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Abstract

Gas-phase electron diffraction (GED) is the method of choicedésermining the
structures of molecules containing between 2 and 100 atoms, freentenmolecular
interaction. However, for many molecules it becomes necessargugment the
experimental GED data with information from other sources. ThRAZEN method,
used routinely at Edinburgh when determining structures, allows cethpatameters
from ab initio and density functional theory (DFT) calculations to be usecdtss @ata

in the GED refinement process.

This thesis describes the determinations of the gas-phasaustsucf molecules that
contain heavyp-block elements, including examples from Groups 13, 14, 15 and 16.
Each of the compounds studied was solid at room temperature, reduaatigg to
produce a suitable vapour pressure and vaporisation rate and tiestegsting electron
diffraction apparatus to its limits. Use was made of a neweteaservoir, recently
developed in Edinburgh by a previous PhD student, which has allowed compounds to be
studied that were previously inaccessible. The molecules thatsttedeed during the
course of this degree are: Ig(BBUY), In(P:CsBus), Sn(BRC:BUY), Sk(CsFe)s,
Bix(CsFe)3, Se(SCH), and Te(SCh)s.

While determining the structures of these molecules, accurabeetival geometries
have been obtained using bo#b initio and DFT methods. As a result a better
understanding has been achieved of which methods are suitable focakriiating the
structures of molecules with heapyblock elements. The use of pseudopotentials as
opposed to all-electron basis sets proved necessary when perfogotons on
such large molecules containing heavy atoms. The extent to which these
pseudopotentials, especially ones that consider very few electrdresin the valence
shell of an atom, can affect the calculated geometries has been shown to terablesi

In addition, methods being developed to compute vibrational correctionssimhgae
structure determination have been extended to the crystalline pMaseular dynamics
simulations have been used to derive the effects of vibrations oagavewuclear
positions, relative to equilibrium positions. The differences, whenexppd coordinates
obtained experimentally by neutron diffraction, vyield experimergguilibrium

structures.
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Chapter One

Introduction and background theory



1.1 General introduction

With the size and shape of molecules dictating the chemical arsicphproperties of
compounds, the study of molecular structure is vitally importach&mical research.
Traditionally, such structural determinations have been performed) uke well-
established methods of absorption and emission spectroscopy and difftactiniques.
These methods of structural investigation are ideally carriednotlite gaseous phase
where sample molecules are free from external constraidtpacking forces distorting
their structure, as can be the case in the solid state.

Gas-phase electron diffraction (GED) and rotational spectrosa@pye two techniques
that are used routinely to determine molecular structures ofs.g&$mwvever, as
rotational spectroscopy is suitable only for relatively smadlecules, GED may be
considered to be the only experimental method for obtaining the gasgthaderes for
many of the molecules studied in this thesis.

In recent years, chemists’ understanding of theoretical methods troftuse
determination has greatly improved. It is now acknowledged that quantum chezarstry
usefully complement experimental data in the investigation of mialegeometry and
that complete structures can be obtained by combining informateon @ifferent
sources. Conversely, accurate gas-phase structures are engeagsary for the
standardisation of some computational methods for isolated molecules.

Ab initio molecular orbital theory and density functional theory are powerful
computational tools that can be used to calculate any property ofeaute from first
principles. Such theoretical methods of structural determination de treeir own
limitations. The main factors that can lingb initio calculations are the size of the
molecules being studied and the speed and cost of suitable computer reardwa
However, the widespread availability of parallel processors aresado the resources
of the EPSRC-funded National Centre for Computational Chemistry&eft(admin:
Department of Chemistry, Imperial College London, South Kensingimmdon, SW7

2AZ) have further extended the range of molecules that can be studied.



1.2 Gas-phase electron diffraction

Gas-phase electron diffraction (GED) is the principal techniqud bgechemists to
determine molecular structures of gases. The Edinburgh diffragtoup is one of only
a handful worldwide, including one other in the UK, several in the @dBd others in
Norway, Russia, Germany, Belgium and Japan. The diffractometedsin each group
tend to have been developed in relative isolation and procedures vaifjcagly.
Although the theory underpinning the GED method is consistent, some folltveing
sections are concerned specifically with the performance eaftreh diffraction in
Edinburgh.

1.2.1 Background

Two fundamental understandings led to the development of the GEDdeehas a
means of investigating structure. In 1801 Thomas Young conducted his diiuble-s
experiment, showing that light possessed wave properties and, therefore, could be
diffracted, giving rise to interference phenomena. Young edtablithat when a wave

of incident light encounters a narrow slit on a screen, the tgfracts to form a
cylindrical wavefront. If this wave encounters a second screentwdhparallel slits,
further diffraction will occur. Two coherent wavefronts are produaed advance
towards a third, solid screen where they combine showing an ietec&empattern of
alternating light and dark areas, due to constructive and d@struaterference,
respectively.

The other theory that was necessary for the advancement ofwakDleveloped by
Louis de Broglie in 1924 Knowing that light behaved as a wave, he suggestedilthat
moving particles had an associated wavelength. Thus, a photon ofdigbeaegarded
both as a wave and as a particle, and the same can be said for an electron.

In 1927, the American physicists Clinton Davisson and Lester Geperéormed a
crucial experiment, which demonstrated the diffraction of electogres nickel crystat.
Meanwhile in Scotland, George Thomson showed that a beam of elestams

diffracted when passing through a thin gold foil.



Very soon after these first electron diffraction experimentaedhod was developed
whereby this diffraction phenomenon could be applied to the determimdtioalecular
structure. Every pair of atoms in a molecule acts like agbaiits, diffracting a beam of
electrons directed at the molecule, which then interfere causinghighdark areas to be
recorded on photographic film. A pattern of concentric rings is $&Eause of the
random orientation of the gaseous molecules (see Figure 1). Assuhahghe
wavelength of the electrons is known, the distance between the edonte calculated
from the diffraction pattern and consequently the molecular structurée determined.
It was in 1930 that the first diffraction of electrons by gasemadecules was
successfully recorded. Herman Mark and Raimund Wierl determinestringtures of
some simple, highly symmetrical molecules including carbon tdbrde, germanium

tetrachloride, benzene and cyclohexane.

Figure 1 Electron scattering data recorded on Kodak Electron Image film.

1.2.2 Instrumentation

The general requirements for an electron diffractometer incladelectron gun, a
method for focusing the electron beam, a nozzle to introduce the esgyapland a
detector (Figure 2). A beam of electrons is accelerated drtmop of hot tungsten wire
across an accurately measured potential of approximately 40 Isérids of magnetic

lenses and apertures is then used to focus the narrow beam aminsledhe gaseous



sample is introduced through a nozzle, perpendicular to the eleeimom that intersects
it. The diffracted electrons continue towards a photographic filmclwlicts as a
detector, while the sample is condensed on a cold trap to prevent foténaction with
the electron beam. It is common to evacuate the apparatus’t®atin order that the
electrons do not encounter other species which may cause diffraction.

Figure 2 Schematic diagram of a typical gas-phase electron diffraction apparatus.
Pump
T Cold Trap

<€+ Electron Gun

Photographic PIateT TRotating Sector
Nozzle

The intensity of scattered electrons decreases steeplptapptely the i power of the
scattering angle) and, therefore, the range of intensiissciated with the diffracted
electrons is so large that they cannot be accurately recordegrmiagraphic plate. To
minimise this problem, a rotating se&dfFigure 3) is positioned in front of the
photographic film. Made from aluminium, the sector has an openatgiritbreases in
size (approximately proportional t8) on moving away from the centre of the plate.
When this plate rotates rapidly, it acts to decrease thetieffeexposure time at
scattering angles where the intensities would normally besttmmg to be recorded.
Undiffracted electrons are collected by a metal cylinder, foainthe centre of the

sector, called a beam-stop.



Figure 3 Shape of rotating sector used in Edinburgh (adapted from Ref. 7).

Distances within the apparatus and the wavelength of theaglecare calculated by
reference to the scattering pattern for benzene, recorded iatelgdafter the sample
has been run. The experiment is usually performed twice, oriosalyg three times, at
different nozzle-to-film distances, to increase the range atesing angles (Figure 4)

and therefore obtain more data for a more accurate structure determination.

Figure 4 Application of two nozzle-to-film distances)(short andlf) long (adapted
from Ref. 7).
- Electron beam

+—— Sample gas

Photographic films




1.2.3 Data analysis

The recorded scattering intensities (see Figure 1 for ampghe of the photographic
film) are measured in-house using an Epson 1600 Pro flatbed scadnesraverted to
mean optical densities as a function of the scattering varigbiesing an established
program®

The diffraction pattern recorded on the photographic film represdr@soverall
scattering intensity. Three types of scattering are combined tohgitetal scattering, as

shown in Equation 1.

ltotal = latomic + Imolecutar | background Equation 1

The molecular-intensity scattering curve is required to obtain the moletulature and

so the atomic and background intensities must be subtracted from th&hetatomic

scattering is independent of the molecular structure and thergogttontribution from

each of the atoms in the molecule can simply be summed and removed.

Even when the molecular-intensity scattering curve has been obtidiee@lues for the
interatomic distances are not immediately obvious. A sine Fouaesformation must
be performed to obtain a useful radial-distribution curve, whichh@&ory, shows a
representation of every bonded and non-bonded distances in the moletidecastte

of a peak in the curve. From the radial-distribution curveay be possible to extract
enough information about the bond lengths and angles to determis@ubiire of a

simple molecule.

1.2.4 Limitations of GED — and some solutions

When interatomic distances are very similar, overlapping peatsr ac the radial-
distribution curve. When this happens it is often impossible to obtain the correctelistanc
associated with each atom pair. If the distances cannot betyoassigned then the
structure cannot be accurately determined. This is one of thelim@ations associated
with the GED experiment, and is encountered in every radial-disaibuturve

displayed in this thesis.



Light atoms scatter electrons less than heavy atoms anchathigead to poor definition
of the positions of atoms such as hydrogen. With the positions of ttoess ancertain,
it becomes impossible to obtain an accurate structure usingdBiie. In such cases,
we must look to other techniques to help us solve the structure.

Another problem associated with GED concerns the phase shift cfaroalwave as it
passes through an atomic field. Attracted to the nucleus, the electron speeds sip@nd it
Broglie wavelength is shortened. On leaving the field ofdtmm, the electron slows
down to its original speed and wavelength. This becomes a problem avimolecule
contains atoms with very different atomic numbers. As can be ise€igure 5, the
heavier atom (B) causes a larger contraction of the electronthand€A). This leads to
beating in the molecular intensity curve, which shows up in the expetal radial-
distribution curve as a split peak corresponding to the bonded distaABe This effect
is taken into account in the theoretical curves using compkxc¢ntaining both a real
and imaginary part) scattering factors to calculate theculale scattering and therefore

the radial-distribution curve.

Figure 5 The phase effect, caused by differences in wave contraction as the electron
approaches a light atom (A) and heavy atom (B), (adapted from Ref. 10).




Samples for GED may be solid, liquid or gas at ambient temypserand pressure but
must have a suitable vaporisation rate (with heating if neggssad vapour pressure
for significant diffraction to occur. This somewhat limits thaga of compounds that
can be studied using this technique.

Recently, developments have been made to the experimental procsulutieat
compounds that do not fit the criteria for vaporisation rate and vapessipe can still
be used! A small reservoir, heated by a flow of hot gas, was used indhection of
some of the data for the compounds in this thesis. This vessébwatto be far better
than that used previously, where the heating was performed husatog tape, which
was prone to giving hot spots.

The final problem with GED arises because of the fact tmatstructure obtained is
vibrationally averaged. Each individual electron sees the moletalsiagle instant in
time and millions of electrons contribute to the total picture. réigudepicts a linear,
triatomic molecule vibrating. Except for the instant when ifingar, the molecule
spends its time bent. This means that the distance betweenat®aivk atoms is, on
average, less than twice the bond length between the black amdatdmnts. The two
distances would thus imply, incorrectly, that the molecule was bensinflar
phenomenon is found for non-linear systems and is known as the shrinkag/é affeéc

must be corrected for in the vibrational model.

Figure 6 Schematic diagram showing the vibration of a triatomic molecule.




The shrinkage effect can be corrected through the use of ¢attdtace fields. The
theoretical force constants are used to calculate eitherdimeati or curvilinear
corrections. The rectilinear corrections allow for the perpendicotdions of the atoms
by increasing the bond lengths when the atoms are not in the fios#ion. This is
intuitively wrong and so in this work curvilinear corrections aredushroughout,
modelling better the curved motion of the atoms. These correctieralmulated using
the SHRINK progrant®

1.2.5 Experimental equilibrium structures

The vibrational correction described above is one of a humber ofcton that are
routinely made to the raw distances obtained from the GED expdrinibese
distances, which are denoteg are modified in order to produce an experimental
equilibrium structure that is then independent of the method by whidsitletermined.
The equilibrium structure of a molecule is the structure in a hgtictl vibrationless
state at the minimum on the potential energy surface.

The GED distances,, are averaged over all vibrational motions and are the inverse of
the inverse distance between a pair of atoms averaged oegrasnshown in Equation

2. It is necessary to take the inverse because of the wayhéhditstances are defined in

the scattering equations.

ra=(ri Equation 2

The difference between and the equilibrium distance has four terms. The first isna ter
allowing for motion along the coordinate between two atoms and ¢neesverage
internuclear distanceg. Equation 3 shows the connection betwegandry, whereu is
the root-mean-squared (RMS) amplitude of vibration (which can belatdd) and. is
the equilibrium distance. Of course, is not known and so, must be used as an

approximation.

10



u2

Fg=rat - Equation 3
e

This equation describeg at the temperaturd, of the experiment and should strictly be
written rgT. To obtain a value farg at O K, the correction shown in Equation 4 is applied,
where a is an anharmonicity constant used to allow for the anharmonicitihef

potential well (Morse curve) andis the RMS amplitude of vibration.
0 T 3 2 .
rg =rg —za(uT—uo) Equation 4

For diatomic moIecuIesn:g0 (the average internuclear distance at 0 K) is equal to another
quantity,r,’ (the distance between average nuclear positions atr@%)an be related to

re by a further anharmonic correction, shown in Equation 5.
0 3 2 .
Fe=rg" —%alo Equation 5

When a molecule has three or more atoms, as demonstrated previbasty,s a
shrinkage effect affecting non-bonded distancesréhdrgo. A perpendicular amplitude
correction termk, is calculated using SHRIN#,

The final term that is required to correct framto re is an allowance for centrifugal
distortion,dr. This is often negligible and has not been included in the correctieds us
during the refinements in this thesis.

The whole correction is shown in Equation 6. Note that subscripts hnnloawéeen
added and these denote the use of a harmonic force field calculataytaio the
corrections, with the vibrational motions treated atriteorder approximation. In this
work the distances reported are of the type showing that the calculated harmonic
force field has been used in conjunction with the SHRINK programolitain
corrections. As mentioned earlier, it was previously common to use rectitioieaction

factors and these would be denotgd
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2
Un 3 .
Fon = Fa+ —r” —zauhn2 —Knn — St Equation 6
e

1.3 Abinitio molecular orbital theory

The use of computational methods for structure determination has gapidly in
recent years. With advances in technological ability at velgtiow costs, theoretical
techniques have become the natural complement to experiment. A avide bf
techniques, bothab initio and semi-empirical, has been developed from an
understanding of quantum mechanics.

Ab initio molecular orbital theory is a powerful computational method fautating
molecular properties such as geometries, thermodynamic prepeari@ bond energies
from first principles alone. These calculations can be used in coiunatith
experimentally obtained results from, for example, GED. Thay &lso be used to
obtain data for compounds that cannot be analysed by known experimental methods.
In theory, molecular geometries can be calculated exacity &n exact solution of the
time-independent Schrodinger equation,

EW =AY Equation 7

whereE is the total molecular energ{ is the molecular wavefunction, adflis the
Hamiltonian operator. However, the equation can only be solved exactlpni-
electron systems such as H and .H&n approximate solution for the equation can be

obtained for larger systems by simplifying béftand.

1.3.1 Simplification of the Hamiltonian operator
The Hamiltonian operator is composed of five terms, namely the kieeérgies of the
nuclei and of the electrons in the molecule, and the potential energgeciated with

nuclear repulsion, electronic repulsion and nuclear—electronic attraction.
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To simplify the Hamiltonian, the Born-Oppenheirffeand adiabati¢ approximations
are employed. The Born-Oppenheimer approximation assumes thata®e ahthe
nuclei in a molecule is considered to be so much greater thanatde of the electrons
that the nuclei can be said to be stationary in a field of movewrehs. This makes the
nuclear and electronic wavefunctions separable. As a result, th& lkdnergy term for
the nuclei can be equated to zero, and the value for the potentigy erfi¢he nuclear
repulsion becomes constant. The adiabatic approximation amounts &xtimeglthe
coupling between electronic states caused by nuclear motion.dwbthe terms of the
Hamiltonian relating to electrons must be considered.

The Hartree-Fock (HF) potential is used to replace the etectrepulsion term in the
Hamiltonian. Each electron is considered to move in a uniform fieltgrgeed by the
other electrons present in the molecule. A series of singi&@he Schrédinger
equations can then be solved, generating a series of one-eldcman arbitals. This
method accounts for about 99% of the energy of the molecule. The deficie to the
fact that electrons do not move in uniform fields. When more than owo&osles
present in a system, electron correlation occurs and thed#tothmust be extended to
include the electron correlation energy.

Electron correlation is most pronounced in systems with areas tofelégtron density,
such as molecules with lone pairs of electrons, double bonds or thdaaicanhighly
electronegative elements. If electron correlation was ignoreduch systems, the
calculated bond distances would be too short and the bond energiesrateccu
Fortunately there are ways to improve upon the HF method. Most hakeHE
wavefunction as their starting point and add in extra terms wuatdor the effects of
electron-electron repulsion. The Mgller-Plesset (MP) perturbaginess is one way of
including the electron correlation effects, with the most commonrdy e of these

being the MP2 level of theory, which is used often in the work presented in this thesis.
1.3.2 Simplification of the molecular wavefunction

The wavefunctionW, describes where in the molecule the nuclei and electrons should

be found. This must also be simplified to allow an approximation of thed8inger
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equation to be solved. Using the Born-Oppenheimer approxinétidwe, nuclei are
imagined to be fixed in space and so only the region of space fetettteonic motion
(i.e. the atomic orbitals) need be considered. Commonly, Gaussian-typaso(GiTO)
are used to approximate the atomic radial functions. Figure 7 asesyghe two
functions.

In practice it is necessary to combine many GTOs with reiffe weightings and
coefficients in order to represent the atomic radial functionsratdy. Such a
collection of GTOs is known as a basis set, and each atom in autealequires a basis
set. Ideally, the basis set would consist of an infinite number ofidéunscto allow for
the maximum flexibility for electronic motion. This is not possiiolgractice and so a
truncated series of GTOs is used. Basis sets are defingdhsaéthe number of GTOs
describing each atomic orbital. A sind]edasis set will allow one function to describe
each occupied atomic orbital. A douldlebasis set will have two functions for each

orbital, and so on.

Figure 7 Comparison of a Gaussian function with an atomic radial function.

Atomic radial function
Gaussian function

The 3-21G* basis sEtwould normally be used to calculate a starting geometry for
further calculations and is a split-valence basis set, withrgtadrm (3) referring to the
core electrons, and the second and third terms (2 and 1) referrimg itmer and outer
valence electrons, respectively. As each individual atom in a melbeslits own basis

set, it is often useful to add additional functions to basis setatfons that will

14



significantly change in shape, size or charge on becoming paat molecule. A
polarisation function (*) adds functions with higher angular momentum ilarnd be
normal in the atomic ground state. A diffuse function (+) allowsattietals to fill a
larger space, a factor especially important for systems carryinghkigative charges.
Basis sets of the type just described have not been optimisdbdtmmas in the periodic
table. The 3-21G*, for instance, is only applicable up to, and includingZ Xe5@) and
other larger basis sets are even more limited in their apphcdor larger atoms, with
more electrons, basis sets have been developed that allovieativefcore potential
(ECP) to be applied. The core electrons are unimportant in teringnoiing, and the
core is, therefore, replaced by a potential and the valenceoelecre expanded as
usual. This speeds up the calculations as fewer electrons are explicitisethvol

With the simplification of the Hamiltonian operatdf, and the wavefunctiory, the
Schrédinger equation can be solved to an approximation. The approximation is

dependent upon the degree of simplificatiofaindW.

1.4 Density functional theory

Hohenberg and Kohn proved that the ground-state energy of a systém deiermined
completely by its electron densi§This is the basis of density functional theory (DFT),
which offers an alternative theoretical approach toahenitio calculations already
discussed. As the energy is not calculated from the wavefunchiend\t variables
(atomic coordinates and spin for &l atoms) required foab initio methods can be
reduced to the three coordinates of the electron density. Thieisfdre, independent
of the number of electrons and requires much less computationdl &ffor methods
are ideal for use with very large molecules where the tiak@nt for ab initio
calculations to complete can be prohibitive. The only barrier toyingrrout DFT
calculations is that the functional relating the electron dernseitthe energy of the
electrons is unknown. The functionals available in the literatwel@eloped by fitting
parameters to known experimental data and then testing againsséasgef reference

atoms and molecules for reliability.

15



It was mentioned earlier that Hartree-Fock theory, whilealtudates the electron-
exchange energy exactly, ignores electron correlation compldtedyfunctionals used
in pure DFT, however, work by approximating both electron exchange antitoel
correlation.

Early applications of DFT used the local density approximation (L.Dvich assumes
that the electron density is constant throughout space and can tee &eaa uniform
electron gas. For metallic systems this approximation is ¢eiggant and LDA proves
to be a fairly good model, but for molecular systems where #wtreh density varies
rapidly it fails. Improvements over LDA can be made by considesingpn-uniform
electron gas. The generalised gradient approximation (GGA) irecloftemation about
the gradient of the charge density. Becke’s 1988 exchange funtli@Bpknd that of
Perdew, Burke and Ernzerfid{PBE) were developed from GGA and are used in some
of the calculations presented in this thesis.

Hybrid DFT methods are often used as they take the exaatoelentchange energy (as
calculated by HF) and combine this with the approximate electorlation energy (as
calculated using LDA and GGA). Becke’s three-parameter fomaft (B3) is a
commonly used method of including the exact electron-exchange eaedgis used
often in this work. Among the correlation functionals employed areetbb®Perdew and
Wand? (PW91) and Lee, Yang and PArLYP).

DFT methods can be combined with the basis sets described &adaculate ground-
state gas-phase molecular properties. As will be described pte€hg DFT also has

major applications in calculating the structures of solid-state molexygtegms.

1.5 Structure refinement in practice — combining GED and theoreticatlata

With ab initio and DFT calculations performed on isolated molecules, free from
intramolecular interactions, and electron diffraction concerned wéfphase structures,
these techniques are complementary. The calculations are fesgftdviding extra data
in a number of different ways. The theoretical relative girsr of conformational

isomers can give an indication of their abundance in an experimssmable. In
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addition, frequency calculations are used to obtain theoretical harfooce fields, thus
allowing accurate amplitudes of vibration to be used in the reénemA list of
curvilinear vibrational correction terms is also achieved throusgh of the SHRINK
program:>

To solve the structure it is also necessary to write a modébritran code to define the
atomic coordinates of the proposed geometry, from the minimal sgearhetrical
parameters. The model is defined in terms of parameters (bogithdemond angles,
torsional angles and, where necessary, weightings of conformersjescdbes any
local and overall symmetry the molecule possesses. The strisctben refined using a
least-squares refinement program, allowing the parameters giduaes to vary until
the best fit to the experimental data is obtained.

Recently a new GED refinement program has been introduced in Edinbling
previous program (called ED96, but really a reincarnation of a progised in the
group for many years) was MS-DOS based and required the ugeno a lot of time
opening and closing various files in order to follow the refinement psodéhe newly
developed program, called ed@®édhas improved upon its predecessors by
incorporating a Windows interface. This allows all the relevafiormation to be viewed
on a single screen.

The goodness of the fit between the calculated and experimeraat gatsessed by the
Rg factor, the value of which should ideally be under 10%, although the da&pends
on the scattering pattern for the molecule as well as thetyjoalhe data and accuracy
of the model. Another measure of the data fit is the differemeceecbetween the
experimental and theoretical data sets. When viewed in conjuncttbntive radial-
distribution curve this makes it possible to see where the datedi and where the
greatest discrepancies lie.

1.5.1 SARACEN
The principles of the SARACEN (Structure Analysis Restraingd Ab initio
Calculations for Electron diffractioN) methtchave also been used in the refinements

presented in this thesis. Parameters that are poorly defingdeb@ED experiment
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(typically bond lengths, angles and torsion angles relatingyttrogen atoms, and
parameters that depend on interatomic distances that ditie) kend to refine to
chemically unreasonable values. SARACEN allows flexible nessréao be applied to
such parameters, thus allowing their inclusion in the refinemergstfaint consists of a
value (often the starting value for the parameter taken frorigihest-level calculation)
and an uncertainty (usually derived from the way that a parawvedtex has converged
during a series of calculations). The inclusion of parameters inefement process
that would previously have been excluded should lead to the determinatomaofe

reliable structure. The SARACEN method replaced MOCED (Modec@rbital

Constrained Electron Diffractiori§,a method that used values calculasbdinitio to

constrain parameters in the GED refinement.

1.5.2 DYNAMITE

The DYNAMITE method’ (DYNAMic Interaction of Theory and Experiment) has
recently been developed in Edinburgh and has been utilised in the reftnefre
main-group metal polyphospholyl half-sandwich complex described in Chapter 3.
DYNAMITE recognises that, even with the SARACEN method, it stlsnecessary to
make some assumptions about the local symmetry of substituent gifostesicl strain

is present in a molecule, then assumptions of local symmetnglfitrdtom groups, such

as methyl groups, will affect the heavy-atom positions ag ttmenpensate for any
inaccuracies in the light-atom positions. DYNAMITE allows reiale theoretical data

(at present molecular mechanics) to be incorporated into the GED refinementrprogra

1.6 Molecular dynamics simulations

Molecular dynamics (MD) is a computational method that allowsb#tgviour of a
system to be modelled over a period of time. It can be applietuadisns as diverse as
the study of Brownian motion in liquids and hydrogen bonding in crystals method
combines energy calculations (such as the type described ,eadigdF, DFT) with

classical Newtonian mechanics, used to move the atoms for tamalkteps (often in
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the order of 1 fs) before the energy gradient is once again @@dulVhen this process
is repeated many times the result is a trajectory thatifigge how the positions and
velocities of the particles in the system vary with time. Givaptdeals with the use of
MD simulations as a method for studying atomic motions in deysiad its application

to the determination of experimental solid-state equilibrium strest There will also

be more about the method in Chapter 7.

The majority of MD simulations, including those reported in this wark of the type

NVE, indicating that during the simulations the number of partioléise system is kept

constant, as are the volume of the system and its total energy.

1.6.1 Plane-wave DFT

In section 1.4 DFT calculations are presented as an alternatiyrire ab initio
calculations for calculating molecular geometries and fasddst In those calculations
each atom in the molecule requires a basis set, consistingushider of functions that
describe the electronic motion within that atom.

In addition to its use in single-molecule calculations, DFT has hegely used in the
study of solid-state systems such as conductors, semiconductorgonssuegystals and
surfaces. The DFT methods that are used in these applicat®ndeatical to those
(non-hybrid methods) discussed previoushg.(PW91, PBE), but with one important
distinction. When dealing with condensed-phase materials with perioolindary
conditions, electrons can no longer be regarded as pertaining tgfieaatiom, as was the
case with, for example, the Gaussian functions representingaimecatdial functions
described above. Instead, a plane-wave basis set is used, allowietettrons to be
modelled as (almost) free particles within the bounds of a&dath package of plane
waves, which take the form of sine or cosine waves, is used. Weaebtave different
wavelengths (and, therefore, energies) but must be standing waves.

In practice, the number of plane waves that would be required to mnbdel
wavefunctions close to the nucleus correctly is unfeasibly largl the core electrons
are represented by a pseudopotential with only the valence elebtreimgy a plane-
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wave basis set. Thus, the assumption is made that only theeakctrons affect the

physical properties of the system.

1.6.2 Choice of time step

The choice of time step used in an MD simulation is of thetggeanportance as it
ultimately determines how far an atom, which is being sudjetd a computed force,
will be moved before the energy is recalculated. A time stdpghao large will cause
an atom to move too far along a trajectory, causing the equatioiasl,tand poorly
modelling the motion of the atom. If too short a time step is chdsam it will be
necessary to run more cycles in the MD simulation than would oeive necessary.
In such a time-consuming, computationally demanding exercise tiss lme avoided.
Ideally the time step should be 10 — 15 times shorter than thscaieeof the quickest
(highest-energy) vibration.
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Chapter Two

The molecular structures of [I@®Bu’,)] and [In(RC;BU'%)] using gas-
phase electron diffraction amat initio and DFT calculations
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2.1 Introduction

In the past 20 years many unsaturated ring systems have bebasssed using the

phospha-alkyne synthon, [BIP. A selection of these rings is shown in Figute 1.

Figure 1 A selection of unsaturated rings that can be synthesised fri@®Bu
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Complexes in which [f,Bu'y]” and [BCsBu's]” have been coordinated tb and f-
block metals have been studied extensivedyt until five years ago little was known
about similar complexes with main-group elements. Singly chalgadns like
[PsC,BuU';]"and [RCsBu's]™ are of interest because of their ability to stabilise monavale
metals. Complexes with the Group 13 metals Ga, In and Tl have betresged and
have potential uses in the manufacture of IlI-V semiconductors.ITfe®mplexes
[In(PsC.BUY)], 1, and [In(BCsBU'3)], 2, contain both precursor atoms for the formation
of indium phosphide and their volatility could lend themselves to usesmichl vapour
deposition (CVD) of semiconducting filnis.

Compoundsl and2 have both previously been studied using X-ray diffractiband

both crystal structures show In coordinated to the ring iPgashion. However, while
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the crystal structure d? consisted of distinct monomers, the structurel afisplayed
weakly bound chains of molecules. The reason for this differencexpéained by the
increased steric bulk & with an extra Bugroup attached to the ring. This phenomenon
is further observed in the crystal structure of fflaCsH4Bu')], in which the presence of
less steric bulk allows the In—centroid distances between an indarmand the two
adjacent rings to be as similar as 253 and 285 fiime values for the In—centroid
distances in the crystal structure Iohre 259.8 pm to the strongly associated ring and
352.6 pm to the next ring in the chain, thus demonstrating weak aggregation.

In this chapter (and in Chapter 3, which deals with a Group 14 hadfxseh complex)

a search is performed for the most suitadile@nitio and DFT methods for performing
calculations on main-group half-sandwich complexes and the calcglbedetries are
used during the GED structure determinations of §84Bu’)], 1, and [In(RCsBu'’)],

2.

2.2 Experimental

2.2.1 Synthesis
Samples of [In(RC:Buy)], 1, and [In(RCsBu'3)], 2, were prepared by the co-
condensation of indium vapour and'8aP at 77 K by Dr. Matthew Francis and co-

workers at the University of Susséx.

2.2.2 Theoretical methods

The calculations reported in this work were performed using thessgm 03 suite of
programs, with the resources of the EPSRC National Service for Compnéiti
Chemistry Software. Some of the calculations were carriedsng a cluster of six HP
ES40 computers, where each Alphaserver ES40 machine has four 83B\MBILPUs
and 8 GB of memory connected with a high-speed, low-latency Q8ihsorming an
Alphaserver SC. Other calculations were performed using aclosR2 Linux Opteron
nodes. Each Opteron server has twin 2.4 GHz Opteron 250 CPUs and 8 GBafyme
connected with a high-speed, low-latency Myrinet network.
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The starting coordinates for the geometry optimisation caloalddir [In(R;C,Bu')], 1,
were taken from the structure obtained from X-ray diffractia®, symmetry was
imposed and calculations were initially performed at the Blewfiock level of theory
using first the 3-21G* basis §eind then the 6-31G* basis $en the light atoms (H, C
and P) and the LanL2DZ basis $&including an effective core potential (ECP), on the
indium atom. When geometry optimisations were performed at teesks | it was noted
that the calculations had difficulty in reaching convergencénadadrces acting on the
atoms became too small. This is characteristic of a verjpshpbtential-energy surface
(PES). Force fields were calculated at these levels and tesiency to return a single
imaginary frequency[{13 cm™), indicating that a minimum on the PES had not been
reached. By visualising the imaginary frequencies using Nudekel graphics
program*! it was seen that those frequencies were associated withvigte of the
symmetry-relatedert-butyl groups. A modified geometry optimisation was performed
using the direct inversion in the iterative subspace (GDIISyri#hgn' as this is known

to aid convergence in calculations of large molecules, espedtiabg thaving a shallow
PES.

Calculations were also performed at different levels of theoamely BLYP!'*
B3LYP**® B3PW9T** and MP2Y A scan of the PES was performed
(B3PW91/LanL2DZ/6-31G*) to gain an insight into its form (Fig@e The torsional
angle C(9)-C(7)—C(3)-P(2) was varied in steps of 5° from a zere@qgpsisition where
the Gat—Cve bond was eclipsing the C(3)-P(2) ring bond (see Figure 3 for atom
numbering). When the calculations were started from a position vieré(9)-C(7)—
C(3)-P(2) torsion angle was 40°, a structure with real frequeneéss obtained,

indicating that the optimised geometry represented an energy minimum.
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Figure 2 Relative energies upon rotation about they&C et bond in [In(RC,BUY)], 1.
Torsional angles in degrees.
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The LanL2DZ pseudopotential that was used above is an examplargeacore ECP.
For the indium atom, LanL2DZ considers 46 of the 49 electrons to belohg &idmic
core. Recently, small-core pseudopotentials were developed thed megg 28 of the
electrons to be in the core ([Ar] €}and treat the rest explicitly. A quadrugdsasis
set of this typ® (aug-cc-pVQZ-PP) has been tested to see whether the inclusiaref m
electrons in the valence shell of the atom can produce more reliabeetical
structures. The accuracy of each method will be assessed bwyrsonpwith the GED

structure forl.
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Figure 3 Structure of [In(BC,BuY)], 1, with Cs symmetry showing the atom numbering
used in calculations and the GED refinement.
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A similar set of calculations was performed for [BCEBuU'%)], 2. Again different
methods were tried and a variety of pseudopotentials were uselle tUntolecule2
was found to hav€; symmetry.

Analytical force fields calculated at the RHF/aug-cc-pVRRZ6-31G* level for botid
and 2 were used with the SHRINK progrdmto calculate accurate amplitudes of
vibration (n1) and curvilinear correctionsg) to allow for the shrinkage effect that is

associated with the GED experiméht.

2.2.3 Gas-phase electron diffraction

Data were collected fot and 2 using the Edinburgh gas-phase electron diffraction
apparatu$’ A voltage of approximately 40 kV was used to accelerate #wrehs,
resulting in an electron wavelength of around 6.0 pm. The intensitidse scattered
electrons were recorded using Kodak Electron Image films. Date @ollected fol at

a nozzle-to-film distance of 254.05 mm with sample and nozzle tetuapesaf 481 and
487 K, respectively, and fa2 at a distance of 252.13 mm with sample and nozzle
temperatures of 402 and 438 K.

The weighting points for the off-diagonal weight matrices, edation parameters and
scale factors for both sets of data are given in Table 1. Aldodeat are the exact

wavelengths of the electrons as determined from the scatfgaiterns for benzene that

28



were recorded immediately after the patterns for compodnaisd 2. The scattering
intensities were measured using an Epson Expression 1600 Pro flatbedrsaad
converted to mean optical densities as a function of the scatteniaiple,s, using an
established prograff.The data reduction and least-squares refinement processes were
carried out using the ed@ed progfaemploying the scattering factors of Resal.**

Table 1 Nozzle-to-film distances (mm), weighting functions (Mnscale factors,
correlation parameters and electron wavelengths (pm) used in the eledtaotioif
studies of [In(RC:BuY)], 1, and [In(BRCsBu%)], 2.

[IN(PsC,BUY)], 1 [In(P.C3Bu'3)], 2

Nozzle-to-film distancé 254.05 252.13
As 2 2

Shin 30 20

SW; 40 40

SWy 13.2 12.8

Smax 15.4 14.0
Scale factdt 0.907(24) 1.295(44)
Correlation parameter 0.446 0.360
Electron wavelength 6.020 6.020

2 Determined by reference to the scattering pattern of berz¥akies in parentheses
are the estimated standard deviations.

2.3 Results and discussion

A large amount of work has previously been directed towards ctitguthe structures

of transition-metal complexes incorporating ring systems. A révieof the
computational chemistry of metallocenes investigated the apphcafiab initio and

DFT methods to the modelling of transition-metal complexes and in partienlacéne.

The M-Cp distance was identified as an appropriate parameter oh tehjedge the
suitability of a calculation for such a molecud initio studie$® of ferrocene at the HF

level gave Fe-ring distances that were overestimated by ufb%® compared to
experimental parameters and this phenomenon was shown to be independent of basis set.
A further study’ of transition-metal sandwich and half-sandwich compounds was
carried out and aimed to investigate the correlation effectsviestah optimising the
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M-Cp distance. This concluded that the bond length was insensitive t@eovément

in basis set beyond doublequality. A later studi? applied MP2 perturbation theory to
the problem with similarly unsatisfactory results. In that imstathe Fe—Cp bond length

in ferrocene was underestimated by more than 10 pm.

In contrast to the unsuccessful efforts to optimise the geomefriggetallocenesb
initio, the application of DFT methods to these compounds has proved promising. In a
study of ferrocené’ the use of a DFT method (LDA) returned an Fe—Cp distance to
within 1 pm of experimental values (electron diffraction). DFThuds have also been
used to investigate the structures of substituted ferrocenes with good¥esults

As part of the structure determinations of the Group 13 half-sandeaatplexes
[In(PsC,BUY)], 1, and [In(RCsBu')], 2, several DFT methods as well as MP2 have been
tested for their ability to calculate accurate geometoeghis class of compound. The
use of both small-core (aug-cc-pVQZ-PP) and large-core (LanLZBZPs has also
been investigated. Selected parameters from those geometrysapioms are given in
Table 2 and show that there is a wide variation in the quefitthe results when
compared to GED values. The parameters were chosen for comparisusebéuey
were defined by the GED experiment without the need for retgtravhich themselves
are derived from calculated values. See Figures 3 and 4 fatdirenumbering of and

2, respectively.
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Figure 4 Structure of [In(RCsBu's)], 2, with C; symmetry showing the atom numbering
used in calculations and the GED refinement.

C(22)

C(20)

C(21)

For 1, the calculations that most closely matched the GED experihrestats were
performed using the BSPW91 method with the small-core ECP on indising tthe
LanL2DZ ECP with this method overestimated the In—ring distdogé®tween 1 and 3
pm. For MP2, neither the large-core or small-core ECPs gesrdts concordant with
those from experiment. Although MP2/LanL2DZ calculated-C to within 1.5 pm of
the GED valuerIin—P was overestimated by up to 8 pm. Similarly poor resulte wer
obtained for the B3LYP and BLYP methods, which overestimated bond lehgths
between 6 and 11 pm fain—P(2), by between 5 and 9 pm fdn-P(4/5) and by
between 5 and 9 pm fain—C. The PW91PW91 and PBE1PBE methods performed
better, generally predicting distances to within a few picasetspecially when using
the small-core ECP. Coordinates for each of the calculgéemnetries are given in
Tables 2.1-2.12 in the Electronic Appendix (EA).

[IN(P,CsBU')], 2, has more atoms (and therefore more electrons) themd is also of

lower symmetry. For these reasons similar calculation® took longer and required
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more CPU memory. In fact, despite the powerful resources oNBECS Opteron
clusters, it proved impossible to run MP2 calculations2fdfrom the calculations that
were run (see Table 2) the similarity of parameters to tbbts&sned from GED was
poor. Again the parameters chosen for comparison were not redtiairtee GED
refinement. The discrepancies between theory and experimemiléely to be due to
the inaccuracy of calculations (which of course worked wellfomstead it is probable
that the GED data were of poor quality and this is discussed further latersed¢han.

The calculated results do, however, show a degree of correlatibrihei parameters
obtained from X-ray diffraction.Ideally calculated parameters should be compared with
gas-phase data where structures are not altered by packieg, fott on this occasion
some comparisons will be made with the crystal structure. Tdusse of action is
supported by the nature of the crystal structur€.obnlike 1, for which chains of
molecules were observed in the crystalline phamed, consequently, the In—ring
distances are much longer than the gas-phase distances (Tabé&mplecules of in

the crystal are further apart, minimising intermoleculagraxttions. Thus the molecular
structures in the gas phase and solid state will be more similar.

In the case 02, the B3LYP calculations give In—ring bond lengths that are wihwut

1 pm of the X-ray determined values. Here the use of the soralland large-core basis
sets makes less difference to the parameters, with most &ogithd lying within 2 pm

of one another. As was found fbrthe BLYP method overestimated most distances and
the PW91PW91 and PBE1PBE methods underestimated theml fare was a
definite trend towards the use of small-core ECPs giving mccarate results. Such a
trend is not observed f@ where sometimes the use of a small-core ECP gives a result
closer to an experimental value and sometimes it is furthay.avhis was true when
compared to both the GED experimental parameters and the Xaemeters.
Coordinates for each of the calculated geometries are given in Tables 2.13-2.22 (EA)
The SARACEN methott was used to determine the structure of [J0dBu%)], 1. A Cs
symmetry model was written describing the molecule as aplamg with an attendant

In atom, which was free to move above the ring within the constrafil@s symmetry.

The twotert-butyl groups were related through symmetry and were allowbdrid out
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of the plane of the ring. In total the geometry was described bysidnde parameters,
seven angle parameters and two torsion angle parameterfasee3). The distances
included a single C—-H bond lengtpX as the theoretical structure (B3PW91/aug-cc-
pVQZ-PP/6-311+G*) showed all the distances to be within 0.2 pm of moibexr. The
four different C—C bond lengths were described by an average anddiffexence
parameters according to the following equations, where Mel ismitéyl group
containing C(9), Me2 contains C(8) and Me3 contains C(29). (See Rgimeatom
numbering.)

P2 = [ (Cring=Ceert) + I(CierrCivier) + I'(Crert—Cute2) + I'(Ciert—Cues)] / 4

P3 = I (Cring=Gert) — {[ I (Ctert—Civte) + I'(Ctert—Cite2) + I'(Crert—Ciues)] / 3}

P = I (Ciert—Cuen) — {[ I (Ciert—Cume2) + I'(Ciert—Cume3)] / 2}

Ps = I'(Ciert—Cue2) — I (Crert—Ce3)

Parameters 2-5 were then used to define the four C—C distances.

The two C—P bond lengths were described using the simple avertgetafo and the
difference between theme(7;) andrP—P, which only appears once in the moleculps.is
The other distance used to describe the ring was the non-bonded C---@ d¢igjaht
order to position the indium atom above the ring-P(2) andrin-Ciing were included
as independent parametepso(17).

The three different fg—Cet—Cue angles were described using (i) a simple average of
the three, (ii) the angle to Mel minus the difference betweemother two, and (iii) the
difference between the angles to Me2 and M3 {y). The angles between the methyl
groups, which were needed to describe the asymmetry of thgr@ups fully, were
defined as1Cyier—Ciert—Cues (P15) and U Cyiez—Ciert—Cues (P16), @and a singlé] Cier—Cyie—

H angle was usedp{;). Calculations (B3PW91l/aug-cc-pVQZ-PP/6-311+G*) showed
that the twist of each methyl groupe( the torsional angle formed by one C-H and
Ciing—Cert) Was approximately 180° and these values were not allowed toirvang
final refinement.

OP(2)-Ging—Ceert (P18) determined the angle that the' Broups made with the P(2)-C(3)
bond. The dihedral angle providing the twist of theé Broups (applied so thats
symmetry was preserved) was definedgR$2)—C(3)—C(7)—-C(9)pio), Where the zero-
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torsion position has C(7)—C(9) eclipsing P(2)-C(3). A positive valug:forelates to a
twist of the Bligroup containing C(7) in a clockwise direction when viewed from C(3)
to C(7) and a twist in the opposite direction for the othérgBoup. ¢P(5)—P(4)-C(3)-

C(7) (p20) allowed the Bligroups to bend out of the plane of the ring in the opposite
direction to In.
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Table 3 Refined (n1) and calculatedr§) geometric parameters for [Ig&BuUY)], 1,
from the GED study using SARACEN.

Parameter Ih1 le Restraint
Independent
pp rC-H mean 109.6(4) 109.5 109.5(5)
p. rC-C average 154.1(3) 154.9 —
ps rC—C difference 1 0.3(2) 0.3 0.3(2)
ps rC—C difference 2 -0.2(1) -0.2 -0.2(1)
ps rC—C difference 3 0.6(2) 0.6 0.6(2)
ps rC—P average 176.8(3) 176.3 —
p; rC-P difference 0.6(2) 0.6 0.6(2)
ps rP-P 213.2(11) 214.2 —
ps rC(3)---C(6) 272.0(10) 271.3 —
pio  rin—P(2) 293.5(20) 294.6 —
pi1  rin—C(3/6) 283.2(10) 283.0 —
P2 OCiing—Cer—Cue average 111.2(6) 110.3 —
P13z UCiing—Cet—Cue difference 1 2.7(6) 2.1 2.1(7)
P14 OCiing—Cier—Cue difference 2 —4.5(7) -4.3 —-4.3(8)
P15 OCuer—Ciert—Cives 108.0(10) 108.8 108.2(10)
Pis  OCmer—Ciert—Ciues 108.5(10) 108.7 108.9(10)
P17 OCiet—Cue—H mean 111.5(10) 1111 111.1(10)
pis  OP(2)-GingCiert 120.5(11) 119.3 —
Po  ¢BU 48.4(50) 34.0 —
P20 ¢@P(5)-P(4)-C(3)-C(7) 3.4(5) 3.3 3.3(5)
Dependent
p21  rin—P(4/5) 292.7(14) 293.1 —
P22 rC(6/3)-P(2) 177.1(4) 176.6 —
p2s  rC(3/6)-P(4/5) 176.5(4) 176.0 —
P2a DCring—P—Cing 100.3(5) 100.3 —
Pz2s  OP—Ging—P 120.3(4) 120.5 —
P26 UCiing—P—P 99.6(2) 99.3 —

% Refers to BSPW91/aug-cc-pVQZ-PP/6-311+E§Distancesr() are in pm, anglegl)

and torsions¢) in degrees. See text for parameter definitions and Figure 3 for atom
numbering. The figures in parentheses are the estimated standard deviatioasof the
digits. Mel is the methyl group surrounding C(9), Me2 is associated with C(8)e®d M
with C(29).
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A total of 20 geometric parameters and nine groups of amplituded@ition were
refined during the least-squares refinement process. See TablgE2Pfor a list of the
amplitudes of vibration. Flexible restraints were employed, usig SARACEN
method, for 11 geometric parameters and six amplitudes. The restrarg derived
from calculations performed using B3PW91/aug-cc-pVQZ-PP/6-311+G*, hwhax
proved the most accurate of the methods tested for determining this structure.

The success of the refinement, for whikh= 0.059 R, = 0.043), can be gauged on the
basis of the radial-distribution and experimental — theoreticirdiice curves (Figure
5) and the molecular-scattering intensity curve (Figure 6). @ast-squares correlation
matrix is given in Table 4 and the coordinates for the GElx&tre are given in Table
2.24 (EA).

Figure 5 Experimental and difference (experimental — theoretical) racséiialition
curves for [In(RC,BuY)], 1. Before Fourier inversion, the data were multiplied by
s.exp(—0.00008)/(Zn —fin)(Zc —fo).
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Figure 6 Molecular-scattering intensity and final weighted difference cuimes
[In(PsC2BUY)], 1.

s’ (s)

mol

T T T T T T T T T T
20 40 60 80 100 120 140 160

s/inm™

Table 4 Least-squares correlation matrix (x100) for [kGEBuU")], 1.2

P11 P18 U2e Ky
P2 71
Ps —50
Ps -56
P10 82
P11 50
P12 57
P13 51
U7 60

% Only elements with absolute value§0% are showrk; is a scale factor.

A C;-symmetric model was written to describe the coordinates d®[laBu's)], 2, in
terms of 30 independent parameters (see Table 5). This allowedyfometry in the
molecule through the independence of the thretgBaups. These groups have been
named so that Bl is the group centred on C(7), 'Bus the group centred on C(20) and
Bu'3 is centred on C(33). Although calculations (B3PW91/aug-cc-pVQE-BPI+G*)
showed that the ring had slight deviations from planarity and thagxttmplerC(2)—
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P(3) andrC(2)-P(6) differed by approximately 0.5 pm, the model was written
describe the IfZ3; motif with localCs symmetry. (See Figure 4 for atom numbering.)

Of the eight distance parameters, a single mean value wdgarsC—H (p;). The C-C
bond lengths were defined by a simple averagedf (i) the shortrCiing—Ciing and (ii)

the average of the other eight C—C bonds (four froM Buad four from Bi2/3, where

the differences imC—C between B@ and B(B were so small they were assumed to be
the same), and the difference between (i) andgii),Those eight C—C bond lengths
were then defined using individual fixede( non-refineable) distances away from the
average of the eight. The assumption of a plane of symmettiyngpthe ring into two
equal halves means that only two P—C distances are requiredwiesdefined as an
average and differenc@s(s). The final three distance parameters in the model are the
non-bonded P---P distang®)(and two ring-to-indium parametertn—C(2) andrin—P
(p7-g), which allow the indium atom to move within the mirror plane dividimgring in

two.

As each of the Bugroups is different and has little symmetry it was necgssause
many parameters to describe these groups. In terms offpeCa—Cue angles, each

Bu' group was considered to have three different angles, which wemnébéesusing an
average of the three and two differences.f for Bu'l, pio_14 for Bu2 andp;s_17 for
Bu'3) in the same way as was shown above for tHgBups inl. Similarly each group

had two independerff Cye—Ciart—Civie @ngles 1s_10 for Bu'l, pao_p1 for Bu2 andpys_os

for Bu'3). A singledCi—Cue—H mean value was used, which had been averaged over
all 27 angles fs). OP(3)—Ging—Ciert1 (P25) Was used to move Buaway from the ring
and for B(2/3 the simple average and difference betw&#(5)—-C(4)-C(20) and
[0C(4)-C(5)-C(33) was usefb_2). All three Bu groups are defined so thagE Cing

lies in the plane of the ring.

The final three parameters were dihedral angles, used tob#detoe torsions applied to
the BU groups fus_39. For Bul this was the P(6)-C(2)-C(7)-C(9) dihedral angle,
where 0° signifies that P(6)—-C(2) and C(7)—C(9) are eclipsed poditive value relates

to a clockwise twist of B about the C(2)-C(7) axis when viewed from C(2) to C(7).
For Bu2 the P(3)-C(4)-C(20)-C(22) dihedral angle was used and a positive value
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indicates a clockwise rotation of Buabout the C(4)-C(20) bond when viewed from
C(4)-C(20) and from the zero-torsion position where P(3)-C(4) and C(ZR)-C(
eclipse one another. For Buthe P(6)-C(5)-C(33)-C(35) dihedral angle starts from a
zero-position where P(6)-C(5) and C(33)-C(35) eclipse and a positlue & a
clockwise rotation of B® about the C(5)-C(33) bond where, when viewed from C(5) to
C(33). No asymmetry was included in the methyl groups, which @Gadlocal
symmetry. The methyl twists of those groups were not alloweeffitee and were fixed

in positions where a fg—Cier—Cue—H value of 180° exists for each methyl group.
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The refinement of the GED structure of [Ia{lRBu'’s)], 2, proved to be problematic and
this was most likely because of the poor quality of the data. Guéyat a long nozzle-
to-film distance were collected and these data give most iatmm about large-
amplitude distances. This means that torsions will be well definetlecause long data
contain little information about small-amplitude distances il widt be so good at
determining bond lengths. The lack of short-distance nozzle-to-fitenwidl also make
it difficult to resolve similar distances.

Two separate refinements were performed, the first followiegroutine SARACEN
procedure of restraining parameters that were poorly defined by the date tbe best-
fit structure. In total 30 geometric parameters and seven groumsnplitudes of
vibration were refined, with 20 parameters and three amplitudes ngeedi be
restrained. A list of amplitudes of vibration is given in Tab252(EA). The finalR
factors wereRs = 0.083 Rp = 0.058). These, and comparison of the experimental and
theoretical radial-distribution curves (Figure 7) and molecudattsring intensity curves
(Figure 8) show that this model is consistent with the experiindata, although these
are limited. The coordinates for this best-fit geometrf afe given in Table 2.26 (EA)
and the least-squares correlation matrix in Table 6. Despitpffaent good fit of these
parameters to the experimental data, there are a number afgvars for which the
values are questionable. In particular the position of the indium abmwe the ring
appears to be poorly defined by the data and this is the redhi @bsence of short

nozzle-to-film data.
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Figure 7 Experimental and difference (experimental — theoretical) rads&iHalition
curves for the best-fit refinement of [InEBuU')], 2. Before Fourier inversion, the data
were multiplied bys.exp(=0.0000&)/(Zi, — fin)(Zc —fo).
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Figure 8 Molecular-scattering intensity and final weighted difference cuiwethe
best-fit refinement of [In(fC3BU'3)], 2.
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Table 6 Least-squares correlation matrix (x100) for the best-fit refinefoent
[|n(P2C3BUt3)], 22

Pe Ps Pso U71 ki

P4 98 73 54 67
Ps 80 59
P29 -53

Uz, 91

4 Only elements with absolute value§0% are showrk; is a scale factor.

The second refinement that was performedfonposed flexible restraints on all of the
independent parameters based on the values calculated at B3PW@pQALPP/6-
311+G*. This gave a much worse fit to the data VRth= 0.161 Ry = 0.140). The
radial-distribution curve for this refinement is shown in Figure 3 €hkperimental —
theoretical difference curve shows that the parameters stibjedtraints do not fit well
with the experimental data. The amplitudes of vibration from #sgained refinement

are given in Table 2.27 (EA) and the geometric coordinates in Table 2.28 (EA).

Figure 9 Experimental and difference (experimental — theoretical) rads&iHalition
curves for the fully-restrained refinement of [IgCEBU')], 2. Before Fourier inversion,
the data were multiplied by/exp(—0.0000&)/(Z, —fin)(Zc —fo).
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Consulting Table 2, the calculated values for the C—P and C-Cdistences at the
various levels of theory are quite close. However, wi€3/6)—C(2) has theoretical
values that deviate by about 2 pm over the series of calculatr@nantestrained GED
value from the best-fit refinement is between 6 and 8 pm longer tihese values.
Although it is acknowledged that bond lengths between first and seocandlements
can be wrongly predicted by theory, these differences atedagreat for that to be the
sole cause in this case. Again, the evidence suggests that the data are of ggor quali
As mentioned earlier, the fact that the crystal structure afontains monomeric
molecules rather than chains of molecules suggests that the gas-phase drstageli
structures should be more similar than in the cask bfowever, in terms of the ring
distances (see Table 2 for selected X-ray and GED para)eatas seen that these are
reasonably close fdr and much more different f& This adds to the suspicion of bad
data for 2. Unfortunately, no further sample is available, and as the electron
diffractometer was taken to its present heating limit this could not be solved.

In conclusion, the calculated geometry for [KGEBU')], 1, using the B3PW91 method
with a small-core aug-cc-pVQZ-PP ECP on indium was veogeclto the geometry
obtained from the GED refinement. The calculations also showed ihadvisable to
use a small-core ECP wherever it is available as this can datriking effect on the
accuracy ofab initio and DFT calculations. It is unfortunate that, due to poor electron
diffraction data, it was not possible to extend this study to shatwthe same method of
calculation is as good for [In§B3Bu's)], 2.
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Chapter Three

The molecular structure of [SB:BU')] using gas-phase electron
diffraction andab initio and DFT calculations
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3.1 Introduction

In the past decade the phospha-alkyne synthoGMBinas been used as a building block
for a number of unsaturated ring systems. As described in Chapter 2, theseaaaezul
analogues of well-known organic ligands in which C-R fragments bege replaced
by phosphorus atonts.

Transition-metal complexes of the cyclobutadiene derivative 1,3-diphospbacy
butadiene were independently reported in 1986 by Nizod Bingef who synthesised
and structurally characterised compounds of the typesH@€Rs)(5*-P.C.BUY)]

(M = Co, Rh, Ir; R = H or Me). Since this early work, sevetakr 1,3-diphosphacyclo-
butadiene transition-metal complexes that include no ligands amarnt the four-

membered rings have been reported (see Figu¥é 1).

Figurel 1,3-diphosphacyclobutadiene transition-metal complexes.
t

Bu But
7—P P
P<£L -
But But
Bu ! Ni
\ ot
\/P But/<
p P
: But
Bu
M = Mo, W

In the past three years the first main-group elements have lggadlto a 1,3-
diphosphacyclobutadiene riig’. The series of compounds of the type #4P.C:BUY)]
(M = Ge, Sn, Pb)la—c (Figure 2), were shown by single-crystal X-ray diffranti
studies to have the 1,3-diphosphacyclobutadiene ring coordinated to thémeetaf-
fashion. Since these compounds are derivatives of divalent metalgyathes should

formally be considered as4&Bu';]*~ dianions.
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Figure 2 Half-sandwich main-group metal complexes of 1,3-diphosphacyclo-butadiene.
But

==

laM=Ge
1b M =Sn
lc M=Pb

Very recently the synthesis and structural characterisatiagheoflilithium salt of the
analogous silicon-containing dianidh, [P,Cx(SiMes)-]>~ has been reported. Also
discussed in recent literature is a theoretical study of @h@maticity of the
corresponding isoelectronic cyclobutadiene diarfttofiCsH4]?, and its structurally
characterised derivative iC4R,] (R = SiMey).*?

[Sn(*-P.C,BUY)] is an example of a 24-electraido-cage structure. Replacing the tin
atom with a phosphorus givess{BBu’;]", a compound which is known to have a cage
structure. This has previously been prepared by Dr. Jason Lynano-avatkers at the
University of York™®

The gas-phase structure of [$hP.,C,BUY)], 1b, as determined by electron diffraction
and theoretical methods should, therefore, provide an interesting complentaase

studies.
3.2 Experimental

3.2.1 Synthesis

A sample of [Sn(FC.BUY)], 1b, was prepared from SnCand [Zr¢>-CsHs)(PCBU),
according to the literature method by Dr. Matthew Francis and co-workexsrsity of
SusseX.
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3.2.2 Theoretical methods

The majority of calculations reported in this work were performmada Linux 12-
Processor Parallel Quantum Solutions (PQS) workstdtiomning the Gaussian 98
suite of program&® Calculations at the PBE1PBE level were run using the Gaus3ian 0
programs® with the resources of the EPSRC National Service for Compnéiti
Chemistry Software, on a cluster of six HP ES40 computers. Epttaserver ES40
machine has four 833 MHz EV68 CPUs and 8 GB of memory connected Witfh-a
speed, low-latency QSW switch forming an Alphaserver SC.ulzdions using the aug-
cc-pVQZ-PP ECP were carried using a newly installed alustte22 Linux Opteron
nodes, where each Opteron server has twin 2.4 GHz Opteron 250 CPUs andf8 GB
memory connected with a high-speed, low-latency Myrinet network.

A search of the potential-energy surfacellofwas undertaken at the Hartree-Fock level
of theory using a 3-21G* basis ¥efHF/3-21G*) in order to locate any minima and a
single structure witlC,, was identified.

A series of calculations was performed in order to gauge teetebf basis set size, use
of effective core potentials and treatment of electron cowelabn the optimised
geometries. At the Hartree-Fock level of theory, where electoorelation is ignored,
calculations were performed using the 6-31G* basi$ setC, P and H and, firstly, the
LanL2DZ basis sét on Sn, then the Stuttgart/Dresden/Dunning (SDD) basf? set
finally the SDB-aug-cc-pVTZ basis s&tjn order to investigate their suitability. Such
basis sets were chosen for the tin atom because of theiry atalitprovide a
pseudopotential, as relativistic effects become important with édreatoms, and, given
that the effective core potential (ECP) reduces the numbereofr@hs that must be
considered, they reduce the time taken for the calculations.

The DFT methods that were used in this work are based on Becke&e&Bon-
exchange functiond and both the PW%i and LYP* correlation functionals. The
PBE1PBE exchange-correlation functional of Perdew, Burke and BEofZewas also
used. Calculations comparing LanL2DZ, SDD and SDB-aug-cc-pVTZ owé&e
performed using the B3PW91, B3LYP and PBE1PBE functionals with vabasis sets
on C, P and H (6-31G*, 6-311G*, 6-311+G* and 6-311++G**).
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Calculations at the MP2 level of theBtyvere performed using the same combinations
of ECPs on Sn and other basis sets on the lighter atoms a#el@gmeviously. All
MP2 calculations were frozen core.

Based on the effects of different levels of theory and bassosethe geometry difb,

the analytical force field was calculated at the B3PW91/6-31@A1(2DZ on Sn) level.
This was used to provide estimates of the amplitudes of vibratigh &nd the
curvilinear correctionsk), from the SHRINK prograr, for use in the gas-phase
electron diffraction refinements.

An identical approach to that described above was adopted for geométnysaipdn
calculations to investigate the structures of related molecaded fragments:
[Sn(R.CH2)], 2, [(P.C-BUY)], 3, [Sn(GBU>Hy)], 4, and [LkP,C-BU7], 5.

The calculations above were completed before the study of ;(sBB%)] and
[In(P2C3sBU')], described in Chapter 2, which highlighted the need to consider newly
developed small-core ECPs. Calculations have subsequently been peérfiomid

using the aug-cc-pVQZ-PP ECP with all the methods listed above.

3.2.3 Gas-phase electron diffraction

Data were collected for [Sn{€,BUY)], 1b, using the Edinburgh gas-phase electron
diffraction apparatu&® An accelerating voltage of around 40 kV was used, equating to
an electron wavelength of approximately 6.0 pm. Scattering inshsiere recorded on
Kodak Electron Image films at nozzle-to-film distances of 86.08 and2@58m, with
sample and nozzle temperatures held at 431 and 452 K, respectivellye felnorter
distance and 424 and 429 K for the longer distance.

The weighting points for the off-diagonal weight matrices, edation parameters and
scale factors for both camera distances are given in TaBllsd.included are the exact
electron wavelengths as determined from the scattering mafi@r benzene that were
recorded immediately after the patterns Ior The scattering intensities were measured
using an Epson Expression 1600 Pro flatbed scanner and converted tmptieah
densities as a function of the scattering variaglesing an established prograirhe
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data reduction and the least-squares refinement processes wed oat using the

ed@ed prografl employing the scattering factors of Resal.*

Table 1 Nozzle-to-film distances (mm), weighting functions (Wnscale factors,
correlation parameters and electron wavelengths (pm) used in the eledtatidif
study of [Sn(BC,Bu')], 1b.

Nozzle-to-film distanc® 86.06 255.26
As 4 2

Smin 80 20

SWy 120 40

SWy 230 102

Smax 250 110
Scale factdt 0.801(42) 0.857(14)
Correlation parameter 0.393 0.119
Electron wavelength 6.020 6.020

& Determined by reference to the scattering pattern of berfzeaties in parentheses
are the estimated standard deviations.

3.3 Reaults and discussion

Recently, DFT calculations have been used to give information abeugléctronic
structures of the following phospha-metallocenessfM&C:BUY),] (M = Ti, Fe, Ru);
[M(7°-P2C3BU'),] (M = Fe); [Sch-PsCoBub),-u-(77-PsCoBu')Scir®-PsCoBuly)] and the
half-sandwich compounds [M{-P;C,Bu’)-(CO);] (M = Mn, Re); and [M#§>-P;C,BuY)]
and [M@7>-P,CsBu's] (M = In).3273¢

Much less research has been directed towards calculatingustsicdf p-block
metallocenes or phospha-metallocenes. In the recently published pap#igatirey the
electronic structure of [Sn§B,Bu',)], Greenet al. describe the use of one DFT metfiod.
They compare the calculated parameters with the crystatisglin order to assess the
reliability of the calculations. While these values compareoreddy, it would have
been especially interesting to compare the theoretical pamanvate ones determined
in the gas phase, where molecules are free from intermolecular iftesact

In this chapter such a structure determination of [SEyBU%)], 1b, is discussed using

gas-phase electron diffraction aal initio molecular-orbital calculations and density
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functional theory. Many theoretical methods have been tested, andlsdiffarent
effective core potentials have also been evaluated.

The structure oflb was investigated using the various levels of theory and basis set
described in the Experimental section. With respect to the EQR tesed on the Sn
atom, there was little to choose between the LanL2DZ and SiB@pVTZ
pseudopotentials. Both produced Sn-ring bond lengths to within a couple of peometr
of the experimental (GED and X-ray) values. The SDD pseudopdtemis less
successful, generating Sn—P bond lengths that were approximately 6optang.
Results for each of the three ECPs that were tested ftinta®om are given in Table 2.
From this point on, all calculations will use the LanL2DZ ECP onShetom unless
otherwise stated.

Selected principal parameters taken from the geometriadaiaid at the different levels

of theory used in this study are given in Table 3, alongside exgetal data for
comparison. In general, an improvement in the results of the calculatassoted as
the basis set was increased from 6-31G* to 6-311G*. Only a very dligthter
difference was observed upon the addition of diffuse functions to thdnyasogen
atoms (6-311+G*) and no gain was made by adding diffuse and polamifatictions to

the hydrogen atoms (6-311++G**).

It was noted that while the MP2 level of theory did not perforrbaally as reported for
transition-metal complexes, it had a tendency to overestimatentie 18ngth by up to 9
pm, depending on the pseudopotential used on Sn. Only when using SDB-aug-cc-pVTZ
on tin did MP2 give results that were consistent with those detestrekperimentally. It
should also be noted that these calculations took more than four dsnksg as
B3PW91/LanL2DZ to complete on our workstation.

In the months since this work was completed and publi$hiedyas become apparent
that geometry optimisation calculations can be particularly dessgeged by the use of
large-core pseudopotentials. The recent structural study of indiurrsamalfvich
complexes, described in Chapter 2 and soon to be submitted for publicatioagdghatv
the small-core aug-cc-pVQZ-PP basis set for In could somestipredict therp;

experimental geometry better than LanL2DZ.
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For Sn, the pseudopotentials that were tested treat 46 of tHecd@ms as part of the
core, with only four electrons in the valence shell. The aug-cc-pFRZ
pseudopotential, however, uses a core of ([Arpielectrons, thus treating 22 electrons
explicitly when used for Sn. With the availability of small-ca@relation-consistent
basis sets up to and including quintupleuality for all p-block elements between Ga
and Rn, it now seems wrong to use a large-core ECP for Sn. sTeipecially true
because the availability of supercomputers means that thetakaa for two similar
calculations, one using a small-core ECP and the other using ectagg&CP, is less
than one day (although the calculations with the small-core ERRaka up to twice as
long).

In light of these findings, calculations have been ruriboat the MP2 level, and using
the various DFT methods, with the 6-31G* basis set on H, C and P arut-pM{2Z-
PP on Sn. These results are given in Table 2 and show that thieausmall-core basis
set on this molecule results in distances that are closer texpgerimental values for
almost all methods. In particular, the calculation using B3PW9laagecc-pvVQZ-PP
predictsrSn—P to within 0.5 pm and gives a value f8n—Gi,g of 241.8 pm, within the
uncertainty of the GED value. Once again MP2 calculations give reasonable

results.

57



Table 2 Calculated geometries) at different levels of theory using the 6-31G* basis
set on C, P and H atoms and comparing the LanL2DZ, SDD and SDB-aug-cc-pVTZ
large-core pseudopotentials and aug-cc-pVQZ-PP (a small-core pseudopatarfial)

MP2 B3PW91 B3LYP PBE1PBE PW91PW91

LanL2DZ

SN—Ging 242.2  242.6 243.7 242.0 244.0
Sn-P 266.5 263.3 264.8 262.8 265.5
P-C 181.0 181.2 181.1 180.8 182.0
Ring deformatioh  10.4 8.4 8.7 8.5 8.5
SDD

SN—Ging 247.0 246.3 247.6 245.6 247.8
Sn—-P 269.8 266.0 267.6 265.4 268.2
P-C 181.4 181.2 181.8 180.8 182.7
Ring deformatioh 9.4 7.7 8.0 7.8 7.8
SDB-aug-cc-pVTZ

SN—Ging 240.9 243.5 2447 242.9 244.8
Sn—-P 262.4  262.9 264.4 262.3 264.9
P-C 182.3 181.3 181.8 180.7 182.7
Ring deformatioh 8.2 7.5 7.8 7.5 7.6
aug-cc-pvQZ-PP

SN—Ging 242.2 241.8 244.0 240.4 243.1
Sn-P 2599 261.1 263.3 259.8 262.9
P-C 179.2 180.9 181.7 180.7 182.6
Ring deformatioh 7.1 7.5 7.5 7.4 7.4

2 Distances are in pm, angles in degr8&efers to the angle of deformation from the
position where all four ring atoms are coplanar. The C atoms move towards the Sn atom
and the P atoms move away from Sn. For definition, see text regasding

Table 3 Comparison of selected ring parameters for GEB), (X-ray and theoretical
(ro) methods.

GED X-ray’ MP2  B3PW91 B3LYP PBE1PBE
SN—Ging 241.0(11) 243.2(3) 242.8 2429 244.0 243.1
Sn-P 261.6(7) 261.1(1) 266.4 262.8 264.3 262.7
P—Ging 180.1(3) 179.8(3) 181.3 180.9 181.5 180.6
P—Ging—P 97.1(8) 97.5(2) 98.9 98.1 98.0 98.0
Cring=P—GCing 82.0(7) 82.1(2) 80.3 81.4 81.5 81.5
Ring deformatiof 6.4(16) 6.9 9.7 7.7 8.1 7.6

& All calculations were performed using the 6-311+G* basis set on all atomst e,
where LanL2DZ was useblTaken from Ref. 7 Average value® Refers to the angle of
deformation from the position where all four ring atoms are coplanar. The C @oves
towards the Sn atom and the P atoms move away from Sn. For definition, see text
regardingp,o.
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The gas-phase structure has been determined with the help ofréh.Fachley using
the DYNAMic Interaction of Theory and Experiment (DYNAMITE) thed®® This
new technique has been successfully applied to the gaseous stdetemmination of
sterically crowded molecul@sand allows ligands to be fully asymmetric during the gas
electron diffraction refinement. This is achieved by incorporatictmeoretical methods
[in this case molecular mechanics (MM)] into the least-squares redimgonogram.

This theoretical method allows the differences in light-atom ipositto be defined
accurately, whilst the less-accurate absolute distancessaagt torsions are scaled
back to the single refining parameters from the originalrgggm. This allows groups

to posses€; symmetry without the need for many or any extra refiniagameters,
which would all require restraint in the SARACEN metHodf there is steric strain
present within a molecule, then assumptions of local symmetrlygfaratom groups
(e.g. methyl groups) affect the heavy-atom positions as they cosaperfor the
inflexibility of the light-atom groups. The application of the DYNANE method to
[Sn(RC;BuU%)] allows us to examine whether there are structural consequehseeric
strain within this molecule, and also to examine its potenpipli@tion to other main-
group metal half-sandwich complexes.

On the basis of the calculations described above, a geometrical desdabinglb was
written allowing the ring to be non-planar and also permitting twierdnt Ging—P
distances. For the initial SARACEN refinement, the geometiy/described in terms of
21 independent parameters (see Table 4 and Figure 3 for atom numbehiesg. T
comprised five bond lengths, which included the average C—C bond distamsa{ple
average of the meange-Cuve bond and the &—GCiing distance) and the corresponding
difference between these twoi (). Fixed differences were used to define the separate
bond lengths of the threade-Cue bonds away from their mean value. A single common
C-H length was used throughoyg)(and the Sn—gy and Gi,g—P bond lengths were
also included ffs_s). Although symmetry implies that two distincti{-P distances are
possible, all calculations with this symmetry found all C—P dcsta to be the same and
therefore only one C—P distance is actually required. The moaelsésl seven angle
parameters. The average C—C-C angdei¢ the average of the three values C(3)-C(6)—
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C(7/8/9). As C(3)—C(6)—C(8) and C(3)-C(6)-C(9) were calculated to trevesame
value, the C—C-C difference paramet)) (s the difference between this value and that
for C(3)—-C(6)—C(7). An average valugs) of all the C—C—-H angles in the molecule is
combined with fixed differences to describe each individual angler @tigges that are
used arellP—Ging—Ciert, USN—Ging=Cert, UP—Ging—P and0Ciing—P— Ging (Po-12. The
drop of the butyl groups relative to the PPC half-ring plandefined as the angle
between the mid-point of the two P atoms {&@Pand the Gng and Get atoms,[IPRyi—
C(3)-C(6) p13)- The remaining nine parameters are dihedral angles redqaipgdce all
atoms in position. In all cases, a positive dihedral angle indicibekwise rotation
when viewed along the central bond. The twist of the first metlogdpyis defined by
¢C(3)-C(6)-C(7)-H(10) f14), with the other two hydrogen atoms added with the
assumption o€s, local symmetry. The twists of the other two methyl groups are defined
similarly, using ¢C(3)-C(6)-C(8)-H(13) and ¢C(3)-C(6)-C(9)-H(16) Mi5-19
respectively. Theert-butyl groups were of approximat® local symmetry and therefore
the positions of the methyl groups were determined relative t&¢{Re methyl group
using ¢C(8)—C(6)—C(3)—C(7) angC(9)—C(6)—C(3)—C(7)dr7-19 to move the respective
methyl groups in opposite directions. The twist of téy&-butyl group is described by
¢P(2)-C(3)—C(6)—C(7)pho). Dihedral angle C(3)-P(2)-C(5)-P(4}d) is used to define
the deformation of the ring from planar to a position where the caambmns move
towards the tin atom and the phosphorus atoms move away from it.nBhelifiedral
angle that is used in the model ¢8n(1)-C(3)-C(6)-C(7)pg1), which describes the
twist of thetert-butyl group in relation to the position of the Sn atom. By allowing the
tert-butyl groups to rotate, the molecule can adopt eitheor C,, symmetry. A value
for py; of 180° corresponds ©,, symmetry.

In total 21 geometric parameters and 14 groups of amplitudes ofieibveere refined

in the least-squares process. See Table 5 for the list of adgdiof vibration. Flexible
restraints were employed, using the SARACEN meffiddy 14 parameters and nine
amplitudes. For the purposes of SARACEN, the parameter valuessetete be those
obtained from calculations performed using the B3PW91 level of thedgty the
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LanL2DZ basis on Sn and 6-311+G* on all other atoms. The uncertainty én eac
restraint was then based on the change in value of that paratnetay a series of
graduated calculations. Within experimental error, the molecutefoumnd to have,,

symmetry.

Table 4 Refined (n1) and calculatedr§) geometric parameters for [SREBBUY)], 1b,

from the GED study using DYNAMITE?

Parameter M1 le Restraint
Independent
ppr rC-C average 153.6(2) 152.4 152.4(3)
p. rC—C difference 3.0(5) 2.5 2.5(5)
ps rCue—H average 110.3(3) 109.5 109.5(5)
ps  rP—Ging 180.1(3) 180.9 —
Ps  rSN—Ging 241.0(11) 242.9 —
Pe  UCiing—Cer—Cue average 109.6(5) 109.4 —
pr  OCiing—Cer—Cue difference 2.7(5) 2.6 2.6(5)
ps OCiwt—Cue—H average 111.1(8) 111.1 111.1(10)
Po  OP—GingCeert 129.4(11) 129.8 129.8(10)
Pro  OSN-Ging—Ceert 126.8(8) 126.6 126.6(10)
P11 OCing—P—Ging 82.0(7) 81.4 —
P12 DP—Cring_P 97.1(8) 98.1 —_
Pz  OPRLig—C(3)-C(6) 166.4(16) 167.5 —
pia  ¢H(10)-C(7)-C(6)-C(3) 59.9(17) 60.0 60.0(15)
pis  ¢H(13)-C(8)-C(6)-C(3) 64.0(17) 63.8 63.8(15)
pis  ¢H(16)-C(9)—C(6)-C(3) 56.3(17) 56.6 56.6(15)
p1z  ¢C(8)-C(6)-C(3)-C(7) 118.3(16) 119.1 119.1(15)
Pis  ¢C(9)-C(6)-C(3)-C(7) -118.2(16) -119.1 -119.1(15)
P @P(2)-C(3)-C(6)-C(7) —78.0(28) -79.4 —
P20 Ring deformation —6.4(16) -7.7 —7.7(15)
P21 ¢Bn(1)-C(3)-C(6)-C(7) 180.3(23) 180.0 180.0(20)
Dependent
p22 rSn-P 261.6(7) 262.8 —

® Refers to B3PW91 calculation with a LanL2DZ basis set on Sn and 6-311+G* on C, P
and H atoms’ Distancesr) are in pm, angles) and torsions¢) in degrees. See text

for parameter definitions and Figure 3 for atom numbering. The figures in paesnthes
are the estimated standard deviations of the last digits.
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Figure 3 Structure of [Sn(EC:Bu')], 1b, with C, symmetry showing the atom
numbering used in calculations and the GED refinement.

Sn(1)

On completion of the SARACEN refinement, the DYNAMITE c8dwas activated
within the ed@ed prografi,upon which the above parameter definitions relating to
rC—-H, OC-C-H and the methyl torsions changed. For example, the C—H bonid lengt
(ps) no longer represented the actual bond length for all the C-H distdnteather the
mean of them, while differences between them were updated contimutkly course of
the refinement.

The success of the final DYNAMITE refinement, for whieg = 0.049 Rp = 0.049),
can be assessed on the basis of the radial-distribution and expatimeheoretical
difference curves (Figure 4) and the molecular-scatterirensitty curves (Figure 5).
The least-squares correlation matrix is given in Table 6 and oatedi for the GED
structure are given in Table 3.1 in the Electronic Appendix (EA).

Obtaining a reliable GED structure determination, as judged byabeness of fit to the
data, makes this an ideal case for calibrating the various daoglathat were
performed. The calculated geometry of [SUBU')] at the BBPWIL1 level of theory
with the LanL2DZ pseudopotential on Sn and the 6-311+G* basis set ohallabbms
was close to that determined from the GED experiment. The panasnebtained by
using the MP2 level of theory with the SDB-aug-cc-pVTZ basishentin atom were

62



also close to the experimental values, but the geometry opimnigabk significantly
longer to complete. Subsequent to the determination of the GED stradtily it was
decided to test the use of a small-core ECP (aug-cc-pM&BR Sn. This resulted in
another improvement in the accuracy of the calculations, although incasss the
improvement was quite small. The force field that is required dwighe vibrational
quantities for use in the GED refinement is much more readituleded using DFT
methods than with MP2. For these reasons, B3PW91/LanL2DZ was uesirasthod
of calculating the geometry @b for use in the refinement.

Table 5 Selected interatomic distancegm) and amplitudes of vibrationyg/pm) for
the restrained GED structure of [SpCEBUY)], 1b.2

Atom pair r/pm Uny/pmP Restraint
Us  C-H 110.2(3) 7103) 7.7(8)
Uo  C(3)-C(6) 152.1(4) 4.0(6) —
Ui12  C(6)-C(8/9) 154.8(2) 4.1(tied tao) —
U  C(6)-C(7) 155.6(2) 41(tied tag — —
U14-15 P(Z)—C(3/5) 1802(3) 52(4) —
Us  Sn(1)-C(3) 240.7(11)  10.5(11) 10.1(10)
u;  C(@3)--C(7) 249.1(10)  7.1(8) 8.0(8)
Ug1o  C(7)---C(8) 250.6(23) 7.1(tiedtg) = —
Uoor C(3)--C(9) 252.6(8) 6.8(tiedtg)  —
Uz Sn(1)-P(2) 261.4(7) 7.5(8) 7.7(8)
Uz P(2)--P(4) 269.8(17)  5.1(6) 5.6(6)
U P(2)--C(6) 300.0(14) 9.0(7) 8.2(8)
Us  P(2)--C(19) 304.7(16)  9.0(tiedun)  —
s P(2)--C(8) 336.7(38)  18.7(18) 19.1(19)
Uy  P(2)--C(22) 341.8(39)  18.7(tiedug) ~— —
Us  Sn(l)---C(6) 352.7(11)  12.1(12) 12.4(12)
Uy  P(2)---C(7) 362.0(28)  18.0(25) —
U P(2)---C(20) 369.3(40)  18.0(tiedus)  —
Uz Sn(L)--C(8/9)  393.5(32)  22.7(17) —
Uz P(2)---C(9) 424.1(12) 9.8(9) —
Ua  P(2)--C(21) 426.6(14)  9.9(tiedup) = —
Us  Sn(l)---C(7) 480.7(11)  13.8(12) 12.0(12)

# Estimated standard deviations, as obtained in the least squares refinengnenare
parentheseg.AmpIitudes not refined were fixed at the values obtained using the force
field calculated at B3PW91/LanL2DZ on Sn and 6-31G* on P, C, and H. Other
amplitudes were also included and fixed at this level but are not shown here.
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Figure 4 Experimental and difference (experimental — theoretical) rads&iHalition
curves for [Sn(RC,BU')], 1b. Before Fourier inversion, the data were multiplied by
s.exp(—0.00008)/(Zsn —fsn)(Zc —fo).
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Figure 5 Molecular-scattering intensity and final weighted difference cuiwes
[Sn(R.C,BUY)], 1b.
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Table 6 Least-squares correlation matrix (x100) for [SAEBUY)], 1b.2

P2 P Pa U ki ko
P1 -50 -58
Ps -52
P12 —75
P1s 81
Uy 62
% Only elements with absolute value§0% are showrk; andk; are scale factors.

The Rs values from the SARACEN and DYNAMITE refinements were ideit{0.049)
and examination of the parameter values from each refinementagkat those from
one were within the ESD range of the other. From this we can udedhat no
improvement to the structure or refinement has been gained bythsiidY NAMITE
method in this particular case, but it is no worse either. Asethdutyl groups are not
in close contact with each other in this molecule, it is perhapsunptising that there is
no steric crowding within the groups.

It is important to note that the DYNAMITE and SARACEN refiremts return
essentially the same parameter and amplitude values. Ityigousitive to note that if
there is no steric crowding in a molecule, activation of the DYNPMmethod will
indicate this. Therefore, it is unlikely that a structure Ww#él improved artificially by
implementing this method. Also, any improvement in the goodnessasidiainy change
in parameter values for a refinement can be attributed to Imettéelling of the light-
atom positions via the DYNAMITE method.

In an attempt to understand better the steric properties andustrotiib, calculations
were performed on various related molecules. All calculations per®rmed at the
B3PW91 level of theory with the 6-31G* basis set on all atoms exoe@n, where
LanL2DZ was used where appropriate. Table 7 lists selecteaimpters for all
structures, includingdlb, at this level of computation and Table 3.2 (EA) contains
coordinates foflb. The geometry of [Sng:Hy)], 2, principal geometric parameters for
which are included in Table 7 and coordinates in Table 3.3 (EA), liffeery little
from thetert-butyl analogue. With a similar ring deformation and the hydrogen atoms

bending away from Sn, the Sn—ring bond lengths were within about 1 phosd# t
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obtained forlb. This suggests that the non-planarity of the ring is causdaelyntatom

complexing to the ring atoms and is not a steric effect caused by tHeityl groups.

Table 7 Comparison of calculated ring parameters for various derivatives of
[Sn(R.C,BUY)], 1b.2P¢

Parameter 1b 2 3 4° 5

rP/C-C 181.2 180.2 169.0/192.4 146.5 182.0
rM—-P/C 263.3 263.7 — 235.1 231.6
rM-C 242.6 241.3 — 235.3 221.4
dc-p/C-C 81.4 80.2 80.7 90.8 81.0
OP/C-C-P/C 98.0 99.1 99.3 89.2 99.0
¢gX—C—-P/C-C 171.4 176.3 180.0 161.4 175.3
¢gC—P/C-C-P/C 8.4 8.9 0.0 0.5 1.0

2 Complex2 is [SN(BC;H,)], 3is [(P-C:BUY)], 4is [Sn(CBuH,)] and5 is

[Li .P2C2BUY]. P Calculations performed using B3PW91/LanL2Dz/6-316Distances
(r) are in pm, angleg) and torsionsd¢) in degreeso.' In this instance atom P has been
replaced by a C—H fragmefitM refers to Sn irib, 2 and4 and to Li in5. ' X refers to
thetert-C atom inlb, 3, 4 and5 and the H atom i@.

The calculated geometry (see Table 7 for parameters; coosligiaen in Table 3.4,
EA) for neutral diphosphabutadiene ligandhGFBu'], 3, exhibited two separate Pmig
distances (169.0 and 192.4 pm), unlike its tin complex, where only one distasce
observed in the calculations and GED refinement. This is as woudddeeted for a
non-aromatic molecule. Notably, this fragment was calculated fgdpar, suggesting
that the non-planarity afb is caused simply by the Sn—P bond lengths requiring to be
longer than Sn—C.

To investigate this further, an analogue with a purely organic wiag explored. For
[Sn(CBU.H,)], 4, the cyclobutadiene ring was very nearly planar and agairhall t
bonds within the ring were found to be equal in length. (See Table B.,5foE
coordinates and Table 7 for principal parameters.) The Sn—C bonds al@rated to
be shorter than for the diphospha derivative, due to the smaller ring involved.

As mentioned in the Introduction, in formal terms com@dbxshould be considered to
involve the diphosphabutadiene dianionyGsBu’]*". The dianion [GH.]* is known to
be unstable, existing as a resonance state with a shornéfesind therefore standard
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computational methods cannot be used to modeftfise neutral ligand [LCsH4] is
used instead to express the aromaticity of the cyclobutadienanihbgere we have also
calculated the structure of fR,C,Bu'], 5. The molecule contains an essentially planar
ring with all four P—C bonds of equal length (Table 7), suggesting that this riregnsigs
aromatic. (Coordinates for the calculated geometry are giveahble B.6, EA.) As with
[Li2C4Hy4], this should be thought of as a-daromatic system, because, although there
are sixmelectrons, four of them occupy non-bonding orbitals.

The dilithium salt of the related 1,3-diphosphacyclobutadiene dianigB;(FtMes);]?,

has recently been synthesised and characterised by X-raglloysaphy™® That study
found the P—C bonds to be equivalent (within experimental error) and ghetethg
angles as 83.8(1)° forlP-C-P and 96.2(1)° forlC—P—-C. When these values are
compared with those theoretical values obtainedSfdrcan be seen thaitP—C—P is
approximately 3° wider in the trimethylsilyl analogue, whil€-P—-C was narrower by
the same amount. Férthe distance between the lithium atom and the centre of e rin
is calculated to be 186.0 pm, considerably shorter than the 206.6(2) pncdis
observed for [LiP,Cy(SiMe3),].

The Sn—C bond lengths in other compounds were examined for comparison with the
half-sandwich complexlb. In the sandwich complex stannocene, [SkI>], where
the cyclopentadienyl groups are not parallel, the bond distance gashghase structure
was 270.6(24) pritt and in theX-ray crystal structure they ranged from 256(2) to 285(3)
pm*? compared to 241.0(11) pm in the present study. In a theoretiody sif
stannocene, B3PW91 calculations gave an Sn—C bond length of 27£®& smperhaps
not surprising that the Sn—C bonds are longer in stannocene, where tses73n i
coordinated to each ring, as opposedjtdn 1b. In [Sn(CH;).], Sn is bonded to four
carbon atoms through simpiebonds, but in this instance the Sn—C bond length in the
gas phase is 214.4(3) pth.

Attempts were made to optimise a geometrylfiorin which the Sn was less thaf-
coordinated to the ring. No minima were found to correspond to such stsietiod it

was concluded that Sn must interact with each of the ring atonscadhidination was
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also found in the crystal structurevhere no parameteveere found to be significantly
different from those obtained from the GED study.

It might be expected that a compound such as this, with a atetal exposed on one
face of a ring, would exhibit significant intermolecular intéi@ns. In fact any

interactions are so small that the crystal and gas-phasetuses are effectively
indistinguishable. This similarity makes this an ideal molecatetlie assessment of

computational methods for main-group complexes of this type.
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Chapter Four
The molecular structures of the 1,6-disubstitutgdyicenes S}{CqF,); and

Bi»(CeF4)3 using gas-phase electron diffraction abdnitio and DFT
calculations
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4.1 Introduction

In stark contrast to the organic cage molecule adamantane, wheng@sts have
succeeded in substituting carbon atoms for a wide variety of nosittom-metal
elements, the three-dimensional triptycene molecule had until the pBX@s] far more
difficult to substitute. Theoretically, it should be feasible foy alement that is capable
of approximately tetrahedral coordination geometry to be substitortede bridgehead
carbon atoms. In practise, however, although 1,6-diazatriptycene stas/fithesised in
1875, it remained the only known heteroatomic analogue of triptycerenast 100
years® This owes much to the fact that the nitrogen-substituted melésithe only
substituted triptycene that can be built in a stepwise manmer dtable intermediatés.
Only with the advent of specialist direct synthesis technique# thecome possible to
extend the series of analogues to other elements in Group 15.

Fluorinated 1,6-disubstituted triptycenes have many potential applisaip(CsF4)3 is
used in the preparation of non-cluster type bismuth compounds for useagisigm
contrast agents in a variety of medical imaging techniques amldddisted as having
uses in the treatment of gastrointestinal disorders, such asBe(CsFs)s has very
recently been trialled as a dopant for a perfluorinated gnadea polymer fibre (PFGI-
POF)? In this application the triptycene acts to raise the reéfmadndex of the optical
fibre. Although some other perfluorinated molecules proved to be efi@eive in that
role than SECsF4)s, it demonstrates the industrial demand for novel fluorinated
compounds.

Previous diffraction studies on Group 15 1,6-disubstituted fluorinated deipgg are
limited to an X-ray crystallographic stutlyf As,(CsFs)s. This work showed the absence
of expected high symmetry, with the substance crystallisingemtonoclinicCc space
group. Although the aromatic rings are essentially planarditiedral angles between
the ring planes were found to be 111(2), 125(2) and 125(2)°. Similar deviaions f
120° were previously noted in some hydrogen-substituted triptycehese whe lack of

high symmetry was attributed to crystal foréds.has also been noted that although
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triptycenes are depicted as totally rigid systems, it beyhe case that they behave as
rigid aromatic rings that are connected flexitilg the bridgehead atonis.

These studies concerning the structures gtGgB4); and Bp(CeF4)s as determined by
gas-phase electron diffraction and theoretical methods should add tstrdiceural
understanding of the Group 15 1,6-disubstituted triptycenes.

4.2 Experimental

4.2.1 Preparation of Shy(CeF4)s and Bix(CeF4)3
Samples of SK{CsF4)s and Bp(CesFs)s were prepared by Prof. Alan Massey and co-
workers by direct synthesis in a heated, sealed tube whezach case, the appropriate

Group 15 element was reacted with 15&([:2.8

4.2.2 Abinitio and DFT studies

All calculations reported in this work were performed using the a3 suite of
programs, with the resources of the EPSRC National Service for Compnéti
Chemistry Software. Some of the calculations were carriedow cluster of six HP
ES40 computers, where each Alphaserver ES40 machine has four 83B\MBIL£ZPUs
and 8 GB of memory connected with a high-speed, low-latency Q8ihsorming an
Alphaserver SC. Other calculations were performed using aclois22 Linux Opteron
nodes. Each Opteron server has twin 2.4 GHz Opteron 250 CPUs and 8 GBafyme
connected with a high-speed, low-latency Myrinet network.

Starting coordinates for geometry optimisation calculations $ip(CsFs)s and
Bio(CsF4)3 were created using the GaussView 3.0 package, which allowgrtimeesry
to be constrained O3,

For Sh(CsF4)3, initial low-level calculations were undertaken at the Harkieek level
of theory using Pople’s 3-21G* basis'S¢RHF/3-21G*). A geometry optimisation was
carried out as well as a frequency calculation to ensure lbkatdlculated structure
represented a minimum on the potential energy surface. Theselatiahs were
repeated using the 6-31G* basis'Sen the light atoms (C and F) and, as 6-31G* has
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not been coded for Sb, the LanL2DZ basis?seh the heavy atoms. In the case of
Bi2(CeF4)3 not even the 3-21G* basis set is optimised for Bi and thereforeathe2DZ
basis set was used from the outset with, once again, the 3-21G*amth&h 6-31G*
basis set on the light atoms. In later calculations the sizbeobasis set on the light
atoms was increased to 6-311G* and further to include a diffuse functithre @and F
atoms®?

The choice of basis set for use on the heavy atoms is basedioalitty to offer a
pseudopotential (PP) or effective core potential (ECP), which redinee number of
electrons that are considered explicitly and speeds up the talcslaBy doing this,
however, there is a concern that the number of electrons considetssl talence
electrons is too few to predict the molecular structure acdyrafo this end another
basis set was tested on these systems. New correlationtenonsigsis sets have been
developed specifically for the podtblock Group 13-15 elements. The basis set used
(aug-cc-pVQZ-PP) is a quadruple-one, augmented by diffuse and polarisation
functions** It employs a small-core pseudopotenttalyhich for Sb includes 28 core
electrons ([Ar] + 4) while the LanL2DZ large core includes 46 electrons in the core
([Kr] + 5d). For Bi, the aug-cc-pVQZ-PP ECP includes 60 electrons idhe ([Kr] +
4d3f) and the LanL2DZ ECP includes 78 electrons ([Xep4b

Density functional theory (DFT) calculations are known to be venddor predicting

the geometries of transition-metal compounds. In Chapters 2 and 8 rep@arted that
DFT methods can also produce reliable results for use with madecolgaining a
heavy p-block element (Sm In this chapter several DFT methods have again been
tested to compare their results with those obtained experimentally.

Becke’s three-parameter hybrid functiodawas used with the non-local PW91
correlation functionaf (B3PW91) that performed well for the Sn compound. It was also
paired with the LYP function& (B3LYP) and that in turn was used in conjunction with
Becke’s 1988 exchange functioffa(BLYP). Calculations were also performed at the
MP2 level of theory: all MP2 calculations were frozen core.

Analytical force fields were calculated for both,&F4)s and Bp(CsF4)s (RHF/aug-cc-
pVQZ-PP/6-31G*). These were used by the SHRINK prodfam calculate accurate
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estimates of the amplitudes of vibratian,§, some of which were subsequently refined
during the electron diffraction refinement, and also to calcwateilinear corrections
(kn1), which are used to counteract the effects of shrinkage thassoeiaed with the

GED experiment®

4.2.3 Gas-phase electron diffraction

Data were collected for $CsF4)s and Bp(CsFs)s using the Edinburgh gas-phase
electron diffraction apparatd$.An electron wavelength of approximately 6.0 pm was
achieved using an accelerating voltage of around 40 kV. Scatteattgrns were
recorded on Kodak Electron Image films at three nozzle-todistances for SICsFs)3
(94.55, 199.49 and 257.01 mm) and two fos(BdFs)s (199.49 and 256.88 mm). For
Bi,(CeF4)3 it proved impossible to collect data at the shorter distaneehiah a higher
vapour pressure is generally required. In the case #C&h); scattering intensity data
were recorded with sample and nozzle temperatures held at 490 aKkdrg2pectively,
for the shortest distance, 494 and 507 K for the intermediate distanc483 and 494 K
for the longest distance. For BTsF,)3, the sample and nozzle temperatures were 499
and 516 K, respectively, for the shorter distance and 481 and 514 Kefdoriger
distance.

The GED experiment made use of a new reservoir developed in Eghinbline
reservoir works on a reverse condenser design, with warm aindpéla¢i ampoule rather
than a heating tape. This design ensures even heating of the sant@éminates the
possibility of hot or cold spots.

The weighting points for the off-diagonal weight matrices, elation parameters and
scale factors for all camera distances fos(S§4); and Bp(CsF4)3 are given in Table 1.
Also included are the exact electron wavelengths as deternvoed the scattering
patterns for benzene, which were recorded immediately afteratiterns for the sample
compounds. The scattering intensities were measured using an Epsossioxpi&00
Pro flatbed scanner and converted to mean optical densitiesfasction of the
scattering variables, using an established progrdniThe data-reduction and the least-
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squares refinement processes were carried out using the ed@eahptemploying
the scattering factors of Roatsal.?’

Table 1 Nozzle-to-film distances (mm), weighting functions (Wnscale factors,
correlation parameters and electron wavelengths (pm) used in the eledtatidif
studies of SHCsF4)3 and Bp(CsF4)s.

Sh(CsFs)3 Bia(CeFa)3
Nozzle-to-film distancé 94.55 199.49 257.01 199.49 256.88
As 2 1 1 1 1
Shin 170 100 20 52 20
SWq 190 120 40 65 40
SW» 258 176 129 181 60
Smax 300 205 150 200 74
Scale factdt 0.681(11) 0.793(7)0.758(5) 0.666(8) 0.560(6)
Correlation parameter -0.413 0.447 0.482 0.315 -0.153
Electron wavelength 6.013 6.013 6.013 6.013 6.013

2 Determined by reference to the scattering pattern of berz¥akies in parentheses
are the estimated standard deviations.

4.3 Results and Discussion

4.3.1 GED study

On the basis of the calculations described previouslpsesymmetric model was
written to describe the coordinates of,(&lF,); for use in the GED refinement. An
identical model (except that Bi was substituted for Sb) wad insthe refinement of the
data collected for B{CsF4)s.

In total 11 independent parameters were required to describe thetgeomz(CsF4)s
(Z = Sb, Bi). The molecule has four distinct C—C distanc€g6)—C(1),rC(1)-C(2),
rC(2)-C(3) andrC(3)—C(4); see Table 2 and Figure 1 for atom numbering] and these
were described using the average of the fpyrdnd three difference parameteps.4),
which were defined as follows:

p2 =rC(6)-C(1) — ({FC(1)-C(2)] + [C(2)-C(3)] + FC(3)-C(4)]}/3),

ps =rC(1)-C(2) — {FC(2)-C(3)] + [C(3)-C(A)]}/2), and

pa = {[rC(2)-C(3)] + [C(3)-C(4)]}/2.

78



61

's1BIp 1Se| 8yl JO SuoneIASP piepuels
parewnsa ayl ate sasayjuased ul sainbiy syl ‘Buusgqunu wapIealnbi4 pue suonuyap Jalawesed 10} 1x8) 89S "sealbap ul ()
ss|bue pue wd ui are (usaouessia , *€("4°0)4g pue E(4f9)g10q Joj uonenoed [DTTE-9/dd-ZOAd-00-Bne/zdIN] 01 si8fay ,

— vo06 (T)906 — 916 (T)8'T6 (1)o—z-(1)o0 o
— €617 (£)6'6TT — ¢6IT (Mzelt Wo(e)o—(2)oo ed
— G121 W10zt — G121 (©)712zt (9)o—(@o—(1)o0 8w
—  LPET  (P)6'EET — gver  (2)6'vET 1-(2)o4 ‘d
— zeer (Wwreer — Teer  (g)geer 4—-(¢)o1 o
— 9687 (g)e'6ET — 98¢T  (2)g'8eT (r)o—(g)o1 S
— 96T (2)5'6ET — 1667 (2)6'8€T (€)o—(2)o1 tud
— 76T (g)g8eT — 76T (2)e8eT (2o—(1)04 W
— ¢ovT (9)6'6ET — g0orT  (WeorT (T1)o—(9)01 <
uspuadeQ
— 09zt (1)8veT — Tver  (Tover z—-(1)o—-(9)o0 'd
— 2617 (2)oozt — T16IT (T)281T (@0 (1)0-(9)0o0 od
— 1021 (Wpe1zT — 90zt (88121 4-(2)0—(1)o0 6d
— 07121 (9)s0z¢T — 6021 (¥sozT 4—(e)o—(2)o0 &d
— 6222 (¢)6zee — vere (Mrvie ozl d
(9)8'T ST (9)8'T Q¥ VT r1e douaIayip 4-01 °d
— 0¥eT (g)oeeT — geer  (2)geeT abelane 4-01 sd
(2)oo 00 (220 (@t0 10 (@)¥0 € douaIayip O—0l vd
evo- vo- (260 (@s0- go0- (@ro- Z doualayip O—0l ed
(9)80 80 (9)80 (9T €T (r)ee T douaIayip O—0l o
— 1667 (2)e'6eT — 86T (T)Z'6ET abelane D—01 d
uspuBdspuU |
urensay ) Uy jurensay ) T4
mcuu_wovm_m mAﬁn_w% Jolweled

o(19 ‘S = Z) &("4°7)40} siarewrered ou1awoab (parendfed pue (Mhejuswiadx3y zajqe L



The two different C—F bond lengths were described using the averagnd the
difference between the twps(g). The final distance parameter that was employed in the
model wasZ—-C (p;), where Z is the appropriate Group 15 heteroatom. The four angle
parameters that were required to complete the model M&(8)—C(3)—F s), C(1)—
C(2)-F 09), UC(6)-C(1)-C(2) f10) andlIC(6)—-C(1)-Z fr1).

Figure 1 Gas-phase structure of(EsF4)3 (Z = Sb, Bi) with atom numbering. One ring
is numbered explicitly and symmetry-related atoms on the other two riegeaoted
C(1), C(1)’ etc.

Starting parameters were taken from the results of the Mg2@&pVQZ-PP/6-311G*
calculations and all 11 independent geometric parameters for both compoereds w
refined using a least-squares refinement method. Restrairdsaplied, as described in
the SARACEN metho&® only to the four difference parameters used in each model.
Additionally, 15 amplitudes of vibration were refined for ,&lFs)s; (two were
restrained) and 14 were refined fon@lsF4)s3, with four requiring to be restrained. See
Table 3 for lists of amplitudes of vibration for both molecules.

Each refinement has an associated goodness of fit that is seghr@s amR factor. For
Shy(CsF4)3 Rs = 0.055 Rp = 0.034) and for B{C¢F4)s Re = 0.061 Ry = 0.037). The
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success of a refinement can also be gauged from the fit ohdm-distribution and
experimental — theoretical difference curves shown as Figuned 2. & he least-squares
correlation matrices are given in Tables 4 and 5 and the moleuaiering intensity
curves are shown in Figures 4 and 5. Coordinates from the final GEl@meints are
given in Tables 4.1 and 4.2 in the Electronic Appendix (EA).

It is worth noting that, as is routine nowadays, the scattertcigriaused were complex
(i.e. they contain both a real and an imaginary factofhis is particularly important for
the refinement of data collected for molecules such as the onesbddshere. The
presence in a molecule of very large atoms (Sb, Bi) withivelgtsmall atoms (C, F)
gives rise to a relativistic phase effect. This manifestslfias a double peak in the
radial-distribution curve. By using complex scattering factibrs,theoretical model can
account for the double peak, rather than a single peak, which would |bade@rrors

in the structure determination. On close inspection of, for exarRgare 2 it can be
seen that the broad peak at about 200-260 pm appears to have a shouldernout that
distances (represented by sticks) are under the shoulder to afmoutst existence.
However, the stick representing the Sb—C distance (214 pm; markedRigure 2) is
positioned in the saddle point of a double peak. The right-hand side of the double peak is
overlapped by a stronger peak caused by various distances at about.25Gipiar
phenomenon is observed for the Bi—C distance in Figure 3, and, in faats dor every
distance between Sb or Bi and a lighter atom.

The Dz, models that were written for both compounds fit the experimenta da
excellently. That this high symmetry is observed in the gasepheontrary to the
findings of a crystallographic study of A€sFs)s,” adds weight to the theory that the
distortions observed in 1,6-diarsatriptycene were attributable to packing.forces
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Figure 2 Experimental radial-distribution curve and theoretical — experimental
difference curve for the refinement of BbsF4)3. Before Fourier inversion the data were
multiplied bys.exp(=0.0000&)/(Zsp— fsp)(Zc— fc). rSb—C, sitting at the saddle point of
a partially obscured double peak, is marked (*) for clarity.
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Figure 3 Experimental radial-distribution curve and theoretical — experimental
difference curve for the refinement of,8sF,)s. Before Fourier inversion the data were
multiplied bys.exp(=0.0000&)/(Zgi — fi)(Zc—fo).
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Figure 4 Experimental and difference (experimental — theoretical) molesuktering
intensities for SHCqsF4)s3.
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Figure 5 Experimental and difference (experimental — theoretical) molesuktering
intensities for Bi(CgF4)s.
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4.3.2 Abinitio and DFT calculations

During this project a considerable amount of work has been directadd®walculating
accurately the structures of 1,6-disubstituted triptycenefCfEs)s] (Z = Sb, Bi).
Relatively little work exists where methods of calculation ayks$ of basis set have
been tested for afp-block elements, hence the need to perform such a comprehensive
search for a suitable calculation.

As described in the Experimental section, various levels of treamypseudopotential
basis sets were tested (see Table 6). The validity of tdaseelations will be assessed
using the experimental (GED) structures determined above.

The coordinates for the calculated geometries of(Ggb,)s using each of MP2,
B3PW91, B3LYP and BLYP with both the LanL2DZ and aug-cc-pVQZEZHPs are
given in Tables 4.3-4.10 (EA).

All of the methods were reasonably good at calculating the valube ohg parameters
and also the C-Sb-C angle, but the calculated Sb—C and Sb---Sb dis&arcenger
than the experimentally determined values in almost every cassofe methods this
discrepancy was almost 7 pm for the bonded distance and 9 pm foortHeonded
distance, with the BLYP method performing poorly with both of theigspotentials
that were tested. The best results were obtained using tiaMfPcc-pVQZ-PP/6-
311G* combination, givingSb—C to within 1 pm andSb---Sb to within approximately
1 pm. A calculation was also performed including a diffuse function orCtlaed F
atoms (6-311+G*) but this was found have little effect (maximum 0.1Qohi) on any
parameter. Increasing the size of the basis set on Sb to gaitaug-cc-pV5Z-PP)
quality had a similarly negligible effect on the structure.

The same set of test calculations was performed to deterh@nmadst suitable method
for calculating the structure of BCsF4)s. In this instance, Table 6 shows that the MP2
calculation using the small-core pseudopotential (aug-cc-pVQZaR&)the 6-311G*
basis set gave a result (224.4 pm) that matched very accubet&BED value forBi—C
[222.9(3) pm] and a Bi---Bi distance that was calculated to be 1.5mgarlthan the

GED value, which one method had overestimated by 10 pm. (Coordinated for a
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methods tested are in Tables 4.11-4.18, EA.) The B3PW91/aug-cc-pVQZ/6-311G*
calculation, which performed relatively well for Sb, predidB—C better than most
methods but modeldi---Bi relatively poorly (3 pm longer than the GED value).

As with the preceding two chapters, the availability of experieleBED data has
allowed conclusions to be drawn as to the suitability of diffemegthods of calculating
geometries and has allowed comparison of the use of differeist $&tsi In this case
MP2 calculations proved best, although with the footnote that they wesyetime-
consuming and computationally demanding. However, the most significetihg
during this work was the improved performance of the aug-cc-pVRZEEP over the
larger core basis set LanL2DZ. It must be concluded that lamgepseudopotentials
should be used with caution as the inclusion of so few electrons valdrece shell can

have a sizable effect on the quality of calculated geometries.
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Chapter Five

Molecular structures of Se(SGkland Te(SCHh), using gas-phase electron
diffraction andab initio and DFT calculations
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5.1 Introduction

Trichalcogenides of the type R-Y-Y-Y-R (Y = S, Se, Te; R = H;, Cif, etc.) can, in
principle, be composed of many different conformers. If it izi@gsl that R can lie
eitheranti (a) or gauche (g) to the Y-Y-Y plane, then nine different conformers can be
identified. A similar set of conformers was identified for thiganic molecule 1,3-
dibromopropane (Figure 1)and this diagram can be used to represent the nine
conformers of RYYYR, where R is represented by a black ball and allnprdpairogen
atoms are removed. However, some of the possible structuredeatieal because of
symmetry, or are enantiomeric pairs that cannot be distinglisseng gas-phase
electron diffraction (GED) methods. Conformers 6 and 7 are enantiomers, asdrg,2 a
which are identical to 4 and 5, respectively. Only four conformees terefore,
distinguishable by GED; these are of the tapdC,, symmetry),ag (C; symmetry),gg

(Cz symmetry) andgyg (Cs symmetry).

Figure 1 The nine possiblanti/gauche conformers of 1,3-dibromopropane. The torsion
angles are shown in parenthesis (adapted from Ref. 1).
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As shown in Figure 1, two conformers of RYYYR exist where both R groupgaache

to the YYY plane. In one case (enantiomers 6 and 7) the torsglesaare both of the
same sign and move to opposite sides of the YYY plane; this conformatil be
denoted ag’g’. The pair of identical structures 8 and 9 are of the ¢ypg where the R
groups lie on the same side of the YYY plane.

According to spectroscopic and quantum chemical studies the simgldfatre
molecule, HSSSH, exists as bafly” andg'g" conformers. Due to the small steric bulk
of the hydrogen atoms, the two conformers differ in energy by ohdy mol* (MP2
calculation with a triple: quality basis set with polarisation functions), in favour of the
g'g" conformer?

Two derivatives of trisulfane have previously been studied usinglyzse electron
diffraction. Dimethyltrisulfane, CE8SSCH, was first studied in 1948and has recently
been reinvestigatetibecause there were huge uncertainties in the original work. A
calculation (MP2/6-311+G*) again showed that bgty™ andg’g” conformers existed,
with theg'g" conformer lower in energy by 7.7 kJ molThe most recent GED study
interpreted this as a mixture, which included at least 15% af tiieconformer.

For bis(trifluoromethyl)trisulfane, GBSSCE,> an energy gap of 10 kJ mbl(HF/3-
21G*) made it unlikely that both conformers would be observed in the gas phd the
GED data were interpreted on the basis offfgg form alone.

Recently, the molecular structures of the 2-seleno and 2-tellunatifees, Se(SCk),
and Te(SCH),, were determined by single-crystal X-ray diffractforihile Se(SCH),
adopts ag'g” conformation, Te(SCk). exhibits ag'g™ conformation in the crystalline
state. No GED studies have been reported for molecules wieeteavier chalcogens
(Se, Te) bind to the lighter ones (O, S). The GED structurese(®C34), and
Te(SCH), will, therefore, contribute to the understanding of the structafethese
molecules and will also help to evaluate the quality of theutatked structures. GED
data will reveal whether there are structural differermg/een the solid and gaseous

states.
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5.2 Experimental

5.2.1 Quantum chemical studies

Ab initio and DFT calculations were performed by Dr. Holger FleisehdJniversitat
Mainz using the Gaussian 98 suite of progrdn@eometry optimisations for both
Se(SCH), and Te(SCh), were performed at the HF and MH&vels of theory. Using
DFT methods, Becke’s B3 electron-exchange functiSraaid the correlation functional
of Lee, Yang and Pdrr were combined in the B3LYP hybrid functional. Initially,
Pople-style all-electron basis sets were used as folloglitavalence 3-21G* basis set
for Te(SCH),,*? and a split-valence 6-31G* basis set for Se(§¢H The LanL2DZ(d)
basis set, which includes a pseudopotential for the heavy atoassswbsequently
used™*

Force fields were calculated at the MP2/LanL2DZ(d) levekeSE were used to provide
estimates of the amplitudes of vibratian,{ and the curvilinear correctionk,{), from
the SHRINK progrant® for use in the gas-phase electron diffraction refinements.

5.2.2 Gas-phase electron diffraction

Data were collected for Se(S@K and Te(SCH), using the Edinburgh gas-phase
electron diffraction apparatd$.An accelerating voltage of around 40 kV was used,
representing an electron wavelength of approximately 6.0 pmteBiogt intensities
were recorded on Kodak Electron Image films at nozzle-toilstances of 94.89 and
293.46 mm for Se(SCHb and 97.51 and 259.65 mm for Te(S{H In the case of
Te(SCH), both sets of scattering intensity data were recorded witlpleaamd nozzle
temperatures held at 348 and 360 K respectively. For SejgCdthta were first
collected at the longer nozzle-to-film distance, where saamilenozzle temperatures of
286 and 298 K provided a sufficient vaporisation rate for the GED iex@et. In order
to collect data at the shorter distance it proved necessargréase the temperatures to
332 and 343 K.

The weighting points for the off-diagonal weight matrices, elation parameters and

scale factors for both camera distances for Segh@d Te(SCh), are given in Table
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1. Also included are the exact electron wavelengths as deterfnoredhe scattering
patterns for benzene, which were recorded immediately afteratterns for the sample
compounds. The scattering intensities were measured using an Epsossioxpi€&00

Pro flatbed scanner and converted to mean optical densitiesfasction of the
scattering variables. The data reduction and the least-squares refinement processes

were carried out using the ed@ed prograemploying the scattering factors of R@bs
al.’®

Table 1 Nozzle-to-film distances (mm), weighting functions (Wnscale factors,
correlation parameters and electron wavelengths (pm) used in the eledtatidif
studies of Se(SCHhand Te(SCHh),.

Se(SCH). Te(SCH).
Nozzle-to-film distancé 94.89 293.46 97.51 259.65
As 2 2 4 2
Shin 80 20 88 20
SWi 100 40 108 40
SW» 292 104 220 104
Smax 320 120 250 120
Scale factdt 0.798(22) 0.736(6) 0.742(22) 0.644(8)
Correlation parameter 0.444 0.436 0.161 -0.124
Electron wavelength 6.020 6.020 6.020 6.020

2 Determined by reference to the scattering pattern of berfz¥¢akies in parentheses
are the estimated standard deviations.

5.3 Results

5.3.1Abinitio and DFT calculations

Ab initio and DFT investigations were performed at various levels ajrghéHF,
B3LYP, MP2), employing either all-electron basis sets (3-21G* @31 G*) or an
effective core potential with an appropriate valence basiss#ffered by LanL2DZ(d).
At all combinations of theory and basis set, and for both compounds, taltsila
showed that two conformational energy minima existed, represectimigrmers with
methyl groups irgauche positions relative to the opposite Y-S bond. vith ¢6YSCO

75-90°). In one case the two groups were on the same side of the S-Y-&jgane
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and in the other case they were on opposite sides of the glahg &s shown in Figure
2. These findings are in accordance with those for HSSSH a@SSEH:H.Z"‘ Values
for the geometric parameters calculated at all levels are givesbie 2. Coordinates for

all calculated structures are given in Tables 5.1-5.8 in the Electronic AppEAgix (

Figure 2 Theg'g" (left) andg'g™ (right) conformers of Y(SCH: (Y = Se, Te).
H,C

Y Y
\S/ N N\

\ / \

CH, H,C CH,

5.3.2 GED study

On the basis of the MP2/LanL2DZ(d) geometry, a model wasenritiescribing the
structure of Se(SC4h as a mixture of both conformers. A similar model was used for
Te(SCH), as the only differences between the tellurium and seleniuntisgaavere in

the values for the bond lengths, angles and torsions and not in thealgener
configurations. The geometry of tleg" conformers was described in terms of eight
independent parameters and had ovefall symmetry. (See Figure 3 for atom
numbering.) These parameters included three bond lengths, mafm&8yp,), rS—C ©.)

and rC-H (p3). A single rC-H value was used because the three individual
MP2/LanL2DZ(d) values differed by only 0.3 pm. The model also requimes tangle
parameters, includinglS-Y-S f4) and OY-S-C §s). The difference between the
largest and smallest values falS—C—H was 4.3° and, in order to account for this
asymmetry in the methyl groups, an average S—C—H apg)levés defined and this
angle was used in the model in conjunction with fixea fon-refineable) differences to
describe the tilt of the methyl groups. For the selenium mole¢bake fixed differences
were —2.6, +1.7 and +0.9°, for the angles to H(6), H(7) and H(8) respgctwel for

the tellurium molecule were —2.9, +1.8 and +1.1°. The two remaining ptaenwere

dihedral angles¢gC—S—-Y-S ;) describes the movement of the S—C bond away from the
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zero position where it eclipsed the opposite Y-S bondp/Asas used to describe the
torsions on both sides of the molecule, the methyl groups were moved tot@spbes

of the SYS plane. The final parameter was-S—C—H(6/9) fs), which describes the
torsion of the methyl groups. The calculated structures show teaE-eH bond of each
group forms a dihedral angle of approximately 180° with the Y-S bond. Hrzm
position, a value of less than 180° represents a rotation in a cloatinestion when
viewed along the S—C bond towards £H

Parameters for thg'g~ conformers were calculated to be similar to those forgtigé
conformers. Therefore, only the signmfas applied to the one side of the molecule was
changed in the model to preser@e symmetry. A non-geometric parameter was also

included, allowing the abundance of each conformer to be varied.

Figure 3 Gas-phase structure of thg" conformer of Y(SCH), (Y = Se, Te) with atom
numbering.

H(10) H(11)
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With calculations [MP2/LanL2DZ(d)] showing the difference in egebgtweeng’g”
andg'g” conformers to be approximately 7.3 kJ Mathen Y = Se and 5.5 kJ mbl
when Y = Te (see Table 2), the probable abundance of each confammise calculated
using the Boltzmann distribution at the experimental (nozzle) teaanpes. It was
predicted that Se(SGh would exist with around 95%'g" and 5%g’g™ (at 298 K) and
93%g'g" and 7%g'g” (at 343 K). In the case of Te(S@kltheg'g” : g'g” composition
was calculated to be 86 : 14 at 360 K. This already makes it dowstéther they'g
conformers would be observable in the gas mixture. Another problent is tieams of
the heavy-atom non-bonded distances in both Se{pCihd Te(SCH),, the only
significant difference that can be expected betweengtgé and g'g~ conformers is
rC---C, which is approximately 80 pm longer for ghg” conformer. AlthoughS---C is,
in principle, different for the two conformers, the values lie elttgyether and will be
found under the same peak in the GED radial-distribution curve. The petie radial-
distribution curve represent the distances between pairs of atontiseaackas of these
peaks are proportional to the atomic numbers of the pair of atomsoandften that
pairing occurs. For molecules containing very heavy atoms, thequmrsee of this is
that distances from the heavy atoms will dominate the radiaifmiition curve. This is
the case here, where the relative size of t@e--C peak for each conformer is
approximately 2% of the size of the largest pe&e{S) and this ratio is even smaller
for the tellurium compound.

On performing least-squares refinements for Se($£ Hsing the model that contained
both conformers and a non-geometric parameter to control the abundazwh aff the
conformers in the mixture, the lowd’¢ value was found to be when 100(2)% of the
g'g" conformer was present. The structure that was returned fosctimeario where
100% of theg'g” model was present was almost identical (barridg-C), although the
Re value was higher. The uncertainty associated with the pereemtaghe g'g*
conformer was obtained from Figure 4, where, at a significaneé ¢¢ 95% (for which
the Rg ratio is calculated to be 1.016), the value fomzas 4%.

For the refinements using the Te(S{tlata, the lowedRs value also resulted from the

conformer mix where 100% of tlgfg" conformer was present. In this case, however,
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the value foiRg for 100% of they'g™ conformer was only very slightly different. Figure
5 shows that, at the 95% confidence levet, as 64% and that the abundance of
conformerg’g’ in the GED sample was 100(32)%.

The reported structures of Se(S{Hand Te(SCh), will, therefore, be based ayig
conformers alone.

The processes of refinement for the Se and Te compounds were.simbath cases
eight geometric parameters and seven groups of amplitudes of vibragrenrefined.
(See Table 3 for details of the parameters and Table 4 fantipétudes of vibration.)
For Se(SCH), flexible restraints were employed, using the SARACEN methdar
three geometrical parameters and three amplitudes. For the gaiigfcSARACEN, the
parameter values were set to be those obtained from calculpgdiesmed using the
MP2 method with the LanL2DZ(d) basis set on all atoms. Simjldor Te(SCH),,
three parameters were restrained, as well as seven amplitudes of vibration.

The success of the final refinements, for whigh= 0.054 Ry = 0.042) for Se(SChk,
andRg = 0.070 Ry = 0.075) for Te(SCH),, can be assessed on the basis of the radial-
distribution and experimental — theoretical difference curves (Esgérand 7) and the
molecular-scattering intensity curves (Figures 8 and 9). €astkquares correlation
matrices are given in Tables 5 and 6.
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Figure 4 Variation ofRg ratio with percentage @f g* conformer of Se(SCk.
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Figure 5 Variation ofRg ratio with percentage @f'g* conformer of Te(SCh».
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Figure 6 Experimental radial-distribution curve and experimental — theoretical
difference curve for the refinement of Se(SEHBefore Fourier inversion the data were
multiplied bys.exp(=0.0000&)/(Zse—fsd(Zs —fs).

P(r)/r

Figure 7 Experimental radial-distribution curve and experimental — theoretical
difference curve for the refinement of Te(S{4-HBefore Fourier inversion the data were
multiplied bys.exp(=0.0000&)/(Zre — fe)(Zs — f9).

P(r)/r
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Figure 8 Experimental and difference (experimental — theoretical) molesuktering
intensities for Se(SChb.
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Figure 9 Experimental and difference (experimental — theoretical) molesuktering
intensities for Te(SCk)..
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Table 5 Least-squares correlation matrix (x100) for Se(9eH

Ug ko
D2 51 57
Uy 71 76
Ug 93

% Only elements with absolute value§0% are showrk; is a scale factor.

Table 6 Least-squares correlation matrix (x100) for Te(9H

Ps Pe ki ko
P1 —-63
P4 63
Ug 62 72

% Only elements with absolute value§0% are showrk; andk, are scale factors.

5.4 Discussion

Comparison of the gas-phase structures of the three compounds H{$CH S, Se,
Te) reveals several differences between parameters thatoarmon to all structures
(Table 3). The length of the Y-S bond will, of course, increase upon mduing the
group and this is indeed observed from the results of the GED exp&imdso, it can
be seen that as Y becomes heavier, the S—C bond becomes longer (arsdcase,
weaker) and so it is apparent that the strength of the Y-S borsesr at the cost of
the S—C bond. The S-Y-S angles follow an expected trend, becomingrsasaly
becomes heavier. Such a trend has previously been eaied, the series b6 (92.3°) >
H,Se (91°) > HTe (90°)?° 0Y-S-C decreases as well when Y becomes heavier, but the
differences between angles with different Y atoms areleman in the case &iS-
Y-S. All other common or comparable parameters of the compouad€;—H, 1S—-C—

H (mean),¢g5—-Y-S—C, an@¥—-S—C—-H, show no significant differences.

The crystal structures of Se(Sgfand Te(SCh), are interesting because they show
that the two compounds have very different solid-state structdreslike in the gas
phase where both molecules appear to adgpy’aconformation, Te(SC, exhibits a
g'g” conformation in the crystal. The apparent reason for the differgstal structures

is the weaker Lewis acidity of Se(ll) compared to Te(Tlhe weaker intermolecular
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interactions in the solid state that are exhibited by Se¢hCHllow the g'g’
conformation to pack well, whereas for the stronger interachehseen molecules of
Te(SCH), the opposite is the case.

In terms of geometry optimisation, the density functional methddipes the least well
for both Se(SCk), and Te(SCH),, with the exception of theS—C parameter, which is
best reproduced at the B3LYP level. The best agreement betweenahdaxperiment
is found at the MP2 level.
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Chapter Six

Gas-phase structures of aminodifluorophosphine=srihted using electron
diffraction and computational techniques

115



6.1 Introduction

With advances in technological ability at relatively low co#ts, use of computational
methods for structure determination has grown rapidly in recens.y&#ormation
gained from performingb initio calculations can be used in a number of different ways
to improve upon structures previously determined by experiment aloneal Loc
asymmetry within a molecular structure, often too subtle toebegnised in the past,
may now be identified from optimised geometry calculations. Sadtulations are
useful for predicting the abundances of possible conformers from ¢tegive energies.

It is also possible to obtain theoretical harmonic force fiekiss tallowing accurate
amplitudes of vibration to be used in refinements and to derive vibratonaction
terms.

The series of aminodifluorophosphines, ARR’ (R, R = H, CH;, Sits, Geh;, PR;

see Figure 1 for a template structure), has been chosen aamapleto show how the
use of theoretical methods and gas-phase electron diffraction)(@&Dcombine to
improve upon structures determined by GED alone, and can reveal stryatierns

that might otherwise be missed.

Figure 1 Template for aminodifluorophosphin&s8. R = H forl, 3 and8, Pk, for 2, 5
and7, CH; for 4 and SiH for 6. R' = PF, for 1 and2, CH; for 3 and4, SiH; for 5, 6 and
8 and GeH for 7.

F ""ll”/// / R
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6.2 Experimental

6.2.1 Abinitio calculations

All calculations were performed using the Gaussian 98 suite ofgmsgon a Linux
12-processor Parallel Quantum Solutions (PQS) workstatioreach case a thorough
search of the potential-energy surface of the molecule wdsrmed at the RHF/3-
21G* and RHF/6-31G* levels of theo?y. Allowing for complete rotation about each
bond to nitrogen, all stable conformers were identified and calculatieres continued
to the MP2/6-311+G* level (All MP2 calculations were frozen core.) For molecules
8 the coordinates for the geometry calculated at the highestdexeajiven in Tables
6.1-6.8, respectively, in the Electronic Appendix (EA).

For each molecule studied, a force field was calculated (RHF/6}3tGprovide
accurate amplitudes of vibration and vibrational correction termsuge in the
refinement of the experimental data. The SHRINK pro§rams employed, using a
more reliable curvilinear representation of atomic motions ratie@n a rectilinear

approximation.

6.2.2 Gas-phase electron diffraction

In total, nine members of the aminodifluorophosphine family wereitedisluring the
course of this work. The reanalysis of the GED structures waged out using the
original experimental data. Where necessary the moleculdesegtintensity curves
were scanned from the journals and digitised using the UnGraptaprb@his enabled
sets of Cartesian coordinates describing the curves to be obtamkeglotted to
reconstruct the molecular-intensity curves.

The principles of the SARACEN (Structure Analysis Restrairgd Ab initio
Calculations for Electron diffractioN) meth8dyhich is used in refinements throughout
the preceding chapters, were also employed. Parametersehataaty defined by the
GED experiment tend to refine to chemically unreasonable valuesSARIMCEN
allows flexible restraints to be applied to such parameters allawging their inclusion

in the refinement. Each restraint consists of a value (ofterstdréng value for the
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parameter taken from the highest-level calculation) and antamtgr(usually derived

from the way that the parameter value differed through a series of dalcs)at

6.3 Results

Table 1 contains details (nozzle-to-plate distances, weightindidusg scale factors,
correlation parameters and electron wavelengths) relatingheootiginal electron

diffraction experiments carried out on the eight compounds.

6.3.1 Bis(difluor ophosphino)amine (1)

Calculations identified the presence of two conformers 0$)§RH, 1, and the relative
energies of these conformers at different levels of theory &hdlfferent basis sets are
presented in Table 6.9 (EA). Conformer 1 was calculated to Gaveymmetry and
conformer 2 was calculated to ha@g¢symmetry. From the Boltzmann Law an energy
difference of 1.4 kJ mo! would result in an abundance of 38% of conformer 1 and 64%
of conformer 2. This takes into account the double multiplicity exdddity conformer 2
because of its symmetry.

In order to complete the refinement féy a model was written incorporating the
geometries of both of the proposed conformers. The refinement of thisresd model
was used to determine the composition of the gas-phase samphasroteszonformers 1
and 2. The model was defined by thirteen independent geometric pas@ete a
weighting parameter to alter the composition of the mixturecafformers. These
parameters are listed in Table 6.10 (EA). As the two N-P disana@®nformer 1 were
calculated to be the same through symmetry, and this length wasl ¢lyaone of the
two distances for conformer 2, a simple average of the twancligfistances and the
difference between them were used in the model. For the P—F and N-H bond lengths and
the F—P—F angles the values for both conformers were similaglerloat a single mean
value was assumed in each case when writing the model. In thefcdse P-N-H
angles, three different values were calculated. In order to dHestirese, the simple

average of all three was taken along with difference 1 (largastermediate) and
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difference 2 (largest — smallest). The three distinct angkre then described using the
following equations:

for the largest angle, P-N—-H = [average + {(difference 1)/3} + {(differ&t)(23],

for the intermediate angle, P-N-H = [average x(§ifference 1)/3} + {(difference
2)/3}],

and for the smallest angle, P-N-H = [average + {(difference 1)& x (difference
2)/3}].

This approach was also adopted for the N—P—F angles, where thiatoahs suggested

three different values.

Figure 2 Gas-phase structures of all aminodifluorophosphii&,
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Where differences between parameter values are extremaly, sitight restraint is
often warranted and the SARACEN refinement will yield a vallose to that of the
restraint, and with an ESD close to the uncertainty of thearetst. For this reason mean
values are used to describe situations where parameteeryi€lose in value and the
“average and difference” method is used where values are more signyfaiéfietient.

Two torsion parameters describing the positions of the difluorophosplonpsgwere
also refined, one each for conformers 1 and 2. These torsions wereddas being in
the same sense for the Rifoups in conformer 1.€. the Pk groups move to opposite
sides of the PNP plane allowing the molecule to distort {@yio C, symmetry) and in
the opposite sense for conformer 2.(they move to the same side of the PNP plane for
Cs symmetry). The independent parameters and amplitudes of vibration (Table 6.11, EA)
were initially refined with a weighting of 0.5, signifying a 580 mixture of conformers

1 and 2. When the best fit was found for the model at this wegghtie composition
was varied, using aR-factor loop in which the parameter was stepped by a given
increment, to see how the fit was affected. In total thirteetanpeters and nine
amplitudes of vibration were refined, with flexible restraints igpojglo seven parameters
and five amplitudes using the SARACEN method. Table 2 contains iniomralating

to important geometric parameters.

Although theab initio calculations had predicted symmetry@f, for conformer 1 and

C, for conformer 2, the refinement allowed the, BFoups to rotate and concluded that
conformer 1 hadC, symmetry and conformer 2 h&d symmetry (Figure 2).

The structures determined by GED in this work are of the iygpén which corrections
for curvilinear vibrational motions, calculated using the progratRISIK® are applied.
Such structures differ from the equilibrium structures calcdlateinitio only in the
anharmonic terms, and in any motion for which the curvature is not led@elequately

by the first-order method used in SHRINK. Discrepancies éetwtheory and
experiment therefore arise primarily from one or both of theagswThis is quite
possible for large-amplitude torsional motions, so in the molecular mmadeld in the
GED analysis, we allow the RIgroup torsional angles to refine, and do not fix them

exactly at the values calculatad initio. The refined values do not therefore represent
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any time average of deviations from the mean positions, but @melymfitting
parameters, which take account of any deficiencies in the vibrational mgdelli

For a composition with 46% of conformer 1 and 54% of conformer 2 presetawbst
Rs value of 0.040 was obtained. Figure 3 shows the radial-distribution enco/é¢he
theoretical — experimental difference curve for the joinineshent assuming the
abundance of conformer 1 to be 46%. The least-squares correlatiox forathe final

refinement is given in Table 6.12 (EA).

Figure 3 Experimental radial-distribution curve and theoretical — experimental
difference curve for the refinement of @pMNH, 1, as a mixture of two conformers.
Before Fourier inversion the data were multipliedstaxp(~0.0000&)/(Zo — fp)(Ze —fr).
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Figure 4 is a plot of the changeRa value with change in the weighting of conformer 1.
This plot can be usédo obtain an uncertainty associated with the weighting parameter
At a significance level of 95% (for which th&s ratio is calculated to be 1.016), the

abundance of conformer 1 is 46(3)%. This corresponds approximately to an ESD of 2%.

Figure 4 Variations ofRs with percentage of conformer 1 of @PMH, 1.
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The original GED refinemetht (Rs = 5.7%) agrees with this work in concluding that
there were two distinct conformers of bis(difluorophosphino)amine. Instialy, the
predominant (lower-energy) form was found to be 72% abundant ar@hagmmetry.

In the higher-energy form, one PBroup was twisted about 60° away from tBg
position. A study of the vibrational spectrum of this compound in the gese [@iso
predicted the presence of two conformers by showing two distirel stretches and
two N-H deformations$® The original refinement was, however, wrong to assume that
the P—N-P angles in both conformers were identical. Calculathmg that the angles
differ by more than 5° between the conformers and one of the masficsigt

improvements made to the refinement has been allowing the P-N—P angles .to differ

6.3.2 Tris(difluor ophosphino)amine (2)
A search of the potential-energy surface of NjRR2, yielded a single conformer. The
calculations found the molecule to have a planar nitrogen skeleton, ih ahithree
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phosphorus lone pairs lie perpendicular to the axis of the nitrogen lanexpigal. The
PR, ligands surrounding nitrogen are arranged imiskelion manner (similar to that
found on the flag of the Isle of Man) giving the molecule ové&allsymmetry.

The structure oR was described in a model in terms of five independent geometric
parameters, which are listed in Table 6.13 (EA). It was assumaedlt PF; groups were
identical and had a plane of symmetry and that the rN&tif was planar. The model
allowed the Pfgroups to twist away from the@s, positions, all in the same direction,
giving the molecule overalCz symmetry. All five parameters and nine amplitudes of
vibration (Table 6.14, EA) were allowed to refine with four amplisucexjuiring to be
restrained using the SARACEN method. Table 2 shows the principal eogth$,
angles and torsion and compares these to the original refinement and the bigkabt-|
initio calculation. The gas-phase structur@ of shown in Figure 2.

The Rg value obtained for the refinement was 0.049. The goodness of fit caarbase
the experimental — theoretical difference curve shown in Fi§ur€he least-squares

correlation matrix for the final refinement is given in Table 6.15 (EA).

Figure 5 Experimental radial-distribution curve and theoretical — experimental
difference curve for the refinement of N@p§-2. Before Fourier inversion the data were
multiplied bys.exp(=0.0000&)/(Zp — fp)(Ze — fF).
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The original refinement with an Rs value of 0.080, agrees with this work that the
molecule has a planar skeleton, which was also the case wiGEDestructure of the
silicon analogue, trisilylamin€. A study of N(PER)s; using various spectroscopic
techniques (IR, Raman, NMR, mass and PE spectroscopies) could nalepgovi
conclusive determination of the positions of the Bups and, therefore, the overall
symmetry'! The authors “tentatively suggest” that a mixture of conforneers withCs
symmetry and the other wit; symmetry, may have best fitted the spectroscopic data.
This seems unlikely and ti& model favoured by GED appears to be more reasonable,
with the PE groups rotated slightly (~9°) from ti@&y, position.

6.3.3 M ethylaminodifluor ophosphine (3)

Calculations at the RHF/6-31G* level gave rise to two confosré(PR)NH(CHs), 3.
Both conformers were found to have a slightly pyramidal arraegeof ligands around
the central nitrogen, with the total angle around N being approxima&gy. Both
structures ha; symmetry and the main difference between the two was the aireant
of the PFE group. In the lower-energy conformer, the fluorine atoms were posdias
far away from the amino hydrogen as possibke,with the phosphorus lone pair of
electrons approximately eclipsing the N-H bond; the opposite was founthdor
structure with higher energyge. with the phosphorus lone painti with respect to the
N-H bond. The differences in energy between the two conformersiativaevels of
theory and using different basis sets are shown in Table 6.16 (EA).eférgy
difference between the two conformers of 7.1 kJ hatlthe highest level of calculation
means that the higher-energy one is likely to be found in al@ergbundance in a gas-
phase sample. A Boltzmann distribution analysis estimates thatotifermer will
contribute only around 5% of a gas sample at 296 K. For this reasogleacnformer
refinement was performed for the structure shown in Figure 2.

A model was written describing the geometry 3fn terms of sixteen independent
parameters, listed in Table 6.17 (EA). These parameters inslud®ond lengths and
differences, six angles and differences, and a parameterbidegdhe twist of the PF

group away from the position where the P-F(5) bond eclipses the C—N bwed. i$
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also a parameter for the torsion of the methyl group, about itshGrbl, where the zero
position is where the C—H(7) bond eclipses the N—-H bond and a positiveivadken
as a rotation in the clockwise direction while viewing from NCtdl' he tilt of the methyl
group, so that the centroid of the H---H---H triangle lies either abdetoor the CNP
plane, and where a negative value indicates a move to the opposité sideplane to
the apex of the pyramid, is also included. Lastly there is thenmder describing the
drop from the PNC plane of H(6) to make the molecule slightly pyramidal.

Sixteen independent parameters and seven amplitudes of vibratioe @.aBl EA)
were refined, with eight parameters and four amplitudes beisigaimeed using the
SARACEN method to prevent them refining to chemically unreasonalbles. Table 2
contains details of the principal bond lengths, angles and torSibesvalue obtained
for the Rg factor was 0.039 and this small value is reflected in the smoatluidbte
experimental — theoretical difference curve in Figure 6. Thst-lguares correlation

matrix for the final refinement is shown in Table 6.19 (EA).

Figure 6 Experimental radial-distribution curve and theoretical — experimental
difference curve for the refinement of PRH(CHs), 3. Before Fourier inversion the
data were multiplied bg.exp(—0.0000&)/(Zp — fp)(Ze — fF).
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The original refinement failed to quote a value fdRs and it was suspected that the
molecule had coplanar bonds to the central nitrogen. This seemsuvoig based on
our calculations and refinement. As the infrared spectrum showed-thosidetches, it
was suggested that there were two conformeBmesent in the sample. However, the
intensities of these stretches are in the ratio 10 : 1 and wédelmve that any second
conformer would be so much higher in energy that it would be unlikely tihberved

in the GED experiment, which is unreliable for the determinatioan@dunts less than

approximately 20%.

6.3.4 Dimethylaminodifluor ophosphine (4)

A thorough search for conformers of g CHs)., 4, showed only one structure, with
overallCs symmetry and bonds to nitrogen that are coplanar.

Based on calculations (MP2/6-311+G*), a model was written to desttyéogeometry

of the molecule withCs symmetry in terms of thirteen independent geometric
parameters, comprising five bond lengths and differences, five bonesaargd three
torsion parameters, as shown in Table 6.20a (EA). It was assuntethehbl(CH)
groups hadCz, local symmetry and that the PBroup had a plane of symmetry. A
microwave spectrum for (PR)N(CHs), had been recorded and rotational constants,
corrected using SHRINK, were included in the refinement as datea The refinement
was repeated, this time excluding the rotational constants. Althitnggstructure itself
changes very little (see Table 6.20b, EA), parameters becomevédisdefined and a
need arises to restrain additional torsion parameters, therelytigiras experimental
data for theoretical. In particular, the torsion on the gBup is well defined when the
microwave data are included but much less so without them. The netsigins both
show very large ESDs implying that there is little information about their salue

In total thirteen parameters and ten amplitudes of vibration wéred. (For full details
see Table 6.21, EA.) Flexible restraints were applied to four gheasnand to six
amplitudes. Table 2 lists important bond lengths, angles and tasgies from the
least-squares refinement and the molecular structure is showngume F2. The

refinement achieved &Rs; value of 0.097 with the worst fitting of data coming at longer
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distances. The radial-distribution curve and associated experimenthkoretical
difference curve are shown in Figure 7. The least-squaredatmmematrix for the final
refinement is shown in Table 6.22 (EA). For the refinement thauwdsrtaken without
the rotational constants, adRs value of 0.087 was achieved. Despite this modest
improvement, we believe that the refinement that includes experiemyental data is

better.

Figure 7 Experimental radial-distribution curve and theoretical — experimental
difference curve for the refinement of @R(CHs),, 4. Before Fourier inversion the
data were multiplied bg.exp(—0.0000&)/(Zp — fp)(Ze — fF).

P(0)/r

0 100 200 300 400 500
r./pm

The original GED refinemetft for 4 gave arRs value of 0.12 for a structure that was
non-planar. (The total angle around N was thought to be 348.4°.) Thisastiast to
the microwave structut2and an X-ray analysis of the solid phaSketh of which show
planar structures, as did our calculations and refinement. To probe Bdw4eaan
become non-planar, calculations were performed (MP2/6-311+G*) wihergebmetry
of the molecule was optimised as the C—N—-P—C torsion angle egsestfrom 140° to
220°. The torsion angle of 180° represents a molecule that is planartia®aoutrogen

atom and the most extreme cases correspond to molecules where the sum oéshat angl
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N was 347°. It was found that while the potential for C—-N-P—-C wasskatjow within
30° of 180° AE = 0.3 kJ mal") the energy rose sharply for narrower angles.

6.3.5 Bis(difluor ophosphino)silylamine (5)

A search for possible conformers of gRR(SiHs), 5, resulted in two structures whose
energies differed by 5.3 kJ mb{MP2/6-311+G*; see Table 6.23, EA for all energies).
Both structures exhibit planar nitrogen centres and differ mmainthe twist of the PF
groups. The lower-energy conformer 1 was calculated @itsymmetry and has the
phosphorus lone pairs of electrons pointing towards each other, witluthmdl atoms

in the direction of the silyl hydrogens. The higher-energy stradiconformer 2) ha@,
symmetry, with one PFgroup rotated through 180° from the position seen in the lower-
energy conformer. For an energy difference of 5.3 kJ el Boltzmann analysis
suggests that the composition of a gas-phase sample at therexpalitemperature
(293 K) will be 95% conformer 1 and 5% conformer 2.

Initially, a model was written to describan terms of both conformers with a weighting
parameter to change the composition of the mixture. However,besaime apparent
that the best fit to the experimental data occurred when nonkeohigher-energy
conformer was included, we reverted to a single-conformer najdéke Cs-symmetry
structure. The model was described in terms of five bond lengths deckkdes, five
angles and differences and two torsion parameters, one each faét, taed=silyl twists
(see Table 6.24, EA, for a full parameter list). It was assuimatdthe N(SiH) group
had localCs, symmetry and that the two Proups were identical. In total twelve
parameters and fourteen amplitudes of vibration (Table 6.25, EA)refamed. Flexible
restraints were applied to three parameters and to six amplitlide principal refined
parameters are listed in Table 2.

The outcome of the refinement mwas anRs value of 0.041 and the structure is shown
in Figure 2. The radial-distribution curve, with its associatefémihce curve (Figure 8),
also shows the goodness of fit and suggests that it was indeed torigoore the
contribution of any other conformer. Table 6.26 (EA) shows the least-squareatcanrel

matrix for the final refinement.
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The original refinement with an Rs value of 0.06, agreed with this study tHat

consists of a single conformer Gf symmetry.

Figure 8 Experimental radial-distribution curve and theoretical — experimental
difference curve for the refinement of @PMN(SiHs), 5. Before Fourier inversion the
data were multiplied bg.exp(—0.0000&)/(Zp — fp)(Ze — ).
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6.3.6 Difluor ophosphino(disilyl)amine (6)

A single conformer of (PHN(SiHz),, 6, (Figure 2) was calculated to ha2e symmetry,
having two distinct P—F distances and silyl groups that weréetivis different degrees,
therefore precludin@s symmetry. A model was written describing the structurerimge
of fifteen independent geometric parameters, comprising six bendthis and
differences, six bond angles and differences and three torsiamet@rs, one for each
of the silyl groups and one for the Pdfoup. (These are listed in Table 6.27, EA.) The
N-Si distances and the P-N-Si and N-P—F angles are defined sndkan average
value and a difference. This results in no symmetry being échitir the molecule as a
whole, although the N(Si) groups are defined to possess |ldCal symmetry, a good
approximation. The silyl torsion parameters are the rotations ofepective groups

about their Si-N axes from zero-torsion positions where the Si(2Hgond for
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Si(4)H; and the Si(6)-H(8) bond for Si(6)kclipse the opposite N—Si bonds. A positive
value is defined as rotation in the clockwise direction as viewed from Si to N.

In total fifteen parameters and ten amplitudes of vibratiorabl€l 6.28, EA) were
refined. Flexible restraints were applied to five parameteacs to four amplitudes of
vibration. Table 2 contains the principal parameters associated with the stoi&ure
The outcome of the final refinement for @gpR(SiH3), was anRg value of 0.031. The
radial-distribution curve (Figure 9) with its associated difieeecurve also shows the
goodness of the final fit. The least-squares correlation nfatrithe final refinement is
given in Table 6.29 (EA). The original refinem&ntoncluded that th&; value was

0.08, with the proposed structure in good agreement with that determined here.

Figure 9 Experimental radial-distribution curve and theoretical — experimental
difference curve for the refinement of PR(SiHs),, 6. Before Fourier inversion the
data were multiplied bg.exp(—0.0000&)/(Zsi —fs)(Zs —fe).
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6.3.7 Bis(difluor ophosphino)ger mylamine (7)

An extensive search of the potential-energy surface g){RfseHs), 7, resulted in the
identification of two conformers. A lower-energy conformer with alle€s symmetry
(conformer 1) is close t&,, symmetry for the GeN(R} group, while the higher-
energy conformer wittC; symmetry, has one RFroup rotated approximately 180°
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from the position in conformer 1. The two conformers have signifigadifferent
energies (Table 6.30, EA). At the MP2/6-311+G* level, the energy eifter between
the two conformers was found to be 7.8 kJThdlhis corresponds to an composition of
approximately 98% conformer 1 and 2% conformer 2, recognising th&droeer 1 has
a double multiplicity.

The model used for the refinement dftherefore described only th@&-symmetry
conformer, in terms of twelve independent parameters (Table 681,AH twelve
independent parameters and twelve significant amplitudes of vibraiadme(6.32, EA)
were refined, with flexible restraints applied to five geomeparameters and four
amplitudes. Principal parameters are listed in Table 2.

The refinement fof7 revealed the structure shown in Figure 2, withRanvalue of
0.047. The radial-distribution curve and its associated difference @tigige 10) show
the goodness of fit and the least-squares correlation matrix is shown en6TaBI(EA).
The outcome of the original refinem&htvas anRgs value of 0.12. Although the
structures obtained from that study and this are very similaefter fit to the data was
produced by removing some of the data from the longer nozzle-to-plate set hbeagise
was poor overlap between the data sets.

Figure 10 Experimental radial-distribution curve and theoretical — experimental
difference curve for the refinement of @pIN(Geh), 7. Before Fourier inversion the
data were multiplied bg.exp(—0.0000&)/(Zce —fce) (Ze — fr).
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6.3.8 Silylaminodifluor ophosphine (8)

An extensive search of the potential-energy surface of)\IPKSiH;), 8, revealed the
presence of two conformers (Figure 2), the relative energies of which are shdable
6.34 (EA). Conformer 1 was calculated to h&esymmetry and conformer 2 to hale
symmetry. A Boltzmann analysis of the composition of the samptleea¢xperimental
temperature (273 K) indicates that an energy difference of Onsok3 will result in a
sample composed of 71% of conformer 1 and 29% of conformer 2, allowing for the
double multiplicity of conformer 2.

A model was written incorporating the geometries of both of the peoposnformers.
The refinement of this combined model would be used to determine thposition of
the gas-phase sample in terms of conformers 1 and 2. The joint wasldefined by 23
independent geometric parameters and a conformer-weighting gdaraifi-ull details
are given in Table 6.35, EA.) To account for the major differehetween the two
conformers, average values and differences were used for mbst lbbnd-length and
angle parameters. Two torsion parameters describing the positiongheof
difluorophosphine groups were also refined, one each for conformers 1 ark 2.
parameters and amplitudes (Table 6.36, EA) were initially reéfiméh a weighting of
0.5, signifying a 50 : 50 mixture of conformers 1 and 2. When the bdsaditbeen
found for the model at this weighting, the composition was varied, @sirgifactor
loop in which the parameter was stepped by a given increment, tsethe fit was
affected. An uncertainty associated with the refined percentagenddérmer 1 was
obtained from Figure 11. At a significance level of 95% (for which fRe ratio is
calculated to be 1.016), the abundance of conformer 1 is 54(+2/-5)%. Ticgagdri
bond lengths, angles and torsions8are given in Table 2.

For a composition with 54% of conformer 1 and 46% of conformer 2 presefaybst
Rs value of 0.049 was obtained. Figure 12 shows the radial-distribution ands/¢éhe
theoretical — experimental difference curve for the joininezhent assuming the
abundance of conformer 1 to be 54%. A least-squares correlatiorx msagiven in
Table 6.37 (EA).
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The original GED refinemefitgave arRs value of 0.098 and was interpreted in terms

of two conformers, similar to those in this discussion.

Figure 11 Variations ofRs with percentage of conformer 1 of (PRH(SiHs), 8.
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Figure 12 Experimental radial-distribution curve and theoretical — experimental
difference curve for the refinement of @PRH(SiH3), 8, as a mixture of two
conformers. Before Fourier inversion the data were multiplieslexyp(—0.0000&)/(Zp

—)(Z —fr).
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6.4 Discussion

It was clear from studying the original gas-phase structfréise eight aminodifluoro-
phosphines that, while they mostly achieved the same conformationgetihalve found

in this work, numerous assumptions had been made. The use of strudtuledectab

initio and, consequently, the SARACEN method of restraining parametéms; than

fixing them, has allowed more complete structure determinatioggre=13 shows the
improvement in thés values for seven of the eight compounds that were revisited and
the average value has dropped from approximately 8.8% to 5.1%. The case of
(PR)NH(CHg), 3, has been omitted because fagvalue for the original refinement was

not published. Another benefit of the inclusion of the new methods wgeneral
lowering of the uncertainties associated with the refined paeamalues. As a result,

the structures are more precise than those previously published.

Figure 13 Comparison of original and ne/factors for all compounds exceptfor
which no originaR factor was recorded.
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From consulting Table 2, trends can be observed in some of the bond lengths common to
all therp; structures. In some instances, these trends were obscurecctyratées or
uncertainties in the original structures. N{RBF2, with only the three difluorophosphine
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groups attached to the central nitrogen atom, is a good compound toauseference.

The N-P bonds i2 are, at 173.5 pm, longer than in any of the other molecules except
(GeHs)N(PR)2, 7. N(PR)s also displays some of the shortest P-F bonds seen in the
series of compounds. Conversely, the four compounds that contain only one
difluorophosphine group have amongst the longest P—F bond lengths and have values for
the N—P bond distance that are up to 4 pm shorter than those fa2inthiese findings

are consistent with the nitrogen lone pair of electrons delocalmmg P. The PF
groups will compete for the lone pair of electrons and so we sgerlé-N bonds for
molecules with more BRyroups. It is also noticeable that long P—-N bonds in a molecule
correlate with shorter P—F bonds.

All of the structures determined are either planar at N or deviate frorarfiaby only a

few degrees. It is therefore valid to say that, in all gabesone pair of electrons on the
nitrogen will lie at approximately 90° to the P—N bonds. It is eéssonable to say that

the phosphorus lone pair will lie on the inverse of the centroid of the N---F---F taangle,
described in the method of Hinchley al.** Thus, a value can be calculated that
corresponds to the dihedral angle formed between the nitrogepdan@Ip) and that

on the phosphorus (Plp). These values@dlp—N—-P—Plp are given in Table 3 and the
values around 90° indicate orthogonality between the lone pairs. Asrtbepdirs of
electrons are not experimentally observable, and approximations haweragle, no

uncertainty has been quoted for any of the NIp-N—-P-Plp dihedral angles.
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Table 3 Experimentally derived torsional andietescribing the position of the PF
groups in terms of the phosphorus lone pair of electrons in relation to the nitrogen lone
pair (see text for full definition).

Compound Conformer  Torsional angle
(PF,)2NH 1 74.3

2 89.1 [P(2)] and 89.3 [P(5)]
N(PR)s 81.3 (all)
(PR)NH(CHs3) 71.4
(PR)N(CHs3) 86.5
(PR,)2N(SiHg) 80.4 (both)
(PR)N(SiH3)2 84.1
(PR)2N(GeHb) 80.1 (both)
(PR)NH(SiHg) 1 61.6

2 86.1

& Angles in degrees.
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Chapter Seven

Towards equilibrium structures in crystals
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7.1 Introduction

Equilibrium structuresi.e. structures such as those in a theoretical vibrationless state a
the bottom of a potential energy well, are the ultimate goahefstructural chemist.
Equilibrium structures are also what we calculated uanignitio and DFT calculations

in the preceding chapters in this thesis.

In the field of gas-phase structure determination a lot of rgséa@s been done, in many
different groups around the world, to determine corrections that, \@pphed to
experimental distances, will yield values for geometricahpaters as close as possible
to the equilibrium values. As shown in Chapter 1, distances obtained &siphgse
electron diffraction (GED) are vibrationally averaged and onehef fundamental
corrections made to GED structures accounts for the artifib@ttening of non-bonded
distances caused by vibrations.

Vibrational averaging of distances is not a phenomenon that is uniqgasiphase
structure determination. In crystals vibrations take place withmiecales and,
additionally, there is motion of molecules relative to one another, known as libration.
It has long been recognised that when the motions of two atomsrystal are very
different the bond length between them appears shorter thaguitbgum value® As
was the case for gas-phase structures, attempts have been made to actuargffect.

As early as 1956 Cruickshank published equations for determining the @pisotr
thermal motions of individual atoms in crystals by three-disi@nal Fourier refinement
methods’ In 1964 Busing and Levy determined estimates of corrections fanaher
effects by calculating the mean separations of pairs of atather than estimating the
equilibrium positions of individual atonisMore recently attempts have been made to
account for the effects of motion in crystals by Jeffrey Ratlle et al. They derived
correction terms experimentally from comparison of the componenteeothermal
ellipsoids at different temperatures and extrapolating to Qdfng this method they
studied several systems including deuterated berizedenosine and benzamid®.
Birgi et al. developed a method of visualising and analysing molecular motions in

crystals’ The program PEANUYallows limited information to be obtained relating to

143



coupling between motions. However, because many vibrational and libratiotiahs
are highly correlated, none of these methods allowed a full treatment of ahmoti

A recent project carried out in the GED group in Edinburgh involved thel neeeof
molecular dynamics (MD) simulations to determine correctioarpaters to be applied
to the experimental gas-phase structure of the sodium chloride, diae€l,, thus
allowing an experimental equilibrium structure to be obtathed.

If MD simulations on an isolated molecule can be used to modellihegtions in a gas,
then using solid-state MD simulations (plane-wave DFT) on a persadid may allow
the effects of vibrations and librations on average nuclear positigrgstals, relative
to equilibrium positions, to be derived. The differences, when applieddaioates
obtained experimentally by neutron diffraction, should yield experirheopalibrium
structures. This chapter describes the early stages of aistadlying MD simulations,
which should lead towards the determination of equilibrium structures in crystals.

7.2 Phase | ammonia — the test case

The solid-state structure of phase | ammonia was studied usingiMiations by
Murshed Siddick, a colleague at the University of Edinburgh, as pahisoPhD
project’® His aim was to investigate the nature of hydrogen bonding intatsys
However, the existence of a complete data set made it prudeiegm our

investigations with this simple four-atom molecule.

7.2.1 Computational method

The structure of crystalline phase | ammonia has been deterimn&eray diffraction
studies'! The crystallographic unit cell (see Figure 1) contains fonleaules in a cubic
cell, space group2;3, a = 513.05(8) pmY = 135.0%10° pn?. Starting from this unit
cell geometry and space group, the theoretical 0 K equilibriumtsteue/as optimised
at ambient pressure using the standard plane-wave DFT pacla88EP? The
electronic core was described using the standard pseudopotential duppliethe

package and the PBE functional was used as both the exchange andiaorrela
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functional™® During the optimisation process the unit-cell parameters aochiat
positions were alternately optimised until an energy convergeriegian was met

(maximum energy change per atomx16° eV).

Figure 1 The crystallographic unit cell for phase | NH
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This calculated equilibrium structure formed the starting pointiferMD simulation

using a Z2x2 supercell (constructed from the optimised unit cell, see Figure 2).

Figure 2 The 2x2 supercell for N5, used to model librations whose periodic length
is too great to be modelled by thelk1 cell.
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Although the crystallographic unit cell has a high degree of symmétie MD

simulation was run with P1 symmetry so that the crystal striclisorder could be fully

145



observed. It was necessary to run the simulation on a systemtlzigethe unit cell in
order to visualise lattice vibrations that have a periodic lengthtgr than that of the
unit cell. Of course, there will always be vibrations with evendongavelengths. Data
were collected in time steps of 0.5 fs for approximately 5 ps.iffitial temperature of
the simulation was 200 K and the system stabilised to around 100 K atibut 1 ps

(see Figure 3).

Figure 3 The total energy and temperature of the MD simulation of2x2 supercell of
phase | NH.
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7.2.2 Results and discussion

Data were collected from the MD simulation every 0.5 fs fipraximately 4 ps after
the temperature of the system had stabilised. At each of thoseetgees the coordinates
were recorded for all 128 atoms in the222 supercell. These coordinates were then
averaged over the many thousands of time steps to give the aver#age miseach
atom in the supercell. The eight values for each atomic positese then averaged,
leaving a single unit cell with averagey andz coordinates for 16 atoms. From these
positions, values for each of the 12 N-H distances were calculdtedaverage value
for rN—H was 101.950 pm and the difference between the longest and shorteatalsond
0.154 pm. This value is, as expected, shorter than the bond length fornihgum
energy structure calculated earlier (102.879 pm).

In fact, the asymmetric unit for phase | ammonia consists ordp®N atom and one H

atom, and so the positions were averaged once more to leave justoms& dhese
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values were then subtracted from the values of the calculatebegml positions. The
resultantAx, Ay and Az components form the correction that should be applied to the
experimental structure. Table 1 lists the vibrationally averageddinates from the MD
simulation alongside those from the calculated equilibrium streictie components of
the correction, the coordinates from the neutron diffraction crystattsre and the
vibrationally corrected crystal structure.

Table 1 The vibrationally averaged coordinates from the MD simulation for phase |
ammonia along with the equivalent coordinates from the calculated equilibriuctusgr
and the neutron diffraction crystal structfire.

Atomic MD Equilibrium  Calculated Crystal Corrected
coordinate simulation  structure correctioff structuré  structure
XN 0.2011(5) 0.1959 —0.0052(10) 0.2108(10)2056(15)
XH 0.3557(5) 0.3499 —0.0058(9) 0.3694(18).3636(16)
VH 0.2702(6) 0.2695 —0.0007(10) 0.2694(10)2687(14)
7 0.0990(6) 0.0925 —0.0065(10) 0.1141(10)1076(15)

2 All coordinates are fractional coordinatBé\ correction has been calculated by
subtracting the vibrationally averaged coordinates from the equilibrium cotasliswad
applied to the experimental crystal structirécom Ref. 14.

As expected the average position of the hydrogen atom lay diostre nitrogen
position in the vibrationally averaged structure than it did in theuledéd equilibrium
structure. In theory, this difference in positions between the twectsres is the
correction that must be applied to the atomic positions determineeubson diffraction
to give an experimental equilibrium structure. The available oeutiffraction data for
ND; were collected at three separate temperatures (2, 77 and 18TH€ corrections
listed in Table 1 were applied to the 77 K data as that iddsest temperature to that at
which the MD simulation stabilised. In fact, the differencenmrtN—H as determined at
77 and 180 K was only 0.1 pm. The coordinates for the corrected expetistartture
give an N-H bond length of 101.2 pm, a value that is equal to the neutr@ctebffr
bond length determined at 2 K. Unfortunately, because the MD simudataddeals
with NH3z and the neutron diffraction experiment usedsNibese corrections can only

purport to be a good approximation.
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The uncertainties on the vibrationally averaged coordinates froMEhsimulation are
the standard deviations of the positions of the atoms in the avefaged cell.
Similarly, the uncertainties on the correction factors arestaedard deviations of the
values for all atoms in the unit cell. The ESDs on the correstdedlinates are the root-

mean-squares of the uncertainties on the corrections and the experimentaigosit

7.3 Application of the new method to an aromatic ring system

1,2,4,5-tetrachlorobenzeng-tvas chosen as the next system to be studied using the
method developed above. The relative rigidity of the benzene ring meeanghée
components of the thermal parameters arising from the intramatecirations are
relatively small, with the largest contributions arising from teformation modes
involving the chlorine and hydrogen substituents. In contrast, the heatiess are
peripheral, and librational modes involving molecular rotations will invdmge
motions of these atoms, on curved paths. The effects that weidyengtwill therefore
be maximised. The molecular symmetry will allow averagingdafa for related
molecular fragments, increasing the statistical significance otthsts.

The size of the crystallographic unit cell is crucial whenidleg if it is possible to
perform MD simulations. Although there are no experimental datasf@sGl,, an X-ray
diffraction study of the hydrogen isotopomegHgCls, shows that there are only two
molecules in the crystallographic unit cell, which has a cell vel@in376.310° pn?
(see Figure 4)° There is no reason to believe that the structurespb@l, will differ
significantly and the calculations, although rather time-consuming, widdsgble.

The deuterated compound has been chosen for two separate reasoras Bostirate
neutron diffraction data are required for comparison with the aedrdlgeoretical
structure, it is preferable to use a deuterated molecule, beiteuseutron scattering
ability of D is far superior to that of H. The second reason haosing a deuterated
molecule is that the time step for the MD simulation is deatexch by the highest

frequency vibrational mode. Forsl0,Cl, this mode (a C-D stretch) occurs at a much
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lower frequency than its C—H analogue, and thus the calculatien i reduced by
almost one third. This amounts to a significant saving of time and money over the course

of such a simulation.

Figure 4 Crystallographic unit cell for 1,2,4,5-tetrachlorobenzene. There are two
molecules within the unit cell, both lying across cell boundaries.

7.3.1 Computational method

Calculations were performed using the VASP 4.4 MD simulation ‘€odéh the
resources of the Edinburgh Parallel Computing Centre (EPCC) onatttema Lomond

(a Sun Fire 15K server with 52 UltraSPARC III processors}ialncalculations had
been carried out using a Pentium 3 dual-processor 800 MHz workstationebait
prohibitively slow. The PW91 functional was used to provide both exchange and
correlation for the DFT calculations. A series of pseudopotentiaésused to model the
wavefunction towards the nuclear region and periodic plane-wavedsdsisvere used

to describe the valence electrons.

Starting values for atomic coordinates and cell parameters adapted from those
determined by the X-ray diffraction study ofHCls.'® This showed that there were two
molecules in the monoclinic unit cell (space grétBa/n) with a = 379.56(12) pmb =
1051.75(19) pme¢ = 956.48(13) pm{3 = 99.723°. The lattice parameters and atoms were
then alternately allowed to optimise to give the calculated equilibrium steuct

The length of thea axis in the crystallographic unit cell ofgl:Cl, is significantly

shorter than either theor ¢ axis. An attempt to run a simulation on»xl%1 cell failed
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when the molecules in the cell began to move far from the positi@isthey had

adopted in the experimental structure. Using«ax2 cell yielded similarly poor results,
but when a 81x1 supercell (see Figure 5) was used the energy remainewalglat
constant and the atoms moved very little from their experimental positions.

The time step used for the production phase of the MD simulationlet@smined with

reference to the highest energy vibration, which is the C-D lsimgtenotion. From this

a time step of 0.9 fs was calculated.

Figure 5 3x1x1 supercell for 1,2,4,5-tetrachlorobenzenessied in the MD simulation
as viewed along the b andc axes (from left to right).

7.3.2 Results and discussion

Data were collected for a period of about 2.5 ps, a simulation thaafgmkximately
2000 hours of processor time. Figure 6 shows that the simulatiorh whk started at a
temperature of 200 K, settled to around 100 K after approximatelycy€@@s. All
coordinates calculated after this point in the simulation were teetetermine the
average positions of the atoms compared to the equilibrium positions.

As was the case in the ammonia example, the size of thecslipmsed in the simulation
will have to be increased to include acoustic phonon waves that will ddeager
wavelength than the length of the cell boundaries. In this caseiiheill be scaled up
to 6x2x2 and this simulation might require in the region of 20000 hours CPU Tinee.
ability of the supercomputer to assign a large number of prmcegsany job (currently
up to 48 processors per user) means that this simulation is éeasibhpplication has

been submitted to the EPCC requesting this additional time on Lomanithede data
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are not yet available, a cursory attempt will be made to obtaiorraction from the

3x1x1 data, although it is expected that the errors will be significant.

Figure 6 The total energy and temperature of the MD simulation oflxBsupercell of
CeDoCly.
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The coordinates that were calculated for approximately 1700 cydflethe MD

simulation were averaged to give the mean position for each of2hetoms in the
3x1x1 supercell. These positions were further averaged to leav24tladoms of the
crystallographic unit cell. The asymmetric unit consists of b&élbne molecule as
shown in Figure 7. The coordinates were, therefore, averaged onceorfemreet just six

atoms.

Figure 7 Atom numbering used forgD,Cl, and GH,Cl,. The dashed line indicates that
half of the molecule makes up the asymmetric unit.
H@3)
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As was demonstrated for NHthe atomic positions in the vibrationally averaged
structure are subtracted from the calculated equilibrium coordingtegive the
corrections, which can then be applied to the neutron diffraction seusee Table 2).
An application has been submitted to the ISIS neutron facility etRhbtherford
Appleton Laboratory, where it is hoped that time will be grantechabdingle-crystal
neutron diffraction data can be collected fgDECls. As these data are not presently
available it is not possible to implement the correction fully. Aenapt has been made
to apply the corrections to the X-ray diffraction data that gkigt that introduces an
entirely different problem related to the fundamentally differquantities that are
measured in X-ray diffraction. This topic is discussed in dataChapter 8. Also by
applying the correction in this manner, there is once again thiglepn of having

experimental and simulation data for different isotopomers.

Table 2 The coordinates for the asymmetric portigyDeCl,.*

Atomic MD Equilibrium Calculated Crystal Corrected
coordinate simulation structure correctiolf structuré  structure

Xc(1) 0.07489(566) 0.07226 —0.00263(189) 0.0675(5) 0.06487(189)
Yea) 0.46801(9) 0.46663 —0.00138(71) 0.4674(2) 0.46602(71)
Zc) 0.36281(1293) 0.36218 —0.00063(8) 0.3662(2) 0.36557(8)
Xc(2) 0.97167(548) 0.97441 0.00274(183) 0.9810(4) 0.98374(183)
Ye@) 0.37257(5) 0.37139 —0.00118(70) 0.3735(2) 0.37232(70)
Zc(2) 0.45364(1289) 0.45552 0.00188(8) 0.4577(2) 0.45958(8)
Xc(3) 0.89747(547) 0.90320 0.00573(195) 0.9115(5) 0.91723(195)
Ye@3) 0.40498(2) 0.40508 0.00010(70) 0.4067(2) 0.40680(70)
Zc3) 0.59018(1288) 0.59283 0.00265(8) 0.5916(2) 0.59425(8)
Xcia) 0.16799(554) 0.16382 —0.00417(230) 0.1518(1) 0.14763(230)
Yei) 0.43061(5) 0.42738 —0.00323(50) 0.4294(1) 0.42617(50)
Zci) 0.19292(1289) 0.19109 —0.00183(9) 0.2000(1) 0.19817(9)
Xci@) 0.93959(566) 0.94590 0.00631(201) 0.9582(2) 0.96451(201)
yeie) 0.21381(12) 0.21049 —0.00332(64) 0.2162(1) 0.21288(64)
Zci(2) 0.39983(1289) 0.40356 0.00373(15) 0.4080(1) 0.41173(15)
XH(3) 0.81863(538) 0.82876 0.01013(234) 0.836(7) 0.84613(234)
YH(@3) 0.33051(2) 0.33111 0.00060(80) 0.342(3) 0.34260(80)
Zn(3) 0.66052(1288) 0.66465 0.00413(23) 0.651(3) 0.65513(23)

2 All coordinates are fractional coordinates. See Figure 7 for atom numbeTime).
correction was calculated by subtracting the vibrationally averaged cat@slinom the
equilibrium coordinates and applied to the experimental crystal strucfnan Ref.
15.
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Bond lengths derived from the calculated equilibrium and MD-simuleata@tionally
averaged coordinates show, as expected, that there is a shortening af thstateces
due to atomic motion. Table 3 compares several bond lengths and fangidbese two
structures. It can be seen that the difference for the C—-C bortdd€i@g6 pm) is much
smaller than that for the C—CI distances, where the bonds arerdipoue to 1.6 pm.
The C-H bond length remains essentially unchanged. Also, the anglis e
asymmetric unit are identical in the equilibrium and averaged d#tDctures. This
signifies that that the MD process, while allowing the angteshange during the
simulation, does so by equal amounts either side of the equilibriuha. ddigtances
from the crystal coordinates both before and after the corrediaresbeen applied are
also given in Table 3. However, as mentioned earlier, these vakiestaderived from
nuclear positions and so no comparison is possible other than to sthethaplication
of a correction acts to lengthen the vibrationally averaged (aneckfdhe, shortened)

bonds.

Table 3 Comparison of selected structural parameters from asymmetric urtitg for
averaged MD simulation structure and the equilibrium struéture.

MD Equilibrium  Crystal Corrected
Parameter . .

simulation structure structur structuré
rc(1)-C(2) 140.2 140.8 137.2 138.0
rc(2)-C(3) 139.6 140.2 136.8 137.5
rC(1)—ClI(1) 173.0 174.4 168.8 170.1
rC(2)-CI(2) 172.6 174.2 170.0 171.6
rC-H 108.8 108.7 94.5 94.4
0C(1)-C(2)-C(3) 120.1 120.1 119.6 119.6
OC(1)-C(2)-Cl(2) 120.8 120.8 121.3 121.3
OC(2)-C(1)-Cl(1) 121.1 121.1 120.6 120.6

2 Distancesr are in pm, angle<) are in degree8.Determined from the atomic
coordinates given in Ref. 15From the coordinates of the crystal structure after
correction using the difference between the MD average structure andctiated

equilibrium structure.

From the averaged MD coordinates it is striking how much the stha@arations vary
between the/a, y/b andz/c axes (views along these axes are shown in Figure 5). In the

case of they axis, the molecules in the crystal seem to be very wighed and this
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could be the reason that their positions changed very little dtrengroduction phase
of the MD simulation. On the other hand, the values obtained fox ted z axes
showed a much larger variation during the simulation. It shouldkesaoted that the
large uncertainties on theandz axes are similar for different atoms. This suggests that
the whole molecule is moving considerably in those two directions. éBfprming
further MD studies on this and other molecules, it is hoped that thi®pismon can be
more clearly understood.

This short chapter demonstrates the potential of MD simulationotdprcorrections
to account for the effects of vibrations and (some) librations onatrgsuctures. The
method described has by no means been perfected and many pssthalkks have
been identified. However, this is simply the first step on a Ilpngney towards
determining accurate equilibrium crystal structures. If thadl gcan be realised the
consequences for crystallography could be far-reaching. The futureecfor this work

is outlined in Chapter 8.
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Chapter Eight

Conclusions, recommendations and future work
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8.1 Experimental determination of gas-phase structures

The structures of seven molecules containing hegapjock elements have been
determined by gas-phase electron diffraction (GED) using tARASEN' and
DYNAMITE ? methods of refinement. For some of the larger molecules the profcess
collecting GED data tested the Edinburgh apparatus to its lifities ability to collect
data for some of the larger molecules, where temperaturegcess of 500 K were
required to obtain a suitable vapour pressure, was aided greathe luse of the air-
heated reservoit.
It had been hoped to study further examples of the main-group naéyahpspholyl
complexes described in Chapters 2 and 3, but those compounds failed to waperise
heated to the limits of the apparatus or began to decompose at lagipardtures.
Samples that were run but for which data could not be collectediett[Ga(RC,Bu')]
and [Cr(RCsBu's)(CO)]. In fact, preparations have been reported for each of the
following complexes:

[M(PsC3Bu'5)(CO)] (M = Cr, Mo, W)

[M(PoCsBu’)] (M = Ga, In, TI)

[M(P3CBu)] (M= Ga, In, Tl

[M(P.C,Bu%)] (M = Ge, Sn, Pb)

As most of these molecules have a reasonable degree of synfwiét the exception
of the sterically crowded half-sandwich complexes ofCEBUY)) they are ideal for
study by GED. Of particular interest would be the degree o meformation
experienced by the aromatic,{BBu';] ring when complexed with Group 14 metals that
are both larger and smaller than Sn. This could give a furthghinisito whether this

deformation is purely due to the difference in Sn—C and Sn—P bond lengths.
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For all of the molecules studied in this thesis geometriaanpeters have been refined
with the inclusion of curvilinear corrections to account for the shg'elea‘fecﬁ‘ Ther,
andrn; notation has been used accurately throughout this work. Unfortytiaitels not
the case in all GED publications. In the field of structuralnubey many different
experimental and theoretical distances are measured and aferoitmade clear what
is being reported. It is now commonplace to use the SHRINK prégaad calculated
harmonic force fields to determine these corrections and it idhbpé ther,,; notation
will become more widely used. This recommendation was madeesteat European

Electron Diffraction Symposium where it was well received.

8.2 Theoretical deter mination of gas-phase structures

As explained in Chapter 1, the complete determination of structumesGED data is
often not possible without the aid of extra sources of informa@o the use of
theoretical methods for this purpose is almost ubiquitous. Chapter 6 destexhshe
advances in accuracy and precision of structure that can bebyaetning amplitudes
of vibration and including corrections to counteract the structurattsffof vibrational
averaging. Using the SARACEN metHothe R-factors of eight members of the
aminodifluorophosphine family were significantly improved and geomépaameters
that were previously constrained were allowed to refine, subject to 8evabiraints.
Computed structures and the use of SARACEN were certainly ssgefor full
determinations of the structures of the heavy main-group compoundsbddsani
Chapters 2-5. With this dependence on calculated parameters itdseeery important
for the electron diffractionist to have a thorough understandinigeo&tcuracy of those
theoretical parameters. Supercomputers are now more accesaiblever and software
packages such as Gaussiarl @Bow any experimental chemist to obtain theoretical
results with which to corroborate their findings. Many differabtinitio and DFT
methods are available and great care has been taken in this wensue that the

methods used provide accurate structures.
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It is well documentetithat, in general, MP2 calculations are less good for transition-
metal complexes than DFT methods, which can produce results¢hedbramensurate
with experiment. MP2 calculations would be expected to give reasoredhlds for
molecules composed of main-group elements and the findings of this waaklyor
agree with that hypothesis. As for the use of DFT, the caiocntaperformed during this
degree show that DFT methods can give results that are cdtggraccuracy to those
determined using MP2. They also highlight the vast differenceslireydhat can be
obtained from different DFT methods.

That MP2 should give good results for geometry optimisatiopsbddck molecules and
that the use DFT calculations is rather hit-and-miss is na gugarise. Of more interest
are the results of the other computational trial that wasedamout. The use of
pseudopotential basis sets is necessary to speed up calculatioolea@iles with heavy
atoms by replacing the core electrons by a potential and thusirajldewer valence
electron to be considered explicitly in the calculation. Un#@cently these
pseudopotentials were of the large-core type where very fetra@is were included in
the calculation. New small-core pseudopotentials are now availadblarainvestigation
was performed to determine whether this could affect the agcofag calculation. It
showed that, while using the aug-cc-pVQZ ECP did not universaljyrowe the
accuracy of results, for many of the molecules tested thasion of more electrons in

the valence shell was necessary.

8.3 Experimental equilibrium structuresin the solid state

In Chapter 7 it was demonstrated that molecular dynamics (8itDylation have a
potential use in solid-state structure determination. Although thik is@t a very early
stage, the results obtained are exciting and have the potenksld to a fundamental
advance in determining equilibrium crystal structures.

Using the methods described in Chapter 7, it is hoped that MD siomdatian be

performed on a larger crystal array foDGCl; and that single-crystal neutron
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diffraction data can be collected for this compound. This will allon@ich more
accurate correction to be applied than that attempted previously.

It is hoped that this method can be extended to many more moldoulles.long term,
it is recognised that this method of determining thermal coorectis both time-
consuming and expensive. If, for example, studies performed on othdituseds
benzenes give results that show correlation with those resul@&DeCl,, it might be
possible to derive a semi-empirical correction that can be applibdut the need to
perform MD simulations every time. This could then be extended toadecbther

classes of molecules.

8.3.1 Monte Carlo simulations

While the initial study focussed on the use of MD simulationsbiserve the motion of
atoms and molecules in solid-state matter, it is acknowledged Mbate Carlo
simulations might also be applicable. A future development of thik wibrinvolve the
use of Monte Carlo simulations to investigate whether the seshithined are similar to
those from MD and, if so, whether the simulations are any quicker lessl
computationally demanding.

8.3.2 Representations of thermal motion in crystals

The use of ellipsoids to describe the thermal motions of atomsystaly is very
common. However, intuition suggests that it is more likely for an atom to nowvedha
curved trajectory than an ellipsoid. One outcome of the use of MDlations to view
crystal vibrations could be to determine a more realistic shagtectn be used to
represent atomic motion.

By plotting the many positions adopted by an atom during the MD ation| it should
be possible to map a surface that has, for instance, a band@wlbishape. If a
mathematical function could be determined for the shape of this sutfaould allow
this advance to be incorporated into crystallography at the castlybne or two extra
parameters to describe the shape. If the experimentalvdatagood enough, these extra

parameters describing the curvature could be refined. These coultbehanrrelated
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with the vibrational corrections, which could thus be determined dirécim the
experimental data. This opens the possibility of determining equibistructures

rapidly and routinely.

8.3.3 Crystal structures by X-ray diffraction

So far the crystal structures discussed have been derived &atmom diffraction data.
Obtaining neutron diffraction data can be a very costly process, wiianing X-ray

diffraction data, which is now commonplace. However, X-ray diffoaclocates centres
of electron density and not the nuclear positions determined by neuti@ctotin so

correcting for vibrations and librations, as described &W.Cl, in Chapter 7, will only

yield a corrected centre of electron density.

A more significant advance would be to determine equilibrium nuctaztgres from

X-ray diffraction data. To do that the difference in position betwtde centre of
electron density and the nucleus would have to be calculated. Quaiemical

calculations have the ability to determine any molecular ptppecluding electron

density. It is, however, difficult to accurately partition thecelen density between
atoms. Methods are available and it needs to be explored to sde mticod works

best.
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Conferences

10" European Symposium on Gas Electron Diffraction
St. Petersburg, Russia, June 2003
Poster presentatio@onformations of aminodifluorophosphines revisited

Universities of Scotland Inorganic Club
University of Strathclyde, Glasgow, September 2003
Poster presentatio@onformations of aminodifluorophosphines revisited

20" Austin Symposium on Molecular Structure
Austin, TX, USA, March 2004
Poster presentatioftructures of main-group metal complexes. a challenge for theory?

16" International Conference on Phosphorus Chemistry
Birmingham, July 2004
Poster presentatioftructure and bonding of main-group metal phospholyl complexes

Universities of Scotland Inorganic Club
Heriott-Watt University, Edinburgh, September 2004
Oral presentatior3ructure by theory and experiment: main-group metal complexes

11" European Symposium on Gas Electron Diffraction
Blaubeuren, Germany, June 2005
Oral presentationfowards equilibrium structures for gas-phase molecules and crystals

Younger European Chemists’ Conference
Brno, Czech Republic, September 2005
Poster presentationimproved modelling of solid-state atomic movement: a dynamic

approach
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Universities of Scotland Inorganic Club
University of Glasgow, September 2005
Poster presentationimproved modelling of solid-state atomic movement: a dynamic
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Electronic Appendix — Chapter Two
Tables 2.1 — 2.28

Table 2.1Calculated (MP2/aug-cc-pVQZ-PP/6-311+G*) coordinates for jio{Bu')], 1.
Atom X y z

In(1)  1.8621  -0.4318 0.0000
P(2) -1.1399  -0.7528 0.0000
C@3) -0.6220 0.2334 1.3583
P(4)  0.1455 1.7701 1.0638
P(5)  0.1455 1.7701  -1.0638
C(6) -0.6220 0.2334  -1.3583
C(7) -0.9543  —0.2222 2.8036
C(8) —2.3890 0.2446 3.1252
C(9) -0.8888  -1.7523 2.9574
H(10) -3.1103  -0.1952 2.4457
H(11) -2.6616  —0.0461 4.1358
H(12) -2.4772 1.3228 3.0519
H(13) 0.1027  -2.1343 2.7361
H(14) -1.1251  -2.0272 3.9805
H(15) -1.5931  -2.2644 2.3140
C(16) -0.9543  -0.2222  -2.8036
C(17)  0.0017 0.3942  -3.8381
C(18) -0.8888  -1.7523  -2.9574
C(19) -2.3890 0.2446  -3.1252
H(20)  1.0320 0.1072  -3.6541
H(21) -0.2635 0.0476  -4.8318
H(22) -0.0438 14760  —3.8496
H@23) -1.5931  -2.2644  -2.3140
H@24) -1.1251  -2.0272  -3.9805
H@25) 0.1027  -2.1343  -2.7361
H(26) —2.4772 1.3228  -3.0519
H(27) -2.6616  -0.0461  —4.1358
H(@28) -3.1103  -0.1952  -2.4457
C(29) 0.0017 0.3942 3.8381
H(30)  1.0320 0.1072 3.6541
H(31) -0.0438 1.4760 3.8496
H(32) -0.2635 0.0476 4.8318

Energy = -1600.700456 Hartrees.
All coordinates are in A.



Table 2.2Calculated (MP2/LanL2DZ/6-311+G*) coordinates for [lsCBUY)], 1.

Atom X y z

In(1) 1.7986 -0.4221 0.0000
P(2) -1.1451 —0.8009 0.0000
C(3) -0.5987 0.2031 1.3450
P(4) 0.0913 1.8082 1.0633
P(5) 0.0913 1.8082 —1.0633
C() —0.5987 0.2031 —1.3450
C(7) -0.9012 —-0.2360 2.7849
C(8) —2.2887 0.3122 3.1588
C(O -0.9141 -1.7650 2.9193
H(10) -3.0540 -0.0733 2.4775
H(11) -2.5528 0.0146 4.1805
H(12) -2.3009 1.4054 3.1029
H(13) 0.0486 —2.1945 2.6219
H(14) -1.1009 —2.0413 3.9630
H(15) -1.6944 —2.2259 2.3076
C(16) -0.9012 —-0.2360 —2.7849
c@av) 0.1372 0.3171 —3.7696
c(8) -0.9141 —1.7650 —2.9193
C(19) -2.2887 0.3122 -3.1588
H(20) 1.1445 —0.0306 -3.5150
H(21) -0.0951 —-0.0285 -4.7830
H(22) 0.1497 1.4101 -3.7843
H(23) -1.6944 —2.2259 —2.3076
H(24) -1.1009 —2.0413 -3.9630
H(25) 0.0486 —2.1945 —2.6219
H(26) -2.3009 1.4054 -3.1029
H(27) -2.5528 0.0146 —4.1805
H(28) —-3.0540 -0.0733 —2.4775
C(29) 0.1372 0.3171 3.7696
H(30) 1.1445 —0.0306 3.5150
H(31) 0.1497 1.4101 3.7843
H(32) -0.0951 —0.0285 4.7830

Energy = -1415.1029211 Hartrees.
All coordinates are in A.



Table 2.3Calculated (B3PW91/aug-cc-pVQZ-PP/6-311+G*) coordinates for JCyEuU')],
1.

Atom X y z
In(1) 1.7764 —-0.4753 0.0000
P(2) -1.1577 —-0.7420 0.0000
C(3) —0.6009 0.2431 1.3565
P(4) 0.2268 1.7700 1.0708
P(5) 0.2268 1.7700 -1.0708
C®) —0.6009 0.2431 —-1.3565
C(7r) —-0.9291 —-0.2002 2.7946
C(@8) —-2.3313 0.3402 3.1383
C(O)  -0.9408 —-1.7306 2.9290
H(10) -3.0874 —0.0557 2.4545
H(11) -2.6110 0.0522 41577
H(12) -2.3593 1.4316 3.0739
H(13) 0.0334 -2.1614 2.6770
H(14) -1.1744 -2.0137 3.9606
H(15) -1.6885 -2.1969 2.2822
C(16) -0.9291 —-0.2002 —2.7946
C@17) 0.0767 0.3633 -3.8080
C(18) -0.9408 —1.7306 —2.9290
C(19) -2.3313 0.3402 -3.1383
H(20) 1.0942 0.0183 -3.5982
H(21) -0.1866 0.0336 -4.8181
H(22) 0.0904 1.4564 -3.8117
H(23) -1.6885 -2.1969 —2.2822
H(24) -1.1744 -2.0137 —-3.9606
H(25) 0.0334 -2.1614 -2.6770
H(26) -2.3593 1.4316 -3.0739
H(27) -2.6110 0.0522 -4.1577
H(28) -3.0874 —0.0557 —2.4545
C(29) 0.0767 0.3633 3.8080
H(30) 1.0942 0.0183 3.5982
H(31) 0.0904 1.4564 3.8117
H(32) -0.1866 0.0336 4.8181

Energy = -1606.133005 Hartrees.
All coordinates are in A.



Table 2.4Calculated (B3PW91/LanL2DZ/6-311+G*) coordinates for [§@Bu’)], 1.

Atom X y z

In(1) 1.7917 -0.4541 0.0000
P(2) -1.1526 -0.7617 0.0000
C(3) -0.6087 0.2350 1.3530
P(4) 0.1740 1.7855 1.0699
P(5) 0.1740 1.7855 —1.0699
C®) —0.6087 0.2350 —1.3530
C(7) -0.9217 —-0.2148 2.7918
C(8) —2.3296 0.3045 3.1427
C(9 -0.9076 -1.7451 2.9251
H(10) -3.0826 -0.1013 2.4612
H(11) -2.6009 0.0110 4.1627
H(12) -2.3731 1.3953 3.0796
H(13) 0.0727 —2.1589 2.6677
H(14) -1.1306 —2.0327 3.9577
H(15) -1.6505 —2.2239 2.2820
C(6) -0.9217 —-0.2148 —2.7918
c@av) 0.0823 0.3624 -3.7993
C(18) -0.9076 -1.7451 —2.9251
C(19) -2.3296 0.3045 -3.1427
H(20) 1.1027 0.0295 -3.5840
H(21) -0.1713 0.0301 -4.8110
H(22) 0.0829 1.4555 -3.8019
H(23) -1.6505 —2.2239 —2.2820
H(24) -1.1306 —2.0327 -3.9577
H(25) 0.0727 —2.1589 —2.6677
H(26) -2.3731 1.3953 -3.0796
H(27) -2.6009 0.0110 -4.1627
H(28) —-3.0826 -0.1013 —2.4612
C(29) 0.0823 0.3624 3.7993
H(30) 1.1027 0.0295 3.5840
H(31) 0.0829 1.4555 3.8019
H(32) -0.1713 0.0301 4.8110

Energy = -1417.764842 Hartrees.
All coordinates are in A.



Table 2.5Calculated (B3LYP/aug-cc-pVQZ-PP/6-311+G*) coordinates for p@4Bu',)],
1.

Atom X y z

In(1) 1.8321 -0.4573 0.0000
P(2) —-1.1546 —-0.7588 0.0000
C(3) —-0.6130 0.2347 1.3642
P(4) 0.1905 1.7803 1.0767
P(5) 0.1905 1.7803 -1.0767
C6) —0.6130 0.2347 —-1.3642
C(7) —0.9492 —-0.2110 2.8085
C(8) —2.3634 0.3210 3.1479
C(O  -0.9519 -1.7477 2.9527
H(10) -3.1138 —0.0805 2.4623
H(11) -2.6448 0.0311 4.1657
H(12) -2.4002 1.4114 3.0838
H(13) 0.0266 -2.1739 2.7132
H(14) -1.1918 —2.0247 3.9838
H(15) -1.6901 -2.2241 2.3043
C(16) -0.9492 —-0.2110 —2.8085
C@17) 0.0485 0.3610 -3.8357
C(18) -0.9519 -1.7477 —2.9527
C(19) -2.3634 0.3210 -3.1479
H(20) 1.0689 0.0201 -3.6377
H(21) -0.2234 0.0304 —4.8425
H(22) 0.0578 1.4529 -3.8399
H(23) -1.6901 -2.2241 —2.3043
H(24) -1.1918 —2.0247 -3.9838
H(25) 0.0266 -2.1739 -2.7132
H(26) -2.4002 1.4114 —3.0838
H(27) -2.6448 0.0311 -4.1657
H(28) -3.1138 —0.0805 —2.4623
C(29) 0.0485 0.3610 3.8357
H(30) 1.0689 0.0201 3.6377
H(31) 0.0578 1.4529 3.8399
H(32) -0.2234 0.0304 4.8425

Energy = -1606.384649 Hartrees.
All coordinates are in A.



Table 2.6Calculated (B3LYP/LanL2DZ/6-311+G*) coordinates for [Is{zBuY)], 1.

Atom X y z

In(1) 0.0000 —1.8388 —-0.4413
P(2) 0.0000 1.1487 -0.7779
C@3) -1.3605 0.6169 0.2250
P(4) -1.0756 —-0.1484 1.7901
P(5) 1.0756 —-0.1484 1.7901
C(6) 1.3605 0.6169 0.2250
C(r) -2.8070 0.9405 -0.2221
C@8) —-3.1756 2.3297 0.3532
C(9) —2.9426 0.9908 —1.7585
H(10) -2.4965 3.1033 -0.0139
H(11) -4.1940 2.6054 0.0600
H(12) -3.1252 2.3299 1.4448
H(13) -2.6770 0.0337 —2.2166
H(14) -3.9778 1.2149 —2.0329
H(15) -2.3105 1.7603 —2.2064
C(16) 2.8070 0.9405 -0.2221
c@av) 3.8178 —-0.0961 0.3096
C(18) 2.9426 0.9908 —1.7585
C(19) 3.1756 2.3297 0.3532
H(20) 3.5986 —1.0996 —0.0668
H(21) 4.8284 0.1680 —-0.0160
H(22) 3.8257 —0.1445 1.4004
H(23) 2.3105 1.7603 —2.2064
H(24) 3.9778 1.2149 —2.0329
H(25) 2.6770 0.0337 —2.2166
H(26) 3.1252 2.3299 1.4448
H(27) 4.1940 2.6054 0.0601
H(28) 2.4965 3.1033 —-0.0139
C(29) -3.8178 —-0.0961 0.3096
H(30) —-3.5986 —1.0996 —-0.0667
H(31) -3.8257 —0.1445 1.4004
H(32) -4.8284 0.1680 —0.0160

Energy = -1418.040660 Hartrees.
All coordinates are in A.



Table 2.7Calculated (BLYP/aug-cc-pVQZ-PP/6-311+G*) coordinates for §a¢Bu’)], 1.

Atom X y z

In(1) 1.8655 -0.4610 0.0000
P(2) -1.1623 -0.7727 0.0000
C@3) -0.6193 0.2329 1.3783
P(4) 0.1962 1.7942 1.0898
P(5) 0.1962 1.7942 —1.0898
C6) —0.6193 0.2329 -1.3783
C(7) -0.9687 -0.2116 2.8325
C(8) —2.3996 0.3230 3.1606
C(9  —-0.9688 —-1.7605 2.9850
H(10) -3.1475 —0.0856 2.4661
H(11) -2.6904 0.0345 4.1834
H(12) -2.4387 1.4194 3.0913
H(13) 0.0196 —2.1866 2.7563
H(14) -1.2207 —2.0359 4.0208
H(15) -1.7025 —2.2442 2.3260
C(16) -0.9687 -0.2116 —2.8325
c@av) 0.0261 0.3716 -3.8754
C(18) -0.9688 —1.7605 —2.9850
C(19) -2.3996 0.3230 -3.1606
H(20) 1.0549 0.0294 -3.6873
H(21) -0.2565 0.0436 —4.8875
H(22) 0.0339 1.4702 -3.8740
H(23) -1.7025 —2.2442 —2.3260
H(24) -1.2207 —2.0359 —4.0208
H(25) 0.0196 —2.1866 —2.7563
H(26) —-2.4387 1.4194 -3.0913
H(27) -2.6904 0.0345 -4.1834
H(28) -3.1475 —0.0856 —2.4661
C(29) 0.0261 0.3716 3.8754
H(30) 1.0549 0.0294 3.6873
H(31) 0.0339 1.4702 3.8740
H(32) —0.2565 0.0436 4.8875

Energy = -1605.985849 Hartrees.
All coordinates are in A.



Table 2.8Calculated (BLYP/LanL2DZ/6-311+G*) coordinates for [lg{EBUY)], 1.

Atom X y z

In(1) 0.0000 —-1.8605 —-0.4530
P(2) 0.0000 1.1583 —0.7855
C@3) -1.3747 0.6182 0.2259
P(4) —-1.0893 -0.1715 1.8008
P(5) 1.0893 -0.1715 1.8008
C(6) 1.3747 0.6182 0.2259
C(7) -2.8312 0.9584 -0.2181
c@8) -3.1873 2.3616 0.3682
C() 29747 1.0155 -1.7665
H(10) -2.4983 3.1345 —-0.0016
H(11) -4.2105 2.6491 0.0782
H(12) -3.1320 2.3577 1.4661
H(13) -2.7208 0.0509 —2.2308
H(14) -4.0147 1.2543 —2.0373
H(15) -2.3312 1.7832 -2.2174
C(16) 2.8312 0.9584 -0.2181
c@av) 3.8590 -0.0778 0.3190
C(18) 2.9747 1.0155 —1.7665
C(19) 3.1873 2.3616 0.3682
H(20) 3.6499 —1.0882 —0.0635
H(21) 4.8745 0.1991 —-0.0033
H(22) 3.8624 —-0.1297 1.4163
H(23) 2.3312 1.7832 -2.2174
H(24) 4.0147 1.2543 —2.0373
H(25) 2.7208 0.0509 —2.2308
H(26) 3.1320 2.3577 1.4661
H(27) 4.2105 2.6491 0.0782
H(28) 2.4983 3.1345 —-0.0016
C(29) -3.8590 —-0.0778 0.3190
H(30) -3.6499 —1.0882 —0.0635
H(31) -3.8624 -0.1298 1.4163
H(32) -4.8745 0.1991 —0.0033

Energy = -1417.734964 Hartrees.
All coordinates are in A.



Table 2.9Calculated (PW91PW91/aug-cc-pVQZ-PP/6-311+G*) coordinates for
[In(PsC;BUY)], 1.

Atom X y z

In(1) 1.7775 -0.4844 0.0000
P(2) -1.1709 —-0.7448 0.0000
C(3) —0.6044 0.2468 1.3639
P(4) 0.2394 1.7813 1.0796
P(5) 0.2394 1.7813 —-1.0796
C6) —0.6044 0.2468 -1.3639
C(7r) —0.9318 —0.1980 2.8059
C(8) —2.3433 0.3380 3.1490
C(O  —0.9356 -1.7349 2.9404
H(10) -3.0997 —0.0651 2.4603
H(11) -2.6229 0.0476 41742
H(12) -2.3756 1.4350 3.0822
H(13) 0.0471 -2.1610 2.6874
H(14) -1.1708 -2.0214 3.9771
H(15) -1.6831 —-2.2060 2.2866
C(16) -0.9318 —0.1980 —2.8059
C@17) 0.0742 0.3743 -3.8235
C(18) -0.9356 —1.7349 —2.9404
C(19) -2.3433 0.3380 -3.1490
H(20) 1.0987 0.0312 -3.6132
H(21) -0.1908 0.0440 —4.8395
H(22) 0.0832 1.4735 -3.8230
H(23) -1.6831 —-2.2060 —2.2866
H(24) -1.1708 -2.0214 -3.9771
H(25) 0.0471 -2.1610 -2.6874
H(26) -2.3756 1.4350 -3.0822
H(27) -2.6229 0.0476 -4.1742
H(28) -3.0997 —0.0651 —2.4603
C(29) 0.0742 0.3743 3.8235
H(30) 1.0987 0.0312 3.6132
H(31) 0.0832 1.4735 3.8230
H(32) -0.1908 0.0440 4.8395

Energy = -1606.150777 Hartrees.
All coordinates are in A.



Table 2.10Calculated (PW91PW91/LanL2DZ/6-311+G*) coordinates for §a6BuUY)], 1.

Atom X y z

In(1) 1.7881 —0.4647 0.0000
P(2) -1.1671 -0.7681 0.0000
C@3) -0.6115 0.2342 1.3601
P(4) 0.1883 1.7926 1.0787
P(5) 0.1883 1.7926 -1.0787
C6) —-0.6115 0.2342 -1.3601
C(7r) -0.9223 -0.2122 2.8049
C(@8) —2.2959 0.3889 3.1896
C(O  -0.9975 =-1.7477 2.9272
H(10) -3.0870 0.0358 2.5125
H(11) -2.5666 0.0969 4.2167
H(12) -2.2727 1.4870 3.1394
H(13) -0.0467 —2.2205 2.6378
H(14) -1.2119 —2.0307 3.9693
H(15) -1.7895 -2.1761 2.2967
C(16) -0.9223 -0.2122 —2.8049
c@av) 0.1386 0.3007 -3.7988
C(18) -0.9975 -1.7477 —2.9272
C(19) -2.2959 0.3889 -3.1896
H(20) 1.1382 —0.0915 —3.5567
H(21) -0.1141 —0.0250 -4.8194
H(22) 0.2026 1.3980 —3.8053
H(23) -1.7895 -2.1761 —2.2967
H(24) -1.2119 —2.0307 -3.9693
H(25) -0.0467 —2.2205 —2.6378
H(26) —-2.2727 1.4870 -3.1394
H(27) -2.5666 0.0969 -4.2167
H(28) -3.0870 0.0358 —2.5125
C(29) 0.1386 0.3007 3.7988
H(30) 1.1382 —-0.0915 3.5567
H(31) 0.2026 1.3980 3.8053
H(32) -0.1141 —0.0250 4.8194

Energy = -1417.797746 Hartrees.
All coordinates are in A.



Table 2.11Calculated (PBE1PBE/aug-cc-pVQZ-PP/6-311+G*) coordinates for
[In(PsC;BUY)], 1.

Atom X y z

In(1) 1.7560 -0.4790 0.0000
P(2) -1.1622 -0.7341 0.0000
C(3) —0.5992 0.2469 1.3524
P(4) 0.2311 1.7686 1.0679
P(5) 0.2311 1.7686 —-1.0679
C6) —0.5992 0.2469 —-1.3524
C(r) —-0.9183 —0.1986 2.7877
C(8) —2.3149 0.3396 3.1395
C(O -0.9291 -1.7258 2.9168
H(10) -3.0742 —0.0554 2.4587
H(11) -2.5880 0.0492 4.1599
H(12) -2.3425 1.4311 3.0770
H(13) 0.0435 —2.1554 2.6559
H(14) -1.1551 -2.0115 3.9493
H(15) -1.6816 —2.1895 2.2736
C(16) -0.9183 —0.1986 —2.7877
C@17) 0.0915 0.3615 -3.7933
C(18) -0.9291 -1.7258 -2.9168
C(19) -2.3149 0.3396 -3.1395
H(20) 1.1076 0.0178 -3.5752
H(21) -0.1656 0.0284 —-4.8039
H(22) 0.1040 1.4547 -3.7995
H(23) -1.6816 —2.1895 —2.2736
H(24) -1.1551 -2.0115 -3.9493
H(25) 0.0435 —2.1554 —2.6559
H(26) -2.3425 1.4311 -3.0770
H(27) -2.5880 0.0492 —4.1599
H(28) -3.0742 —0.0554 —2.4587
C(29) 0.0915 0.3615 3.7933
H(30) 1.1076 0.0178 3.5752
H(31) 0.1040 1.4547 3.7995
H(32) -0.1656 0.0284 4.8039

Energy = -1605.404600 Hartrees.
All coordinates are in A.



Table 2.12Calculated (PBE1PBE/LanL2DZ/6-311+G*) coordinates for [J@Bu')], 1.

Atom X y z

In(1) 1.7785 -0.4524 0.0000
P(2) -1.1560 —-0.7632 0.0000
C@3) -0.6106 0.2319 1.3487
P(4) 0.1666 1.7818 1.0664
P(5) 0.1666 1.7818 —1.0664
C6) —0.6106 0.2319 —1.3487
C(7) -0.9119 -0.2161 2.7864
c@8) —2.2767 0.3736 3.1762
C(O  -0.9790 -1.7422 2.9052
H(10) -3.0653 0.0204 2.5057
H(11) -2.5406 0.0796 4.1980
H(12) -2.2596 1.4660 3.1292
H(13) -0.0333 —2.2086 2.6112
H(14) -1.1840 —2.0259 3.9425
H(15) -1.7693 -2.1714 2.2837
C(6) -0.9119 -0.2161 —2.7864
c@av) 0.1454 0.2955 -3.7694
Cc(8) -0.9790 -1.7422 —2.9052
C(9) -2.2767 0.3736 -3.1762
H(20) 1.1402 —0.0897 -3.5231
H(21) -0.0993 —-0.0329 —4.7845
H(22) 0.2042 1.3870 -3.7800
H(23) -1.7693 -2.1714 —2.2837
H(24) -1.1840 —2.0259 —3.9425
H(25) -0.0333 —2.2086 —-2.6112
H(26) —2.2596 1.4660 -3.1292
H(27) -2.5406 0.0796 —4.1980
H(28) —-3.0653 0.0204 —2.5057
C(29) 0.1454 0.2955 3.7694
H(30) 1.1402 —-0.0897 3.5231
H(31) 0.2042 1.3870 3.7800
H(32) -0.0993 —0.0329 4.7845

Energy = -1417.130152 Hartrees.
All coordinates are in A.



Table 2.13Calculated (B3PW91/aug-cc-pVQZ-PP/6-311+G*) coordinates for
[In(P2C3But3)], 2.

Atom X y z

In(1) -0.4412 -0.0215 1.8344
C(2) —-1.6389 0.0093 —0.6490
P(3) —-0.7023 1.4812 -0.5774
C(4) 0.9305 0.7082 —0.4626
C(5) 0.9277 —0.7082 -0.5079
P(6) —0.7055 —1.4705 —0.6196
C(7) -3.1604 0.0075 —0.8290
C(8) —3.4530 —0.0948 -2.3391
C(9) -3.8094 -1.1908 —0.1205
C(10) -3.7969 1.2967 —-0.2918
H(11) -4.5336 —-0.0928 —2.5208
H(12) -3.0391 -1.0161 —2.7584
H(13) -3.0148 0.7472 —2.8823
H(14) -3.6385 —-1.1581 0.9604
H(15) -4.8918 -1.1877 —-0.2872
H(16) -3.4201 —2.1436 —0.4899
H(17) —3.4100 2.1856 —0.7980
H(18) -4.8808 1.2744 —0.4453
H(19) -3.6138 1.4190 0.7804
C(20) 2.0856 1.7550 —0.4699
C(21) 2.5217 1.9856 -1.9317
C(22) 1.6022 3.1250 0.0573
C(23) 3.3019 1.4199 0.4057
H(24) 1.6817 2.3583 —2.5249
H(25) 3.3202 2.7349 -1.9743
H(26) 2.8849 1.0786 —2.4140
H(27) 1.2225 3.0584 1.0813
H(28) 2.4458 3.8226 0.0601
H(29) 0.8197 3.5695 —-0.5603
H(30) 3.8422 0.5282 0.1014
H(31) 4.0133 2.2510 0.3621
H(32) 3.0103 1.3020 1.4542
C(33) 2.0952 —1.7407 —0.4885
C(34) 3.1534 -1.4440 -1.5657
C(35) 1.5961 -3.1640 -0.8213
C(36) 2.7315 —1.8548 0.9107
H(37) 2.6897 —1.3983 —2.5556
H(38) 3.8906 —2.2534 —1.5850
H(39) 3.7000 -0.5177 -1.4117
H(40) 0.8694 -3.5391 —0.0968
H(41) 2.4505 -3.8487 —0.8078
H(42) 1.1411 -3.2223 -1.8139
H(43) 3.0948 —0.9090 1.3056
H(44) 3.5764 —2.5522 0.8855
H(45) 2.0027 —2.2539 1.6237

Energy = -1460.692899 Hartrees.
All coordinates are in A.



Table 2.14Calculated (B3PW91/LanL2DZ/6-311+G*) coordinates for [WBu's)], 2.

Atom X y Z

In(1) 0.4280 —0.0234 1.8451
C(2) 1.6405 0.0102 -0.6474
P(3) 0.7093 -1.4709 —-0.6290
C@“) —-0.9212 —-0.7076 —0.5099
C(5) —0.9238 0.7096 -0.4629
P(6) 0.7065 1.4834 —0.5846
C(7) 3.1617 0.0079 —0.8255
C(8) 3.7976 1.2976 —0.2890
C(9) 3.8092 —1.1887 -0.1129
C(10) 3.4544 -0.0971 —2.3350
H(11) 4.8819 1.2744 —0.4397
H(12) 3.6116 1.4218 0.7825
H(13) 3.4127 2.1862 —0.7973
H(14) 3.4197 —2.1425 -0.4795
H(15) 4.8917 —1.1866 —0.2780
H(16) 3.6366 —1.1524 0.9677
H(17) 3.0152 0.7436 —2.8794
H(18) 4.5349 —0.0949 -2.5173
H(19) 3.0403 -1.0192 —2.7522
C(20) -2.0892 -1.7390 —0.4945
C(21) -3.1444 —1.4402 -1.5739
C(22) -1.5904 -3.1620 —0.8296
C(23) -2.7277 —1.8554 0.9035
H(24) -2.6767 —1.3885 —2.5616
H(25) -3.8791 —2.2517 —1.5999
H(26) -3.6946 -0.5164 -1.4178
H(27) -0.8624 —3.5382 —-0.1070
H(28) —2.4447 -3.8467 —0.8148
H(29) -1.1377 -3.2193 —1.8232
H(30) -3.0874 -0.9097 1.3018
H(31) -3.5752 —2.5496 0.8755
H(32) -2.0013 —2.2597 1.6161
C(33) -2.0793 1.7552 -0.4741
C(34) -2.5108 1.9829 -1.9374
C(35) -1.5990 3.1263 0.0533
C(36) —-3.2967 1.4192 0.3995
H(37) -3.3108 2.7304 -1.9844
H(38) -1.6691 2.3563 —2.5277
H(39) -2.8695 1.0743 —2.4198
H(40) -1.2224 3.0614 1.0785
H(41) -2.4434 3.8229 0.0529
H(42) -0.8151 3.5714 -0.5621
H(43) -3.8356 0.5271 0.0944
H(44) -4.0087 2.2497 0.3555
H(45) -3.0057 1.3011 1.4482

Energy = -1272.328338 Hartrees.
All coordinates are in A.



Table 2.15Calculated (B3LYP/aug-cc-pVQZ-PP/6-311+G*) coordinates for pagBu's)],
2.

Atom X y z

In(1) —0.4675 —0.0246 1.8814
C(2) -1.6415 0.0096 —-0.6609
P(3) —0.7006 1.4839 -0.5814
C(4) 0.9406 0.7092 -0.4618
C(5) 0.9380 —-0.7081 —-0.5084
P(6) —-0.7033 -1.4723 —0.6286
C(7) -3.1678 0.0085 -0.8651
C(8) -3.4417 —-0.0819 —2.3867
C(9) -3.8355 —-1.1988 -0.1746
C(10) -3.8215 1.2969 —0.3266
H(11) -4.5192 -0.0781 —2.5827
H(12) -3.0232 —0.9989 —2.8086
H(13) —2.9972 0.7639 -2.9173
H(14) —3.6858 -1.1747 0.9090
H(15) -4.9140 -1.1901 —0.3607
H(16) -3.4444 —2.1500 —0.5428
H(17) —3.4305 2.1916 —0.8168
H(18) -4.9016 1.2710 —0.5004
H(19) -3.6607 1.4108 0.7494
C(20) 2.1035 1.7621 -0.4743
C(21) 2.5350 1.9965 —1.9443
C(22) 1.6277 3.1396 0.0621
C(23) 3.3328 1.4233 0.3939
H(24) 1.6952 2.3739 —2.5333
H(25) 3.3361 2.7420 —-1.9889
H(26) 2.8930 1.0902 —2.4298
H(27) 1.2629 3.0743 1.0907
H(28) 2.4725 3.8344 0.0543
H(29) 0.8393 3.5864 -0.5434
H(30) 3.8717 0.5358 0.0805
H(31) 4.0417 2.2555 0.3493
H(32) 3.0511 1.2985 1.4435
C(33) 2.1142 -1.7456 —0.4966
C(34) 3.1692 -1.4461 —1.5862
C(35) 1.6184 -3.1788 —-0.8269
C(36) 2.7671 —1.8598 0.9028
H(37) 2.6982 -1.3975 —2.5718
H(38) 3.9053 —2.2554 -1.6135
H(39) 3.7171 -0.5218 —1.4349
H(40) 0.8965 -3.5564 —0.1009
H(41) 2.4759 -3.8582 —0.8145
H(42) 1.1621 -3.2417 -1.8174
H(43) 3.1300 -0.9147 1.2960
H(44) 3.6147 —2.5524 0.8678
H(45) 2.0487 —2.2642 1.6221

Energy = -1460.9674256 Hartrees.
All coordinates are in A.



Table 2.16Calculated (B3LYP/LanL2DZ/6-311+G*) coordinates for [IsCEBU'3)], 2.

Atom X y Z

In(1) —0.4512 —0.0202 1.8804
C(2) -1.6440 0.0081 —0.6539
P(3) —0.7058 1.4839 -0.5874
C@4) 0.9329 0.7089 —0.4605
C(5) 0.9308 —0.7093 —0.5045
P(6) —0.7080 -1.4749 -0.6275
C(7) -3.1704 0.0059 —0.8549
C(8) -3.4457 —0.0910 —2.3754
C(9) —3.8363 —1.1983 -0.1571
C(10) -3.8233 1.2962 —-0.3199
H(11) -4.5233 —-0.0878 -2.5709
H(12) -3.0274 —1.0099 —2.7934
H(13) -3.0011 0.7523 —2.9098
H(14) -3.6840 -1.1690 0.9259
H(15) -4.9152 —1.1906 —0.3408
H(16) -3.4458 —2.1512 -0.5215
H(17) -3.4346 2.1891 -0.8151
H(18) —4.9039 1.2688 —-0.4901
H(19) -3.6589 1.4150 0.7550
C(20) 2.0960 1.7611 —-0.4803
C(21) 2.5205 1.9908 —-1.9528
C(22) 1.6235 3.1403 0.0551
C(23) 3.3283 1.4231 0.3838
H(24) 1.6782 2.3679 —2.5383
H(25) 3.3226 2.7347 —2.0038
H(26) 2.8738 1.0824 —2.4376
H(27) 1.2633 3.0778 1.0854
H(28) 2.4688 3.8344 0.0419
H(29) 0.8327 3.5865 -0.5477
H(30) 3.8658 0.5352 0.0692
H(31) 4.0372 2.2551 0.3361
H(32) 3.0499 1.2992 1.4343
C(33) 2.1076 -1.7457 —0.4968
C(34) 3.1565 —1.4466 -1.5922
C(35) 1.6109 -3.1793 —-0.8243
C(36) 2.7673 —1.8593 0.8995
H(37) 2.6790 -1.3939 —2.5745
H(38) 3.8897 —2.2582 -1.6264
H(39) 3.7087 -0.5246 —1.4421
H(40) 0.8900 -3.5562 —0.0968
H(41) 2.4683 -3.8589 -0.8117
H(42) 1.1535 —3.2438 -1.8141
H(43) 3.1300 —-0.9138 1.2919
H(44) 3.6160 —2.5502 0.8602
H(45) 2.0533 —2.2654 1.6222

Energy = -1272.626858 Hartrees.
All coordinates are in A.



Table 2.17Calculated (BLYP/aug-cc-pVQZ-PP/6-311+G*) coordinates for p@¢Bu's)],
2.

Atom X y z

In(1) 0.4794 -0.0172 1.9154
C(2) 1.6545 0.0075 -0.6674
P(3) 0.7077 —1.4895 —-0.6237
C(4) —-0.9510 -0.7157 —0.5068
C(5) —0.9537 0.7129 —-0.4639
P(6) 0.7048 1.4970 —0.5876
C(7) 3.1898 0.0051 —-0.8877
C(8) 3.8554 1.3105 -0.3678
C(9) 3.8724 -1.2034 —0.1845
C(10) 3.4502 —0.1046 —2.4245
H(11) 4.9402 1.2823 —0.5543
H(12) 3.7054 1.4377 0.7149
H(13) 3.4564 2.2047 -0.8670
H(14) 3.4749 —2.1649 —0.5386
H(15) 4.9554 -1.1964 —0.3838
H(16) 3.7337 —-1.1656 0.9068
H(17) 2.9954 0.7388 —2.9637
H(18) 45322 —-0.1009 —2.6331
H(19) 3.0265 -1.0332 —2.8326
C(20) -2.1342 —1.7655 —-0.4997
C(21) -3.1891 -1.4704 —1.6090
C(22) -1.6293 -3.2120 -0.8201
C(23) -2.8065 —-1.8736 0.9054
H(24) -2.7077 -1.4282 —2.5972
H(25) —3.9306 —2.2839 -1.6367
H(26) —3.7399 —0.5383 —-1.4660
H(27) —0.9086 -3.5855 —0.0809
H(28) —2.4910 -3.8972 —-0.8113
H(29) -1.1613 -3.2803 -1.8120
H(30) —-3.1879 -0.9227 1.2848
H(31) -3.6502 —2.5814 0.8689
H(32) —2.0866 —2.2626 1.6417
C(33) -—2.1232 1.7787 —0.4859
C(34) -2.5422 2.0177 -1.9729
C(35) -1.6460 3.1648 0.0644
C(36) -3.3744 1.4373 0.3719
H(37) —3.3451 2.7706 —2.0259
H(38) -1.6902 2.3932 —2.5577
H(39) -2.9017 1.1063 —2.4630
H(40) -1.2930 3.0943 1.1036
H(41) —2.4930 3.8675 0.0471
H(42) -0.8424 3.6116 —0.5331
H(43) —3.9130 0.5468 0.0433
H(44) -4.0857 2.2761 0.3217
H(45) —3.1055 1.3053 1.4306

Energy = -1460.4540112 Hartrees.
All coordinates are in A.



Table 2.18Calculated (BLYP/LanL2DZ/6-311+G*) coordinates for [Is{EBU%)], 2.

Atom X y Z

In(1) 0.4600 -0.0111 1.9025
C(2) 1.6578 0.0053 —0.6558
P(3) 0.7135 -1.4929 —-0.6165
C@“) —0.9432 -0.7171 —0.5004
C(5) —0.9454 0.7121 —0.4609
P(6) 0.7112 1.4967 —0.5909
C(7) 3.1939 0.0017 -0.8703
C(8) 3.8578 1.3085 -0.3521
C(9) 3.8733 —1.2043 —0.1597
C(10) 3.4581 —-0.1135 —2.4056
H(11) 4.9434 1.2788 —0.5332
H(12) 3.7024 1.4401 0.7292
H(13) 3.4622 2.2013 —-0.8567
H(14) 3.4774 -2.1671 -0.5119
H(15) 4.9570 -1.1979 —0.3545
H(16) 3.7298 -1.1625 0.9307
H(17) 3.0045 0.7278 —2.9489
H(18) 4.5405 -0.1108 -2.6117
H(19) 3.0350 —1.0435 -2.8112
C(20) -2.1271 -1.7663 —0.4967
C(21) -3.1758 -1.4718 -1.6116
C(22) -1.6208 -3.2131 -0.8142
C(23) -2.8057 —1.8736 0.9053
H(24) -2.6883 —1.4258 —2.5966
H(25) -3.9145 —2.2876 —1.6458
H(26) -3.7308 —0.5420 —1.4699
H(27) —0.9017 -3.5860 -0.0732
H(28) -2.4824 -3.8984 —0.8060
H(29) -1.1513 -3.2827 —1.8052
H(30) -3.1893 -0.9228 1.2826
H(31) -3.6489 —2.5818 0.8651
H(32) -2.0895 —2.2615 1.6456
C(33) -2.1150 1.7775 —0.4907
C(34) -2.5275 2.0105 -1.9801
C(35) -1.6407 3.1657 0.0572
C(36) -—3.3688 1.4376 0.3636
H(37) —-3.3312 2.7620 —2.0396
H(38) -1.6734 2.3852 -2.5622
H(39) -2.8830 1.0969 —2.4687
H(40) -1.2915 3.0988 1.0978
H(41) -2.4881 3.8677 0.0346
H(42) -0.8352 3.6114 —0.5386
H(43) -3.9066 0.5470 0.0340
H(44) -4.0797 2.2765 0.3105
H(45) -3.1027 1.3064 1.4231

Energy = -1272.206169 Hartrees.
All coordinates are in A.



Table 2.19Calculated (PW91PW91/aug-cc-pVQZ-PP/6-311+G*) coordinates for
[In(P2C3But3)], 2.

Atom X y z

In(1) 0.4416 -0.0151 1.8414
C(2) 1.6475 0.0082 —0.6532
P(3) 0.7108 —1.4844 —-0.6198
C(4) —0.9324 -0.7134 -0.5113
C(5) —0.9357 0.7106 -0.4679
P(6) 0.7071 1.4928 —0.5860
C(7) 3.1731 0.0053 —-0.8307
C(8) 3.8105 1.3063 —0.3053
C(9) 3.8235 -1.1902 —0.1048
C(10) 3.4690 -0.1151 —2.3459
H(11) 4.9005 1.2832 —0.4584
H(12) 3.6238 1.4403 0.7711
H(13) 3.4196 2.1936 —0.8243
H(14) 3.4302 —2.1515 —0.4661
H(15) 4.9120 —-1.1893 -0.2713
H(16) 3.6487 -1.1440 0.9811
H(17) 3.0283 0.7253 —2.9013
H(18) 4.5560 -0.1152 —2.5259
H(19) 3.0523 —1.0465 —2.7557
C(20) -2.1026 -1.7497 —-0.4872
C(21) -3.1712 —1.4534 -1.5634
C(22) -1.6004 -3.1786 —-0.8215
C(23) -2.7358 —-1.8615 0.9211
H(24) —2.7104 -1.4091 —2.5615
H(25) -3.9124 —2.2675 -1.5761
H(26) -3.7191 —-0.5208 —-1.4063
H(27) -0.8672 -3.5525 —0.0937
H(28) —2.4587 -3.8683 —0.8062
H(29) -1.1439 —3.2356 -1.8201
H(30) —3.1108 -0.9111 1.3112
H(31) -3.5769 -2.5731 0.9029
H(32) -1.9949 —2.2482 1.6380
C(33) —-2.0948 1.7598 —0.4755
C(34) -2.5374 1.9852 -1.9434
C(35) -1.6073 3.1372 0.0473
C(36) -3.3135 1.4247 0.4079
H(37) —3.3403 2.7386 —1.9857
H(38) -1.6938 2.3569 —2.5431
H(39) -2.9041 1.0704 —2.4224
H(40) -1.2240 3.0725 1.0766
H(41) —2.4545 3.8400 0.0476
H(42) -0.8192 3.5781 —0.5767
H(43) —3.8584 0.5282 0.1024
H(44) -4.0277 2.2615 0.3667
H(45) —3.0163 1.3046 1.4610

Energy = -1460.662320 Hartrees.
All coordinates are in A.



Table 2.20Calculated (PW91PW91/LanL2DZ/6-311+G*) coordinates for j66Bu')], 2.

Atom X y Z

In(1) 0.4289 —0.0150 1.8455
C(2) 1.6488 0.0084 —0.6509
P(3) 0.7143 —1.4857 —-0.6273
C@4) —0.9265 -0.7131 —0.5122
C(5) —0.9292 0.7116 —0.4682
P(6) 0.7112 1.4947 —0.5946
C(7) 3.1745 0.0048 —-0.8240
C(8) 3.8104 1.3064 —0.2987
C(9) 3.8218 —1.1888 —0.0925
C(10) 3.4730 -0.1189 —2.3379
H(11) 49011 1.2821 —0.4465
H(12) 3.6185 1.4429 0.7765
H(13) 3.4228 2.1931 -0.8213
H(14) 3.4291 —-2.1511 -0.4515
H(15) 4.9108 —1.1890 —0.2552
H(16) 3.6432 —1.1389 0.9927
H(17) 3.0325 0.7201 —2.8957
H(18) 4.5601 -0.1191 -2.5167
H(19) 3.0567 —1.0510 —2.7463
C(20) 2.0970 -1.7486 —0.4899
C(21) -3.1646 —-1.4507 —1.5666
C(22) -1.5950 -3.1770 -0.8271
C(23) -2.7300 —1.8625 0.9181
H(24) -2.7016 —1.4003 —2.5633
H(25) -3.9028 —2.2674 —1.5846
H(26) -3.7163 -0.5211 —1.4063
H(27) —0.8602 —-3.5523 -0.1017
H(28) -2.4531 —3.8669 —-0.8103
H(29) -1.1414 -3.2328 —1.8270
H(30) -3.1028 -0.9123 1.3111
H(31) -3.5725 -2.5725 0.8989
H(32) -1.9898 —2.2520 1.6342
C(33) -—2.0888 1.7596 —-0.4789
C(34) -2.5297 1.9801 -1.9476
C(35) -1.6032 3.1388 0.0413
C(36) -3.3064 1.4246 0.4058
H(37) -3.3339 2.7320 —1.9936
H(38) -1.6856 2.3516 —2.5468
H(39) -2.8935 1.0634 —2.4248
H(40) -1.2206 3.0771 1.0709
H(41) -2.4514 3.8405 0.0395
H(42) -0.8153 3.5797 —0.5829
H(43) -3.8511 0.5277 0.1014
H(44) -4.0211 2.2610 0.3654
H(45) -3.0070 1.3049 1.4584

Energy = -1272.312675 Hartrees.
All coordinates are in A.



Table 2.21Calculated (PBE1PBE/aug-cc-pVQZ-PP/6-311+G*) coordinates for
[In(P2C3But3)], 2.

Atom X y z

In(1) 0.4347 —0.0200 1.8161
C(2) 1.6365 0.0091 —0.6488
P(3) 0.7058 -1.4692 —-0.6230
C(4) —0.9229 -0.7074 -0.5114
C(5) —-0.9256 0.7072 —0.4663
P(6) 0.7027 1.4796 —-0.5822
C(7) 3.1559 0.0071 —-0.8152
C(8) 3.7847 1.2947 -0.2756
C(9) 3.7955 —-1.1873 —0.0998
C(10) 3.4612 —0.0978 —2.3184
H(11) 4.8700 1.2717 -0.4182
H(12) 3.5898 1.4190 0.7944
H(13) 3.4021 2.1820 —0.7880
H(14) 3.4089 —2.1404 -0.4716
H(15) 4.8794 —1.1843 —0.2562
H(16) 3.6134 -1.1521 0.9793
H(17) 3.0278 0.7436 —2.8664
H(18) 4.5435 —0.0963 —2.4894
H(19) 3.0505 -1.0199 -2.7391
C(20) -2.0887 —1.7350 —0.4835
C(21) -3.1555 —1.4366 —1.5465
C(22) -1.5941 -3.1539 -0.8242
C(23) -2.7078 -1.8515 0.9195
H(24) —2.7009 —1.3859 —2.5405
H(25) —3.8896 —2.2488 -1.5615
H(26) —3.7038 -0.5128 —-1.3840
H(27) -0.8611 -3.5313 —-0.1071
H(28) —2.4490 -3.8378 —0.8052
H(29) -1.1477 -3.2083 -1.8210
H(30) —3.0591 —-0.9051 1.3243
H(31) —3.5576 —2.5431 0.8998
H(32) -1.9727 —2.2599 1.6208
C(33) -2.0801 1.7478 —0.4669
C(34) -2.5309 1.9710 -1.9214
C(35) -1.5942 3.1182 0.0463
C(36) -3.2819 1.4156 0.4242
H(37) —-3.3318 2.7181 -1.9574
H(38) -1.6972 2.3449 —2.5228
H(39) —2.8955 1.0616 —2.3980
H(40) -1.2023 3.0573 1.0662
H(41) —2.4396 3.8135 0.0549
H(42) -0.8199 3.5608 —0.5831
H(43) -3.8260 0.5217 0.1332
H(44) —3.9938 2.2464 0.3853
H(45) —2.9754 1.3041 1.4693

Energy = -1459.889363 Hartrees.
All coordinates are in A.



Table 2.22Calculated (PBE1PBE/LanL2DZ/6-311+G*) coordinates for [J@dBu'3)], 2.

Atom X y Z

In(1) 0.4223 —0.0245 1.8325
C(2) 1.6379 0.0110 —0.6488
P(3) 0.7094 -1.4685 —-0.6357
C@4) -0.9166 —-0.7061 —0.5149
C(5) -0.9191 0.7093 —0.4668
P(6) 0.7065 1.4825 —0.5887
C(7) 3.1567 0.0088 —-0.8150
C(8) 3.7854 1.2968 -0.2769
C(9) 3.7957 —1.1839 —0.0963
C(10) 3.4603 —0.0987 —2.3180
H(11) 4.8708 1.2732 —0.4178
H(12) 3.5889 1.4228 0.7927
H(13) 3.4040 2.1838 —0.7908
H(14) 3.4083 —2.1380 —0.4646
H(15) 4.8796 -1.1821 —0.2524
H(16) 3.6133 —1.1450 0.9827
H(17) 3.0250 0.7413 —2.8666
H(18) 45422 —0.0969 -2.4911
H(19) 3.0490 -1.0217 —2.7361
C(20) -2.0828 -1.7325 —0.4924
C(21) -3.1461 -1.4313 —-1.5580
C(22) -1.5885 —3.1509 —0.8359
C(23) -2.7046 —1.8522 0.9090
H(24) -2.6867 -1.3744 —2.5495
H(25) -3.8780 —2.2453 —1.5805
H(26) -3.6976 —0.5100 —1.3934
H(27) -0.8541 -3.5296 -0.1209
H(28) -2.4431 -3.8350 —-0.8159
H(29) -1.1443 —3.2039 —1.8337
H(30) -3.0518 —-0.9061 1.3181
H(31) -3.5575 —2.5399 0.8860
H(32) -1.9724 —2.2669 1.6097
C(33) -2.0740 1.7486 —-0.4708
C(34) -2.5190 1.9703 -1.9271
C(35) -1.5918 3.1195 0.0444
C(36) -3.2777 1.4144 0.4168
H(37) -3.3214 2.7154 -1.9676
H(38) -1.6831 2.3456 —2.5246
H(39) -2.8784 1.0597 —2.4050
H(40) -1.2036 3.0590 1.0657
H(41) -2.4381 3.8137 0.0501
H(42) -0.8157 3.5635 -0.5817
H(43) -3.8199 0.5201 0.1239
H(44) -3.9905 2.2444 0.3775
H(45) —-2.9727 1.3021 1.4624

Energy = -1271.618689 Hartrees.
All coordinates are in A.



Table 2.23Selected interatomic distanceggm) and amplitudes of vibration/pm) for
the restrained GED structure of [In®BuY)], 1.2

Atom pair rdpm Une/pmP Restraint
Uy C(9)-H(15) 109.4(4) 7.8(6) 7.9(8)
U, C(9)-H(13) 109.4(4) 7.9(tied tg) —
Us C(8)-H(10) 109.4(4) 7.7(tied tg) —
Uy C(17)-H(20) 109.5(4) 7.4(tied tQ) —
Us C(19)-H(26) 109.5(4) 7.4(tied tQ) —
Us C(18)-H(23) 109.5(4) 7.4(tied tQ) —
Uy C(8)-H(11) 109.5(4) 7.4(tied 1q) —
Ug C(18)-H(24) 109.5(4) 7.4(tied tg) —
Ug C(9)-H(14) 109.5(4) 7.4(tied tQ) —
Uso C(7)-C(29) 153.8(3) 5.8(5) 5.8(6)
Urg C(7)-C(9) 153.9(3) 5.8(tied tqg) —
Uo C(3)-C(7) 154.3(3) 5.3(tied tao) —
Us C(7)-C(8) 154.4(3) 5.9(tied tao) —
U4 C(3)-P(4) 176.6(4) 5.0(5) 5.1(5)
us  P(2)-C(3) 177.2(4) 5.0(tied ta,) —
Us P(4)-P(5) 213.3(11) 5.8(5) 5.4(5)
U7 C(8)---C(29) 246.1(40) 7.4(tiedug) —
Uss C(9)---C(29) 248.2(17) 6.8(7) —
Uso C(8)---C(9) 249.8(17) 7.3(tied ug) —
Uzo C(3)---C(8) 251.3(12) 7.5(tied touys) —
Upy C(3)---C(29) 256.2(11) 7.0(tiedug) —
Uz C(3)---C(9) 257.7(13) 7.1(tied ug) —
Ups C(3)---C(6) 272.0(10) 5.4(tied ug) —
Uag In(1)-C(3) 282.8(10) 14.2(tied t®,) —
Ups P(2)---C(7) 285.8(17) 7.2(tiedug) —
Uoe P(4)---C(7) 287.2(15) 7.1(tiedug) —
Up7 In(1)-P(4) 292.5(14) 13.4(7) 14.5(15)
Uosg In(1)-P(2) 293.2(20) 13.3(tied t) —
Upg C(3)---P(5) 298.5(8) 6.0(tied ug,) —
Uso P(2)---P(4) 306.5(9) 5.4(tiedug) —
Us1 P(4)---C(29)  313.7(24) 20.5(tied tousy) —
Uso P(2)---C(8) 331.3(73) 42.7(tied touyy) —
Us3 P(2)---C(9) 335.5(43) 22.9(tied tau,y) —
Usg P(4)---C(8) 370.4(57) 42.0(tiedug) —
Uss In(1)---C(7) 389.5(14) 19.6(15) —
Uss In(1)---C(9) 405.6(49) 48.2(tied tigs) —
Us7 In(1)---C(17) 445.4(78) 60.5(59) 57.6(58)
Uss C(3)---C(19) 475.1(40) 22.5(tiedug) —
Usg C(3)---C(18) 487.2(26) 14.4(tiedug) —
Uso In(1)---C(8) 508.1(21) 20.3(13) —
Usy P(4)---C(17) 509.8(17) 13.2(tiedup) —
Usgp P(4)---C(19) 519.2(23) 21.3(tiedus) —
Usgs C(3)---C(17) 520.0(12) 12.6(tiedug) —
Usg P(4)---C(18) 540.6(20) 13.6(tiedus) —
Ugs C(7)---C(16) 558.6(25) 9.1(tiedus) —

& Estimated standard deviations, as obtained in the least squares refinenggnenare
parenthese8.Amplitudes not refined were fixed at the values obtained using the force field
calculated at the RHF level with aug-cc-pVQZ on In and 6-31G* on P, C, and H. Other
amplitudes were also included and fixed at this level but are not shown here.



Table 2.24Experimental (GED) coordinates for [In@BuY)], 1.

Atom X y z

In(1) 0.0000 -1.6433 2.4312
P(2) 0.0000 0.0000 0.0000
C(3) 1.3598 —1.1347 0.0000
P(4) 1.0661 —2.8755 0.0000
P(5) -1.0661 —2.8755 0.0000
C6) —1.3598 —1.1347 0.0000
C(7) 2.7992 —0.5833 -0.0788
C(8) 3.0295 —-0.0123 —1.4952
C(9) 3.0759 0.5294 0.9484
H(10) 2.3267 0.7967 -1.7229
H(11) 4.0437 0.3905 -1.5920
H(12) 2.9010 -0.7821 —2.2641
H(13) 2.9360 0.1777 1.9765
H(14) 4.1069 0.8880 0.8543
H(15) 2.4163 1.3950 0.8218
C(16) —-2.7992 —0.5833 -0.0788
C(17) -3.8534 -1.6861 0.1183
C(18) -3.0759 0.5294 0.9484
C(19) -3.0295 -0.0123 —1.4952
H(20) -3.7544 -2.1763 1.0931
H(21) -4.8620 -1.2630 0.0568
H(22) -3.7821 —2.4763 -0.6373
H(23) -2.4163 1.3950 0.8218
H(24) -4.1069 0.8880 0.8543
H(25) -2.9360 0.1777 1.9765
H(26) -2.9010 -0.7821 —2.2641
H(27) -4.0437 0.3905 -1.5920
H(28) -2.3267 0.7967 -1.7229
C(29) 3.8534 -1.6861 0.1183
H(30) 3.7544 -2.1763 1.0931
H(31) 3.7821 —2.4763 -0.6373
H(32) 4.8620 —1.2630 0.0568

All coordinates are in A.



Table 2.25Selected interatomic distancegfm) and amplitudes of vibration/pm) for

the best-fit GED structure of [In§2:Bu'3)], 2.2

Atom pair r/pm uhl/pmb Restraint
U7 C-H 109.2(1) 8.1(5)
g  C(4)-C(5) 141.4(2) 4.3(4) —
U  C(2)-C(7) 153.8(2) 4.8(tied 1ns) —
uo  C(5)-C(33) 153.8(2) 5.0(tied tBg) —
usz  C(4)-C(20) 153.8(2) 5.0(tied t@g) —
us  C(20)-C(21) 153.9(2) 4.8(tied tog) —
usz  C(33)-C(36) 153.9(2) 4.8(tied tpg) —
uss C(33)-C(34) 153.9(2) 4.8(tied teg) —
uss  C(20)-C(23) 153.9(2) 4.8(tied tpg) —
uss  C(7)-C(9) 153.9(2) 4.8(tied 1pg) —
u;  C(7)-C(10) 153.9(2) 4.7(tied tog) —
uss  C(33)-C(35) 153.9(2) 4.8(tied tog) —
uss  C(7)-C(8) 153.9(2) 4.8(tied 1ns) —
s  C(20)-C(22) 153.9(2) 4.8(tied tosg) —
us  C(2)-P(6) 178.4(11) 5.1(5) —
upz  C(2)-P(3) 178.5(11) 5.0(tied tay) —
usz  C(5)-P(6) 184.9(8) 5.5(tied toy) —
i  P(3)-C(4) 184.9(8) 5.5(tied toy) —
us  C(22)---C(23) 241.8(3) 17.3(tiedugp) —
uss  C(34)---C(35) 241.9(3) 17.4(tiedugp) —
us7  C(35)---C(36) 243.0(3) 18.0(tiedugp) —
ws C(21)---C(22) 244.7(3) 18.6(tiedug) —
U  C(2)---C(8) 247.1(3) 18.6(tied toy) —
Uso C(5)---C(34)  247.6(3) 20.5(tied gy) —
us;  C(9)---C(10)  248.3(3) 18.0(tied gy) —
us, C(8)---C(10)  248.5(3) 18.4(tied gy) —
uss  C(8)---C(9) 248.6(3) 18.4(tied toy) —
Uss C(21)---C(23) 251.4(3) 19.4(tiedug) —
uss C(5)---C(36)  252.3(3) 19.4(tied ugy) —
uss C(4)---C(22)  253.0(3) 17.1(tied wey) —
us; C(4)---C(23)  253.1(3) 19.5(tied @) —
uss C(2)---C(10)  253.3(3) 17.3(tied wgy) —
Usy C(34)---C(36) 253.3(3) 19.6(tiedugp) —
Uso C(2)---C(9) 253.6(3) 17.6(tied toy) —
Uz C(4)---C(21)  254.0(3) 19.6(tied gy —
U2 C(5)---C(35)  259.7(3) 17.0(tied ugy) —
Uz In(1)-C(2) 261.8(16) 28.6(tied t@1) —
Ussa C(5)---C(20)  267.9(3) 16.3(tied wgy) —
Uss C(4)---C(33) 268.8(3) 16.4(tied wey) —
Uss C(23)---C(36) 269.3(49) 42 .3(tiedun) —
Us7 C(2)---C(5) 271.1(8) 15.0(tied toy) —
Uss C(2)---C(4) 271.1(8) 15.0(tied toy) —
Uss  P(3)---C(5) 276.1(6) 13.7(tied wgy) —
uo  C(4)---P(6) 276.2(6) 13.6(tied wgy) —
uz  In(1)-P(3) 277.7(12) 26.2(9) —



U72
Uza
U74
U7s
U76
uz7
U7s
U79
Uso
Us1
Us2
Us3
Us4
Uss
Use
Us7
Uss
Uso
Uoo
Uo1
Ug2
Ug3
Uog
Ugs
Uos
Ug7
Uog
Ugg
U100
U101
Uio2
U103
U104
U105
U106
U107
Uios
U109
U110
U111
U112
U113
U114
U115
Ui1e
U117
Ui1s
U119
U120

In(1)—P(6)
In(1)-C(4)
In(1)—C(5)
P(6)---C(33)
P(3)---C(20)
P(3)---C(22)
P(6)---C(7)
P(3)---C(7)
P(6)---C(35)
P(3)---P(6)
C(5)--C(23)
P(3)---C(10)
C(4)---C(34)
C(20)---C(36)
C(5)---C(21)
C(20)---C(33)
In(1)---C(9)
C(23)---C(33)
P(3)---C(9)
In(1)---C(7)
P(6)---C(34)
C(21)---C(34)
P(3)---C(21)
P(6)---C(9)
In(1)---C(33)
In(1)---C(20)
C(5)---C(22)
C(21)---C(33)
C(20)---C(34)
C(4)---C(35)
C(21)---C(36)
P(3)---C(23)
P(6)---C(36)
In(1)---C(23)
P(6)--C(10)
In(1)---C(36)
C(2)--C(33)
P(3)---C(8)
C(2)-+-C(20)
C(23)---C(34)
C(5)+-C(7)
C(4)---C(7)
In(1)---C(22)
P(6)--C(20)
In(1)---C(35)
P(3)---C(33)
In(1)---C(8)
C(2)---C(22)
C(2)--C(35)

277.7(12)
279.3(22)
279.4(22)
280.4(12)
281.9(12)
285.8(20)
290.2(11)
290.2(11)
295.2(22)
300.2(19)
321.0(22)
325.9(36)
337.2(31)
340.0(52)
342.5(28)
346.2(4)
347.9(43)
348.8(49)
353.7(37)
361.7(25)
363.7(48)
374.2(70)
374.9(39)
384.1(43)
386.3(24)
386.5(25)
390.2(7)
390.8(59)
391.4(66)
396.3(9)

399.5(131)

400.4(32)
402.9(31)
405.0(43)
406.0(23)
410.9(51)
413.9(8)

414.4(19)
414.7(8)

416.4(129)

421.5(8)
421.5(8)
421.6(54)
427.9(7)
427.9(55)
428.2(7)
441.8(41)
455.4(11)
464.2(10)

26.6(tied tg1)
30.2(tied t@4)
29.9(tied tg4)
17.0(tiedun)
17.2(tiedugn)
25.9(tiedun)
17.6(tiedup)
17.5(tiedug)
23.6(tiedun)
13.0(tieduq)
25.8(tiedun)
34.3(tiedun)
27.5(tiedug)
11.1(tiedusy)
9.6(tied ugy)
6.9(tied ugy)
26.6(54)
10.0(tiedusy)
10.0(tied ugy)
13.1(tied tes)
10.5(tiedusy)
17.3(tiedusy)
14.3(tiedusy)
27.5(tiedugy)
13.5(tied ugy)
13.7(tied ugy)
6.2(tied tgs)
12.9(tiedusy)
10.6(tiedusy)
5.9(tied tigs)
15.4(tiedus)
11.6(tiedugs)
15.0(tiedus)
30.1(27)
10.4(tiedus)
27.9(tied tgys)
7.4(tied teys)
26.1(tiedugys)
7.5(tied tgys)
15.3(tiedus)
7.5(tied tos)
75(t|ed t@05)
27.6(tied tigys)
7.2(tied tigys)
22.8(tied tigys)
7.3(tied tigys)
16.0(tied tigos)
10.4(tiedugys)
10.2(tiedugys)



Ui C(5)--C(8)  468.5(9) 15.7(tied tgos)
U C(22)--C(36) 474.6(26)  39.2(tiedny)
Uizs  C(23)--C(35) 483.5(38)  24.9(tiedugs)
Uia  C(2)-C(34)  487.2(27)  27.0(tiedugo)
Us  C(22)---C(33) 488.9(13)  19.3(tiedugs)
Uizs  C(20)--C(35) 491.5(15)  18.1(tiedugs)
Ur  P(3)---C(36)  492.1(11)  23.9(tiedugs)
Us C(4)--C(O)  492.1(14)  20.7(tied tgsy)
Uize  P(6)---C(23)  493.6(8) 21.4(tied dgo)
o P(3)--C(34)  493.9(12)  25.8(tiedugs)
i C(2)--C(21)  497.5(19)  31.4(tiedugsy)
iz P(6)---C(21)  500.7(15)  27.0(tiedugs)
iz C(5)--C(9)  503.2(18)  21.7(tied tgso)
Uisa C(4)-C(8)  507.5(10)  30.1(tied dgso)
Uiss  C(5)--C(10)  511.0(11)  18.2(tiedugs)
tiss  C(2)-C(23)  511.7(21)  21.8(tiedugo)
sy C(2)-C(36) 512.8(18)  25.8(tiedugs)
tiss  P(6)---C(22)  518.5(8) 16.1(tiedugso)
lise  In(1)--C(34) 518.6(23)  31.3(22)

Uo  In(1)--C(21) 522.2(23)  29.5(tied dgso)
Uar  P(3)--C(35)  526.3(9) 16.0(tiedugso)
Uz C(22)--C(34) 540.4(58)  25.9(tiedugs)
Us  C(21)--C(35) 540.6(55)  39.3(tiedugs)
Uas  C(7)-C(33)  556.2(9) 15.8(tied tgs)
Uus C(7)-C(20)  557.2(9) 15.8(tied tigs)

& Estimated standard deviations, as obtained in the least squares refinenygnenaire
parenthese8.Amplitudes not refined were fixed at the values obtained using the force field
calculated at the RHF level with aug-cc-pVQZ on In and 6-31G* on P, C, and H. Other
amplitudes were also included and fixed at this level but are not shown here.



Table 2.27Selected interatomic distanceggm) and amplitudes of vibrationg/pm) for
the restrained GED structure of [In(®Bu')], 2.2

Atom pair rJpm uhl/pmb Restraint
uo7 C-H 109.3(6) 7.7(9) 7.6(8)
s  C(4)-C(5) 140.9(8) 4.6(6) 4.8(5)

s  C(2)-C(7) 153.1(6) 5.1(tied g
Uso C(5)-C(33)  153.2(6) 5.3(tied t@s)
Uz C(4)-C(20)  153.2(6) 5.3(tied t@s)
Uz C(20)-C(21)  153.3(6) 5.1(tied tes)
Uss C(33)-C(36) 153.3(6) 5.1(tied teg)
Usa C(33)-C(34) 153.3(6) 5.1(tied tes)
Uss C(20)-C(23)  153.3(6) 5.1(tied teg)
Uss  C(7)-C(9) 153.3(6) 5.1(tied is)
Us; C(7)-C(10)  153.3(6) 5.1(tied tog)
uss C(33)-C(35) 153.3(6) 5.1(tied tes)
Uss  C(7)-C(8) 153.3(6) 5.1(tied i)
uo  C(20)-C(22)  153.3(6) 5.2(tied tes)

Ussa C(5)--C(20)  267.9(14)  7.9(tied tgy)
Uss C(4)--C(33) 268.8(14)  7.9(tiedugy)
Uss C(23)--C(36) 272.0(103)  21.8(tiedu)
U7 C(2)--C(5)  261.9(19)  7.2(tied tgs)
Us C(2)--C(4)  261.9(19)  7.2(tied tgy)
Uss  P(3)---C(5) 268.3(13)  6.6(tied tgy)
U C(4)---P(6) 268.3(13)  6.6(tied tgy)
Ur  In(1)-P(3) 286.1(9) 14.5(10) 11.4(11)

U C(2)-P(6) 173.6(8) 5.1(6) 5.1(5)
U C(2)-P(3) 173.6(8) 5.1(tied toy) —
Uss  C(5)-P(6) 176.0(16)  5.5(tied ta,) —
U P(3)-C(4) 176.0(16)  5.5(tied ta,) —
Wss C(22)---C(23) 242.8(22)  6.0(8) 7.5(8)
W  C(34)--C(35) 242.1(22)  6.1(tiedusy) —
Uz C(35)---C(36) 244.5(22)  6.3(tiedug) —
Wws C(21)---C(22) 244.8(22)  6.5(tiedug) —
W C(2)-C(8)  248.7(20)  6.5(tied bgx) —
Uso, C(5)--C(34) 249.3(23)  7.2(tiedug) —
Us; C(9)--C(10)  248.6(21)  6.3(tiedug) —
Us, C(8)-C(10)  244.0(66)  6.4(tied ug) —
Uss C(8)--C(9)  248.6(21)  6.4(tied bg) —
Usa  C(21)--C(23) 245.2(7) 6.8(tied ug) —
uss C(5)--C(36) 253.9(22)  6.8(tied ug) —
Uss C(4)--C(22)  254.7(19)  6.0(tied ugs) —
Us; C(4)--C(23)  255.1(19)  6.8(tied ug) —
uss C(2)--C(10)  254.7(20)  6.1(tiedugs) —
Uss C(34)---C(36) 248.4(67)  6.9(tiedug) —
Uo C(2)-C(9)  255.0(20)  6.2(tied bg) —
Uy C(4)--C(21) 255.9(18)  6.9(tied ug) —
Uz C(5)--C(35) 260.4(23)  6.0(tied ug) —
Uss In(1)-C(2)  276.5(12)  13.8(14) 12.4(12)




U72
Uz3
U7a
U7s
U76
uz7
U7s
U79
Uso
Us1
Us2
Us3
Usa
Uss
Use
Us7
Uss
Usg
Ugo
Uo1
U2
Uo3
Ugg
Uos
Uos
Uo7
Uog
Ugg
U100
U101
Uio2
U103
U104
U105
U106
U107
Uios
U109
U110
U111
Ui12
U113
U114
U115
Ui1e
U117
Ui1s
U119
U120

In(1)—P(6)
In(1)-C(4)
In(1)—C(5)
P(6)---C(33)
P(3)---C(20)
P(3)---C(22)
P(6)---C(7)
P(3)---C(7)
P(6)---C(35)
P(3)---P(6)
C(5)---C(23)
P(3)---C(10)
C(4)---C(34)
C(20)---C(36)
C(5)---C(21)
C(20)---C(33)
In(1)---C(9)
C(23)---C(33)
P(3)---C(9)
In(1)---C(7)
P(6)---C(34)
C(21)---C(34)
P(3)---C(21)
P(6)---C(9)
In(1)---C(33)
In(1):--C(20)
C(5)-+-C(22)
C(21)---C(33)
C(20)---C(34)
C(4)---C(35)
C(21)---C(36)
P(3)---C(23)
P(6)---C(36)
In(1)---C(23)
P(6)--C(10)
In(1)---C(36)
C(2)--C(33)
P(3)---C(8)
C(2)-+-C(20)
C(23)---C(34)
C(5)+-C(7)
C(4)---C(7)
In(1)---C(22)
P(6)---C(20)
In(1)---C(35)
P(3)---C(33)
In(1)---C(8)
C(2)---C(22)
C(2)---C(35)

286.2(9)
280.3(29)
280.4(29)
272.8(21)
274.4(21)
294.1(43)
286.4(11)
286.4(11)
289.7(43)
291.9(14)
314.5(30)
313.3(36)
331.3(42)
351.8(79)
354.2(43)
345.8(39)
395.1(82)
328.9(59)
407.1(34)
373.3(25)
368.1(66)

385.5(156)

351.2(73)
315.4(49)
378.5(33)
378.6(33)
385.8(26)
415.0(99)
374.4(93)
396.7(24)

443.1(138)

404.5(31)
389.1(45)
416.4(88)
421.6(28)
389.6(67)
403.9(17)
361.8(64)
404.6(17)

360.8(142)

410.9(18)
410.9(18)
396.9(69)
418.7(14)
435.4(74)
419.1(14)
506.3(24)
453.4(34)
455.2(39)

14.7(tied tg,)
16.7(tied t9,)
16.5(tied tg)
8.2(tiedugy)
8.3(tiedugy)
12.5(tiedusy)
7.6(tied tey)
7.5(tied wey)
10.3(tiedug)
7.2(tiedug)
13.3(tiedugy)
14.9(tiedusy)
14.1(tiedugy)
16.9(tiedusy)
14.7(tied ugy)
10.5(tiedusy)
40.6(40)
15.2(tiedusy)
15.2(tied ugy)
19.9(tied tgy)
16.0(tiedusy)
26.4(tiedui)
21.8(tiedusy)
42.0(tiedugs)
20.6(tied tgy)
20.9(tied gy)
9.4(tied ugy)
19.7(tiedusy)
16.2(tiedusy)
9.0(tied ugy)
15.2(tiedus)
11.4(tiedugs)
14.8(tieduws)
29.6(34)
10.3(tiedus)
27.5(tied tgys)
7.3(tied tgys)
25.8(tiedugys)
7.4(tied tgys)
15.1(tiedus)
7.4(tied tgys)
7.4(tied teys)
27.2(tied tigys)
7.1(tiedugys)
22.5(tied tigys)
7.2(tiedugys)
15.8(tied tigos)
10.3(tiedugys)
10.1(tiedugys)

||||||||||||||||£||||||||||||||||
w
kS

.b
—~
w
=)
N—r




U C(5)---C(8) 479.0(39) 15.4(tied tigys) —
Uz C(22)---C(36) 467.6(80) 25.7(tiedugy) —
Uz C(23)---C(35) 475.3(63) 16.4(tiedugy) —
Uas C(2)---C(34)  485.9(48) 17.8(tiedugsg) —
Ups C(22)---C(33) 480.5(40) 12.7(tiedugy) —
Us C(20)---C(35) 493.6(37) 118.9(tieduy) —
upy  P(3)---C(36)  486.7(33) 157.0(tieduy) —
U C(4)---C(9) 504.8(27) 136.0(tiedugsg) —
U P(6)---C(23)  483.8(29) 140.9(tieduy) —
uizo  P(3)---C(34)  484.4(30) 169.7(tieduo) —
uiar  C(2)---C(21)  482.0(47) 206.1(tiedugg) —
uizz  P(6)---C(21)  498.8(27) 177.1(tieduRy) —
uas  C(5)---C(9) 473.6(31) 142.6(tiedugsg) —
Uizs C(4)---C(8) 481.7(33) 19.8(tied wgsq) —
uiss  C(5)---C(10)  506.9(27) 119.4(tieduy) —
uizs C(2)---C(23)  510.1(30) 143.2(tiedugy) —
uiaz  C(2)---C(36)  501.1(36) 169.2(tieduo) —
uizs P(6)---C(22)  510.4(27) 105.7(tiedug) —
uzg  In(1)---C(34) 513.1(33) 205.5(20) 204.0(200)
U In(1)---C(21)  518.2(34) 193.5(tiedugsg) —
U P(3)---C(35)  519.1(29) 105.1(tiedu) —
U2 C(22)---C(34) 525.4(90) 170.2(tiedug) —
Uas C(21)---C(35) 562.7(99) 258.1(tieduy) —
Uas C(7)---C(33)  545.3(20) 103.6(tiedugy) —
Uas C(7)---C(20)  546.4(20) 104.0(tieduy) —

& Estimated standard deviations, as obtained in the least squares refinengnenaire
parenthese§.AmpIitudes not refined were fixed at the values obtained using the force field
calculated at the RHF level with aug-cc-pVQZ on In and 6-31G* on P, C, and H. Other
amplitudes were also included and fixed at this level but are not shown here.



Table 2.28Experimental (GED) coordinates for the restrained structure of,{TaR's)], 2.

Atom X y Z

In(1) —1.3202 0.0000 2.4325
C(2) 0.0000 0.0000 0.0000
P(3) —-0.9357 -1.4610 0.0000
C@“) —2.5235 —-0.7038 0.0000
C(5) —2.5235 0.7038 0.0000
P(6) —-0.9357 1.4610 0.0000
C(7) 1.5315 0.0000 0.0000
C(8) 2.0181 0.1168 —1.4475
C(9) 2.1219 1.1587 0.8089
C(10) 2.1161 —-1.3133 0.5283
H(11) 3.1124 0.1199 -1.4851
H(12) 1.6536 1.0446 —1.9009
H(13) 1.6536 -0.7262 —2.0438
H(14) 1.7966 1.1025 1.8530
H(15) 3.2162 1.1246 0.7852
H(16) 1.7966 2.1194 0.3964
H(17) 1.7885 —2.1553 —-0.0904
H(18) 3.2105 -1.2789 0.5145
H(19) 1.7885 —1.4923 1.5577
C(20) -3.6690 -1.7203 0.0000
C(21) -4.1008 —2.1495 —1.4053
C(22) -3.3108 —3.0083 0.7471
C(23) -4.9282 —1.1987 0.6985
H(24) -3.2641 —2.6124 —1.9390
H(25) —-4.9197 —2.8744 —1.3503
H(26) -4.4429 —1.2840 —1.9824
H(27) -3.0674 —2.7904 1.7923
H(28) —4.1512 -3.7100 0.7266
H(29) -2.4446 —3.4922 0.2838
H(30) -5.2970 —0.2959 0.2003
H(31) -5.7203 -1.9544 0.6759
H(32) -4.7133 —0.9537 1.7439
C(33) -3.6519 1.7393 0.0000
C(34) -4.3705 1.6960 -1.3517
C(35) -3.2348 3.2038 0.1643
C(36) —4.6800 1.4695 1.1026
H(37) -5.1837 2.4289 -1.3774
H(38) -3.6730 1.9244 -2.1644
H(39) -4.7947 0.7021 —1.5289
H(40) -2.7107 3.3489 1.1147
H(41) -4.1138 3.8567 0.1506
H(42) -2.5667 3.5058 —0.6490
H(43) -5.1358 0.4829 0.9689
H(44) -5.4739 2.2234 1.0795
H(45) —-4.2027 1.4996 2.0877

All coordinates are in A.



Electronic Appendix — Chapter Three
Tables 3.1 - 3.6

Table 3.1GED coordinates for [Sn§B,Bu')], 1b.2
Atom X y Z

Sn(1) 0.0000 2.2002 0.0000
P(2) 0.0000 0.0000 1.3626
C@3) 1.1809 0.0986 0.0000
P(4) 0.0000 0.0000 -1.3626
C(5) -1.1809 0.0986 0.0000
C(6) 27139 -0.1401  0.0000
C(7) 2.9627 -1.6776 0.0009
C(8)  3.3627 0.4916 —1.2673
C(9) 3.3649 0.4990 1.2625
H(10) 4.0667 -1.9066  0.0111
H(11) 2.5158 -2.1588 -0.9161
H(12) 2.4985 -2.1599  0.9082
H(13) 4.4785 0.3295 -1.2714
H(14) 3.1718 1.6022 -1.3060
H(15) 2.9405 0.0327 —-2.2067
H(16) 4.4815  0.3422  1.2625
H(17) 2.9488 0.0412 2.2052
H(18) 3.1689 1.6088 1.2982
C(19) -2.7139 -0.1401 0.0000
C(20) -2.9627 -1.6776 —0.0009
C(21) -3.3627 0.4916 1.2671
C(22) -3.3649  0.4990 -1.2625
H(23) -4.0667 -1.9066 -—0.0111
H(24) -2.5158 -2.1581  0.9161
H(25) -2.4985 -2.1599 -0.9082
H(26) -4.4785 0.3295 1.2714
H(27) -3.1718 1.6022 1.3060
H(28) —2.9405 0.0327 2.2067
H(29) -4.4815 0.3422 -1.2625
H(30) -2.9488  0.0412 —2.2052
H(31) -3.1689 1.6088 —-1.2982
2 All coordinates are, in A.




Table 3.2Calculated coordinates (B3PW91/LanL2DZ/6-31G*) for [SAUBUY)], 1b.

Atom X y z

Sn(1) 0.0000 0.0000 1.5772
P(2) 1.3678 0.0000 -0.6732
C(3) 0.0000 -1.1813 -0.5416
P(4) -1.3678 —0.0000 -0.6732
C(5) —-0.0000 1.1813 -0.5416
C(6) 0.0000 -2.6845 -0.7173
C(7) 0.0000 -2.9910 -2.2308
C(8) 1.2554 -3.3041 -0.0845
C(9) -1.2553 -3.3043 -0.0845

H(10) 0.8868 -2.5675 -2.7158
H(11) 0.0001 —-4.0747 -2.4041
H(12) -0.8867 -2.5675 -2.7158
H(13) 1.2710 -3.1461 1.0005
H(14) 1.2852 -4.3848 -0.2700
H(15) 2.1710 -2.8689 -0.5029
H(16) -2.1709 -2.8689 -0.5028
H(17) -1.2850 -4.3849 -0.2699
H(18) -1.2709 -3.1461 1.0005
C(19) —0.0000 2.6845 -0.7173
C(20) —0.0000 2.9910 -2.2308
C(21) -1.2554 3.3041 -0.0845
C(22) 1.2553 3.3043 -0.0845
H(23) -0.8868 2.5675 -2.7158
H(24) -0.0001 4.0747 -2.4041
H(25) 0.8867 2.5675 -2.7158
H(26) -1.2710 3.1461 1.0005
H(27) -1.2852 4.3848 -0.2700
H(28) -2.1710 2.8689 -0.5029
H(29) 2.1709 2.8689 -0.5028
H(30) 1.2850 4.3849 -0.2699
H(31) 1.2709 3.1461 1.0005
Energy = -1077.502038 Hartrees (corrected for ZPE).
All coordinates are in A.




Table 3.3Calculated coordinates (B3PW91/LanL2DZ/6-31G*) for [SQEM,)], 2.

Atom X y z

Sn(1) 0.0000 0.0000 1.0351
P(2) 0.0000 1.3710 -1.2177
C(3) 1.1613 0.0000 -1.0797
P(4) 0.0000 -1.3710 -1.2177
C(5) -1.1613 0.0000 -1.0797
H(6) 2.2453 0.0000 -1.1341
H(7) —2.2453 0.0000 -1.1341

Energy = —763.324630 Hartrees (corrected for ZPE).
All coordinates are in A.



Table 3.4Calculated coordinates (B3PW91/6-31G*) fos@EBu';], 3.

Atom X y z

P(1) 1.3795 -0.0122 0.0000
C(2) -0.1428 1.1642 0.0000
P(3) -1.3797 0.0122 0.0000
C@4) 0.1428 -1.1642 0.0000
C(5) —-0.1458 2.6577 0.0000
C(6) -1.5778 3.2086  0.0000
C(7) 0.6035 3.1488 1.2573
C(8) 0.6035 3.1488 -1.2573
H(9) -2.1292 2.8754 0.8870

H(10) -1.5679 4.3049 0.0000
H(11) -2.1292 2.8754 -0.8869
H(12) 1.6307 2.7673 1.2871
H(13) 0.6508 4.2447 1.2601
H(14) 0.0925 2.8242 2.1701
H(15) 0.0925 2.8242 -2.1701
H(16) 0.6508 4.2447 -1.2601
H(17) 1.6307 2.7673 -1.2871
C(18) 0.1458 -2.6577 0.0000
C(19) 1.5778 -3.2086 0.0000
C(20) -0.6035 -3.1488 1.2573
C(21) -0.6035 -3.1488 -1.2573
H(22) 2.1292 -2.8754 0.8870
H(23) 1.5679 -4.3049 0.0000
H(24) 2.1292 -2.8754 -0.8869
H(25) -1.6307 -2.7673 1.2871
H(26) -0.6508 -4.2447 1.2601
H(27) -0.0925 -2.8242 2.1701
H(28) -0.0925 -2.8242 -2.1701
H(29) —-0.6508 —4.2447 -1.2601
H(30) -1.6307 -2.7673 -1.2871
Energy = -1074.038806 Hartrees (corrected for ZPE).
All coordinates are in A.




Table 3.5Calculated coordinates (B3PW91/LanL2DZ/6-31G*) for [SIBG,H.)], 4.

Atom X y z

Sn(l) -1.5890 -0.0002 0.0057
C(2) 0.5256 -1.0284 -0.0020
C(3) 0.5163 0.0000 -1.0447
C(4) 0.5253 1.0285 -0.0020
C(5) 0.5231 0.0000 1.0410
C(6) 0.8581 0.0002 -2.5111
C(7) 2.3981 0.0004 -2.6389
C(8) 0.3008 -1.2557 -3.1956
C(9) 0.3005 1.2560 -3.1955
H(10) 2.8300 -0.8858 -2.1604
H(11) 2.6990 0.0005 -3.6945
H(12) 2.8298 0.8866 —2.1603
H(13) -0.7948 -1.2682 -3.1648
H(14) 0.6139 -1.2909 -—4.2464
H(15) 0.6640 -2.1687 -2.7091
H(16) 0.6634 2.1691 -2.7089
H(17) 0.6136 1.2914 -4.2462
H(18) —-0.7951 1.2683 -3.1647
C(19) 0.8750 0.0000 2.5050
C(20) 2.4158 0.0002 2.6223
C(21) 0.3221 1.2557 3.1933
C(22) 0.3224 -1.2560 3.1931
H(23) 2.8443 0.8865 2.1408
H(24) 2.7240 0.0002 3.6758
H(25) 2.8445 -0.8859 2.1407
H(26) -0.7737 1.2680 3.1699
H(27) 0.6423 1.2910 4.2418
H(28) 0.6817 2.1688 2.7042
H(29) 0.6823 -2.1689 2.7040
H(30) 0.6427 -1.2913 4.2417
H(31) -0.7734 -1.2686 3.1698
H(32) 0.6564 -2.1033 -0.0026
H(33) 0.6559 2.1034 -0.0024
Energy = -472.194130 Hartrees (corrected for ZPE).
All coordinates are in A.




Table 3.6Calculated coordinates (B3PW91/6-31G*) for{E,C,BuY)], 5.

Atom X y z

Li(1) 0.0000 0.0000 -1.9281
P(2) 0.0000 -1.3843 -0.0649
C(3) 1.1816 0.0000 -0.0807
P(4) 0.0000 1.3843 -0.0648
C(5) -1.1816 0.0000 -0.0807
C(6) 2.6982 0.0000 0.0140
C(7) 3.1455 0.0000 1.4933
C(8) 3.2746 -1.2534 -0.6636
C(9) 3.2746 1.2535 -0.6635
H(10) 2.7667 —-0.8930 2.0093
H(11) 4.2399 -0.0000 1.5919
H(12) 2.7667 0.8928 2.0093
H(13) 3.0331 -1.2653 -1.7339
H(14) 4.3670 -1.2903 -0.5611
H(15) 2.8640 -2.1688 -0.2205
H(16) 2.8640 2.1688 -0.2204
H(17) 4.3670 1.2903 -0.5611
H(18) 3.0331 1.2654 -1.7338
C(19) -2.6982 0.0000 0.0140
C(20) -3.1455 0.0000 1.4933
C(21) -3.2746 1.2535 -0.6635
C(22) -3.2746 -1.2534 -0.6636
H(23) -2.7667 0.8929 2.0093
H(24) -4.2399 0.0000 1.5919
H(25) -2.7667 —-0.8930 2.0093
H(26) -3.0331 1.2654 -1.7338
H(27) -4.3670 1.2903 -0.5610
H(28) -2.8640 2.1688 -0.2204
H(29) -2.8640 -2.1688 —0.2205
H(30) -4.3670 -1.2903 -0.5611
H(31) -3.0331 -1.2653 -1.7339
Li(32) 0.0000 -0.0000 1.7920
Energy = —1089.185305 Hartrees (corrected for ZPE).
All coordinates are in A.




Electronic Appendix — Chapter Four
Tables 4.1 —4.18

Table 4.1Experimental (GED) coordinates for 8BgF,)s.%

Atom X y z
C(1) 0.0000 4.2028 0.6926
C(2) 0.0000 2.9899 1.3693
C(3) 0.0000 1.7772 0.7043
C@4) 0.0000 1.7772 —-0.7043
C(5) 0.0000 2.9899 —-1.3693
C(6) 0.0000 4.2028 —-0.6926
F(7) 0.0000 5.3485 1.3640
F(8) 0.0000 3.0618 2.7161
F(9) 0.0000 3.0618 -2.7161
F(10) 0.0000 5.3485 —-1.3640
C(1y -3.6398 -2.1014 0.6926
C(2) —2.5894 —-1.4950 1.3693
C(3) -1.5391 —0.8886 0.7043
C@4) -1.5391 —-0.8886 —0.7043
C(5) —2.5894 —1.4950 —-1.3693
C(6) —3.6398 -2.1014 —0.6926
F(7) -4.6319 —2.6742 1.3640
F(8) —-2.6516 -1.5309 2.7161
F(9) -2.6516 —-1.5309 -2.7161
F(10y -4.6319 —2.6742 —-1.3640
C(y)” 3.6398 -2.1014 0.6926
C@2)" 2.5894 —-1.4950 1.3693
C(3)” 1.5391 —0.8886 0.7043
c@)” 1.5391 —-0.8886 —0.7043
C(5)” 2.5894 —1.4950 —-1.3693
Cc()" 3.6398 -2.1014 —0.6926
F(7)" 4.6319 —2.6742 1.3640
F(8)" 2.6516 -1.5309 2.7161
F(9)" 2.6516 —1.5309 -2.7161
F(10)" 4.6319 —2.6742 —-1.3640
Sb(1) 0.0000 0.0000 1.9029
Sb(2) 0.0000 0.0000 —-1.9029

2 All coordinates in A.



Table 4.2Experimental (GED) coordinates for,BLsF4)3.%

Atom X y z

C(1) 0.0000 4.2386 0.6966
C(2) 0.0000 3.0298 1.3921
C(3) 0.0000 1.8304 0.6994
C@4) 0.0000 1.8304 —0.6994
C(5) 0.0000 3.0298 -1.3921
C(6) 0.0000 4.2386 —0.6966
F(7) 0.0000 5.3880 1.3481
F(8) 0.0000 3.0744 2.7309
F(9) 0.0000 3.0744 —2.7309
F(10) 0.0000 5.3880 —1.3481
C@Yy 3.6707 -2.1193 0.6966
C(2y -2.6239 -1.5149 1.3921
C(3) -1.5852 —-0.9152 0.6994
C@4)y -1.5852 -0.9152 —-0.6994
C() -2.6239 -1.5149 -1.3921
c()y -3.6707 —2.1193 —0.6966
F(7y -4.6661 —2.6940 1.3481
F(8) —2.6625 —1.5372 2.7309
F(OY —-2.6625 -1.5372 —2.7309
F(10y -4.6661 —2.6940 —1.3481
c@)” 3.6707 -2.1193 0.6966
C()" 2.6239 -1.5149 1.3921
C@)”’ 1.5852 —-0.9152 0.6994
c@)” 1.5852 -0.9152 —0.6994
C()’ 2.6239 -1.5149 -1.3921
c(e)” 3.6707 -2.1193 —0.6966
F(7)" 4.6661 —2.6940 1.3481
F(8)" 2.6625 —1.5372 2.7309
F(9)” 2.6625 -1.5372 —2.7309
F(10)’ 4.6661 —2.6940 —1.3481
Bi(1) 0.0000 0.0000 1.9722
Bi(2) 0.0000 0.0000 —1.9722

2 All coordinates in A.



Table 4.3Calculated [MP2/LanL2DZ/6-311G*] coordinates forb&kyFs)s.*

Atom X y z
C(1) 0.0000 4.2340 0.6958
C(2) 0.0000 3.0149 1.3756
C(3) 0.0000 1.7943 0.7046
C@4) 0.0000 1.7943 —0.7046
C(5) 0.0000 3.0149 —1.3756
C(6) 0.0000 4.2340 —0.6958
F(7) 0.0000 5.3878 1.3598
F(8) 0.0000 3.0692 2.7204
F(9) 0.0000 3.0692 —2.7204
F(10) 0.0000 5.3878 —1.3598
C(1)y -—3.6668 -2.1170 0.6958
C(2y -2.6110 -1.5075 1.3756
C(3) —-1.5539 -0.8971 0.7046
C@4)y -1.5539 -0.8971 —0.7046
C() -2.6110 -1.5075 —-1.3756
C(6)y —3.6668 -2.1170 —0.6958
F(7y —4.6659 —2.6939 1.3598
F(8) —2.6580 —1.5346 2.7204
F(9) -2.6580 —1.5346 -2.7204
F(10y -4.6659 —2.6939 —1.3598
c@)” 3.6668 -2.1170 0.6958
C()" 2.6110 -1.5075 1.3756
C@)”’ 1.5539 -0.8971 0.7046
c@)” 1.5539 -0.8971 —0.7046
C()’ 2.6110 -1.5075 —-1.3756
c(e)” 3.6668 -2.1170 —0.6958
F(7)" 4.6659 —2.6939 1.3598
F(8)" 2.6580 —1.5346 2.7204
F(9)” 2.6580 -1.5346 -2.7204
F(10)" 4.6659 —2.6939 —1.3598
Sb(1) 0.0000 0.0000 1.9271
Sh(2) 0.0000 0.0000 -1.9271

2 All coordinates in A.
Energy = -1890.60154 Hartrees (corrected for ZPE).



Table 4.4Calculated [MP2/aug-cc-pVQZ-PP/6-311G*] coordinates foX Gdf4)s.2

Atom X y z
C(1) 0.0000 1.7667 0.7040
C(2) 0.0000 2.9823 1.3820
C(3) 0.0000 4.2004 0.6979
C@4) 0.0000 4.2004 -0.6979
C(5) 0.0000 2.9823 —1.3820
C(6) 0.0000 1.7667 —0.7040
F(7) 0.0000 3.0162 2.7267
F(8) 0.0000 5.3553 1.3589
F(9) 0.0000 5.3553 —1.3589
F(10) 0.0000 3.0162 —2.7267
C(1)y -3.6376 —2.1002 —-0.6979
C(2y -3.6376 —2.1002 0.6979
C(3) —2.5828 -1.4912 1.3820
C@4)y -1.5300 —-0.8833 0.7040
C(5) -1.5300 —-0.8833 —0.7040
Cc(6)y —-2.5828 -1.4912 —1.3820
F(7y -4.6378 —2.6777 1.3589
F(8) -2.6121 -1.5081 2.7267
F(O)y -2.6121 -1.5081 —2.7267
F(10y -4.6378 —2.6777 —1.3589
c@)” 2.5828 -1.4912 1.3820
C()" 1.5300 —0.8833 0.7040
C@)”’ 1.5300 —-0.8833 —0.7040
c@)” 2.5828 -1.4912 —1.3820
C()’ 3.6376 —2.1002 —-0.6979
c(e)” 3.6376 —2.1002 0.6979
F(7)" 4.6378 —2.6777 1.3589
F(8)" 2.6121 -1.5081 2.7267
F(9)” 2.6121 -1.5081 —2.7267
F(10)" 4.6378 —2.6777 —1.3589
Sb(1) 0.0000 0.0000 1.9006
Sh(2) 0.0000 0.0000 —1.9006

2 All coordinates in A.
Energy = —-2353.72102 Hartrees (corrected for ZPE).



Table 4.5Calculated [B3PW91/LanL.2DZ/6-311G*] coordinates fop(®lgFs4)s.%

Atom X y z
C(1) 0.0000 4.2240 0.6932
C(2) 0.0000 3.0097 1.3718
C(3) 0.0000 1.8000 0.7003
C@4) 0.0000 1.8000 —-0.7003
C(5) 0.0000 3.0097 -1.3718
C(6) 0.0000 4.2240 -0.6932
F(7) 0.0000 5.3750 1.3561
F(8) 0.0000 3.0531 2.7144
F(9) 0.0000 3.0531 —2.7144
F(10) 0.0000 5.3750 -1.3561
C(1)y —-3.6580 -2.1120 0.6932
C(2y -2.6065 —1.5048 1.3718
C(3) —1.5589 —0.9000 0.7003
C@4)y -1.5589 —0.9000 —-0.7003
C(5)y —2.6065 —-1.5048 -1.3718
C(6) —-3.6580 -2.1120 —0.6932
F(7y —4.6549 —2.6875 1.3561
F(8) —-2.6441 -1.5266 2.7144
F(OY -2.6441 -1.5266 —2.7144
F(10y -4.6549 —2.6875 -1.3561
c@)” 3.6580 -2.1120 0.6932
C()" 2.6065 —-1.5048 1.3718
C@)”’ 1.5589 —0.9000 0.7003
c@)” 1.5589 —0.9000 —0.7003
C()’ 2.6065 —-1.5048 -1.3718
c(e)” 3.6580 -2.1120 —0.6932
F(7)" 4.6549 —2.6875 1.3561
F(8)" 2.6441 -1.5266 2.7144
F(9)” 2.6441 -1.5266 -2.7144
F(10)" 4.6549 —2.6875 -1.3561
Sb(1) 0.0000 0.0000 1.9099
Sh(2) 0.0000 0.0000 —1.9099

2 All coordinates in A.
Energy = —2364.43391 Hartrees (corrected for ZPE).



Table 4.6Calculated [B3PW91/aug-cc-pVQZ-PP/6-311G*] coordinates fa{Cgbs)s.*
Atom X y z

C(I)  0.0000 4.2236 0.6933
C(2)  0.0000 3.0091 1.3708
C(3)  0.0000 1.7987 0.7009
C(4)  0.0000 1.7987  -0.7009
C(5)  0.0000 3.0091  -1.3708
C(6)  0.0000 42236 —0.6933
F(7)  0.0000 5.3743 1.3563
F8)  0.0000 3.0518 2.7140
FO)  0.0000 3.0518  -2.7140
F(10)  0.0000 53743  -1.3563
Cc(ly -3.6578  —2.1118 0.6933
C(2y -2.6059  —1.5045 1.3708
C@3) -15577  —0.8993 0.7009
C4)y -15577  -0.8993  —0.7009
C(5) -2.6059  -1.5045  -1.3708
Cc(6y -3.6578  -2.1118  -0.6933
F(7Y —4.6543  —2.6872 1.3563
F8) —2.6429  -1.5259 2.7140
FOY —2.6429  -1.5259  -2.7140
F(10) -4.6543  -2.6872  -1.3563
Cc(l)’ 3.6578  —2.1118 0.6933
C(2" 2.6059  —1.5045 1.3708
C(@3)" 15577  —0.8993 0.7009
C(4)" 15577  -0.8993  —0.7009
C(5)" 2.6059  -1.5045  -1.3708
C(6)" 3.6578  -2.1118  -0.6933
F(7)"  4.6543  —2.6872 1.3563
F8)" 26429  -1.5259 2.7140
FO)' 26429  -1.5259  -2.7140
F(10)' 4.6543  -2.6872  -1.3563
Sb(1)  0.0000 0.0000 1.9097
Sb(2)  0.0000 0.0000  -1.9097

2 All coordinates in A.
Energy = —-2364.43391 Hartrees (corrected for ZPE).



Table 4.7Calculated [B3LYP/LanL2DZ/6-311G*] coordinates for,@RsFs)s.2

Atom X y z
C(1) 0.0000 4.2462 0.6932
C(2) 0.0000 3.0303 1.3714
C(3) 0.0000 1.8173 0.7021
C@4) 0.0000 1.8173 -0.7021
C(5) 0.0000 3.0303 -1.3714
C(6) 0.0000 4.2462 -0.6932
F(7) 0.0000 5.4011 1.3610
F(8) 0.0000 3.0769 2.7205
F(9) 0.0000 3.0769 —2.7205
F(10) 0.0000 5.4011 -1.3610
Ccay -3.6773 -2.1231 0.6932
C(2y -2.6243 -1.5151 1.3714
C(3)y -1.5738 —0.9086 0.7021
c4)y -1.5738 —0.9086 —-0.7021
C() -2.6243 -1.5151 -1.3714
c(®)y -3.6773 -2.1231 —0.6932
F(7y —-4.6775 —2.7006 1.3610
F(8) —2.6647 -1.5384 2.7205
F(OY -2.6647 -1.5384 —2.7205
F(10y -4.6775 —2.7006 -1.3610
c@)” 3.6773 -2.1231 0.6932
C()" 2.6243 -1.5151 1.3714
C@)”’ 1.5738 —-0.9086 0.7021
c@)” 1.5738 —0.9086 —-0.7021
C()’ 2.6243 -1.5151 -1.3714
c(e)” 3.6773 -2.1231 —0.6932
F(7)" 4.6775 —2.7006 1.3610
F(8)" 2.6647 -1.5384 2.7205
F(9)” 2.6647 -1.5384 —2.7205
F(10)" 4.6775 —2.7006 -1.3610
Sb(1) 0.0000 0.0000 1.9279
Sh(2) 0.0000 0.0000 —1.9279

2 All coordinates in A.
Energy = -1895.18126 Hartrees (corrected for ZPE).



Table 4.8Calculated [B3LYP/aug-cc-pVQZ-PP/6-311G*] coordinates foi(SdF4)z.2

Atom X y z
C(1) 0.0000 4.2387 0.6940
C(2) 0.0000 3.0221 1.3704
C(3) 0.0000 1.8100 0.7016
C@4) 0.0000 1.8100 -0.7016
C(5) 0.0000 3.0221 —1.3704
C(6) 0.0000 4.2387 —-0.6940
F(7) 0.0000 5.3939 1.3613
F(8) 0.0000 3.0625 2.7220
F(9) 0.0000 3.0625 —2.7220
F(10) 0.0000 5.3939 -1.3613
C(1)y -3.6708 -2.1193 0.6940
C(2y -2.6172 -1.5111 1.3704
C@3) -1.5675 —0.9050 0.7016
Cc@)y -1.5675 —0.9050 —-0.7016
C(y -2.6172 -1.5111 -1.3704
Cc()y -3.6708 —2.1193 —-0.6940
F(7y -4.6713 —2.6970 1.3613
F(8) —2.6522 —1.5312 2.7220
F(O)Y —-2.6522 -1.5312 -2.7220
F(10y -4.6713 —2.6970 -1.3613
c@)” 3.6708 -2.1193 0.6940
C()" 2.6172 -1.5111 1.3704
C@)”’ 1.5675 —0.9050 0.7016
c@)” 1.5675 —0.9050 —-0.7016
co)’ 2.6172 -1.5111 -1.3704
c(e)” 3.6708 -2.1193 —0.6940
F(7)" 4.6713 —-2.6970 1.3613
F(8)" 2.6522 —1.5312 2.7220
F(9)” 2.6522 -1.5312 -2.7220
F(10)" 4.6713 —2.6970 -1.3613
Sb(1) 0.0000 0.0000 1.9244
Sh(2) 0.0000 0.0000 —1.9244

2 All coordinates in A.
Energy = —2365.08049 Hartrees (corrected for ZPE).



Table 4.9Calculated [BLYP/LanL2DZ/6-311G*] coordinates for,8BsFs)s.2

Atom X y z
C(1) 0.0000 4.2799 0.6992
C(2) 0.0000 3.0539 1.3826
C(3) 0.0000 1.8324 0.7066
C@4) 0.0000 1.8324 —0.7066
C(5) 0.0000 3.0539 —1.3826
C(6) 0.0000 4.2799 —0.6992
F(7) 0.0000 5.4504 1.3739
F(8) 0.0000 3.1013 2.7493
F(9) 0.0000 3.1013 —2.7493
F(10) 0.0000 5.4504 -1.3739
C(1)y -3.7065 —2.1399 0.6992
C(2y -2.6448 -1.5270 1.3826
C(3) -1.5869 -0.9162 0.7066
C4)y -1.5869 -0.9162 —0.7066
C(By -—-2.6448 -1.5270 -1.3826
Cc(6)y —-3.7065 —2.1399 —0.6992
F(7y —-4.7202 —2.7252 1.3739
F(8) —2.6858 —1.5506 2.7493
F(9) -2.6858 —1.5506 —2.7493
F(10y -4.7202 —2.7252 -1.3739
c@)” 3.7065 —2.1399 0.6992
C()" 2.6448 -1.5270 1.3826
C@)”’ 1.5869 -0.9162 0.7066
c@)” 1.5869 -0.9162 —0.7066
co)’ 2.6448 -1.5270 -1.3826
c(e)” 3.7065 —2.1399 —0.6992
F(7)" 4.7202 —2.7252 1.3739
F(8)" 2.6858 —1.5506 2.7493
F(9)” 2.6858 —1.5506 —2.7493
F(10)y" 4.7202 —2.7252 —1.3739
Sb(1) 0.0000 0.0000 1.9452
Sh(2) 0.0000 0.0000 —1.9452

2 All coordinates in A.
Energy = -1894.87117 Hartrees (corrected for ZPE).



Table 4.10Calculated [BLYP/aug-cc-pVQZ-PP/6-311G*] coordinates foi(SF4)z.2

Atom X y z
C(1) 0.0000 4.2760 0.7001
C(2) 0.0000 3.0491 1.3807
C(3) 0.0000 1.8290 0.7059
C@4) 0.0000 1.8290 —-0.7059
C(5) 0.0000 3.0491 —1.3807
C(6) 0.0000 4.2760 —-0.7001
F(7) 0.0000 5.4468 1.3743
F(8) 0.0000 3.0876 2.7515
F(9) 0.0000 3.0876 —2.7515
F(10) 0.0000 5.4468 —1.3743
C(1y -3.7031 —2.1380 0.7001
C(2y -2.6406 —1.5245 1.3807
C(3) -1.5839 —-0.9145 0.7059
Cc4)y -1.5839 —-0.9145 —0.7059
C(5)y -—2.6406 —1.5245 -1.3807
c()y -3.7031 —2.1380 —-0.7001
F(7y -4.7171 —2.7234 1.3743
F(8) —-2.6739 —1.5438 2.7515
F(O)Y -2.6739 —1.5438 —2.7515
F(10y -4.7171 —2.7234 —1.3743
c@)” 3.7031 —2.1380 0.7001
C()" 2.6406 —1.5245 1.3807
C@)”’ 1.5839 —-0.9145 0.7059
c@)” 1.5839 —-0.9145 —0.7059
C()’ 2.6406 —1.5245 -1.3807
c(e)” 3.7031 —2.1380 —-0.7001
F(7)" 47171 —2.7234 1.3743
F(8)" 2.6739 —1.5438 2.7515
F(9)” 2.6739 —1.5438 —2.7515
F(10)y" 4.7171 —2.7234 —1.3743
Sb(1) 0.0000 0.0000 1.9483
Sh(2) 0.0000 0.0000 —1.9483

2 All coordinates in A.
Energy = -2364.56211 Hartrees (corrected for ZPE).



Table 4.11Calculated [MP2/LanL.2DZ/6-311G*] coordinates fob®lgF4)s.2

Atom X y z

C(1) 0.0000 4.2777 0.6963
C(2) 0.0000 3.0576 1.3733
C(3) 0.0000 1.8377 0.7032
C@4) 0.0000 1.8377 —-0.7032
C(5) 0.0000 3.0576 —-1.3733
C(6) 0.0000 4.2777 —0.6963
F(7) 0.0000 5.4329 1.3602
F(8) 0.0000 3.1060 2.7224
F(9) 0.0000 3.1060 —2.7224
F(10) 0.0000 5.4329 —1.3602
C(1)y -3.7046 —2.1389 0.6963
C(2y -2.6479 -1.5288 1.3733
C(3) -1.5915 -0.9188 0.7032
Cc@4)y -1.5915 —-0.9188 —0.7032
C() -2.6479 -1.5288 -1.3733
C(6)y —3.7046 —2.1389 —0.6963
F(7y —-4.7051 —2.7165 1.3602
F(8) —2.6899 —1.5530 2.7224
F(O) -2.6899 —1.5530 —2.7224
F(10y -4.7051 —2.7165 —1.3602
c@)” 3.7046 —2.1389 0.6963
C()" 2.6479 -1.5288 1.3733
C@)”’ 1.5915 -0.9188 0.7032
c@)” 1.5915 —-0.9188 —0.7032
C()’ 2.6479 -1.5288 -1.3733
c(e)” 3.7046 —2.1389 —0.6963
F(7)" 4.7051 —2.7165 1.3602
F(8)" 2.6899 —1.5530 2.7224
F(9)” 2.6899 —1.5530 —2.7224
F(10)" 4.7051 —2.7165 —1.3602
Bi(1) 0.0000 0.0000 1.9912
Bi(2) 0.0000 0.0000 —1.9912

2 All coordinates in A.
Energy = -1890.67381 Hartrees (corrected for ZPE)



Table 4.12Calculated [MP2/aug-cc-pVTZ-PP/6-311G*] coordinates fo(@f4)s.*

Atom X y z

C(1) 0.0000 4.2594 0.6980
C(2) 0.0000 3.0414 1.3806
C(3) 0.0000 1.8267 0.7016
C@4) 0.0000 1.8267 -0.7016
C(5) 0.0000 3.0414 —1.3806
C(6) 0.0000 4.2594 —-0.6980
F(7) 0.0000 5.4161 1.3583
F(8) 0.0000 3.0773 2.7274
F(9) 0.0000 3.0773 —2.7274
F(10) 0.0000 5.4161 —1.3583
C(1)y -—3.6888 —2.1297 0.6980
C(2y -2.6339 -1.5207 1.3806
C(3)y -1.5820 -0.9133 0.7016
Cc@4)y -1.5820 -0.9133 —-0.7016
C() —2.6339 -1.5207 —1.3806
C(6)y —-3.6888 —2.1297 —0.6980
F(7y —4.6905 -2.7081 1.3583
F(8) —2.6651 —1.5387 2.7274
F(9) -2.6651 -1.5387 —2.7274
F(10y -4.6905 —2.7081 —1.3583
c@)” 3.6888 -2.1297 0.6980
C()" 2.6339 -1.5207 1.3806
C@)”’ 1.5820 -0.9133 0.7016
c@)” 1.5820 -0.9133 —-0.7016
C()’ 2.6339 -1.5207 —1.3806
c(e)” 3.6888 —2.1297 —0.6980
F(7)" 4.6905 -2.7081 1.3583
F(8)" 2.6651 —1.5387 2.7274
F(9)” 2.6651 -1.5387 —2.7274
F(10)" 4.6905 —2.7081 —1.3583
Bi(1) 0.0000 0.0000 1.9793
Bi(2) 0.0000 0.0000 —1.9793

2 All coordinates in A.
Energy = —2307.87495 Hartrees (corrected for ZPE)



Table 4.13Calculated [B3PW91/LanL.2DZ/6-311G*] coordinates fos(BiF4)3.*

Atom X y z

C(1) 0.0000 4.2823 0.6933
C(2) 0.0000 3.0668 1.3689
C(3) 0.0000 1.8572 0.6989
C@4) 0.0000 1.8572 —-0.6989
C(5) 0.0000 3.0668 —-1.3689
C(6) 0.0000 4.2823 —0.6933
F(7) 0.0000 5.4335 1.3578
F(8) 0.0000 3.1078 2.7148
F(9) 0.0000 3.1078 —2.7148
F(10) 0.0000 5.4335 -1.3578
C(1)y -3.7086 -2.1412 0.6933
C(2y -2.6560 -1.5334 1.3689
C(3) -1.6083 —-0.9286 0.6989
Cc4)y -1.6083 —0.9286 —0.6989
C(5) —2.6560 —-1.5334 —1.3689
Cc(6)y —-3.7086 -2.1412 —0.6933
F(7y —-4.7056 —2.7168 1.3578
F(8) —-2.6914 —1.5539 2.7148
F(O)Y -2.6914 —1.5539 —2.7148
F(10y -4.7056 —2.7168 -1.3578
c@)” 3.7086 -2.1412 0.6933
C()" 2.6560 -1.5334 1.3689
C@)”’ 1.6083 —-0.9286 0.6989
c@)” 1.6083 —0.9286 —0.6989
C()’ 2.6560 —-1.5334 —-1.3689
c(e)” 3.7086 -2.1412 —0.6933
F(7)" 4.7056 —2.7168 1.3578
F(8)" 2.6914 —1.5539 2.7148
F(9)” 2.6914 —1.5539 —2.7148
F(10)" 4.7056 —2.7168 -1.3578
Bi(1) 0.0000 0.0000 1.9807
Bi(2) 0.0000 0.0000 —1.9807

2 All coordinates in A.
Energy = -1894.58547 Hartrees (corrected for ZPE)



Table 4.14Calculated [B3PW91/aug-cc-pVTZ-PP/6-311G*] coordinates fg(Cgi,)s.?

Atom X y z

C(I)  0.0000 4.2841 0.6938
C(2)  0.0000 3.0690 1.3694
C(3)  0.0000 1.8610 0.6982
C(4)  0.0000 1.8610  —0.6982
C(5)  0.0000 3.0600  -1.3694
C(6)  0.0000 42841  —0.6938
F(7)  0.0000 5.4367 1.3562
F8)  0.0000 3.1058 2.7164
FO)  0.0000 3.1058  -2.7164
F(10)  0.0000 54367  —1.3562
C(ly -3.7147  -2.1409 0.6938
C(2y -2.6612  —1.5352 1.3692
C(3) -1.6140  —0.9330 0.6981
C(4y -1.6140  -0.9330  -0.6981
C(5) -2.6612  -1.5352  -1.3692
C(6y -3.7147  -2.1409  -0.6938
F(7Y —4.7140  -2.7149 1.3567
F8) —2.6933  -1.5532 2.7162
FOY —-2.6933  -1.5532  -2.7162
F(10y —-4.7140  -2.7149  -1.3567
C(l)’ 3.7147  -2.1409 0.6938
C(2" 26612  —1.5352 1.3692
C(3)" 1.6140  —0.9330 0.6981
C(4)" 16140  -0.9330  -0.6981
C(5)" 2.6612  -1.5352  -1.3692
C(6)" 3.7147  -2.1409  -0.6938
F(7)" 47140  -2.7149 1.3567
F8)" 2.6933  -1.5532 2.7162
FO)" 206933  -1.5532  -2.7162
F(10y' 4.7140  -2.7149  -1.3567
Bi(1)  0.0000 0.0000 1.9882
Bi(2)  0.0000 0.0000  -1.9882

2 All coordinates in A.
Energy = —2313.03393 Hartrees (corrected for ZPE)



Table 4.15Calculated [B3LYP/LanL2DZ/6-311G*] coordinates fob@sF4)s.2

Atom X y z

C(1) 0.0000 4.2929 0.6939
C(2) 0.0000 3.0759 1.3700
C(3) 0.0000 1.8641 0.7003
C@4) 0.0000 1.8641 —-0.7003
C(5) 0.0000 3.0759 —-1.3700
C(6) 0.0000 4.2929 —-0.6939
F(7) 0.0000 5.4495 1.3614
F(8) 0.0000 3.1166 2.7225
F(9) 0.0000 3.1166 —2.7225
F(10) 0.0000 5.4495 -1.3614
Ccay -3.7178 —2.1465 0.6939
C(2y -2.6638 —1.5379 1.3700
C@3)y -1.6144 -0.9321 0.7003
C4)y -1.6144 -0.9321 —-0.7003
C(5) —2.6638 —-1.5379 -1.3700
c()y -3.7178 —2.1465 —0.6939
F(7y —-4.7194 —2.7247 1.3614
F(8) —2.6990 —1.5583 2.7225
F(O) -2.6990 —1.5583 —2.7225
F(10y -4.7194 —2.7247 -1.3614
c@)” 3.7178 —2.1465 0.6939
C()" 2.6638 —1.5379 1.3700
c@)” 1.6144 -0.9321 0.7003
c@)” 1.6144 -0.9321 —0.7003
C()’ 2.6638 —-1.5379 -1.3700
c(e)” 3.7178 —2.1465 —0.6939
F(7)" 4.7194 —2.7247 1.3614
F(8)" 2.6990 —1.5583 2.7225
F(9)” 2.6990 —1.5583 —2.7225
F(10)y" 4.7194 —2.7247 -1.3614
Bi(1) 0.0000 0.0000 1.9857
Bi(2) 0.0000 0.0000 —1.9857

2 All coordinates in A.
Energy = -1895.26698 Hartrees (corrected for ZPE)



Table 4.16Calculated [B3LYP/aug-cc-pVTZ-PP/6-311G*] coordinates fof@jFs)s.*

Atom X y z

C(1)  0.0000 4.3062 0.6945
C(2)  0.0000 3.0892 1.3696
C(3)  0.0000 1.8790 0.6993
C(4)  0.0000 1.8790  —-0.6993
C(5)  0.0000 3.0892  -1.3696
C(6)  0.0000 43062  —0.6945
F(7) 0.0000 5.4635 1.3610
F(8) 0.0000 3.1255 2.7238
F(9) 0.0000 3.1255  -2.7238
F(10)  0.0000 54635  -1.3610
C(ly -3.7293  -2.1531 0.6945
C2y -2.6753  -1.5446 1.3696
C(3) -1.6273  -0.9395 0.6993
C(d)y -1.6273  -0.9395  -0.6993
C(5) -2.6753  -1.5446  -1.3696
C(6) -3.7293  -2.1531  -0.6945
F(7y -4.7315  -2.7317 1.3610
F@) -2.7067  —1.5627 2.7238
FOY -2.7067  -1.5627  -2.7238
F(10y -4.7315  -2.7317  -1.3610
C(l)’ 3.7293  -2.1531 0.6945
C@)’ 26753  -1.5446 1.3696
C(3)" 1.6273  —-0.9395 0.6993
C@)’ 1.6273  -0.9395  -0.6993
C(5)" 2.6753  -1.5446  -1.3696
C(6)’ 3.7293  -2.1531  -0.6945
F7)" 47315  -2.7317 1.3610
F@8)" 27067  —-1.5627 2.7238
FO)' 27067  -1.5627  -2.7238
F(10y' 4.7315  -2.7317  -1.3610
Bi(1)  0.0000 0.0000 2.0010
Bi(2)  0.0000 0.0000  —2.0010

2 All coordinates in A.
Energy = -2313.80950 Hartrees (corrected for ZPE)



Table 4.17Calculated [BLYP/LanL2DZ/6-311G*] coordinates forL{sF4)s.2

Atom X y z

C(1) 0.0000 4.3264 0.6997
C(2) 0.0000 3.0996 1.3807
C(3) 0.0000 1.8796 0.7049
C@4) 0.0000 1.8796 —-0.7049
C(5) 0.0000 3.0996 —1.3807
C(6) 0.0000 4.3264 —-0.6997
F(7) 0.0000 5.4989 1.3741
F(8) 0.0000 3.1406 2.7518
F(9) 0.0000 3.1406 —2.7518
F(10) 0.0000 5.4989 -1.3741
C(1)y -3.7467 —-2.1632 0.6997
C(2y -2.6843 —1.5498 1.3807
C(3)y -1.6278 —0.9398 0.7049
c@4)y -1.6278 —0.9398 —0.7049
C(5) —2.6843 —1.5498 -1.3807
Cc(6)y -3.7467 -2.1632 —0.6997
F(7y -4.7621 —2.7494 1.3741
F(8) —2.7198 -1.5703 2.7518
F(O)y -2.7198 -1.5703 —2.7518
F(10y -4.7621 —2.7494 -1.3741
c@)” 3.7467 —-2.1632 0.6997
C()" 2.6843 —1.5498 1.3807
C@)”’ 1.6278 —0.9398 0.7049
c@)” 1.6278 —0.9398 —0.7049
C()’ 2.6843 —1.5498 -1.3807
c(e)” 3.7467 -2.1632 —0.6997
F(7)" 4.7621 —2.7494 1.3741
F(8)" 2.7198 -1.5703 2.7518
F(9)” 2.7198 -1.5703 —2.7518
F(10)" 4.7621 —2.7494 -1.3741
Bi(1) 0.0000 0.0000 2.0012
Bi(2) 0.0000 0.0000 —2.0012

2 All coordinates in A.
Energy = -1894.96409 Hartrees (corrected for ZPE)



Table 4.18Calculated [BLYP/aug-cc-pVTZ-PP/6-311G*] coordinates fo(@iF,)s.”

Atom X y z

C(1) 0.0000 4.3476 0.7006
C(2) 0.0000 3.1205 1.3799
C(3) 0.0000 1.9026 0.7035
C@4) 0.0000 1.9026 —-0.7035
C(5) 0.0000 3.1205 —1.3799
C(6) 0.0000 4.3476 —0.7006
F(7) 0.0000 5.5203 1.3745
F(8) 0.0000 3.1549 2.7535
F(9) 0.0000 3.1549 —2.7535
F(10) 0.0000 5.5203 —1.3745
C(1)y -3.7652 -2.1738 0.7006
C(2y -2.7024 -1.5602 1.3799
C@)y -l1.6477 —-0.9513 0.7035
c@)y -1.e6477 —0.9513 —0.7035
C(By -2.7024 -1.5602 -1.3799
C(6)y —-3.7652 -2.1738 —0.7006
F(7y —-4.7808 —2.7602 1.3745
F(8) —-2.7323 -1.5775 2.7535
F(O)y -2.7323 -1.5775 —2.7535
F(10y -4.7808 —2.7602 —1.3745
c@)” 3.7652 -2.1738 0.7006
C()" 2.7024 -1.5602 1.3799
c@)” 1.6477 —-0.9513 0.7035
c@)” 1.6477 —0.9513 —0.7035
co)’ 2.7024 -1.5602 -1.3799
c(e)” 3.7652 -2.1738 —0.7006
F(7)" 4.7808 —2.7602 1.3745
F(8)" 2.7323 -1.5775 2.7535
F(9)” 2.7323 -1.5775 —2.7535
F(10)" 4.7808 —2.7602 —1.3745
Bi(1) 0.0000 0.0000 2.0242
Bi(2) 0.0000 0.0000 —2.0242

2 All coordinates in A.
Energy = -2313.34741 Hartrees (corrected for ZPE)



Electronic Appendix — Chapter Five

Tables 5.1 — 5.8

Table 5.1Calculated [HF/6-31G*] coordinates for Se(S{:H

g'g’ g'g

Atom X y z X y Z

Se(1) 0.0000 0.0000 0.9131 0.7851 -0.5180 0.0000
S(2) 0.0000 1.7226 -0.4399 -0.5327 -0.3343 1.7392
S(3) 0.0000 -1.7226 -0.4399 -0.5327 —-0.3343 -1.7392
C@“) 1.7525 1.8317 -0.9083 -0.5327 1.4560 2.0579
C(5) -1.7525 -1.8317 -0.9083 -0.5327 1.4560 -2.0579
H(6) 1.8519 2.7117 -1.5315 -1.0023 1.5946 3.0239
H(7) 2.0494 0.9590 -1.4722 -1.1035 1.9863 1.3094
H(8) 2.3749 19370 -0.0317 0.4772 1.8383 2.0932
H(9) -1.8519 -2.7117 -1.5315 -1.0023 1.5946 -3.0239
H(10) —-2.0494 -0.9590 -1.4722 -1.1035 1.9863 -1.3094
H(11) -2.3749 -1.9370 -0.0317 0.4772 1.8383 -2.0932

Sum of electronic and zero-point energies = —3&7B Hartree fog'g"
Sum of electronic and zero-point energies = —35ZBHartree fog'g

All coordinates in A.

Table 5.2Calculated [B3LYP/6-31G*] coordinates for Se(S{z

g'g’ g'g

Atom X y z X y z

Se(1) 0.0000 0.0000 0.9035 0.7786 —0.5343 0.0000
S(2) 0.0000 1.7671 -0.4424 -0.5284 -0.3323 1.7835
S(3) 0.0000 -1.7671 -0.4424 -0.5284 -0.3323 -1.7835
C@) 1.7767 1.9032 -0.8869 -0.5284 1.4822 2.0796
Cc() -1.7767 -19032 -0.8869 -0.5284 1.4822 -2.0796
H(6) 1.8762 2.8084 -1.4941 -0.9545 1.6326 3.0765
H(7) 2.0893 1.0370 -1.4744 -1.1477 1.9998 1.3438
H(8) 2.3931 1.9935 0.0098 0.4901 1.8749 2.0572
H(9) -1.8762 -2.8084 -1.4941 -0.9545 1.6326 -3.0765
H(10) -2.0893 -1.0370 -1.4744 -1.1477 1.9998 -1.3438
H(11) -2.3931 -1.9935 0.0098 0.4901 1.8749 -2.0572

Sum of electronic and zero-point energies = —337.Hartree fog'g"
Sum of electronic and zero-point energies = —3Z823artree fog'g

All coordinates in A.



Table 5.3Calculated [MP2/6-31G*] coordinates for Se(S{EpH

g'g’ g'g

Atom X y z X y

Se(1) 0.0000 0.0000  0.9232 0.7822 —-0.5325 0.0000
S(2) 0.0000 1.7256 -0.4402 -0.5311 -0.3297 1.7499
S(3) 0.0000 -1.7256 —-0.4402 -0.5311 -0.3297 -1.7499
C4) 1.7501 1.7597 -0.9251 -0.5311 1.4725 1.9940
C() -1.7501 -1.7597 -0.9251 -0.5311 1.4725 -1.9940
H(6) 1.8847 2.6288 -1.5742 -0.9423 1.6575 2.9898
H(7) 2.0079 0.8549 -1.4780 -1.1568 1.9722 1.2534
H(8) 2.3907 1.8559 -0.0479 0.4858 1.8638 1.9460
H(O) -1.8847 -2.6288 -1.5742 —-0.9423 1.6575 —2.9898
H(10) -2.0079 -0.8549 -1.4780 -1.1568 1.9722 -1.2534
H(11) -2.3907 -1.8559 -0.0479 0.4858 1.8638 —1.9460

Sum of electronic and zero-point energies = —3BM.Hartree fog'g"

Sum of electronic and zero-point energies = —3B7B3Hartree fog'g

All coordinates in A.

Table 5.4Calculated [MP2/LanL2DZ(d)] coordinates for Se(S§;H

g'g’ g'g

Atom X y z X y Z
Se(1) 0.0000 0.0000 1.4507 1.1046 -1.1369 0.0000
S(2) 0.0000 1.7242 0.0700 -0.2184 —0.9287 1.7553
S(3) 0.0000 -1.7242 0.0700 -0.2184 —-0.9287 -1.7553
C4) 1.7391 1.7273 -0.4886 -0.2184 0.8792 2.0339
C() -1.7391 -1.7273 -0.4886 —0.2184 0.8792 -2.0339
H(6) 1.8402 2.5629 -1.1938 -0.7258 1.0416 2.9942
H(7) 1.9719 0.7879 -1.0032 -0.7713 1.4006 1.2452
H(8) 2.4202 1.8761 0.3561 0.8044 1.2658 2.0966
H(O) -1.8402 -2.5629 -1.1938 -0.7258 1.0416 —-2.9942
H(10) -1.9719 -0.7879 -1.0032 -0.7713 1.4006 -1.2452
H(11) -2.4202 -1.8761 0.3561 0.8044 1.2658 —2.0966

Sum of electronic and zero-point energies = —10&63artree fog'g”
Sum of electronic and zero-point energies = —1GBa&3artree fog'g

All coordinates in A.



Table 5.5Calculated [HF/3-21G*] coordinates for Te(S§H

g'g’ g'g

Atom X y z X y Z

Te(1) 0.0000 0.0000 0.8631 0.7249 -0.4791 0.0000
S(2) 0.0000 1.8461 -0.6751 -0.7522 -0.1929 1.8735
S(3) 0.0000 -1.8461 -0.6751 -0.7522 -0.1929 -1.8735
C@) 1.7324 1.9249 -1.2512 -0.7522 1.6096 2.1794
CB) -1.7324 -19249 -1.2512 -0.7522 1.6096 -2.1794
H(6) 1.7927 2.7595 19377 -1.3144 1.7654 3.0912
H(7) 1.9986 1.0167 -1.7707 -1.2369 2.1370 1.3722
H(8) 2.4062 2.0910 -0.4245 0.2523 1.9812 2.3135
HO9) -1.7927 -2.7595 -1.9377 -1.3144 1.7654 -3.0912
H(10) -1.9986 -1.0167 -1.7707 -1.2369 2.1370 -1.3722
H(11) -2.4062 -2.0910 -0.4245 0.2523 1.9812 -2.3135

Sum of electronic and zero-point energies = —748B3Hartree fog'g”
Sum of electronic and zero-point energies = —74& 3Hartree fog'g

All coordinates in A.

Table 5.6Calculated [HF/LanL2DZ(d)] coordinates for Te(S§H

g'g’ g'g”

Atom X y z X y z

Te(1) 0.0000 0.0000 1.5593 0.7158 -0.4677 0.0000
S(2) 0.0000 1.8457 0.0463 -0.7426 -0.2038 1.8714
S(3) 0.0000 -1.8457 0.0463 -0.7426 -0.2038 -1.8714
C@4) 1.7402 19488 -0.5096 -0.7426 1.5969 2.2006
C(5) -1.7402 -1.9488 -0.5096 -0.7426 1.5969 -2.2006
H(6) 1.7925 2.7941 -1.1857 -1.3074 1.7346  3.1152
H(7) 2.0233 1.0497 -1.0384 -1.2281 2.1375 1.4005
H(8) 24050 2.1152 0.3261 0.2622 19687 2.3436
H(9) -1.7925 -2.7941 -1.1857 -1.3074 1.7346 -3.1152
H(10) -2.0233 -1.0497 -1.0384 -1.2281 2.1375 -1.4005
H(11) -2.4050 -2.1152 0.3261 0.2622 1.9687 -2.3436

Sum of electronic and zero-point energies = —10®8%artree fog'g”
Sum of electronic and zero-point energies = —10&.8%artree fog'g

All coordinates in A.



Table 5.7 Calculated [B3LYP/LanL2DZ(d)] coordinates for Te(S£H

g'g’ g'g

Atom X y z X y Z

Te(1) 0.0000 0.0000 0.8306 0.7096 -0.4695 0.0000
S(2) 0.0000 1.9006 -0.6669 -0.7362 -0.2093 1.9239
S(3) 0.0000 -1.9006 -0.6669 -0.7362 -0.2093 -1.9239
C@) 1.7702 2.0597 -1.1756 -0.7362 1.6106 2.2542
C(5) -1.7702 -2.0597 -1.1756 -0.7362 1.6106 -2.2542
H(6) 1.8208 2.9385 -1.8298 -1.2597 1.7446  3.2087
H(7) 2.0894 1.1749 -1.7334 -1.2762 2.1502 1.4710
H(8) 24177 2.2147 -0.3082 0.2823 1.9977 2.3453
H(9) -1.8208 -2.9385 -1.8298 -1.2597 1.7446 -3.2087
H(10) -2.0894 -1.1749 -1.7334 -1.2762 2.1502 -1.4710
H(11l) -2.4177 -2.2147 -0.3082 0.2823 19977 -2.3453

Sum of electronic and zero-point energies = —1GR08&artree fog'g”
Sum of electronic and zero-point energies = —1@R08artree fog'g

All coordinates in A.

Table 5.8Calculated [MP2/LanL2DZ(d)] coordinates for Te(S{3

g'g’ g'g

Atom X y z X y Z

Te(1) 0.0000 0.0000 1.5906 0.7151 -0.4788 0.0000
S(2) 0.0000 1.8374 0.0571 -0.7419 -0.1993 1.8775
S(3) 0.0000 -1.8374 0.0571 -0.7419 -0.1993 -1.8775
C@) 1.7375 1.8447 -0.5247 -0.7419 1.6180 2.1307
C() -1.7375 -1.8447 -0.5247 -0.7419 1.6180 -2.1307
H(6) 1.8205 2.6722 -1.2415 -1.2855 1.7955 3.0680
H(7) 1.9745 0.9021 -1.0309 -1.2623 2.1283 1.3132
H(8) 2.4312 2.0111 0.3063 0.2780 2.0051 2.2260
H(9) -1.8205 -2.6722 -1.2415 -1.2855 1.7955 -3.0680
H(10) -1.9745 -0.9021 -1.0309 -1.2623 2.1283 -1.3132
H(11l) -2.4312 -2.0111 0.3063 0.2780 2.0051 -2.2260

Sum of electronic and zero-point energies = —1d7 48artree fog'g”
= —1@R4Tartree fog'g

Sum of electronic and zero-point energies
All coordinates in A.



Electronic Appendix — Chapter Six
Tables 6.1 — 6.37

Table 6.1Calculated coordinates (MP2/6-311+G*) for §BRH, 1.2

Atom X y z X y z
Conformer 1 Conformer 2

F(1) 1.191304 2.207765 0.317265 0.238232.127617 1.193300
P(2) 0.000000 1.487595 —-0.496470 0.67287%9.130863 0.000000
N(3) 0.000000 0.000000 0.306499 -0.714218.141188 0.000000
H(4) 0.000000 0.000000 1.327023 -1.617129.609400 0.000000
P(5) 0.000000 -1.487600 —0.496470 —0.80353%.546773 0.000000
F(6) -1.191300 2.207765 0.317265 0.238233.127617 -1.193300
F(7) -1.191300 -2.207770 0.317265 0.238238.869787 —-1.190799
F(8) 1.191304 -2.207770 0.317265 0.238238.869787 1.190799

2 All coordinates are in A,
Energy (conformer 1) = -1135.730774 Hartrees (corrected for ZPE).
=-1135.730246 Hartrees (corrected for ZPE).

Energy (conformer 2)

Table 6.2Calculated coordinates (MP2/6-311+G*) for NgRF2.2

Atom X y z

F(1) —2.224081  0.000000 1.197249
P(2) -1.526447  0.824086 0.000000
N(3) 0.000000  0.000000 0.000000
P(4) 0.049545 -1.733985 0.000000
F(5) —2.224081 0.000000 -1.197249
P(6) 1.476903  0.909899 0.000000
F(7) 1.112041 1.926111 -1.197249
F(8) 1.112041 1.926111 1.197249
F(9) 1.112041 -1.926111 -1.197249
F(10) 1.112041 -1.926111 1.197249

2 All coordinates are in A.
Energy = -1675.413140 Hartrees (corrected for ZPE).



Table 6.3Calculated coordinates (MP2/6-311+G*) for §BN(CHs), 3.2

Atom X y z

F(1) 0.000000 0.197714 0.000000
P(2) —0.350633  1.641093 0.000000
N(3) -1.432932 1.765135 0.000000
C@4) 0.077857 2.111656 0.883753
F(5) 0.077857 2.111656 —0.883753
H(6) 0.141730 -0.673522 -1.444226
H(7) 0.141730 -0.673522 1.444226
H(8) 1.143700 0.310612 -2.244236
H(9) 1.143700 0.310612 2.244236

2 All coordinates are in A.

Energy =-1174.876073 Hartrees (corrected for ZPE).

Table 6.4Calculated coordinates (MP2/6-311+G*) for ¢§fN{CHs),, 4.2

Atom X y z

F(1) 0.806615 -1.157644 1.181750
P(2) —-0.287281 -0.892397 0.000000
N(3) —0.359339  0.758955 0.000000
C@4) 0.806615  1.638409 0.000000
F(5) 0.806615 -1.157644 -1.181750
C(6) -1.649603 1.439324 0.000000
H(7) —2.461609 0.709458 0.000000
H(8) -1.749187 2.069649 0.889646
H(9) -1.749187 2.069649 —0.889646
H(10) 1.722692  1.048265 0.000000
H(11) 0.800375 2.273722 -0.891241
H(12) 0.800375  2.273722 0.891241

2 All coordinates are in A.

Energy = -674.325963 Hartrees (corrected for ZPE).



Table 6.5Calculated coordinates (MP2/6-311+G*) for §BN(SiHz), 5.2

Atom X y z

N(1) 0.000000 0.032862 0.000000
Si(2) 1.558362  0.966990 0.000000
H(3) 1.247875  2.407303 0.000000
H(4) 2.283153 0.573417 1.219905
H(5) 2.283153 0.573417 -1.219905
P(6) —0.809254 -0.397499 -1.432682
P(7) —-0.809254 —-0.397499 1.432682
F(8) 0.341230 -1.262883 -2.162204
F(9) 0.341230 -1.262883 2.162204
F(10) -0.527543 0.963046 —2.261954
F(11) -0.527543 0.963046 2.261954

2 All coordinates are in A.

Energy = -1425.916665 Hartrees (corrected for ZPE).

Table 6.6Calculated coordinates (MP2/6-311+G*) for ¢fN{SiHs),, 6.2

Atom X y z

F(1) 0.448546 -0.022328 -0.014131
P(2) 1.979641 -0.916111 -0.051546
N(3) 2.613023 -0.909885 1.284910
Si(4) 1.686348 —-2.301396 —-0.475629
F(5) 2.883335 -0.249390 -1.014964
Si(6) 0.515793  1.759151 0.117663
H(7) 0.568377 2.366618 —-1.228139
H(8) 1.776392 2.057792 0.836200
H(9) —0.650854  2.246945 0.873854
H(10) -0.996167 -0.858720 —0.149474
H(11) -1.805630 0.193818 -1.092772
H(12) -1.751037 -0.413391 1.219345

2 All coordinates are in A.

Energy =-1176.410768 Hartrees (corrected for ZPE).



Table 6.7 Calculated coordinates (MP2/6-311+G*) for §BN(GeH), 7.2

Atom X y z

N(1) 0.000000 0.345760 0.000000
Ge(2) 0.150968 —1.583908 0.000000
H(3) 1.652005 -1.903379 0.000000
H(4) —0.559790 -2.043292 1.278446
H(5) —0.559790 -2.043292 -1.278446
P(6) —0.028422  1.239345 —-1.435633
P(7) -0.028422  1.239345 1.435633
F(8) -1.314291 0.579610 —2.163563
F(9) -1.314291 0.579610 2.163563
F(10) 1.063694 0.368965 —2.262268
F(11) 1.063694 0.368965 2.262268

2 All coordinates are in A.
Energy = -3212.340503 Hartrees (corrected for ZPE).

Table 6.8Calculated coordinates (MP2/6-311+G*) for gfNH(SiHz), 8.2

Atom X y z X y
Conformer 1 Conformer 2

F(1) -1.277250 -1.058928 -0.744811 -1.685340 1.190126 -0.206605
P(2) -1.115763 -0.042228 0.510584 -0.826723 0.000008 0.490017
N(3) 0.511608 -0.197864 0.834609 0.521368 -0.000087 -0.487631
Si(4) 1.910563 0.012673 -0.234181 2.200075 0.000006 0.047439
F(5) -1.072533 1.289045 -0.421928 -1.685434 -1.190069 -0.206556
H(6) 0.692475 —-0.402325 1.810236 0.338477 -0.000151 -1.488620
H(7) 2.479756 1.370297 -0.093976 2.158222 —-0.000512 1.523446
H(8) 2.924839 -0.981404 0.178869 2.895378 -1.202569 -0.459129
H(9) 1.458283 -0.216579 -1.616969 2.895095 1.203124 -0.458233

2 All coordinates are in A.
Energy (conformer 1)

= —-886.225399 Hartrees (corrected for ZPE).
Energy (conformer 2) = —886.225209 Hartrees (corrected for ZPE).



Table 6.9Relative energies (kJ md) of the two conformers of bis(difluoro-
phosphino)aminel.

Level/basis set Conformer 1 Conformer 2
RHF/3-21G* 0 0.6
RHF/6-31G* 0 0.9
MP2/6-31G* 0 1.3
MP2/6-31+G* 0 1.3
MP2/6-311G* 0 1.9
MP2/6-311+G* 0 1.4

Table 6.10Refined and calculated geometric parametggss(ructure) for (P5.NH, 1, from
the GED study”

No. Parameter GEDWy) MP2/6-311+G* Restraint
Independent

P1 N-P average 169.3(3) 169.7 —

P2 N-P difference 1.4(2) 1.4 1.4(2)
P3 P—F mean 157.8(1) 161.4 —

Pa N-H mean 102.0(13) 101.9 101.9(14)
Ps N-P—-F average 97.8(6) 98.8 —

Ps N-P—F difference 1 1.1(6) 0.7 0.7(6)
p7 N—-P-F difference 2 1.3(6) 1.5 1.5(6)
Ps F—P—F mean 96.9(5) 95.2 —

Py P—N-H average 119.6(3) 116.6 116.6(10)
pio  P-N-H difference 1 1.3(6) 1.3 1.3(5)
P11 P—N-H difference 2 3.9(11) 4.0 4.0(10)
P12  P-N-P-F(6) 124.3(10) 131.6 —

piz P-N-P-F(6) 144.0(77) 131.6 —

ps  Weight conformer 1 0.46(3) 0.38 —
Dependent

pis  N-P-F(1) 97.5(5) 98.8 —

pis N-P-F(1) 97.3(9) 98.0 —

piz  N-P-F(6) 98.6(7) 99.5 —

pis N-P 168.6(3) 169.1 —

P N-P 170.0(3) 170.4 —

P20 P-N-H 121.3(5) 118.4 —

p1  P(2)-N-H' 120.0(6) 117.1 —

p22  P(5)-N-H' 117.4(8) 114.4 —

Pz P-N-P 117.4(9) 123.3 —

p2s P-N-P 122.5(7) 128.5 —

@ Distances are in pm, angles in degrees. See text for parameter definitionguaad For
atom numbering. The figures in parentheses are the estimated standardraeweidtie last
digits.b Z' denotes an atom from the second conform8tandard deviation obtained from
values ofR factor as the weight was varied. See Figure 4.



Table 6.11Selected interatomic distancegfm) and amplitudes of vibration/pm) for

the restrained GED structure of @pNH, 1.2

No. Atom pair r/pm Uny/pmP Restraint
uw F(1)-P@2) 157.7(1) 5.2(2) —

i  P@2)-NQ) 168.6(6) 4.7(tied o) —

U F(L)..F(6) 239.4(8) 9.4(ied to) —

U F(1)..N@3) 244.7(4) 13.3(7) —

s  P(2)..P(5) 286.5(5) 10.0(9) _

U F(1)..P(5) 392.5(4) 10.5(7) —

u  F(1)..F(8) 487.1(13) 13.5(14) 17.2(17)
i FQ)...F(7) 424.3(9) 13.0(10) 10.4(10)
w  P(B)-F(7) 157.7(1) 5.3(tied to)) —

uo  F(L)-P(2) 158.2(1) 5.2(tied to)  —

s N'(3)-P(5) 168.6(5) 4.7(ied to) —

U, P(2)-N(3) 170.0(5) 4.8(tied ta) —

Uz F(7)..F(8) 239.4(10) 10.0(tied ta) —

s F(L)..N@3) 245.5(14) 13.5(tied to)) —

s N(3)...F(7) 246.7(10) 13.0(tied to) —

us  P(2)..P(5) 295.3(9) 7.7(tied tos) —

Uy P(2)..F(7) 309.4(54) 16.8(14) 16.6(17)
us  F(L)..F(8) 376.1(29)  23.7(33) 33.1(33)
Uo  F(1)...F(7) 342.1(12)  20.4(19) 18.5(19)

@ Estimated standard deviations, as obtained in the least squares refinenggnenare
parentheses. Atom paius to uginclusive relate to the second conformer; atoms from
conformer 2 denoted by.Z’ Amplitudes not refined were fixed at the values obtained using

the RHF/6-31G* force field.

Table 6.12Least-squares correlation matrix (x100) for HPRH, 1.2

P1 Ps P12 P13 Ug Us k1 ko
Ps 52 52 -70
Ps o4
Ps —-60 66
P9 60
P11 —-60
uq 54
Uy 50
ki 70

& Only elements with absolute value$0% are showrk; andk; are scale factors.



Table 6.13Refined and calculated geometric parametgiss{ructure) for N(Pgs, 2, from
the GED study.

No. Parameter GED{y) MP2/6-311+G* Restraint
Independent

P1 N-P 169.2(3) 1735 —

P2 P-F 156.4(1) 161.2 —

P3 N-P-F 99.2(6) 98.0 —

Pa F—P-F 98.1(9) 95.9 —

Ps F(1)-P(2)-N—-P(4) 41.5(15) 48.6 —

& Distances are in pm, angles in degrees. See text for parameter definitionguaad For
atom numbering. The figures in parentheses are the estimated standardrdeuofatie last
digits.

Table 6.14Selected interatomic distancegfm) and amplitudes of vibrationg/pm) for
the restrained GED structure of N@gpf2.2

No. Atom pair r/pm Uny/pmP Restraint
uw F(B)-P@2) 156.4(1) 3.9(3) —

w  P4)..PQ) 292.2(5) 9.6(5) —

i N@R)-P2) 169.1(3) 5.0(5) 4.7(5)
U, P(4)..F(1) 313.4(10)  20.9(9) 16.4(16)
us  P(6)..F(5) 393.4(6)  19.2(16) —

U F(1)..F(5) 236.0(15) 7.9(13) —

uw F(5)..N(3) 247.5(10) 9.7(14) —

i F(7)..F(5) 388.9(14)  24.1(27) 26.4(26)
U  F(8)..F(5) 452.7(10)  22.1(12) 15.9(16)

& Estimated standard deviations, as obtained in the least-squares refineengivgrain
parenthese8.Amplitudes not refined were fixed at the values obtained using the RHF/6-
31G* force field.

Table 6.15Least-squares correlation matrix (x100) for NgR2.?
Pa Ps Us Us Us Uz Us ki

P1 58

P2 50

s -72 79 83 71

Ps 52 62 90

Ps —72 -56

Up 65 63
Us —86

Us 59

& Only elements with absolute value§0% are showrk; is a scale factor.



Table 6.16Energy differences (kJ mo) between the two conformers of GRRH(CHs), 3,

for the various calculations.

Level/Basis Set

Conformer 1

Conformer 2

RHF/3-21G*
RHF/6-31G*
MP2/6-31G*
MP2/6-31+G*
MP2/6-311G*
MP2/6-311+G*

oNoleoloNele

5.2
5.5
6.2
6.9
6.4
7.1

Table 6.17Refined and calculated geometric parametgiss{ructure) for (PHNH(CHz), 3,

from the GED study.

No. Parameter GEDy) MP2/6-311+G* Restraint
Independent

P1 N-P 165.2(9) 165.3 165.3(12)
P2 P—F average 163.6(3) 162.9 162.9(3)
P3 P—F difference 0.3(1) 0.3 0.3(1)
Pa N-C 150.7(4) 144.8 —

Ps N-H 100.8(19) 101.0 —

Ps C—H mean 109.8(8) 109.1 —

p7 N-P—-F average 100.6(3) 100.5 —

Ps N—-P-F difference 1.4(7) 1.1 1.1(7)
Py F—P-F 92.6(4) 93.3 —

po P-N-C 127.5(6) 126.5 —

pi1  P-N-H 115.3(3) 115.3 115.3(3)
piz H-C—H mean 107.8(9) 108.8 108.8(10)
pis C-N-P-F(5) —29.0(48) -44.3 —

pisa  CHstorsion -91.2(207) — —

pis  CHstilt —1.5(20) — —-2.0(20)
pis  H(6) drop 15.8(20) — 16.0(20)
Dependent

piz P-F(1) 163.3(4) 162.6 —

pis  P-F(5) 163.9(4) 163.2 —

P N-P-F(1) 99.1(7) 99.4 —

P20 N-P-F(5) 102.0(7) 101.6 —

p.1 C-N-H 115.5(8) 116.6 —

P22 N-C-H(7) 110.3(13) 111.8 —

@ Distances are in pm, angles in degrees. See text for parameter definitionguaed For
atom numbering. The figures in parentheses are the estimated standardraeweidtie last

digits.



Table 6.18Selected interatomic distanceggm) and amplitudes of vibrationg/pm) for
the restrained GED structure of gpFH(CHs), 3.2

No. Atom pair r/pm Uny/pmP Restraint
uw F(1)-P@2) 163.2(4) 5.2(1)

i N@B)-PQ2) 165.1(9) 5.7(tied ta) —

s P(2)-F(5) 163.9(4) 5.4(tied ta) —

us  N(3)-C(4) 150.7(4) 4.9(4)

U C(4)-H(7) 109.6(8) 8.0(7)

Us  C(4)-H(8) 109.6(8) 7.9(tied 1) —

uw  C(4)=H(9) 109.6(8) 7.9(tied 1§) —

s F()..N@3) 249.7(13) 6.2(8) —

Uw  F(1)..C(4) 320.0(35) 14.8(15) 15.1(15)
uo  F(L)...F(5) 236.5(5) 6.2(6) —

s P(2)..C(4) 281.0(6) 8.5(7) —

U F(5)...N(3) 255.6(13) 6.5(tied tg) —

Wz C(4)..F(5) 298.0(31) 16.8(tied tg) —

& Estimated standard deviations, as obtained in the least-squares refineengivgrain
parenthese8.Amplitudes not refined were fixed at the values obtained using the RHF/6-
31G* force field.

Table 6.19Least-squares correlation matrix (x100) for iRH(CHs), 3.2

P1 Ps p7 Pa P1o P12 P1s Vi} Us Us U1 ki

ko

P1 -51 -55

P2 -98 -74 55 50 54

P4

Ps 67

Pe -70

p7 —-60 =51 50 -54
Ps -78

P13 65 54

60

& Only elements with absolute value$0% are showrk; andk; are scale factors.



Table 6.20aRefined and calculated geometric parametgiss{ructure) for (PHN(CHy),, 4,
from the GED study, including rotational constéhts.

No. Parameter GED{y) MP2/6-311+G* Restraint
Independent

P1 N-P 164.9(11) 165.3 165.3(14)
P2 P-F 159.2(4) 163.2 —

P3 N-C average 146.5(7) 146.0 —

Pa N—C difference 0.2(2) 0.2 0.2(2)
Ps C—H mean 108.9(8) 109.5 —

Pe N-P-F 101.4(4) 101.0 —

p7 F—P-F 95.3(5) 92.8 —

Ps P—-N-C average 122.6(5) 122.4 —

Po P—N-C difference 4.0(8) 4.2 4.2(9)
pio H-C-H mean 109.0(7) 109.0 109.0(8)
pi1  C(4)-N-P-F(5) -52.1(8) -47.5 —

P12 C(4)H; torsion —-0.3(148) 0.0 —

piz  C(6)Hs torsion 1.2(171) 0.0 —
Dependent

pia  C(4)-N 146.5(7) 146.0 —

pis  C(6)-N 146.6(7) 145.9 —

pis P-N-C(4) 124.6(5) 124.5 —

piz P-N-C(6) 120.6(7) 120.3 —

pis C-N-C 114.8(10) 115.2 —

pis  N-C-H(10) 110.0(7) 110.2 —

@ Distances are in pm, angles in degrees. See text for parameter definitionguaed For
atom numbering. The figures in parentheses are the estimated standardraeweidtie last
digits.



Table 6.20bRefined and calculated geometric parametgiss{ructure) for (PFN(CHs),, 4,
from the GED study, excluding rotational consténts.

No. Parameter GEDy) MP2/6-311+G* Restraint
Independent

P1 N-P 164.3(11) 165.3 165.3(14)
P2 P-F 159.4(4) 163.2 —

P3 N-C average 146.3(7) 146.0 —

Pa N—C difference 0.2(2) 0.2 0.2(2)
Ps C—H mean 109.7(8) 109.5 —

Pe N-P-F 102.2(5) 101.0 —

p7 F—P-F 95.7(8) 92.8 —

Ps P—-N-C average 123.5(7) 122.4 —

Po P—N-C difference 4.3(9) 4.2 4.2(9)
pio H-C-H mean 108.7(7) 109.0 109.0(8)
pi1  C(4)-N-P-F(5) -57.3(28) -47.5 —

P12 C(4)H; torsion 0.0(19) 0.0 0.0(20)
piz  C(6)Hs torsion 0.3(19) 0.0 0.0(20)
Dependent

pia  C(4)-N 146.2(7) 145.9 —

pis  C(6)-N 146.4(7) 146.0 —

pis P-N-C(4) 125.7(8) 124.5 —

piz P-N-C(6) 121.3(9) 120.3 —

pis C-N-C 113.0(14) 115.2 —

pis  N-C-H(10) 110.2(7) 110.2 —

@ Distances are in pm, angles in degrees. See text for parameter definitionguaad For
atom numbering. The figures in parentheses are the estimated standardraeweidtie last
digits.



Table 6.21Selected interatomic distanceggm) and amplitudes of vibration/pm) for
the restrained GED structure of @pf(CHs),, 4.2

No. Atom pair r/pm Uny/pmP Restraint
U C(6)-H(7) 108.5(8) 88(tied tn) —

U,  C(4)-H(10) 108.6(8) 8.8(tied tn) —

us  C(6)-H(8) 108.5(8) 9.0(tied 1) —

U, C(4)-H(11) 108.5(8) 8.9(10) —

us  N(3)-C(4) 146.5(7) 4.6(4) 4.6(5)
s N(3)-C(6) 146.7(7) 4.7(tied @) —

w  FL)-PER) 159.1(4) 5.0(6) _

s P(2)-N(@3) 164.6(11) 4.1(4) 4.2(4)
Uw  F(1)..F(5) 235.4(11) 6.7(6) 6.6(7)
uo  F(1)..N(3) 250.3(8) 9.3(8) 9.2(9)
s P(2)..C(4) 264.7(40) 7.9(6) 8.0(8)
uz  P(2)..C(6) 270.2(30) 7.6(tied to;) —

Wz F(1)..C(6) 293.5(43) 11.0(16) —

us  P(2)..H(11) 320.4(45)  29.9(26) 29.0(29)
s P(2)...H(8) 330.1(104)  34.5(tedta) —

U F(1)...C(4) 363.8(25)  16.7(20) _

® Estimated standard deviations, as obtained in the least-squanesnesft, are given in
parentheseé). Amplitudes not refined were fixed at the values obtained usindrHi€/6-
31G* force field.

Table 6.22Least-squares correlation matrix (x100) for RECHs),, 4.2
P1 P2 Ps Ps P11 U7

P1 -84 -58 -51 -73
P2 57
P3 -54 66
p7 -90

P11 —ol

& Only elements with absolute value$0% are shown.

Table 6.23Energy differences (kJ md) between the two conformers of @MN(SiHz), 5,
for the various calculations.

Level/basis set Conformer 1 Conformer 2
RHF/3-21G* 0 7.0
RHF/6-31G* 0 4.0
MP2/6-31G* 0 5.4
MP2/6-311G* 0 5.7
MP2/6-311+G* 0 5.3




Table 6.24Refined and calculated geometric parametgiss{ructure) for (PEH.N(SiHz), 5,
from the GED study.

No. Parameter GEDy) MP2/6-311+G* Restraint
Independent

P1 N-P 169.0(4) 170.1 —

P2 P—F average 157.0(1) 161.6 —

P3 P—F difference 0.4(3) 0.4 0.4(2)
Pa N-Si 177.7(10) 181.7 —

Ps Si—H mean 142.9(16) 147.3 —

Ps N-P—-F average 100.6(4) 99.0 —

p7 N-P-F difference 2.4(3) 2.4 2.4(3)
Ps F—P-F 97.4(5) 95.5 —

Py P(6)-N-Si 121.9(3) 122.6 —

pio  H-Si-H mean 111.5(8) 111.6 111.6(8)
pi1  Si-N-P(6)-F(8) 58.5(11) 58.7 —

P12 SiHz torsion 16.2(21) 0.0 —
Dependent

piz  P(6)-F(8) 156.8(2) 161.8 —

pia  P(6)-F(10) 157.2(2) 162.3 —

pis  N-P(6)-F(8) 101.8(4) 100.4 —

pis  N-P(6)-F(10) 99.4(4) 97.9 —

piz P-N-P 116.1(6) 116.2 —

pis  N-Si—H(3) 107.3(9) 106.5 —

& Distances are in pm, angles in degrees. See text for parameter definitionguaad For
atom numbering. The figures in parentheses are the estimated standardrdeuofatie last
digits.



Table 6.25Selected interatomic distanceggm) and amplitudes of vibration/pm) for

the restrained GED structure of @pN(SiHs), 5.2

No. Atom pair r/pm Uny/pmP Restraint
uw N1)-Si2) 177.7(10) 5.0(5) 4.9(5)
U, N(1)-P(6) 169.0(4) 4.4(4) 4.5(5)
Ui Si(2-H@) 142.8(17) 8.3(9) 8.4(8)
U Si(2)-H(4) 142.8(17) 8.3(tied t8) —

us  P(6)-F(8) 156.7(2) 4.5(3) —

Us  P(6)-F(10) 157.1(2) 45(tied tg) —

w  N(L)..F(@8) 252.6(6) 9.1(tied t8) —

us  N(1)..F(10) 248.4(6) 9.2(12) —

U  Si(2)..P(6) 302.5(4) 9.0(5) —

Uo  Si(2)...F(8) 320.2(13)  16.9(14) —_

U1 Si(2)...F(10) 306.8(16) 18.6(15) 17.6(18)
u>  P(6)..P(7) 286.2(7) 7.1(6) 6.8(7)
Uz P(6)..F(9) 381.7(12) 16.9(6) —

us  P(6)...F(11) 391.5(7) 13.8(tied tgs) —

Us  F(8)..F(9) 424.2(33) 22.6(24) 24.0(24)
us  F(8)..F(10) 235.6(10) 7.2(10) —

Uy F(8)..F(11) 495.1(11) 19.7(19) —

ws  F(10)..F(11) 451.7(19) 15.2(29) —

® Estimated standard deviations, as obtained in the least-squanesnesft, are given in
parentheseé). Amplitudes not refined were fixed at the values obtained usindrHi€/6-
31G* force field.

Table 6.26Least-squares correlation matrix (x100) for HPR(SiHz), 5.2

P1 Po Uz Us Ug U2 Us ki ko
o1 55  —76
0. —63 -91 65 56 56 54
Ps —55
Ps -58
O 93 77 57
0 65 64 55 _56
Us 52
Us 85 63
Ug 71
Uis 57
ky 69

& Only elements with absolute value$0% are showrk; andk; are scale factors.



Table 6.27Refined and calculated geometric parametgiss{ructure) for (PFHN(SiH3),, 6,

from the GED study.

No. Parameter GEDy) MP2/6-311+G* Restraint
Independent

P1 N-P 166.1(10) 167.5 —

P2 P—F average 158.7(3) 162.7 —

P3 P—F difference 0.4(4) 0.3 0.3(4)
P4 N-Si average 175.9(3) 178.1 —

Ps N-Si difference 1.4(1) 1.4 1.4(1)
Ps Si—H mean 146.0(5) 147.8 —

p7 N-P—F average 101.3(6) 100.1 —

Ps N—-P—F difference 1.5(10) 2.4 2.4(12)
Py F—P-F 96.3(4) 94.6 —

pio P-N-Siaverage 119.8(5) 120.9 —

pi1  P-N-Si difference -1.2(11) 3.0 3.0(15)
pi2  H-Si-H mean 111.0(9) 110.3 110.3(10)
piz  Si(4)-N-P-F(5) —55.5(29) -59.3 —

pPia  Si(4)H; torsion 52.7(203) 86.0 —

pis  Si(6)Hs torsion 61.0(96) 20.0 —
Dependent

pis P-F(1) 158.9(3) 162.9 —

piz  P-F(5) 158.5(3) 162.5 —

pis  N-P-F(1) 100.5(9) 98.8 —

pie  N-P-F(5) 102.1(7) 101.3 —

P20 Si-N-Si 120.4(10) 118.1 —

p21  N-Si(4) 176.6(3) 178.8 —

P22 N-Si(6) 175.2(3) 177.3 —

P2z P-N-Si(4) 119.2(5) 119.4 —

P24  P—N-Si(6) 120.4(9) 122.4 —

@ Distances are in pm, angles in degrees. See text for parameter definitidigumac for
atom numbering. The figures in parentheses are the estimated standardraeweidtie last
digits.



Table 6.28Selected interatomic distancegfm) and amplitudes of vibrationg/pm) for
the restrained GED structure of @pR(SiHs),, 6.2

No. Atom pair r/pm Uny/pmP Restraint
uw F(1)-P@2) 158.6(3) 44(iedt) —

i N@B)-PQ2) 167.9(10) 4.6(4) 4.4(4)
i P(2)-F(5) 158.2(3) 4.3(4) _

U NQ3)-Si(4) 176.1(4) 5.4(tied ) —

us  N(3)-Si(6) 174.7(4) 5.2(5) —

Us  Si(4)-H(10) 145.9(6) 8.2(7) 8.5(9)
w  Si(4)-H(11) 145.9(6) g.2(tied to) —

Us  Si(4)-H(12) 145.9(6) 8.2(tied to) —

U  Si(6)-H(7) 145.9(6) 8.2(tied o) —

uo  Si(6)-H(8) 145.9(6) 8.2(tied i;) —

U1 Si(6)-H(9) 145.9(6) 8.2(tied ) —

u>  F(1)..N(3) 248.4(12) 8.2(6) 7.1(7)
Uz F(1)...Si(4) 301.5(38) 18.1(tied to) —

us  F(1)...F(5) 236.2(8) 7.6(9) —

Us  F(1)...Si(6) 396.5(18) 11.7(tied toy) —

us  P(2)...Si(4) 295.8(8) 9.0(tied ta;) —

Uy P(2)...Si(6) 294.5(13) 9.2(5) —

uis  N(3)...F(5) 251.7(12) 8.1(tled ta2) —

Uo  Si(4)...F(5) 316.5(33) 15.2(15) 17.4(17)
Uo  Si(4)...Si(6) 305.8(11) 7.5(7) —

Un  F(5)...Si(6) 391.0(33) 17.6(10) —

& Estimated standard deviations, as obtained in the least-squanesnesft, are given in
parentheses. Amplitudes not refined were fixed at the values obtained usindRHie/6-
31G* force field.

Table 6.29Least-squares correlation matrix (x100) for HRESiHs),, 6.2

P1 Pio Us Us Uz Uiz UWig  Uxp U Ky ko

pP1 —65 72

P2 —69

Pa -81 -55

p7 —68 -51

Po 66

P10 75 59

P11 —52

P13 58 62 59 55 63

U3 67

Us 50

U7 76

Uig 52

Ky 67
& Only elements with absolute value§0% are showrk; andk, are scale factors.




Table 6.30Energy differences (kJ mo) between the two conformers of @pN(Gehs), 7,

for the various calculations.

Level/basis set

Conformer 1

Conformer 2

RHF/3-21G*
RHF/6-31G*
MP2/6-31G*
MP2/6-31+G*
MP2/6-311G*
MP2/6-311+G*

cNoNoloNeNe

11.9
8.0
9.2
8.8
8.7
7.8

Table 6.31Refined and calculated geometric parametgiss{ructure) for (PEH.N(GeH), 7,

from the GED study.

No. Parameter GEDy) MP2/6-311+G* Restraint
Independent

P1 N-P 169.7(3) 169.1 —

P2 P—F average 159.7(2) 162.1 —

P3 P—F difference 0.6(5) 0.5 0.5(5)
Pa N-Ge 190.8(5) 193.6 —

Ps Ge-H mean 154.0(8) 153.4 153.4(9)
Ps N-P—-F average 99.8(3) 99.1 —

p7 N—-P-F difference 2.1(4) 2.4 2.4(4)
Ps F—P-F 96.6(7) 95.0 —

Py P(6)-N-Ge 122.7(1) 121.9 —

pio H-Ge-H mean 112.3(14) 113.0 113.0(15)
P11 Ge-N-P(6)-F(8) 59.5(8) 58.3 —

pi2  GeHtorsion 8.8(44) 9.0 —
Dependent

piz  P(6)-F(8) 159.5(3) 161.8 —

p1s  P(6)-F(10) 160.0(3) 162.3 —

pis  N-P(6)-F(8) 100.9(4) 100.4 —

pie  N-P(6)-F(10) 98.8(4) 97.9 —

piz P-N-P 114.5(3) 116.2 —

P1s N-Ge—-H(3)

106.5(16) 106.5

@ Distances are in pm, angles in degrees. See text for parameter definitiGinguma® for
atom numbering. The figures in parentheses are the estimated standardrdeuofatie last

digits.



Table 6.32Selected interatomic distanceggm) and amplitudes of vibrationg/pm) for
the restrained GED structure of @pN(Gek), 7.2

No. Atom pair r/pm Uny/pmP Restraint
uw N(1)-Ge(2) 190.7(5) 6.5(6) —

Ui N(1)-P(6) 169.7(3) 4.6(4) 4.4(4)
U Ge(2)-H(3) 153.8(8) 8.9(9) 8.8(9)
U, Ge(2)-H(4) 153.8(8) 8.8(tied tg) —

us  P(6)-F(8) 159.4(3) 4.9(2) —

Us  P(6)-F(10) 159.9(3) 50(tied tg) —

w  N(L)..F(@8) 253.4(6) 9.5(12) _

us  N(1)..F(10) 250.0(7) 9.4(tied te) —

w  Ge(2)..P(6) 315.7(4) 8.1(4) 7.2(7)
uo  Ge(2)...F(8) 340.5(10)  11.8(9) —

s Ge(2)...F(10) 314.8(11) 15.5(16) 18.2(18)
u>  P(6)...P(7) 285.0(5) 6.1(8) _

Uz P(6)..F(9) 380.2(11) 12.5(9) —

us  P(6)...F(11) 394.1(8) 10.1(tied tgs) —

Us  F(8)...F(10) 238.4(12) 6.8(8) —

U F(8)..F(11) 497.3(11) 12.0(14) _

® Estimated standard deviations, as obtained in the least-squanesnesft, are given in
parentheseé). Amplitudes not refined were fixed at the values obtained usindrHi€/6-
31G* force field.

Table 6.33Least-squares correlation matrix (x100) for JPR(GehHp), 7.2
P9 uz Us uz Uio U1 U2 U3 Uis ko
P1 —60
P2 66
Pa —64 51
Pe -51 -70
Ps 91
P11 —64 —61
Ug -63 -52
U11 59
& Only elements with absolute value§0% are showrk; is a scale factor.




Table 6.34Energy differences (kJ md) between the two conformers of @PRH(SiHs), 8,
for the calculations at different levels of theory.

Level/basis set Conformer 1 Conformer 2
RHF/3-21G* 0 4.8
RHF/6-31G* 0 4.1
MP2/6-31G* 0 1.7
MP2/6-311G* 0 0.4
MP2/6-311+G* 0 0.5




Table 6.35Refined and calculated geometric parametgiss{ructure) for (PNH(SiH3), 8,

from the GED stud§”

No. Parameter GEDy) MP2/6-311+G* Restraint
Independent

P1 P—F average 159.3(2) 162.4 —

P2 P—F difference 1 0.3(2) 0.3 0.3(3)
P3 P—F difference 2 0.2(2) 0.2 0.2(2)
P4 N-P—F average 99.2(4) 100.1 —

Ps N-P—F difference 1 0.8(5) 0.8 0.8(6)
Ps N—-P-F difference 2 1.6(4) 1.6 1.6(4)
p7 F—P—F mean 95.4(5) 94.2 —

Ps F(5)-P(2)-N(3)-Si(4) -20.1(39) -41.3 —

Py F(1)-P(2)-N'(3)-Si(4) 127.6(26) 131.9 —

pio  H-Si-H mean 110.1(9) 110.3 110.3(10)
p11  Si-H mean 147.7(3) 147.7 147.7(3)
p12  SiHztorsion 1 -36.0(48) 2.0 —

piz  SiHztorsion 2 26.3(47) 60.0 —

P14  SiHzrock 1 1.9(19) 2.0 2.0(20)
pis  SiHzrock 2 -1.7(19) -2.0 —2.0(20)
pie  N—H mean 101.4(6) 101.5 101.5(6)
P17 N-Si average 175.0(7) 176.8 —

pis  N-Si difference 1.1(2) 1.1 1.1(2)
P19 N-P mean 168.0(9) 166.6 —

P20  P-N-Si average 127.5(5) 128.2 —

p21  P-N-Si difference 3.2(16) 3.6 3.4(17)
P22 P—-N-H average 113.7(8) 113.9 113.9(8)
p2s  P—N-H difference 3.3(13) 3.2 3.2(14)

P2 Weight conformer 1

0.54(+2/%5)  0.54

Dependent

ps  P-F(1) 159.2(3) 162.4 —
P2 P—F(5) 159.5(2) 162.6 —
Py  P-F 159.3(2) 162.5 —

ps N-P-F(1) 100.0(5) 100.9 —
P29 N-P-F(5) 98.4(6) 99.3 —

pso N-P-F 99.2(5) 100.1 —

ps1  N-Si 175.6(7) 177.3 —
P2 N-Si 174.4(7) 176.2 —

Pz P-N-Si 129.1(8) 130.0 —

pa  P-N-Si 125.9(11) 126.4 —

pss  P-N-H 112.1(10) 112.4 —
P P—-N—H' 115.4(10) 115.6 —

@ Distances are in pm, angles in degrees. See text for parameter definitidigumac for
atom numbering. The figures in parentheses are the estimated standardraeweidtie last
digits. b 7' denotes an atom from the second conforfError determined frorR-factor plot
(Figure 11) as the weight was varied.



Table 6.36Selected interatomic distancegfm) and amplitudes of vibration/pm) for

the restrained GED structure of @pRH(SiHs), 8.2

No. Atom pair r/pm Uny/pmP Restraint
uw F(1)-P@2) 159.2(3)  3.93) 4.0(4)
i  P@2)-NQ) 167.9(10)  4.3(4) 4.3(4)
i P(2)-F(5) 159.4(2)  3.9(tiedt) —

us.  N(3)-Si(4) 175.6(7)  4.4(4) 4.7(5)
Us  Si(4)-H(7) 147.53)  8.8(8) 8.6(9)
U Si(4)-H(@®8) 147.53)  8.8(tied 3) —

w  Si(4)-H(9) 1475(3)  8.8(tiedta) —

U F(1)..N(3) 250.4(7)  8.2(8) _

Uw  F(1)..Si(4) 354.7(40) 19.2(33) —
Uo  F(1)...F(5) 235.6(10)  7.4(tied tgg) —

us  P(2)...Si(4) 308.3(10) 11.3(5) —
iz  N(3)...F(5) 247.49)  88(tiedtw) —

Uz Si4)...F(5) 303.8(28) 21.6(20) 21.5(22)
e F(1)-P(Q2) 159.3(2)  39(tied to) —

s P(2)-N(@3) 167.9(10)  4.4(tied to,) —

us  N'(3)-Si(4) 1745(7)  44(tiedto) —

Uy SIA)-H(7) 1475(3)  8.6(tiedtoss) —

Us  Si(4)-H(8) 1475(3)  8.7(tedtoss) —

o F(1)...N(3) 249.08)  8.5(tiedtoy) —

Uo  F(1)..F(5) 235.5(10)  7.3(6) 6.7(7)
U P(2)...Si(4) 303.0(15) 11.7(tied toy) —

& Estimated standard deviations, as obtained in the least-squares refineengivgrain
parentheses. Atom paius, to Uz inclusive relate to the second conformer; atoms from
conformer 2 are denoted &Y, bAmplitudes not refined were fixed at the values obtained
using the RHF/6-31G* force field.

Table 6.37Least-squares correlation matrix (x100) for HRFFH(SiHs), 8.2

P17 P19 Up Us U2o ko
p1 67 =77 56
Pa 51 -70 56
974 80
P17 -79 61
P19 —78
Us 54
k1 53

& Only elements with absolute value$0% are showrk; andk; are scale factors.
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