) 12.6(fixed) -2.2 12.6  

u14 H(2)···C(4) 205.2(5) 9.2(30) -2.6 11.8  

u15 H(7)···C(10) 217.4(7) 12.7(10) 5.6 13.4 13.4(10) 

u16 H(8)···C(10) 219.9(7) 14.7(Tied to u15) 8.4 15.5  

u17 O(11)···O(13) 223.9(9) 5.7(7) -0.5 6.6 6.6(7) 

u18 H(12)···O(13) 226.3(45) 16.2(20) 0.1 16.9 16.9(20) 

u19 C(6)···O(11) 234.2(11) 8.6(8) -0.1 8.7 8.7(8) 

u20 C(6)···O(13) 240.6(8) 8.3(8) -0.1 7.7 7.7(8) 

u21 C(1)···O(5) 246.4(3) 5.8(5) -1.1 5.1 5.1(5) 

u22 H(7)···O(13) 277.7(11) 26.6(30) 23.2 25.4 25.4(30) 

u23 H(8)···O(11) 266.7(14) 50.5(Tied to u27) 16.4 49.6  

u24 H(8)···O(13) 299.0(10) 44.4(Tied to u22) -4.7 42.4  

u25 H(2)···O(5) 309.6(7) 17.1(18) -4.8 15.3 15.3(20) 

u26 C(6)···H(12) 313.4(21) 10.9(fixed) -3.3 10.9  

u27 H(7)···O(11) 315.9(12) 13.6(10) -10.9 13.3 13.3(10) 

u28 H(8)···H(12) 350.8(17) 34.7(fixed) 6.5 34.7  
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u29 H(7)···H(12) 389.8(29) 16.0(fixed) -7.0 16.0  

 a Distances in pm. Values in parentheses are the standard deviations in terms of the 

last digits. Atom numbering follows 1 – 5 for ketene and 6 – 13 for acetic acid.  
b Unrefined amplitudes of vibration were fixed at the values obtained using the 

MP2/6-311++G** force field. 

 

 

Table A2.12 Experimental GED coordinates for ketene and acetic acid from the 

refinement from the pyrolysis of acetic anhydride. a   

Atom  x y z 

Ketene 

C(1) 0.0 0.0 0.0 

H(2) -53.2 94.6 0.0 

H(3) -53.2 -94.6 0.0 

C(4) 132.3 0.0 0.0 

O(5) 247.7 0.0 0.0 

Acetic Acid 

C(6) -187.9 -140.6 0.0 

H(7) -296.4 -138.9 0.0 

H(8) -150.7 -193.1 -87.5 

H(9) -150.7 -193.1 87.5 

C(10) -135.6 0.0 0.0 

O(11) 0.0 0.0 0.0 

H(12) 26.2 93.2 0.0 

O(13) -201.0 100.0 0.0 
a Coordinates are in pm.  
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Table A2.13 Calculated coordinates at the MP2/6-311++G** level for ketene and 

acetic acid from the refinement from the pyrolysis of acetic anhydride. a  

Atom  x y z 

Ketene 

C(1) 0.0 0.0 0.0 

H(2) -52.8 94.8 0.0 

H(3) -52.8 -94.8 0.0 

C(4) 132.2 0.0 0.0 

O(5) 249.0 0.0 0.0 

Acetic Acid 

C(6) -189.8 -140.4 0.0 

H(7) -298.3 -137.6 0.0 

H(8) -153.7 -193.1 -87.7 

H(9) -153.7 -193.1 87.7 

C(10) -135.9 0.0 0.0 

O(11) 0.0 0.0 0.0 

H(12) 26.4 93.1 0.0 

O(13) -201.1 101.9 0.0 
a Coordinates are in pm.  
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Figure A2.2 Experimental and final weighted difference (experimental – theoretical) 

MIC for ketene and acetic acid from the GED study of the pyrolysis of acetic 

anhydride.  
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Meldrum’s acid 

 

Table A2.14 Nozzle-to-plate distance (mm), weighting function (nm–1), correlation 

parameter, scale factor and electron wavelength (pm) used in the GED study of 

Meldrum’s acid.  

Nozzle-to-plate distancea 189.3 253.9 

∆s 2 1 

smin 40 20 

sw1 60 40 

sw2 172 112 

smax 200 130 

Correlation parameter 0.477 0.490 

Scale factorb 0.621(7) 0.524(7) 

Electron wavelength 6.18 6.18 
a Determined by reference to the scattering pattern of benzene vapour.  
b Values in parentheses are the estimated standard deviations. 
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Table A2.15 Parameter values for Meldrum’s acid from ab initio calculations at the 

MP2 level for a range of basis sets.a,b 

Parameter 6-31G* 6-311G* 6-311+G* 6-311++G** 

rC(6)=O(9) 121.1 120.2 120.4 120.4 

rC(7)=O(10) 121.1 120.2 120.4 120.4 

rC(2)–O(4) 143.9 143.3 143.6 143.4 

rC(2)–O(5) 143.9 143.3 143.6 143.4 

rC(6)–O(4) 136.7 136.2 136.1 136.2 

rC(7)–O(5) 136.7 136.2 136.1 136.2 

rC(1)–C(2) 151.8 151.9 151.9 152.1 

rC(2)–C(3) 150.9 151.0 150.9 151.1 

rC(6)–C(8) 151.2 151.4 151.4 151.5 

rC(7)–C(8) 151.2 151.4 151.4 151.5 

rC–H average 109.2 109.2 109.2 109.3 

∠H(11)–C–C 111.9 112.2 112.3 112.1 

∠H(16)–C–C 109.0 109.0 109.3 109.2 

∠H(11)–C–H(12) 108.5 108.3 108.4 108.5 

∠H(11)–C–H(13) 108.5 108.3 108.4 108.5 

∠H(16)–C–H(14) 109.4 109.3 109.3 109.4 

∠H(16)–C–H(15) 109.4 109.3 109.3 109.4 

∠C(H3)–C–C(H3) 113.2 113.1 113.1 112.9 

∠C(3)–C–O 105.3 105.3 105.4 105.5 

∠C(1)–C–O 110.5 110.5 110.7 110.7 

∠C(2)–O–C(6) 119.5 119.0 118.9 118.8 

∠C(2)–O–C(7) 119.5 119.0 118.9 118.8 

∠O(4)–C=O(9) 120.2 120.4 120.4 120.4 

∠O(5)–C=O(10) 120.2 120.4 120.4 120.4 

∠C(8)–C–O(4) 115.8 115.7 115.9 115.8 

∠C(8)–C–O(5) 115.8 115.7 115.9 115.8 

∠C–C–H(17) 108.9 108.9 108.9 108.7 

∠H(17)–C(8)–H(18) 106.7 106.3 106.1 106.8 

φO(4)–C(2)–C(1)–O(5) 124.3 124.4 124.0 124.0 
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φC(1)–C(2)–O(4)–C(6) -79.1 -76.5 -75.6 -75.4 

φC(2)–O–C=O 173.3 170.9 169.7 169.9 

φC(2)–O(4)–C(6)–C(8) -7.8 -10.8 -12.0 -11.8 

φO(4)–C–C–H(17) 92.9 97.0 98.2 97.2 

φC(6)–C(8)–H(17)–H(18) 117.2 116.7 116.8 117.0 
a Bond lengths are in pm, bond angles (∠) and dihedral angle (φ) in degrees. 
b See Figure 4.8 for atom numbering. 
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Table A2.16 Refined and calculated (MP2/6-311++G**) amplitudes of vibration (u), 

associated ra distances and corresponding correction values (k) for the rh1 refinement 

of Meldrum’s acid.a,b  

 

Atom pair ra uGED k ucalc. Restraint 

u1 C(8)–H(18) 109.1(1) 8.3(Tied to u5) 0.4 7.6  

u2 C(3)–H(16) 109.1(1) 8.3(Tied to u5) 0.4 7.6  

u3 C(1)–H(11) 109.1(1) 8.3(Tied to u5) 0.4 7.6  

u4 C(3)–H(14) 109.1(1) 8.3(Tied to u5) 0.4 7.6  

u5 C(1)–H(12) 109.1(1) 8.3(7) 0.4 7.6 7.6(8) 

u6 C(8)–H(17) 109.0(1) 8.4(Tied to u5) 0.4 7.6  

u7 C(7)–O(10) 120.1(2) 3.6(4) 0.1 3.7 3.7(4) 

u8 O(4)–C(6) 136.1(2) 4.5(Tied to u9) 0.1 4.8  

u9 C(2)–O(5) 144.1(6) 4.9(4) 0.3 5.1 5.1(5) 

u10 C(2)–C(3) 151.9(3) 4.1(Tied to u12) 0.2 5.0  

u11 C(7)–C(8) 152.3(3) 4.2(Tied to u12) 0.0 5.1  

u12 C(1)–C(2) 152.8(3) 4.2(5) 0.1 5.1 5.1(5) 

u13 H(17)···H(18) 174.8(7) 12.5(fixed) 0.1 12.5  

u14 H(11)···H(13) 176.5(3) 12.3(fixed) -0.1 12.3  

u15 H(14)···H(16) 177.5(3) 12.3(fixed) 0.0 12.3  

u16 H(12)···H(13) 170.3(10) 12.3(fixed) -0.1 12.3  

u17 H(14)···H(15) 178.5(11) 12.3(fixed) 0.0 12.3  

u18 C(7)···H(18) 213.3(5) 10.9(fixed) 0.1 10.9  

u19 C(7)···H(17) 212.8(5) 11.2(fixed) -0.3 11.2  

u20 C(2)···H(16) 213.6(5) 10.7(fixed) -0.2 10.7  

u21 C(2)···H(15) 213.6(5) 10.8(fixed) -0.2 10.8  

u22 C(2)···H(12) 218.0(4) 10.9(fixed) -0.2 10.9  

u23 C(2)···H(11) 218.1(4) 10.7(fixed) -0.2 10.7  

u24 H(11)···H(17) 232.0(41) 29.8(fixed) 7.2 29.8  

u25 O(4)···O(9) 222.5(3) 4.9(9) 0.2 5.3 5.4(5) 

u26 C(3)···O(4) 234.8(4) 7.7(7) 0.4 6.9 6.9(7) 

u27 O(4)···O(5) 239.2(8) 6.5(6) -0.4 6.4 6.4(6) 

u28 C(8)···O(10) 240.4(4) 6.2(6) -0.2 6.1 6.1(6) 
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u29 C(2)···C(6) 239.6(2) 6.7(6) -0.9 6.5 6.5(6) 

u30 C(1)···O(4) 243.7(4) 6.7(7) 0.0 7.2 7.2(7) 

u31 O(5)···C(8) 243.8(4) 5.9(6) -0.8 6.2 6.2(6) 

u32 C(1)···C(3) 254.0(6) 6.8(7) 0.2 7.4 7.4(7) 

u33 C(6)···C(7) 257.1(6) 6.8(7) -1.2 7.2 7.2(7) 

u34 H(12)···H(15) 262.0(9) 25.2(fixed) 4.2 25.2  

u35 O(5)···H(16) 257.5(17) 17.4(fixed) 0.6 17.4  

u36 O(4)···H(15) 257.6(9) 18.4(fixed) 0.7 18.4  

u37 O(9)···H(18) 261.1(7) 14.3(fixed) 1.6 14.3  

u38 O(5)···H(13) 269.9(18) 18.0(fixed) 0.5 18.0  

u39 C(8)···H(11) 274.9(24) 20.5(fixed) 2.6 20.5  

u40 C(2)···C(8) 272.9(6) 8.2(7) -0.5 7.3  

u41 O(5)···H(11) 272.7(19) 17.6(fixed) 0.0 17.6  

u42 C(3)···H(12) 280.0(7) 17.8(fixed) 0.5 17.8  

u43 C(1)···H(15) 277.6(7) 17.2(fixed) 0.5 17.2  

u44 O(5)···C(6) 282.0(5) 9.1(7) -1.4 7.8 7.8(8) 

u45 C(7)···H(11) 288.0(22) 25.5(fixed) 0.1 25.5  

u46 O(9)···H(17) 284.7(11) 16.4(fixed) -1.1 16.4  

u47 O(5)···H(17) 299.0(14) 18.8(fixed) -1.1 18.8  

u48 C(1)···H(17) 308.7(35) 27.2(fixed) 0.9 27.2  

u49 C(1)···C(7) 307.1(14) 12.2(13) -1.7 15.0 15.0(20) 

u50 C(2)···H(17) 312.7(22) 22.7(fixed) -0.4 22.7  

u51 C(1)···C(8) 321.5(17) 12.5(10) -0.9 13.1 13.1(10) 

u52 O(5)···H(18) 324.3(8) 12.4(fixed) -2.6 12.4  

u53 C(6)···H(12) 348.9(12) 26.1(fixed) -2.1 26.1  

u54 C(1)···H(16) 345.6(6) 10.4(fixed) -1.6 10.4  

u55 C(3)···H(11) 347.6(6) 10.3(fixed) -1.6 10.3  

u56 C(2)···O(10) 349.0(6) 8.4(6) -1.8 7.2 7.2(7) 

u57 C(3)···C(6) 360.0(4) 8.6(8) -1.2 7.6 7.6(8) 

u58 C(6)···O(10) 365.5(7) 10.3(8) -2.1 9.4 9.5(9) 

u59 H(13)···H(17) 378.6(35) 33.0(fixed) -0.9 33.0  

u60 H(11)···H(18) 378.7(28) 22.4(fixed) 0.8 22.4  
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u61 C(2)···H(18) 370.5(7) 11.0(fixed) -2.6 11.0  

u62 C(6)···H(16) 372.6(9) 18.9(fixed) -0.6 18.9  

u63 H(12)···H(16) 377.7(7) 18.2(fixed) -1.9 18.2  

u64 H(11)···H(14) 375.4(7) 18.0(fixed) -2.0 18.0  

u65 O(9)···H(11) 380.5(13) 34.5(fixed) -1.6 34.5  

u66 C(8)···H(12) 396.5(20) 21.4(fixed) -2.6 21.4  

u67 C(6)···H(15) 391.6(9) 18.2(fixed) -1.3 18.2  

u68 O(4)···O(10) 399.1(6) 10.5(6) -2.6 9.6 9.6(10) 

u69 C(1)···O(9) 406.8(10) 20.5(17) -3.2 21.8 21.8(20) 

u70 C(3)···C(8) 413.5(7) 7.9(7) -1.1 7.4 7.4(7) 

u71 O(10)···H(13) 423.4(23) 35.2(fixed) -3.2 35.2  

u72 C(1)···H(18) 428.8(17) 15.1(fixed) -2.8 15.1  

u73 H(11)···H(16) 428.0(7) 14.0(fixed) -2.8 14.0  

u74 C(8)···H(16) 430.8(12) 16.2(fixed) -0.8 16.2  

u75 C(3)···O(9) 453.4(4) 11.9(7) -2.2 9.5 9.5(9) 

u76 O(10)···H(16) 458.1(20) 24.3(fixed) -1.3 24.3  

u77 C(3)···H(17) 463.4(21) 22.4(fixed) -1.3 22.4  

u78 O(9)···O(10) 464.0(12) 16.8(10) -3.3 14.0 14.0(10) 

u79 O(10)···H(14) 465.7(16) 21.6(fixed) -1.7 21.6  

u80 C(8)···H(15) 472.4(9) 14.5(fixed) -2.1 14.5  

u81 H(13)···H(18) 500.8(17) 23.5(fixed) -4.7 23.5  

u82 H(16)···H(17) 500.7(17) 23.6(fixed) -2.4 23.6  

u83 C(3)···H(18) 501.5(13) 13.0(fixed) -3.4 13.0  

u84 H(16)···H(18) 502.2(23) 22.1(fixed) -2.7 22.1  

u85 H(15)···H(17) 513.2(25) 26.4(fixed) -1.8 26.4  

u86 H(14)···H(18) 561.7(14) 18.3(fixed) -4.6 18.3  

 a Distances in pm. Values in parentheses are the standard deviations in terms of the 

last digits. 
b Unrefined amplitudes of vibration were fixed at the values obtained using the 

MP2/6-311++G** force field. 
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Table A2.17 Least squares correlation matrix (× 100) for the GED refinement of 

Meldrum’s acid.a  

  p25 p26 

p24 -81  

p25  -54 
a Only elements with absolute values ≥ 50% are shown. 

 

 

Table A2.18 Experimental coordinates for the GED refinement of Meldrum’s acid. a   

Atom  x y z 

C(1) -322.7 2.3 1.3 

C(2) -240.3 131.0 -0.3 

C(3) -326.1 256.3 -0.1 

O(4) -161.5 139.5 -119.9 

O(5) -161.5 139.5 119.9 

C(6) -48.2 64.7 -129.3 

C(7) -48.2 64.7 129.3 

C(8) 0.0 0.0 0.0 

O(9) 10.0 55.8 -233.9 

O(10) 10.0 55.8 233.9 

H(11) -259.7 -86.9 1.1 

H(12) -391.5 -3.6 -83.5 

H(13) -389.6 -2.6 87.7 

H(14) -387.6 257.7 90.3 

H(15) -389.5 256.7 -89.1 

H(16) -261.3 344.3 -1.3 

H(17) -31.7 -104.6 0.0 

H(18) 109.3 0.0 0.0 
a Coordinates are in pm.  
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Table A2.19 Calculated coordinates at the MP2/6-311++G** level for Meldrum’s 

acid. a  

Atom  x y z 

C(1) 112.9 171.8 0.0 

C(2) -25.8 109.5 0.0 

C(3) -136.5 212.3 0.0 

O(4) -46.3 31.2 118.5 

O(5) 46.3 31.2 -118.5 

C(6) 13.9 -90.6 128.0 

C(7) 13.9 -90.6 -128.0 

C(8) 74.8 -144.2 0.0 

O(9) 13.9 -150.6 232.3 

O(10) 13.9 -150.6 -232.3 

H(11) 191.9 96.3 0.0 

H(12) 124.3 233.9 89.2 

H(13) 124.3 233.9 -89.2 

H(14) -128.4 274.7 -89.3 

H(15) -128.4 274.7 89.3 

H(16) -232.9 161.3 0.0 

H(17) 182.0 -121.5 0.0 

H(18) 65.7 -252.9 0.0 
a Coordinates are in pm.  
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Figure A2.3 Experimental and final weighted difference (experimental – theoretical) 

MICs from the GED study of Meldrum’s acid.  
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Pyrolysis of Meldrum’s acid 

 

Table A2.20 Nozzle-to-plate distance (mm), weighting function (nm–1), correlation 

parameter, scale factor and electron wavelength (pm) used in the VHT-GED study of 

Meldrum’s acid, CO2, acetone, ketene and diketene by the pyrolysis of Meldrum’s 

acid.  

Nozzle-to-plate distancea 186.3 

∆s 2 

smin 44 

sw1 64 

sw2 190 

smax 220 

Correlation parameter 0.472 

Scale factorb 1.891(33) 

Electron wavelength 6.18 
a Determined by reference to the scattering pattern of benzene vapour.  
b Values in parentheses are the estimated standard deviations. 
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Table A2.21 Parameter values for Meldrum’s acid, CO2, acetone, ketene and 

diketene from ab initio calculations at the MP2 level for a range of basis sets.a,b 

Parameter 6-31G* 6-311G* 6-311+G* 6-311++G** 

Meldrum’s acid 

rC(6)=O(9) 121.1 120.2 120.4 120.4 

rC(7)=O(10) 121.1 120.2 120.4 120.4 

rC(2)–O(4) 143.9 143.3 143.6 143.4 

rC(2)–O(5) 143.9 143.3 143.6 143.4 

rC(6)–O(4) 136.7 136.2 136.1 136.2 

rC(7)–O(5) 136.7 136.2 136.1 136.2 

rC(1)–C(2) 151.8 151.9 151.9 152.1 

rC(2)–C(3) 150.9 151.0 150.9 151.1 

rC(6)–C(8) 151.2 151.4 151.4 151.5 

rC(7)–C(8) 151.2 151.4 151.4 151.5 

rC–H average 109.2 109.2 109.2 109.3 

∠H(11)–C–C 111.9 112.2 112.3 112.1 

∠H(16)–C–C 109.0 109.0 109.3 109.2 

∠H(11)–C–H(12) 108.5 108.3 108.4 108.5 

∠H(11)–C–H(13) 108.5 108.3 108.4 108.5 

∠H(16)–C–H(14) 109.4 109.3 109.3 109.4 

∠H(16)–C–H(15) 109.4 109.3 109.3 109.4 

∠C(H3)–C–C(H3) 113.2 113.1 113.1 112.9 

∠C(3)–C–O 105.3 105.3 105.4 105.5 

∠C(1)–C–O 110.5 110.5 110.7 110.7 

∠C(2)–O–C(6) 119.5 119.0 118.9 118.8 

∠C(2)–O–C(7) 119.5 119.0 118.9 118.8 

∠O(4)–C=O(9) 120.2 120.4 120.4 120.4 

∠O(5)–C=O(10) 120.2 120.4 120.4 120.4 

∠C(8)–C–O(4) 115.8 115.7 115.9 115.8 

∠C(8)–C–O(5) 115.8 115.7 115.9 115.8 

∠C–C–H(17) 108.9 108.9 108.9 108.7 

∠H(17)–C(8)–H(18) 106.7 106.3 106.1 106.8 
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φO(4)–C(2)–C(1)–O(5) 124.3 124.4 124.0 124.0 

φC(1)–C(2)–O(4)–C(6) -79.1 -76.5 -75.6 -75.4 

φC(2)–O–C=O 173.3 170.9 169.7 169.9 

φC(2)–O(4)–C(6)–C(8) -7.8 -10.8 -12.0 -11.8 

φO(4)–C–C–H(17) 92.9 97.0 98.2 97.2 

φC(6)–C(8)–H(17)–H(18) 117.2 116.7 116.8 117.0 

CO2 

rC=O 118.0 116.9 117.0 117.0 

Acetone 

rC=O 122.8 121.8 122.1 122.0 

rC–C 151.3 151.6 151.5 151.6 

rC–H average 109.3 109.2 109.3 109.3 

∠H(23/29)–C–C 109.4 109.5 110.0 110.1 

∠H(24/27)–C–C 110.3 110.1 109.7 109.2 

∠H(28/31)–C–C 110.3 110.8 110.7 110.5 

∠H(23/29)–C–H(28/31) 109.8 109.9 110.0 110.2 

∠H(23/29)–C–H(24/27) 109.8 109.4 109.3 109.5 

∠C–C=O 121.7 121.9 121.8 122.0 

∠C–C–C 116.5 116.3 116.3 116.1 

φH(23/29)–C–C=O -2.8 -4.2 -6.7 -8.4 

Ketene     

rC=O 118.1 116.9 116.9 116.8 

rC=C 132.0 132.0 132.1 132.2 

rC–H(33/34) 108.1 108.0 108.0 108.0 

∠H(33/34)–C=C 119.6 119.5 119.5 119.1 

∠H(33)–C–H(34) 120.7 121.0 121.0 121.8 

φO=C=C–H(33/34) 180.0 180.0 180.0 180.0 

Diketene     

rC=O 119.9 118.8 119.0 118.9 

rC=C 132.7 132.8 132.9 133.0 

rC(37)–O(41) 140.4 140.1 140.0 140.1 

rC(43)–O(41) 141.9 140.8 141.2 141.1 
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rC(37)–C(38) 152.6 152.9 152.8 152.9 

rC(38)–C(43) 150.3 150.6 150.6 150.7 

rC(38)–H(39) 109.3 109.1 109.2 109.1 

rC(38)–H(40) 109.3 109.1 109.2 109.1 

rC(44)–H(45) 108.3 108.3 108.3 108.3 

rC(44)–H(46) 108.3 108.2 108.2 108.2 

rC–H average 108.8 108.7 108.7 108.7 

∠C=C–H(45) 121.0 120.7 120.9 120.8 

∠C=C–H(16) 120.0 120.0 119.8 119.5 

∠O–C=C 126.3 126.7 126.4 126.5 

∠C–O–C 90.5 90.7 90.8 90.8 

∠O–C=O 127.6 127.5 127.5 127.5 

∠O=C–C 139.2 139.4 139.4 139.4 

∠C(37)–C–H 114.3 114.2 114.1 114.0 

φH(39)–C–C=O 64.0 64.3 64.2 64.4 
a Distances are in pm and angles and dihedral angles are in °.  
b Atom numbering follows 1 – 18 for Meldrum’s acid, 19 – 21 for CO2, 22 – 31 for 

acetone, 32 – 36 for ketene and 43 – 46 for diketene. See Figure 4.11.   



! 221!

Table A2.22 Refined and calculated (MP2/6-311++G**) amplitudes of vibration (u), 

associated ra distances and corresponding correction values (k) for the rh1 refinement 

of Meldrum’s acid, CO2, acetone, ketene and diketene from the pyrolysis of 

Meldrum’s acid.a,b  

 

Atom pair ra uGED k ucalc. Restraint 

u1 C(32)–H(33) 108.3(1) 7.4(8) 0.3 7.4 7.4(7) 

u2 C(44)–H(46) 108.0(1) 7.4(Tied to u6) 0.3 7.5  

u3 C(44)–H(45) 108.0(1) 7.5(Tied to u6) 0.3 7.5  

u4 C(22)–H(23) 109.2(1) 7.5(9) 0.4 7.7 7.7(8) 

u5 C(8)–H(18) 109.3(1) 6.7(Tied to u8) 0.4 7.6  

u6 C(38)–H(40) 109.1(1) 7.6(9) 0.4 7.6 7.6(8) 

u7 C(3)–H(16) 109.3(1) 6.7(Tied to u8) 0.4 7.6  

u8 C(1)–H(11) 109.3(1) 6.7(8) 0.4 7.6 7.6(8) 

u9 C(3)–H(14) 109.3(1) 6.7(Tied to u8) 0.4 7.6  

u10 C(1)–H(12) 109.3(1) 6.7(Tied to u8) 0.4 7.6  

u11 C(26)–H(28) 109.2(1) 7.4(Tied to u4) 0.4 7.6  

u12 C(26)–H(27) 109.2(1) 7.4(Tied to u4) 0.4 7.7  

u13 C(8)–H(17) 109.3(1) 6.8(Tied to u8) 0.4 7.6  

u14 C(35)–O(36) 116.8(1) 3.5(3) 0.1 3.5 3.5(3) 

u15 C(19)–O(20) 117.0(1) 3.4(3) 0.1 3.5 3.5(3) 

u16 C(37)–O(42) 118.9(2) 3.6(4) 0.1 3.7 3.7(4) 

u17 C(7)–O(10) 120.0(3) 3.5(4) 0.1 3.7 3.7(4) 

u18 C(25)–O(30) 121.9(3) 3.8(4) 0.1 3.8 3.8(4) 

u19 C(32)–C(35) 132.2(2) 4.1(4) 0.1 4.1 4.1(4) 

u20 C(43)–C(44) 133.0(1) 4.1(4) 0.1 4.1 4.1(4) 

u21 O(4)–C(6) 136.3(2) 4.7(Tied to u24) 0.1 4.8  

u22 C(37)–O(41) 139.9(3) 5.2(5) 0.0 5.2 5.2(5) 

u23 O(41)–C(43) 141.1(3) 5.0(Tied to u22) 0.2 5.0  

u24 C(2)–O(5) 147.8(11) 5.1(5) 0.3 5.2 5.2(5) 

u25 C(38)–C(43) 150.9(6) 5.0(Tied to u30) 0.3 5.0  

u26 C(2)–C(3) 151.3(6) 4.3(Tied to u29) 0.2 5.0  

u27 C(7)–C(8) 151.5(5) 4.4(Tied to u29) 0.0 5.2  
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u28 C(25)–C(26) 151.6(2) 5.1(5) 0.2 5.2 5.2(5) 

u29 C(1)–C(2) 152.2(6) 4.4(5) 0.2 5.2 5.2(5) 

u30 C(37)–C(38) 152.9(2) 5.3(5) 0.2 5.3 5.3(5) 

u31 H(17)···H(18) 174.7(8) 12.5(fixed) 0.1 12.5  

u32 H(27)···H(28) 174.8(15) 12.5(fixed) -0.4 12.5  

u33 H(11)···H(13) 176.5(3) 12.3(fixed) -0.1 12.3  

u34 H(14)···H(16) 177.5(3) 12.3(fixed) 0.0 12.3  

u35 H(12)···H(13) 170.2(10) 12.4(fixed) -0.1 12.4  

u36 H(23)···H(24) 177.1(2) 12.8(fixed) -0.5 12.8  

u37 H(14)···H(15) 178.5(12) 12.3(fixed) 0.0 12.3  

u38 H(28)···H(29) 177.9(5) 12.4(fixed) -0.5 12.4  

u39 H(39)···H(40) 179.1(5) 12.3(fixed) 0.0 12.3  

u40 H(45)···H(46) 185.4(6) 11.9(fixed) -0.9 11.9  

u41 H(33)···H(34) 187.5(8) 12.0(fixed) -1.4 12.0  

u42 C(37)···C(43) 200.0(4) 5.1(5) -0.1 5.1 5.1(5) 

u43 H(33)···C(35) 205.7(5) 10.5(fixed) -1.6 10.5  

u44 C(43)···H(46) 207.8(6) 10.1(fixed) -0.5 10.1  

u45 C(43)···H(45) 209.0(3) 10.1(fixed) -0.6 10.1  

u46 C(38)···O(41) 212.5(4) 5.1(5) -0.3 5.1 5.1(5) 

u47 C(7)···H(18) 212.8(7) 11.0(fixed) 0.1 11.0  

u48 C(7)···H(17) 212.5(7) 11.4(fixed) -0.3 11.4  

u49 C(2)···H(16) 213.0(6) 10.9(fixed) -0.2 10.9  

u50 C(2)···H(15) 213.1(6) 11.0(fixed) -0.2 11.0  

u51 H(24)···C(25) 213.9(13) 12.6(fixed) 0.6 12.6  

u52 C(2)···H(12) 217.4(6) 11.1(fixed) -0.2 11.1  

u53 H(23)···C(25) 214.8(8) 11.4(fixed) 0.2 11.4  

u54 C(25)···H(28) 215.7(5) 11.9(fixed) 0.7 11.9  

u55 C(2)···H(11) 217.5(6) 10.9(fixed) -0.2 10.9  

u56 H(11)···H(17) 219.1(51) 31.9(fixed) 8.1 31.9  

u57 C(37)···H(40) 220.2(3) 11.7(fixed) -0.3 11.7  

u58 H(40)···C(43) 221.3(6) 11.2(fixed) -0.2 11.2  

u59 O(4)···O(9) 222.7(3) 5.3(6) 0.3 5.5 5.5(6) 
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u60 O(41)···O(42) 231.8(4) 5.9(6) -0.5 5.9 5.9(6) 

u61 O(20)···O(21) 233.4(2) 4.1(4) -0.5 4.1 4.1(4) 

u62 C(3)···O(4) 234.8(5) 7.3(7) 0.5 7.3 7.3(7) 

u63 O(4)···O(5) 238.9(14) 6.7(7) -0.4 6.7 6.7(7) 

u64 C(22)···O(30) 239.4(4) 6.4(6) -0.1 6.4 6.4(6) 

u65 C(8)···O(10) 239.1(10) 6.4(6) -0.2 6.3 6.3(6) 

u66 C(2)···C(6) 239.5(2) 6.8(7) -1.1 6.8 6.8(7) 

u67 C(1)···O(4) 242.8(6) 7.5(8) 0.0 7.5 7.5(8) 

u68 O(5)···C(8) 243.5(7) 6.5(6) -1.0 6.5 6.5(6) 

u69 O(41)···C(44) 243.9(5) 6.6(8) -0.7 6.6 6.6(7) 

u70 C(32)···O(36) 248.2(2) 4.6(5) -0.7 4.6 4.6(5) 

u71 C(1)···C(3) 252.7(10) 7.5(9) 0.2 7.7 7.7(8) 

u72 H(29)···O(30) 259.1(14) 18.0(fixed) 6.4 18.0  

u73 C(38)···O(42) 255.0(3) 6.3(6) 0.0 6.3 6.3(6) 

u74 C(6)···C(7) 254.5(10) 7.4(9) -1.5 7.6 7.6(8) 

u75 H(12)···H(15) 261.1(12) 26.5(fixed) 4.8 26.5  

u76 O(5)···H(16) 260.5(34) 18.3(fixed) 0.7 18.3  

u77 C(22)···C(26) 256.9(6) 7.7(9) 0.0 7.7 7.7(8) 

u78 O(4)···H(15) 257.6(10) 19.4(fixed) 0.9 19.4  

u79 O(9)···H(18) 259.0(12) 14.8(fixed) 2.0 14.8  

u80 H(27)···H(31) 290.0(29) 41.5(fixed) 29.9 41.5  

u81 C(38)···C(44) 266.5(7) 6.8(8) 0.0 6.8 6.8(7) 

u82 O(5)···H(13) 274.6(29) 19.0(fixed) 0.6 19.0  

u83 C(8)···H(11) 266.6(38) 21.8(fixed) 2.9 21.8  

u84 C(2)···C(8) 273.4(12) 8.1(8) -0.7 7.6 7.6(8) 

u85 O(41)···H(45) 270.8(7) 16.1(fixed) -1.3 16.1  

u86 O(5)···H(11) 273.7(35) 18.6(fixed) 0.0 18.6  

u87 C(3)···H(12) 278.9(10) 18.7(fixed) 0.7 18.7  

u88 C(22)···H(28) 280.4(32) 27.0(fixed) 5.9 27.0  

u89 C(1)···H(15) 276.4(10) 18.0(fixed) 0.7 18.0  

u90 O(5)···C(6) 280.7(6) 9.4(8) -1.7 8.3 8.3(8) 

u91 C(7)···H(11) 285.0(45) 27.3(fixed) 0.2 27.3  
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u92 O(9)···H(17) 285.6(18) 17.3(fixed) -1.1 17.3  

u93 H(24)···C(26) 288.6(38) 29.8(fixed) 3.0 29.8  

u94 H(39)···O(41) 286.9(4) 13.9(fixed) -1.5 13.9  

u95 H(28)···H(31) 281.5(119) 73.4(fixed) 3.1 73.4  

u96 O(5)···H(17) 297.0(15) 19.9(fixed) -1.4 19.9  

u97 C(1)···H(17) 298.2(41) 29.1(fixed) 1.0 29.1  

u98 C(38)···H(46) 301.1(12) 16.0(fixed) 0.4 16.0  

u99 H(40)···O(42) 302.4(4) 14.3(fixed) -0.2 14.3  

u100 H(24)···O(30) 298.3(30) 28.6(fixed) -3.8 28.6  

u101 C(1)···C(7) 306.8(28) 13.7(18) -2.0 16.2 16.2(20) 

u102 C(2)···H(17) 309.1(27) 24.2(fixed) -0.5 24.2  

u103 O(30)···H(31) 308.8(21) 23.0(fixed) -5.2 23.0  

u104 H(34)···O(36) 312.4(6) 12.8(fixed) -3.4 12.8  

u105 H(39)···C(44) 316.9(9) 14.8(fixed) -0.1 14.8  

u106 C(1)···C(8) 316.0(26) 13.9(11) -1.0 14.1 14.1(10) 

u107 O(42)···C(43) 317.3(4) 5.4(5) -1.0 5.4 5.4(5) 

u108 O(5)···H(18) 324.8(8) 12.9(fixed) -3.0 12.9  

u109 C(37)···C(44) 330.5(4) 5.8(6) -1.6 5.8 5.9(6) 

u110 H(40)···H(46) 332.2(14) 23.2(fixed) 1.1 23.2  

u111 H(24)···H(27) 314.4(105) 68.2(fixed) -9.0 68.2  

u112 O(41)···H(46) 338.8(6) 9.8(fixed) -1.7 9.8  

u113 C(6)···H(12) 343.9(19) 28.0(fixed) -2.4 28.0  

u114 C(1)···H(16) 344.2(10) 10.6(fixed) -1.7 10.6  

u115 C(3)···H(11) 346.3(10) 10.6(fixed) -1.8 10.6  

u116 C(22)···H(29) 342.6(9) 12.6(fixed) -6.4 12.6  

u117 C(2)···O(10) 351.7(9) 8.8(8) -2.1 7.6 7.6(8) 

u118 C(38)···H(45) 356.5(6) 10.3(fixed) -1.5 10.3  

u119 C(3)···C(6) 360.5(6) 9.0(8) -1.4 8.1 8.1(8) 

u120 C(6)···O(10) 361.6(12) 11.9(10) -2.5 10.2 10.2(10) 

u121 H(13)···H(17) 368.0(42) 35.3(fixed) -1.2 35.3  

u122 H(11)···H(18) 368.9(41) 23.7(fixed) 1.0 23.7  

u123 C(2)···H(18) 372.2(9) 11.4(fixed) -2.9 11.4  
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u124 C(6)···H(16) 375.0(13) 19.9(fixed) -0.6 19.9  

u125 H(12)···H(16) 376.3(10) 18.9(fixed) -2.1 18.9  

u126 H(11)···H(14) 374.0(10) 18.7(fixed) -2.2 18.7  

u127 H(23)···H(28) 369.9(15) 23.1(fixed) -9.2 23.1  

u128 H(24)···H(29) 372.9(14) 26.2(fixed) -6.1 26.2  

u129 O(9)···H(11) 375.7(18) 37.2(fixed) -1.9 37.2  

u130 C(37)···H(45) 387.4(6) 13.9(fixed) -3.1 13.9  

u131 C(8)···H(12) 389.7(31) 22.9(fixed) -3.0 22.9  

u132 C(6)···H(15) 391.0(11) 19.2(fixed) -1.4 19.2  

u133 O(4)···O(10) 397.1(9) 10.0(8) -3.1 10.4 10.4(10) 

u134 C(37)···H(46) 401.7(8) 12.3(fixed) -2.0 12.3  

u135 C(1)···O(9) 403.1(14) 21.9(20) -3.7 23.7 23.7(20) 

u136 H(40)···H(45) 410.8(8) 16.7(fixed) -1.9 16.7  

u137 C(3)···C(8) 415.2(13) 8.0(8) -1.3 7.8 7.8(8) 

u138 O(10)···H(13) 427.2(37) 38.1(fixed) -3.7 38.1  

u139 C(1)···H(18) 423.0(26) 16.0(fixed) -3.2 16.0  

u140 H(23)···H(29) 422.6(16) 15.1(fixed) -6.3 15.1  

u141 H(11)···H(16) 426.6(11) 14.2(fixed) -3.1 14.2  

u142 C(8)···H(16) 435.2(22) 16.9(fixed) -0.9 16.9  

u143 O(42)···C(44) 446.1(4) 6.2(6) -3.2 6.2 6.2(6) 

u144 C(3)···O(9) 453.6(6) 11.8(9) -2.5 10.2 10.2(10) 

u145 O(10)···H(16) 463.2(42) 26.0(fixed) -1.5 26.0  

u146 C(3)···H(17) 459.6(26) 23.9(fixed) -1.6 23.9  

u147 O(9)···O(10) 458.1(17) 18.1(20) -3.8 15.2 15.2(20) 

u148 O(10)···H(14) 473.3(28) 23.1(fixed) -1.9 23.1  

u149 C(8)···H(15) 472.1(12) 15.1(fixed) -2.4 15.1  

u150 H(13)···H(18) 495.9(25) 25.1(fixed) -5.3 25.1  

u151 O(42)···H(45) 495.1(7) 15.3(fixed) -5.1 15.3  

u152 H(16)···H(17) 500.2(26) 24.9(fixed) -2.7 24.9  

u153 C(3)···H(18) 505.9(14) 13.5(fixed) -3.8 13.5  

u154 H(16)···H(18) 510.7(28) 23.2(fixed) -3.0 23.2  

u155 H(15)···H(17) 507.3(27) 28.0(fixed) -2.0 28.0  
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u156 O(42)···H(46) 518.9(8) 12.6(fixed) -3.8 12.6  

u157 H(14)···H(18) 566.0(16) 19.1(fixed) -5.2 19.1  

 a Distances in pm. Values in parentheses are the standard deviations in terms of the 

last digits. Atom numbering follows 1 – 18 for Meldrum’s acid, 19 – 21 for CO2, 22 

– 31 for acetone, 32 – 36 for ketene and 43 – 46 for diketene.  
b Unrefined amplitudes of vibration were fixed at the values obtained using the 

MP2/6-311++G** force field. 
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Table A2.23 Calculated coordinates at the MP2/6-311++G** level for Meldrum’s 

acid, CO2, acetone, ketene and diketene. a  

Atom  x y z 

Meldrum’s acid 

C(1) 112.9 171.8 0.0 

C(2) -25.8 109.5 0.0 

C(3) -136.5 212.3 0.0 

O(4) -46.3 31.2 118.5 

O(5) 46.3 31.2 -118.5 

C(6) 13.9 -90.6 128.0 

C(7) 13.9 -90.6 -128.0 

C(8) 74.8 -144.2 0.0 

O(9) 13.9 -150.6 232.3 

O(10) 13.9 -150.6 -232.3 

H(11) 191.9 96.3 0.0 

H(12) 124.3 233.9 89.2 

H(13) 124.3 233.9 -89.2 

H(14) -128.4 274.7 -89.3 

H(15) -128.4 274.7 89.3 

H(16) -232.9 161.3 0.0 

H(17) 182.0 -121.5 0.0 

H(18) 65.7 -252.9 0.0 

CO2 

C(19) 0.0 0.0 0.0 

O(20) 0.0 0.0 117.0 

O(21) 0.0 0.0 -117.0 

Acetone 

C(22) 0.0 128.6 -61.7 

H(23) -15.0 214.0 4.4 

H(24) 96.0 138.8 -113.4 

C(25) 0.0 0.0 18.5 

C(26) 0.0 -128.6 -61.7 
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H(27) -96.0 -138.8 -113.4 

H(28) 78.1 -125.8 -138.3 

H(29) 15.0 -214.0 4.4 

O(30) 0.0 0.0 140.5 

H(31) -78.1 125.8 -138.3 

Ketene 

C(32) 0.0 0.0 -121.8 

H(33) 0.0 94.3 -174.4 

H(34) 0.0 -94.3 -174.4 

C(35) 0.0 0.0 10.4 

H(36) 0.0 0.0 127.2 

Diketene 

C(37) -105.0 -0.5 0.0 

C(38) -5.4 115.5 0.0 

H(39) -9.2 177.3 89.9 

H(40) -9.2 177.3 -89.9 

O(41) -3.9 -97.4 0.0 

O(42) -222.6 -18.5 0.0 

C(43) 95.1 3.2 0.0 

C(44) 226.8 -15.3 0.0 

H(45) 268.7 -115.1 0.0 

H(46) 292.6 70.6 0.0 
a Coordinates are in pm.  
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Figure A2.4 Experimental and final weighted difference (experimental – theoretical) 

MIC for Meldrum’s acid, CO2, acetone, ketene and diketene from the GED study of 

the pyrolysis of Meldrum’s acid.  
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APPENDIX 3 
 

Tris(chloromethyl)amine, N(CH2Cl)3: A combined GED, 

Raman spectroscopy and computational investigation 
!
!
!
!
! !
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Table A3.1 Nozzle-to-plate distances (mm), weighting functions (nm-1), correlation 

parameters, scale factors and electron wavelengths (pm) used in the electron-

diffraction study of tris(chloromethyl)amine. 

Nozzle-plate distancea 256.89 94.29 

∆s 2 4 

smin 30 92 

sw1 50 112 

sw2 94 248 

smax 110 288 

Correlation parameter 0.458 0.403 

Scale factorb 3.040(129) 3.409(271) 

Electron wavelength 6.02 6.02 
a Determined by reference to the scattering pattern of benzene vapour. 
b Values in parentheses are the estimated standard deviations. 

!
!
!
!
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Table A3.3 Refined and calculated (M06-2X/aug-cc-pVDZ) amplitudes of vibration 

(u), associated ra distances and corresponding correction values (k) for the ra3,1 

refinement of tris(chloromethyl)amine.a,b 

 Atom pair ra uGED k ucalc. Restraint 

u1 N(1)–C(2) 141.3(5) 4.9(Tied to u3) 1.8 4.8  

u2 N(1)–C(5) 142.7(8) 5.1(Tied to u3) 1.5 4.9  

u3 N(1)–C(8) 141.0(5) 5.0(4) 1.4 4.8 4.8(5) 

u4 C(2)–H(3) 111.3(6) 8.4(Tied to u8) 2.6 7.5  

u5 C(2)–H(4) 111.5(6) 8.4(Tied to u8) 2.9 7.5  

u6 C(2)–Cl(11) 182.3(4) 6.0(Tied to u9) 3.0 6.2  

u7 C(5)–H(6) 114.3(6) 8.4(Tied to u8) 5.6 7.5  

u8 C(5)–H(7) 114.7(6) 8.4(7) 6.0 7.6 7.6(8) 

u9 C(5)–Cl(12) 183.1(8) 5.6(4) 6.0 5.8 5.8(6) 

u10 C(8)–H(9) 112.3(6) 8.4(Tied to u8) 3.6 7.6  

u11 C(8)–H(10) 112.1(6) 8.4(Tied to u8) 3.4 7.6  

u12 C(8)–Cl(13) 182.4(4) 5.9(Tied to u9) 3.0 6.1  

u13 N(1)···H(3) 207.0(13) 10.1(fixed) 3.3 10.1  

u14 N(1)···H(4) 208.1(13) 10.1(fixed) 4.0 10.1  

u15 N(1)···H(6) 212.8(14) 10.2(fixed) 4.5 10.2  

u16 N(1)···H(7) 211.2(14) 10.3(fixed) 5.8 10.3  

u17 N(1)···H(9) 206.5(13) 10.1(fixed) 2.8 10.1  

u18 N(1)···H(10) 207.7(13) 10.2(fixed) 3.6 10.2  

u19 N(1)···Cl(11) 274.0(6) 8.5(Tied to u20) 3.6 7.4  

u20 N(1)···Cl(12) 269.1(10) 8.2(4) 4.1 7.2 7.2(7) 

u21 N(1)···Cl(13) 273.1(6) 8.4(Tied to u20) 2.7 7.3  

u22 C(2)···C(5) 242.0(22) 7.7(Tied to u25) 1.8 7.0  

u23 C(2)···H(6) 255.9(38) 14.8(fixed) 5.5 14.8  

u24 C(2)···H(7) 303.8(37) 20.1(fixed) 2.4 20.1  

u25 C(2)···C(8) 242.6(19) 7.3(5) 1.1 6.6 6.6(7) 

u26 C(2)···H(9) 252.4(40) 15.4(fixed) 0.3 15.4  

u27 C(2)···H(10) 330.9(22) 10.3(fixed) 3.5 10.3  

u28 C(2)···Cl(12) 385.9(22) 18.3(16) 2.7 15.5 15.5(20) 

u29 C(2)···Cl(13) 350.8(32) 16.9(Tied to u28) 0.7 14.3  



! 236!

u30 H(3)···H(4) 182.4(33) 12.2(fixed) 3.4 12.2  

u31 H(3)···C(5) 267.5(49) 15.2(fixed) 2.9 15.2  

u32 H(3)···H(6) 241.4(85) 23.7(fixed) 5.0 23.7  

u33 H(3)···H(7) 350.0(64) 22.6(fixed) 2.9 22.6  

u34 H(3)···C(8) 331.6(22) 10.2(fixed) 3.0 10.2  

u35 H(3)···H(9) 346.9(47) 16.9(fixed) 1.9 16.9  

u36 H(3)···H(10) 402.3(31) 14.6(fixed) 5.6 14.6  

u37 H(3)···Cl(11) 236.2(22) 11.2(fixed) 4.0 11.2  

u38 H(3)···Cl(12) 390.5(50) 32.7(fixed) 2.6 32.7  

u39 H(3)···Cl(13) 450.7(21) 14.2(fixed) 2.1 14.2  

u40 H(4)···C(5) 335.7(18) 10.1(fixed) 3.6 10.1  

u41 H(4)···H(6) 362.7(39) 16.2(fixed) 6.8 16.2  

u42 H(4)···H(7) 393.1(33) 19.5(fixed) 4.1 19.5  

u43 H(4)···C(8) 257.1(43) 14.8(fixed) 2.1 14.8  

u44 H(4)···H(9) 218.3(71) 21.8(fixed) 0.8 21.8  

u45 H(4)···H(10) 346.4(46) 17.1(fixed) 3.9 17.1  

u46 H(4)···Cl(11) 237.3(15) 11.3(fixed) 3.7 11.3  

u47 H(4)···Cl(12) 461.0(24) 20.9(fixed) 3.3 20.9  

u48 H(4)···Cl(13) 372.9(84) 26.9(fixed) 0.2 26.9  

u49 C(5)···C(8) 239.7(19) 7.4(Tied to u25) 2.6 6.8  

u50 C(5)···H(9) 333.6(16) 10.2(fixed) 3.8 10.2  

u51 C(5)···H(10) 268.9(48) 16.5(fixed) 4.5 16.5  

u52 C(5)···Cl(11) 321.9(27) 21.6(Tied to u28) 1.7 18.3  

u53 C(5)···Cl(13) 315.0(48) 19.4(Tied to u28) 2.0 16.4  

u54 H(6)···H(7) 185.7(33) 12.3(fixed) 8.9 12.3  

u55 H(6)···C(8) 335.7(18) 10.4(fixed) 5.1 10.4  

u56 H(6)···H(9) 416.3(25) 13.7(fixed) 5.8 13.7  

u57 H(6)···H(10) 374.3(46) 16.9(fixed) 6.4 16.9  

u58 H(6)···Cl(11) 311.0(55) 27.0(fixed) 5.0 27.0  

u59 H(6)···Cl(12) 243.5(23) 11.2(fixed) 9.8 11.2  

u60 H(6)···Cl(13) 406.5(63) 19.9(fixed) 4.2 19.9  

u61 H(7)···C(8) 260.2(45) 17.7(fixed) 5.7 17.7  

u62 H(7)···H(9) 361.4(47) 17.6(fixed) 6.3 17.6  
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u63 H(7)···H(10) 289.7(78) 34.0(fixed) 4.4 34.0  

u64 H(7)···Cl(11) 328.8(63) 43.1(fixed) -3.2 43.1  

u65 H(7)···Cl(12) 241.9(16) 11.1(fixed) 9.9 11.1  

u66 H(7)···Cl(13) 265.3(84) 26.8(fixed) 4.4 26.8  

u67 C(8)···Cl(11) 348.2(35) 15.1(Tied to u28) 1.7 12.8  

u68 C(8)···Cl(12) 321.3(44) 23.3(Tied to u28) 2.6 19.8  

u69 H(9)···H(10) 184.4(33) 12.3(fixed) 5.3 12.3  

u70 H(9)···Cl(11) 359.9(86) 26.5(fixed) -0.7 26.5  

u71 H(9)···Cl(12) 417.8(55) 18.8(fixed) 4.1 18.8  

u72 H(9)···Cl(13) 237.3(22) 11.2(fixed) 5.1 11.2  

u73 H(10)···Cl(11) 451.2(24) 13.6(fixed) 3.8 13.6  

u74 H(10)···Cl(12) 282.8(83) 30.7(fixed) 3.4 30.7  

u75 H(10)···Cl(13) 238.8(15) 11.1(fixed) 5.1 11.1  

u76 Cl(11)···Cl(12) 496.2(23) 19.0(14) 2.2 16.1 16.1(20) 

u77 Cl(11)···Cl(13) 369.4(51) 26.4(Tied to u76) 0.0 22.4  

u78 Cl(12)···Cl(13) 411.4(67) 46.4(Tied to u76) -1.6 39.3  

u79 N(14)–C(15) 141.9(5) 4.9(Tied to u3) 2.4 4.7  

u80 N(14)–C(18) 142.9(8) 5.0(Tied to u3) 1.7 4.8  

u81 N(14)–C(21) 141.9(5) 4.9(Tied to u3) 2.4 4.7  

u82 C(15)–H(16) 112.3(6) 8.4(Tied to u8) 3.6 7.6  

u83 C(15)–H(17) 111.8(6) 8.4(Tied to u8) 3.1 7.6  

u84 C(15)–Cl(24) 182.9(4) 5.8(Tied to u9) 3.5 6.0  

u85 C(18)–H(19) 120.6(6) 8.4(Tied to u8) 11.9 7.6  

u86 C(18)–H(20) 120.5(6) 8.4(Tied to u8) 11.8 7.6  

u87 C(18)–Cl(25) 192.1(8) 5.6(Tied to u9) 14.9 5.7  

u88 C(21)–H(22) 112.6(6) 8.4(Tied to u8) 3.9 7.5  

u89 C(21)–H(23) 112.8(6) 8.4(Tied to u8) 4.2 7.6  

u90 C(21)–Cl(26) 182.5(4) 5.7(Tied to u9) 3.2 5.9  

u91 N(14)···H(16) 207.9(13) 10.2(fixed) 4.2 10.2  

u92 N(14)···H(17) 208.4(13) 10.1(fixed) 4.3 10.1  

u93 N(14)···H(19) 217.0(14) 10.3(fixed) 8.7 10.3  

u94 N(14)···H(20) 214.2(14) 10.4(fixed) 8.9 10.4  

u95 N(14)···H(22) 208.0(13) 10.2(fixed) 4.3 10.2  
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u96 N(14)···H(23) 209.1(13) 10.2(fixed) 5.0 10.2  

u97 N(14)···Cl(24) 275.7(6) 8.4(Tied to u20) 5.3 7.3  

u98 N(14)···Cl(25) 273.5(10) 8.5(Tied to u20) 8.5 7.4  

u99 N(14)···Cl(26) 274.9(6) 8.4(Tied to u20) 4.5 7.3  

u100 C(15)···C(18) 241.9(22) 7.8(Tied to u25) 1.7 7.1  

u101 C(15)···H(19) 260.3(43) 17.8(fixed) 9.0 17.8  

u102 C(15)···H(20) 329.6(29) 16.2(fixed) 6.3 16.2  

u103 C(15)···C(21) 244.4(19) 7.2(Tied to u25) 3.0 6.6  

u104 C(15)···H(22) 263.2(46) 15.3(fixed) 3.4 15.3  

u105 C(15)···H(23) 337.1(19) 10.4(fixed) 5.9 10.4  

u106 C(15)···Cl(25) 350.3(56) 40.9(Tied to u28) -1.9 34.7  

u107 C(15)···Cl(26) 337.4(46) 16.9(Tied to u28) 2.7 14.3  

u108 H(16)···H(17) 184.2(33) 12.3(fixed) 5.1 12.3  

u109 H(16)···C(18) 258.2(50) 16.8(fixed) 2.1 16.8  

u110 H(16)···H(19) 250.1(105) 33.1(fixed) 6.8 33.1  

u111 H(16)···H(20) 363.6(53) 18.9(fixed) 5.3 18.9  

u112 H(16)···C(21) 336.6(18) 10.4(fixed) 5.4 10.4  

u113 H(16)···H(22) 361.4(48) 17.2(fixed) 5.8 17.2  

u114 H(16)···H(23) 413.8(29) 14.9(fixed) 8.5 14.9  

u115 H(16)···Cl(24) 236.8(22) 11.2(fixed) 4.5 11.2  

u116 H(16)···Cl(25) 314.7(99) 62.7(fixed) -12.3 62.7  

u117 H(16)···Cl(26) 437.5(42) 14.2(fixed) 4.6 14.2  

u118 H(17)···C(18) 334.6(20) 10.2(fixed) 3.8 10.2  

u119 H(17)···H(19) 366.7(43) 18.5(fixed) 9.2 18.5  

u120 H(17)···H(20) 414.4(28) 16.3(fixed) 7.9 16.3  

u121 H(17)···C(21) 266.0(49) 15.2(fixed) 3.9 15.2  

u122 H(17)···H(22) 237.2(81) 22.0(fixed) 4.2 22.0  

u123 H(17)···H(23) 362.2(49) 17.4(fixed) 6.5 17.4  

u124 H(17)···Cl(24) 237.6(15) 11.2(fixed) 3.9 11.2  

u125 H(17)···Cl(25) 425.0(62) 31.8(fixed) 0.3 31.8  

u126 H(17)···Cl(26) 366.1(100) 27.8(fixed) 1.3 27.8  

u127 C(18)···C(21) 240.7(19) 7.8(Tied to u25) 3.7 7.2  

u128 C(18)···H(22) 334.2(18) 10.2(fixed) 5.4 10.2  
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u129 C(18)···H(23) 259.5(42) 16.8(fixed) 5.9 16.8  

u130 C(18)···Cl(24) 336.5(58) 19.9(Tied to u28) 3.0 16.9  

u131 C(18)···Cl(26) 333.6(50) 20.5(Tied to u28) 4.5 17.4  

u132 H(19)···H(20) 196.9(33) 12.3(fixed) 20.1 12.3  

u133 H(19)···C(21) 322.8(37) 15.5(fixed) 5.5 15.5  

u134 H(19)···H(22) 411.8(32) 15.8(fixed) 7.2 15.8  

u135 H(19)···H(23) 359.4(55) 18.7(fixed) 7.1 18.7  

u136 H(19)···Cl(24) 304.9(104) 34.7(fixed) 6.1 34.7  

u137 H(19)···Cl(25) 258.0(23) 11.2(fixed) 24.2 11.2  

u138 H(19)···Cl(26) 373.4(89) 39.1(fixed) 0.1 39.1  

u139 H(20)···C(21) 249.7(36) 17.9(fixed) 10.5 17.9  

u140 H(20)···H(22) 356.5(38) 18.7(fixed) 10.9 18.7  

u141 H(20)···H(23) 231.7(90) 34.2(fixed) 6.6 34.2  

u142 H(20)···Cl(24) 394.9(77) 40.9(fixed) 4.7 40.9  

u143 H(20)···Cl(25) 256.5(16) 11.2(fixed) 24.4 11.2  

u144 H(20)···Cl(26) 306.5(93) 35.6(fixed) 12.1 35.6  

u145 C(21)···Cl(24) 337.5(52) 16.3(Tied to u28) 4.0 13.8  

u146 C(21)···Cl(25) 363.8(54) 41.3(Tied to u28) 5.6 35.1  

u147 H(22)···H(23) 185.2(33) 12.3(fixed) 6.1 12.3  

u148 H(22)···Cl(24) 361.1(106) 27.4(fixed) 2.3 27.4  

u149 H(22)···Cl(25) 437.9(58) 31.4(fixed) 6.4 31.4  

u150 H(22)···Cl(26) 236.6(22) 11.2(fixed) 4.3 11.2  

u151 H(23)···Cl(24) 439.9(42) 14.0(fixed) 6.5 14.0  

u152 H(23)···Cl(25) 340.0(100) 62.7(fixed) 1.5 62.7  

u153 H(23)···Cl(26) 239.2(15) 11.2(fixed) 5.5 11.2  

u154 Cl(24)···Cl(25) 479.7(85) 46.6(Tied to u76) -3.3 39.4  

u155 Cl(24)···Cl(26) 332.1(97) 28.1(Tied to u76) 3.1 23.8  

u156 Cl(25)···Cl(26) 491.4(69) 49.8(Tied to u76) 3.9 42.2  
a Distances in pm. Values in parentheses are the standard deviations in terms of the 

last digits. See Figure 5.3 in the main text for atom numbering. 
b Unrefined amplitudes of vibration were fixed at the values obtained using the M06-

2X/aug-cc-pVDZ force field. 
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Table A3.4 Least squares correlation matrix (× 100) for the GED refinement of 

tris(chloromethyl)amine.a 

 p2 p4 p15 p16 k2 

p1 -62     

p3  -50    

p13   -61 57  

k1     -62 
a Only elements with absolute values ≥ 50% are shown; k1 and k2 are scale factors. 
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Table A3.5 Experimental GED coordinates from the refinement of 

tris(chloromethyl)amine. a,b 

Atom x y z 

N(1) 0.0 0.0 0.0 

C(2) -64.6 0.0 123.7 

H(3)  -30.6 84.6 182.7 

H(4)  -172.3 3.4 109.4 

C(5)  141.2 0.0 0.0 

H(6)  182.4 29.5 96.1 

H(7)  178.1 -99.1 -25.1 

C(8)  -59.4 -63.2 -109.3 

H(9)  -167.5 -62.0 -98.0 

H(10)  -29.4 -141.0 -201.5 

Cl(11) -33.5 -143.4 226.8 

Cl(12) 208.1 109.6 -122.1 

Cl(13) -17.4 -236.3 -130.3 

N(14) 0.0 0.0 0.0 

C(15) -64.6 0.0 123.7 

H(16) -14.8 69.3 191.0 

H(17) -169.2 26.6 111.0 

C(18) 141.2 0.0 0.0 

H(19) 182.5 -35.2 94.2 

H(20) 178.1 -63.2 -80.4 

C(21) -59.4 -63.2 -109.3 

H(22) -165.2 -38.6 -112.7 

H(23) -9.6 -33.4 -201.1 

Cl(24) -64.3 -156.8 210.7 

Cl(25) 208.1 161.3 -29.9 

Cl(26) -54 -242.5 -106.8 
a Coordinates are given in pm. 
b Atom numbering follows 1 – 13 for conformer A and 14 – 26 for conformer B. 

Refer to Figure 5.3 in the main text. 
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Table A3.6 Calculated coordinates for tris(chloromethyl)amine at the M06-2X/aug-

cc-pVDZ. a,b 

Atom x y z 

N(1) -15.8 -31.6 60.8 

C(2) -95.7 -112.5 91.1 

H(3)  -66.3 -217.5 97.8 

H(4)  -143.4 -78.7 183.2 

C(5)  96.4 -70.3 -50.8 

H(6)  70.7 -171.7 -81.9 

H(7)  87.0 -0.7 -134.8 

C(8)  13.9 106.1 93.0 

H(9)  -40.0 122.9 186.3 

H(10)  116.0 144.4 98.6 

Cl(11) -228.7 -110.6 -36.8 

Cl(12) 272.5 -71.3 -7.1 

Cl(13) -69.0 212.3 -32.2 

N(14) 24.6 -1.0 47.9 

C(15) -36.2 -122.6 85.6 

H(16) 37.5 -203.2 87.4 

H(17) 86.2 -112.6 182.1 

C(18) 114.1 -2.3 -62.4 

H(19) 101.3 -92.7 -122.5 

H(20) 101.7 86.7 -124.5 

C(21) -32.2 122.4 85.7 

H(22) -82.0 114.1 182.5 

H(23) 44.1 200.6 87.1 

Cl(24) -166.1 -180.6 -31.3 

Cl(25) 288.6 -2.1 -8.4 

Cl(26) -160.8 184.2 -30.7 
a Coordinates are given in pm. 
b Atom numbering follows 1 – 13 for conformer A and 14 – 26 for conformer B. 

Refer to Figure 5.3 in the main text. 
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Table A3.7 Calculated and experimental Raman frequencies for 

tris(chloromethyl)amine.a 

Mode 

Calculated frequencies (cm-1) from  

M06-2X/aug-cc-pVDZ calculations 

Experimental 

frequencies 

(cm-1) A B C 

1 40.4 9.9 41.2 43 

2 77.7 77.6 77.9 60 

3 93.4 84.1 93.5 98 

4 144.2 92.2 144.2 130 

5 257.4 246.2 257.6 271 

6 258.9 261.8 259.6 271 

7 414.7 410.9 414.3 453 

8 436.9 447.8 437.7 474 

9 534.3 519.9 534.1 540 

10 620.7 632.5 621.9 595 

11 670.1 671.2 671.1 666 

12 748.0 726.2 748.1 - 

13 910.1 916.6 909.8 905 

14 926.7 920.0 926.7 - 

15 969.3 968.4 968.9 968 

16 975.7 970.6 976.0 968 

17 1163.9 1166.8 1163.6 1152 

18 1179.9 1171.4 1180.5 1165 

19 1214.4 1202.1 1214.6 - 

20 1289.3 1282.5 1289.4 1280 

21 1298.5 1290.4 1298.9 1282 

22 1328.2 1317.6 1328.4 1299 

23 1396.9 1406.4 1396.9 1390 

24 1420.8 1433.8 1421.0 1390 

25 1455.4 1460.4 1455.3 1445 

26 1465.6 1462.7 1465.6 1445 

27 1494.6 1498.8 1494.4 1480 

28 3125.9 3135.7 3125.8 - 
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29 3135.3 3136.7 3135.5 - 

30 3144.0 3142.6 3143.8 - 

31 3211.1 3212.4 3210.9 - 

32 3213.6 3216.1 3213.3 - 

33 3222.7 3217.3 3222.5 - 
a Raw experimental and calculated data available upon request.  
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Figure A3.1 1H-NMR (500 MHz, CDCl3) spectrum of tris(chloromethyl)amine. 

 

 

 

 

 

Figure A3.2 13C-NMR (125.6 MHz, CDCl3) spectrum of tris(chloromethyl)amine. 

 

 

  



! 246!

Figure A3.3 Experimental and final weighted difference (experimental – theoretical) 

MICs for tris(chloromethyl)amine. 
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APPENDIX 4 
 

Theoretical and experimental investigation of the gas-phase 

molecular structures of X3SiSiXMe2 (X = F, Cl, Br, I) and 

X3SiSiMe3 (X = H, F, Cl, Br) 
!
!
!
!
! !
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Table A4.1 Nozzle-to-plate distances (mm), weighting functions (nm-1), correlation 

parameters, scale factors and electron wavelengths (pm) used in the electron-

diffraction study of 1,1,1,2-tetrabromo-2,2-dimethyldisilane. 

Nozzle-plate distancea 249.59 94.26 

∆s 1 2 

smin 20 80 

sw1 40 100 

sw2 120 258 

smax 140 300 

Correlation parameter 0.480 0.207 

Scale factorb 0.910(6) 0.876(14) 

Electron wavelength 6.18 6.18 
a Determined by reference to the scattering pattern of benzene vapour. 
b Values in parentheses are the estimated standard deviations. 

!
! !
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Table A4.3 Refined and calculated (HF/6-31G*) amplitudes of vibration (u), 

associated ra distances and corresponding correction values (k) for the rh1 refinement 

of 1,1,1,2-tetrabromo-2,2-dimethyldisilane.a,b 

 Atom pair ra uGED k ucalc. Restraint 

u1 C(3)–H(6) 109.6 6.8(8) 0.2 7.5  

u2 C(3)–H(5) 109.6 6.8(Tied to u1) 0.2 7.5  

u3 C(3)–H(4) 109.6 6.8(Tied to u1) 0.2 7.5  

u4 H(5)···H(6) 175.4 12.0(fixed) 0.9 12.0  

u5 H(4)···H(5) 175.4 12.1(fixed) 0.9 12.1  

u6 H(4)···H(6) 175.5 12.1(fixed) 1.0 12.1  

u7 Si(1)–C(3) 185.3 4.3(3) 0.0 5.2 5.2(5) 

u8 Si(2)–Br(12) 220.2 5.5(1) 0.0 5.0  

u9 Si(2)–Br(11) 220.2 5.4(Tied to u8) 0.0 4.9  

u10 Si(1)–Br(14) 220.2 5.5(Tied to u8) -0.0 5.0  

u11 Si(1)–Si(2) 235.5 6.3(4) 0.0 5.6 5.6(6) 

u12 Si(1)···H(4) 249.9 11.9(fixed) 0.9 11.9  

u13 Si(1)···H(5) 249.7 11.7(fixed) 0.7 11.7  

u14 Si(1)···H(6) 249.8 11.7(fixed) 0.9 11.7  

u15 C(3)···C(7) 303.9 10.5(fixed) 0.6 10.5  

u16 H(4)···H(10) 306.2 33.7(fixed) -0.6 33.7  

u17 H(5)···H(9) 316.4 33.2(fixed) -0.8 33.2  

u18 C(3)···H(10) 325.8 23.2(fixed) 1.3 23.2  

u19 C(3)···H(9) 330.4 22.7(fixed) 1.1 22.7  

u20 C(3)···Br(14) 335.3 12.6(17) 0.6 10.4  

u21 Si(2)···C(3) 344.6 10.9(fixed) 0.4 10.9  

u22 H(6)···Br(14) 354.4 24.4(fixed) 1.3 24.4  

u23 H(5)···Br(14) 355.2 23.4(fixed) 1.1 23.4  

u24 Si(2)···H(6) 358.2 24.4(fixed) 1.0 24.4  

u25 Si(2)···H(4) 363.5 24.0(fixed) 1.0 24.0  

u26 Br(11)···Br(12) 355.6 11.4(2) 0.5 10.1  

u27 Br(12)···Br(13) 355.6 11.5(Tied to u26) 0.5 10.2  

u28 H(4)···Br(11) 369.8 33.3(fixed) 8.7 33.3  

u29 H(4)···H(9) 361.8 36.0(fixed) 4.5 36.0  
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u30 Si(1)···Br(11) 365.2 12.6(12) 0.6 10.5  

u31 Si(2)···Br(14) 364.7 12.6(Tied to u30) 0.7 10.5  

u32 H(6)···Br(12) 386.2 35.0(fixed) 9.3 35.0  

u33 Si(1)···Br(12) 382.2 14.2(Tied to u30) 0.6 11.8  

u34 C(3)···H(8) 403.8 11.9(fixed) 3.3 11.9  

u35 C(3)···Br(11) 412.1 24.2(28) 4.7 26.3  

u36 C(3)···Br(12) 431.1 25.9(Tied to u35) 5.4 28.1  

u37 H(4)···Br(14) 437.4 11.8(fixed) 3.5 11.8  

u38 H(4)···H(8) 430.6 23.0(fixed) 4.4 23.0  

u39 H(5)···H(8) 436.3 22.7(fixed) 4.3 22.7  

u40 Br(12)···Br(14) 442.8 37.3(21) 5.7 28.6 28.6(30) 

u41 Si(2)···H(5) 448.1 12.3(fixed) 3.3 12.3  

u42 H(6)···Br(11) 437.6 43.7(fixed) 4.4 43.7  

u43 H(4)···Br(12) 459.2 46.2(fixed) 5.4 46.2  

u44 H(6)···H(8) 494.5 14.6(fixed) 5.4 14.6  

u45 H(5)···Br(11) 515.6 26.7(fixed) 6.7 26.7  

u46 H(5)···Br(12) 533.5 28.0(fixed) 7.4 28.0  

u47 C(3)···Br(13) 533.4 22.3(fixed) -4.7 22.3  

u48 Br(11)···Br(14) 548.8 17.3(6) -5.3 21.0 21.0(20) 

u49 H(4)···Br(13) 558.1 42.6(fixed) -4.8 42.6  

u50 H(6)···Br(13) 556.7 44.4(fixed) -4.2 44.4  

u51 H(5)···Br(13) 626.3 24.6(fixed) 0.9 24.6  
a Distances in pm. Values in parentheses are the standard deviations in terms of the 

last digits. See Figure 6.1 in the main text for atom numbering. 
b Unrefined amplitudes of vibration were fixed at the values obtained using the HF/6-

31G* force field. 

!
!
!
!
!
!
!
!
!
!
!
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Table A4.4 Least squares correlation matrix (× 100) for the GED refinement of 

1,1,1,2-tetrabromo-2,2-dimethyldisilane.a 

 p9 u11 u26 u30 u35 u40 k2 

p1       51 

p5    77    

p7 -62     59  

p11    -65 -66   

u8  62     79 

u20   56     

u30     66   
a Only elements with absolute values ≥ 50% are shown; k2 is a scale factor. 

 

 

Table A4.5 Experimental GED coordinates from the refinement of 1,1,1,2-

tetrabromo-2,2-dimethyldisilane. a 

Atom x y z 

Si(1) 235.6 0.0 0.0 

Si(2) 0.0 0.0 0.0 

C(3)  296.7 -87.1 151.9 

H(4)  267.1 -192.8 155.2 

H(5)  406.2 -86.3 160.3 

H(6)  259.0 -42.3 244.8 

C(7)  296.7 -87.1 -151.9 

H(8)  259.0 -42.3 -244.8 

H(9)  406.2 -86.3 -160.3 

H(10)  267.1 -192.8 -155.2 

Br(11) -61.8 -211.5 0.0 

Br(12) -88.9 95.2 177.7 

Br(13) -88.9 95.2 -177.7 

Br(14) 296.6 211.7 0.0 
a Coordinates are given in pm. 
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Table A4.6 Calculated coordinates at the MP2/6-311+G* level for 1,1,1,2-

tetrafluoro-2,2-dimethyldisilane. a 

Atom x y z 

Si(1) -47.8 107.6 0.0 

Si(2) 42.8 -109.1 0.0 

C(3)  1.8 196.6 155.5 

H(4)  110.5 207.1 162.1 

H(5)  -41.5 297.1 157.9 

H(6)  -32.2 143.6 244.9 

C(7)  1.8 196.6 -155.5 

H(8)  -32.2 143.6 -244.9 

H(9)  -41.4 297.1 -157.9 

H(10)  110.5 207.1 -162.1 

F(11) 203.6 -101.5 0.0 

F(12) 1.8 -195.4 -128.9 

F(13) 1.8 -195.4 128.9 

F(14) -210.0 88.6 0.0 
a Coordinates are given in pm. 
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Table A4.7 Calculated coordinates at the MP2/6-311+G* level for 1,1,1,2-

tetrachloro-2,2-dimethyldisilane. a 

Atom x y z 

Si(1)  -139.5 45.8 -0.0 

Si(2) 88.2 -4.9 0.0 

C(3)  -182.3 138.8 155.6 

H(4)  -128.6 234.1 160.2 

H(5)  -289.5 160.7 158.8 

H(6)  -157.4 81.4 245.2 

C(7)  -182.3 138.8 -155.6 

H(8)  -157.4 81.4 -245.2 

H(9)  -289.5 160.7 -158.8 

H(10)  -128.6 234.1 -160.2 

Cl(11) 194.5 170.6 -0.0 

Cl(12) 141.9 -111.5 -165.8 

Cl(13) 141.9 -111.5 165.8 

Cl(14) -239.7 -135.4 0.0 
a Coordinates are given in pm. 
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Table A4.8 Calculated coordinates at the MP2/6-311+G* level for 1,1,1,2-

tetrabromo-2,2-dimethyldisilane. a 

Atom x y z 

Si(1) -135.6 113.6 0.0 

Si(2) 66.2 -4.3 0.0 

C(3)  -148.0 215.2 155.8 

H(4)  -68.0 289.8 159.9 

H(5)  -243.7 268.2 159.0 

H(6)  -141.3 153.0 245.3 

C(7)  -148.0 215.2 -155.8 

H(8)  -141.3 152.9 -245.3 

H(9)  -243.7 268.2 -159.0 

H(10)  -68.0 289.8 -159.9 

Br(11) 232.1 144.9 0.0 

Br(12) 85.4 -131.3 181.0 

Br(13) 85.4 -131.3 -181.0 

Br(14) -298.5 -40.4 0.0 
a Coordinates are given in pm. 
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Table A4.9 Calculated coordinates at the MP2/6-311+G* level for 1,1,1,2-tetraiodo-

2,2-dimethyldisilane. a,b 

Atom x y z 

Si(1) -115.5 0.0 156.9 

Si(2) 59.7 0.0 1.1 

C(3)  -109.2 -156.6 258.7 

H(4)  -16.8 -160.5 317.4 

H(5)  -194.1 -160.2 327.9 

H(6)  -113.5 -245.4 195.2 

C(7)  -109.2 156.6 258.7 

H(8)  -113.5 245.4 195.2 

H(9)  -194.1 160.2 327.9 

H(10)  -16.8 160.5 317.4 

I(11) 271.3 0.0 127.6 

I(12) 50.1 -200.5 -139.2 

I(13) 50.1 200.5 -139.2 

I(14) -319.8 0.0 18.9 
a The SDB-aug-cc-pVTZ basis set and ECP were used on the iodine atoms, with 6-

311+G* on C, Si and H. 
b Coordinates are given in pm. 
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Figure A4.1 Experimental and final weighted difference (experimental – theoretical) 

MICs for 1,1,1,2-tetrabromo-2,2-dimethyldisilane. 
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Table A4.11 Geometric structures of X3SiSiMe3 (X = H, F, Cl, Br; 1 – 4) at the HF 

level using the 3-21G* and 6-31G* basis sets, and at the MP2 level using the 6-31G* 

and 6-311G* basis sets.a 

Parameter HF/3-21G* HF/6-31G* MP2/6-31G* MP2/6-311G* 

H3SiSiMe3     

rSi–Si 234.9 236.3 234.9 234.9 

rSi–C 189.2 189.8 189.2 188.5 

rSi–H 148.2 148.2 149.1 148.8 

rC–Hav 108.8 108.7 109.4 109.4 

∠Si–Si–H 111.3 111.3 111.3 111.1 

∠Si–Si–C 109.3 109.6 109.6 109.6 

∠Si–C–Hav 111.2 111.3 111.2 111.3 

φH(15)–Si–Si–C(11) 180.0 180.0 180.0 180.0 

Energy (Hartrees) -694.9408 -698.4430 -699.0009 -699.0983 

F3SiSiMe3     

rSi–Si 230.4 233.9 232.4 233.3 

rSi–C 188.4 189.2 188.5 187.8 

rSi–F 158.1 158.4 161.0 160.6 

rC–Hav 108.8 108.7 109.4 109.4 

∠Si–Si–F 113.1 112.7 112.4 112.6 

∠Si–Si–C 108.2 108.4 108.4 108.3 

∠Si–C–Hav 111.2 111.3 111.1 111.2 

φF(15)–Si–Si–C(11) 180.0 180.0 180.0 180.0 

Energy (Hartrees) -990.2005 -995.2391 -996.3123 -996.5815 

Cl3SiSiMe3     

rSi–Si 233.8 236.1 233.6 233.4 

rSi–C 188.3 188.9 188.4 187.6 

rSi–Cl 205.2 206.4 206.1 205.5 

rC–Hav 108.8 108.7 109.4 109.4 

∠Si–Si–Cl 111.6 111.8 111.4 111.5 

∠Si–Si–C 107.3 107.7 107.7 107.6 

∠Si–C–Hav 111.2 111.2 111.0 111.1 
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φCl(15)–Si–Si–C(11) 180.0 180.0 180.0 180.0 

Energy (Hartrees) -2065.6038 -2075.3198 -2076.2620 -2076.4543 

Br3SiSiMe3     

rSi–Si 231.8 234.9 232.7 233.9 

rSi–C 188.3 188.9 188.3 187.6 

rSi–Br 219.8 222.0 222.5 223.3 

rC–Hav 108.8 108.6 109.4 109.4 

∠Si–Si–Br 110.4 111.2 110.9 110.8 

∠Si–Si–C 107.0 107.1 106.5 107.5 

∠Si–C–Hav 111.1 111.2 110.9 111.1 

φBr(15)–Si–Si–C(11) 180.0 180.0 180.0 180.0 

Energy (Hartrees) -8374.2192 -8406.5636 -8407.4586 -8415.0008 
a All distances in pm and all angles in degrees. See Figure 6.4 in the main text for atom 

numbering.  
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Table A4.12 Refined and calculated (HF/6-31G*) amplitudes of vibration (u), 

associated ra distances and corresponding correction values (k) for the rh1 refinement 

of 1,1,1-trimethyldisilane.a,b 

 Atom pair ra uGED k ucalc. Restraint 

u1 C(3)–H(4) 108.4(2) 6.0(2) 0.4 7.5 7.5(7) 

u2 C(3)–H(5) 108.3(2) 6.0(Tied to u1) 0.4 7.5  

u3 Si(1)–H(17) 150.4(4) 6.4(4) 0.3 8.6 8.6(8) 

u4 H(4)···H(5) 174.4(5) 12.1(fixed) -0.2 12.1  

u5 H(4)···H(6) 174.4(5) 12.0(fixed) -0.2 12.0  

u6 Si(2)–C(3) 188.1(1) 4.8(1) 0.1 5.1  

u7 Si(1)–Si(2) 233.4(2) 5.8(2) 0.1 5.3  

u8 H(17)···H(16) 241.5(10) 14.4(fixed) -0.3 14.4  

u9 Si(2)···H(5) 247.5(4) 10.6(5) -0.3 11.7  

u10 Si(2)···H(4) 247.5(4) 10.5(Tied to u9) -0.3 11.6  

u11 C(3)···C(7) 306.5(3) 10.3(4) -0.2 9.6  

u12 H(5)···H(9) 305.3(12) 30.9(fixed) -3.1 30.9  

u13 H(4)···H(10) 305.4(9) 31.6(fixed) -3.0 31.6  

u14 H(17)···Si(2) 319.5(9) 14.3(fixed) -0.3 14.3  

u15 C(3)···H(9) 326.6(7) 21.2(18) 0.3 21.2 21.2(20) 

u16 C(3)···H(10) 326.6(4) 21.7(Tied to u15) 0.2 21.7  

u17 Si(1)···C(3) 344.5(4) 12.3(2) -0.4 11.3  

u18 H(4)···H(9) 353.5(7) 33.7(fixed) -0.9 33.7  

u19 H(17)···H(8) 345.8(14) 40.3(fixed) -5.8 40.3  

u20 Si(1)···H(4) 358.2(7) 23.4(fixed) 0.3 23.4  

u21 H(17)···C(7) 385.2(12) 29.8(fixed) 0.9 29.8  

u22 C(3)···H(8) 398.7(3) 11.5(fixed) -2.6 11.5  

u23 H(17)···H(10) 405.8(11) 43.9(fixed) -1.1 43.9  

u24 H(4)···H(13) 423.3(8) 21.6(fixed) -2.7 21.6  

u25 H(4)···H(8) 423.3(6) 21.9(fixed) -2.8 21.9  

u26 Si(1)···H(5) 439.4(4) 12.4(fixed) -3.0 12.4  

u27 H(17)···C(3) 468.3(7) 13.3(fixed) -4.5 13.3  

u28 H(17)···H(9) 483.3(12) 29.1(fixed) -2.6 29.1  

u29 H(4)···H(14) 482.1(6) 14.3(fixed) -4.5 14.3  
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u30 H(17)···H(4) 488.7(8) 24.3(fixed) -5.1 24.3  

u31 H(17)···H(5) 552.8(8) 16.2(fixed) -6.4 16.2  
a Distances are in pm. Estimated standard deviations, obtained in the least-squares 

refinement, are given in parentheses. 
b Unrefined amplitudes of vibration were fixed at the values obtained using the HF/6-

31G* force field. 
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Table A4.13 Refined and calculated (HF/6-31G*) amplitudes of vibration (u), 

associated ra distances and corresponding correction values (k) for the rh1 refinement 

of 1,1,1-trifluoro-2,2,2-trimethyldisilane.a,b 

 Atom pair ra uGED k ucalc. Restraint 

u1 C(3)–H(4) 110.6(2) 5.3(2) 0.4 7.5  

u2 C(3)–H(5) 110.6(2) 5.3(Tied to u1) 0.4 7.5  

u3 Si(1)–F(15) 158.1(1) 3.4(1) 0.1 3.9 3.9(3) 

u4 H(4)···H(5) 176.8(6) 12.1(fixed) -0.1 12.1  

u5 H(4)···H(6) 176.8(6) 12.0(fixed) -0.1 12.0  

u6 Si(2)–C(3) 187.9(1) 4.6(1) 0.1 5.1  

u7 Si(1)–Si(2) 233.4(2) 6.5(2) 0.1 5.2  

u8 Si(2)···H(5) 250.0(6) 11.7(fixed) -0.3 11.7  

u9 Si(2)···H(4) 250.0(6) 11.6(fixed) -0.3 11.6  

u10 F(15)···F(16) 253.5(2) 7.4(2) -0.2 7.1  

u11 C(3)···C(7) 307.4(5) 11.6(7) -0.2 10.0 10.0(9) 

u12 H(4)···H(10) 308.0(14) 32.9(fixed) -3.6 32.9  

u13 H(5)···H(9) 311.2(20) 32.3(fixed) -3.2 32.3  

u14 Si(2)···F(15) 326.7(2) 10.5(4) -0.3 10.4  

u15 C(3)···H(10) 329.4(8) 22.5(fixed) 0.4 22.5  

u16 C(3)···H(9) 330.6(11) 22.1(fixed) 0.3 22.1  

u17 Si(1)···C(3) 343.1(5) 10.7(5) -0.4 11.7  

u18 Si(1)···H(4) 358.4(8) 24.6(fixed) 0.4 24.6  

u19 H(4)···F(15) 346.7(11) 41.9(fixed) -6.6 41.9  

u20 H(4)···H(9) 358.5(12) 35.5(fixed) -0.9 35.5  

u21 C(3)···F(15) 388.0(6) 33.8(14) 1.0 29.2  

u22 C(3)···H(8) 401.8(5) 11.7(fixed) -2.8 11.7  

u23 H(4)···F(16) 410.8(8) 43.7(fixed) -1.1 43.7  

u24 H(4)···H(8) 428.1(9) 22.5(fixed) -3.0 22.5  

u25 H(4)···H(13) 429.6(13) 22.3(fixed) -3.0 22.3  

u26 Si(1)···H(5) 440.5(5) 12.7(fixed) -3.3 12.7  

u27 C(3)···F(17) 474.5(4) 14.0(5) -4.9 10.3 10.3(10) 

u28 H(4)···H(14) 487.5(9) 14.3(fixed) -4.9 14.3  

u29 H(5)···F(15) 488.9(6) 29.0(fixed) -2.7 29.0  
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u30 H(4)···F(17) 496.9(8) 24.2(fixed) -5.3 24.2  

u31 H(5)···F(17) 561.6(5) 13.7(fixed) -7.3 13.7  
a Distances are in pm. Estimated standard deviations, obtained in the least-squares 

refinement, are given in parentheses. 
b Unrefined amplitudes of vibration were fixed at the values obtained using the HF/6-

31G* force field. 
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Table A4.14 Refined and calculated (HF/6-31G*) amplitudes of vibration (u), 

associated ra distances and corresponding correction values (k) for the rh1 refinement 

of 1,1,1-trichloro-2,2,2-trimethyldisilane.a,b 

 Atom pair ra uGED k ucalc. Restraint 

u1 C(3)–H(4) 107.4(3) 8.2(3) 0.4 7.5  

u2 C(3)–H(5) 107.4(3) 8.2(Tied to u1) 0.4 7.5  

u3 H(4)···H(5) 173.2(6) 12.1(fixed) -0.1 12.1  

u4 H(4)···H(6) 173.2(6) 12.0(fixed) -0.2 12.0  

u5 Si(2)–C(3) 187.1(2) 6.1(2) 0.1 5.1  

u6 Si(1)–Cl(15) 204.7(1) 5.3(1) 0.1 4.7  

u7 Si(1)–Si(2) 233.3(2) 7.0(2) 0.1 5.5  

u8 Si(2)···H(5) 246.3(4) 11.8(fixed) -0.3 11.8  

u9 Si(2)···H(4) 246.2(4) 11.7(fixed) -0.3 11.7  

u10 C(3)···C(7) 309.5(5) 10.1(fixed) -0.2 10.1  

u11 H(4)···H(10) 304.8(9) 33.4(fixed) -3.9 33.4  

u12 H(5)···H(9) 316.2(13) 33.1(fixed) -3.4 33.1  

u13 Cl(15)···Cl(16) 328.9(2) 9.5(1) -0.2 8.8  

u14 C(3)···H(10) 328.1(5) 22.9(fixed) 0.5 22.9  

u15 C(3)···H(9) 333.1(8) 22.6(fixed) 0.4 22.6  

u16 Si(1)···C(3) 338.5(4) 10.6(6) -0.3 11.5 11.5(11) 

u17 Si(1)···H(4) 350.8(6) 24.8(fixed) 0.5 24.8  

u18 H(4)···H(9) 357.7(8) 36.4(fixed) -0.9 36.4  

u19 Si(2)···Cl(15) 362.5(2) 11.8(2) -0.3 11.6  

u20 H(4)···Cl(15) 351.1(8) 41.7(fixed) -6.8 41.7  

u21 C(3)···H(8) 399.7(5) 11.8(fixed) -2.9 11.8  

u22 C(3)···Cl(15) 405.9(5) 35.5(10) 0.6 29.7 29.7(30) 

u23 H(4)···H(8) 422.6(7) 22.9(fixed) -3.1 22.9  

u24 H(4)···H(13) 428.6(9) 22.6(fixed) -3.1 22.6  

u25 H(4)···Cl(16) 428.0(6) 46.6(fixed) -1.6 46.6  

u26 Si(1)···H(5) 433.5(4) 12.7(fixed) -3.4 12.7  

u27 H(4)···H(14) 480.9(7) 14.5(fixed) -5.1 14.5  

u28 H(5)···Cl(15) 502.5(6) 30.3(fixed) -3.5 30.3  

u29 C(3)···Cl(17) 514.2(3) 13.1(4) -4.0 10.6  
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u30 H(4)···Cl(17) 534.7(6) 23.3(fixed) -4.4 23.3  

u31 H(5)···Cl(17) 596.9(4) 14.5(fixed) -6.3 14.5  
a Distances are in pm. Estimated standard deviations, obtained in the least-squares 

refinement, are given in parentheses. 
b Unrefined amplitudes of vibration were fixed at the values obtained using the HF/6-

31G* force field. 
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Table A4.15 Refined and calculated (HF/6-31G*) amplitudes of vibration (u), 

associated ra distances and corresponding correction values (k) for the rh1 refinement 

of 1,1,1-tribromo-2,2,2-trimethyldisilane.a,b 

 Atom pair ra uGED k ucalc. Restraint 

u1 C(3)–H(4) 108.6(3) 7.6(4) 0.4 7.5  

u2 C(3)–H(5) 108.6(3) 7.6(Tied to u1) 0.4 7.5  

u3 H(4)···H(5) 174.9(7) 12.1(fixed) -0.1 12.1  

u4 H(4)···H(6) 174.8(7) 12.0(fixed) -0.2 12.0  

u5 Si(2)–C(3) 189.2(1) 4.7(2) 0.1 5.2  

u6 Si(1)–Br(15) 221.1(1) 6.0(1) 0.1 4.9  

u7 Si(1)–Si(2) 234.8(2) 5.9(4) 0.1 5.5 5.5(5) 

u8 Si(2)···H(5) 249.1(5) 11.8(fixed) -0.2 11.8  

u9 Si(2)···H(4) 249.0(5) 11.8(fixed) -0.3 11.8  

u10 C(3)···C(7) 309.7(5) 10.5(fixed) -0.2 10.5  

u11 H(4)···H(10) 307.0(12) 33.3(fixed) -4.3 33.3  

u12 H(5)···H(9) 311.1(16) 34.2(fixed) -3.1 34.2  

u13 C(3)···H(10) 329.9(7) 22.9(fixed) 0.6 22.9  

u14 C(3)···H(9) 331.1(9) 23.3(fixed) 0.3 23.3  

u15 Si(1)···C(3) 344.9(4) 12.4(fixed) -0.3 12.4  

u16 Si(1)···H(4) 358.5(8) 26.4(fixed) 0.5 26.4  

u17 Br(15)···Br(16) 356.4(1) 11.9(2) -0.3 10.0  

u18 H(4)···H(9) 357.2(10) 37.1(fixed) -0.9 37.1  

u19 H(4)···Br(15) 363.4(9) 46.8(fixed) -6.0 46.8  

u20 Si(2)···Br(15) 375.6(2) 12.5(4) -0.5 13.0  

u21 C(3)···H(8) 401.6(5) 12.0(fixed) -3.1 12.0  

u22 C(3)···Br(15) 420.1(5) 36.5(13) 0.3 31.6 31.6(30) 

u23 H(4)···H(8) 426.3(9) 22.9(fixed) -3.1 22.9  

u24 H(4)···H(13) 427.7(11) 23.0(fixed) -3.4 23.0  

u25 Si(1)···H(5) 440.1(5) 13.1(fixed) -3.6 13.1  

u26 H(4)···Br(16) 445.3(6) 43.9(fixed) -1.6 43.9  

u27 H(4)···H(14) 485.1(9) 14.7(fixed) -5.2 14.7  

u28 H(5)···Br(15) 516.5(6) 34.7(fixed) -3.8 34.7  

u29 C(3)···Br(17) 533.9(3) 12.8(5) -4.0 11.2  
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u30 H(4)···Br(17) 557.0(7) 25.3(fixed) -4.0 25.3  

u31 H(5)···Br(17) 614.2(5) 15.5(fixed) -7.2 15.5  
a Distances are in pm. Estimated standard deviations, obtained in the least-squares 

refinement, are given in parentheses. 
b Unrefined amplitudes of vibration were fixed at the values obtained using the HF/6-

31G* force field. 

 

 

Table A4.16 Experimental GED coordinates from the refinement of 1,1,1-

trimethyldisilane.a 

Atom x y z 

Si(1) 0.0 0.0 0.0 

Si(2) 233.5 0.0 0.0 

C(3) 296.3 -88.7 -153.6 

H(4) 261.5 -39.3 -243.5 

H(5) 404.6 -89.9 -155.7 

H(6) 261.5 -191.2 -155.8 

C(7) 296.3 177.3 0.0 

H(8) 261.5 230.5 87.7 

H(9) 404.6 179.8 0.0 

H(10) 261.5 230.5 -87.7 

C(11) 296.3 -88.7 153.6 

H(12) 261.5 -191.2 155.8 

H(13) 404.6 -89.9 155.7 

H(14) 261.5 -39.3 243.5 

H(15) -54.7 70.1 -121.3 

H(16) -54.7 -140.1 0.0 

H(17) -54.7 70.1 121.3 
a Coordinates are given in pm. 
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Table A4.17 Experimental GED coordinates from the refinement of 1,1,1-trifluoro-

2,2,2-trimethyldisilane.a 

Atom x y z 

Si(1) 0.0 0.0 0.0 

Si(2) 233.5 0.0 0.0 

C(3) 294.3 177.9 0.0 

H(4) 259.0 233.2 88.9 

H(5) 404.6 183.4 0.0 

H(6) 259.0 233.2 -88.9 

C(7) 294.3 -88.9 154.0 

H(8) 259.0 -193.6 157.5 

H(9) 404.6 -91.7 158.9 

H(10) 259.0 -39.6 246.4 

C(11) 294.3 -88.9 -154.0 

H(12) 259.0 -39.6 -246.4 

H(13) 404.6 -91.7 -158.9 

H(14) 259.0 -193.6 -157.5 

F(15) -59.3 73.3 126.9 

F(16) -59.3 73.3 -126.9 

F(17) -59.3 -146.6 0.0 
a Coordinates are given in pm. 
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Table A4.18 Experimental GED coordinates from the refinement of 1,1,1-trichloro-

2,2,2-trimethyldisilane.a 

Atom x y z 

Si(1) 0.0 0.0 0.0 

Si(2) 233.4 0.0 0.0 

C(3) 288.1 179.0 0.0 

H(4) 251.3 230.6 87.1 

H(5) 395.5 186.5 0.0 

H(6) 251.3 230.6 -87.1 

C(7) 288.1 -89.5 155.0 

H(8) 251.3 -190.7 156.1 

H(9) 395.5 -93.2 161.5 

H(10) 251.3 -39.9 243.2 

C(11) 288.1 -89.5 -155.0 

H(12) 251.3 -39.9 -243.2 

H(13) 395.5 -93.2 -161.5 

H(14) 251.3 -190.7 -156.1 

Cl(15) -76.1 95.1 164.7 

Cl(16) -76.1 95.1 -164.7 

Cl(17) -76.1 -190.1 -0.0 
a Coordinates are given in pm. 
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Table A4.19 Experimental GED coordinates from the refinement of 1,1,1-tribromo-

2,2,2-trimethyldisilane.a 

Atom x y z 

Si(1) 0.0 0.0 0.0 

Si(2) 234.8 0.0 0.0 

C(3) 295.7 179.1 0.0 

H(4) 260.2 232.5 87.9 

H(5) 404.4 183.6 0.0 

H(6) 260.2 232.5 -87.9 

C(7) 295.7 -89.6 155.1 

H(8) 260.2 -192.4 157.4 

H(9) 404.4 -91.8 159.0 

H(10) 260.2 -40.1 245.3 

C(11) 295.7 -89.6 -155.1 

H(12) 260.2 -40.1 -245.3 

H(13) 404.4 -91.8 -159.0 

H(14) 260.2 -192.4 -157.4 

Br(15) -80.1 103.1 178.5 

Br(16) -80.1 103.1 -178.5 

Br(17) -80.1 -206.2 0.0 
a Coordinates are given in pm. 
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Table A4.20 Calculated coordinates at the MP2/6-311+G* level for 1,1,1-

trimethyldisilane.a 

Atom x y z 

Si(1) 0.0 0.0 194.9 

Si(2) 0.0 0.0 -40.0 

C(3) 0.0 177.5 -103.2 

H(4) 88.3 232.6 -69.5 

H(5) 0.0 179.4 -212.7 

H(6) -88.3 232.6 -69.5 

C(7) 153.7 -88.8 -103.2 

H(8) 157.3 -192.7 -69.5 

H(9) 155.4 -89.7 -212.7 

H(10) 245.6 -39.9 -69.5 

C(11) -153.7 -88.8 -103.2 

H(12) -245.6 -39.9 -69.5 

H(13) -155.4 -89.7 -212.7 

H(14) -157.3 -192.7 -69.5 

H(15) 120.3 69.5 248.2 

H(16) -120.3 69.5 248.2 

H(17) 0.0 -138.9 248.2 
a Coordinates are given in pm. 
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Table A4.21 Calculated coordinates at the MP2/6-311+G* level for 1,1,1-trifluoro-

2,2,2-trimethyldisilane.a 

Atom x y z 

Si(1) 0.0 0.0 -116.7 

Si(2) 0.0 0.0 117.4 

C(3) 0.0 178.8 174.7 

H(4) -88.3 232.8 139.5 

H(5) 0.0 183.6 284.1 

H(6) 88.3 232.8 139.5 

C(7) -154.9 -89.4 174.7 

H(8) -157.5 -192.9 139.5 

H(9) -159.0 -91.8 284.1 

H(10) -245.8 -39.9 139.5 

C(11) 154.9 -89.4 174.7 

H(12) 245.8 -39.9 139.5 

H(13) 159.0 -91.8 284.1 

H(14) 157.5 -192.9 139.5 

F(15) -128.5 74.2 -179.4 

F(16) 128.5 74.2 -179.4 

F(17) 0.0 -148.4 -179.4 
a Coordinates are given in pm. 
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Table A4.22 Calculated coordinates at the MP2/6-311+G* level for 1,1,1-trichloro-

2,2,2-trimethyldisilane.a 

Atom x y z 

Si(1) 0.0 0.0 -69.7 

Si(2) 0.0 0.0 163.6 

C(3) 154.9 89.5 220.2 

H(4) 157.3 192.9 184.8 

H(5) 159.3 92.0 329.6 

H(6) 245.7 39.8 184.8 

C(7) -154.9 89.5 220.2 

H(8) -245.7 39.8 184.8 

H(9) -159.3 92.0 329.6 

H(10) -157.3 192.9 184.8 

C(11) 0.0 -178.9 220.2 

H(12) 88.4 -232.7 184.8 

H(13) 0.0 -183.9 329.6 

H(14) -88.4 -232.7 184.8 

Cl(15) 0.0 191.3 -144.6 

Cl(16) 165.7 -95.6 -144.6 

Cl(17) -165.7 -95.6 -144.6 
a Coordinates are given in pm. 
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Table A4.23 Calculated coordinates at the MP2/6-311+G* level for 1,1,1-tribromo-

2,2,2-trimethyldisilane.a 

Atom x y z 

Si(1) 0.0 0.0 -18.0 

Si(2) 0.0 0.0 216.0 

C(3) 155.0 89.5 272.1 

H(4) 157.3 192.9 236.7 

H(5) 159.3 92.0 381.5 

H(6) 245.7 39.8 236.7 

C(7) -155.0 89.5 272.1 

H(8) -245.7 39.8 236.7 

H(9) -159.3 92.0 381.5 

H(10) -157.3 192.9 236.7 

C(11) 0.0 -178.9 272.1 

H(12) 88.4 -232.7 236.7 

H(13) 0.0 -184.0 381.5 

H(14) -88.4 -232.7 236.7 

Br(15) 0.0 208.7 -97.5 

Br(16) 180.8 -104.4 -97.5 

Br(17) -180.8 -104.4 -97.5 
a Coordinates are given in pm. 

 

 

Table A4.24  Least-squares correlation matrix (x 100) for 1,1,1-trimethyldisilane.a  

 u9 u15 k2 

p1 74   

p6  -80  

u6   76 

u7 60  56 
a Only elements with absolute values ≥50% are shown; k2 is a scale factor. 
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Table A4.25  Least-squares correlation matrix (x 100) for 1,1,1-trifluoro-2,2,2-

trimethyldisilane.a 

 p5 p7 u10 u14 u17 k2 

p1 -58      

p5  69     

p6    -86 -69  

u3      76 

u7   52    

u11    70 54  

u14     81  
a Only elements with absolute values ≥50% are shown; k2 is a scale factor. 

 

 

 

Table A4.26  Least-squares correlation matrix (x 100) for 1,1,1-trichloro-2,2,2-

trimethyldisilane.a  

 

 

 

 

 p5 p6 u6 u13 u16 u19 k2 

p1 -54      -55 

p2   -52    -63 

p5  55   -69   

u5   70     

u6    55   89 

u13       61 

u16      67  
a Only elements with absolute values ≥50% are shown; k2 is  a scale factor. 
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Table A4.27  Least-squares correlation matrix (x 100) for 1,1,1-tribromo-2,2,2-

trimethyldisilane.a  

 p5 u7 u17 u20 k2 

p3 51 60    

p5   -60 -72  

u6  69   73 

u17    85 56 

k1     53 
a Only elements with absolute values ≥50% are shown; k1 and k2 are scale factors. 

 

 

Figure A4.2 Experimental and final weighted difference (experimental – theoretical) 

MICs for 1,1,1-trimethyldisilane. 
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Figure A4.3 Experimental and final weighted difference (experimental – theoretical) 

MICs for 1,1,1-trifluoro-2,2,2-trimethyldisilane. 

 

 

 

Figure A4.4 Experimental and final weighted difference (experimental – theoretical) 

MICs for 1,1,1-trichloro-2,2,2-trimethyldisilane. 
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Figure A4.5 Experimental and final weighted difference (experimental – theoretical) 

MICs for 1,1,1-tribromo-2,2,2-trimethyldisilane. 
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