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Abstract

~An ab initio calculation of the temperature dependence of the EXAFS spectrum of the
zinc S:IIS) tetraimidazole complex has been made and compared to low noise, energy calibrated
EXAFS spectra at seven temPeratures. The ab initio calculation was based on the MSXAS
package, F122), and was adapted to incorporate a full configurational avera?e to account for
the temperature dependent damping of the EXAFS spectra due to thermal atomic disorder
and it did not involve the fitting of free parameters. The information about the atomic dis-
order was obtained from two sources: SI) a TLS analysis of x-ray crystallography data which
yielded estimates of total atomic displacements and (i) a full normal mode analysis based
on the refinement of a model force field which reproduces the hydrogen-weighted vibrational
density of states measured via inelastic neutron scattering. In the latter, a vibrational force
field for solid state imidazole was determined which is shown to be a significant improvement
over emstmg force fields, mainly obtained via ab initio methods, since it more accurately
reproduces both the eigenvalues and the eigenvectors of the force field ( the eqenvectors coi-
respond to the atomic displacements in the normal vibrations and are frequently not checked
for consistency with experiment ). The imidazole force field was subsequentlty incorporated
into the much larger force field for zinc (I1) tetraimidazole. This latter force field was shown
to be consistent with inelastic neutron scattering measurements of zinc (11) tetraimidazole
borofluorate ( boron-11 enriched ), zinc (11) tetraimidazole perchlorate and two deuterated
states of theJ)erchlorate compound; this demonstrates the validity of the isolated molecule
approach used to model the force field for this case. The mean discrepancy in the rms atomic
displacements derived from the normal mode_anal?/sw and the TLS analysis is shown to be
£50%. The 105 normal modes modes of the zinc ([1) tetraimidazole complex are interpreted
in terms of their effect on the damping of the individual multiple scattering paths in the
EXAFS spectrum. The Zn-N pair correlation function is found to be dominant in causing
damping of the most significant partial signals from both single and multiple scattering paths
but 1t is shown that the cumulative damping effect of other intramolecular motions cannot be
neglected. The total configurationally averaged theoretical EXAFS spectra exhibit an under-
estimate of the amplitude compared "to experiment. The magnitude of this underestimate is
not uniform t_hrou?h the spectrum and it is shown that the Muffin-Tin energy discontinuity
in the modelling of the emitter optical potential causes a significant oscillatory modulation of
the theoretical amplitude up to £25% which persists stronglly_m the high wavevector reﬁlme.
The implications of the underestimate and oscillatory modulation of the theoretical amplitude
for the EXAFS method as an analytical tool are an impairment of the structural determi-
nation beyond the first coordination shell and in particular an underestimate of the values
determined for atomic disorder.
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Chapter 1

Introduction

EXAFS ( extended x-ray absorption fine structure ) spectroscopy is an analytical technique
which is used to determine short-range static and dynamic atomic structure in materials. The
quantity ofinterest in an EXAFS experiment is the oscillatory component of the x-ray absorp-
tion coefficient observed above the characteristic absorption edge for a particular type of atom
in the sample; the form of the oscillatory structure is determined by the local environment of
this type of atom up to a radius of a few Angstroms. The oscillatory component may be iso-
lated, to give the EXAFS spectrum, and then, in principle, interpreted to yield quantitative
information concerning interatomic distances and angles, coordination numbers and atomic
disorder. The method compliments other spectroscopic techniques such as infrared, Raman
and nuclear magnetic resonance which mostly generate qualitative information. The probe
of the local structure is a photoelectron, emitted from the x-ray ahsorbing atom, with wave-
lengths typically in the range 0.5 —0.05A; consequently structure determination via EXAFS
is potentially of very high accuracy ( i.e. £0.001A for nearest-atom distances ). In contrast
to x-ray crystallography, the EXAFS technique may also be applied to non-crystalline sam-
ples such as gases, liquids or amorphous solids such as glasses and is important in the study
of surface interactions and catalysis; see the review articles, (37), (75), (112), (126), (137),
(138). In the biological field, EXAFS spectroscopy is an important method for examining
the environment of metal centres in large protein molecules, such as enzymes, with an order
of magnitude better precision than x-ray crystallography; in enzymes, the metal centres are
often believed to be located at the active site and characterising the local structure is an im-
portant step to understanding the function of the enzyme. The strength of the technique in
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CHAPTER 1 INTRODUCTION

this case is its selectivity since the EXAFS signal may be extracted from a single metal atom
embedded in a protein molecule composed of many thousand less massive atoms. In addition,
the protein may be studied under conditions which emulate its working environment in vivo,
typically in agueous solutions in the presence of a substrate or inhibitor, and consequently
EXAFS is applicable to many proteins which do not yield to crystallography techniques. Nu-
merous studies of metal centres in proteins have been reviewed in the articles (20), (21), (22),
(52), (53), (111), (132).

The conventional method for EXAFS data analysis was described in 1971 by Sayers et
al., (127), who proposed Fourier transforming an EXAFS signal to obtain a radial distribu-
tion function of the atomic environment about the photon-absorbing atom. The method is
based on an approximation of the photoelectron scattering by a propagating plane-wave that
undergoes back-scattering from nearby atoms. Unless a correction is applied, the distances
inferred from the Fourier transform are shorter than the true radii of successive coordina-
tion spheres because the phase-shifts experienced by the back-scattered photoelectron are not
taken into account. Sayers et al. showed that it is possible to extract these phase-shifts by
comparison with a similar compound with known structure so that an accurate value for the
distances may be determined. This approach is generally successful in extracting information
within the first coordination sphere but is not appropriate at greater radii since the radial
distribution function also contains features due to multiple scattering of the photoelectron.
The general importance of multiple scattering in the interpretation of EXAFS spectra was
first emphasised for the case of metal-bonded imidazole complexes, (108), (141), which mimic
the histidine ligation of metals centres found in a number of common metalloenzymes such as
carbonic anhydrase, (157), amine oxidase, (71) and superoxide dismutase, (7). The presence
of multiple scattering components prevents a simple treatment of EXAFS spectra but implies
that information may be extracted beyond the pair correlation function, potentially revealing
such quantities as equilibrium bond angles and correlations in many body disorder. For ex-
ample, in the case of histidine ligation in metalloenzymes, information could be obtained as
to the angle of the imidazole rings with respect to the metal atom which could be important
in determining the energetics of the active site. The determination of atomic disorder is of
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CHAPTER 1. INTRODUCTION

great interest and has been recently heen stressed by Pendry, (102), as an important direc-
tion in the development of the EXAFS technique since it holds the key to such processes as
diffusion and surface reactions of catalysts. In order to yield such information, an ab initio
approach has to be adopted in the EXAFS data analysis which embodies multiple scattering.
However, for this method to have any success in extracting such information, which is usually
characterised by the weakest features in the spectrum, it is essential that the ab initio theory
IS correct.

The neglect of the curvature of the wavefront in the plane-wave description of photoelec-
tron scattering, which causes the theory to fail at low energies, was corrected by Schaich, (128),
for single scattering and by Lee and Pendry, (76), and Ashley and Doniach, (1), for multiple
scattering. These descriptions were based on the assumption that the multiple scattering
is sufficiently weak, even at low energies, so that an expansion in the order of the multiple
scattering is possible. Durham et al., (35), proposed a similar theory embodying a full so-
lution including all orders of multiple scattering. These curved-wave theories are exact but
are presently too slow to be incorporated in effective data analysis. The exact theory has
since been simplified by Rehr et al., (117), Pettifer et al., (108) and Gurman et al., (47), (48)
permitting fast and accurate computations of EXAFS signals. The latter two authors used
a small atom approach which retained the least serious approximations of the plane-wave
theory for systems involving light atoms such as carbons and nitrogens.

The above multiple scattering, curved-wave schemes for computing ab initio EXAFS spec-
tra are currently incorporated in three independent computer packages for EXAFS data anal-
ysis: EXCURVE, (48), (140), from Ilaresbury Laboratory, FEFF, (94), (116), by Rehr and
coworkers and GNXAS, (40), ( which is based on MSXAS, (122) ), by Natoli and coworkers.
In each case a proposed atom cluster is modelled by effective one-electron optical potentials
that are constructed within the Muffin-Tin approximation. The intrinsic and extrinsic en-
ergy loss mechanisms of the photoelectron, which result in an attenuation of the signal, are
modelled either by an imaginary self-energy of the photoelectron or by a complex scattering
potential. The data analysis is effected by fitting the generated EXAFS signal to the exper-
imental spectrum by varying a parameterised model for the static and dynamic structure of

3



CHAPTER 1. INTRODUCTION

the atom cluster. However, shortcomings of the theory may be concealed by adjustments of
free parameters that affect the spectrum in a similar way to the deficiencies in the theory. In
other words, an excellent fit to experiment is not sufficient evidence to conclude that the the-
ory is correct. The only rigoyfous way of determining the accuracy of the theory is therefore
to eliminate the structure refinement by calculating the EXAFS signal from a system whose
structural parameters are known; any discrepancies between theory and experiment can then
be assessed on the basis of non-structural parameters. In this way, the validity of specific
elements of the theory can be quantitatively evaluated, such as the Muffin-Tin approximation
and the model for photoelectron inelastic loss.

In this thesis, an attempt is made to establish all the structural parameters of an in-
teresting system and thereby predict the EXAFS spectrum entirely ab initio at a range of
temperatures. The system selected is the zinc (I1) tetraimidazole complex which is of rele-
vance in the biological field as a model compound for the metal centre in carbonic anhydrase
and is of special interest as a system which produces strong multiple scattering components
in the EXAFS spectrum. It therefore constitutes an excellent test case for multiple scattering
theory in a typical situation where the EXAFS technique is employed.

The static structure of the molecule has been determined from x-ray crystallography with
two different counterions, (2), (79), and consists of four planar imidazole rings coordinated to
a central zinc ion in an approximately tetrahedral configuration. Multiple scattering occurs
as the photoelectron propagates through the imidazole rings.

Determining the dynamic structure of the subject molecule presents a greater challenge
and a considerable part of this thesis is devoted to this problem. The dynamic structure
in this context is defined as the probability distribution function of each scattering atom
about its equilibrium position, described by the static structure, with respect to the primary
absorber, which is the zinc atom. In general the dynamic structure is composed of both
static and thermal disorder, both of which result in an attenuation of the EXAFS spectral
amplitude. The attenuation arises since the disorder in the atom positions introduces an
incoherence in the contributions to the total EXAFS which are then averaged over time and
over all absorption sites in the sample; the resultant EXAFS signal is thus smeared out and
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CHAPTER 1. INTRODUCTION

the amplitude is damped. Static disorder is significant in amorphous materials or crystals
of very large molecules but is not expected to greatly affect the relative position of atoms
within a small molecule such as the zinc (II) tetraimidazole complex; it is therefore assumed
in this study that static disorder is negligible in the context of EXAFS damping. Thermal
disorder is due to thermal vibrations of the molecule and only those vibrations, which cause
displacements of the scattering atoms with respect to the zinc atom, are considered. The
assumption is made that lattice vibrations do not effect the internal structure of the molecule
and, therefore, this study is only concerned with internal vibrations of the molecule; this is
known as the isolated molecule approach.

The frequencies of intramolecular vibrations can be routinely obtained via infrared and
Raman spectroscopy but determining experimental values for the associated probability dis-
tribution functions of the atom positions is more difficult. In this thesis, two methods are
employed:

1. TLS analysis of x-ray crystallography data. This involves a deeper consideration of the
refined thermal parameters. The individual atomic anisotropic displacement parameters
are reparameterised to take account of large scale correlated motions of the molecule.
Within a simple model, this allows the internal displacement distributions of the atoms
to be separated from the overall displacement distribution which includes all contri-
butions, such as those from lattice vibrations. The result is a probability distribution
function for each atom that describes the total displacements of the atom due to all
types of internal molecular motion.

2. A full normal mode analysis of the internal thermal vibrations of the molecule based
on data from inelastic neutron scattering, infrared and Raman studies. A dynamic
model, based on a harmonic force field, is constructed for the isolated molecule which
generates all the orthogonal normal modes of vibration. The elements of the force
field are then best-fitted to reproduce the experimental hydrogen-weighted vibrational
density of states of the molecule as measured by inelastic neutron scattering. The
eigenvalues of the secular equation of motion map the vibrational frequencies of the
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molecule and the eigenvectors describe the displacement distributions of the atoms
corresponding to each of those frequencies.

The latter method provides the most detailed information since it effectively reproduces the
many-body vibrational correlation function ( VCF ) of the molecule which fully describes the
internal vibrational motion. By knowing the VCF of the molecule it is possible to rigorously
model the damping effect of thermal vibrations on the theoretical EXAFS spectrum, even
to the extent where the partial damping contribution of each normal mode of vibration is
described. This is achieved by calculating a configurational average of the EXAFS signal
over all the correlated displacements of the scattering atoms based on a linear expansion of
the partial signals from each multiple scattering path, (3); this algorithm will be justified
in the thesis. Within the harmonic approximation, the configurational average may then be
extended to model the damping at any temperature.

The product of this study jba detailed vibrational analysis of the zinc (II) tetraimidazole
complex which enables the first quantitative test of the current state of multiple scattering
EXAFS theory. It is hoped that this will act as a benchmark for future studies by indicating
the strengths and weaknesses of the EXAFS method as an analytical tool for structural
determination.

1.1 Layout of this Thesis

The following three chapters of this thesis are self-contained studies each treating a different
aspect of the problem; the following two chapters concern methods of obtaining the dynamic
structure of the zinc (I1) tetraimidazole complex, the results of which are inserted into the
configurationally averaged EXAFS calculations in the subsequent chapter. All the results are
brought together in the final discussion in chapter 5 where they are put into the context of
the overall study. This general layout is depicted schematically in figure 1.1,

In chapter 2, estimates for the total mean-squared displacements of the atoms due to all
modes of internal motion are obtained via a TLS analysis of x-ray crystallography data of zinc
(1) tetraimidazole tetraborofluorate. Standard TLS analysis is explained and a methodology

6



CHAPTER 1. INTRODUCTION

Figure 1.1: Schematic diagram showing the layout of this thesis.

for implementing the technique is described that permits the displacement distributions due to
intramolecular motion to be separated from the total distribution function. The latter includes
all contributions due to lattice motion and any static disorder, if it is present. The atomic
displacements due to internal motion are subsequently interpreted in terms of correlated
motion of the whole imidazole ring.

In chapter 3, a normal mode analysis is applied, first to the imidazole molecule, and
subsequently to the zinc (I1) tetraimidazole complex and detailed information about the
correlated many-body motion of the molecules is obtained. The experimental information
is obtained principally via inelastic neutron scattering and a brief overview is given of the
relevant theory necessary to interpret the data. The physics and methodology of normal
mode analysis are also explained. A dynamic force field for imidazole is developed and tested

1



CHAPTER 1. INTRODUCTION

for consistency with both neutron and optical experiments and a comparison is made with
published force fields for imidazole. The force field for imidazole is then incorporated in a
much larger force field describing the normal mode vibrations of the zinc (I1) tetraimidazole
complex. A methodology is described for modelling the elusive low frequency skeletal modes
of the complex. The force field is finally tested for consistency with deuteration studies.

In chapter 4, the ab initio temperature dependence of the EXAFS spectrum of the zinc (I1)
tetraimidazole complex is calculated based on the static structure from the crystallography
in chapter 2 and the dynamic structure from the normal mode analysis in chapter 3. A brief
description is given of the theory used to calculate the EXAFS signal and of the algorithm
used to include the dynamic information via a configurational average. New, high quality
EXAFS data of zinc (I1) tetraimidazole tetraborofluorate?ftpresented and discussed. The
input of the complete dynamic structure permits a novel breakdown of the effect of the
individual normal modes on the EXAFS spectrum. Finally, a comparison is made between
the experimental temperature dependent EXAFS and the ab initio calculations permitting a
quantitative assessment of the theory.



Chapter 2
TLS Analysis

2.1 Introduction

In this chapter a deeper analysis of x-ray crystallography data of the zinc (1) tetraimidazole
complex is described which yields estimates of the magnitudes of the total internal thermal
motion of the molecule.

Generally in x-ray crystallography the static structure of a primitive cell in a crystal is
established via a least squares refinement that minimises the difference between the calcu-
lated and observed integrated peak intensities of the x-ray diffraction image. The calculated
integrated peak intensities are determined from the square of the structure factor, F, which
is the function that dictates the amplitude of coherently diffracted x-rays in directions that
satisfy the Bragg condition. The structure factor equation may be written as, (63);

m,) = £ /<r(M)exp(2xi - IV *) (2.1)

in which Einstein’s summation convention is assumed for j, k = 1,2,3. The structure factor is
defined with respect to the reciprocal lattice Miller indices, hi, hj and hj and takes account
of the various types of atom, r, present in the lattice via the atomic form factors, fr\ and
the situation, T\r\ of the atoms in the unit cell via the phase-like term in the exponent.
The second term in the exponent simulates the damping of the diffracted amplitude due to
the distributions of displacements of the atoms about their static equilibrium positions; the
damping occurs because the distribution in the static structure introduces an incoherence
to the reflected x-rays that reduces the integrity of the Bragg interference. The probability
density functions ( pdf ) describing the displacement distributions are assumed to be trivariate
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CHAPTER 2. TLS ANALYSIS

Gaussians and are completely characterised by the six quantities Un, Uss, Uss, Uu, Uxs and
Uaa known as the anisotropic displacement parameters ( ADP ). The ADP’s of a given atom
form the symmetric second rank tensor U and describe the second moments of the Gaussian
pdf along three oriented orthogonal axes; it is the physical information that the ADP’s contain
that is of interest in this study.

The assumption that the atomic pdf’s may be modelled by Gaussians merits some discus-
sion. Atoms in a crystal are displaced from their equilibrium positions for several reasons; Of
great significance are the displacements caused by thermal vibrations of both the molecule and
the crystal lattice; the resultant pdf’s represent the time- and lattice-averaged motion of the
atoms. Ifthe vibrations are assumed to be harmonic and rectilinear the approximation of the
atomic pdf’s by a multivariate Gaussian is appropriate. However the approximation breaks
down for anharmonic vibrations or vibrations in curvilinear space both of which become
increasingly poorly modelled with increasing temperature. In the case of large amplitude
anharmonic motion it would be desirable to express the pdf with additional higher cumu-
lants. However large amplitude motion causes a rapid decrease in the diffracted amplitude
from atoms at high scattering angle so the determination of additional parameters becomes
especially difficult experimentally. Another source of atomic displacements is that of static
disorder throughout the lattice. This is always present to varying degrees and is difficult to
predict or model without doing extensive temperature dependent studies; therefore for static
disorder, the contributions to the atomic pdf’s are only arbitrarily modelled by a trivariate
Gaussian. A further concern about the modelling of the atomic pdf’s via Gaussians is that the
description does not take into account the correlations in the displacements between different
atoms. Highly correlated atomic displacements can result in different x-ray Hragg intensities
than those predicted using the Gaussian model since the correlations affect the damping of the
Bragg reflection. This can in turn lead to systematic errors in the refined ADP’s. However,
in spite of these reservations, the Gaussian approximation to the pdf is virtually universally
made and is therefore adopted here.

The ADP’s obtained experimentally from x-ray crystallography can be further inspected
via TLS analysis. In this technique, additional information is obtained from the atomic ADP’s

10
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by making some assumptions about the large-scale correlated displacements of the molecule.
By inspection, parts of the molecule are designated as rigid, to within a specified deviation,
which implies that all the atoms within the rigid-body are coupled and can only displace en
masse. The displacement distributions of these so-called rigid-bodies may then be described
by a translation tensor, T, and a libration tensor, L, plus a coupling screw tensor, S, for the
general case when the libration axes do not intersect at the rigid-body centre of mass. The U
tensors for those atoms within the rigid-body may all be individually determined from its T,
L and S tensors. This constitutes a re-parameterisation of the system such that the coupled
motions of the atoms in the rigid-bodies are implicit in the ADP’s and, in most cases, implies
fewer refinable parameters. Consequently, TLS analysis is used as an extra constraint to
facilitate difficult crystallographic refinements, but it is also widely employed as an analytical
tool in its own right for obtaining information about static and dynamic disorder.

Apart from providing estimates of correlated displacements, TLS analysis is also widely
used to correct interatomic distances from crystallography that suffer Bastiansen-Morino
shrinkagel. It has also been used to derive approximate force constants, (146), identify low en-
ergy paths for molecular isomerisations, (8), (30), (158), and the onset of phase changes, (43),
(158), and with the advent of improved experimental resolution from synchrotrons is be-
ginning to be applied to macromolecules such as the small protein rubredoxin, (151). A
comprehensive background is contained in the review articles, (31), (32), (63).

In this study, the experimentally determined ADP’s, at two temperatures, of zinc (II)
tetraimidazole tetrafluoroborate are inspected via TLS analysis. The aim is to obtain infor-
mation about the atomic displacements caused by intramolecular vibrations. This requires
that the experimental ADP’s for each atom are separated into a part assumed to result solely
from internal motion and a part representing the displacements due to all other causes; ie.
lattice vibrations and static disorder ( henceforward referred to as overall disorder ). To do
this requires an adapted implementation of the standard theory so that the T, I, and S ten-
sors are determined for a rigid-body whose displacements are predominantly due to overall

‘The apparent foreshortening of interatomic distances due to the centroids of Gaussian atomic pdf’s not
accurate| reflectln%ﬂthe equilibrium positions of atoms that experl%nce vibrations with curved trajectories,
(see (26% chapter M'). Corrections were first suggested by Cruirks™hank, (22), (25).
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disorder. The rigid-body chosen for this purpose is the Zn-4N tetrahedral core of the zinc
(1) tetraimidazole complex since its participation in internal motion is assumed to be small
compared to other parts of the molecule; i.e. the imidazole branches are expected to show
larger amplitude motion due to internal vibrations. Based on this assumption, the T, L and
S tensors for the core of the molecule may be used to determine the ADP’s, attributed solely
to overall disorder. It is hoped that these generated ADP’s are smaller than the experimental
ones, which embody all types of disorder, and thus, via subtraction of the calculated ADP’s
from the experimental ADP’s, a residual set of atomic pdf's may he established that are as-
sociated only with internal thermal motion. The residual pdf’s are subsequently interpreted
in terms of more intuitive displacements of the imidazole rings such as stretches and wags.

TLS analysis provides estimates of quantities that are difficult to obtain via other methods
but it has inherent limitations that can be severe. The analysis that is described here is
taxing TLS to its limit and the result is a large margin of error; this is in part difficult to
estimate quantitatively since it depends on the quality of the model used; errors are discussed
further in the last section of this chapter. Also considered in the final discussion is a recent
development to TLS theory ( see appendix A ) that attempts to automatically separate one
degree of internal motion from the overall disorder; it is described why this was not applicable
in this case.

2.2 Standard Theory of TLS Analysis

TLS analysis is essentially a re-parameterisation of the ADP’s obtained via x-ray crystal-
lography based on the designation of portions of the molecule as being rigid. ( The exact
definition of what constitutes a rigid-body in this context is addressed in section 2.4.1. ) The
distribution of displacements of a rigid body about its equilibrium position may be described
by a T, L and S tensor which, within the Gaussian approximation, define the second mo-
ments of the partial pdf’s of translation, libration and their coupling respectively. In the next
subsection the T, L and S tensors for a rigid-body are derived illustrating how they relate to
the individual U tensors for each constituent atom.
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2.2.1 Rigid-Body Maotion

The most general type of displacement for a rigid-body is a screw; i.e. a translation of the
body along a vector t followed by a rotation of magnitude 0 about the unit vector L An atom
in the rigid-body with the equilibrium position r experiences the displacement u such that

u=t+{v (2-2)

where v is the linear displacement of the atom due to the rotation alone, as illustrated below:

v may be expanded in terms of the axial vector \= 0\ i..
v:Axr+2 x(Axr)+}3Ax[Ax(Axr)]+,.. (2.3)

in which the elements of A are infinitesimal so that the rotations are commutative about the
components of L To first order Eq. (2.2) becomes

u=t+Axr=t+ AA (2.4)
where
0 W™ =2
Az ., 0 (2-5)
fa -r, 0

Eq. (2.4) relates a single arbitrary displacement of the rigid body, involving a translation, t,
and a rotation, A, into the corresponding linear displacement, u, of a constituent atom at r;
this may now be generalised to express the pdf of an atom in three dimensions in terms of
the translational and librational distributions of the rigid-body.

13
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If the displacements u of the atom in the rigid-body obey a trivariate Gaussian distribu-
tion when averaged over time and throughout the lattice then the pdf of the atom may be
characterised by its second moments with respect to three orthogonal principal axes. This is
equivalent to generating the variance-covariance matrix, U = (u *u), for the displacement u;
note that * denotes the direct product such that the elements of (u * u) are (u.u,). Applying
the same treatment to both sides of Eq. (2.4) yields

(U*U) = (L*1) + (AA*AA)+ (AA *1) + (L * AA)
U = <t*t)+ A(AYA)A* + A(A *t) + (L * A)A* (2.6)

where f denotes matrix transpose. The matrices (t *t) and (A * A) are the second moment
matrices of the partial pdf’s of the translational and librational displacements of the rigid-
body and, similarly to U, are symmetric second rank tensors denoted by T and L containing
the elements (tty) and (A/Ay) respectively. The matrix (A*t) = (t * A)* is identified as the
coupling between T and L and is denoted as S; it is also a second rank tensor composed of
the elements (Aty) and is not generally symmetric. Eq. (2.6) may be rewritten in matrix
form as

U T + ALA*+AS + S'A*
T ¢ I
S L A’
in which | is the identity matrix. Eq. (2.7) gives the desired result of the derivation in which
the individual atomic ADP’s contained in the U matrix are related to the second moment
matrices of the rigid-body translational and librational pdf's.

Note that the original formalism, (24), did not include a coupling matrix S; this was
subsequently incorporated, (131), to account for molecules that do not exhibit inversion site
symmetry or, put another way, for the case where the axes of libration do not intersect at
the rigid-body centre of mass. If the S matrix is generated from observed ADP’s, only the
differences of the diagonal elements, S, - Syy, may be determined and not the actual values;
this stems from the loss of coupling information through expressing the atomic displacement
distributions in terms of ADP’s. The sum of the diagonal in S is normally arbitrarily set to

4
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zero and consequently an experimentally determined S matrix is expressed by 8 parameters.
Together with the 6 parameters for each of the symmetric T and L matrices, the rigid-body
displacement pdf is characterised by 20 independent parameters. In view of the six ADP’s
required to express individual atomic pdf’s, this formalism implies a reduction of parameters
for rigid-bodies with more than three constituent atoms; for less than three atoms the TLS
tensors can not be determined uniquely.

The T, L and S tensors may be refined concurrently or after the static structure refine-
ment. In the former case this implies an improvement of the ratio of free parameters to
observed Bragg intensities which can expedite a refinement. In the work presented here, the
TLS study was done for analytical purposes after the static structure and atomic ADP’s had
been established.

2.3 Crystallography of Zinc (I1) Tetraimidazole Tetrafluo-
roborate

The TLS analysis was made on the ADP’s obtained from the x-ray crystallography of zinc
(1) tetraimidazole tetrafluoroborate, ( Zn(imid)"(B Fa)i ). Measurements and analysis were
done at two temperatures, 100R and 150/f, in collaboration with N.Alcack, (79).

The crystals were prepared from hydrated zinc (11) tetrafluoroborate, ( Zn(BF")j.f>HiO ),
and pure imidazole, ( C3A3//4 ), after the method of Reedijk for the analogous perchlorate
substance, (115); see also page 68. Crystals of the compound are colourless prisms.

The space group is monoclinic, C2/c, with unit cell dimensions a = 18.035A ,b = 6.761A,
¢ = 19.077A and 0 = 115.628° at 100A and a = 17.99%A , b = 6.818A , ¢ = 19.139A and
0 = 115.632° at 150A. Data were collected with a Phillips PW 1100 four circle diffractometer
using x-rays of wavelength 0.71069A ( Mo, K,, ).

Reflections were processed to give 5624 unique reflections; 1608 were considered observed
( > 2.0 ) and used in refinement; they were corrected for Lorentz polarisation and
absorption effects, the latter by the Gaussian method. Maximum and minimum transmission
factors were 0.86 and 0.74. The structure was solved by standard Patterson and Fourier
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orjeblons i () DralEL t 1B B4 and (1) arale o o projaton ) s equbalnt t
viewing the molecule» along their two-fold axe». '

method» and subjected to full-matrix least squares refinement. A weighting scheme of the

form W = \/\ai(F) + O.0lIF*] was adopted for the object function being optimised; the

final R-factor was 0.039 at 100/f and 0.041 at 150/f. The software used was SHELXTL

PLUS, (133).

The unit cell is depicted in figure 2.1; it contains four cations and eight anions. The
zinc atoms lie on special positions on the two-fold axis and are coordinated to the nitrogen
atoms of four imidazole molecules in an approximately tetrahedral configuration ( i.e. the
N-Zn-N angles are all to within 3.1° of the tetrahedral angle, 109.4° ). Due to the Cj point
group symmetry there are only two crystallographically independent imidazole branches in
the asymmetric group; henceforth they are referred to as imidazole 1and imidazole 2. The
Zn-N bond lengths in the asymmetric group are both 1.983(2)A at 100/f and 1.987(2)A and
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100K 150K

Figure 2.2: D|a?rams showing the refined structure at two temperatures of the cation
of crystalline sine (T1) tetraimidasole tetrafluoroborate mcludmoc/; displacement probability
ellipsoids. The eII;gsmds represent the surfaces that enclose 50% of the probability of the
atomic pdf’s described by the refined anisotropic displacement parameters, Utj. Thé atomic
labelling is duplicate for' the two asymmetric groups per molecule. The molecules are pro-
jected so that the two-fold axis is vertical and in the plane of the page; hydrogen atoms are
not shown since their isotropic displacement parameters were not used in"the TLS analysis.
The diagrams were generated by the programme ORTEP, (82). Note that the ellipsoids in
the two}é)lots appear very similar but aré not the same; the amplitudes of the elllgsmds in
the 150K plot are greater which reflects the increase in amplitude of the thermal vibrations.

1.981(2)A at 150/f; this compares with 1.997(7)A and 2.001(7)A for the Zn-N bonds in the
published structure of finc (I1) tetraimidazole perchlorate at room temperature, (2). The
imidazole rings are planar to within the errors of the experiment and are inclined towards
the Cj axis such that the angles made between the imidazole planes and the Zn-N bonds are
4.9° and 1.9° at 100/f and 5.3° and 1.9° at 150/C where the estimated standard deviation in
these angles is 0.1°.

Figure 2.2 depicts the final refined structure of the cation at the two temperatures includ-
ing atomic displacement probability ellipsoids. The ellipsoids are generated by

xU"'x = constant (2.8)

and are surfaces enclosing a specified probability, in this rase 50%. As such, the ellipsoids
permit the refined ADP’s, upon which the TLS analysis was done, to be visualised. Hydrogen
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atoms are not included in the TLS analysis since the ADP’s are refined isotropically; i.e. the
pdf is described by just one parameter. This is a consequence of the weak x-ray scattering
by hydrogen atoms which dictates extreme economy in the description of their pdf’s. It
is encouraging that the plots are so similar at the two temperatures with the 150K plot
exhibiting clear increases in the atomic ADP’s compared to the lower temperature. The
magnitudes of the ADP’s increase towards the extremities of the molecules but otherwise it
is not easy to draw conclusions, from inspection alone, as to the nature of the intramolecular
thermal motion.

The ADP’s of the perchlorate salt were not presented with the published crystal struc-
ture, (2), but an ORTEP plot similar to those in figure 2.2 was given for 50% probability. In
that plot, the ellipsoids show a marked elongation out of the imidazole planes; the measure-
ments in that case were made at room temperature.

2.4 Methodology for TLS Analysis

In this section, a standard test is described that sets the criterion for a group of atoms to be
designated as a rigid-body suitable for TLS analysis. Subsequently, the rigid body used in this
study is described with the aim of separating the atomic displacements due to intramolecular
vibrations from all other kinds of displacements that the atoms undergo.

2.4.1 Rigid Body Test
A quantity Aab may be deduced for any pair of atoms, A and B, in the molecule such that
Ao = <ti> - (ub>=n'Un - n’Ufln (2.9)

where n is the unit vector in the direction AB. This quantity describes the difference in the
mean-squared displacements of the two atoms along their connecting vector. For two atoms in
an ideally rigid body this difference would be zero by definition; ( note that the converse is not
necessarily true, i.e. Aab =0 does not automatically imply a rigid body ). Hirschfeld, (59),
proposed an experimental tolerance of Aab - 10pmJ (ie. 10~3AJ) for atoms of about the
mass of carbon that are honded together. This limit takes account of the typical differences
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Table 2.1:_Matrix of Aab value* (pm1) for all atom* in the *ine (II) tetraimida-
*0le cation. The value* are calculated using the experimental ADP’s from the crystal-
Io%raphy of sine (II) tetraimidasole tetraborofluorate ‘at 100/f. The values corresPond to
n'Uxn™- n'Ufln where A are the atoms along the top of the matrix, B are the atoms on
the left and n is the unit vector between A and B. The labelling of the atoms_is that_shown
in flgure 2.2. The encircled values denote Aab between two bonded atoms. The estimated
standard deviation (esd ) of the Aab™ j»~ 8pm2-
due to interatomic stretching vibrations and holds well for organic compounds, (32), thus
serving as a useful quantitative test of the quality of the experimental ADP’s. Inspection of
A 4o values also indicates which subgroups of the molecule might qualify as rigid-bodies and
thus yield to a TLS analysis. Regions in which the Aab values are significantly greater than
10pm] indicate large relative displacements of the atoms and a lack of rigidity.

TAble 2.1 gives the Aab values for all atoms in the asymmetric group of the zinc (II)
tetraimidazole cation from the crystallography of the tetrafluoroborate compound at IOOAf,
Negative values indicate that the mean-squared displacement of the atom on the left of the
table is greater than that on the top along their connecting vector. The matrix is divided
into blocks that collect the atoms of each imidazole together and by inspection it is clear that
the values in the off-diagonal block coupling imidazole 1to imidazole 2 are generally much
larger than the values in the diagonal blocks relating the two imidazoles to themselves; i.e

the rms &ab values of the off-diagonal block is 41pm2 compared to 17 and 19pm2 for the
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diagonal blocks. This indicates a high degree of relative displacements of the two imidazoles
with respect to one another and greater level of rigidity of the atoms within each imidazole
group. The estimated standard deviation (esd ) of the A*h values is ~ 8pm3; the encircled
Aab values for bonded atom pairs have an rms Axb of 17pmJ which lies just within the esd
margin of the Hirschfeld tolerance indicating that the data are probably of reliable quality.

2.4.2 Choice of Rigid-Body - Separation of Internal Displacements

In order to separate the ADP’s into contributions from internal vibrations and other types
of displacements ( overall disorder ) it was necessary to make some broad assumptions about
the system under study:

L All averaged motions and disorders are describable by Gaussian pdf’s of the atoms,

2. Intramolecular and intermolecular motions are effectively decoupled each producing
atomic mean-squared displacements that are wholly attributable to one type of motion;
I.e. intermolecular motion and static disorder in the lattice cause displacements of the
whole molecule as a rigid unit and do not involve relative displacements of the atoms
within a molecule.

3. Librational displacements of the whole molecule due to intermolecular motion and static
disorder are assumed to take place about the zinc atom.

4. The zinc atom, being massive compared to the other atoms, only experiences small
displacements due to internal modes of motion. Consequently the zinc atom pdf ap-
proximates the translational displacements undergone by the whole molecule due to
intermolecular motion and any static disorder.

On the basis of assumption 4, the zinc atom pdf determines a T tensor for the whole molecule
that characterises intermolecular motion and static disorder. However the L tensor cannot be
determined by one atom alone; more atoms must be included and so the TLS rigid-body was
assigned as the zinc atom plus its four nearest neighbours, the nitrogen atoms from the four
imidazole groups. The assumption implicit in making this assignment is that the five atoms of
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N4 N13 N22 N31

@ © 09
N3L B 0 24
N22 0 A

N13 2

N4 rms Agjj = 15 pm

Table 2.2; Matrix of Aab value» ( prrir ) for the five atom» in the rigid-body chosen for

the TLS analysis. The encircled values denote pairs of atoms which are"honded. Note that

atoms N22 and N31 are symmetry ?enerated from N4 and N13 respectively and conform to

the atom labelling that is adhered to throughout this thesis.
the Zn-N rigid-body, which constitute the tetrahedral core of the molecule, do not participate
significantly in internal molecular vibrations. This is a rather crude assumption and is not
entirely satisfactory; the core of the molecule certainly is involved in intramolecular motion
but it is intuitively expected that the amplitudes of the displacements are much smaller than
those caused hy the relatively free librations of the imidazole rings towards the periphery of
the molecule. A further implicit assumption is that the librations of the imidazole rings all
have their libration axes passing through the zinc-bonded nitrogens. These assumptions are
discussed further in the final section of this chapter.

The displacements of the Zn-4N rigid-body therefore define a T, L and S tensor for the
molecule which represent all kinds of displacements except those due to internal motion. The
ADP’s generated from the T, L, S tensors are contained in the tensors Utls for each atom
and may be subtracted from the observed ADP’s, U,b,, to produce residual tensors, U rei,
that are assumed to represent the atomic pdf’s resulting from internal motion alone; i.e. for
each atom:

U,, = Uah - Utls (210)

The rigid-body lest should be applied to the selected Zn-4N group of atoms. Table 2.1 is
recast in table 2.2 including only those atoms of the Zn-4N rigid group, where the symmetry
generated nitrogens labelled N22 and N31 are equivalent to N4 and N13 respectively. The
root-mean-squared Aah value for this sub-group is 16pmJ which is less than that for either
of the two asymmetric imidazole groups indicating a relatively high degree of rigidity; the
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Zn-4N sub-group thus appears to be well suited to rigid-hody analysis.

2.5 Results

251 Mean-Squared Displacements of Overall Disorder

The TLS analysis of the Zn-4N rigid body was done using the software CRYSTALS, (152),
the product of which are the T, L and S matrices. As discussed in the last section, these
are assumed to model the translational and librational pdf’s for the whole molecule due to
interatomic vibrations and static disorder.

The calculated T, L and S matrices for the Zn-4N rigid-body at the two experimental
temperatures are:

0015 0 0 0019 0 0

Tioolc 0 0020 0 Ttso/f 0 0025 0
0 0 0.026 0 0 0032

0600 0 0 0200 0 0

Lioofc = 0 1100 0 losoK 0 1400 0
0 0 7.200 0 0 9.000

-0.06 0 0 -0.08 0 0

Siook — 0 0 0 SisoK = 0 -0.02 0
0 0 0.06 0 0 0.10

where the matrices are given in diagonalised form for clarity. Note the units are A*, (°)2
and (A°) for the T, L and S matrices respectively.

The librational pdf’s for overall disorder show a pronounced anisotropy; the translational
pdf’s are nearly isotropic; i.e. the rms displacements along the principal axes of the transla-
tional pdf ».re between 0.12 and 0.16A at 100/f and 0.14 and 0.18A at 150A.

The orientations of the T and L tensors with respect to the molecule are shown in figure 2.3
and listed in table 2.3 as direction cosines with respect to a defined set of orthogonal axes;
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100K 150K

a* h C a* h C
T i. -0.276 0.000 0961 +0.268 0.000 0.964
principal 2. 0.000 1.000 0.000 0.000 1000 0.000
axes 3. 0961 0000 0276 0964 0000 0.268
L 1 0.000 1.000 0.000 0.00 1.000 0.000
principal 2. 0.797 0.000 -0.604 0.716 0.000 -0.698
axes 3. -0.604 0.000 -0.797 -0.698 0.00 -0.716

Tahle 2.3: Direction cosines ofiJrincipalaxes of refined T a,pd_Ltensors. The orientations
are with respect to the orthogonal axes a*, b and ¢ where @ = ¢ X . The principal axes
are denoted from 1. to 3. in order of increasing magnitude.
both tensors maintain the same orientations at the two temperatures. The orientation of the
T tensor, i.e. translational pdf, is not of great interest since it is approximately isotropic. The
orientation of the L tensor indicates that the largest librationa) displacements of the rigid-
body occur about an axis perpendicular to the two-fold axis that bisects the N-Zn-N angle of
the asymmetric group. The smallest librational displacements occur about the two-fold axis.
(It is a consequence of symmetry that one of the principal axes in each case lies along the
two-fold axis but the magnitude of that axis is not dictated ).

2.5.2 Mean-Squared Displacements of Internal Motion

The method described in section 2.4.2 was used to obtain a set of residual ADP’s for each
atom, U rra, that were assumed to characterise the atomic pdf’s due only to the total averaged
internal motion of the molecule.

In order to interpret the UtH, the internal motion of the molecule is greatly simplified
such that it is assumed to be composed of four rigid imidazole rings each with four degrees
of freedom. The four degrees of freedom are depicted in figure 2.4 and are: an in-plane
stretching displacement, an in-plane wagging displacement about the zinc-bonded nitrogen,
a torsional displacement about the Zn-N bond and an out-of-plane bending displacement.
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Figure 2.3: Diagram showing the orientation of the principal axes ofthe T and L tensors

with Tespect to the ‘sine (I!% tetraimidasole cation. The sine is approximately tetrahedrally

coordinated and is viewed here at the centre of a cube; the cube permits a rfeference frame

with respect to which the principal axes are drawn. Axis 1in each case has the smallest

associated second moment and axis 3 the greatest. Note that the T and L tensors have the

same orientations at both of the experimental temperatures, 100A and 1&0K.
Note that the torsional and bending modes both produce atomic displacements out of the
ring plane; they are therefore indistinguishahle since no correlation information is retained
in the experimental ADP’s. Having made this assumption about the motion, estimates for
the stretching, wagging and torsion/bending displacements can be obtained by evaluating
respectively the magnitudes of the residual U rr, tensors (i) parallel to the Zn-N bond, (ii) in
the imidazole ring plane but perpendicular to the Zn-N bond and (iii) perpendicular to the
imidazole ring plane.

The components of the second moment tensors in the three directions mentioned above are
tabulated in table 2.4. Notice that in the torsion/bending direction most of the components
are negative and therefore cannot be meaningfully interpreted; this is discussed in the next

section. In the stretching and wagging directions the values are positive and show the expected
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Figure 2.4: The assumed four degrees of freedom of each imidazole branch in the internal
motion of the zinc (I1) tetraimidazole cation. The assumEtlon is necessary to aid the intuitive
interpretation of the residual atomic ADP’s from the TLS analysis.

increases with temperature and are translated into root-mean-squared displacements ( in
A and degrees ) for each whole imidazole ring in table 2.5. These values are averages of
the individual displacements for each atom and should only be viewed as estimates; this is
especially true for the wagging motion where the angular displacements are based on libration
about an axis passing through the zinc-bonded nitrogen; this was an arbitrary choice of
libration axis which was an inherent assumption in the definition of the Zn-N4 group as the
TLS rigid-body. Notice that the average rms displacements in both stretching and wagging
are consistently greater for imidazole 2.

2.6 Discussion of TLS Analysis

The mean-squared displacements quoted in the last section have an associated calculated
error margin of the order 10"A2. This is a result of the estimated standard deviations of
the measured ADP’s and the goodness of fit of the TLS tensors to the data. However, the
crystallographic experimental errors may in fart be much larger, as has been argued, (32),
due to inadequate correction for absorption, thermal diffuse scattering etc., in which case
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Component of residual atomic U rea tensor, i0~3A3)

to Zn-N bond in ring plane &  out of ring plane
” Lto fn-pN bond I

stretching wagging torsion/bending

100K 150K 100K 150K 100K 150K

Nt 2.2 22 21 20 03 04
. c3 62 6 37 42 33 7.6
imidasole 1 n2 29 29 69 138 -8.6 -4.1
Cs 6.0 60 92 150 -181 -16.8
C, 7.6 69 1l 48 22 -1.1
ni3 22 26 -03 04 13 0.8
. C2 65 89 43 87 48 -6.8
imidasole 2 Nit 6.2 48 118 230 -145 -21.6
clh 6.7 83 226 289 03 -1.1
C4 134 42 28 49 181 23.7

Table 2.4: Table showing components of the residual Ures tensors for each atom in
the asymmetric group of sine (I1) tetraimidasole. The tensors are projected. in the three
directions in which the imidasole rings are assumed to displace in the simplified model for
t_he|r3A|r31ternaI motion; see figure 2.4. The error margin of these values Is approximately
i 0 3A3.

the additional systematic errors tend to be incorporated in the ADP’s rather than in the
static structure. Nevertheless, the calculated errors are small compared to the mean-squared
displacements contained in the T and L tensors ( < 10% ) and they therefore represent good
estimates of the overall disorder. However, the mean-squared displacements amplitudes of the
residual ADP's, assumed to represent intramolecular pdf’s, are much smaller ( as much as
ten times smaller than the overall disorder ) and consequently the calculated errors are much
more significant ( 10 —=*50% ). This constitutes a weakness in the approach described in thiB
study, where small residual ADP’s are obtained by subtracting large ADP’s ( derived from
the TLS analysis ) from slightly larger observed ADP's. The actual error margin may in fact
be even worse than the calculated one since some broad assumptions are made in separating
the internal displacements from the overall disorder; the true error depends on the validity of
these assumptions.
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average rms displacements of imidazole rings
stretching wagging
100K 150K 100K 150K

imidazole 1  0.069A 0.070A 3.0° 4.1°
Imidazole 2 0.079A 0.085A 41° 4.6°

Table 2.5: Root-mean-squared displacements of imidasole rings due to internal stretching
motion and w_ag?mg motion as defined in figure 2.4, The values are the averages of all the
atomic rms displacéments. The wagging angular djsplacements are calculated from linear
displacements with the sine-honded itrogen atom lying on the librational axis.

The central assumption was that the ADP’s of the rigid-body, assigned to be the Zn-4N
tetrahedral core of the molecule, completely define the overall disorder of the molecule, which
is modelled by the fitted TLS tensors. For this to be true, the intramolecular disorder and
overall disorder must be effectively decoupled which can only be discussed in the light of
spectroscopic information and is left to the discussion in chapter 5.

Another assumption is that the axis of the internal librations of the imidazole rings pass
through the zinc-bonded nitrogens which therefore do not displace in the wag and bend
projections; this is required by the main assumption above because the nitrogen displacements
are used to define the L tensor. This is certainly not completely true, as is evidenced by the
Aab values for the rigid-body in table 2.2 which show that the zinc-bonded nitrogens do
exhibit relative displacements and therefore do participate in internal motion of the molecule;
the L tensor must therefore be an overestimate about at least one of its principal axes. The
consequence of this is that the residual mean-squared displacements in the wag and bend
projections are underestimates since the L tensor is effectively stealing a proportion of their
value. In the case of the out-of-plane bend displacements, the underestimate is so great that
many of the residua) mean-squared displacements are negative, which prevents interpretation.
Consequently, the principal axis of the L tensor parallel to the libration axis of the imidazole
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bend vibration is certainly overestimated; this corresponds to the principal axis of the fitted
L tensor with the greatest magnitude, i.e. about the bisector of the N-Zn-N bond in the
asymmetric group. Thus, no information can be gained about the intramolecular out-of-
plane bend displacements of the imidazole rings via TLS analysis.

In the case of the in-plane wag modes, the residual mean-squared displacements are all
positive. This implies that the zinc-bonded nitrogens participate less in wag motion than they
do in bend motion and the assumption, that the libration axis passes through the nitrogen,
is more appropriate. This conclusion is further supported by the fact that the magnitudes of
the displacements in the wag projection increase towards the periphery of the molecule, which
suggests a wag libration axis of the imidazole rings towards the core of the molecule; ( i.e.
the most out-lying atoms, Afj, Cs, Wn and Ctg have the largest wagging displacements ).
Consequently, for this molecule, TLS analysis yields quantities for the intramolecular in-
plane wag displacements of the imidazole rings, although these may be underestimates. It is
important to note that the axes of libration for the wag and bend vibrations of the imidazole
are nearly orthogonal; this means that the overestimate in the L tensor in one projection,
which results in the underestimate of the bend displacements, is uncoupled from the other
two projections and therefore does not affect the wag displacements.

The axes of libration of the in-plane wag vibrations of the imidazole rings are approxi-
mately parallel to the two-fold symmetry axis; the mean-squared libration displacement about
this axis, due to overall disorder, is given by the L tensor as 1.I(°)aand 1.4(°)3 at 100/f and
150A" respectively. This corresponds to a linear mean-squared displacement of 10 X 10~3AJ
of the atoms at the periphery of the molecule, which is of the same order of magnitude as the
internal wag libration. It is difficult to draw conclusions about the relative amplitudes of libra-
tion in the bend projection because no result was obtained for the internal librations; however
the overall librations of 7.2(°)2 and 9.0(°)a, at 100A" and 150A" respectively, correspond to
linear mean-squared displacements of ~ 50 X [O"A 2 at the periphery of the molecule. This
i ~ 5 times greater than mean-squared displacements of the internal wag motion.

The nvwst confidence can be placed in the results for the mean-squared displacements in
the stretch projection. They are essentially determined by the deduction of the T tensor
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from the observed ADP’s, and the T tensor is predominantly determined by the pdf of
the zinc atom. Thus, the stretch displacements are based on the assumptions, firstly, that
the zinc atom pdf reproduces the displacements due to overall translational disorder, and
secondly, that the whole molecule librates about the zinc atom. Both are probably good
approximations; the former because the zinc atom is massive compared to the other atoms
and will not displace significantly in intramolecular vibrations, and the latter because the
molecule is almost tetrahedrally symmetric and the centre of mass is close to the equilibrium
zinc position. Internal translational mean-squared displacements are of the order 5 x 10~3A3,
which is a factor of five smaller than the overall translational motion.

Finally, an extension to the standard TLS theory is considered which is specifically aimed
at automatically separating one degree of internal freedom from the overall disorder; it is
known as the segmented rigid-body model, (11), (33), (64), and is outlined in appendix A.
In this model, an attached-rigid-group ( ARG ) is defined within the molecule to which an
extra degree of internal freedom can be assigned, for example an internal libration about one
specified axis. The method is not applicable to the zinc (I1) tetraimidazole molecule for the
following reasons:

* The internal libration of the ARG is only distinguishable from the overall librations
about the parallel axis if the latter is small in comparison. It was shown in this study
that the overall librations and the internal librations can produce mean-squared dis-
placements of similar magnitude.

* The ARG’s have to be attached to a main rigid-body from which the overall TLS tensors
are established. The only useful candidates for the ARG’s would be the imidazole rings,
but this only leaves the zinc atom as the main rigid-body, which is not sufficient to
determine an L tensor.

* The model would not permit estimates of internal displacements in the stretching pro-
jection parallel to the Zn-N bond.
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2.6.1 Summary

A TLS analysis of the zinc (1) tetraimidazole molecule has been made based on x-ray crys-
tallography ADP’s at 100A and 150A\ Separate estimates were obtained for mean-squared
displacements of atoms due to intramolecular vibrations and overall disorder ( i.e. disorder
due to lattice vibrations and static disorder ).

Overall disorder was described in terms of translational and librational pdf’s of the whole
molecule. The translation pdf was found to be isotropic with a second moment of the order
25 x 10~3A2. The molecule has a preferred axis of librational displacement parallel to the
bisector of the N-Zn-N hond in the asymmetric group; mean-squared librational displacements
are in the range 1— 9(°)2 about the zinc atom which corresponds to a linear mean-squared
displacement of the order 10 — 50 x 10_3A2 at the periphery of the molecule.

The intramolecular motion was categorised as mean-squared displacements in three pro-
jections relative to the imidazole rings: (i) In the stretch projection ( parallel to Zn-N bond )
mean-squared displacements were of the order 5 x 10~3A2 averaged over the ring. This is
a factor of 5 smaller than the mean-squared displacements due to overall translation disor-
der. (ii) In the wag projection ( in-plane wags about Zn-bonded nitrogen ) the librations
were of the order ~ 16(0)2 which implies mean-squared displacements at the periphery of the
molecule of 10 x 10_3A2 which is in the range 1 -5 times smaller than the mean-squared
displacements causes by overall librational disorder, (iii) In the bend projection ( out-of-plane
bends ) no information could be obtained.

The results can only be regarded as estimates due to the large calculated error of +1 x
10~3A2 but mainly due to the broad assumptions necessary for this kind of analysis which
incur errors that are difficult to assess
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Chapter 3

Inelastic Neutron Scattering

3.1 Introduction

In this chapter, a precise analysis of the dynamic structure of the zinc (I1) tetraimidazole
complex is described based on a fundamentally distinct experimental method from that of
chapter 2. In contrast to the coherent elastic photon scattering of X-ray crystallography, the
physical process employed here is incoherent inelastic neutron scattering, ( denoted henceforth
as INS ).

In neutron scattering spectroscopy, a beam of thermal neutrons impinging on a molecular
crystal containing hydrogen is scattered predominantly incoherently. The energy spectrum
of the out-going neutrons may he analysed by time-of-flight techniques because the neutron
is a massive particle whose velocity depends on energy; it is found that the neutrons scatter
both elastically and inelastically. The elastic component is analogous to optical Rayleigh
scattering whereas the inelastic part corresponds to the Stokes and anti-Stokes lines in the
Raman effect. The inelastic scatter is a result of quantised energy transfer to and from the
quantised motion present in the sample and, as for light scattering, the separation between
the elastic and inelastic peaks permits determination of the energies of the modes responsible
for the scattering. Unlike the scattering of light however, the entire vibrational-rotational
spectrum is revealed since optical selection rules do not apply for this method of excitation
and thus, poorly defined peaks in the optical spectrum may be well defined in the INS
spectrum. A further, very important advantage of neutron scattering over optical scattering,
from systems which give mostly incoherent scattering (i.e. hydrogenous ), is that the intensity
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CHAPTER 3. INELASTIC NEUTRON SCATTERING

of the inelastic peaks in the energy spectrum may be directly related to the partial amplitudes
of motion of the nuclei in each vibrational mode. This differs from optical intensities where
assumptions about electronic motion must be made to explain the peak intensities.

In this study, the INS spectra of imidazole and zinc (II) tetraimidazole molecular crystals
and some deuterated analogues have been measured at very low temperature. At these
temperatures, the anti-Stokes excitations are negligible since most, if not all, of the modes
of motion are in their ground states and can not impart energy. We consider the Stokes
spectrum in the energy range of 5m<V to 2eV, which encompasses most lattice and molecular
vibrational energies. A central assumption in this work is that the lattice modes are weakly
coupled to the internal molecular vibrational modes in the samples chosen, i.e. the latter are
non-dispersive; we are interested in the intramolecular modes and this assumption permits an
isolated molecule approach to the problem which is essential for the treatment described here.
The validity of the isolated molecule approach may be assessed directly from the experimental
INS spectrum: if peaks are seen to be broader than the intrinsic resolution it suggests that
the associated vibrational modes are dispersive through the lattice. Furthermore, neutron
scattering yields information about the excitations throughout the Brillouin zone ( BZ )
whereas optical experiments, in contrast, determine excitation energies only at the BZ centre.
Therefore, in neutron scattering, the excitations near the edge of the BZ dominate, due to
the so-called volume effect, and consequently large energy discrepancies ( > few ¢cm'1) in
the INS peak positions with respect to the optical frequency spectra provide further evidence
of dispersion in the vibrational modes.

Assignments of the INS spectra are aided by the peak intensities which reveal modes
involving large hydrogen motion. Subsequently, based on the isolated molecule approach, force
fields for the respective molecules are developed via normal mode analysis that model both
the INS peak energies and intensities. This is equivalent to modelling the complete hydrogen-
weighted vibrational density of states of the samples In a series of articles, (81), (101),
(118), (119), (120), (147), (153), W hite and coworkers concluded that INS intensities were a
far more sensitive test of the accuracy of a force field in predicting the dynamic behaviour of a
molecule than simply equating the eigenvalues to the vibrational energies of the modes. The
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normal mode analysis yields both the energies and nature of the molecular vibrations, which
Is equivalent to specifying both the eigenvalues and eigenvectors of the secular equation of
motion. This enables the complete vibrational correlation function (VCF ) to be determined,
which wholly defines the relative motion of atoms in the molecule.

The description of the dynamic behaviour of an isolated molecule by force fields presup-
poses the harmonic approximation. Anharmonicities in the vibrations cause broadening and
splitting of peaks in the INS spectra. However, at low temperature, the anharmonicity effects
are minimised, and according to White, (119), a quasi-harmonic model may be adopted if at
low temperatures the peak widths correspond to the experimental resolution. This is found
to hold in the INS spectra presented here.

The aim of the work was to obtain the VCF for the zinc (11) tetraimidazole complex
so that it could be input to the EXAFS simulations described in chapter 4. In order to
address such a large problem, it was first necessary to partially solve the dynamic structure
by determining the VCF for the isolated imidazole molecule. The force field for imidazole
was then incorporated into the larger and more complex force field for the zinc (I1) complex.

The first two sections in this chapter provide an introduction to the theoretical background
required to do an analysis of this kind; the nomenclature in these two sections is then referred
to in the subsequent sections. The first section describes the partial differential cross section,
which is the observed quantity in an INS experiment, and shows why it is dominated by
incoherent scattering from hydrogen atoms and how it may be interpreted to yield information
about the magnitude of molecular vibrations in the sample. The second section describes
the physics of molecular vibrations in orthogonal normal modes and goes on to describe
the formalism and manipulations required to do a normal mode analysis. An experimental
section describes the spectrometer used to record the INS spectra and also discusses the sample
preparation and analytical software employed; the latter is based on the theory described in
the first two sections. Finally, the last two sections present the results of the INS studies
on pure imidazole and the zinc (I1) tetraimidazole complex and the methodology used in the
normal mode analysis.
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CHAPTER 3. INELASTIC NEUTRON SCATTERING
3.2 Essential Elements of INS Theory

The intensity of nuclear scattered neutrons measured experimentally is proportional to the
mean-squared relative displacements of the target nuclei about their equilibrium positions
and is dominated by the incoherent scattering contribution from the hydrogen atoms in the
sample. Rigourous proof of this assertion is quite involved and may be found by reference to
texts on Neutron Scattering Theory, ( e.. see (82) ). However the essential elements of the
theory directly related to this effect are summarised here. The subsections 3.2.1, 3.2.2, 3.2.3
and 3.2.4 are compiled mainly from reference to (82) and (143). At the end of this section,
some effects observed in experimental spectra, such as combination bands and phonon wings,
are described.

3.2.1 Partial Differential Cross Section

In a nuclear scattering event the variables of interest are the change in neutron energy, equiv-
alent to the quantum fiu>, and the momentum transfer, HQ, such that

hew = E- E* (3.1)
Q = k-Kk (3.2)
in which E and E" are the neutron energy and k and k' the neutron wave vector before and
after scattering respectively. In both the initial and final states, the wave function, Wb of
the neutron isdescribed asa plane wave; for the out-going wave this isequivalent to the

asymptotic form of the wave function in thelimit that the wave is detected farfrom the point
of scatter, i.e.

Vk = Cekr
Vv = Cek" (3.3)

in which C is a normalisation constant. From perturbation theory the probability governing
the transition from the initial to the final state of the neutron is proportional to the square
of the matrix element of the nucleon-nucleon interaction operator, V, between the two states
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involved; this probability is stated in Fermis Golden Rule:
(34)

where py(E) is the density of final scattering states per unit energy range. Normalisation is
achieved by enclosing the entire system in a large box of volume L3\ this enables the neutron
wave functions in Eq. (3.3) to be normalised via C = L~* and permits the density of final
states per unit energy range to be written explicitly as:

(35)

If the total cross section for nuclear scattering from a given nucleus is denoted by o, and the
incident flux of neutrons by hk/mL3, it may thus be seen that, (82),

do = fincident flux

(36)

where dil is an element of the solid angle about the point of scatter; Bra-Ket notation has
been introduced for convenience to denote the integration of the initial and final state wave
functions over all space. The so-called differential cross-section for elastic nuclear scattering
may thus be written as

(3.7)

and is an experimental observable. It describes the angular dependence of the strength of
elastic neutron scattering about the nucleus and is determined by the form of the interaction
potential, V.

When inelastic scattering occurs the change of the target nucleus from its initial state
A'to its final state A" has to be considered. The state functions in the matrix element of
Eq. (3.7) should therefore be rewritten as the product state functions describing the neutron
and target, i.e. (A'k| and |Ak). Conservation of energy, cf. Eq. (3.1), is incorporated via the
delta function

6hu>+ E\ - Ey)
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in which E\ and Ex" are the initial and final state energies of the target nucleus. The integral
of this delta function over all final state energies is, by definition, equal to unity, which implies

(38)

Premultiplying both sides of Eq. (3.7) by this relation, and denoting the probability of occu-
pation of the initial state A by the factor px, an expression for the partial differential cross
section may be expressed as a sum over all possible transitions, A= A', i.e.

(39)

It is this basic quantity that is measured in every inelastic neutron scattering experiment.
Notice the factor (k'/k), which was unity for elastic scattering in Eq. (3.7). The horizontal bar
in Eq. (3.9) represents any further averaging necessary such as the distribution of isotopes,
nuclear spin orientations or static disorder of nuclei positions.

Note that, when dealing with neutrons, it is not usually necessary to employ the full partial
wave description from formal scattering theory to express scattering events. In other words,
the state functions, |Ak), and interaction operator, V., need not be expressed as a sum of terms
over all angular momentum components but rather by a single term. The justification for this
stems from both the very short range of the nucleon-nucleon interaction, ( ~ 1.6 X 10"3A ),
therefore limiting the length of the impact parameterl and the small size of the nuclear radius
(~ 10-JA), in comparison with the wavelength of thermal neutrons, ( ~ 1A ). Consequently
only s-wave components ( / = 0 angular momentum ) are significant in the partial wave
description and all other terms may be safely neglected; i.e. the nucleus behaves as a point
scatterer. All of this means that the nuclear scattering of neutrons is isotropic and may be
characterised by a single scalar quantity, b, known as the scattering length, b is equivalent to
the scattering amplitude f(0,<p) ( from formal scattering theory ) for s-wave scattering alone
and indicates the strength of scattering from a particular nucleus.

"The. impart p 3rameter , 1s the distance of closest sg rosch of the neutron tra&ectory to the nTcIeus In
the g Wal ave description onI those components whose angular momentum quantum’ number, ,satlsfles

roduce appreuable contrlbunons to the scattering ~ With thermal nedtrons QA |A ) scattering
V|a the nucleon nucleon interaction limits 1'$ 1B x 10"*A and only the 1 m o component is significant.
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3.2.2 Coherence and Incoherence - Scattering from Protons

Scattering, both elastic and inelastic, may be subdivided into a coherent and an incoher-
ent part. Essentially the distinction arises due to the variation in the scattering potentials
throughout the target, or more precisely, the distribution of the nuclear scattering lengths, b.
This may be demonstrated by considering the form of Eq. (3.9) for an idealised, rigid array
of N bound nuclei. The so-called Fermi pseudo potential is employed to generate isotropic
scattering centred on the j Ih nuclei at position R, l.e.

(3.10)

Note that each nucleus is characterised by a separate scattering length, bj. The prefactor,
is a normalisation constant; it is the reciprocal of the prefactor to the scattering matrix
element, cf. Eq. (3.6), and thus disappears when the Fermi pseudo potential is substituted
into Eq. (3.9); i.e.
d%
dildE'
(3.11)

Note that the right-hand side of Eq.(3.10), and therefore also the function in the matrix
element of Eq. (3.11), are not operators. Consequently, the state function |A) is not acted
upon and the matrix element obeys

(VIAJA> = A(VIA> = ASyx

where A is a constant. This implies that the matrix element vanishes unless V = A from
which it follows that Ex" = Ex, i.e. scattering from a totally rigid array of nuclei is elastic3.
Eg. (3.11) may thus be rewritten in the form:

*This is an idealised case. Real nuclei are not totally rigid and succumb to lattice and molecular vibrationa
and are capable of recoil so that momentum transfer accurs to varying degree.
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It may be seen that Eq. (3.12) has been reduced to the sum of two parts, which may be
identified as coherent and incoherent scattering.

In coherent scattering, there is strong interference between the scattered neutron waves
such that Bragg scattering results; in this case only the mean scattering length for the whole
target, S, satisfies this condition; coherent scattering is thus proportional to [6[7. The devia-
tions from the mean scattering length however are randomly distributed, producing a random
distribution of scattering from the nuclei which cannot interfere. This is known as the incoher-
ent scattering and is proportional to the mean-squared deviation of b; |6 - i* = (ifcf* - [6]J).

The variation in the scattering length is generally due to the presence of isotopes and the
interaction of the neutron ( a spin 5 particle ) with a nucleus of spin » In the latter, the
interaction can take place in states of total spin corresponding to »+ J and *- j, which have
associated scattering lengths of ~ and b"~\ These scattering lengths are then weighted
according to the multiplicity of states with the respective total spins.

An important example is that of the scattering of neutrons by protons. The proton is also
a spin j particle and hence there are three states with total spin 1and one state with total
spin zero. The scattering lengths are found to be:

6(+)

1.04 X 10-1*cm3  (triplet)
-4.74 X 10"cm 3 (singlet)

( where a negative scattering length describes a phase difference of x compared to positive
values ). Hence

S= Zfo<+>+ ; -0.38 x 10_,Jema
and
16j* = Z‘GG)“ Yy = 6.49 bn (10~,4cm3)
which results in
ototal = 81700
Ocokmr = 1.8bn
oncoh = 79.8bn
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Clearly, the scattering from {Hydrogen nuclei is dominated by the incoherent component,
&incoh» ( this is also the case for naturally occurring Hydrogen due to the low abundance of
other isotopes). Additionally, it is found that the total scattering cross section, IS very
much larger than for most nuclei ( generally ~ 5bn ). Consequently, most inelastic neutron
scattering experiments, including that described in this study, are essentially probes of the
incoherent scattering from hydrogen nuclei in the target.

3.2.3 Correlation and Response Functions

It is possible to recast Eq. (3.11) so that the partial differential cross section is factorised into
a term derived from the interaction of neutrons with matter and a response function that
reflects the physical properties of the particular sample under inspection.

For this purpose, the delta function in Eq. (3.11) is written as

(3.13)

where the integral is over time, t. Inserting Eq. (3.13) into Eq. (3.11) gives
-f(au<+Ex-EX) (3.14)

The energy terms in the exponent may be incorporated in the scattering matrix element
and reexpressed in terms of the hamiltonian of the target system. Then, assuming that the
coupling between target states and the interaction potentials is insignificant, ( i.e. that fiy
is independent of Aand A" and may be written outside of the scattering matrix element ),
Eq. (3.14) becomes

(3.15)

where the modified scattering matrix element, summed over all possible transitions A= A', is
represented by the so-called correlation function, Vyy>(Q,<). The derivation of the correlation
function involves making some subtle manipulations of the scattering matrix element that are
beyond the scope of this thesis ( refer to (82), (83) ); the result is therefore simply stated as

Vyy.(Qt) = A' <0) (3.16)
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in which Ry(t) is a time-dependent operator, incorporating the hamiltonian of the target
system, which acts on the initial and final stationary states of the system. The angled-
brackets in Eq. (3.16) denote the statistical average over all initial states, which is equivalent
to replacing p\, the probability of occupation of the state A by the normalised thermodynamic
factor exp(-E>/fcBT)/53"exp(-E>/IcBT). The correlation function is therefore a thermal
average of a combination of operators belonging to the target and has implicit in it the
3-dimensional static and dynamic structure of the particular sample.

The response of the target system to the scattering of neutrons with a given Q and ui is
given by the Fourier transform of the correlation function with respect to time, i.e.

5(Q.0>) (3.17)

This result, S(Q,u>), is known as the response function, (148), of the system and projects
a surface in (Q,u>) space. It is analogous to the structure factor in x-ray diffraction, the
Fourier transform of which is a 3-dimensional map of the electron density of the target; in
the case of the response function, the Fourier transform is the correlation function which
characterises the 3-dimensional interaction of neutrons with the nuclei of a specific sample.
For a given momentum transfer QO0, S(Qo,u>) describes the frequency composition of the
many-body motion of the target system.

Consequently, the observed quantity, d20/dUdE', may he expressed as the product of two

independent terms, i.e. 0
dUdE (3.18)

The first term governs the strength of the neutron interaction with the target sample based
on the scattering lengths of the operators b* and it depends only on the type and relative
proportions of the nuclei present in the sample (it is this term for example that determines
the coherent and incoherent character of the scattering ). The second term, the response
function S(Q,u>), is determined wholly by the physical and chemical nature of the target
system and its behaviour in time. 1t is the evaluation of the response function that is sought
after in inelastic neutron scattering experiments.
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3.2.4 Response Function for Isolated Harmonic Oscillator

For a vibrating molecule it is appropriate to express R, the position of a given nucleus, as a
sum of I, the position of the centre of mass of the molecule, and d the position of the nucleus
relative to 1 Thus

R =1+ (3.19)

The important assumption is now made that the motion of the centre of mass of the molecule
and the relative motion of the nuclei are mutually independent, in which case, the correlation
function in Eq. (3.16) factorises into a term with respect to 1and a term with respect to
d. We consider the latter term and, according to a proof given in (82), chapters 3.5, 3.6.2
and 3.8, involving Bloch’s identity, may write the correlation function, in the frame of the
molecule, as

(3.20)

where d(t) is a time-dependent operator, analogous to R(t) in Eq. (3.16), which incorporates
the target interaction operators and the hamiltonian, H, describing the stationary states of
the molecule. ( Note that the notation convention has heen maintained whereby the angled
brackets denote the statistical average over all initial stationary states ). For a nucleus of
mass A/, in an isotropic, harmonic potential the hamiltonian may be written as

(3.21)

where p is the momentum operator and u/0 is the associated frequency of vibration of the
nucleus about its equilibrium position. By assuming a harmonic potential, whose energy level
structure is well understood, the statistical average ( canonical average ) over initial energy
states in Eq. (3.20) may be expressed analytically; consequently the two exponential terms
on the right-hand side of Eq. (3.20) may be written explicitly.

The first term of Eq. (3.20) may be written as

e-«Q d> ) - «P [V (3.22)
in which the coth term in the exponent is identified as the mean-squared-displareinent of the
nucleus ( see appendix B, Eq. (B.Il) ) and is denoted by the conventional symbol U. The
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first term of the correlation function has a damping effect and is known as the Dehye-Waller
factor.

Similarly, by substitution of the harmonic form of the operators and by taking the canon-
ical average, the second term of Eq. (3.20) can be written as:

e<(QAQAYP = gy HQZEOSN oot + ) ¢ exp{y cosh(x)} (3.23)

in which )
HQ
2Mwo sinh 23f ¢ ) énd
Thus, using the identity
exp{y cosh(x)} = K exp(nx)/,(y) (3.24)

the second term in the correlation function may be described by modified Bessel functions3,
In(v) = I-n(v), of integer order n.

With both terms in the correlation function, Eq. (3.20), expressed explicitly for the har-
monic potential, the response function for the harmonic oscillator may be evaluated using
Eq. (3.17) to give

(3.25)

n=-o00

3.2.5 Fundamental!), Overtone* and Combination* - Spectral Intensity

It is evident from the formula for the harmonic response function, Eq. (3.25), that the integer
n measures the amount of energy, n/lwo, lost (n > 0) or gained (n < 0) by the neutron.
However since experiments are generally carried out at low temperature, i.e. T ~ 20K, when
the target is mostly in its ground state and cannot impart energy to the neutron, it is usually
only necessary to consider the case when n > 0. On this basis, it is possible to identify the
case n = 0 as the elastic interaction, rt = 1as the fundamental excitation, n 2 as the first
overtone and so on. The response function for each of these events and hence the spectral
intensity is thus easily obtained using Eq. (3.25). The elastic line intensity accounts for most

‘Modified Bessel functions sre Bessel functions of imsginsry argument; /,,(y) m ¢/«(e»)/s"
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of the scattered neutrons and is exactly analogous to the Rayleigh line in Raman scattering; it
does not however yield much information and is normally suppressed from inelastic scattering
spectra in the study of molecular vibrations. In keeping with the analogy to Raman spectra,
the (n > 0) excitations in inelastic neutron scattering may be thought of in terms of the
Stokes lineB. The (n < 0) components therefore form the Anti-Stokes lines but are quenched
at low temperature.

It is possible to simplify the form of the harmonic response function given by Eg. (3.25) in
the regime where hw0 :» 2kgT so that y —*0. Consequently, for n > 0, the modified Bessel
function may be written as

i'V-M = (yi2n

and the response function, for a single nucleus undergoing harmonic motion, becomes
(3.26)

Eq. (3.26) demonstrates clearly the very simple relation that the spectral intensity of a fun-
damental, or overtone excitation, is determined by the mean-squared-displacement, U2, and
attenuated by the Debye-Waller factor, At typical experimental temperatures of
20K, hujo > 2kgT for neutron energy transfer greater than ~ 3.5meU (s 28cm~1), hence
Eq. (3.26) is valid for most studies involving optical modes.

Eq. (3.25) and Eq. (3.26) are only strictly true for one-dimensional isolated harmonic os-
cillators. In the rase of molecules, the damping of the scattering intensity in a particular mode
due to the statistical distribution of the nucleus about its equilibrium position, ( represented
by the Debye-Waller factor, ), should include the mean-squared-displarement of the
nucleus in nil its modes of vibration. In order to achieve this, tensor notation is required, and
the one-dimensional mean-squared displacement, U2, is replaced by a symmetric second-rank
tensor, U,,, whose elements describe the second moments of the 3-dimensional probability
distribution function of the nucleus in the i/h intramolecular vibrational mode. The expo-
nent in the Debye-Waller factor is then written in terms of a new symmetric second-order
tensor U where U = Thus, the spectral intensity for fundamentals and overtones in
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the i/h mode for an atom vibrating in a molecule is represented by (145)

5(Q,a/);;0c/B(QQ:Ul,)e-<QQ:U> (3.27)

where the vector QQ s the direct product of the momentum transfer vector Q. In this
notation, the scalar arguments (QQ :U,) and (QQ :U) represent the projection of the U,
or U tensors respectively in the direction of the vector QQ multiplied by the magnitude of

QQ
Multiphonon scattering is also possible and may be categorised into three types:

* single excitation of more than one mode. This is known as a combination excitation.

« multiple excitation of one mode. Strictly speaking this is also a combination mode
although within the harmonic approximation it effectively produces an overtone line;
its intensity however is distinct from the overtone intensity caused by a single excitation.

« excitation of external vibrational modes ( lattice modes ) as well as the internal mode.
This produces so-called phonon wings and is dealt with in the following subsection.

The intensities in the first two categories above are described to a good approximation by the
response function for double-excitation combinations (69)

(3.28)

where the multiple excitation of the v and i/' modes produces a line at = nug + n'wy .

In general, the U, and U tensors are anisotropic; consequently the intensity of scattered
neutrons depends on the orientation of the momentum transfer vector Q as well as the mag-
nitude. This can be interesting for single crystal experiments but for powder samples the
calculated intensities should be averaged over all orientations; a so-called powder average.
Analytical techniques for achieving powder averages in neutron scattering experiments have
been applied, (142), (145), (150) and found to be accurate when the geometry of the U tensor
for each atom is known. For the case where the U, tensors are best-fitted and the form of the
U tensor is not known, numerical powder averages are found to be more appropriate, (17).
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3.2.6  Phonon Wings

There is a finite probability that a neutron will scatter inelastically exciting an optical molec-
ular mode and an acoustic lattice mode; this produces additional structure in the spectrum
above the optical excitation energy that mimics the low frequency acoustic regime of the
spectrum. The acoustic regime is composed of broad peaks as a function of energy due to
the highly dispersive nature of lattice modes ( i.e. lattice modes may be excited by a range
of neutron energy transfer, albeit with the corresponding phonon wave vector determined by
the pertinent dispersion relation ); hence the additional structure above the optical excitation
line ( often referred to as the zero-phonon line ) appears as a broad featureless wing or phonon
wing.

It is also possible for more than one acoustic phonon to he excited as well as the optical
phonon. This results in additional wings above the zero-phonon line distinct from the single-
phonon wing; their form may be understood as the convolution of those broad peaks associated
with the acoustic modes in question. Consequently, the many-phonon wings extend higher in
energy from the zero-phonon line than does the single-phonon wing. The concept of phonon
wings is illustrated in figure 3.1 for the ideal case of a one-dimensional diatomic lattice.

The spectral intensity of the zero-phonon line, described by Eq. (3.27), is distributed
between the zero-phonon line and its phonon wings; the fraction in the phonon wings is given
by (144)

10-e-Qv (3.29)
where the exponential is the Debye-Waller factor for the external modes and u is the mean-
squared-displacement amplitude of the lattice vibrations. The assumption in this expression
is that the molecular modes are completely uncoupled from the lattice modes so that the
latter may be independently described by the parameter u. Also, the motion of the atoms
due to the lattice modes is assumed to be isotropic so that u is just a scalar quantity and
not a tensor. By expanding Eq. (3.29), the distribution of the intensity among the single and
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Figure 3.1: Illustration of the phonon wing phenomenon in the idealised case of a perfect
one-dimensional diatomjc lattice. The diagram on the left shows the dispersion relationship
of longitudinal waves within the first Brillouin sone and for this case_exhibits one optical and
one acoustic branch. Neutrons ;mpmgmgbon,the lattice may scatter inelastically, transferring
ener?y and momentum by excmn% a vibrational phonon whose frequency and wave vector
satisty the dispersion relationship; two possible phonon excitations are denoted by the arrows
corresponding to an energy transfer of flw,r, and Kw g respectlvelg. The graph on the n({;ht
is the corresponding response function for this idealised case an represents therefore the
partial differential cross section of a neutron scattering experiment. It corresponds to a
weighted density of states spectrum for the S){stem andas such the two branches from the
dispersion diagram appear as peaks; effectively the branches are collapsed onto the ui axis
and consequently produce a narrow oRtlcaI peak ( sero-phonon line ) but a broad band
in the acoustic region. For the case where a neutron excites hoth an optical and acoustic
phonon the energy transfer corresponds to huiop, 4 Kpace and the associated feature In the
response function occurs above the sero-phonon line as the 1-phonon wing reproducing the
form of the Feak in the acoustic region. For multiphonon excitation the ener % transfer
corresponds to KU>t 4 Itw.,,, 4 ftwec,, 4 oo and produces wings extending further above
the sero-phonon line. The form of the n-phonon wing is the n** convolution”of the acoustic
peak, in this case with itself.
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multi-phonon wings may be expressed as

+ -0VI2EE +

(3.30)
1-phonon 2-phanon 3-phonon etc.

It may be deduced from Eg. (3.30) that the multi-phonon wings are more significant for
experiments in which there is a large momentum transfer and for samples which exhibit
large scale motion due to lattice modes. For light molecular species in particular, high-order
phonon wings may even dominate the spectrum; for all Bamples, phonon wings become more
significant and more extended as the temperature rises.

To summarise this section, the most important points are noted. The measured quantity
in an inelastic neutron scattering experiment is the partial differential cross section; the
expression for which may he shown to be separable into two terms, one due to the type
of nuclei present and the other one dependent on a response function for the sample. The
former term dictates that incoherent scatter from hydrogen atoms present in the sample
dominate any experimental spectra. The latter term reflects the physical make-up of the
sample, such as the vibrational motion undergone by the constituent nuclei, and it is this
response function that determines the spectral form. The response function is written down
for the specific case of harmonic motion of nuclei and is decomposed into contributions from
fundamentals, overtones, and combinations. It is found that the spectral intensity is shared
among the various molecular modes according to the displacement of the atom in each mode
and attenuated by the displacements of the atom in all other modes. In the general rase, the
anisotropy of the motion requires that powder averages be done. The situation is complicated
by external lattice modes of the sample which produce phonon-wings in the spectra.

3.3 Molecular Vibrations and Normal Mode Analysis

The method of determining the frequency and nature of small molecular vibrations from a
proposed or observed local potential energy function assumed to be harmonic is known as
normal mode analysis. Classical treatment is mostly adequate due to the property that the
motion can be resolved into combinations of uncoupled simple harmonic oscillations whose
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frequencies may then be established. Quantum mechanical considerations applying to the
nature of the motion may he introduced subsequently. All internal vibrations may be treated
approximately independently of translations and rotations of the molecule provided the correct
coordinate system is adopted4. Wider and more rigourous discussion of the topic may he found
in the standard texts, (26) and (156).

3.3.1 Classical Description of Small Vibrations

The Newtonian equations of motion for a vibrating molecule composed of N atoms may be
expressed in Langrangian form5 as

Yoy 8% j=12,...n (3.31)

The Lagrangian L = T —V is a function of the kinetic energy, T, and the potential energy, V,
defined with respect to the set of n generalised coordinates, gy. It is convenient to choose gy to
be the 3N cartesian displacement coordinates of each of the N atoms about their equilibrium
positions and to weight each coordinate by the square root mass of the respective atom. The
qy’s in this case are referred to as mass weighted cartesian displacement coordinates. The
kinetic energy of the vibrating system may thus be expressed as

3N

(3.32)
We consider conservative systems in which the potential energy is a function of position only
and we assume all displacements to be small. The potential energy may therefore be expanded
in a Taylor series about equilibrium, retaining only the lowest order terms, as

3W [/ orrv « 3N I g2d \
r<Ol..*»)= ... +J1{d i\d+2 {w i;)ndq + (333
Linear terms in g, vanish automatically since by definition at equilibrium the generalised
forces acting on the system are zero which requires

i=12,..3N (3.34)

4See ( 166{ cha nEter 11, for ri ourouat atment of the separation of rotation and vibration of a molecule
AGeneral treatment may be found in (4 )
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The first term in Eq. (3.33) is also made to vanish by shifting the arbitrary zero of poten-
tial to coincide with the equilibrium potential to leave just the quadratic terms as the first

approximation to V, so that "

- 3.35
V=5 1%;11‘ M (3.35)

where the /,y’s are symmetric coefficients, i.e. /* = />, given by

M & ) (3.36)

The Lagrangian, L, may be re-expressed in terms of Eq. (3.32) and Eq. (3.35) as

1 3N , 3N
L= Q™" 2ugfivial (3.37)
and substituted into Eq. (3.31) to yield the set of 3V equations of motion
N
Q+ ]_1~ftj<h —0 i—=Db2,.,3V (3.38)

These are second order differential equations which are satisfied by an oscillatory solution of
the form
g = (3.39)

where A, gives the amplitude of oscillation for each coordinate, g, X is introduced as a
constant related to the frequency of oscillation and ¢ is an additional phase. Substitution of
Eq. (3.39) into Eqs. (3.38) leads to the following 3N homogenous linear algebraic equations
in the unknown amplitudes A,
3N

-MM.=0  >=12..3N (3.40)
in which i,j is the Kronecker delta symbol. For these equations to have a non trivial solution
the determinant of the coefficients must vanish, ie.,

fu - * fit « fiiN
la.  fit-X oo [R3AT _ 0 (3.41)
fiNdg o fIND e fININ - X
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Eq. (3.41) is known as the secular equation6 and gives a (3N )t order polynomial in Awhose
3N roots are the eigenvalues A* For a given A* Eq. (3.40) may be solved to give a non
unique set of amplitudes Alk. A unique set, i,*, may be found by imposing the normalisation
condition

The physical amplitudes of oscillation, A*, are proportional to the /,*’s via a set of constants,
A* ( A* = KkLk )i that are dependent on the total energy of the system. Assuming
knowledge of the coefficients, fXJ, which in this particular coordinate system correspond to
mass weighted harmonic force constants, the vibrations of the molecule may be fully described
by

(3.43)

The constants Kk and t* depend on the initial conditions, i.e. the starting values of ¢, and 4.

3.3.2 Normal Coordinates and Zero Frequencies

The general solution, Eq. (3.43), to the equations of motion set up in section 3.3.1 describes
3N modes of simple harmonic oscillation of the atoms each with a characteristic frequency
AN2x. However since our definition of the potential energy, Eq. (3.35), depends only on the
internal configuration of the molecule it can be shown ( see (156), chapter 2.6 ) that six of
the roots, A* of the secular equation, see Eq. (3.41), must be identically zero. These so called
zero frequencies correspond to the three translational and three rotational modes of the entire
molecule. The remaining (3N - 6) roots correspond to the (3N - 6) free vibrational modes
of the molecule known as the normal modes.

FYom the above description it is clear that the generalised coordinates, g,, employed in
section 3.3.1 do not compose a minimum basis set. There always exists a set of (3N-6)
independent generalised coordinates, Qk, which express the normal modes such that one
finite root of the secular equation, A* is entirely associated with just one coordinate. The
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minimum set of Qk is known as the normal coordinates and is defined such that
Qk = RATfe-*A “+“ = KkcoB(\It +tk) k=12 ..(3A-6) (3.44)

By comparison with Eq. (3.43) it is apparent that coefficients /* determine the linear combi-
nation of the normal coordinates, Qk, which constitute the mass weighted generalised coor-
dinates, g% Eq. (3.43) may therefore be rewritten as
(3N-6)
J-= *g:i |.kQk t=12,..,3Ar (3.45)
Since by definition the normal coordinates are orthogonal the transformation represented by
the /,*s is also orthogonal and due to the condition in Eq. (3.42) normalised. This means the

inverse transformation (f-1)* is simply obtained by
(I"*)* = U (3 46)

Normal coordinates may thus be expressed in terms of the mass weighted cartesian displace-

ment coordinates by 3\

R

3.3.3 (juantum>Mechanical Considerations

Qk %12 o (3AT-6) (3.47)

The motion of atoms in a molecule may be described by inserting the appropriate total wave
equation, V. into Schrodinger’s equation and solving for the wave function, i.e.

HY) = B (3.48)

It may be shown ( see (156), chapter 11 ) that the total wave function, i>can be approx-
imately treated as the product of three separate equations, one for vibration, translation and
rotation.

- WAT'R (3.49)
The vibrational part, V'v>i* * function of the displacement coordinates which are chosen
for convenience to be the normal coordinates as described in section 3.3.2. By substituting
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Eq. (3.45) into Eq. (3.35) the potential energy may be expressed in terms of normal coordinates

(3.50)
The kinetic energy is of the same form as Eq. (3.32)
, 3AT - (3JV-6)
»1 = <K (3:5)

Notice that neither expression contains cross terms in Qk which is the property of normal
coordinates. The time independent Hamiltonian operator of Eq. (3.48) may thus be written
as a differential operator for each individual normal coordinate, Qk, as

; G)E:; 6><2|i#& kQkj (352)

whose stationary states are those of the simple harmonic oscillator

(3AT-8) . (3w -8)
E= &, b TS =0l (3.53)

in which s related to the wave number, I/*, of the feh normal mode via

\k = 4ir3c3H (3.54)

The corresponding solutions to the wave function are given by
tMT*) = (2nnl* *)-*g-n<:* ({*), = \j"P~Qk (3.55)

where Hn are the Hermite polynomials. There is one independent solution, 0*, per normal
coordinate, Qk, hence the vibrational wave function, ipk, has effectively been separated into
the product
W = i>i(Q\), Vj(C). 1em"3N-a(Q3N-a) (3.56)
The advantage of using normal coordinates is now apparent since Schrodinger’s equation for
molecular vibrations separates into (3N - 6) independent wave equations of the form
1 -
2 gr3gQk " Ok = hovk MQk) =0 n=12. (3.57)
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It has been demonstrated via quantum mechanical arguments that, by using normal coordi-
nates, the vibrations of a molecule may be resolved into (3JV - 6) uncoupled one-dimensional
simple harmonic oscillators. In this context, uncoupled means that if a system is set oscillating
in a particular normal mode no other modes will be excited. This is a central assumption in
normal mode analysis.

3.3.4 Temperature and the Mean-Squared-Amplitude M atrix

The effect of temperature in the classical picture is to alter the amplitude of the molecular vi-
brations. This translates to changing the initial conditions via the constants Kk in Eq. (3.43)
and Eq. (3.44). In the quantum mechanical sense the temperature dictates the probability
distribution over all energy states of an ensemble of equivalent harmonic oscillators repre-
senting a particular normal mode. It, therefore, influences the ensemble expectation values
of observables.

We consider the expectation values of the squared displacements of the normal coordinates,
(Q1). As was demonstrated in section 3.3.3, oscillation about a normal coordinate may be
treated as simple harmonic and entirely independent of all other oscillations. (Qk) may thus
be obtained from the canonicaC average over all energy states of the simple harmonic oscillator
and is expressed as

{Qh)=s* coth( * ) B
( The derivation of this equation is given in appendix B )*.

These expectation values may be considered to be the diagonal elements of the diagonal

matrix, 6 , such that

bkk = (QI) ; 6k =<(7*<?) =10 (3.59)
Considering the transformation of Eq. (3. 47) we see that
Skk - £*11U IM W) (3-60)

1\/\/ea\i<l%§1

%teractmg ayatema in equilibrium with a large reaervoir at temperature, T, are aaid to be in the|r
ote

80°r O thwcucgd Maaa term | in %)en |x hB%|a here Ignpl( épth{ﬂh Lgn\l,\%r\]/e ofn lEPﬂ norm
Imenaiona’(;” ] bUTWo In appendlx repreaen angular reqUency
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Adopting the notation My = {0,0j) and using the transformation of Eq. (3.45) the inverse
relation is obtained L,

Mr = El§i")urkaay @51)

= EX3M0) likljkSkk

The symmetric matrix, M, is known as the mean-squared-amplitude matrix or vibrational
correlation function. It is extremely useful since it fully describes all many-body correla-
tions in the vibrating system at a given temperature, T, and may be expressed in a chosen
generalised coordinate system which, for example, may be simple cartesian displacements.

3.3.5 Internal coordinates

A specific subset of the generalised coordinates, g,, are the internal coordinates, St- They do
not necessarily present a minimum set as do the normal coordinates but are physically the
easiest to interpret since they correspond to internal structure distortions of the molecule.
As such they are unaffected by translations and rotations of the molecule as a whole and
provide a coordinate basis that does not mix with the basis describing overall motion. ( That
is not the case for example with cartesian displacement coordinates ). The four principle
types of internal coordinate are depicted in figure 3.2 The arrows in figure 3.2 denote
displacement vectors for each atom in the directions which cause the greatest increase in the
respective 5(. The magnitudes of these vectors are equal to the increase in X produced per
unit displacement of the atom in this most effective direction. ( Calculation of these vectors
depends on the geometry of the molecule and is trivial; see (156), pp.55-61 ). The n internal
coordinates may always be written as linear combinations of the 3N cartesian displacement
coordinates,  such that
(3.62)

in which the coefficients Bt, define the above-mentioned displacement vectors in rartesian
coordinates.

An important advantage of casting the vibrational problem in internal coordinates is that
the expression for the potential energy

(3.63)
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Bond Stretching

S|=Ar

Valence Angle Bending
S,= Ao

Out-of-Plane Bending

(angle between a bond and a
plane defined by two bonds)

S, =A6

Torsion
S,=AT

Figure 3.2: The four principle types of internal coordinate. For the out-of-plane bending
the dashed line re?resents the posifion the 3-4 bond would occupy if the distorted molecule
were rotated and translated to return atoms 1, 2 and 4 to their original positions.

yields coefficients, Fit', that are chemically significant: the harmonic force constants of bond
stretches, angle bends etc.. This makes intuitive estimates possible where the F,e are not
known.

3.3.0 The Wilson GF method

A concise formalism for expressing the vibrational problem was developed in 1939 by Wil-
son, (155), and has been widely adopted since. A set of quantities, Gw, are defined by

sN .
Gw=£ — BtiBti 12, (3 64)

in which m, is the mass of the ith atom and Bt are the coefficients introduced in Eq. (3.62)
relating the internal coordinates, St, to the cartesian displacement coordinates, The
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physical significance of Gw is evident from the expression for the kinetic energy in terms of
internal coordinates in which G assumes the role of an inverse mass matrix

T= ¢EIC-VLS“ L =1,2,—,N (365)
|
in which the quantities (G~I)w are related to the Gw via the equations
i *)n'"= fit" (3.66)

where fw ’>the Kronecker delta, is unity if t = t" and zero otherwise.

Matrix and vector notation is now adopted for convenience. The quantities Gw and Fw
('see EQ. (3.63) ) are defined as the elements of the matrices G and F respectively. S and S
are column matrices composed of the internal coordinates, St, and their time derivatives, S*.
The Lagrangian is written as

L="S'G"S - S*FS) (3.67)

in which the superscript f denotes matrix transpose. Substitution of this expression into
Eg. (3.31) and then premultiplying by G yields the equations of motion in the form

S+ GFS =0 (3.68)

where 0 is the zero matrix. As in section 3.3.1, a trial periodic solution for 5 analogous to
Eq. (3.39) produces n homogenous linear equations in the unknown amplitudes Atk\ i.e.,

(GF-EAJA* =0 (3.69)
in which A* is the k"' column of the matrix A = ||An||. This yields the secular equation
IGF-EAK=0 (3.70)

(where E is the unit matrix ) which may be solved for the n eigenvalues A* As remarked
in section 3.3.2 the normal mode frequencies may be identified as a|/2 x.

In order to describe the normal coordinates, Qi,, ( denoted by the column matrix Q ), in
terms of the internal coordinates S the transformations L and K are required such that

$=LQ : Q=KS (3.72)
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Note that K = L * The kth column of L, L*, is related to the amplitudes A* by a simple
coefficient which means that the L*’s must also satisfy Eq. (3.69), i.e.

(GF - EAfgL* = 0 (3.72)
but subject to the normalisation condition
A= L*FL (3.73)
in which Ais the diagonal matrix
A= diag(\\, Aj......A,) (3.74)

This condition is obtained by requiring that the potential energy, V, is equivalent whether
expressed with respect to internal coordinates, S, as in Eq. (3.63), or normal coordinates. The
inverse transformation K may be found directly by solving the linear equations analogous to
Eq. (3.69) and Eq. (3.72)

(FG - EAK)Kfc =0 (3.75)

subject to the normalisation condition
F = K*AK (3.76)

“Note that the transformations L and K are not composed of the dimensionless elements L*
of Eq. (3.42) and are not orthonormal ( thus K = L* does not hold in this case ). Section 3.43
dealt with the particular case of mass-weighted generalised coordinates, g,, transforming to
the mass-weighted normal coordinates, ( both having dimensions (Af'L) ). In the present
case the internal coordinates, S, have dimensions of length only and consequently L and K
have dimensions, in mass, of (A/- »] and (A-/i] respectively.

Knowledge of the transformation, L, from normal to internal coordinates, allows the
vibrational correlation function, ( VCF, see section 3.3.4 ), to be expressed in the internal
coordinate system

Mm( = LdL* (3.17)

in which e is the diagonal matrix defined in Eq. (3.59) whose elements are the mean-squared-
displacements of the normal coordinates. Perhaps more useful however is the VCF expressed
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in the cartesian coordinate basis. From the relationship given in Eq. (3.62), and denoting the
quantities BIt by the matrix B, it is easy to derive

Mecor, = B-1L6(B- L)t = B-"LdLAB*1}* (3.78)

It has been shown here how the Wilson GF method simplifies the expression of the
vibrational problem when the coordinate basis used is that of internal coordinates. All of the
vibrational motion of the molecule may then be conveniently expressed by the many-hody
VCF in terms of non-mass-weighted cartesian coordinates.

3.3.7 Inclusion of Symmetry - Group Theory

In many systems the inherent symmetry of the molecule may be used to considerably simplify
the analysis. The mathematical tool for implementing this is group theory. Group theory9
may be applied to determine:

« the number, symmetry species and degeneracy of the normal modes
* the symmetry restrictions on the form of the F matrix
« a minimum coordinate basis which partially factorises the secular determinant

The latter point is dealt with in the next subsection.

The symmetry type of a molecule is identified by its point group. These are specific
symmetry groups which leave at least one point in space fixed under all of the group operations.
( Here we are concerned with the 32 crystallographic point groups which are the possible point
symmetries that can occur in a repeated structure ). The group operations art on the molecule
in such a way as to leave it in a position indistinguishable from its original position. They
comprise the symmetry classes of reflection, rotation, inversion, identity and combinations of
the above. A group may be classified by its character; which provides a method of determining
all the irreducible representations present in the group; the irreducible representations are
essentially the symmetry species of the normal modes and have an associated degeneracy of

T Auseful practical lest of the application of group theary to molecular vibrations is (TT). Some familiari
with the common terme useJ In grgﬁp t%eory |t9mnl%nade Y M y
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1,2 or 3 fold. ( Knowledge of the symmetry species is instrumental in determining infrared
and Raman selection rules which are significant when characterising observed frequencies in
unassigned spectra ). Thus, before any normal mode analysis need take place, it is possible
to predict, from knowledge of the structure and point group of a given molecule, how many
normal modes exist, which symmetry species each one belongs to and what the pattern of
degeneracy is. ( For more detail on determination of symmetry species of normal modes refer
to appendix C ).

Perhaps the most significant advantage of the application of group theory is that the
permitted qualitative form of the F matrix can be predefined. Consideration of the symmetry
of the molecule determines relationships connecting different elements of F and in some cases
which elements are identically zero. This is particularly advantageous when the elements
of F are not known exactly, which is frequently the case, since it considerably reduces the
number of independent quantities to be determined. This is true even for molecules with low
symmetry point groups.

The symmetry restrictions stem from the definition of the potential energy given in
Eq. (3.63). ( We confine ourselves here to the internal coordinate basis set ). Under con-
sideration is the effect of symmetry operations on the atomic displacements as distinct from
the atomic configuration. The internal coordinates are acted upon individually by the group
operations to create a set of allowed permutations. For example, it may be found that under
a given group operation the bond stretch, S* = 1 (in arbitrary units ), permutes to the
bond stretch Sv= 1and upon further operation to S, = L Since under all permutations the
potential energy must be the same we have, from Eq. (3.63), when all other displacement are
2€10

V=nr,5.5, = "yySySy = (F..5.5. (3.79)

which yields the relationship
F,=Ry=F. (3.80)
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Similarly it may be found that the internal coordinate displacements Sz = Land Sv =1
permute to Sy = land 5, = 1 ( with all other displacements zero ). The condition,

therefore, produces the relationship
(3.82)

The above example demonstrates how a correspondence between elements of F may be con-
structed; in this way the total number of parameters defining the matrix may be significantly
reduced.

3.3.8 Internal Symmetry Coordinates

A further practical advantage of the application of group theory to the vibrational problem
is in the determination of yet another coordinate basis which partially factorises the secular
determinant. This has the following advantages:

a The F matrix becomes block diagonalised and is therefore described by significantly
fewer parameters than the arbitrary full matrix. This is not the same as restricting the
form of the F matrix via symmetry as described in section 3.3.7.

« Aminimum coordinate basis may be established. Minimum, in this context, means there
are as many coordinates as normal modes. Thus, as well as being block diagonalised,
the F matrix may, in some rases, be made smaller.

* The secular equation is easier to solve.

The new coordinates are conveniently described as a linear combination of the internal coor-
dinates, 5], discussed in section 3.3.5, ( which are written in column matrix form as S ); they
are known as internal symmetry coordinates and are denoted by S'. The relation between the
two sets of coordinates is expressed by the transform10 W such that

$'= WS (3.83)
ﬂte that the tran ds do Wis denoted Isorﬁ el al. (IB#). It is changed here to avoid confusion
with the mesn-squared-dlisplscement tensor, | in ot ere apters
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Since S and S' have the same dimensions, W is dimensionless; it is also unitary so that
WW* = E (3.84)

The effect of the transform W is to decompose the internal coordinate basis into its irreducible
representations; that is to find linear combinations of the 5« that form non-mixing blocks under
the point group operations. Each block is identified as belonging to one of the symmetry
species, n, (n={A,B,E,T} ), discussed in appendix C. The technique for determining the
W matrix involves the use of projection operators and i5 discussed in appendix D.

The F and G matrices are changed to their symmetrised forms by the unitary transfor-
mations

F' = WFW*
G' = WGW* (3.85)
Hence
(GF)' = WGFW* (3.86)
The secular equation is thus
I(GF)' - AE|=0 (3.87)

(GF)"is defined with respect to the irreducible representation of the internal coordinate basis
and is consequently block diagonalised such that each block has an associated symmetry
species, fi. The secular equation may therefore be more specifically written as

(GF)'I'*) - EA 0 0 0
0 (GF)'«*4) - EA 0 0 (3.68)
0 0 (GF)'«*4) - EA 0
0 0 0 etc.

in which (GF)'«*4) represent the irreducible representations of GF - This hlock-diagnnalisation
results in the secular determinant being partially factorised.

One of the advantages, mentioned above, of using symmetry coordinates is that a minimum
coordinate basis may be determined. If the internal coordinate basis, S, is over-defined, that
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is, there are more than (3N - 6) internal coordinates, the concept of redundant coordinates
in the S' hasis arises. This is frequently the case because complete internal coordinate sets
are usually desired that include all the valence bond stretches, bends, torsions etc. present
in a molecule. The symmetry species of the redundancies can be deduced by comparing
the reduction of the internal coordinate basis ( i.e., the symmetry species contained in that
representation ) with the reduction of the cartesian basis; the latter contains the symmetry
species of the normal modes once the pure rotations and translations have been taken out.
The redundant coordinates, S,», may then usually be identified by inspection leaving the
remaining (3N - 6) coordinates forming a minimum set of internal symmetry coordinates,
Nnim, i.e.,

(3.89)

The rows and columns of the symmetrised G' matrix corresponding to the should auto-
matically vanish" after the transformation by W such that

(3.90)

where Gmin is the (3N - 6) X (31V - 6) matrix acting on the minimum set of SmiB. The
same rows and columns of the F' matrix should be set to zero to obtain a minimum, block-
diagonalised force constant matrix.

3.4 Inelastic Neutron Scattering Experiment

The INS experiments were performed using the UK pulsed neutron facility SIS at the Ruther-
ford Appleton Laboratory. Neutrons are produced on ISIS when 0.4s proton pulses at 50Hz
from an 800AfeP proton synchrotron ( design current 200"/1 ) are incident on a spallation
target. The target, of either uranium-238 or tungsten, produces about 25 neutrons per inci-
dent proton with energies in the MeV range. These epithermal neutrons are slowed in four
fluid moderators at three different temperatures ( ambient njo, 100A cHaand 20A wj )

"This is proved in (IS0), chapter S"
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and, after passing through beam-choppers ( to prevent pulse overlap ), are delivered to various
neutron scattering instruments.

341 The TFEXA spectrometer

The measurements reported here were taken using the time-focused crystal analyser spectrom-
eter, TFXA, (103); see figure 3.3. TFXA s an inverted geometry spectrometer and therefore
determines the incident neutron energy via time-of-flight over a known distance. A water-
moderated white pulse of thermal neutrons is incident on the sample 12m from the source;
back-scattered neutrons are then Bragg-diffracted from two pyrolytic graphite crystal anal-
ysers so that ~ 4meV neutrons are selected from the white backscattered beam; beryllium
filters serve to remove higher harmonics from the Bragg reflection. The ~ 4meV neutrons
are subsequently detected by two arrays of 16 high pressure 3He filled detectors.

Energy resolution is effected since the very short time-span for generation of neutrons at
the target produces a well defined spatial distribution of neutron energies within the incident
pulse by the time it reaches the sample. The energy of the incident neutrons is therefore a
function of the time of impact on the sample within each 50Hz cycle. A particular geometry
is chosen for the spectrometer such that the time of flight between the sample and detector
banks for a neutron of any energy is constant; this permits a broader band of neutron energies
around 4meV to be admitted ( thus enhancing the detected intensity ) without adversely
affecting the energy resolution. In this geometry, the sample is positioned in the same plane
as the two detector arrays. The time taken, fOI for neutrons to traverse the distance from
the sample to a specific point on the crystal analyser and bark to the plane of the detector is
thus independent of the neutron energy and may be shown to be, (143),

{ = Asdm (391)

where s is the separation of the analyser plane from the sample-detector plane ( as shown in
figure 3.3 ), d is the separation of the Bragg planes in the graphite crystal, m is the neutron
mass and h is Plancks constant. The response , 5(Q,ui), of the sample as a function of the
energy transfer at the sample (i.e. E - E'= Enc,¢,nt —4meV ) may thus be obtained from
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Beryllium Pyrolytic Graphite
Filler Analyser
1 H Detector Tubes
Powder Sample
Pyrolytic Graphite
Analyser
Yle Detector Tubes Beryllium Filter

E[?ure 3.3: Schematic diagram of the TFXA spectrometer at thr ISIS pulsed neutron
facility, Rutherford_ApRleton LCaboratory, U.K.. The spectrometer makes use of a particular
inverted %eometry in which the time of |gght of neutrons of all energies ( chosen to constitute
a band about AmeV ) is constant for neutron trajectories from thé sample to the detectors,
via one point on the crystal analyser; this condition is essential for energy resolution.
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the detected intensity versus the time of impact on the detector array. A complete spectrum
is thus collected in every 50Hz cycle and cumulated with the detector counts from previous
cycles to reduce noise.

The intrinsic energy resolution is dictated by the crystal analyser and is consequently the
differential of Bragg’s law, ( A= 2dsin Qo ):

Nz = 2j[cot0RAO) + (392)

where sg is the Bragg angle. For Qo — 90° the resolution tends to zero. The TFXA
spectrometer is set up such that 2 = 135°, which gives an energy transfer resolution equal
to ~ 1.5% over an energy range from 5SmeV to 2eV which adequately covers most lattice
and molecular vibrational energies. The calibration is quoted as being z4cm-1 at energy
transfers of 150meV ( 1200cm-1 ).

The low final neutron energy of ~ 4meV utilised on the TFXA spectrometer is selected so
that the detected intensity of the measured response function, S(Q,u>), is optimised. This may
be understood by reference to figure 3.4 in which the ideal two-dimensional response function
of a simple harmonic oscillator is depicted. In the limit hw > 2fBT ( which holds at low
temperature for optical molecular vibrations and many lattice vibrations, see section 3.2.5 )
the response function may be described by Eq. (3.26). For each inelastic excitation, ( i.e.
n > 1), the S(Q,u>) curves for constant v ( i.e. 1>- n>0 ) as a function of Q exhibit common
maxima occurring at Qop,. Via differentiation of Eq. (3.26) it may be seen that QIvtUi = 1
which, for oscillators of proton mass, translates to very low final neutron energies; hence
the selected final energy of ~ 4meV for the TFXA spectrometer. A drawback of intensity
optimisation is that strong phonon wings are usually present in experimental spectra because
of the need for the relatively large momentum transfer, Q,p,; the strength of phonon wings
increases as Q is increased or as the temperature is raised, see section 3.2.6.

The expression for the overtone sequence of an isotropic harmonic oscillator on an intensity
optimised spectrometer is (45)

where n is the oscillator mass. Eq. (3.93) is instructive because it indicates that the overtone
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S(Qo)co)

F.IPUfe 3-4: The ideal two-dimensional response function, S(Q,u>?, of a simple harmonic
oscillator wbratmq at anqular frequenc¥ woand the projection on to the t>axis for intensity-
optimised momentum transfer, . The curves maz be generated from the approximate
description for the response function in the limit when nw > 2kgT, See Eq. .63.26) and
mtergreted such that n = 0 is the elastic response, n = 1the fundamental excitation and
n > 2 the consecutive overtone excitations. From Eq. (3.26) it may. be seen that the maxima
of these excitation curves_occur such that = L foran oscillator mass equivalent to
that of a single proton this corresponds to low final neutron energies for inverted geometry
sRectromete_rs (‘ie. ~ 4meV' on TFXA ). The function projected on to the U axis_is
the idtalisri spectrum as measured on a perfect, intensity optimised spectrometer. ( To
determine the experimental spectrum, the instrument function for the given spectrometer
should be convoluted with the delta functions from the ideal spectrum. ?
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sequence for A= 1, the proton mass, is extensive. However, forn > 1, the overtone sequence
diminishes rapidly with increasing ¢i; this is significant since it implies that low frequency
oscillations, whose reduced mass of oscillation is usually greater than unity, ( ie. skeletal
modes etc. ), do not have strong overtones that complicate the spectrum at higher frequencies.

Samples for INS experiment

Inelastic neutron scattering measurements were performed on the following four samples:

L. Zinc (I1) tetraimidazole perchlorate, ( Zn(imid)t(Cloa)2 ), at 20K
The perchlorate anion is believed to be well decoupled dynamically from the zinc
tetraimidazole cation and has a low ahsorption cross section.

. Boron-11 enriched zinc (II) tetraimidazole borofluorate, ( Zn(imid)a(u BF"j ), at 20A".
This sample was chosen to determine the effect on the vibrational spectrum of chang-
ing the anion from perchlorate to borofluorate. This is a test of the sensitivity of the
intermolecular modes to changes in the crystal field; small changes would support the
assertion that the anion is well decoupled from the cation. Naturally occurring boron
could not be used since the isotope boron-10 ( 20% abundant ) has an immense absorp-
tion cross section for thermal neutrons of 3800 barns; this would screen any scattering
signal. The horofluorate anion was therefore boron-11 enriched to 99% isotopic purity;
(the absorption cross section of boron-11 is 0.006 barns ).

. Zinc (1) tetraimidazole-di perchlorate, ( Zn(imid-d*")a(Cloa)2 ), at 20A.

The cation is deuterated at the nitrogen position on each of the four imidazole branches.
Shifts in the vibrational frequencies and relative changes in the intensity of vibrational
peaks in the spectrum compared to the undeuterated sample should aid with assignment
of peaks and help with the development of a model force field. Due to the relatively small
change in mass from deuteration the frequency shifts would probably only be detectable
for internal imidazole modes. The scattering cross section of deuterons ( 7.6 barns )
is an order of magnitude smaller than that of protons ( 81.7 barns ) and so a weaker
signal was anticipated; measurements were recorded over correspondingly longer time
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periods.

4. Zinc (I1) tetraimidazole-3d(]t5) perchlorate, ( Zn{imid-Zd"z*)"C 10 ")i ) at 20A".
The cation is deuterated at the three carbon positions on each of the four imidazole
branches; the nitrogen position is protonated. In this case more significant shifts might
be expected in the vibrational spectrum, including small shifts in the low frequency
skeletal modes of the molecule. Again, the shifts and relative intensity changes in the
vibrational peaks should help to develop and corroborate a model dynamical force field
for the undeuterated cation. The measurement time period was again increased due to
the further reduction in the proportion of protons in the sample.

All'samples were in powder form and mounted in the neutron beam in approximately 5¢cm x
lcm x Lcm folded aluminium foil sachets. The mass of sample required per measurement was
of the order of a few grams. Exposure time ranged from 24 hours for samples Land 2, to 48
hours for sample 4.

The following paragraphs detail the chemical preparation of the samples.
3.4.2.1 Preparation of Zn(imid)i(C10t)]
Firstly, hydrated zinc (II) perchlorate, ( ZniC10"jdHi0 ) was prepared:

* 0.6 moles of 11.6M perchloric acid, HCIO4, ( Merck ), was added to 40mf of distilled
water.

* Zinc oxide, ZnQ, ( Merck ), was added to slight excess i.e. approximately 0.3 moles.
* The solution was filtered to yield white crystals.

Zinc (I1) tetraimidazole perchlorate was then prepared according to the prescription of Reed-
ijk, (115)

* 0.16 moles of hydrated zinc (II) perchlorate was dissolved in 160mf of ethanol.

* 1.13 moles of 99%+ pure imidazole ( Sigma ) was dissolved in 160mf of ethanol with
48mf of triethyl orthoformate as a dehydrating agent.
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* The two solutions were mixed together and 370m| of dry diethyl ether added. The molar
ratio of zinc to imidazole was 1:7 which is in excess of the 1.4 ratio required for the
product via stoichiometry. After standing for 1 day in refrigeration, white monoclinic
crystals appeared. The crystals were filtered, washed 3 times in dry diethyl ether and
then thoroughly dried in vacuo,

The crystal yield was 42%. The product was checked via mass spectroscopy and infrared and
Raman spectroscopy.

3.4.2.2 Preparation of Zn(imid)"(xBF+)i

Boron-11 enriched hydrated zinc (I1) borofluorate, ( Zn(xIBF"j.GHjO ), was specially pre-
pared and obtained from CENTRONICS Pic. with an isotopic purity of 99%.

Boron-11 enriched zinc (I1) tetraimidazole borofluorate was then prepared using this com-
pound with the same prescription as for the perchlorate sample. The crystal yield after
filtering and drying was 60%.

3.4.2.3 Preparation of zn(imid-d*;f)4C10i)]

Crystals of Zinc (I1) imidazole perchlorate were washed three times in cold DjO and dried in
vacuo and sealed under nitrogen.

3.4.24 Preparation of zn(imid-3i(24i)4C104)2

Firstly, jmidazolr-3d(]'4'S) was prepared12 according to the prescription of Majoube, (85)

« D20 was condensed on to imidazole crystals in a glass ampule under vacuum. The
molar ratio of D20 to imidazole was 20:1 which gives a deuteron to proton ratio of 10:1.

* The ampule was sealed with a nitrogen counter pressure of 20 bar and heated at 210 £
30°C for 3 hours. At this stage the imidazole was anticipated to be ~ 90% deuterated
at all positions.

e Ep“evgpgng{ mﬂ&elrlke(;tgr r%(a:hg}(l)VWEdge the kind aaaiatanre of Dr.Marianne Hegemann and Prof.J.Grobe at
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* The DjO/HIO solution was condensed off to leave white imidazole-4d crystals. These
were checked for deuteration via infrared spectroscopy and nuclear magnetic resonance.

* The crystals were washed three times in pure water to effect protonation at the nitrogen-
1 position of imidazole and sealed under nitrogen. The washing should be done quickly
to avoid additional exchange at the carbon-2 position. The product, imidazole-3d(]4<,
was confirmed by infrared spectroscopy.

Finally, zinc (I1) tetraimidazole-3d(]idig) perchlorate was prepared using the 3d-deuterated
imidazole with the same prescription as for the undeuterated case and stored under nitro-
gen. For this preparation, the zinc (I1) perchlorate used was obtained commercially ( Alfa,
Ventron ).

3.4.3  Analytical Software - CLIMAX

The experimental INS spectra were analysed using the CLIMAX software package from
G. J. Kearley et al.,, (67), (68). The object of the analysis was to obtain the cartesian
mean-squared-displacement vectors of every atom in every normal mode of the zinc tetraimi-
dazole complex. In other words, the output of CLIMAX is assumed to define the vibrational
correlation function ( VCF ) of the complex, see section 3.3.4, and thus entirely describe the
vibrational motion of the molecule.

The analysis centres on the least squares refinement of a harmonic force field for a proposed
model that is supposed to reflect the dynamic behaviour of the subject molecule. ( This is
discussed in section 3.3.6 ). From a proposed force field, the tentative VCF of the model may
be extracted via normal mode analysis, which is made tractable by using the Wilson GF
method, ( see section 3.3.6 ), and the inclusion of symmetry considerations, ( sections 3.3.7
and 3.3.8 ). The VCF and eigenvalues from the normal mode analysis are subsequently used
to generate a calculated INS profile in the following way: A spectrum of delta functions is
created based on the calculated fundamental, overtone and combination energies; the delta
functions are then weighted by the INS integrated intensities. These intensities are calculated
according to the theory described in section 3.2.5 from a knowledge of the mean-squared-
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displacement amplitude of each atom in each mode and are subsequently powder averaged to
account for anisotropies in the thermal motion. The weighted delta functions are then given
a spectral profile by assuming a gaussian natural width13 At this point the phonon wings
( see section 3.2.6 ) are calculated and the integrated intensity from each gaussian peak is
distributed between the main peak and the phonons wings. After convoluting this spectrum
with the instrument function of the TFXA spectrometer the final calculated spectrum may
be compared quantitatively with the experimental spectrum to produce an object function
upon which the least squares refinement may take place. The force field is then modified and
the process is repeated until the object function is minimised. A flow chart representing the
refinement process in CLIMAX is given in figure 3.5,

The necessity for powder averaging may be appreciated by recalling Eq. (3.27). 1t is
apparent that the spectral intensity contribution of a particular atom in a given mode is
attenuated by a term involving the projection of the momentum transfer vector, Q, in the
second rank tensor, U, which describes the total thermal motion of that atom in all modes;
le. the term is exp-(QQ :U). For a powder sample containing all orientations of U,
the product (QQ :U) has to be isotropically averaged for the general case in which U is
anisotropic. The method chosen is that of Conroy, (17), and is implemented in CLIMAX as
described in reference (69). The error in the powder average as compared with analytical
methods is ca. 5%. CLIMAX also offers a fast powder average in which the magnitudes
of the principal axes of U are summed and divided by three to produce a pseudo-isotropic
tensor. The full powder averaging is particularly important in the case of highly asymmetric
molecules; it was therefore very desirable in the rase of isolated imidazole but was found
not to be so important for the zinc tetraimidazole complex. For a wider background to the
subject of powder averages in neutron spectroscopy reference may be made to (142), (145)
and (150).

In order to calculate ab initio phonon wings, it is first necessary to have a full description

“ The natural width is sctus|ly sn anachronism stemming fram the early days of INS when resoluti
poor and aﬁ Tfeatures were moé@(leé1 by gaussr}ans. The ex;?ression ?or,na ra?yw,idth, IV Fs: V. (S%N%aﬁ
where Afrgr ia the so-called effective mass However, the natural width used in CLIMAX is the intrinsic
resolution ‘0f the TFXA spectrometer, which is 1.6% of the energy transfer
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of the lattice mode density of »tate«. A» thin is normally impracticable, an approximation ii
adopted in which a portion of the experimental INS spectrum is assumed as being wholly due
to lattice vibrations. This segment of the spectrum isexported and convoluted repeatedly with
the calculated zero-phonon lines ( the calculated gaussian peaks ) to generate the successive
terms in the phonon wing expansion ( see Eq.(3.30) ) up to a maximum of R terms. It has
been shown, (144), that even for light molecules, which experience significant recoilld, that

“ Recoil is_said to occur when the initial state molecular momentum js much less than the momentum
transfer, Q. The final state wave function of the molecule then resembles the /ree state wavefunctlon.

2



CHAPTER S. INELASTIC NEUTRON SCATTERING

this approximation is adequate. An effective mean-squared-displacement amplitude for the
lattice modes is required, i.e. denoted by u in Eq. (3.29), and is treated in CLIMAX as an
adjustable parameter.

There is an option in CLIMAX to refine the force field purely against the observed vibra-
tional frequencies. This uses only the eigenvalues from the normal mode analysis and can be
done equivalently with experimental infrared or Raman data in addition to, or instead of, the
INS peak positions. This option is generally used in the beginning stages of a refinement but
was also extensively used in this case to simultaneously refine a force field against the vibra-
tional frequencies from the subject molecule in various states of deuteration. By alternately
employing this option and the spectral profile refinement, it was possible to refine a force
field which is consistent with experimental INS intensities and produces the correct frequency
shifts upon deuteration.

There are several examples of practical applications of CLIMAX appearing in the litera-
ture, e g. (15), (19), (41), (69).

3.5 INS Study of Imidazole

3.5.1 Physical Characteristics of Imidazole

It is assumed throughout that the imidazole molecule, CjNjH 1, as shown in table 3.1, is
planar, the asymmetric shape of the molecule being stabilised by the formation of an aromatic
»-system similar to benzene, (78). The molecule belongs to the C, point group™ and vibrates
in 21 normal modes. Of these 21 normal modes, there are 16 A" in-plane singlet modes
and 6 A" out-of-plane singlet modes corresponding to the two one-dimensional irreducible
representations of the C, symmetry group. ( Refer to appendix E for the character table of
the C, point group ).

The crystal structure has been determined by X-ray diffraction, (154): the crystal is
centered monoclinic, spare group P2\/c, and the unit cell contains 4 molecules, see figure 3.6.
Within the unit cell, it is found that the imidazole molecules are situated in identical pairs

"Srhbnflies notation will be used throughout to denote symmetry point groups
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R(12) - 1363A L(512) - 1069°

R(23) = 1312A L(1,23) = 1120°

R(3,4) = 1381 A L(234) = 1049

R(45) = 1362A L(345) = 1107

R(5I) = 13716 A L(451) = 1055°

R(L6) = 0991A L(516) = 1269

R(27) = L107TTA L(L27) = 1225°

R(48) = 1070A L(548) = 1271.9°

R(59) = 1L07MA L(159) = 1219

Table 3.1: Reference geometry and labelling of imidasole as used in the present study:
the molecule 'f afsum d’to be pertectly. #_Ianar. The é;e metr?/ Is that uged by Fan et
al., 5382, to calcylate their ?_Ulfh hed ab'initio force field, ?refe to tables 3.8 and 3.7 for
the eigénvalues of this force tield. ). The geometry 1S based Upon a microwave spectroscopic

study by Christen et al., (13).

(i) projection X to b-axis (ii) projection X to c-axis

Figure 3.6: Crystal structure of imidasole according to Will, (154), ( retrieved. from
Berli% datab_asen). ¥_he figure shows the un?tcefl Frooecteg ijin the_gr pr?ange, ergendicu?ar
to the b-axis and (i) in"the ab_ plane perpendicular to the c-axis. The crystal may be
considered as being composed of infinite H-bonded chains extending parallel t_the r-axis
with an imidasole dimer basis. The Cjs dimer is most apparent in projection (ii) in which

the two dimers of the unit cell are viewed along the chain axes.
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symmetry species  number of  description  optical
yofm)(leeps normal modes ofmgdes activity

Free molecule A 15 |n-?lane r,Raman
‘monormer A 0 out-of-plane  ir,Raman
point group cs
Unit cell 21 in-phase Raman
2 dimers (4 molecules) /Qf 2 antlpphase ‘Raman
s?ace group p2ilc Au 21 in-phase  ir(M(b)
actor group Ciji, Bu 21 anti-phase  ir[M(ac

Table 3.2: Symmetry representation» and optical »election rules for free imidasole
molecule and crystal. In" the case. of the infrared” actjvity of the unit cell modes, the di-
gicetslon of the electric dipole transition moment, m, IS Indicated with respect to the unit cell

whose collective point group is Cjh- In fact, the imidazole crystal may be considered as being
composed of infinite, non-interacting parallel chains, (66), (46), (99), (154), whose basis is
the Cjh dimer; the link in the chain is the 2.83A Ni-Nj hydrogen bond. The symmetry
representations of the modes of the unit cell are thus Ag, Bg, Au and Bul8, each being
composed of 21 singlet modes. This symmetry information plus optical selection rules are
summarised in table 3.2. Notice that only two of the four symmetry species of the unit cell are
either infrared or Raman active; consequently each vibration of the isolated molecule gives
rise to two bands in both the infrared and Raman spectra of powdered imidazole. These
correspond to in-phase and anti-phase vibrations of neighbouring molecules in each dimer.
The infrared active modes of the unit cell can be further classified in terms of the direction
of the electric dipole transition moment, hi, since the Au modes have a transition moment
parallel to the unit cell b-axis and the Bu modes have a transition moment parallel to the
plane defined by the a- and c-axes. Within each of these species, the transition moment of
the monomer out-of-plane modes is always perpendicular to the r-axis whereas the transition
moment of the tn-plane modes is, in the Au case, perpendicular, but in the Bu case parallel,

"The subscripts | and u from the G,Trman »efode ﬁnd_ unPerode denate even and. odd paritﬁ/. This specifies
whether the eigenfunctions of the hamiltonian of a spherically symmetric system (‘1 one whose point (roup
contains only proper rotations ) are invariant or change sign under inversion
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quure 3.7: The full experimental inelaatic neutron scatterin sgectrum of a rEowder
sample of cr)éstallme Imidasole at 2ok recorded on the TFXA s%ec rometer, Rutherford
ApBIeton Lanoratory, U.K., by F.Fillaux, (80). Error hars are shown and the spectrum
(s)fbt?gger und neutron scatter from the cryostat and cadmium sample holder has been
U .

to the c-axis. The in-plane modes therefore exhibit a dichroism which may be exploited by
polarisation studies of oriented single crystals which effectively distinguish A" modes from
A" modes of the monomer. This has been done by Perchard et al.,, (104), and the results
are discussed in the next subsection and compared to oriented single crystal INS studies of
imidazole.

3.5.2 Experimental Results

The experimental INS spectrum of powdered imidazole was recorded, in a collaboration, by
F.Fillaux, (80), and it is shown in figure 3.7. The raw data Y recorded at 20K on the
TFXA spectrometer ( section 3.4.1 ) and is presented here after the spectrum of background
neutron scatter from the cryostat and cadmium sample holder was subtracted.

The spectrum in figure 3.7 depicts the response function, 5(Q,ur), ( refer to section 3.2.3
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and 3.2.5 ), or hydrogen-weighted vibrational density of states, of crystalline imidazole sam-
pled over the whole of the Brillouin zone; it clearly separates into two regions above and
below 500cm-*,

The region below 500cm- * describes the acoustic phonon density of states or lattice mode
spectrum. There is a large body of literature concerned with acoustic lattice vibrations
of crystalline imidazole, (16), (78), (87), (105), (160); acoustic modes generally have very
dispersive phonon branches within the Brillouin zone and consequently tend to produce a
broad featureless hump as is visible in the INS spectrum below 500cm-* ( this effect was
illustrated in figure 3.1 ). Some sharp peaks are visible in the acoustic region at around
150cm- * suggesting the presence of non-dispersive modes with large scale hydrogen motion;
it is believed, (16), (78), that these peaks correspond to in-phase and anti-phase hydrogen-
bond stretching modes. However, due to the low energy of these modes it is assumed, (16),
that they do not influence the optical modes in the higher frequency regime of the spectrum
and we therefore confine ourselves to considering the spectrum above 500cm-*in which the
internal modes of imidazole occur.

The internal modes of imidazole are optical modes and are assumed to be completely non-
dispersive. The peaks in the INS spectrum corresponding to these modes are narrow; they
have a full width at half maximum ( FWHM ) corresponding to the intrinsic resolution of the
TFXA spectrometer convoluted with its instrument function ( see section 3.4.1 ). Most of the
discernible modes occur in the region 500 - 1800cm-". The integrated intensity of each peak
indicates the magnitude of the hydrogen motion of the mode(s) associated with that peak, ( see
section 3.2.5 ); for example it may be deduced from inspection of figure 3.7 that the imidazole
modes vibrating in the range 500 —1000cm-" involve comparatively large scale hydrogen
atom motion. As well as the sharp peaks a broad background intensity may be observed
abovg,SOOc_m-*; this is due partly to the superposition of very many combination hands of
<<<>(>1>?nﬂpﬁ%i'\t/e'ﬁ§dl-low intensity but principally due to the effect of phonon wings. Phonon wings
are always present in intensity optimised spectrometers such as TFXA but are minimised at
low temperature.

Oriented single crystal experiments on imidazole were also performed, the results of which

1
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F,|?ure 3.8 INS sEectra of an oriented single crystal of imidasole recorded by
F.FilTaux, (80), on the TFXA spectrometer at Ruthérford Appleton_Laboratory, U.K.. Two
curves are Shown corresponding to two orientations of the crystal, The full Tirie is the spec-
trum, taken with_the momentum transfer vector of the scaftered neutrons parallel to- the
b-axis of the unit cell and the dashed line with the momentum trﬁnsfer vector parallel t?
the c-axis. The spectra are shown quer the range 500 - 1800cm 1 thereby encompassing al
the clearly defined p%aks In the imidasole INS powder sPectrum. The spectra were treate

by first subtracting the spectrum of background scatter from the cryostat and then by scal-
Ing with respect t0 one another; scaling was effected by,ealuatmg the integrated intensity of
each spectrum over the range 2000 - 4000cm 1 which”includes o strongoptical peaks.

are shown in the region of interest, 500 - 1800cm"1, in figure 3.8. The experiment was carried
out such that the momentum transfer vector, Q, of the scattered neutrons was, in the one rase
parallel to the b-axis of the unit cell ( full line in figure 3.8 ), and in the other rase parallel
to the c-axis. By recalling figure 3 6, it may be seen that this corresponds to the momentum
transfer vector lying perpendicular and parallel respectively to the plane of the imidazole
molecules. Correspondingly there is a preferred excitation of A" out-of-plane modes when
Q is parallel to the b-axis, whereas A" in-plane mode excitations become more significant
when Q is parallel to the c-axis. When comparing the INS spectra at the two orientations,
this preferred excitation of A" or A" modes manifests itself as an apparent enhancement

8
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Figure 3.9: Infrar d spectrum of powdered imidazole in pota s | bromidi matrix at
room temperature. The spectrum was measured on a Brukker FT-IR ISS Lucke 48 spec-
trometer at the Umver5|tat Miinster, Germany.

or attenuation of peak intensities. This permits an unambiguous symmetry assignment of
the peaks in the INS imidazole spectrum: in figure 3.8, A" peaks are identifiable as being
enhanced in the dashed line spectrum whereas A" peaks are diminished when compared to
the full-line spectrum. The experiment therefore represents the INS analogue of the optical
dichroism experiments performed by Perchard et al. (104). Note that the two spectra were
scaled with respect to one another by equating the intensity integral in a part of the spectra
without strong optical peaks ( 2000 - 4000cm 1); this scaling also produced equal integrated
intensities in the acoustic regime (i.e. < 500cm“1).

The quantitative interpretation of the oriented single crystal INS experiment is given in
table 3.3 and compared with the published optical dichroism experiments of Perchard et al.. In
the latter, the only modes unambiguously classified were those bands which were more intense
when the electric field vector lay parallel to the c-axis, i.e. the x-bands, which could only be
of A" symmetry. The other bands, identified as a bands, could be of either symmetry species
since the transition moment of the A" modes also lies in the allowed plane of the transition
moment of the A" modes. Note that, as discussed earlier, each monomer mode gives rise to

7
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Table 3.3: The results of INS and infrared oriented (ingle cryatal experiments on imi-
daaole to determine the aymmetry aPe_rles of the vibrationd| modes, The INS experiment
determings the aymmetry from the relative peak intensities of modea in the two crystal orien-
tations. The frequencies of the peaks are taken from the INS powder spectrum (figure 3.7 )
and the two qriented single cr%stal spectra (flg,ure 38 ); the smeoIs > and < denote which
of the two orientations gives the greater Intensity for each P_e k. The symmetry species Im-
plieg by the relative nténsities 1s'Shown. The Infrared experiment determines the symmetry
species” by virtue of the oPn?_aI dichroism of the A and a* modes, The control” infrared
powder s%ectrum IS qiven In figure 3.9 but the dichroism results are those Rubllshed by Per-
chard et al. (104). The bands are labelled » or a depending on whether the bands become
more or less intense when the electric field vector %f plang ?olarlsed infrared radiation Is
projected parallel or perpendicular to the c-axis of the crystal. A «-band s then positively
dentified as an a- mode. A <r-band is_ ambiguous since the A~ transition moment vector
lies In the aIIow%daS%I&ne of the A transition moment._The symmetry asm%nments maﬂetﬁg

Percharq et al. on this experiment are shown. There 15 good ‘agreerhent betwee
two methods.

80



CHAPTER 3. INELASTIC NEUTRON SCATTERING

two bands in the infared spectrum. A symmetry assignment was made by Perchard et al,
and the agreement with the INS study is excellent.

The INS oriented single crystal study is mostly unambiguous. By recalling figure 3.8
it may be seen that all the peaks between 500 and 1500cm-1 are clearly either enhanced
or attenuated when comparing the two spectra. The one peak which could be regarded as
ambiguous is at 935¢m-1; lying closely between the two peaks at 908cm-1 and 961cm-1 it
IS not obvious how much of its intensity is influenced by overlap with its neighbours and the
change in the phonon wing background. It is therefore difficult to state unequivocally that it
isan A" mode; it is in fact later assigned to be due to one A" and one A" mode that are almost
degenerate, as is suggested from the dichroism studies. An advantage of the INS study is that
it clearly defines the peak at 961cm-1 as being due to an A" mode. This was not possible in
the infrared study since the 961cm-1 peak was masked by the broad 937cm-1 peak.

The result of the INS study is that it positively corroborates the symmetry assignment
published by Perchard et al. and conclusively identifies the 961cm-1 peak as being of A"
symmetry. The six expected A" out-of-plane modes are thus taken to be at 623, 661, 743,
834,935 and 961cm-1. Of the 15 expected A" in-plane modes, 11 are positively identified by
the joint studies at 908, 938, 1061, 1098, 1143, 1186, 1265, 1326, 1445, 1498 and 1561cm-1.
Four A" modes corresponding to hydrogen stretches are expected to occur at much higher
frequencies ( around 3000cm-1 ) which means all modes are accounted for.

The infrared spectrum of powder imidazole at room temperature is given in figure 3.9 for
completeness. The qualitative frequency assignment discussed in this section is an essential
precursor to the normal mode analysis that is described in the next subsection.

3.5.3 Normal Mode Analysis - Input Parameter)!

The norma) mode analysis of the imidazole molecule was accomplished using the CLIMAX
package ( described in section 3.4.3 ) which required the following items of input

« reference geometry, masses and neutron scattering cross sections of atoms.

* target eigenvalues and target INS intensities
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« molecular model - including description of internal symmetry coordinates

« starting estimate for force field

3.5.3.1 reference geometry

The reference geometry is based on a thorough microwave spectroscopic study, (13), but the
exact coordinates are those used by Fan et al., (38), in their calculations of an ab initio force
field for imidazole ( this is discussed in more detail further on ); the geometry used is given
in table 3.1. Neutron scattering cross sections were obtained from a published compilation of
neutron data, (72).

3.5.3.2 target eigenvalues and INS intensities

The target eigenvalues used for imidazole were the symmetry assigned peak positions from
the INS powder spectrum listed in table 3.3. These are consistent with the the extensive
infrared and Raman vibrational data that exists in the literature ( see (16), (18), (38), (70),
(84), (86), (104) ) although small discrepancies can be observed between the various data sets
(< 10cm~* ).

INS data for deuterated variants of imidazole were not obtained but Perchard et al., (104),
published a detailed assignment of imidazole in three deuterated states; i.e. imidazole-dj,),
imidazole-3d(2,4,5) Bnfl imidazole-4d based on infrared and Raman spectra. Their results have
been used in this study with minor changes to their assignment based on expected deuteration
shifts from the undeuterated assignment. The changes are listed below:

1 Forimidazole-d(i) (i.e. deuterated at the Ni position ) the 1495¢cm"1 band is reassigned
to the 1572cm"1 band.

2. For imidazole-3d(2,4,5) ( deuterated at the C2, C4 and Cs positions ) the previously
unassigned 600cm™1 band is assigned as an A" mode ( which is a reassignment also
made by Fan et al., (38), in their study ) and the assignments for the 930 and 962c¢m 'l
bands are swapped around to be A" and A" respectively. The lowest frequency A' mode
is reassigned to be enclosed in the 768cm™1 doublet from the expected shift of the
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1060cm 1 band in the undeuterated case. The previously unassigned 1510cm 1 band
is assigned as an A" mode.

3. For imidazole-4d the changes correspond to those for imidazole-3d(24)5).

AIlINS intensities were taken from the spectrum in figure 3.7.

3.5.3.3 molecular model

The molecular model for imidazole is defined by its geometry ( as described above ) and hy
the set of generalised coordinates that describe the displacements of the atoms within the
assumed harmonic oscillator model. These generalised coordinates were discussed in detail in
section 3.3.5 and are known as the internal coordinates, S. They are a basis set describing the
dynamics of the molecule in terms of bond stretches, bends etc. and are listed for imidazole in
table 3.4. The internal symmetry coordinates, S', ( which are discussed in section 3.3.8 ) and
are also listed in table 3.4. Both the internal coordinates S and the matrix that transforms
S to the internal symmetry coordinates S' ( denoted as W in section 3.3.8 ) must be entered
as input to CLIMAX.

3.5.3.4 starting estimate for force field

The starting point in multi-parameter least squares refinement is invariably critical. It de-
termines how quickly the object function will minimise and quite often if at all. In the rase
of imidazole there have been many attempts at generating ab initio force fields that appear
in the literature, (16), (86), (88), (124), (125), but, to the authors knowledge, the only paper
in which the force field itself is given is that by Fan et al., (38). The study by Fan et at.
involved generating a force field by the ab initio gradient method17 and scaling it with previ-

"The s initio calculations were carried out within the MO-LCAO-SCF %ﬁ)prommatlon using the llartree-
Fock gradlent Programm e TEXAS &1}3). In brief. the method involves minimising the total energ of a

Pmmedmweofmemdmurom|» MO)mHmM$MemmMm?mte quantu m&MmmIV|mm
heo ?eMWmmtMlFMermmhmh%fmnmuﬁumtmmmmmulmm The MO's
are nodelled using lingar combinaion» of afomic orbital» ( LCAO ); it ia the COEffICIEPtS in the LCAOQ that are
memmsmtmlmmmBanMtMtNMemm oﬂm MO’a. heammmomm» AO)athm%Nw
omposed fllne7r com matlfonls of Gausaian functions with flxed coefficients that model the solutions to thr
Hartr ee -Fock set/ conmtent SCF ) equations. The basis set of Gsussians used 1s discussed further on
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internal coordinates, S internal symmetry coords, S'
non-minimum basis set minimum basis set of 21 coordinates ﬂOtﬁtIOn
of 31 coordinates plus 10 redundant coordinates
A coordinates A coordinates: in-plane displacerrents
si T R@7) Si= . CHt
S: = Ryls S = 3 NHt
S = RE IR cha
S« = R4, S(_( = &« CHa,
B = ruz2) I = sB ATG = R,
X = R Sl = s ctNi = RJ
St = Rr@4s) st - Sr c4CJ = e
S. = RrR@. I = % N3C4 = R<
S. = R@.3) = X C,N3s ris
l = (7.2,3) = sio "su 6CH-,
§|? = 7.2, gll? = Su-S;s N Hu
Q= G g' = S-S5 bCHy
SB = e Sllg = Sie-Sit ' SRCH*
sl4 = ¢(9.5,1 l« = 4sis -3sio & sao4 sai ® 3saa (]
SIS = 6t915)4j '8 = 'S|® 428&0 -2Sai+ Saa Rt
s16 = ¢(8.4.5) i,d = Sio+S§, redundant
SI7 T ¢(8.4.3) d = Su+S; redundant
S!S = .2.3) K.d - SI_(( + Su redundant
N I LI _ recundant
S0 T casa % = ASis 4735194 Sa0 4 Sai 4 3% redundant
Sl = (;t314)55 g'd = 1€ - 2550 -25ii redundant
S S .s.a) td - 8,9 4 sao 1 sai 9 252a redundant
A coordinatea A" coordinates: out-of-plane displacerrents
sa3 = 0(7,2,3,1) Sle — sa3 yCHj
Sas iS 0(6,1,2,5) g,lr — s yNHt
Sas = 0(9.5.1.4) IS = SaS yCHy
A = o0s.4.5.3) s1B 3 g&% 7CH,
Ar = @2as) o = - 38a§_4 4520- 3580 4 S Re
S8 = 2.4 a - -2Sar 4 ]S - 90 435S Ra
S = My ,4,35 S, = Sar4 3Sas 4 4Sas 4 3Sa0 4 S;  redundan!
0 D g5 gﬂd = -2%ar 4 Sas1y S redundant
3 S 7 W X) - S30-2%as 4 250 4 S recundant

Table 3.4: Raaia art of generalised coordjnate* to which the force held for imidaiole ;aee
table 3.5 ) Ia referenced. The atarting Fomt are the internal coordinatea, S, which fully
geacnbe the diaplacementa of the moletule In terma 0f bond ttrtgckn, R(n,5), Valence angle
enaa, ¢(a, bC), Qut-of-plane benaa, 0(a, u C, o, and toraiona, rfa,nc,qa, ae Tigure 3.2 ).
Thig deacrlg jon forma a_non-minimum aet which, via aymmetry conaiderationa { refer to
aection 3.3.8 and appendix D ), may be tranaformed into'a minimum aet compriaing linear
combinationa of the inte[nal coordinatea. The new baaia containg the amaller aet of internal
agmmet_rx coorginatea, S, plua the remamm(]J redundant coordinatea. The force field cor-
réapondi %to I ?ald to be block-jagonaliaed In ita irreducible repreaentationa; in thia
form 1t containa far fewer elementa to be”determined.

84



CHAPTER 3. INELASTIC NEUTRON SCATTERING

ously determined scale factors from a fitted vibrational spectrum of benzene. The force field
predicted the vibrational frequencies of gaseous free imidazole relatively well and was tested
for consistency against the solid state infrared/Raman vibrational spectra of imidazole in the
Id, 3d and 4d-deuterated states from Perchard et al..

The force field of Fan et al. is evidently a good starting point. It already predicts
the vibrational frequencies reasonably well but has not been tested to see how accurately it
reproduces the hydrogen-weighted vibrational density of states of imidazole. This is done in
figure 3.10 in which the published force field of Fan et al. is directly entered into CLIMAX.
( Care has been taken so that the conditions of the calculation are identical to those employed
later to generate the final results; figure 3.10 may thus be directly compared with the results
presented further on in figure 3.11 ). Despite the fact that the vibrational frequencies are
relatively well predicted, the force field of Fan et al. only poorly models the experimental
INS intensities for solid imidazole. This highlights the danger of assessing the reliability of a
given force field on the basis of its eigenvalues ( vibrational frequencies ) alone. It nevertheless
represents an adequate starting point from which to develop a fully consistent force field and
was consequently used in this study.

It should be noted that the calculations of Fan et al. were for the free molecule, i.e. in
the gaseous state. However, according to the assignments of Perchard et al. and others, the
vibrational spectrum of free imidazole only differs significantly from that of solid imidazole
in the frequency of the NH modes ( this being a consequence of the hydrogen bonding in
crystalline imidazole as described in section 3.5.1 ); the other internal modes do not appear
to participate greatly in the H-bond modes and remain at approximately the same frequency
in the free molecule as in the solid state. The principal difference between the vibrational
spectrum of solid state and free imidazole is the solid state band at 961cm-1which disappears
in the gaseous and agueous spectra and reappears at BHcm 'L This is seen as the very intense
peak at about 450cm*1in the calculated spectrum in figure 3.10 and is due to the A" out-
of-plane NH mode.

In summary, the force field of Fan et al. is taken as the starting point in developing a
force field that is more consistent with the experimental INS observations. The fact that the
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Figure 3.10: Calculated INS spectrum of imidaaole ( daahed curve ) using the published
force Tield of Fan et al. (38) superimposed on the experimental INS spectrum &SO“d curve ).
The up[r)er plot shows the entire spectrum and the lower plot the same spectrum over the
range o Pamcular inferest ( 1.e. 500 1800rm"1?. The bands at the top of each spectrum
indicate the frequencies of calculated fundamental vibrations ( solid lines ) and calculated
overtone and combination vibrations ( dotted lines ). All other parameters in the calculation
were the same as those for the force field developed by the author and the spectra may
therefore be directly compared with the results presented further on in table 3.11.
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force field of Fan et al. is actually for free imidazole is not regarded as a disadvantage since
essentially only the A" NH mode is significantly affected and it is seen to be virtually a pure
mode (i.e. almost no interaction with other motion in the imidazole ring ); in effect the NH
mode can therefore be treated independently and the participation of NH modes in H-bond
vibrations may effectively be modelled by simply modifying the diagonal element of the force
field relating to the A" NH wagging internal coordinate.

3.5.4 Normal Mode Analysis - Methodology of Refinement

The task of refining a multi-parameter force field so that it simultaneously models the vibra-
tional spectra of four isotopic variants of imidazole while still rendering an acceptable fit to
the experimental INS spectrum involves a great deal of patience and a degree of luck. The
most important criterion is that the number of free parameters never exceeds the number of
observations to which they are fitted. This invariably means that elements of the force field
must be arbitrarily coupled together in order to reduce the number of free parameters whilst
still allowing most regions of the force field to be altered. Table 3.5 presents the finished force
field after completed refinement; the results which it generates are presented and discussed
in the next subsection. In total the force field contains 141 independent elements: 120 in
the upper block, belonging to A" modes, and 21 in the lower block, which describe the A"
modes. These two blocks have zero interaction elements which is a consequence of describing
the force field in terms of internal symmetry coordinates; this reduces the number of inde-
pendent elements to 141 from the 465 needed to describe the 31 x 31 force field based on
the non-minimum set S ( see table 3.4 ). The 31 x 31 force field is however more chemically
informative since it is based on the more intuitive set of internal coordinates S (i.e. simple
bond stretches etc. ). It is easily generated via the back unitary transformation using the
transform W and is given in appendix F.

The strategy for eliciting the force field in table 3.5 essentially involved refining the force
field in four modes each with a different object function to be minimised. These modes were
alternately run and are described below:

1. Refine the force field against the frequency spectrum of imidazole: this involves releasing
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Table 3.5. Final refined force field for tolid state imidazole. The elements are in
mdyne A“Z1and are defined with respect to the hasis set of 21 internal symmetry coordinates
defined in table 3.4. The block-diagonalisation is by virtue of the choice of coordinates and
separates the force field into two non-interacting blocks representlnlg the irreducible reFre-
sentations of the C, point group inherent to the imidasole molecule; i.e. the upper block
defines the force field of the A" modes whereas the lower block is associated only with the
A" modes. The dotted lines show how the off-diagonal interaction constants wefe grouped
tq?eth_er in some of the refinement modes ( refer to main body text ). These groups ar-
bi ran[Y collect elements of the force field together which belorig to symmetry coordinates
of similar types (re.g. ring deformations etc. 2 s0 that they may be Tefined W|tht1ust one
free paraméter. This partmnmg is necessary 10 bring the number of free paramefers in a

refinement below the number of observations.
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»LLor part of the leading diagonal of the force field and using the fundamental frequencies
as targets. ( target frequencies = 15[ A" ], 6[ A" ]; free parameters = 15[ A" ], 6[ A" ])

2. Simultaneously refine the force field against the frequency spectra of two, three or four
deuterated variants of imidazole: the larger number of target frequencies means that
off-diagonal interaction constants can be included in the refinement. The most extensive
scheme involves releasing all of the diagonal elements and then grouping the off-diagonal
elements into the sub-blocks indicated by the dotted lines in table 3.5 with one free
parameter per sub-block. These sub-blocks group internal symmetry coordinates of
similar type. For the smaller A" block the number of target frequencies exceeds the
number of elements and thus every element in that block can be refined independently
in this mode. ( target frequencies ( for all four deuterated variants ) = 60[ A" |, 24 A" ];
free parameters = 25[ A" ], 21[ A" ] ).

3. Refine the force field against the frequency spectrum and numerical INS intensities
of imidazole: in this mode only the fundamental INS spectrum is calculated using
fast powder averagel8 and the integrated intensities from the calculation are compared
against the input intensities in the object function. No INS data file is required. The
relative weights of frequency refinement and intensity refinement are critical in this
mode. Independent refinable parameters were allocated in the same way as in mode 2
except for the A" block which was grouped into three blocks, as shown by the dotted
line in table 3.5, in the same fashion as the A" block. ( target values, ( frequency and
intensity ) = 30( A" ], 12[ A" ], free parameters = 25( A" ), 9[ A" ]).

4. Full refinement against experimental INS spectrum: this mode is only helpful when the
fit is already quite good because it frequently finds false minima The INS spectrum is
calculated including fundamentals, overtones, combinations , phonon wings and using
the full powder average and is directly compared to the input INS spectrum over ranges
that may be input interactively. The overall Debye-Waller factor due to lattice modes

#This is s time saving approximation; the INS intensity is calculated along the cartesian a, y and t directions
only and simply divided by three.
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mu«t also be input to determine the extent of the phonon wing spectrum and may
subsequently be refined; it is discussed in the next subsection. The scale factor is also
refined. This mode is very slow, one cycle takes about 2 minutes of CPU time on a
SGI Crimson (UNIX) or 46 minutes on a VAX 3100 for this particular problem. The
allocation of refinable parameters is the same as in mode 3. (i.e. free parameters =
B[A"), A"])

In all cases the refinement of the A" and A" blocks were addressed separately and great
flexibility was possible within each mode by adjusting weighting schemes and altering target
frequencies in order to guide the refinement out of the frequently encountered local minima.

3.5.5 Results and Discussion

The INS spectrum for imidazole generated by the force field presented in table 3.5 is shown
in figure 3.11. The calculation involves fundamental excitations plus first overtones and 178
of the most significant combination bands. A full numerical powder average is employed
to ensure isotropic averaging. Phonon wings are also calculated up to the eighth phonon
excitation ( see section 3.2.6 ) based on the experimental INS density of states in the range
0-500cm™1( refer to section 3.4.3 for method ); this range encloses no internal modes and is
thus a good approximation to the lattice mode spectrum. The overall Debye-Waller factor in
the phonon wing expression was taken as 0.011 AL this value was refined down from a starting
estimate of 0.014A3 which was obtained from a quick calculation, using Eq. (11.11), of the
isotropic mean-squared-deviation of the whole molecule from the lattice mode frequencies
published in reference (105).

The spectrum in figure 3.11 may be directly compared to that in figure 3.10 which is the
INS spectrum calculated from the starting force field of Kan et al.; the parameters for both
calculations are identical. There is a distinct improvement in the fit of the calculated curve
to the observed spectrum using the new refined force field which is especially apparent in the
range 500 - 1800cm -1 in which most of the fundamental vibrational frequencies occur. It
should be recalled that the force field of Fan et al. was not intended to model the dynamics
of imidazole in the solid state but rather of the free molecule in the gaseous state and so
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figure 3.11: Calculated INS spectrum of solid state imidasole ( dashed curve ) using the
force field developed in this stud Fpresented in table 3.5 ) superimposed on the experimental
INS spectrum ( solid curve ). The upper plot shows the entire spectrum and the lower plot
shows the same spectrum over the range of particular interest ( i.e. 500 - 1800cm 1). The
calculation includes fundamental, overtone and combination excitations whose frequencies
are indicated in the bands at the top of each plot, ( i.e. solid lines are fundamentals and
Hotted lines are overtones or combinations ). A full humerical powder averaqe is employed
and phonon wings are calculated up to 8 terms based on the experimental Tattice phonon
spectrum from 0°—500cm Land an overall Debye-Waller factor of 0.011AL
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the comparison is not strictly justified. It is nevertheless instructive to make the comparison
because the gaseous and aqueous vibrational spectra only differ significantly from the solid
state in the frequency of one mode, the A" NH wag. Since the NH wagging motion is
effectively uncoupled from the motion in the rest of the molecule the calculated spectrum
from the force field of Fan et al. does yield to comparison with figure 3.1 in all regions
except around 961em_1, which is the frequency at which the NH wag occurs in the solid state.
As may be seen from the frequency bands at the top of each plot in figures 3.11 and 3.10,
the pattern of fundamental excitations generated by the two force fields is almost the same;
the intensities of the corresponding peaks are however very different. This emphasizes the
danger in judging the quality of a force field from its eigenvalues alone; the INS intensities
are determined from the eigenvectors of a force field.

In table 3.6 the eigenvalues of force fields from a further five studies are listed and compared
to the experimental assignment of the fundamental frequencies as used in this study. Of the
published results in table 3.6 all but those of Colombo et al. are ab initio calculations similar
to those of Fan et al. already discussed on page 83 for free imidazole. The difference between
the ab initio calculations lies in the choice of the basis set of elementary functions19 used
to model the solutions to the Hartree-Fock self consistent field ( HF-SCF ) equations, the
molecular geometry employed, and subsequently the factors used to scale the results. Fan
et al. use the standard 4-21G atomic basis set, (114), which is similar to the 4-31G basis
( widely used in early MO-LCAO-SCF calculations ) of Ditchfield et al., (29), but is less time
consuming and supposedly of equal accuracy. The other ab initio calculations either similarly
use the 4-21G basis or comparable bases using fewer ( 3-21G ) or more ( 6-31G ) Gaussian
components in the linear combinations representing the atomic orbitals. Ab initio force fields
are sensitive functions of the molecular geometry ( due to the anharmonicity of molecular
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Assignment LoefTen et al. Fan et al. Majoube et al. Majoube et al. Sadlej et al. Sadlej et al. Colombo et al.

used in (80):Results of (38):ab initio (86):ab initio (88):ab initio (135):ab initio (134):ab initio (16):fitted

present study present study 4-31G basis 3-31G basis 4-31G basis 4-31G basis 6-31G basis force field
cm-1 cm” 1 cm-I cm-1 cm-1 cm-1 cm-1 cm-1

A' modes

3145 3146 3161 3160 3160 3495 3336 3140
»J 3135 3137 3133 3133 3133 3467 3313 3133
»S 3135 3130 3083 3133 3133 3464 3308 3119
»4 3800 3800 3518 3515 3517 3885 3674 3830
1561 1567 1545 1541 1570 1689 1570 1573
*8 1498 1500 1474 1467 1486 1613 1537 1546
»T 1445 1453 1397 1395 1394 1539 1496 1545
1336 1319 1334 1313 1336 1440 1403 1505
»* 1365 1355 1359 1367 1357 1395 1303 1451
»lo 1186 1186 1145 1161 1151 1353 1303 1406
»'1 1143 1143 1133 1118 1095 1164 1179 1349
1098 1098 1083 1093 1083 1136 1139 1199
»'1 1061 1060 1059 1073 1045 1113 1106 1171
14 938 945 936 936 938 1040 946 1138
*le 908 901 896 894 893 996 906 1086

A" modes

«1S 961 961 514 509 1065 536 933
17 935 930 853 . 867 1004 819 887
»IS 834 834 806 . 833 900 771 871
IS 743 743 739 . 713 740 693 760
»JO 661 661 659 . 647 704 686 611
1 633 633 635 . 633 695 641 536

. Table 3.6: Comparison of the vibrational spectra ( eigenvalues 2 of the force field of

imidasole from_various studies that exist in the literature. "The results are compared both

with the experimental assignment used in the present study and the eigenvalues from the

force field developed by the author.
vibrations, especially stretches ). The experimental geometry of Christen et al., (13), is used
in all but two cases, (124), (125), in which the theoretically optimised geometry is preferred.
Due to the deficiency of the HF-SCF approximation and the finite basis set, the calculated
frequencies of the ab initio force fields are systematically too high. In the Fan et al. study
9 scale factors are exported from a fitted calculated spectrum of benzene; in the two studies
by Majoube et al. 9 scale factors are calculated and shown to be similar to those of Fan et
al.; the results in the studies by Sadlej et al. are unsealed. The study by Colombo et al.
is an early normal mode analysis using estimates for the diagonal elements of the force field
('based on previous works ) that were partly adjusted for the best fit to experiment; it is the
only other study which was intended to model the solid state imidazole modes.

The vibrational frequencies from the present study fit the experimental assignment with
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a mean deviation of £3em-1. Fan et al. quoted their results as having a mean deviation
of £14cm™* (i.e. 9cm~* for A-1 modes and £27em I for A" modes ); for the studies of
Majoube the mean deviation was quoted as being between 9.7 and 13.5cm"1. For the other
studies the discrepancy between predicted and experimental frequencies was considerably
greater. If the results of Fan et al. are compared with the solid state assignment used in
this study then, ignoring the poorly modelled NHmodea, ( va and ifis ), the mean deviation
is 18cm"L It is clear that the force field from the present study predicts the vibrational
spectrum of solid state imidazole considerably better than any of the published works that
the author is aware of.

A further test of the quality of the force field presented here is to compare the frequencies
it predicts for imidazole, after isotopic substitution, with experimental values. This is shown
in table 3.7 in which the experimental vibrational spectra from Perchard et al., (104), is taken
for three deuterated variants; imidazole-f!), imidazole-3d(24 and imidazole-4d in the solid
state. In each case the mean deviation between the predicted and experimental frequency is
given which, for the results of Fan et al., do not include the frequencies belonging to the poorly
modelled NH modes, Y4 and i/jg. Even with this concession in calculating the mean deviation,
it is evident that the force field presented here reproduces the vibrational frequencies in the
deuterated states of imidazole more precisely than that of Fan et al. and also accurately
predicts the 14 and i/]s frequencies.

The advantage of the INS studies is that there is scope to refine the eigenvectors of a
force field while still retaining a good fit of the calculated eigenvalues to the experimental
frequencies; this translates to refining the calculated peak intensities in the INS spectrum
while maintaining the peak positions. It is therefore possible to confidently interpret the
eigenvectors of the force field as the normal modes of the molecule. This is done pirtorially
in figure 3.12 in which the eigenvectors of the force field have been transformed into carte-
sian displacement coordinates and normalised so as to represent the standard deviation of
the displacement probability density in the ground state, ( refer to section 3.3.4 ). These
displacements are represented as vectors attached to each atom which have heen further
mass-weighted and scaled by a factor of 10 for clarity.
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mode

Mil
MIJ
MI*
Ml
My

My
Mir
Mb
Mi»
M0
Myl

Exp.
assign.
Loeffen

et al.
cm-1

3145
3135
3135
3800
1561
1498
1445
1336
M
1186
1143
1098
1061
938
908

961
935
834
743
661
633

mean discrep,

between calc,

and experimt.
on 'l

Table 3.7: Companion of the predicted vibrational frequencies of imidamle and three
of its deuterated variants using the force field developed by the author and that of Fan et

imidacole

Calc.
freq.
Loeffen
et al.
cm* 1

3146
3137
3130
3800
1567
1500
1453
1319
1355
1186
1143
1098
1060
945
901

961
930
834

661
633

3.0

Calc.
freq.

et al.
cm* 1

3161
3133
3083
3518
1545
1474
1397
1334
1359
1145
1133
1083
1059
935
896

853
806
739
659
635

17.7

CHAPTER S.

INELASTIC NEUTRON SCATTERING

imidasole-d(t)

Exp.
assign.
Perchard

et al.
cm* 1

3140
3130
3130
3133
1543
1475
1355
1317
1341
1134
1101
1060
960
914
875

934
836
746
673
653
615

Calc.
freq.
Loeffen
et al.
cm* 1

3146
3137
3131
3117
1537
1487
1359
1313
1339
1148
1109
1056
1005
937
834

930
851
744
705
655
633

13.3

Calc.
freq.

et al.
cm* 1

3161
3134
3083
3587
1534
1470
1333
1331
1355
1139
1118
1059
931
909
838

853
806
739
383
659
633

17.9

imidasole-3d(3 |4]I)

Exp.
assign.
Perchard
et al.
cm* 1

3800
3376
3346
3339
1510
1458
1438
1357
1305
1133
1030
930
882
808
768

963
770
735

550
536

Calc.
freq.
Loeffen
et al.
cm* 1

3800
3376
3346
3337
1495
1445
1431
1350
1309
1137
994
943
874
815
738

957
780
681

563
513

13.0

Calc.
freq.

et al.

cm* 1

3518
2366
2316
3293
1486
1400
1387
1271
1128
1104
947
941
881
809
771

25.7

imidasole-4d

Exp.
assign.
Perchard
et al.
cm*1

2376
2334
2334
2140
1453
1430
1338
1260
1114
1020
955
915
850
805
764

al. (38) with the experimental ‘values for solid state imidasole from Perchard et al. (104).

9

Calc.
freq.
Loeffen
et al.
cm* 1

2375
2348
2327
2110
1459
1435
1324
1258
1147
1022
983
915
831
812
716

800
731
681
612

512

14.4

Calc.
freq.

et al.
cm*1

2mt
2316
2292
2588
1462
1396
1in«)
iM
1104
984
937
914
821
797
767

745
731
381
582
539
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Figure 3.12: Ground state normal modes of solid state imidasole. The
squared atomic displacement vectors have been mass-weighted ( to enhance the carbon and

nltro?en atom motion ) and are scaled by a factor of 10 for clarity. The nitrogen atoms are
denoted by the heavy Circles.
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vibrational composition of normal mode
based upon potential energy distribution

frequency among internal symmetry coordinates
cm” 1 (5 most significant components above 5%)
A iﬂ'plane «léralion«
3146 8% CH, + 26% CH,
3127 51% CH, + 39% CH, 4 7% CH,
3120 44% + 329 CH, + 220 CHr
2800 97% NH,
1567 10% R, + 17% R, + 17%fCH, + 12%SCH, 4 7% R,
1500 28% R + 21%tNH, 4+ 11%fCH, - 10% 6CH,/R\ _,
1452 31% Rj + 17%6NH, 12% /297721 % 4 8% R\ 4+ 8% R,
1319 40% R, + 23% R 4 9%R,/R, , 4 8% 6CH, + 7% 6NH,
1255 22% 6CH, 4 119 6CH, + 9% Rj & 9% R\ 4 7% R,
1186 22 6CH, + 16% SNH, + 13% H, 4 7% CH, 4 6% R,
1143 34% R, - 16% > 4 13% R, 4+ 9% R, 4 7% R,
1098 27% 6CH, - 229 R 14% /2%7/21 % 4 6% Ri
1060 35% 6CH, + 19% R 4 13% R, 4 6% 6CH,
945 49% R, 11% R 4 11% Ri 4 e% 6CHT
901 27% R, 15% /2//21 * 4 6% R,
A" : out-of-plane vibration»
961 ss% YNH,
930 43% CH, 10% R,/-,CH, 4 14% R, 4 11% R,[-,CH,
834 3a% -yCH, 4 27% -,CH, + 13%R,|/_YCH, 4 9% R,/yCH,
742 33% R, 4 20% R,JyCH, + 10w yCH, 4 9% R. 6% R,/-,NH,
661 26% H* 26% R,/YCHr + 22%-CH, - 11% R, 4 6% YNH,
623 27% R 20% R,/YCH, + 21%YyCH, - e% R,JyCH, « 5% R,JINH,

Table 3.8: Vibrational comFosition of normal modes of solid state imidasole derived from
the force field presented in table 3.5. The values represent the potential energy distribution
(PED ), in percent, among the intuitive non-minimum basis set of internal coordinates, S,
given in table 3.4. Onlg the five largest components in the PED are listed for each mode
and only if their contributions are greater than 5%. Coupling constants ( i.e. offdia?onal
elements in the force field ) which contribute to the PED are denoted by the row/column
internal coordinates. An approximate description is offered for each mode.

ING

approximate
description
of mode

CH stretch

CH stretch

CH stretch

NH stretch

ring str.-def.

ring str.-/NH def.
ring str.-/NH def.
ring str.-def.

CH def.

CH/NH def.

ring str.-def.

CH def.

CH def.

ring bend-def
ring bend-def

NH wag
CH wag
CH wag
R-pucker/CH wag
R-pucker/CH wag
R-pucker/CH wag

Figure 3.12 should be interpreted in conjunction with the potential energy distribution

( PED ) in each normal mode as given in table 3.8. This provides a quantitative measure of
the vibrational composition, or character, of each normal mode in terms of the non minimum
basis set of internal coordinates. Based on the eigenvectors and the PED the following broad
description of the imidazole vibrational spectrum is proposed:

a W -* U4 are high frequency in-plane stretch modes. Notice the purity of the NH stretch

(197% ) which is a vibration almost uniquely in the NHq internal coordinate.

S i/5 -« ift and ifii are in-plane stretching deformations of the imidazole ring with very

little associated hydrogen motion.
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* 9, ¢i0> ;12 and ;u are essentially in-plane hydrogen wagging modes with some associ-
ated motion of the ring, i/jo resembles a ring breathing motion.

* i/uand (/15 are large in-plane bending deformations of the ring; the effect is an oscillatory
elongation of the ring.

o fit —lis are strong out-of-plane hydrogen wags but not including the Cj hydrogen
situated between the two nitrogen atoms. Again notice the purity of the NH wag which
is almost entirely described ( 85% ) by the 7NHq internal coordinate.

¢ ¢19 —»¢ji are out-of-plane torsional puckers of the ring involving large scale hydrogen
motion; this particularly involves wagging of the Cj hydrogen.

Note that the NH in-plane wagging motion is distributed between the modes ¢6, ¢7 and
¢10 (‘1.e. 1500, 1452 and 1186cm“1) with no one mode showing a dominant NH wagging
character.

The assignment broadly corresponds to that of Perchard et al. and Fan et al.. Discrep-
ancies arise for the 1245cm"1hand, represented here by ¢9 at 1255¢cm"1, which Perchard et
al. assigned as the NH in-plane wag whereas table 3.8 indicates it to have no NH wagging
character. Also the 1160cm"1band is unassigned whereas it is clearly seen in this study as
an in-plane CH/NH deformation mode at 1186¢m"1. For the out-of-plane modes Perchard et
al. assign the 740cm™"1 band, represented here by i/i9 at 742cm"1, to be a CH wag whereas
it is predominantly seen to be a torsional ring pucker in table 3.8.

Some controversy exists in the literature, amongst those articles which publish PED’s, as
to which of the in-plane normal modes have NH wagging character. Majoube et al., (88),
calculate the NH wagging to be present in modes ¢S, ¢7 and ;10 using a 4-21G basis set but
in a later article, (86), using a 3-21G basis set give the modes as ¢5, ;7 and ¢12 In the fitted
normal mode analysis by Colombo et al. the calculated bands at 1545cm"Land 1451cm *
equivalent to ¢8 and ¢s here, both contain about 25% NH wagging character. Sadlej et
al., (124), assign the ¢s, ¢a and ;7 modes as having NH wagging character when they used
the 6-31G basis set but obtained a different answer, (125), when they used the 4-21G basis;
1e. ¢S, ¢7 and ¢)0. This latter article is the only case which corroborates the assignment here
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in which the modes /6, «7 and t/\o are found to have 21, 17 and 16% in-plane NH wagging
character respectively.

There is also considerable difference between the PED of the out-of-plane A" modes pre-
sented here and the results in the literature. In the studies of Majoube et al., (86), (88), the
mode at 724cm'Lis predominantly due to out-of-plane CH wagging, whereas in the present
study this mode, represented by i/i9 at 742cm-1, is predominantly a torsional ring pucker;
this change is again corroborated by the ab initio calculations of Sadlej et al., (124), (125).
In the normal mode analysis of Colombo et al. the torsional motion and CH or NH wagging
motion is fairly distributed throughout all of the out-of-plane modes which is not corroborated
anywhere else in the literature.

In short, there are several discrepancies in the wealth of assignments that exist for imi-
dazole in the literature. Most of the PED assignments were based on ab initio calculations
involving a variety of basis sets and molecular geometries. In the study by Majoube et al. (88),
the PED assignment was calculated for imidazole based on three different geometries ( involv-
ing the experimental microwave structure and the theoretical structure ) and the vibrational
compositions were found to vary significantly. In the same article it is quoted that great rare
has to he taken when the calculated frequencies are scaled as this appreciably changes the
vibrational composition of the modes; the results of the present study are best corroborated
by the ab initio PED’s of Sadlej et al. whose calculations are left unsealed.

3.5.6  Summary of INS Study of Imidazole

A harmonic force field for solid state imidazole is presented. It was produced by refining a
published force field for free imidazole which generates the correct eigenvalues ( for all but
the NH wagging mode ) but does not reproduce the hydrogen-weighted vibrational density of
states of imidazole ( measured by INS ); this is known to be a more sensitive test of a force
field since it checks both the eigenvalues and eigenvectors of the secular equation of motion.

The new force field more accurately predicts the frequency spectrum of imidazole and
three of its deuterated counterparts than previously published studies. It also models the
hydrogen-weighted vibrational density of states significantly better than the starting force
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field permitting the form of the 21 normal modes to be interpreted with confidence.

The assumptions made in the study were that the molecule may be treated as effectively
decoupled from the crystal lattice thus generating only non-dispersive optical peaks in the INS
spectrum above 500cm-1 and therefore yielding to the isolated molecule analysis. Further
the known H-bonding was assumed to only affect the NH modes in the optical spectrum and
was accounted for by increasing the NH mode force constants; this assumption is justified by
the negligible shifts observed for all bands except the NH vibrations on comparing gaseous,
aqueous and solid state data. The entire study was within the framework of the harmonic
approximation.

The study issues a warning about the dangers of assessing the quality of molecular force
fields on the basis of the frequency spectrum alone. It reaffirms the view that the scaling
of ab initio force fields by several parameters, whilst yielding a better fit to the frequency
vibrational spectrum, can seriously alter the vibrational composition of the various modes.

The result of this study is a reliable force field for imidazole that, in the following section,
IS incorporated into a much larger force field for the zinc (II) tetraimidazole molecule.

3.6 INS Study of Zinc Tetraimidazole Complex

3.6.1 Physical Characteristics of Zinc Tetraimidazole Complex

We consider the compounds containing the anions perchlorate and tetrafluorobnrate. The
crystal structure of the perchlorate compound exists in the literature at room tempera-
ture, (2), and that of the tetrafluorobnrate has been done for this study at 100/f and
150/f, (79), and is discussed in section 2.3. The crystals of both compounds are white and
monoclinic with melting points of 189 and 195°C respectively. The unit cells are C2/c spare
group symmetry containing four molecules and have the same dimensions for each compound
to within 6%. In the cation the zinc atom is approximately tetrahedrally coordinated to four
imidazole rings at the N3 position (e g. in the perchlorate compound the N-Zn-N angles are
all to within 4.1° of the exact tetrahedral angle ). This slight deviation lifts the TJ symmetry
of the coordination. The point group of the entire cation is Cj as the zinc lies on a 2-fold axis.
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Cartesian atomic coordinates of asymmetric unit (A )
atom X y B atom x y t

Z%\  -2.0628  2.0847 43001
N 0.4697 -0.3252 6.4783 -4.5128 42611 6.7620

c3 05040 05823 63568 C\2  -4.2480 34558 5.7330
N« -0.6627 09190 50845 NI3 -2.9527 3.1878 5.6873
C5 02663 01772 43762 C,4 -2.3804 3.8627 6.7453
C» 09694 -0.5936 52302 Cl5 -3.3452 4.5290 7.4131
H7  0.7068 -0.6564 7.2396 His -5.2803 4.5522 6.9687
H» -1.0325  0.9549 7.0874 Hy -4.9216 3.1178 5.1080

v 03452 02471 34337  HIt -14576 3.8216 6.9161
Hio 18775 -1.2193 50906 H,» -3.3282 5.0827 8.1696

Table 3.9: The cartesian coordinates of the asymmetric unit of the sine (I1) tetraim-
idasole complex as used in the normal mode analysis. The coordinates were taken from
the x-ray crystallography of the tetrafluoroborate ‘compound at I00A and modified such
that the  imidasole ring atoms lie exactly on the plane of best fit through the experimental
IC:bOerI?iir?g.tes' The crystallographic structure is depicted in figure 2.2 with consistent atomic
The independent Zn-N distances are 1.997(7) and 2.001(7)A for the perchlorate compound
and both 1.983(2)A for the tetrafluoroborate compound. The imidazole molecules are planar
within the errors of the crystallography but are forced to be exactly planar in this study as this
is required for the normal mode analysis; the atom positions have therefore been projected
onto the plane of best fit through the crystallographic positions. The imidazole rings are also
inclined with respect to the Zn-N bonds such that the ring plane leans towards the 2-fold axis;
for the perchlorate compound this inclination is 0.6 and 6.1° for the two imidazoles in the
asymmetric group; for the tetrafluoroborate compound it is 4.9 and 1.9° at 100/f. The incli-
nations are significant within the errors of the experiment and were observed to be important
in causing certain degenerate vibrations to split in the normal mode analysis. The coordinate
set adopted for the normal mode analysis was that given in table 3.9; the coordinates chosen
were the tetrafluoroborate compound crystallographic coordinates at 100A’; modified such
that the imidazole rings are exactly planar.

The cation is engaged in hydrogen bonding with the anion via the outlying nitrogen atoms
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of the imidazole ring. In the perchlorate compound the N-H- «-0 distances are 2.95 and 3.06A
for the two asymmetric branches respectively; in the tetrafluoroborate compound the N-H- «-F
distances are 2.95 and 2.75A. Consequently the H-bonding is different in the two compounds
and some small differences in the INS spectra might be expected in the vibrations of N-H and
possibly in the acoustic modes.

A concern was the possible effect of the apparent bond shortening seen in x-ray crystal-
lography due to the Bastiansen-Morino shrinkage effect ( see (26), chapter 14 ) affecting, in
particular, the NH and CH modes. Since INS is sensitive to hydrogen motion it was feared
that an N-H or C-H bond length that was too short would not be able to correctly model
the frequency and intensity of the peaks in the INS spectrum. This was tested by noting
the effect on the calculated INS spectrum of increasing all the NH and CH hond lengths
by 10%. There was no significant change and it is therefore assumed in this study that the
Bastiansen-Morino effect is not significant with respect to the normal mode analysis of zinc
tetraimidazole complexes.

3.6.2  Experimental Results

INS spectra of the four samples described in section 3.4.2 were recorded at 20K on the TFXA
spectrometer, see section 3.4.1. The experimental results are compared after the spectrum of
background neutron scatter from the cryostat and cadmium sample holder was subtracted.
Figure 3.13 presents the INS spectra of zinc (11) tetraimidazole compound with the per-
chlorate and tetrafluoroborate anion. The spectra are superimposed and expanded in the low
frequency range, in which the skeletal modes of the zinc tetraimidazole cation are expected,
and in the range 500 - 1800cm in which most of the imidazole fundamental vibrations
occur. The spectra are virtually identical throughout the entire frequency range except below
150cm-1 and the two peaks at 719 and 820cm-1 in the perchlorate spectrum which shift in
the tetrafluoroborate spectrum. Since the crystal structures of the two compounds are known
to be nearly identical, but differ in the hydrogen bonding, it is assumed that the differences in
the INS spectra involve modes including H-bond vibrations. It is therefore probable that the
two peaks at 719 and 820cm-1 in the perchlorate spectrum have significant NH vibrational
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Figure 3.13: Inelastic neutron scattering spectra of powder samples of crystalline sine (I1)
tetraimidasole perchlorate and tetrafluoroborate respectively at 20K recorded on the TFXA
spectrometer, Rutherford Appleton Laboratory, U.K.. Boron-11 enriched tetrafluoroborate
vxas used Ito prevent the very large neutron absorption cross section of boron-10 from masking
the signal.

character. In the low frequency regime the shifts below 150cm*“lindicate that the ration is
not completely independent of the anion; it may also be surmised that the different crystal
field causes more restricted skeletal motion of the cation in the tetrafluoroborate compound
since the INS intensities are less than in the perchlorate case. However it is significant that
the peaks between 160 and 300cm 'L are much less affected than those lower in frequency;
this will help in the assignment of these modes since it suggests skeletal modes involving vi-
brations of the core of the molecule which are less sensitive to changes in the crystal field. In
general however the differences hetween the two spectra are small indicating that the isolated

molecule assumption necessary for normal mode analysis is a reasonahle one for this case.
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Fnorgy Trannfnr (cm™)

Figure 3.14: Inelastic neutron scattering spectra of powder samples of crystalline sine

(1) tetraimidasole perchlorate and its di-deuterated analogue at 20K recorded on the TFXA

spectrometer, Rutherford Aﬁpleton Laboratory, U.K.. The imidasole rings of the cation were

isotopically substituted at the NH positions.

Figure 3.14 depicts the same perchlorate spectrum as in figure 3.13 but superimposed on
the INS spectrum of its dt-deuterated analogue. In this case the imidazole rings in the ration
have been isotopically substituted at the nitrogen position as described in section 3.4.2. The
spectra are almost identical at all frequencies except for some peaks which have disappeared in
the deuterated rase and in the low frequency regime where there is an increasing attenuation
of the peak intensities. The peaks which disappear are at 719, 820 and 1198cm~* and a slight
decrease at 1433cm-* this confirms the supposition that the 719 and 820cm- "' peaks have
strong NH vibrational character. A small peak appears at 533cm~* which would correspond

to the ND vibrations shifted from the above frequencies in the undeuterated spectrum. In
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Energy Transfer Ic«*])

Figure 3.15: Inelastic neutron scattering spectra of powder samples of crystalline sine

(1) tetraimidasole perchlorate and its d.vdeuterated analogue at 20K recorded on the TFX A

spectrometer, Rutherford Appleton Laboratory, U.K.. The imidasole rings of the cation were

isotopically substituted at all three carbon positions.
the low frequency regime an attenuation of all the modes is expected since the substituted
hydrogen participates in all the skeletal modes whereas in the imidazole regime this is not
true; in the imidazole regime the NH modes are very pure ( see section 3.5 ) and deuteration
only causes specific peaks to disappear while the rest of the spectrum is unaffected. However
the increasing attenuation, especially below 100cm'™, indicates an increasing contribution of
the substituted hydrogen to each vibration and suggests lattice modes which are conveyed
via the intermolecular H-bonds.

Figure 3.15 depicts the effect on the INS spectrum of deuterating the perchlorate com-
pound at all three carbon positions of the imidazole branches. In this case the difference
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between the two spectra is very great and they have been artificially scaled in order to com-
pare features. Most of the imidazole regime exhibits large shifts in frequency and intensity
upon deuteration, as would be expected. The peaks which remain unshifted and intense
are those at 719, 820 and 1198cm"1 which again indicates that they are pure NH modes.
In the low frequency regime significant frequency shifts are evident. One source of concern
with this data regards the quality of deuteration of the imidazole rings. Even if the yield
was as high as 90% of deuterated sample, the 10% undeuterated material would contribute
disproportionately to the overall INS signal due to the much larger neutron scattering cross
section of protons compared to deuterons and the hydrogen-intensity-optimised nature of the
spectrometer. This was not detected in the infrared product purity assay.

In the next sections the normal mode analysis of the zinc (11) tetraimidazole complex is
described. For clarity the description of the analysis is split into two parts, one dealing with
the low frequency regime of the INS spectrum i.e. the skeletal vibrations of the cation below
500cm“* and one dealing with the internal modes of the imidazole branches above

3.6.3 Low Frequency Regime (< 500cm-1) - Strategy for Normal Mode
Analysis

These low frequency modes may be broadly described as the skeletal vibrations of the molecule
composed of large scale motion of the imidazole branches, which to a first approximation may
be considered rigid at these low frequencies. The motions of the branches may be roughly
categorised into Zn-N stretches, in-plane wags of the imidazole rings, out-of-plane brnds and
torsions of the imidazole rings about the Zn-N bond. ( see figure 2.4.)

The initial problem in doing a normal mode analysis of zinc (I1) tetraimidazole is the
lark of information that already exists in the literature for this or similar compounds at
low frequencies. To the authors knowledge, the only publications dealing with the vibra-
tional spectrum of zinc (1) tetraimidazole compounds are those by Hodgson et al., (fi0),
and Reedijk, (115), which involve infrared spectroscopy but do not extend below 185cm*“*.
There is also some work dealing with the analogous compounds tetraphenylmethane and
tetraphenylsilane, (39), (129), (130), (136), (159) but these vibrational spectra do show sig-
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Figure 3.16: Superposition of experimental infrared, Raman and INS spectra below
500cm” Lof sine (1) tetraimidaxole perchlorate and tetrafluoroborate. Infrared spectra were
recorded on a Bruker IFS 113V FT-IR spectrometer using compressed sample pellets of sam-
R}{erpolyethene in the ratio 1:10 with the assistance of Dr. M. Hegemann at the Universitat

inster. Raman spectra were recorded using an argon ion laser with a 200mW excitation

at 20498cm"*, a double monochromator and Spex spectrometer with the assistance of Dr.

J.D. Woollins at Imperial College, London.
nificant differences to that of zinc tetraimidazole although some general conclusions may be
drawn.

In figure 3.16, the experimental infrared and Raman spectra of zinc (1) tetraimidazole
perchlorate and tetrafluoroborate are compared with the experimental INS spectra of these
compounds already presented; the significant peak positions are tabulated in table 3.10 and
compared with existing information in the literature. There is a very clear one-to-one corre-
spondence of vibrational frequencies between all methods despite the difference in experimen-
tal temperatures. However it is evident that the infrared and Raman spectra do not extend
very low in frequency although they do represent a clear improvement over the published

vibrational spectra.
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Experimental Result¢, ( cm 1) Published Results, ( cm-1 )

INS infrared Raman symmetry
assignment Hodgson et al. Reedijk

) assuming ref. (60) ref. (115)
ClO« BF\ ClO« BF, ClO« BFi Tj symmetry
294 294
275 279 274« 277« 275w T, 271 i/Zn-N str. 272s isZn-N str.
228 230 223« 223«
C 208u/
202-208 202-208 203« 203« 203w < 205u> T, 199 ¢Zn-N-C def 201m
201 uf
185 187 184m 184m 187w 185 ¢Zn-N-C def.
175 176 171« 171«
156 150 156w
147 143 145w 144m
139 137 138w 133w T,
132
114 118 121w
106 108
97
91 91
76 75
60 63
51 55
42 46
30 37

Table 3.10: Comparison of experimental and published results for the vibrational spectra

of sine (11) tetraimidasole perchlorate and tetrafluoroborate below 500cm-1 via the methods

of infrared, Raman and INS. Note that in the case of infrared and Raman the intensity of

the experimental peaks are denoted by w:weak, rmmedium and s:strong. Also presented is

a symmetrz assignment of some of the modes assuming a symmetrly tetrahedral coordi-

nafion of the sine atom based on the infrared and Raman selection rufes.

These data only yield limited information but it is possible to obtain an important indica-
tion as to a physical assignment of some of the modes; this forms the basis for the development
of the normal mode analysis. To do this, the coordination of the zinc atom must first be as-
sumed to be perfectly tetrahedral thus exhibiting a local Tj symmetry including the zinc and
the four nearest nitrogen atoms. In this case, by consideration of optical selection rules10,
it is possible to identify the modes at 274, 203, 184 and 138cm-1 as belonging to the Tj
representation. These peaks are relatively intense in the infrared, which indicates a signifi-
cant oscillation of the electric dipole of the molecule; a fact which would further indicate a

strong involvement of the polar Zn-N bonds. As a consequence, these peaks are attributed

""For Tt symmetry onlg/ 7> modes sre infrared active wheress at, £ and T> modes sre Ramsn active
Optical spectroscopy” theréfore positively identifies 71 modes.
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to the skeletal tetrahedral modes at the core of the molecule. This is in agreement with the
observation made earlier ( see page 103 ) for the peaks above 150cm'1 which were seen to be
the least sensitive to changes in the crystal field incurred by exchanging the anion hence also
indicating modes at the core of the cation. The assignment is further corroborated by the
published studies, (60), (115), which also assign the modes 271, 199 and 185¢m-1 to skele-
tal modes of the Zn-N core. As such, the low frequency regime has effectively been further
subdivided into the region above 150cm-1, which is associated with the skeletal tetrahedral
modes about the coordination centre, and the region below 150c¢m-1, which is thus composed
of all the outer branch vibrations of the four rigid imidazole rings. This conclusion was also
reached by Zelei, (159), in his study of the vibrational spectra of tetraphenylmethane in which
he concludes that all benzene ring librations are expected to appear below 150cm-1 and the
Td skeletal modes occur above 200cm-1.

The assumption of perfect tetrahedral coordination symmetry of the zinc atom is not exact
since, as described in section 3.6.1, there are small deviations that lift the Td symmetry to give
Ci- This is seen to split the triply degenerate Tj modes into 2 B and 1 A singlets. However
the deviations are slight implying that the assumption is a reasonable one for interpreting
the sparse infrared and Raman spectra. The assumption of Td coordination symmetry is
the starting point in the development of a force field for the real molecule: this high Td
symmetry may be gradually lifted and replaced by symmetry of lower order, thereby making
the molecular model more complicated until a final model evolves that reproduces the entire
molecular vibrations of the zinc (I1) tetraimidazole complex. The intermediate evolution of
the model for the low frequency regime is displayed in figure 3.17 and each of the four stages
are explained in the following subsections.

3.6.3.1 6-atom model: td symmetry

The model has perfect Td symmetry and is composed of a central zinc atom and four extra-
neous atoms whose bond distance to the zinc is the same as the Zn-N distance but whose
mass and cross section are the same as an entire imidazole unit. The 5-atom tetrahedron
has nine modes whose reduction it A\ + E £ 27) ( refer to appendix E for group table ),
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Figure 3.1T: Diagram following the intermediate evolution of the malecular model for
the line (11) tetraimidaiole compléx ax used in the normal mode analysis. Each atage in
the proceaa_ia described by the aiae of the molecular model and the inherent, symmetry;
the model itself is depicted in the right-hand coner of each plot. The graphs Show the
theoretical INS spectra after refinement for each model Sdashed lings ) Superimposed on
the experimental INS spectrum of sine &II) tetraimidaaole perchlorate at 20K in the low
frequency regime. The associated symmetry representationa of each of the calculated peaks

are also Included.
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four stretch modes ( A\ + Tj ) and five deformation modes ( E + Tj ). The 7] modes were
targeted at the first two assigned frequencies from the infrared study i.e. 275 and 200cm'L
( the 275cm-1 mode is generally accepted as belonging to the Zn-N stretch, (60), (115) ),
the Aj mode2l at the small peak at 228cm-1 and the E mode between the two peaks at 185
and 175¢m-1 in the belief that the doublet E mode would later split when the symmetry
was lifted. The model is described by 10 internal coordinates giving one redundancy in the
internal symmetry coordinate set. The force field of 55 elements is completely described hy
7 independent parameters due to the high symmetry but only 4 non-zero parameters were
actually needed since the model refined quickly to produce the result in figure 3.17.

3.6.3.2 9-atom model: Tj symmetry

The imidazole mass and cross section in each branch is shared equally between two pseudo
atoms and each branch is collinear with the zinc atom thereby retaining the Tj symmetry.
The bond between the two pseudo atoms in each branch is made stiff by assigning a stretch
constant of 500mdj/neA-1 between them. The new model introduces eight new low frequency
modes of symmetry ( E + T\ + Tj ) which are associated with the indistinguishable rocking
vibrations of the pseudo imidazoles to give a total of 17 low frequency modeB. 22 internal
coordinates are required with one redundancy in the internal symmetry coordinate set. The
other 4 modes are high frequency vibrations of the stifT link between the pseudo atoms in each
branch. The new Tj mode was associated with the last assigned frequency from the optical
study at 138c¢m-1 and the other two new modes were located at the positions of the next two
peaks down in frequency. The force field has 253 elements but is completely described by 27
independent parameters due to the symmetry. Only nine non-zero parameters were needed
since the model refined rapidly.F
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3.6.5.3 13-atom model: 5 symmetry

The pseudo imidazoles are modelled as equilateral triangles with equal distribution of the
imidazole mass and cross section. This lifts the Tj symmetry to give Ss and means that
the rocking vibrations of the branches are no longer indistinguishable but form distinct in-
plane wag modes, out-of-plane bend modes and four new torsion modes ( A 4 B + E ).
This produces the full complement of 21 low frequency internal modes. The lower symmetry
( refer to appendix E for group table of S4 ) permits many of the former degeneracies to
split (e g. all 7] triplets split into an E doublet and a B singlet ) although not all the lifted
degeneracies actually separate until the pseudo imidazoles are inclined by 5° towards the S4
axis to emulate the inclinations observed in the x-ray crystallography. In particular this is
necessary in order to separate the A and B singlets generated from the former E mode between
the two peaks at 185 and 175cm-1. A schematic representation of the symmetry splittings
through the development of the model up to the final model is given in figure 3.18. 34 internal
coordinates are used including one redundancy; the remaining 12 modes ( 3A + 3fl + 3E ) are
high frequency internal modes of the equilateral triangles. The internal force constants of the
triangles are set at 99mdynek~i to avoid coupling with the low frequency modes. The force
field of 595 elements is described by 30 independent parameters. This is rather a lot for the
number of observations but was necessary in order to force some of the wags and bends etc.
to appear higher than 5 —*50cm-1 which was considered to be too low and to prevent their
INS intensities from being too large. In retrospect it became obvious that this tendency was
implicit in the model and in fact the model was wrong. This is discussed further in the next
subsection.

3.8.3.4 21-atom model: 5 symmetry

The equilateral triangles are expanded to be imidazole shaped pentagons with each apex of
the pentagon constituting the mass and cross section of the respective carbon or nitrogen plus
a hydrogen. The internal force constants of the pentagon are relaxed from the very stiff values
used in the equilateral triangles in the previous model to approach more realistic values. No
more low frequency modes appear although there are an extra 36 modes at high frequency
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MODEL: 5atom  9atom 13atom 21atom 37 atom
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Figiure 3.18: Flow diagram chartin% the evolution of symmetry of the normal modes of
models developed to represent the low Trequency vibrations of sing (I1) tetraimidasole. The
chart marks the appearance of new modes as more complex models are introduced and how
the inherent degeneracies are lifted as the group symmetry of the various models is lowered
from 24-fold 7% to 2-fold Ca which reflects the true symmetry of the molecule. The final
refined eigenvalues of the normal mode analysis are also presented and broadly described in
terms of physical vibrations of the molecule.
(9A + 9B +9E ). The model is approximately complete at low frequency but in this form
cannot properly model the INS intensities of the internal imidazole ring modes due to the
lack of CH and NH bonds. As with the previous model four of the branch modes appear
unexpectedly low in frequency except when many more force constants are introduced. This
is considered to be a basic defect of the model because the pseudo imidazoles are held too
loosely in position and therefore vibrate at very low frequencies with large INS amplitudes.
For the fit shown in figure 3.17 the model has only 21 free parameters defining the force field
(equivalent to the number of observations ).
The fact that the 13-atom and 21-atom S« models tend to exhibit branch librations at very

low frequencies is probably due to the inability of the two models to allow for the restraining
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effects of inter-imidazole stearic interactions and intermolecular H-bonding. The former effect
was concluded by Schlotter et al., (129), (130), to be very important for the analogous case of
tetraphenylmethane. To model H-bonding is very difficult since in reality the entire crystal
lattice should be taken into account. A first approximation was attempted by suspending the
molecule in a cage of four massive atoms positioned at the extremities of the H-bonds and
to which the molecule was hung. The results were confusing since the cage modes tended to
mix strongly with the internal modes and the assigned modes (e.g. the tetrahedral skeletal
modes ) shifted significantly both in frequency and intensity. More importantly the cage
model failed to significantly affect the very low frequency bending, wagging and torsional
modes. A more appealing alternative was to try to model the stearic interaction between the
imidazole branches via a network of connecting stretching force constants. This was favoured
because it retained the isolated molecule model and impeded the free motion of the imidazole
branches without having to emulate the complex effect of the crystal lattice.

3.0.3.5 37-atom final model: Cj symmetry

The final model adopted for the normal mode analysis is represented in figure 3.19. All 37
atoms of the molecule are included at their crystallographic positions ( as described in ta-
ble 3.9 ) inferring a further lowering of the symmetry to Cj. Stearic interaction between
imidazole branches is modelled by a network of stretching force constants between the indi-
vidual atoms. This coupling is described by just two force constants depending on whether
the inter-imidazole link circumscribes the Cj axis or crosses it. Their values were refined to be
0.064 and 0.056mdyneA-1 respectively. The modelling of the stearic interaction in this way
meant that far fewer independent parameters had to be included in the force field than was
otherwise necessary to bring the calculated wag, bend and torsion modes to higher frequencies
with appropriate INS intensities. The stearic interaction model does not significantly interfere
with the internal imidazole modes which are also simultaneously generated by this model and
are discussed in more detail further on. The refined force field for the low frequency regime
based on this final model is discussed in the next section.
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View porp. to 2-fold attlo

37-atom final modeli C2 symmetry

oretone.bope, vt tetrahedral modes
AB g
I
ds‘ormstlon»
itr#tch
R0 too 150 20 20 50

figure 3.19: Diagram fomenting the final model employed in the normal mode nnalyei*
of the line_(I1) tetraimidasole complex. The ichematic diagram« at the top «how the model
in two projection«. All 37 atom« of the comPIex, are included at the poiition« determined by
X-ra cr?/s alloqraphy and modified so that the imidasole branches are exactll)/ planar. Inter
imidasole coupling i« modelled by two independent force constants acting along the vectors
between atom's denoted by the dashed lines; this was introduced to allow forthe effect of
stearic interaction hetween the branches Without this coupling manY of the calculated
imidasole wag, bend and torsion modes would tend to appear at far too low frequencies
with INS intensities much greater than those observed. The ﬁrap,h at the bottom shows the
best fitted calculated INS Spectrum at low frequency using the final model
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Figure 3.20: Schematic representation of the entire force field associated with the final
37-atom Ca model for the normal mode analysis of sine (II) tetraimidazole. The diagram
shows that the force field may be regarded as a series of non-interacting blocks each acting
on aset of internal coordinates specific to one part of the molecular mofion. This effectively
partitions the force field into a low frequency regime containing the skeletal mode and inter-
mndkazole coupling blocks and a high' frequency regime containing the internal imidazole

ocks.

3.6.4 Low Frequency Regime (< 500cm-1) - Force Field and Eigenvectors

The force field for the model shown in figure 3.19 contains 200 x 200 elements. It is shown
in figure 3.20 sub-divided into six non-interacting blocks that act on six separate sets of
internal coordinates. The six sets comprise (i) the set of internal coordinates describing the
low frequency skeletal modes (ii) the set of stretch coordinates defining the inter-imidazole
coupling used to model the stearic interactions between branches and (iii) four sets of internal
coordinates describing the internal ring modes of the imidazole branches. It is a fundamental
assumption of this model that none of these blocks interact; i.e. low frequency skeletal modes
do not couple with the higher frequency internal imidazole modes. Based on this assumption
it is possible to inspect each of these blocks as independent force fields relating to specific
frequency regimes of the calculated spectrum.

The low frequency fit obtained in figure 3.19 is baaed on the upper two blocks in figure 3.20;
le. the skeletal mode force field and the diagonal block containing the inter-imidazole cou-
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internal coordinates, S,
for low freguency
skeletal modes

S - *(14

§: : 5&3{%
L

S, = 2‘31'11'51
A 2%%:%1}
EIS - ?i 2bo’u t3%,4§
Sii= r{about 1,1 §
9 = r{»pout 1,22
gn = rfapbout 131
U= 0{1,435)
Su = Q(113.12:14
glr = 0(1, 27 21,23}
u = 01313032
U = @1.4,3

B ol %}
Su = (L3130

Table 3.11: The internal coordinate act for the 22 x 22 block of the overall force field
itee 3.20 ) for the line (Ilr) tetraimidaaole complex. This block ia aaaociated with the low
requency akeletal model of the molecule. R(a, b;]denotea a atretching diaplacement between
atoma a and k which may be read from the molecule numbering acheme given on the right
hand aide, ;(a, b ¢) denotea the angle diaplacement between atoma a, band c, r(about d; b
denotea a toraional diaplacement about the axia deacribed by the vector ab and 0 (a,h,c,d
genotea an out-of-plane diaplacement from the plane deacribed by the four atoma @, b, ¢ an

pling. The latter ia deacribed by juat two force constant!. The former block is a 22 x 22 force
field referenced to the internal coordinate aet given in table 3.11. Theae internal coordinates
describe the skeletal displacements of the molecule if the imidazole rings are considered as rigid
entities. The first ten coordinates are the stretch and bend angle displacements describing
deformations of the zinc coordination with its four nearest neighbours; this is a non-minimum
definition and incurs one redundant coordinate corresponding to all six angle bends, about
the zinc position, increasing together.

The elements of the low frequency skeletal mode force field are related by symmetry to
reduce the number of free parameters. For Cj symmetry the reduction is only 2-fold but for
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much of the force field 5« symmetry was used to further reduce its form since this does not
violate the lower Cj symmetry and was found to be adequate. In fact most of the form of
the force field for the final 37-atom Cj model was inherited from the previous 21-atom 5s
model and only further refined after the introduction of the inter-imidazole coupling block. To
minimise the number of independent force constants, as much of the force field as possible was
set to zero; in fact all of the non-zero elements are found close to the leading diagonal except
from a block coupling the out-of-plane imidazole bends to the tetrahedral deformations. This
may be seen in table 3.12 in which the quantitative values of the independent force constants
and the qualitative form of the low frequency skeletal force field are presented.

There are 25 independent force constants defining the force field in figure 3.12 and only 21
observed frequencies in the low frequency INS spectrum. However this imbalance is justified
since the force field was simultaneously refined with respect to the 21 low frequency modes
of the zinc (I1) tetraimidazole complex in its two deuterated, forms di- and 3d(245)- This
gave a total of 63 observations which exceeds the 25 free parameters used in the refinement.
The force field was also refined with respect to the INS intensities.

The force field generates 22 eigenvectors from which it is possible to interpret the form of
the 21 non-zero low frequency skeletal modes. The entire set is depicted in appendix G but
six of these modes are presented in figure 3.21 in order to demonstrate the major forms of
motion present in the low frequency spectrum.

The modes selected include three tetrahedral modes and one of each of the three forms of
imidazole ring libration possible: bend, wag and torsion. It is quite clear from inspection of
these diagrams that the tetrahedral modes are vibrations of the core of the molecule ( i.e. the
greatest displacements are close to the zinc atom ) whereas the imidazole librations tend to
incur the greatest atom displacements furthest from the zinc atom. This was the assumption
made earlier and was instrumental in the assignment of the tetrahedral modes to the INS
peaks which are seen to move least upon small changes in the crystal field ( due in this rase
to exchanging the anion from perchlorate to tetrafluoroborate ). Furthermore, the tetrahedral
modes are seen to be relatively pure and, despite the deviations from exact Tj symmetry, the
zinc and its four nearest neighbours appear to exhibit the text-book normal modes of a

118



CHAPTER 3. INELASTIC NEUTRON SCATTERING

Farce Constants Interaction Force Constants
(12 diagonal elements) (13 of T-diagonal elements)
mdynsA-1 mdynek~|
A Zn-N stretch #1 111 &  Zn-N/Zn-N interaction  0.27430
B Zn-N stretch #2 1.084 Zn-N/Zn-N interaction  0.03774
G N-Zn-N deformation #1 0461 R torsion/torsion 0.00086
D N-Zn-N deformation #2 0261 s bend/bend -0.01375
E N-Zn-N deformation #3 0409 e bend/bend -0.02794
F N-Zn-N deformation #4 0218 ¢ bend/bend -0.00998
C  Zn-N torsion # 0.005 V bend/bend , -0.01905
H Zn-N torsion #2 0.008 e wagltetr.deformation 0.00280
1 Imid out-of-plane bend #1 0.090 k wag/tetr.deformation 0.00133
JImid out-of-plane bend #2  0.073 Waglwag 0.07496
K Imid in-plane wag #1 0109 X wag/wag 0.01180
L Imid in-plane wag #2 0148 P wag/wag 0.06801
Imid-Imid coupling #1 0.064 v wag/wag 0.01025
Imid-Imid coupling #2 066
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Tabic 3.12: The 25 independent force comtanti and the form of the force field uied with
the final 37-atom Cj iymmetry model to obtain the low frequency ikeletal mode vibrational
spectrum of line (Ilﬁ_tet.rmml aiole. It is this force field which generate« the calculated INS
I peetrum presented ‘in f.|(11ure.3.19. The coordinate baiia, 51— Sjj, ii the non-minimum »et
of internal coordinate lilted in table 3.11.
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modes of the sine (II) tetraimidasole complex are presented in appendix G.
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Figure 3.22: Comparison of inelastic neutron scattering spectra of sine (I1) tetraimida-
sole perchlorate and pure imidasole at 20K . The expansion of the range 500 — 1800cm- 1is
interesting since it shows the changzes to the internal mode vibrational spectrum of crystalline
imidasole when it is coordinated to a sine atom.

tetrahedron. Not all of the imidazole librations are as pure and in appendix G it may be seen
that several modes are of fairly mixed character.

3.6.5 Imidazole Regime (> 500cm-1) - Mode Assignment

In figure 3.22 the INS spectrum of pure imidazole is compared to that of zinc (I1) tetraim-
idazole perchlorate over the range 500 —* 1800cm-1. This is the range in which most of
the fundamental internal modes of imidazole occur. Most of the spectra are similar to one
another such that there is a one to one correspondence between peaks, but the spectra are
significantly different between 700 and 1000cm-1. This region is attributed to CH and NH
out-of-plane wags in the spectrum of pure imidazole and it is probable that the change in the
vibrational spectrum is due to different the H-bonding in the zinc complex. The H-bonding
in both substances is via the NH bond which has a pure out-of-plane wag mode in imidazole
at 961cm-1 ( le. i/)6 in table 3.8 ) producing an intense INS peak that is clearly shifted in
the zinc complex spectrum. The NH peaks in the zinc complex spectrum ( note there are four
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corresponding vibrations since there are four imidazoles per molecule ) are identified by com-
parison with the INS spectrum of the d”j-deuterated counterpart of zinc (I1) tetraimidazole.
This was done in figure 3.14 in which the 719 and 820cm-1 modes were clearly seen to vanish
identifying them unequivocally as NH vibrations. Thus the singlet 961cm-1 out-of-plane NH
wag in imidazole gives rise to four modes in the zinc complex producing two doublet peaks
occurring at 719 and 820cm-1. This splitting is justified by recalling that the H-bonding to
the two branches in the asymmetric group is quite dissimilar and the NH wag vibrations are
therefore differently affected. Further evidence of the importance of H-bonding on these two
peaks may be seen by comparing the INS spectra of zinc (1) tetraimidazole perchlorate and
tetrafluoroborate as in figure 3.13. As mentioned earlier the H-bonding in these compounds
is different which causes the 719 and 820cm-1 peaks in the perchlorate spectrum to shift to
727 and 807cm-1 in the tetrafluoroborate case whereas the two spectra superimpose almost
exactly at all other frequencies. The other shifted peaks in the 700 —* 1000cm-1 region have
very large INS intensities typical of out-of-plane CH wags; these would not be expected
to split like the NH modes because they do not engage strongly in H-bonding. The out-of-
plane CH wags in the zinc (I1) tetraimidazole perchlorate spectrum are therefore assigned at
770, 863 and 882cm-1. Since the two peaks at 623 and 661cm-1 in the imidazole spectrum
(‘assigned to ring puckers ) do not shift, the assignment of the out-of-plane imidazole modes
in the zinc complex is complete.

The in-plane modes in pure imidazole occur above 900cm-1. There is no evidence to
suggest any significant change in form of the vibrational spectrum of these modes in the
zinc complex although most of the modes appear to shift up in frequency by about 25¢m-1.
The in-plane NH wag mode is positively identified at 1198cm-1 in the perchlorate spectrum
by contrasting with the djjj-deuterated analogue ( see figure 3.14 ). This compares with
1186¢m-1 in the pure imidazole spectrum; this is a shift of 12cm-1 which is consistent with
the shifts experienced by all the in-plane modes. Thus, the in-plane NH modes do not appear
to be so sensitive to the different H-honding environment in the zinc complex as the out-of-
plane modes. This is probably due to the mixed character of these modes ( i.e. they are not
pure NH modes ).
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wHVHnunhar'i cm

Figure 3.23: Experimental INS, infrared and Raman spectra of sine (I1) tetraimidazole

Perchlorate and tetrafluoroborate in the range 500 — 1800cm- *; the spectra correspond to

he tabulated data in table 3.13. The infrared spectra were recorded on a Broker FT-IR

ISS Lucke 48 spectrometer. The Raman spectra were measured using an argon ion laser

with a 200mW excitation at 20498cm-1, a double monochromator and Spex spectrometer.

Both of the optical measurements were made with the assistance of Dr. J.D.Woollins at

Im(fenal College, London. For the infrared spectra the absorptions due to the perchlorate

and tetrafluorcborate counter-ions are indicated and are taken from the literature, (115).

More experimental information about the vibrational spectra of the zinc complex in the
perchlorate and tetrafluoroborate form is presented in table 3.13. It is compared to the study
by Hodgson et al., (60), which is an assignment of the infrared spectrum of zinc (I1) tetraim-
idazole perchlorate. The experimental INS, infrared and Raman spectra are superimposed
upon one another in figure 3.23. The optical data do not help much in the determination
of the assignments since for Cj symmetry all modes are active in both infrared and Raman.
Even if 5« symmetry is assumed, which is approximately correct and identifies the A modes
which are not active in the infrared, the data does not help the assignment since nearly every
band in the spectra is composed of four peaks comprising all symmetries due to the four im-

idazoles present per molecule. The optical data however do help in pinpointing peaks which
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Experimental Results, (cm 1) Published Results Refined
Cl0« compound frequencies
Hodgson et al., (60) 37-atom model
ClO« BF< (cme1) (cm-1)
INS  ir  Raman INS ir  Raman ir assignment  calc.  assignment
3380  tNH 3380 tNH
3160  t/CH 3160  t/CH
3145 ilCH 3145 {/CH
3131 tCH 3131 t/CH
3113 3114
2954 2954
2849 2849
2023
1840 1634 1832
1550 1541 1549 1550 1541 1550 1546 »lring 1575 »lring
1503 1519 1503 1523 | R T oing 1625 ilring/ehH
1433 1429 1429 1449 1430 1430 1431 »hring 1433 »lring
13421329 1333 1348 1329 1334 131 »lring 1336 »/ring
1284 1264 1210 1292 1264 1271 1267 (CH 1211 ¢CH
281 1201 1230 comb.
1198 1178 1183 ~1151 1183 1183 »lring 1194 ¢NH
1145 1146 1B ~1132 1138 1133 (NH 1111 »lring
mi 114 1109 100 1109 1099 ;CH
1087 1071 1077 1071 1078 1090 (CH
1037 1050  ¢CH ,
%l 953 955 97 953 956 953 ¢rin 971 ¢ring
927 91 %1 9% 937 92 920 yC 923 ¢ring
832 oL 819 gy O 83 yCH
863 860 89 g7 | g 862  yCH
820 83 807 836 833 yCH 820  7NHo
7o 161 1N 783 788 766 780 yCH 770 yCH
719 21 730 NH 719 7NH(t()
858 658 655 883 858 655 652 rin 8l  7ring
823 828 625 826 618 620 622 \VsCLO4 623 tring
614 7ring

Table 3.13: Experimental vibrational spectra of sine (It) tetraimidasole perchlorate and
tetrafluoroborate by the methods of inelastic neutron scattering, infrared and Haman in
the range 500 — 1800cm'L The results are compared to the infrared assminment of the
perchlorate spectrum by Hodgson et nl , (00). The final two columns present the calculated
vibrationa] frequencies of the sine complex based on the 37-atom final model ( discussed
in subsections 3.6.3 and 3.6.4 ) and the new assignment based on all the work. Note that
the hydrogen stretches, t/CH and vNH, are assn_1ned to Hodgsons values due to the poor
resolution”of the INS data at those frequencies; plus the subscripts (i) and (ii) for the yNH
mode denote the same mode which vibrates at two frequencies due to the aSymmetric H-
bonding of the two imidasoles within the asymmetric group.
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are obscured in the INS spectra due to poorer resolution or other nearby peaks and confirm
the assignment deduced from the INS spectra alone.

The new assignment is given in the right-hand column of table 3.13. The major disagree-
ments with the assignment of Hodgson et al., (60), are as follows:

1. Hodgson et al. do not identify the splitting of the imidazole out-of-plane NH wag into
the two peaks at 719 and 820cm-* ( denoted as 7NH(;j and 7NH(,) ) and assigns 7NH
to the lower of the two peaks, ( 730cm-1 in his infrared spectrum ) and the 820cm-*
band ( 833cm-1 in his infrared spectrum ) as a CH wag. The 719 and 820cm-1 peaks
are both unquestionably NH wags due to their deuteration shifts.

2. The 863 and 882cm-1 bands, assigned as CH wags in the present study, are assigned by
Hodgson et al. to be due to a single bending ring mode. This can not account for the
very large peak intensity seen in the INS spectrum which is typical of large amplitude
hydrogen motion.

3. The 961cm-*band, assigned as a bending ring mode in the present study, is assigned by
Hodgson et al. to be an out-of-plane CH mode. If this were true it would be expected
to produce more intensity in the INS spectrum.

4. The in-plane NH wag at 1198cm-1 and the stretching ring deformation at 1145cm-1 are
assigned the other way around by Hodgson et al.. The NH wag is positively identified
at 1198cm-1 due to its deuteration shift.

5. The 623cm-*ring pucker is assigned by Hodgson at 614cm-*and the 623cm-* mode
as a perchlorate mode. This is not correct since the 623cm-* peak appears in the
INS spectrum and perchlorate scarcely generates INS intensity on a hydrogen intensity
optimised spectrometer such as TFXA.

3.6.6 Imidazole Regime (> 500cm-*) - Force Field and Eigenvector»

The refinement of the imidazole regime can be treated as an independent problem although the
imidazole force field is just part of the whole force field describing the zinc (II) tetraimidazole
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molecule. The imidazole force field is in fact composed of four blocks, one for each of the
four imidazole ligands, as depicted in figure 3.20. At the start of the refinement these four
blocks were identical and were input as the 31 x 31 isolated imidazole force field described in
section 3.5.4 and presented in appendix F. The internal coordinate basis for each block is the
non-minimum basis set, S, given in table 3.4.

The low frequency skeletal modes were refined first. As has been described in section 3.6.4,
this required the treatment of stearic interaction between the imidazoles to moderate their
librations and was effected by a network of stretching force constants connecting imidazoles
to imidazoles via their ring atoms. The force constants of these stearic interactions were very
low but inevitably did cause the calculated frequencies in the imidazole regime to increase in
frequency. The in-plane and out-of-plane imidazole modes were then refined separately. As
described in the last section, there is no evidence that the form of the in-plane vibrational
spectrum s different in the zinc complex than in pure imidazole and so there was no justifi-
cation for refining the off-diagonal elements of the in-plane block. The in-plane modes were
refined with the 15 leading diagonal elements of the force field against the 30 observations
of the eigenvalues in both the undeuterated and the d*j-deuterated case. The refinement of
the out-of-plane modes was more complicated. As with isolated imidazole the effect of the
H-bonding on the frequency of the NH wags was accommodated for by the NH wag force
constant; this was adequate for imidazole since the NH modes are very pure and vibrate
independently. For the zinc complex the NH wag had to be determined by two NH wag force
constants due to the splitting of this mode, one for each imidazole in the asymmetric group;
1. giving two sets of two identical imidazole blocks in the force field. Further, the significant
change in form of the vibrational spectrum of the in-plane modes meant that it was appropri-
ate to refine the off-diagonal elements as well as the leading diagonals. This involved in total
11 free parameters refined against the 18 observed frequencies in the three isotopic variants.
Both the in-plane and out-of-plane blocks of the imidazole force fields were also refined with
respect to the INS experimental intensities.

In figure 3.24 the final calculated INS spectrum of zinc (II) tetraimidazole is superimposed
on the measured spectrum. ( The low frequency calculation has already been presented in
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Figure 324 Fmal calcu(fted INS aPectrum of the line 53 tetralmldazole co r%I
superimposed on the measured INS spectrum of the perchlorat ompound The dynamics
were modelled by the full 37-atom model described in the text. The entjre range |s shown
and expanded in:the two principal reﬁlons of interest. The calculation involves furidamentals,
overtones, combination bands and phonon wm?s based on the experimental spectrum below
500cm' 1and an overall refined Debye-Waller Tactor of 0.025A3
figure 3.19 but is shown again here to give the full overview ). The calculation determines
fundamental, overtone and combination frequencies and intensities and a full numerical pow-
der average was done. Phonon wings are also calculated up to the fourth term based on the
experimental spectrum below SOOem'Land using a refined value for the overall Debye-Waller
factor of 0.025A%, i.e. u in Eq. (3.29); a starting estimate of 0.021AJ for the overall Debye-
Waller factor was obtained from the isotropic average of the T tensor at 100A" from the TLS
analysis in chapter 2.

The calculation of the imidazole regime in figure 3.24 is a good fit to experiment up
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to 1000cm-1. This encompasses all of the out-of-plane modes of the imidazoles. However,
above 1000cm-1 the fit is poorer, especially around 1100cm-1 where the calculated peaks lack
intensity. This region is principally made up of in-plane CH and NH wags. The implication
is that in-plane modes are more greatly restricted in their freedom of vibration than the out-
of-plane modes in the dynamic model. This could be a result of the modelling of the stearic
interaction which may tend to particularly impede the in-plane imidazole modes. However,
we can offer no conclusive explanation for the underestimate in this region.

It should be noted, that in the low frequency regime it was necessary to slightly broaden
the peak resolution artificially in order to produce this fit. This only applied to peaks lower
than 160cm-1 in frequency which appear too narrow when calculated with the intrinsic res-
olution of 1.5% of energy transfer. This implies that the modes below 160cm-1, exclusively
bends, wags and torsions of the imidazole branches, are slightly dispersed through the Bril-
louin zone which indicates some degree of coupling with the acoustic lattice modes. There
has been no attempt to reproduce the broad hump underlying all the optical modes at low
frequency since this is beyond the scope of the isolated model approach. It should also be
noted that it is very difficult to model the broad, featureless region of the spectrum above
1800cm-1; the calculation typically underestimates the experimental intensity. This is caused
by the insufficient number of overtone and combination bands treated (only first harmonics ),
difficulties in the phonon wing treatment and inadequacies in the intensities predicted using
the harmonic approximation.

There are 105 eigenvectors generated by the refined force field that represent the normal
modes. The 21 low frequency skeletal modes have already been discussed and are presented
pictorially in figure 3.21 and appendix G. This leaves 84 modes ( i.e. 42 + 42B in Cj
symmetry ) belonging to the imidazole regime although these may be sub-divided into 2L
groups of four approximately degenerate modes ( with the notable exception of the out-of-
plane NH wag which further sub-divides into two groups of two ). The nature of the 21
groups of modes is very similar to that in the pure imidazole case, depicted in figure 3.12, and
consequently the full set is not shown here. However, two of the modes in their ground states
are depicted in figure 3.26 with identical scaling as the low frequency modes in figure 3.21
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Figure 3.25: Two example« of the calculated ground state normal modes in the imidasole
regime of the sine gl) tetraimidasole complex. The root-mean-squared displacement vectors
have been scaled by 15 so that they can be directly compared in magnitude to the low
frequency skeletal modes in figure 3.2L. It is clear that the high fre uencz modes contribute
far less fo the total mean square displacement amplitude than do the skeletal modes. The
examples were arbitrarily chosen to show one in-plane mode and one out-of-ﬁlane mode. The
imidasole modes in the sine tetraimidasole complex are very similar to tne those in pure
imidasole as shown in figure 3.12. There is are 84 fundamental vibrations in the imidasole
regime.
in order to demonstrate the significant reduction in the atomic displacements at the higher
frequencies. Although each high frequency mode contributes much less to the mean squared
displacements of the atoms than the skeletal modes, there are four times as many to sum over.
The exact proportions of the atomic motion in high and low frequency modes are displayed
in table 3.14 at three temperatures for sine, the ring atoms ( carbons and nitrogens ) and
the hydrogens. It is apparent that, even at low temperatures, most of the ring motion is
concentrated in the skeletal modes but that a sizeable proportion of the motion is due to

imidazole modes and should not be neglected.

3.8.7 Self-Coniiifttency of Force Field - Deuteration

A'stringent test of the complete force field for the zinc complex is to establish how well it can
reproduce the INS intensity spectra of the d*)- and 3d(Jidig)- deuterated counterparts of the
compound.

The d#|)-deuterated zinc complex is addressed first. This is essentially a test of the NH
mode shifts since the residual spectrum remains relatively unaffected upon deuteration. We
therefore concern ourselves principally with the modes depicted in figure 3.26. Note that there
are three types of NH mode ( neglecting the very high frequency NH stretches which are not
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Percent of total intramolecular_ rms motion
of respective atoms below 500cm- 1

20K 150K 300K

sine atom 96% 97% 98%

ring atoms 63% 70% 75%
(Cand N)

hydrogen atoms 42% 50% 51%

~ Table 3.14: Proportion of average isotropic root-mean-squared displacements of atoms
in the sine complex owing to skelefal modes vibrating below 500cm-1as a percentat{;e of
the total internal motion of the molecule. The figures are deduced from the INS results at
each temperature by populating each mode according to the canonical average within the
htarmonlc approximation. The ‘isotropic averages are then found for the above groups of
atoms.

easily detectable in the INS spectra ) each contributing four bands due to the presence of
four imidazoles but that the out-of-plane bands are split in frequency (i.e. NH wag (i) and
(i) ) because of the asymmetric H-bonding. The INS intensity spectrum may be calculated
using the same force field and the 37-atom model in which the NH hydrogen atoms have
been substituted for deuteron mass and scattering cross section. The result is presented
in figure 3.27. There is almost no change in the calculated low frequency spectrum as is
expected. Below 900cm-1 in the imidazole regime significant changes are seen compared to
the undeuterated fit. The formerly intense out-of-plane NH wags at 719 and 820cm- * have
completely disappeared and reappeared as very weak peaks at ~ 530 and ~ 660cm-*; the
~ 530cm-* peak is just visible in the measured spectrum. This behaviour corresponds to
the assignment made. However in the measured spectrum there are residual peak intensities
visible at 719 and as a shoulder at 820cm-" which are not accounted for in the calculation.
This probably indicates that the deuteration at the NH positions was not 100% at the time of
measurement and that the experimental spectrum is in fart an admixture of the deuterated
and undeuterated spectra. This is quite possible since it is known for pure imidazole that the
NH position readily re-exchanges at room temperature and therefore some protonation of the
ND positions in the zinc complex is also likely to have taken place. If this were so, it would

130



CHAPTER 3. INELASTIC NEUTRON SCATTERING

.> 0 A > 1 Ollll "l

X ? X r

1197 em™ in-pimne NH ymg

-0--K
Voor M&*< e P-?
a X. X
x > 9 20 X ¥
$> Vi Vi--° <
< > >
B2l cm'l out-of-plano NH wag (!) ce1 out-of-plana NHwag (I1)

Figure 3.26; The calculated ground state NH modes of sine (I1) tetraimidasole perchlo-
rate. “As with figures 3.21 and 3.25 the root-mean-squared atomic displacement vectors are
scaled by a factor of 15 for clarity. Note that there are in fact four similar modes for each
type of mode displayed, because there are four imidazole Ilqands, with the notable exception
ofthe out-of-plane NH modes which split into two bands of two modes due to the asymmetric
H-bonding. It is these modes that undergo the most pronounced shifts upon deutération of
the NH positions and consequently generate the greatest changes in INS spectral intensity.
Note that the nitrogen atoms are depicted by slightly larger circles than the carbon atoms.
be impossible to completely generate the INS intensity of the spectrum via a calculation
that assumes 100% NH deuteration since the phonon wing background could not be correctly
modelled. This may be seen at the two CH wag peak positions at 780 and 880cm-1 where the
lack of intensity in the preceding regions has lowered the background; the individual intensity
of these peaks is however correct. One concern in the out-of-plane region below 900cm 1is
the reduction of calculated intensity in the 623cm-1 ring pucker which becomes a shoulder of
the 660cm-1 peak; this indicates that too much NH wag character exists in the model of this
ring pucker vibration. In general however the out-of-plane modes appear to be satisfactorily
modelled.
For the in-plane modes above 900cm-*, it is more difficult to comment on the quality of

the fit since the spectrum only contains broad peaks that are poorly resolved. The peak at
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Figure 3.27: Calculated INS spectrum of the sine (II1) tetraimidaiole-d(i) complex su-

gerlm osed on the experimental ﬁerchlorate sFectrum. he calculation was based on the

00 x 200 force field generated for the undeuterated sine complex and the deuterated 37-atom

model. All other parameters are the same as those used for the undeuterated calculation in

figure 3.24.
970cm"1, an in-plane stretching deformation of the ring, has too much calculated intensity
although the situation appears worse than it is because the preceding peaks are underesti-
mated due to the artificially low phonon wing background as explained above. Furthermore,
the calculated peak at 1100cm ™ is too weak, which was also found in the undeuterated case
It is encouraging, however, to see that the NH mode at 1198cm™* vanishes in the deuterated
rase.

In summary for the d*-zinc complex, the low frequency regime is virtually unchanged &8
expected, the out-of-plane modes appear to be correctly modelled with the possible exception

of one of the ring puckers and the in-plane modes do not show notable inconsistencies if the
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incomplete modelling of the phonon wing background is taken into account. Note that the
treatment of the phonon wings is anyway an approximation. The use of the experimental
spectrum below 500cm-1 to construct the phonon wing background is certainly less appro-
priate for the zinc complex, which exhibits strong optical peaks in this regime, than it was
for the case of pure imidazole.

The situation for the Sd*"-zinc complex is not so straightforward. As described on
page 106, there was concern over the degree of deuteration of the product. Unless the prod-
uct was 100% pure, which certainly was not the case, the residual protons at the CH positions
would have a disproportionate effect on the intensity spectrum due to their very large scat-
tering cross sections and the optimisation of the TFXA spectrometer. The desired product
would only contribute weakly to the signal since it is three quarters deuterated. It is also
likely that admixtures of all permutations of deuteration are present to some degree. Conse-
quently, it seems unlikely that the modelling of the INS intensity could hope to give a very
good fit and only certain points are raised.

The 3d(2'4'S)- calculation is presented in figure 3.28. In the imidazole regime the strong
peaks at 746, 831 and 1206cm-1 are certainly due to NH vibrations; the sample was washed
with cold water and there can be little doubt that virtually all the N-positions were proto-
nated. These peaks were consequently used to scale the calculated spectrum since they should
be well modelled. The rest of the imidazole regime could not easily be compared.

In the low frequency regime, the tetrahedral modes above 150cm-1 remain relatively well
modelled although the shifts downwards in frequency upon deuteration are slightly overes-
timated. Of some concern are the large shifts calculated below 150cm-1 which cause the
~ 140cm-1 peaks to merge with the lower frequency intensity. This would appear to indicate
that the librational modes of the zinc complex were modelled with too much motion of the
C-hydrogens such that the shifts were too large upon deuteration. This is likely to be a
shortcoming in the modelling of the stearic effect and H-bonding. The imidazoles are only
impeded in their motion by the inter-imidazole network of stretches modelling the stearic
interaction; when the imidazoles are deuterated extensively this is no longer enough to hold
them as rigidly in place and they tend to vibrate at lower frequencies than in reality. It is clear
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Figure 3.28: Calculated INS siJectrum of the «ine (IIB tetraimidaaole-3d(]4/s) complex
superimpoaed on the experimental deuterated perchlorate apectrum. Any Compariaon ia
adveraely affected b){ the ?r,obable admixturea of protonated reaiduea in the aample which,
although amali, would contribute atrongly to the experimental apectrum becauae of the large
acattering croaa aection of protona relative to deuterone. It ia therefore not poaaible to model
the experimental apectrum very aucceaafully.

that, although the approximation of the stearic effect and the treatment of the H-bonding via

the NH force constants are sufficient in the undeuterated and d(i)-deuterated rase, they are

not adequate to cope properly with more extreme changes to the dynamic system.

3.6.8 Summary of INS ntudy of Zinc (Il) tetraimidazole

INS data yielded new information on the hydrogen-weighted vibrational density of states of
the line (I1) tetraimidazole complex. Modifying the crystal field, by changing the anion from
perchlorate to tetraborofluorate, was seen to only slightly affect the INS spectrum implying
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a well decoupled molecule that would yield to an isolated model dynamic analysis. The
vibrational spectrum was considered in two parts: a low frequency part, below 500cm'L,
due to skeletal motion and a high frequency part, above 500cm-1, due to internal modes of
the imidazole rings. An assignment of the skeletal modes was proposed based on symmetry
considerations and the small observed shifts due to substitution of the anion. The peaks which
did not shift were assigned to be quasi-tetrahedral vibrations of the core Zn-4N coordination
unit; the rest were assigned as librations of the entire imidazole rings. In the high frequency
part, the INS intensities, plus additional INS data of the deuterated counterparts of the
zinc complex, permitted an improvement over the existing assignment in the literature. In
particular, the out-of-plane NH vibrations were seen to be split due to the asymmetric H-
bonding, which was not previously reported.

A harmonic force field describing the skeletal modes was constructed by gradually devel-
oping a very simple tetrahedral model into the final complex 37-atom model based on the
true Cj symmetry; the evolution of the symmetry of the modes was consistent with the ob-
servations. It was found necessary to model the restrictive effect of the stearic interaction
between imidazole branches by establishing a network of force constants interconnecting the
imidazole rings. The high frequency vibrational spectrum was modelled by incorporating the
entire force field of pure imidazole, presented in the previous section, as four blocks in the
much larger force field for the zinc complex. The imidazole blocks were then subsequently
refined to model the changes in the spectrum observed on going from pure imidazole to the
complexed form. Out-of-plane vibrations of the imidazole ring required significant changes to
the imidazole force field.

The final force field was found to satisfactorily predict the hydrogen-weighted vibrational
density of states from comparison with the INS spectrum. The force field also reproduced
the density of states in the d**-deuterated analogue but was not able to convincingly model
that of the 3d(j 4i8)-deuterated complex. The latter poor fit was partly the result of an
inhomogeneously deuterated sample, however in the low frequency regime, it was clear that
the force field was not able to properly emulate the dynamic behaviour of the zinc complex
after such substantial changes to its structure.
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The study has demonstrated that the isolated-molecule normal mode analysis approach is
able to cope with relatively large structures and accurately reproduce the vibrational spectrum
and, more significantly, the hydrogen-weighted vibrational density of states. The principal
result of the study is a complete description of the many-hody vibrational motion of the zinc
(1) tetraimidazole complex.
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Chapter 4

Temperature Dependence of
EXAFS

4.1 Introduction

In this chapter, a study of the temperature dependence of the extended x-ray absorption fine
structure ( EXAFS ) of the sine (I1) tetraimidazole complex is presented and compared with
temperature dependent ab initio calculations.

EXAFS spectra contain information about the static and dynamic structure of the envi-
ronment of the x-ray photon absorbing atom, in this case the zinc atom, due to scattering
of excited photoelectrons from neighbouring atoms. The photoelectron scattering affects the
observed x-ray absorption since it modifies the final state wave function of the system which
determines the transition probability of a core electron from a bound state to a continuum
state ( i.e. propagating photoelectron state ); the x-ray absorption coefficient, ft, is propor-
tional to this transition probability which, within the one-electron approximation, is written
by Fermi’s Golden Rule as:

| |<*[|ier|0.)]a 6(E, + E, - hu) (4.1)
where |*,) and |*/) are the initial and final one-particle eigenstates, with energies E, and E/
respectively, of the effective one-electron Hamiltonians, hui is the x-ray photon energy and
i is the x-ray polarisation vector. The normalised EXAFS spectrum, x, is defined as the
oscillatory part of fi with respect to the smooth absorption coefficient, no, of the isolated

atom; i.e.
X= (M* #*0)ffio (4 2)
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The one-particle theory describing the photoelectron scattering, (1), (76), (93), is generally
successful in predicting the shape of the EXAFS spectra but overestimates the calculated
amplitudes of the oscillations. Some amplitude reduction is seen when many-body effects are
included in the formalism, (12), (74), ( e.g. complex energy-dependent exchange-correlation
corrections to the atomic potentials and multielectron excitations ) but this is not sufficient
without some treatment of the disorder of the atomic positions. The disorder introduces an
incoherence into the contributions to the EXAFS signal which produces significant damping;
the disorder is due to thermal vibrations ( and static disorder when present ) and consequently
the damping of the EXAFS signal has a temperature dependence.

In the case of single scattering of the photoelectron, the effect of disorder may he phe-
nomenologically represented by an amplitude reduction factor, called the Debye-Waller fac-
tor, (5). However, the photoelectron also undergoes multiple scattering ( MS ) via closed
paths in which the scattering takes place from several atoms. In this case, the correlation in
the thermal disorder of the atoms have to be considered since the distribution of instanta-
neous configurations of the many-segment MS paths determines the damping of the EXAFS.
A complete knowledge of the many-body correlation function is required so that a full config-
urational average of the EXAFS signal can be made; the configurational average determines
the resultant EXAFS signal from all the probability weighted instantaneous configurations of
the scattering system,

The aim of this study was to calculate an ab initio EXAFS spectrum of the zinc (l1)
tetraimidazole complex, based on the static structure from x-ray crystallography and incor-
porating the full dynamic structure via a configurational average calculation. A stringent test
of the theory is then to predict the ab initio temperature dependence of the EXAFS spectrum
and compare this to experiment. The vital ingredient was the many-body vibrational corre-
lation function ( VCF ) which was determined by inelastic neutron scattering and has been
discussed in the previous chapter. This study provides a quantitative test of the ability of
the current theory to predict observed EXAFS signals when all input parameters are known.

In the following section, several important features of current EXAFS theory are outlined
to show how the calculated signal was generated in this study. This includes an outline of
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current multiple scattering theory, the one-electron approximation describing the propaga-
tion of a photoelectron in an atomic potential, schemes for modelling the corrections to the
potentials due to exchange and correlation effects and the muffin-tin approximation for con-
structing the atomic potentials. Subsequently, the algorithm used to do the configurational
average is described; the algorithm assumes a linear behaviour of the phase and amplitude
of the partial EXAFS signals about the equilibrium configuration and thus determines the
configurational-average as an effective damping applied to the partial signals at equilibrium.

The experimental section describes how the temperature dependent EXAFS data for zinc
(1) tetraimidazole were collected and outlines the preliminary analysis of the data in terms
of Fourier transforms. The temperature dependent Fourier transforms are used to obtain an
estimate of the mean-squared relative displacement of the first scattering shell surrounding
the absorhing zinc atom.

The next section describes the details of the configurational averaging calculation. It
defines the significant scattering paths to be used in the calculation and makes an important
check of the assumption that the phase and amplitude functions are linear in the range of
interest.

Finally, the results of the configurational averaging calculation are presented. The effect of
the theoretical temperature dependence on the partial signals from individual scattering paths
is described including the breakdown of contributions to the damping from the various thermal
vibrations of the molecule. The principal result is the comparison of the total theoretical signal
with experiment at a range of temperatures. The results are discussed in the final chapter of
this thesis.

4.2 Theory

Configurational averaging calculations employed the programme MSXAS, (122), to generate
the EXAFS signal. The key elements of the multiple-scattering, curved-wave X-ray absorption
theory, (9), (34), (35), (95), (123), Implemented in this software are described in the first
subsection. In the second subsection, the numerical method, (3), that determines the effect
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of the configurational averaging on the partial EXAFS signal from each scattering path is
explained. It requires the input of the vibrational correlation function ( VCF ) obtained in
chapter 3 via inelastic neutron scattering; the incorporation of the VCF is explicitly described.

42,1 Calculation of EXAFS signal - MSXAS software

42.1.1 Multiple scattering theory

The observable that is measured in an EXAFS experiment is the X-ray absorption cross
section, <7, as a function of the photon energy huil expressed within the framework of partial
wave multiple scattering ( MS ) theory, (9), (34), (35), (95), (123), this quantity is written as

="»a" [(«+iji.*«r £ « "+T-G r'T-" ] <4’
where | is the unit matrix and Qo j» a coefficient involving the fine structure constant, a, that
determines the strength of the coupling of the X-rays with matter. G = is the matrix
describing the free spherical wave propagation of the photoelectron from site t and angular
i and angular momentum L.
0 <70 G°* .+, g°-N-x
Gi.s 0 Gxi - . GIN-I
G=  sio Gix 0 (4.4)
GN-lo gn-\j g p_12 u 0
in which
E'*H,x_l\dtLILHhMthj)YL*(Ry) for i« (4.5)

where CLL'Ln are the Gaunt coefficients’, A+ are spherical Hankel functions, Yi are the
spherical harmonics and R, is the vector connecting the two atoms tand j. Tn = (T,]",
is the matrix containing the scattering information about the atomic scattering centres such

1Gaunt coefficient.. CLL'L, mf Y¢..()YL'(i)Y L(ii)di
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that
0 0 0
0 tl o e 0
T.= 0 0 (.. o0 (4.6)
0 0 0 e tN-

where tj = exp(ti()sin6} are the atomic (-matrices ( transition factors ) in which & is the
phase shift experienced by the /-component of the photoelectron wave as it scatters from
the atom located at site i. The matrix r = (I + T0G) _1T 0 contains all the geometrical and
scattering information of the atomic system such that an element totally describes the
photoelectron scattering via all single and multiple scattering paths from an atom i to an atom
j. Consequently, the element in Eq. (4.3) is a complete description of the photoelectron
scattering that starts and terminates at the origin atom 0; it is a complex function of the
photoelectron wave number, k = VAme/h, where £ is the photoelectron energy with respect
to the inner potential3. For the X-ray scattering at the origin site 0. *LL> acts like an atomic
(-matrix which takes into account the perturbing effect of the neighbouring atoms ( i.e. the
X-ray scattering from the origin atom is inextricably related to the surrounding atoms due
to photoelectron MS ); the total X-ray absorption cross section in Eq. (4.3) is related to the
imaginary part of and is a statement of the optical theorem3.

The multiple scattering characteristics of the matrix element become more trans-
parent in the weak scattering limit where t\(E)G*L,(E) C 1 which corresponds to high
photoelectron energies; the matrix inverse ((I + TaG)-1T0)J*, may then be written as the

E ds Hrr?:e?ﬁrte%srla ?rtero& ?ﬂer%eﬁslatge[)e onging tor}rjre effective’ o\r\r@eer ecqlrJ{)rlrS Iql]aerr%qer%noﬁrtrpeth)é i trgp r P

£ optica fnhgr m IS 3 state ent fthe conservation of fI t ia stated, (12 s
th 2550 te tr matrl

alomic acstter|n he e r e mstrr thus det rm est sIrengtho sC tterrng
Imaginary pa acr g flux [ost in he forward irection e osca
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so-called multiple scattering expansion, (9), (49), i.e..

single scattering double scattering triple scattering
N-1 N-1 N-1

(4.7)
in which each term of the expansion corresponds to the ;-matrix for photoelectron scattering
of a particular order. For example, the first summation term expresses scattering along all
single scattering paths via the atoms at sites i, i.e. 0 =+t —=*0; t° therefore symbolises the
phase shifts experienced as the photoelectron propagates away from, and back to, the primary
absorber at site 0, and t* describes the phase shifts experienced due to back scattering at site
I; the free propagation of the photoelectron wave between sites 0 —*t and t —*0 is described
by G°*and G' respectively.

4.2.1.2 One-electron approximation

The success of the MS theory outlined above in predicting X-ray absorption spectra hinges
on the calculation of the partial-wave phase shift functions Sj(k) appearing in the atomic
¢-matrices and hence on the modelling of the best effective atomic potentials sensed by the
photoelectron. To model the atomic potentials properly requires finding the solutions to
the many-electron Schrodinger equation in the initial and final states of the system which is
impracticable. Instead, the so-called one-electron approximation is used in which the many-
particle wave-functions describing the initial and final states are represented as products of
single-particle wave-functions, that are eigenfunctions of an effective one-electron Hamilto-
nian; i.e. for the initial state, + f, of an Al-electron system Schrddinger's equation Is written
EY

(48)

where, within the one-electron approximation,

o Ac(rw)d'j _1(ri,..., rw_j) (4.9)
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in which ;c(tn) j» the core state wave-function and «?r-1(ri,. . r,_j) is the product of the
N —Z1 occupied ( passive ) one-particle ground states of the atom. For the final state,
we have
HU*" = E *f (4.10)
in which
T« Mrw)*; (rit.,rw ) (4.11)

where <(N) is the wave-function of the excited photoelectron and *i-*(n ....fw-i) is
the product of the occupied one-particle relaxed ground states in the presence of the core
hole. The construction of the occupied ground states both with and without the core hole
are based on the so-called Xa scattered wave formalism, (65), using Slater determinants.
The main result of the one-electron approximation is that the wave-function of the excited
photoelectron satisfies a Schrodinger equation of the form

HKMEN) = (-[v* + P(r,) + VSe(rN)[Mc(rw) = £4**(r,,) (4.12)

which is valid in the case when the charge density of the system varies slowly over space
as compared to the wavelength of the photoelectron ( which is a good approximation for
EXAFS, (12) ). The term V(r,) + VAr*) in Eq. (4.12) represents the so-called optical
potential of the atom it consists of two parts, (56), (61): (i) a Coulomb (or Hartree ) potential,
V(r*), in which the repulsive potential of all the bound N - Lelectrons is integrated over the
extent of the charge density to give an effective Coulomb potential seen by the photoelectron
and (i) a local approximation to the exchange-correlation potentiald, V Ar*).

4 The ex_chan?e Ipotentlal iaa onae%uence of the Pauli exclyaion principle, The wave-function of the excited
electron, o*, 1a not 0] thogonal to the Initial one-electron ground atatea, Dbecauae they are eigenatatea of
Hamiltoniana with differént one-electron gotgntlala one Wwithout and one with a core hole potential. Thia
non-orthogonality cauaea a violation of Pauli’s exclusion principle when 4% > occupied since it |mglles the
one-electron states in ¢ " have an occupancy greater than one. To avoid this a so-called exchange-correction
la made to the potential ap that the actual ong-electron. state to which the Photoelectron makes 1ts transjtion
i3 orthogonal to all the initial atatea, *9,". This correction Ia greatest at threshold and tends to aero at large
photoelgctron energies. o , ,

The correlatl?n correction t? the potential js aconse(iuen?e of the,lnade%uac of the fne-electron,a roXj-
mation to model the electron-electron interaction properly; electrons interact via the Coulomb ﬁotentla hich
depends on their Instantaneous positions. The averaging inherent in the one-electron model is therefore unable
to reproduce this effect completely.
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4.2.1.3 Exchange-correlation potential

The exchange-correlation potential ( ECP ) may be modelled in various schemes within the
so-called local density approximation8, (73); three commonly used ECP’s are discussed in
the article by Chou et al., (12): (i) the real Xa exchange potential, (134), (135), (ii) the
energy-dependent Dirac-Hara potential, (28), (50), and (in) the complex energy-dependent
Hedin-Lundquist potential, (54), (55), (56), (57), (74). The Xa potential is the statistical
average of the nonlocal Hartree-Fock potential over all occupied spin states evaluated at the
local electron charge density p(r), i.e.

Vie(r) = - |; [ 3*p(n] (4-13)

in which a is the adjustable exchange parameter. The Xa potential is simple but has no
energy dependence and fails at high energies ( E > 50eV ). An energy-dependence is integral
to the Dirac-Hara potential and approximates to a p(r) dependence instead of [p(r)]i in
the high energy limit ( decreasing inversely with energy ) and it also reduces to the .Ya
potential in the low energy range. However, this potential is Hermitian (i.e. it produces real
eigenvalues in Schrodinger’s equation ) and so can not account for extrinsic energy losses of
the photoelectron; this is done explicitly with the complex energy-dependent Hedin-Lundquist
ECP via the imaginary part of the potential ( the real part also reduces to the .Yo exchange
term in the low energy limit ).

4.2.1.4 Many-body effects

The one-electron approximation is unable to account for many-body effects; this is partly
taken into account in the ECP for electron-electron interactions but the approximation is
unable to handle other effects connected with excitation dynamics, such as screening, polar-
isation, relaxation, decay etc. In particular the relaxation response of the other electrons to
the generated core hole, the so-called shake-up and shake-off processes, have been shown to
be of great significance, (74). These processes open up additional channels of excitation in

“In the local densi,ty approximation, the exchange-correlation correction to the potential is determined from
the local charge density and is thus a function of position within the atomic potential.
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addition to the primary channel and lead to intrinsic losses that have been modelled phe-
nomenologically through constant reduction factors or by multichannel MS theory, (96).

4.2.1.5 Muffin-tin approximation

A major approximation in the modelling of the atomic potentials is the use of the Muffin-
Tin ( MT ) approximation. For a given system of atoms in which the EXAFS scattering
takes place, called the atomic cluster, 3d-space is artificially decomposed into non-overlapping
spherical regions centered on the atomic sites; the radii of these spheres are known as the
MT radii. Free atom Coulomb potentials are determined within the MT spheres via Poisson’s
equation using spherically symmetric charge densities, (14); in the interstitial regions the
potential is volume averaged to produce a constant interstitial potential. By following this
procedure it is generally found that an artificial discontinuity in the potential results at the
MT boundaries. The atomic phase shifts, if, and hence the atomic t-matrices are determined
by matching the radial part of the solution to Schrédingers equation for the propagating
photoelectron at the MT boundaries.

4216 MSXAS software

The programme MSXAS, (122), implements the theory outlined in this section. It computes
the cluster potential and atomic t-matrices for the set of input atoms; the ahsorption coef-
ficient is then calculated based on the curved-wave MS approach. The potentials may be
calculated according to the Xa, Dirac-Hara or Hedin-Lunqvist schemes described above and
the MT radii may be interactively or automatically” set. MS paths are allowed up to any
order. The programme requires the input of an additional parameter, 7, to account for core
hole lifetime7 and experimental broadening effects.

"if the MT-radii sre automatically set, the Norman method, (9S), is_used in which the ratios of nearest
neighbour radii are fixed byrcom aring the ratio of the atomic radii with Z electrons. (‘A,Iso referred to as the
atomic number method ), ‘The Norman radii are thep foreshortened by a factor of o.g; this Js in order that the
Virial theorem, V. m-2T, Is & R,rommately satisfied, T is the total Kinetic energy of the electrons in the MT
radius and V th? poential. (f Is scale factor was quoted as o8 b%/ Chou, (12)), ) ,

‘The core hole litefime, of the order of 10~ ? %K-,shell Cu ), 1ntroduces mcoherence in the ng)rp agatm%
P,hototelecttron wave which reduces the integrity of the interference and results in an effective damping of th
ing structure.
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4.2.2 Configurational Averaging Approximation

Atomic disorder is modelled by considering a single atomic cluster centred on an absorbing
atom in which the neighbouring atoms are located at their average positions relative to the
central atom; each atom has an associated probability density function ( pdf ) that reproduces
the distribution in its displacements with respect to the central atom throughout the sample
and over time. Assuming Gaussian displacement pdf’s, the damping effect on the partial fine
structure from single scattering paths may be approximated by the so-called Debye-Waller
factor, (5), (139), of the form exp(—2fci<r¥) in which 02 may be identified as the second
moment of the Gaussian displacement pdf along the interatomic vector. In cases where the
static disorder may be neglected, this formalism naturally leads to a temperature dependence
ofthe damped single scattering ( within the harmonic approximation for thermal disorder ) via
the canonical average expression for a3 given in appendix B; see Eq. (B.Il). The Debye-Waller
factor is however inadequate in describing the effect of disorder on MS contributions to the fine
structure. In this case, knowledge of the many-body displacement correlation function heyond
order 2 is required in order to take account of the various instantaneous configurations of the
MS paths; this information is redundant in single scattering where the interatomic distance
completely describes the path. The true MS contribution is then the weighted average of the
signal generated in all configurations of the MS path ( i.e. configurational-average ).

A method for approximating the damping of MS contributions to EXAFS due to dynamic
and static disorder has been proposed, (3), that incorporates the higher-order correlations in
the displacement distributions but is far less cumbersome than a brute-force configurational-
average. It is based upon the assertion, (4), that any MS signal, Xni for an n-segment path
of total length Rp, can be expressed in terms of a real amplitude function, A(k, r), and a real
phase function, A(fc, r) via:

X»(*) = A(fc,n)sin(kftp + 0(fc,r)] = A{k, r) sin VX{fc,r) (4.14)

where k is the photoelectron wavevector, r is the basis set of N generalised displacement
coordinates describing the geometrical configuration of the MS path and *(k, r) is the total
phase function. ( The functions A(fc,r) and O(fc, r) may be determined for a given configu-
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ration from MS theory ). The configurational-averaged MS signal is the expectation value of
the MS signal in each configuration over the pdf, p{r), such that

(4.15)

It is assumed that a multivariate Gaussian distribution in the generalised displacement coor-
dinate basis r emulates the pdf of the MS path due to dynamic and static disorder; i.e.
g-\L

P(r)“ (2»)f det((M)*] (.10
where r represents the (1 X N) column matrix composed of the elements of r and f the matrix
transpose. The (N X N) matrix M has been introduced and represents the many-body
displacement correlation function of the MS path, with [M],y = (r\ry); within the Gaussian
model it constitutes a complete description of the probability of finding the MS path in a given
configuration. The principle of the method is to approximately determine the MS signal in
displaced configurations by evaluating the behaviour of A(k, r) and rI>(kr) in the equilibrium
configuration only, ie. at r = 0. This is done by Taylor expanding A(k,r) and V(*>r) for
small displacements in r such that

A(k,r) = Afe,r)|r=0+ VA(fe,n)|r=0E+i(EXH A(fc,r)|r=0r) + oo
= AD+ALr+ He'NE) + wo (4.17)
and
V(fe,r) = V(fe,r)|r=0 + VV(fc,r)|r=0.t+i(r'H V(fc,r)|r=0r) + oo

= OV + 1{14)oee (4.8
where H is the Hessian matrix for determining multidimensional second derivatives. ( Note
that A0 and Vo a" scalars, A\ and Vi are (L X N) column matrices and Aj and Vj are
(N x N) matrices etc. ). Combining these Taylor expansions and the expression for the pdf
in Eq. (4.16), the configurational-averaged MS signal given in Eq. (4.15) may be expressed as
a series of Gaussian integrals over r:

o b 1y 10 v SeglbAkGH S
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which, considering only first order terms in the Taylor expansions, yields the final result

Xn(*0> = AQ (Rp + <0 || (4.20)

+ Al

The dominant damping term is the factore-* "M™*L its origin® is the Fourier transform into
Vg-space of the Gaussian probability distribution which appears in Eqg. (4.19) in the integral
over r-space. Since Vi is the rate of change of the total phase of the fine structure with respect
to r, VIM Vi, is the variance of the total phase over the Gaussian distributions in the path
configurations. The damping term reduces to the Debye-Waller factor for single scattering.
Note that the configurational-averaging also generates a phase and amplitude correction to
the fine structure but these terms are generally very small.

The expression in Eq. (4.20) is a convenient way to determine the configurational-averaged
signal from any MS scattering when the displacements of the configurations in r are small and
the probability distribution is Gaussian. This is a good approximation for substances with
little static disorder at low temperature. The formalism can break down when the equilibrium
configuration of a MS path sits at the maximum or minimum of A(k, r) or rl>(k r) which may
arise for scattering hetween collinear arrangements of atoms; in this case the derivatives Al
and VI will be zero and the second order correction terms of the Taylor expansions of A(k, r)
and r/>(k,r) cannot be neglected.

The above formalism provides a convenient method of determining the effect of dynamic
and static disorder on the MS contributions provided that the matrix of second-moment
correlations of the path displacements, M, is known. For the case discussed in this thesis ( the
zinc (I1) tetraimidazole complex ) the vibrational correlation function ( VCF ) for dynamic
disorder has been established by inelastic neutron scattering as described in chapter 3. If
the assumption is made that static disorder produces negligible atomic displacements with
respect to the absorbing zinc atom, then the VCF totally describes M for this molecule.
This is an excellent assumption in this case because static disorder does not alter the relative

#The specific term in Eg. (4.10) which generates the dominant dampinﬁ term is the integral: J dr p (¢)«**'
which represents the Fourier transform ( or characteristic function ) of the pdf, p(r), into™ti'i space If'p(r) is

r
the Gaussjan diatribytiop Tqi\(e,n in E(i. 24.10) then the integral reduces to its standarc? form e*1 If*
In which (r) is aero by defnition so that §™ 1@ * 1
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positions of atoms within the rigid imidazole rings and is unlikely to significantly displace the
imidazole rings from their positions bonded to the zinc atom; it is more likely to manifest
itself as displacements of the whole molecule in the crystal lattice which does not affect the
EXAFS. The VCF is most conveniently expressed in the normal coordinate basis, Q, in which
Q, are the mass-weighted generalised coordinates describing the 105 normal modes k of the
molecule. In this basis, M takes the form of a (105 x 105) diagonal matrix and within the
harmonic approximation its elements are given by ( see section 3.3.4)

IM|“" («;>=£ “ ,t(£f) <421)
where >, is the angular frequency of vibration of the ith normal mode and temperature de-
pendence has been incorporated via the canonical average over energy states at temperature
T of a harmonic oscillator. The information about the displacement correlations is contained
in the eigenvectors, obtained from solving the secular equation in the normal mode analysis,
which transform the normal coordinates into the cartesian basis ( see section 3.3.6 ). The
configuration of the molecule in every normal mode may thus be deduced at any point in the
vibrational cycle from the second moment of the normal coordinate distribution and the eigen-
vector transformation. Clearly the MS signals from every scattering path may simultaneously
be calculated in the displaced configurations and the phase and amplitude functions compared
with those at equilibrium to determine the requisite A\(k) and Vi(lt) functions for each path
in every normal mode. For reasons of numerical accuracy, the A\(k) and Vi(k) functions were
in fact determined for cartesian displacements equivalent to the square-root second-moment
displacement of the normal coordinate, The phase and amplitude correction term and
the dominant damping term exponent are thus determined at any temperature as:

AO(k) m K<»>w - (M)
Vi(fc), MV >i(*) (4.22)

Note that the transformation from the generally curvilinear normal coordinate basis to the

rectilinear cartesian basis is a first order approximation that only holds if the cartesian dis-
placements remain small. The validity of this approximation is tested in section 4.4.2 over
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the range of cartesian displacements used and was found to be sufficient to determine the
Aj(fe) and functions accurately.

4.3 Experimental Procedure

431 Sample Preparation and Experimental Apparatus

Crystalline zinc (I1) tetraimidazole tetraborofluorate was prepared according to the method
of Reedijk, (115). The crystals were thoroughly ground in a pestle and mortar and mixed in
a 10 : 8 mass ratio with silicon grease ( Bayer Silicone high viscosity ). The sample/grease
mixture was carefully smeared with a razor blade onto ~ 10pm aluminium foil in a 5mm wide
gap between two parallel pieces of sticky tape and cut out to form a strip; the sample/grease
coating of the aluminium strip was ~ 0.43mm thick. The silicon grease was chosen because
its contraction was found to be approximately the same with decreasing temperature as the
aluminium backing so that it was not expected to deform or crack. The sample/silicon ratio
was calculated to produce approximately the required step of 1in the absorption-thickness
product9, fit, at the edge without exceeding a value of 2. These values ensure that the
ionisation chambers operate within their dynamic ranges to avoid non-linearities and to min-
imise noise. When applying the sample/grease mixture to the aluminium foil rare was taken
to ensure approximate 2ir isotropy in the lie of the monaclinic crystallites by smearing the
grease from different directions. The remaining anisotropy about the axis perpendicular to
the plane of the sample was subsequently isotropically averaged by positioning the sample at
the so-called magic angle, (106), with respect to the beam which is known to avoid spurious
texturing effects in powder samples.

The EXAFS measurements were performed on the EMBL-EXAFS beamling, (58), in
HASYLAB, DESY in Hamburg using x-rays from the DORIS-III storage ring. DORIS-11!
typically operates at 4.5GeF with currents between 80 and 2omA and lifetimes of 1-4 hours.
The monochromator, (110), consists of two separate (111) silicon crystals and is located 20m

_'The absorption thickness is defined by _.m —n(///o) where /i is the shsorption coefficient, t is the sample
thickness and It and / are the x-ray intensities before and after passing through the ssmple
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from the source and 15m away from the first ionisation chamber. X-rays from the source are
restricted in their vertical divergence by slits just before the monochromator. Two pairs of
slits after the monochromator define the size of the beam in a tube spectrometer configuration;
possible beam shifts therefore manifest themselves only as changes of intensity.

An important piece of apparatus on the beamline is the absolute x-ray energy calibra-
tor, (109). This is composed of a 111-silicon crystal that analyses the residual beam emerging
from the second ionisation chamber; for this reason it is important that sufficient flux is left un-
absorbed by the ionisation chambers to minimise the effect of the contaminating hard x-rays.
When the Bragg condition is satisfied, the 111-crystal back-reflects the beam onto two plastic
scintillators attached to photomultiplier tubes. The exact angle of the 111-crystal plane to
the incident beam ( and hence the absolute energy of the back reflections ) is determined hy
(i) locating degenerate reflections with different Miller indices in one of the scintillator chan-
nels and (ii) by establishing the energy splitting of nearly degenerate reflections between the
two channels. The back-reflections provide calibrations points at various intervals all through
the EXAFS spectrum between which an interpolation can be done that takes account of the
oscillatory character of the monochromator winding mechanism. The energy calibration was
better than £0.2eV.

4.3.2 Data Collection

The beamline was carefully optimised for high spectral resolution and intensity10. The mir-
ror usually situated between the post-monochromator slits was removed which improved the
resolutionll from 2.5eV to the intrinsic value 1.4eV at the expense of intensity; high reso-
lution was essential for precise absolute energy calibration. The post-monochromator slits
were opened to 5mm horizontal and 0.43mm vertical. The ion chambers were filled with a
helium/argon gas mixture to a pressure of 200m6ar for the front and 300mhnr for the bark
chamber; this corresponds to about one third of the initial flux being absorbed in each of thet

InThe dsts collection waa made with the aMintsnce of Dr. H. F. Nolting, EMBL, Hamburg

' The rea?lutlon ia eaally meaaured on thia beamling b atabhahm Lhe fuII W|dth at half-maximum, in thT
hotomultiplier-count- rflte Veraua ener%y apectrum, 0 acal ra |on from a back-reflection_in the Vertica
lane. Vertical back-reflectiona are uagd becauae they do not au fert eaddltlonal roadening effect due to the
oriaontal dlvergence of the beam.
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Figure 4.1: Plot showing x-ray absog)tion at K-edge of sine (I1) tetraimidasole tetrafly-
oroborate. This spectrum “was rfecorded at 250if in transmission mode with the sample
normal inclined at a magic angle of ~ 36° ( defined by sin*s = 3 ) to the incident beam.

chambers leaving a third of the x-ray intensity for absolute energy calibration.

Spectra were measured over the energy range 9200 —* [I000eP giving a ~ 1300eP en-
ergy range after the edge; nine calibration back-reflections were found in this range in each
channel with three bunched closely around the edge; these regions were fine scanned. A
typical absorption plot is shown in figure 4.1 and exhibits virtually the optimum step in the
absorption-thickness product of 1

The fine structure from each absorption spectrum was extracted as the oscillatory function
above the edge with respect to a segmented cubic spline curve fit running through the oscil-
lations. The spline curve consisted of five segments, each extending 250el', and is assumed
to approximate a background function for the oscillations. The amplitudes of the oscillations
were determined as the fractions of the step in absorption-thickness, fit, at the edge, between
the post-edge spline curve and the extrapolation of a curve fitted to the pre-edge region
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, Figiure 4.2: Plot showing comparison of five fing-structure spectra of zinc (1) tetraim-

idasole tetraborofluorate with the average of the five spectra; the dafa Fresented in this

ot were record?,d at 250K but the sam av_era?m procedyre was adopted at each tem-

Eerature. The Tine structure are plotted with esa/ect to the photoelectron wavevector,

= M2m(E —Eo), where Bo is taken to be 9870.5¢V. The amplitudes of the fine-structure
spectra are in fractions of the step in absorption-thickness at the edge and are weighted by

13; the offset between the spectra is 3 units on the y-scale.

(19200 —*9600eP ); the pre-edge region was fitted with a polynomial of the form Cxs+ D\*
according to Victoreen's law, (149).

Because of the need for high quality data with low statistical noise, at least five spectra
were measured at each temperature and their fine structures averaged; this was only possible
because the data was of high resolution and absolute-energy-calibrated. The result of this
averaging procedure is depicted in figure 4.2 where the fc3-weighted fine structures of five
spectra are compared to the average of the five spectra.

Data were recorded at seven temperatures; 20K, bOK, 100X, 150/f, 200K, 250/f,
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and 300X starting at high temperature. The spectra were virtually free of glitchesL2 at
300A" and 250A" but at 200K three glitches appeared at about 480eV (k = 11.2A"1),
590eV (fc = 12.5A-1) and 980eU (fc= 16.0A 1) above the edge; the latter glitch was serious
but did not appear again at any other temperature. The other two narrow ( AE ~ 20eV )
glitches persisted in all the spectra down to 20K and were possibly due to inhomogeneities
that appeared in the sample at low temperature; they vanished again upon raising the tem-
perature above 200A\ The glitches were Been to shift significantly in energy by rotating the
monochromator 1° about its vertical axis and so a second temperature scan was made with
the glitches displaced. In this way real data values were collected throughout the energy range
and an average was then made at each temperature of the fine structures with the spurious
data points removed ( i.e. the gaps in spectra being compensated for by real data points in
others for which the monochromator had been rotated ).

The complete, averaged data set at the seven temperatures is presented in figure 4.3. The
fine structure exhibit the expected increase in damping, especially at high k, with increasing
temperature; there are also three well defined shoulders at k — 5.5A"1, k — 7.bk~I and
k = 10.5A-1 which are progressively damped with increasing temperature. However, the
spectra do not show large changes in form as a function of temperature.

4.3.3 Preliminary Analysis of Experimental Fine Structures

The conventional method of EXAFS data analysis is to take the Fourier transform of the ex-
perimental spectrum, as described in chapter 1, page 2. The moduli of the Fourier transforms
of the experimental fine-structure spectra are shown in figure 4.4; they contain information
about the modified radial distribution function, with respect to the central atom, that de-
scribes the strength of the photoelectron scattering. The features in the Fourier transforms
are increasingly damped and less resolved with increasing temperature but remain essentially
the same in form ( except the 200A" spectrum which appears slightly different at a radius
of <« 3.5A which is probably a consequence of the poorer quality fine structure spectrum. )

“ Aflitch is s spurious srtifset in the spectrum. The esuse of glitches sre msnifold, but § msjor cuuse is
due to ShSIP venetians In the trsnsmittsnce of the monochromstor ss s function of E
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elanigaz0ls eAbaroH ol o SHToee (mgbratee B agtom & &gt
, : peratures. Each spectrum is k’-weighte
R R TR i R
y-scale.
The damping is especially apparent for the large peak at ~ L.fiA which may be related to the
strength of scattering from the first shell; i.e. back-scattering from the sine-bonded nitrogens.
The Fourier transform spectra beyond 1.fiA are related to scattering involving atoms beyond
the first shell; however it has been shown, (108), for the same compound, that it is impossible
to interpret this region without the use of ab initio calculations since it is composed of strong
MS contributions. ( The importance of including MS in interpreting Fourier transform spec-
tra has recently been reiterated for the cases of gas phase SiCls, SiF«and SiCHi, (27), and
for ferrocene and nickeiocene, (123) ).
The temperature dependent Fourier transform spectra may be used to obtain an estimate
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Figure 4.4: Plot ofthe moduli of the Fourier transforms of the experimental fine-itructure
epectra ihown in figure 4.5 at the various temPeratures. The fine-structure spectra were

[980 knots ) and then transformed over the range 19.5¢F (K = 2.sa
to 1295.5¢F (k = 18.2A) with"a smoothing function at the window edges. The transform
spectra maintain the same form at all te.mgerat.ures but are increasingly damped at high
temperatures; the offset between spectra is 5 units on the y-scale.

of the mean-squared displacements of the Zn-N interatomic distance about its equilibrium
value in the following way: The 1.6A peaks are isolated ( by a window 0.95 — 1.95A )
and hack-Fourier-transformed to produce approximate fine-structure spectra due to Zn-N
back-scattering at each of the experimental temperatures. The bark-transformed spectra are
presumed to obey single-scattering theory, (127), such that the curvature of the photoelectron
wavefront is neglected ( i.e. plane-wave approximation ) and the asymptotic form of the radial
part of the wave function is adopted. Within these approximations, the spectra, X(r>(A). *re
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described by the well known equation

X<>(¥) = fjjr 8in(2*« + (4.23)

where T is the experimental temperature, S(k) is an amplitude function for back-scattering
from the N-atom, R is the average Zn-N interatomic distance, S'(k) is the total phase shift
experienced by the back-scattered wave for the Zn-N path, Ais the mean free path of the
photoelectron and e-=>7*= is the Debye-Waller factor. The ratio of the back-scattered fine
structure at two temperatures, T\ and 7j, is thus given by

X<T,)(fc) exP | —2 a«V1)fc3l f a .a. (424)

where ACT34rij) is the change in a3 over the temperature jump ATi2. A plot of In(x(TI>/x<ri)
versus k3 should therefore yield a straight line passing through the origin with gradient
-2 Ac3ITij) and, since there are a range of experimental temperatures, it is possible to plot
Ad3 as a function of AT. If a is identified as the mean-squared displacement of the Zn-N
interatomic distance about its equilibrium value then o is the value of 2 at T = OK. Based
on the assumption that o3 obeys the Einstein model for lattice vibrations, Ac®2 may thus be

written as
Act = aBcoth e, ATEH))- (4.25)
where E, is an associated Einstein energy for the Zn-N vibrations and Tj is alow experimental

temperature at which only ground state Zn-N vibrational energy levels are assumed to be filled
(i.e. for the data set here we may take Tj to be 20K ). Within this approximation, the value
of a3 may be determined from the plot of Aa against AT either by best-fitting the coth
expression in Eq. (4.25) with the free parameters a3 and E, or by extrapolating the linear
part of the plot at large AT)2, the intercept on the axis ATi2 = -T\ being equal to of.

The above procedure was followed by comparing the back-transformed spectra at all tem-
peratures to the one at 20K . An example of the plot of In(X(r,)/X ()) versus fc3 is shown in
figure 4.5 for T2 = 250W; it is typical of all temperatures. The plotted curve is shown with
the broad error bars generated from the errors of the back-transformed fine-structures. It
is clearly non-linear and so a line had to be best fitted from which the gradient -2 Aa@Tij,
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Figure 4.S: Example plot of In(x<T,)/x<T,L) versus ks where T[j P 250if and T\ = 20K,
X(t,)and X(r) are the amplitudes of the back-transformed fine structures of the first shell

Peak$ ( 1.6A ) in the Fourier transform sFectra shown in fIé]UI_’e 44. The dashed line depicts
he line of best fit running through the plotted curve ( bold line ); the error bars are shown

for the plotted curve and are determined from the experimental fing structure error. The

gradient of the best-fitted line is equivalent to -2Acr&Tij) and constitutes one of the points

in figure 4.8.
was established with an associated error determined from the gradients of other possible lines
passing through the plotted curve. From the Fourier transform spectra at seven tempera-
tures, six values of Atr3t_ | were established with error bars and are plotted against ATu in
figure 4.6. The AT\j range was not sufficient to reach the linear regime of the coth term in
Eq. (4.25) (in this case the linear regime starts > 500A" ) and so <3 and E, had to be deter-
mined by a least squares fit of the coth expression to the data points shown. The result was
(ts — (2.5 + 0.5) x 10°3A3 for the mean-squared deviation of the Zn-N interatomic distance
and E, = (36 £ 5) meV for the Einstein energy. The large error margins on these values are
a consequence of the low sensitivity of the fitted coth function to changes in rr3 or E,\ they

were determined from the values at which the fitted function lay at the extremes of the error
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Figure 4.6: Plot of a<ro versus ATjj where ATn = tj —mvand Ti and Tj are tem-
peratures at which x-ray absorption data was collected; Aa: is the corresponding change
In the mean-squared deviation of the Zn-N interatomic distance. The experimental FOINS
may be best-fitted by a function of the form shown ( within the Einstein model of lattice
vibrations ) where £, is an Einstein energy associated with the Zn-N vibrations and w2 is the
mean-squared deviation of the interatomic distance when all vibrations are in their ground
state. This method is a direct way to obtain a value for the mean-squared displacenent of
the first shell distance from the x-ray absorption data alone.

bars shown in figure 4.6.

4.4  Configurational-Averaging Computation

441 EXAFS Signal without Damping

The EXAFS signal was calculated by MSXAS, (122), using energy-dependent complex Hedin-
Lundqvist potentials. 21 atoms were included in the zinc (I1) tetraimidazole cluster which was
defined as a central zinc atom and two pairs of symmetry equivalent imidazole rings. The atom
coordinates were obtained from x-ray crystallography of zinc (I1) tetraimidazole borofluorate
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at 100R and modified so that the imidazole rings were exactly planar; they were the same
coordinates as those used in the normal mode analysis in chapter 3 and are listed for the
asymmetric unit in table 3.9. Muffin-tin radii were generated by the Norman criterion, (98),
and foreshortened by a factor of 0.8; the zinc MT radius was 1.128A and those of the carbon
and nitrogen atoms in the range 0.81 —* 0.86A. Consequently there was no overlap of the
MT spheres along the Zn-N vectors but an overlap of 0.25 —* 0.30A between MT spheres
within the imidazole rings. The whole cluster was contained within an outer sphere of 5.04A.
Phase shifts were calculated for each potential up to | = 20. Other parameters entered to
the programme included the core ionisation potential of 710.08 Rydbergs ( 9660.7eV ) and
an additional parameter, 7 = 0.07 Rydbergs ( 0.95eV ) to account for core hole lifetime and
experimental broadening effects. The total Debye-Waller factor and the damping factors for
each path were all set to zero so that the signal does not take any account of disorder effects.

The calculated signal including all 160 possible single, double and triple scattering paths
in the asymmetric unit is shown in figure 4.7 superimposed on the experimental spectrum at
20K . The theory mostly reproduces the correct form of the curve, although there is a notable
discrepancy at k = 8.3A-1; the phase of the oscillations are also well predicted. However a
major cause for concern are the amplitudes of the theoretical curve which appear too small
and thus allow no scope for treatment of the damping of the signal due to disorder. For
example, the amplitudes of the fine-structure maxima in the range k = 9 — 13A~* are so
similar in the two plots that any treatment of damping would cause the theoretical signal to
be underestimated. Thus it may be anticipated that configurational-averaging calculations
based on this EXAFS signal do not produce a good agreement with experiment.

The theoretical calculation references the photoelectron energy ( and hence the wavevector
zero, 1.e. A= 0 ) with respect to an energy, £0. This is the vacuum level and represents the
absolute photon energy required to ionise a core electron in the zinc atom and excite it to a
continuum state with exactly zero kinetic energy; in other words the zero of the theoretical
scale is the level of the effective potential for the photoelectron at infinite distance, measured
on the photon energy scale. Due to the good agreement in the oscillatory phase of the
theory and experiment it is possible to superimpose the two fine-structure spectra and hence
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Figure 4.7: Superposition of experimental and theoretical EXAFS curves for the sine
(I1) tetraimidasole complex. The theoretical curve was calculated without any modelling of
the damping due to disorder. The fc-axis ( wavevector ) for the experimental spectrum i
referenced with respect to eo = 9670.bev, Of concern in this plot is the lack of theoretical
amplitude, which is particularly evident in the region k = 9 — 13A_1, since there is no
scope for modelling of the damping due to disorder, e g. thermal damping.
establish Eo from the zero point of the theoretical curve. The vacuum level was thus evaluated
at (96705 £ 2.0) eV on the calibrated energy scale; ( the error margin was determined from
the maximum observed offset of the theoretical from the experimental curve when the two
were superimposed ). The absolute photon energy at which a core electron is ionised and
excited to the Fermi level may also be estimated as the energy of the point of inflexion of the
absorption edge; it was found to occur at (9664 £ 0.5) eV. The gap between the Fermi level
and the vacuum level constitutes the work function, $, of the zinc atom for photoelectric
emission; the value of s thus (6.5 £ 2.1) eV. The positions of the vacuum level and the
Fermi level with respect to the absorption edge are depicted in figure 4.8.
Not all of the 160 single, double and triple scattering paths in the asymmetric unit produce

significant contributions to the total theoretical EXAFS signal. The MS paths were ordered in
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Figure 4.8: Expansion of the x-ray absorption K-edge of sine (11) tetraimidasole tetraflu-
oroborate. Indicated on the diagram’is the vacuum level, o, determined from the superpo-
sition of the theoretical EXAFS spectrum with the experiment, and the Fermi level, defined
as the point of inflexion of the absorﬂtmn edge. The energy difference between the two is
% %B/%Ielgt to the work function, 4. The core ionisation energy ( not shown ) was defined as

TeF.

importance according to the maximum calculated amplitudes in the fc3-weighted fine structure
spectra and it was found that only the sixty most significant paths were needed to generate
a signal that was not perceptibly different from the full calculation shown in figure 4.7. The
sixty MS paths are listed in table 4.1 for the asymmetric unit of the molecule and represent
the paths used in the configurational-averaging calculations in this thesis. The fc3-weighted
fine-structure contributions of the top forty paths given in table 4.1 are displayed in figure 4.9
with the same amplitude scales for comparison. As expected, the two most important paths
in the asymmetric unit are the Zn-N-Zn back-scattering paths. In fact, of the 20 most
significant paths, 16 incorporate the Zn —N vector; mean-squared-displacements in this
vector are therefore expected to strongly influence the damping of the total spectrum due to
disorder; this may be recalled when examining the results of the configurational averaging
calculations. The last few of the forty paths appear negligible ( their maximum amplitudes
being of the order of only 6% of the Zn-N back-scattering amplitude ) but the sum effect
of many such contributions should not be ignored. The importance of double and triple
scattering contributions in this system (evident in figure 4.9 ) further underlines the necessity
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asymmetric unit of zinc (I1) tetraimidazole complex
6 n

1 191 21 1561 41, 171191
2. 141 22. 12341 42 14261
3 19u1 23 17891 43 12651
4 18791 24 lioU1 44 1711101
b 13241 25 161 4. 19711
6. 1461 20, 1101 46. 13231
1. 181 27. 1241 47, 14541
8 131 28 1791 48. 12641
9 1101 29. 1910111 49. 15651
10. 14241 30 14561 50. 13651
1L 151 3l 1341 5L 1811101
120 14651 32 14341 5. 1711
13 1911101 33 19891 53 1261
1410101 34 18781 o4 13561
15 19191 3% 1891 65. 18101
16 19791 36 187111 56 1781
17, 1451 3. 187101 57 14251
18 14641 38 13261 58 11011101
19 171 30191091 %9. 19191
20, 121 40 13251 60. 14141

Table 4.1; The »ixty moil significant photoelectron scattering path« in the asymmetric
unit of the line (It) tetraimidaiole molecule including single, double and triple scattering
The paths were ordered according to the maximum amplitude appearing in the *5-weighted
fine structure spectra for each path; the fine structure contributions of the top forty MS
paths in this list are shown in figure 4.9.
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to go beyond the single scattering approximation when analysing EXAFS data.

4.4.2 Test of Configurational-Averaging Algorithm

The first order configurational-averaging approximation outlined in section 4.2.2 is valid when
the phase and amplitude functions, ( r) and A(k, r) for each path ) vary linearly over
the range of molecular configurations. In the case of displacements due to thermal vibrations,
this implies that the phase and amplitude derivative functions, ipi(k) and Ai(fc), must be the
same when evaluated at all points in the displacement cycle of a given vibrational normal
mode. This requirement is complicated by two factors:

1. The mean-squared displacements due to the various normal modes are summed for each
atom to produce the total mean-squared displacement undergone by the atom. \Ai(fc)
and Ai(fc) must therefore be the same for the normal mode vibration about any point
in the probability distribution function due to all the other normal modes.

2. The normal vibrations are properly expressed in the normal coordinate basis which
in general is curvilinear. The individual atomic displacements however are most con-
veniently expressed in the rectilinear cartesian coordinate basis as infinitesimal dis-
placements. This approximation only holds for linear or for very small curved atomic
trajectories; it may break down for large curved trajectories which deviate significantly
from the approximated linear paths leading to false evaluations of Vi(fc) and A\(k).

The above concerns were investigated by examining scattering from three nearly collinear
atoms in the sine (11) tetraimidazole complex: the absorbing zinc, and the two nitrogen atoms
in one imidazole ring. A diagram is given in figure 4.10 showing the relative positions of the
atoms. These atoms were chosen because the phase and amplitude functions were experted to
change rapidly ( for double and triple scattering ) when the outer nitrogen displaces. This is
because the nearly collinear arrangement means that each atom sits in or near the direction of
strong forward- or back-scattering of the other atoms; these scattering lobes become narrow
at high photoelectron energies ( see reference (108) ) and consequently the scattering from the
other atoms seen by the outer nitrogen changes rapidly when it displaces through the lobe.
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Phase (radians) Amp1lltude

_ Figure 4.10: Test of the validity of the firt order configiurational avera in? approx-

imation. The scattering in the thrée paths shown was calculated for nine_disp

acements

of the outer nitrogen (labelled 2 ) along the linear trajectoq Indicated. The maximum
W

displacement was o 224 from e

utlibrium which 15 equal to twice the standard deviation

displacement of the atom in this %ire tion due to all normal modes at 300K a?_dete,rmmed

from nelastic neutron scattering. The atomic arran?ement chosen and. the
magnitude of the displacements provided a stringent

inearity and
est of constant variation of the phase

and amplitude functions. All plots are linear, T( l.e. the first derivative Is constant ) and so

the first order approximation Is considered suf

icient for this molecule.
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In other words this arrangement constitutes a severe test of the constancy of the \bi(k) and
Ai(fc) functions when the outer nitrogen is displaced. Only the outer nitrogen was displaced
in this test, along a linear trajectory perpendicular to the N-N vector and in the imidazole
plane. The phase and amplitude functions were established at nine points on this trajectory
and were plotted for five values of photoelectron wavevector, k. The greatest magnitude of the
nitrogen displacement was £0.22A from equilibrium, which constitutes twice the maximum
standard deviation ( 2a ) of the displacement in this direction at 300K due to all 105 normal
modes of the molecule as established from inelastic neutron scattering. The results of the test
are shown in figure 4.10 and demonstrate that the phase and amplitude functions are linearly
varying for this trajectory even as far out as 2a at 300R. The Vi(A) and Ai(fc) functions
are actually determined at displacements of Itr for each normal mode; consequently this test
indicates that the first order approximation used in the configurational averaging algorithm
is sufficient.

The graphs in figure 4.10 demonstrate that the phase function varies most rapidly at high
photoelctron energies whereas the amplitude function tends to have the greatest gradient at
low k. Thus the dominant damping term exp[-(V>}Mt/>1)/2] in Eq. (4.20) tends to produce the
most damping at high k whereas the phase and amplitude corrections, given by (/tj MV>i)l4o,
are greatest at low k.

4.5 Results

451 Individual Multiple Scattering Paths

The effect of the configurational averaging calculation on the partial EXAFS signal from each
of the 60 most significant MS paths was determined. An example is given in figure 4.11 for
the Zn-N hack-scattering path (19 1); this path generates the largest contribution to the
undamped total EXAFS signal. The damping effect of the thermal motion is pronounced
and is seen to increase with temperature as expected; at 20A" and k = 17A 1it causes 80%
reduction in the peak amplitude which is effectively the damping due only to zero point
motion of the molecule. At 300A, at the same point in the spectrum, the damping attenuates
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........ no traatmant of tharmal damping
-------- dampad at 20K,SOK. IOOK, 150K, 200K, 250K and 300K

_Figure 4.11: Partial EXAFS signal from the Zn-N single scattering path. The dashed

line indicates the signal generated “in the equilibrium configuration with no treatment of

thermal dampmg_. The solid lines represent the same sqnal after correction for thermal

motion of the Zn-N interatomic distance in the 105 normal modes of the molecule at seven

different temperatures.
the signal by more than 90%. There is no significant phase shift of the signal for this path,
even at low k which is where the phase correction term is greatest. Similar plots showing the
temperature dependence of the partial EXAFS signals are presented in appendix H for the
ten most important paths of one of the imidazoles in the asymmetric unit. The damping of
the signals is of the same order of magnitude for the various paths and none show significant
phase shifts except the 14 5 1 double scattering path which does exhibit visible shifts at low
k.

The configurational averaging calculation also yields a detailed breakdown of the contri-
bution of each of the 105 normal modes of the molecule to the damping of the partial EXAFS
signal. An example of this is given in figure 4.12 for the same Zn-N back-scattering path dis-
cussed above. The effect of each normal mode is split into its contributions to the two distinct
correction terms in the first order configurational averaging formula in Eq. (4.20). The first
bar chart in figure 4.12 shows how much each normal mode contributes to the exponent of the
dominant damping, i.e. -(V'IMV'i)/2, for k - 12A~* which represents the mid-range of the
spectrum. It shows the contributions both at 20K ( white bars ) and at 300A ( black bars ).
The exponential of the sum of the -(V'}Mihi)/2 terms from each normal mode determines
the damping effect on the spectrum. The second bar chart in figure 4.12 similarly depicts the
contributions of each norma) mode to the correction term (AjMV>i)/Ao at 20Af and 300/f
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Phaaa and amplitude corracilon tara, (a .)/acat aa A
000- 111 H H{Jir'w - I u

“T
0.003-

0. 006 - |!

Lott fragquancy modaa High fraquancy modas

Figure 4.12: Partial contribution! of the 105 normal modes to the correction term! in

the first order configurational averaging approximation ( see Eq. (4.20) ) for the same Zn-N

back-scattering path shown in figure 4.11. The white bars represent the contribution from

each normal mode at 20K and the black bars at 300K . The bars are positioned in order of

increasing frequency from left to right.
which are seen to be very small.

The two bar charts show very similar distributions for this path. The low frequency vi-
brations generate the greatest damping since they produce the largest mean-squared displace-
ments of the atoms. The contributions from the low frequency modes increases faster with
increasing temperature than the high frequency modes because the mean-squared displace-
ments of the low frequency modes increase faster with temperature. For this path the greatest
damping is generated by the four large contributions at low frequency; these correspond to the
four tetrahedral stretch modes of the molecular skeleton ( including the tetrahedral breath-
ing mode ). These four modes produce the largest displacements in the Zn-N interatomic
distance and hence introduce the greatest degree of incoherence in the back-scattering from
the nitrogen atom.

In appendix H similar bar charts are presented for the ten most important scattering
paths from one of the imidazole branches. In general, the greatest contributions to the
damping come from the low frequency modes. A notable exception is the triple scattering
path 14 fi 5 1 which exhibits large contributions to the dominant damping term from high
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frequency imidazole ring in-plane stretching modes in the range 900 —* 1600cm-1. However
the imidazole ring out-of-plane normal modes only contribute negligibly to the damping of all
paths; this corresponds to a range 300 —+900cm-1 in the vibrational spectrum of the molecule
which does not generate any significant damping of the total EXAFS spectrum. Unlike the
Zn-N hack-scattering paths (14 1and 19 1), for most paths the two bar charts are not
similar; in fact for many paths the phase and amplitude correction contributions are often
positive asiwell as negative. Very little damping is due to torsional librations of the imidazole
branches since this does not greatly affect the shape of the scattering paths.

By inspecting the bar charts in appendix H, it is evident that the lame four low frequency
Zn-N tetrahedral stretch modes of the molecule ( discussed above ) produce very large damp-
ing contributions for all the paths. In fact, for the ten paths considered, they are the dominant
contributors to the damping for all but the triple scattering path 146 5 1. This path is by
far the most damped path ( virtually 100% above k = 12A-1 ) and much of the damping is
due to rigid-imidazole wags and hends.

452 Temperature Dependence of Total EXAFS Spectrum

The configurationally averaged total EXAFS spectra at various temperatures are presented
in figure 4.13 superimposed on the experimental EXAFS data. The comparison of the the-
oretical and experimental amplitudes of the signal show large discrepancies; the calculated
signal underestimates the true amplitudes at many points in the spectrum. The temperature
dependence is however well modelled for the peaks around k = 6, k = 14 and k = 17A-1.
The behaviour of the theoretical and experimental spectra with temperature becomes more
transparent when the information in figure 4.13 is redisplayed separately as in figure 4.14.
From this plot it may be seen that the changes in the two sets of spectra, as a function of
temperature, are similar even though the signal is not correctly modelled.

Finally the Fourier transforms of the theoretical spectra are shown as a function of temper-
ature in figure 4.15 and may be compared with those of the experimental spectra in figure 4.4.
( Note that the transform window for the theoretical spectra was slightly smaller than that
used for the experimental spectra due to the smaller calculated signal range; the Fourier trans-
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Figure 4.13: Theoretical and experimental temperature dependence of the EXAFS
spectrum of the line (II) tetraimidaiole complex. The theoretical ipectra include a full
configurational-average treatment of the damping effect due to the thermal motion of the
rﬂolecule but appear to underestimate the true amplitude of the signal at many points in
the spectrum.
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Figure 4.14: Theoretic»! and experimental temperature,def)endence of the EXAFS spec-
trumof the line (I1) tetraimidaiole complex. Thi» plot redisp

figure 4.13 so that the theoretical and experimental 3|?nals aré presented separateI}/. The
dashed ling in the lower plot shows the theoretical signa

damping due to thermal motion.

ays the information shown In

generated with no treatment of the
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Figure 4.15: Plot ofthe moduli of the Fourier transforms of the theoretical fine-structure
spectra shown in figures 4.13 and 4.14. The fine-structure spectra were cubic-spline fitted
e v 24 o e e (o PRV
forms of the experimental spectra are however virtually unchanged when determined over the
smaller window and figures 4.4 and 4.15 may therefore be directly compared. ) The Fourier
transforms of the theoretical and experimental spectra have approximately the same form
although the mid-range ( 2.0 + 3.2A ) in the theoretical case is not as resolved such that
nearly all features are washed out at high temperature. The magnitude of the Fourier trans-
form modulus is much smaller in the theoretical case than in the experimental case which is a
consequence of the underestimate of the EXAFS amplitudes in the configurationally averaged
spectra.

The implications of these results are discussed in the following and final chapter of this
thesis.
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Chapter 5

Discussion

The key ingredient to the configurational average calculation, presented in the last chapter,
is the many-body vibrational correlation function ( VCF ) of the molecule obtained via in-
elastic neutron scattering ( INS ), described in chapter 3; therefore, in the next section, the
confidence that may be placed in the VCF is assessed. This is done by comparing the atomic
displacements implied by the VCF from INS studies with the same quantities determined via
the TLS analysis of the crystallography data ( described in chapter 2 ). In addition, the Zn-N
interatomic displacements, which were shown in the last chapter to be the main contributors
to thermal damping, are compared with values from TLS and EXAFS experiment. Finally,
the assumption of harmonicity, implicit in the determination and implementation of the VCF,
Is discussed.

The causes of the underestimate in the theoretical amplitude are discussed in the subse-
quent section. It is described how the artificial energy discontinuity in the modelling of the
optical potentials at the Muffin-Tin boundary significantly perturbs the amplitude function
throughout the EXAFS spectrum. It is argued that the incorrect modelling of the amplitude
function impairs a proper data analysis.

In the following section some current approaches to EXAFS data analysis are briefly
overviewed with an emphasis on their treatment of the damping due to thermal and static
disorder. The implications of the configurational averaging results presented in this thesis to
these approaches are discussed.

Finally, the conclusions of this study are summarised.
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CHAPTER 5. DISCUSSION
5.1 Confidence in the Vibrational Correlation Function (VCF )

The VCF is constructed from the eigenvectors of a harmonic force field which models the
vibrations of the zinc (I1) tetraimidazole complex as an isolated molecule. Clearly this is only
an approximation of the real vibrating system, which is coupled to some degree to the rest of
the lattice, but the model does successfully reproduce the hydrogen-weighted INS vibrational
density of states of the molecule at 20K. This is a sensitive test of the atomic displacements
described by the VCF since the intensities of the peaks in the INS spectrum are directly
related to the mean-squared displacement amplitudes of the hydrogen atoms in the molecule
in each vibrational normal mode. It is, however, extremely difficult to assign error margins
to the atomic displacements defined by the VCF since these depend on many factors; for
example, the discrepancies between the calculated and experimental INS peak intensities and
energies are difficult to translate into error margins in individual atomic displacements since
the peak is generally a sum of contributions from many atoms Furthermore, the accurate
modelling of the peak intensities depends on the correct description of broad background
features in the INS spectrum such as phonon wings or on the correct modelling of nearby
peaks. It is also possible that undetected mistakes in the energy assignment of normal modes
will lead to incorrect atomic displacements

Thus, due to the difficulty in assigning error margins, it is important that the VCF is
checked for consistency with other techniques. This has already been done to some extent
in chapter 3 since the frequencies of the norma) modes of vibration were extensively checked
against infrared and Raman values and values from ab initio force field calculations, but
this provides no check of the atomic displacements in each normal mode. The calculated
INS intensities ( and hence indirectly the mean-squared atomic displacements of the VCF )
were checked for self-consistency against INS spectra of deuterated states of the molecule; a
more independent check, however, is to directly compare the atomic displacements with those
obtained from another method; i.e. TLS analysis. This is therefore done in the following
subsection.
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CHAPTER 5. DISCUSSION
5.1.1 Consistency of Atomic Displacements from INS and TLS Studies

The TLS analysis of x-ray crystallography data gives estimates of the total mean-squared
atomic displacements with respect to the molecular centre of mass at two temperatures,
100A and 1507C It thus provides a means of directly checking the atomic displacements
described by the VCF via a method which is fundamentally different from INS. The VCF’s
at 100A" and 150K are generated from the VCF at very low temperature assuming perfectly
harmonic normal vibrations; the comparison with the TLS therefore may indicate the validity
of the harmonic approximation since any anharmonic components will contribute to the TLS
mean-squared displacements. A significant underestimate of the TLS displacements at these
temperatures may be evidence of anharmonicity.

Both the TLS and INS analyses hinge on the validity of the assumption that the zinc
(1) tetraimidazole molecule may be treated as effectively isolated; in other words that the
internal vibrational modes are distinct from the lattice vibrations. This is supported by the
insensitivity of the INS spectrum of the zinc (Il) tetraimidazole complex to modifications
in the crystal field incurred by changing the counterion in the crystal from perchlorate to
tetrafluoroborate, see figure 3.13. Further evidence was the lack of peak broadening in the
INS spectrum in all modes, except those below 160cm-1 which were only slightly broadened
beyond the intrinsic resolution. This indicates that most of the internal modes are non-
dispersive which supports the notion that they are decoupled from lattice modes.

In order to make the comparison, the mean-squared atomic displacements described by
the VCF from the INS study had to be summed for each atom over all normal modes; this is
because the TLS analysis does not separate the total displacements into contributions from
various modes. The comparison is depicted in bar chart form in figure 5.1 for root-mean-
squared displacements of the imidazole ring atoms along two projections. The stretch rms
displacements correspond to the projection in the plane of the imidazole ring and parallel to
the Zn-N bond. The wag rms displacements correspond to the projection in the plane of the
imidazole ring and perpendicular to the Zn-N hond.

In the stretch projection, the agreement between the two techniques is satisfactory; the
average discrepancy in the rms displacements is 25%. The TLS rms displacements are con-
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Figure 5.1: Comparison of results from the TLS analysis and INS study. The bar charts
depict the root-mean-squared displacement amplitudes”of each of the five ring atoms in
the two asymmetrinimidasole branches of the sine (II) tetraimidasole complex. The rms
displacements (in /) are in the frame of the molecule centre of mass and are projections in
the stretch direction (‘top, row ) and the wag direction and are shown at the two temperatures
at which the TLS analysis was done.
sistently greater than those generated by the VCF from the INS study which would suggest
the presence of anharmonicity; however most of the INS values lie within the calculated max-
imum error margin of the TLS rms displacements ( £0.03A ) so it cannot be stated that the
harmonic assumption breaks down at these temperatures. In both methods, the outer nitro-
gens of the imidazole rings are seen to undergo less motion in the stretch direction than the
carbon atoms. This may be due to the restricting effect of the H-bonding on this nitrogen; it
IS encouraging to see that it has also been reproduced in the INS case where the H-bonding is
approximated by stiffening the N-H bond. It should be noted how well the rms displacements
of the zinc-bonded nitrogen ( denoted N%n in figure 5.1 ) agree between the two methods; the

values in the bar chart for this displacement are therefore tabulated in table 5.1. These values
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rms displacements of Zn-bonded N-atom in stretch direction, A
20K 100K 150K 300K
TLS INS TLS INS TLS INS TLS INS

imidasole 1~ - 0.040 0.047 0.042 0.046 0.044 - 0.052
imidazole 2 - 0.040 0.047 0.041 0050 0043 - 0.051

Table 5.1: Comparison of the root-mean-squared displacements of sine-bonded nitro%en

prog’ected anng the Zn-N vector and in the frame of the molecule centre of mass via the

methods of TLS and INS. Note that these values are not the same as the rms displacements of
the Zn-N interatomic distance ( i.e. not the Zn:N pair correlation function ). The calculated
error of the TLS values in this case is +0.011A

alone however do not represent the Zn-N pair correlation function ( the quantity determining
EXAFS damping along the Zn-N path ) since they are only the displacements of the nitrogen
and take no account of the relative motion of the zinc atom.

In the wag projection, the agreement is not so good; this was anticipated since the TLS
analysis typically models translational motion better than librational. The real maximum
error margin for the TLS rms displacements in this direction is likely to be greater than the
calculated one of £0.03A since the crude model for the separation of internal and overall
motion is not so appropriate for these kinds of librational displacements. Nevertheless the
values are of the same order of magnitude; the average agreement between the values from
TLS and INS for this projection is £70%. It is interesting to observe in table 5.1 that
the overall wag displacements of imidazole 2 are approximately 50% smaller than those of
imidazole 1. This pattern may be explained by the asymmetry in the hydrogen bonding to
the two unique imidazoles in the asymmetric group whereby the H-bonds from imidazole 2
are shorter and more linear and therefore stronger. For example, in the tetrafluoroborate
complex, the H-bond NH- « F from imidazole 2 is 2.747(2)A long compared to 2.949(2)A from
imidazole 1and the angles formed by the bonds are 155° and 124° respectively.

Values from the TLS analysis in the out-of-plane projection relative to the imidazole rings
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(‘bend ) could not be established, as described in chapter 2. This was due to an overestimate
of the L tensor about one principal axes which resulted in negative values for the internal
displacements in this projection. In this case, the Zn-4N rigid-body model used to identify
the overall translational and librational displacements of the molecule clearly failed. This
is because the zinc-bonded nitrogens strongly participate in out-of-plane internal motion as
may be observed in figure 3.21 and appendix G. However, it may also be seen that the zinc-
bonded nitrogen participates far less in the low frequency in-plane wag modes of the molecule;
in other words, the INS study demonstrates what was suspected in the TLS study, that the
wag librational axis passes close to the zinc-bonded nitrogen whereas the bend librational
axis is displaced towards the centre of the ring.

The TLS analysis can only be considered as an indication of the magnitudes of the dis-
placements. As was discussed in chapter 2, the process of subtracting large molecular mean-
squared displacements from the overall observed mean-squared displacements, which are only
slightly larger, to leave estimates of the internal motion, incurs large error margins. The TLS
analysis is also based on very broad assumptions about the nature of the internal motion in
the molecule and takes no account of correlations in the atomic motion. In this case, the TLS
analysis should be most reliable in predicting the mean-squared displacements projected in
the stretch direction; these values are seen to agree well with those predicted by the VCF.
It is precisely this motion which dominates the damping effect on the EXAFS spectrum and
so it is essential that it is well modelled by the VCF. This is discussed further in the next
subsection.

5.1.2 Check of Zn-N Pair Correlation Function

It was noted in chapter 4 that the tetrahedral stretching modes of the molecule dominate
the damping effect of the EXAFS for the zinc (I1) tetraimidaznle molecule. In particular, the
mean-squared displacements of the Zn-N interatomic distance, i.e. the Zn-N pair correlation
function, are instrumental in determining the overall damping effect on the EXAFS spectrum.

The pair correlation function deduced from the VCF, via the INS study, may be di-
rectly checked against the experimental value determined directly from the temperature de-
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pendent EXAFS data as described in section 4.3.3. The EXAFS data yielded a value of
=(25%05) X 10_3AJ, with all motion quenched in the ground state, which compares
favourably with the value described by the VCF of 2.6 X 10-3AJ.

The experimental value of a3 = (2.5 + 0.5) X 10 _3A3for the Zn-N pair correlation func-
tion, and the associated error margin, permit a rapid check of the magnitude of the damping
calculated for the EXAFS spectrum at 20K via configurational averaging. In the high k re-
gion, single scattering along the Zn-N-Zn paths dominates the EXAFS and may effectively be
modelled via the plane wave approximation, see Eq. (4.23), and so the damping may be easily
estimated by inserting the pair correlation function into the Debye-Waller factor, e-3fc*" .
For example, at k = 17A-1 the peak in the EXAFS spectrum is nearly completely described
by Zn-N single scattering; if tr3 is taken as 2.6 x 10"3A3 ( as it was in the configurational
averaging calculation using the VCF ) the signal is damped by ~ 80%. Alternatively, if <3
is taken as 2.0 x 10 3A3, which is the lower extreme of the error range for the experimental
value, the damping of the EXAFS signal at k = 17A-1 is ~ 70%; this would still result in a
distinct underestimate of the true EXAFS signal in this fc-range.

5.1.3 Anharmonicity

The determination of the VCF hinges on the assumption that the probability distribution
functions ( pdf’s ) of atomic disorder are described by trivariate Gaussians in the gener-
alised coordinate basis. In reality, this assumption is only an approximation since the true
interatomic potentials are certainly enharmonic in form. The essential question, therefore, is
whether the harmonic approximation is adequate in this case to model the VCF with respect
to its damping effect on the EXAFS spectra.

Anharmonicities in molecular vibrations manifest themselves as broadening and splitting
of peaks in the INS spectrum. This phenomenon was not found in the INS spectra of imidazole
and the zinc (11) tetraimidazole complex at 20A" except at the lowest frequencies in the latter
spectrum, i.e. below 160cm  where slight broadening was observed; this corresponds to the
librations of the imidazole rings, i.e. wags, bends and torsions. This kind of motion produces
small contributions to the overall damping of the EXAFS, which is dominated by the skeletal
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tetrahedral modes, and so the magnitude of the total damping is not expected to be sensitive
to errors in the modelling of the librational mode potentials. The peaks in the INS spectrum
due to skeletal tetrahedral modes do not exhibit peak broadening at 20K which suggests that
a quasi-harmonic model is appropriate for these modes, according to White et al., (119).

The thermal damping is dominated by the effect of the Zn-N pair correlation function.
This may be checked for the presence of anharmonic effects directly from the temperature
dependent experimental EXAFS spectra since the first coordination shell peak in the Fourier
transform at each temperature may be interpreted to determine the extent of elongation in
the Zn-N mean interatomic distance. It was found that that there was no change in the
mean interatomic distance between the data at 20K and 50K but that successive data sets
indicated a consistent elongation. The 300/f data set indicates an elongation in the ~ 2A
Zn-N bond of (5 £ 1) x 10~3A , or 0.25%. This corresponds to a thermal expansion coefficient
of (8 £ 2) x 10~8 which is intermediate between typical values for ionic solids ( e.g. KCI
= 37 x 10-8 ) and covalent solids ( e.g. silicon = 2.6 x 10~8 ) at 300K. In an article by
Eisenberger and Brown, (36), the effect of the anharmonicity of the pair correlation function on
EXAFS spectra from metallic zinc was considered; the linear expansion coefficient of metallic
zinc is 61 x 10-8 which is an order of magnitude larger than that estimated for the Zn-N pair
correlation function. Clearly, anharmonicity is present in the Zn-N pair correlation potential
but it does not appear to be a large effect and it is not expected that it will significantly
alter the EXAFS damping which it dominates. In addition, the lack of broadening of the
INS peaks attributed to motion that largely determines the Zn-N pair correlation function,
6. the tetrahedral stretching motion, indicates that at low temperatures the pair correlation
function may be considered quasi-harmonic.

It has thus been established that the Zn-N pair correlation function, at least at 20A',
is well modelled by a Gaussian pdf and, from the last subsection, that its magnitude has
been correctly entered into the EXAFS configurational averaging calculations. Consequently,
we may be confident in the assertion that the theory produces an underestimate of the true
EXAFS signal at high k and that this is not just an artifact of the calculation. It is therefore
logical to conclude that the underestimate of the theoretical amplitude, observed in the lower
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¢ regime of the spectrum, is also genuine.

As a final note, it could be the subject of a future analysis to try to extract the anharmonic
form of the Zn-N pair potential from the temperature dependent EXAFS data by evaluating
the coefficient of a cubic term in the expression for the potential in Hamiltonian. It may
then be possible to add an anharmonic term to the harmonic description of the VCF, as
determined from INS at 20K, and thus model the effect of the Zn-N anharmonicity directly
on the damping of the EXAFS.

5.2 Discussion of Configurational Averaging Results

The underestimate of the configurational averaged spectral amplitudes compared with ex-
periment stems from a corresponding underestimate of the theoretical amplitude in the un-
damped signal. This was suggested in figure 4.7, in which the theoretical signal appears to
leaves no scope for damping, and was confirmed by the ab initio temperature dependence
calculation depicted in figures 4.13 and 4.14. One explanation is that the damping due to the
extrinsic and intrinsic energy losses of the photoelectron are overestimated; in other words
the imaginary component of the phase shifts ( (-matrices ), generated by using the com-
plex, energy-dependent Hedin-Lundquist potentials, are too large. Another reason could be
an underestimate in the theoretical backscattering amplitudes predicted by the potentials.
However, the situation is complicated because there is clear evidence that the discontinuity
in the potentials at the muffin-tin ( MT ) boundary strongly perturbs the theoretical am-
plitude. This is illustrated in figure 5.2 in which the theoretical amplitude functions in the
equilibrium configuration, An(k), of the ten most significant scattering paths, are plotted
with fc'-weighting. All the functions clearly exhibit an oscillatory modulation with the same
period which is characteristic of internal photoelectron scattering at the MT boundary within
the emitter ( zinc ) potential; notice that the perturbation caused by the MT discontinuity
extends into the high k region and is not just confined to the near-edge ( XANES ) region
of the spectrum as it is frequently believed to do. The variation in the ;’-weighted ampli-
tude functions due to the oscillatory modulation is as much as £25%, which is significant.
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wavevector, k &™)

Flgure 5.2; Plots of the theoretical am plitude function, Ao(k]), ofthe ten moat significant
scattering paths of the sine (II?\_Ietraimidasole complex. The functions clearly exhibit the
same osclillatory modulation which is evidence of the perturbation in the theoretical pho-
toelectron scattering caused by the energy discontinuity in the optical potential of the sine
atom at the Muffin-Tin boundary.
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The effect the MT perturbation has on the amplitude of the total spectrum may be seen by
referring back to figure 4.13 in which it was seen that not all of the peaks were underesti-
mated after the configurational average. The well modelled peaks, for example the one at
k = 14A"1, correspond to the peaks in the oscillatory amplitude envelope of the amplitude
function. Consequently, it is difficult to state exactly the origin of the underestimate in the
total EXAFS theoretical amplitude; on inspection it appears that it is a combination of an
overestimate in the damping due to intrinsic/extrinsic losses plus the perturbation of the
amplitude function caused by internal scattering of the propagating photoelectron from the
MT boundary discontinuity.

The incorrect modelling of the theoretical amplitude clearly affects the Fourier transforms
of the calculated temperature-dependent spectra both in amplitude and form, as is seen by
comparing figures 4.4 and 4.15. The MT perturbation generates an artificial peak in the
Fourier transform of the calculated EXAFS, at the reduced radius of LIA. The transform
spectra are also underestimated in amplitude in all but the the high frequency components
of the EXAFS spectrum, which appear at a reduced radius of 3.6A in the Fourier transform.
In other words, the theoretical amplitude does not produce a uniform underestimate of the
EXAFS amplitude; i.e. the theoretical Fourier transform is not simply a scaled down version of
the experimentally generated one. Therefore, unless the amplitude underestimate is properly
treated, the structural and dynamic information of the EXAFS beyond the first shell cannot
be reliably extracted.

The configurational averaging calculation yields important information as to the break-
down in the contributions to the thermal damping from the 105 normal modes of the molecule.
It shows that the contributions to the damping from individual high frequency normal modes,
the internal vibrations of the imidazole rings, are small. However, they are not negligible due
to the multiplicity of the high frequency modes. For example, in the case of displacements in
the Zn-N interatomic distance, which is the most significant type of motion as far as thermal
damping is concerned, 23% of the mean-squared displacement is due to internal modes of the
imidazole rings. For some multiple scattering paths, the proportion is much higher although
few important paths are actually dominated by damping due to imidazole ring modes. In
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other words, the thermal damping can not be properly modelled by considering only the low
frequency skeletal modes of the molecule.

5.3 Implications for EXAFS Analysis

In this section, a brief overview is given of some of the common approaches to EXAFS data
analysis in terms of treatment of thermal parameters. This is followed by a discussion of the
implications to these approaches of the results presented in this thesis.

5.3.1 Various Approaches to EXAFS Data Evaluation

EXAFS data analysis is currently embodied by three software packages: EXCURVE, (48), (140),
FEFF, (94), and GNXAS, (40) which has the same parentage as MSXAS, (122), which was
employed in this thesis.

The analysis system EXCURVE, (48), (51), (140), developed at Daresbury Laboratory,
Is based on a fast, exact formulation for single and multiple scattering ( MS ) up to order 3
incorporating a spherical wave treatment. The multiple-scattering calculation has been made
faster by the inclusion of a small-atom approximation, (47). The Muffin-Tin optical poten-
tials are determined according to the prescription of Mattheiss, (90), and an Xa model is
used for the exchange-correlation correction with an adjustable parameter to compensate for
the lack of energy dependence. FEFF, (94), is hased on essentially the same theory as EX-
CURVE; it incorporates the additional concept of an effective scattering amplitude, analogous
to the plane-wave scattering amplitude, which is applied to multiple scattering, (107), (117).
GNXAS constructs the optical potentials using the Hedin-Lundqvist plasmon pole approxi-
mation, (54), (55), (56), (57), (74), which incorporates a complex, energy-dependent term to
model the intrinsic photoelectron losses.

All these packages obtain structural information in the same way via a multiparameter
fit of an ab initio EXAFS curve to an experimental EXAFS spectrum. Included in the fit
is a parameterised model for the static and dynamic structure of the subject system and
it is optimising this model that yields values for coordination numbers, bond lengths, and
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possibly bond angles and disorder information. Other parameters are included in the fit
and these are hasically the same for each package although EXCURVE does permit the
potentials to be varied. Recently, EXCURVE has been adapted in an effort to reduce the
number of free parameters typically refined in the cases of biological systems; it is described
as constrained and restrained refinement, (6). The structural parameters are constrained
to certain idealised values taken from comparison with known systems and restrained such
that any deviations from these idealised values are incorporated in the object function that
is minimised. The principal difference between FEFF and EXCURVE is that, in FEFF,
the various multiple scattering contributions are separated out; the phase and amplitude
functions are thus deduced for each MS path. Then, within the approximation that the phase
and amplitude functions vary linearly over small displacements of the free parameters, the
EXAFS spectrum may be determined, via their first derivatives, at any point in parameter
space without having to recalculate the spectrum. This enhances the computation speed by
an order of magnitude compared to EXCURVE. The approach is described for the case of
copper, (94), in which a good fit to experimental data was obtained with six free parameters
including the mean free path, the zero of the energy scale, E0>a structural parameter and
three parameters reproducing the thermal damping for the first three shells via the Debye-
Waller scheme. The thermal parameters were underestimates of the experimental values for
the first two shells ( quoted in the same article ) by 30% and 70%.

In FEFF and EXCURVE, disorder is treated via phenomenological amplitude reduc-
tion factors ( Debye-Waller ) associated with each coordination shell; recent studies using
these packages to analyse metal-coordinated imidazole systems may be found in the liter-
ature, (6), (7), (71). This treatment is in contrast to GNXAS where the damping due to
thermal and static disorder is treated fully via the configurational average scheme employed
in this thesis, (3). This is possible because the multiple-scattering contributions are separated
out such that a phase and amplitude function for each path may be deduced to describe the
partial signal. For a single-scattering path, one quantity, analogous to the Debye-Waller-
like value a2, is required to define the thermal damping in the same manner as for the above
methods. However, for scattering in a three segment path, six parameters are required to com-
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pletely define a symmetric covariance matrix that represents the 3-body correlation function.
Thus, potentially, GNXAS can reveal information about distribution functions of higher order
than the pair correlation function as is demonstrated in a recent study of simple brominated
hydrocarbons, (10).

5.3.2 Significance of Results for Structure Determination

The approaches to EXAFS data evaluation described above share a common feature in that
they are all multiparameter fits of a calculation to an observation; this raises the question as to
how many refinable parameters are justifiable for a particular case and how the parameters
may be interpreted. Mustre et al., (94), clarify the former point by defining a number of
independent experimental observations, from the energy range and Fourier transform range
used, which must not be exceeded by the number of refined parameters. However, in order
to be able to interpret the refined parameters in a physical sense it is essential that they
are relatively uncorrelated and that they correspond to an adequate physical model for the
system.

It has been shown, (107), that some of the parameters typically refined in an EXAFS
data analysis are highly correlated. For example, over the energy band 61 —548eU (k =
4 -+ 12A~] ) the wavevector zero, Eo, and the first shell distance, /Z*, are correlated by 0.96;
the first shell coordination number, Afj, and disorder parameter, er2, for the first shell are
correlated by 0.93. The correlations are greater over narrower energy hands. Parameters
treating the disorder are relatively uncorrelated with one another, and therefore should be
well determined via refinement, provided that they damp partial EXAFS signal of distinct
periodicities. This is certainly the case for a1 for the first coordination shell but parameters
for more distant shells may be more correlated with one another since multiple-scattering
causes more than one periodicity to be associated with scattering from these shells. It is
therefore essential to analyse EXAFS data over a wide energy range and to choose the free
parameters associated with disorder damping carefully.

Even if the free parameters are refined with relative certainty, the interpretation of the
refined quantities hinges on the physical model used. The simple Debye-Waller-like treatment
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of damping due to disorder in the approaches of EXCURVE and FEFF is inappropriate in
dealing with the damping of multiple scattering paths. It has been shown, (3), that there are
significant deviations from the exp(-2crJf2) nature of the damping for multiple scattering
paths, especially for large disorder. In fact, as argued by Filipponi et al., (40), even if the
damping were approximated by a function of the form exp(afc2), the meaning of the refined
quantity could not be thought of as describing the disorder of a given shell. In other words,
the refined quantities treating the disorder beyond the first shell will be, in many cases,
meaningless. The GNXAS approach treats the damping due to disorder via a configurational
average which does permit a physical interpretation of the refined quantities beyond the first
shell in terms of disorder. However the method necessitates additional parameters and it is
not apparent how correlated the various parameters are.

In summary, it is essential that the damping due to thermal and static disorder be treated
via a configurational average ( as incorporated in GNXAS ) if the multiple scattering is to be
modelled correctly and the refined parameters are to yield any information about the disorder
of the scattering system. Unfortunately, this implies extra parameters to be refined which
may be correlated and therefore difficult to determine.

Finally, the multiparameter fit is only as good as the theory which generates the signal.
It has been shown in this thesis that the theory produces an underestimate of the EXAFS
amplitude and that the amplitude is significantly perturbed by the presence of the Muffin-
Tin discontinuity. The implication is that the quantities refined to model the damping due to
disorder will themselves be significantly underestimated. This is born out by the quantities
determined in the articles by Mustreet al. and Filipponi et al., discussed above, which both
produced underestimates of the disorder parameters as compared with the cited experimental
values. The incorrect modelling of the theoretical amplitude will undoubtably also lead to
systematic errors in the evaluation of structure and dynamic parameters beyond the first
scattering shell.

A possible future check would be to apply each of the packages to the sine (11) tetraimida-
z0le molecule and refine parameters for the structure and disorder at the various temperatures.
The refined quantities could be compared with the known values from the inelastic neutron
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scattering study. This would provide a quantitative check of the ahility of each package to
yield meaningful values for the thermal disorder beyond the pair correlation function. It is
anticipated that the refined values would represent a significant underestimate of the INS
determined values for disorder.

5.4  Conclusions

In this thesis, a comprehensive temperature dependent study of the EXAFS spectra of the
zinc (I1) tetraimidazole molecule has been presented. The EXAFS temperature dependence
was predicted by effecting a full configurational analysis and was seen to produce a significant
underestimate of the theoretical amplitude compared to the experimental spectrum; the phase
of the EXAFS signal was modelled well.

The configurational averaging calculation permits a breakdown of the partial contribution
of each mode to the damping of each multiple scattering signal. 1t is seen that the low fre-
quency skeletal modes of the molecule are dominant in the damping and become increasingly
s0 as the temperature is increased. Of these low frequency modes, the four modes involving
tetrahedral stretching of the Zn-N bonds are the most significant in generating damping in
most of the principal multiple scattering signals. Low frequency torsional modes scarcely
contribute to the damping. We note that, although the damping is dominated by the low fre-
quency modes, the high frequency internal modes of the imidazole rings cannot be neglected.
The out-of-planc imidazole modes do not contribute to the damping but the in-plane modes
can contribute up to 25% of the exponent of the damping term (i.e. 15% of the damping for
Zn-N backscattering ).

The essential ingredient to the configurational average was the full manv-body vibrational
correlation function ( VCF ) of the molecule which was determined via a full normal mode
analysis based on inelastic neutron scattering data. We note, from the normal mode analysis,
that it is not possible to assess the quality of a vibrational force field from vibrational frequen-
cies alone but that extra information is required about the atomic displacements ( e g. via
inelastic neutron scattering data ). This observation pertains to many published ab initio
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vibrational force fields for small molecules where the elements are scaled to yield a good fit of
the calculated to the experimental vibrational frequencies; these force fields produce widely
differing results concerning the atomic displacements.

The atomic displacements predicted by the VCF were checked for consistency with those
obtained from TLS analysis and yielded a satisfactory agreement (i.e. +50% mean discrep-
ancy in all projections considered ). We note that TLS is a useful method for determining
quantities that are very difficult to obtain from other methods but that it incurs large errors
in the results produced. The errors are two-fold: Firstly, the calculated errors are large since
the desired quantity is the small difference between two displacements and the experimental
errors are proportionally larger with respect to this difference. Secondly, the determination
of intramolecular displacements is based on some broad assumptions about the nature of
both the intra- and intermolecular motion. The method is also incapable of determining
correlations in the atomic motion.

The Zn-N pair correlation function predicted by the INS study was 2.6 X 10~3A3 and
was compared to the same quantity determined directly from the experimental temperature
dependent EXAFS study, (2.5 + 0.5) x 10~3AJ. The error bars on the experimental value
permitted a check of the assertion that the EXAFS theoretical amplitude was underestimated
by comparing the damping in the high k region, where the Zn-N pair correlation function
dominates, when the pair correlation function is 2.0 x 10-3AJ. The result showed that the
theoretical amplitude was significantly underestimated even for values of the Zn-N pair cor-
relation function at the extremes of the broad error bars. Anharmonicity of the Zn-N pair
correlation potential was found to be small.

The incorrect theoretical modelling of the EXAFS signal is partly attributable to a modu-
lation of the theoretical amplitude function caused by internal scattering of the photoelectron
within the emitter potential by the artificial energy discontinuity at the Muffin-Tin bound-
ary. The perturbation is severe, as much as +25% about the mean fc3-weighted amplitude,
and persists strongly in the high k region. This effect impairs a correct interpretation of the
experimental amplitude. The modulation of the amplitude could be removed by artificially
eliminating the Muffin-tin discontinuity or by overlapping Muffin-tin spheres; the latter is
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strictly forbidden by formal scattering theory but can improve the modelling. However, tak-
ing such measures can result in a serious deterioration in the phase of the EXAFS signal,
which is presently seen to be well-modelled. An alternative method would be to employ full
potentials that are not based on the Muffin-tin approximation and work is progressing in this
field, (42), (97).

As well as the Muffin-tin perturbation, the theoretical amplitude is also significantly un-
derestimated. This could be due to an overestimate in the damping of the intrinsic losses
of the photoelectron which would require some modifications to the imaginary component of
the Hedin-Lundqvist potential.

The consequence of the amplitude underestimate for the current methods of EXAFS data
evaluation is that the refined parameters modelling the atomic disorder will, in general, be
significantly underestimated. The values for shell distances beyond the first shell may also
be affected by the incorrect form of the theoretical amplitude function. We note that it is
important to analyse EXAFS data using a configurational average of multiple scattering paths
but that caution should be used in dealing with the extra refinable parameters since they may
be strongly correlated with one another.

In conclusion, this study is a benchmark test of multiple-scattering theory and has shown
that problems exist particularly in the determination of the ab initio amplitude of the signal.
This may lead to systematic errors when the theory is applied to actual structure determina-
tion problems.
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Appendix A
Extension to Standard TLS Theory

In this appendix, an extension to the standard TLS theory ( section 2.2 ) is described. It is
not implemented in this study, for the reasons described in section 2.6, but is included for
completeness.

The standard TLS analysis determines the translational and librational displacement dis-
tributions of a designated rigid-body but it does not take account of correlations between
rigid-bodies nor does it distinguish between different contributions to the ADP’s from inter-
nal motion, lattice vibrations or static disorder. An extension to the model was initiated by
Johnson, (64), and formalised by Dunitz and White, (33), in order to allow for large scale
internal librations between defined rigid-bodies. This approach, known as the segmented
rigid-body model, assigns an additional parameter, (<), as the mean-squared torsional ampli-
tude of groups suspected of undergoing significant torsional motion about a predefined axis.
The method results ina T, L and S tensor for the bulk of the molecule and an additional
torsional amplitude for the so-called attached rigid-groups ( ARG’s ). The ARG is considered
to experience a riding motion with the torsional motion superimposed on top.

However, in this basic form, the segmented rigid-body model has major limitations. The
most important problem is that the model totally neglects correlations in displacements be
tween the main rigid-body and the ARG. This requires analogous terms to those expressed
in the S tensor which couple the internal torsional second moments to those of the overall
translational and librational pdf’s. Thus, the ADP’s of an individual atom in the ARG should
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APPENDIX A. EXTENSION TO STANDARD TLS THEORY
be determined from a modified form of Eq. (2.7) such as, (11):

T s |
S L M A (Al)
M M |

The three additional coupling tensors become transparent in an orthogonal coordinate system
in which one axis is parallel to the internal torsiona axis; i.e

00 (Vv)
M) = 00 <y
00 @
00 (*iV)
(ti<P) (A.2)
00 <

Mi(<p)

1
o

00 0
M(v>) 00 O

00 «
( This formalism is analogously applicable to an internal translational degree of freedom, (11) )
By introducing these coupling terms a new indeterminacy arises in the value of the internal
torsional displacements and the parallel component of the overall librational displacements,
AH From the observed ADP’s it is only possible to deduce the quadratic average of (AH + ifi)
which is ((All)") + (ifi2) + 2(AlI") in which the terms ((ifi2) + 2(AI)) can not be separated.
This is analogous to the indeterminacy in the diagonal elements of S. Consequently the value
obtained for the mean-squared torsional motion of the ARG is only meaningful when it is
large compared to the parallel component of the overall librational displacements in L, (32).
The introduction of an ARG to model one extra internal degree of freedom generally implies
the addition of six extra independent parameters to be deduced from the atomic ADP’s.
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Appendix B

Mean-Scjuared-Deviation of
Harmonic Oscillator

The following arguments may be found in most standard texts on Quantum Mechanics. The
following derivation has been composed from reference to (91), (92) and (100).

We consider a one dimensional simple harmonic oscillator ( SHO ) in which the deviation of
the system about equilibrium is denoted by the dimensionless coordinate, {. The normalised
Hamiltonian wave function of the nlh stationary state is of the form

M(): AnH,,U)e-" (B.1)

The special functions /fn({) are the Hermite polynomials and A, are the normalisation con-
stants given by

)hrﬂ S @
in which /i is the reduced mass and w0 is t equency of oscillation. The energy of the nt

stationary state is

En = hu)0(n +-) (B.3)
We wish to determine the quantum mechanical expectation valuel of the squared deviation,
£J,in a given state n. This is given by substitution of Eq. (B.I) into the expression

xe=(m) =g *«*V(IK (B
Evaluation of the integral may be shown ( see (92) chapter 9 ) to yield the analytical form
&>¢="vth (B9

1Alto known .. the mrtn value or average value
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Appendix C

Symmetry Species of Normal
Modes

This appendix presents a standard group theoretical technique which may be found in most
standard texts on Group Theory 1.
A given molecule possesses symmetry denoted by the point group, 47, which contains the
n operations A. Depending on the displacement coordinate set selected, the group operations
may be represented by n transformation matrices, R(A). For each operation, A, a quantity,
X(A), known as the character may be defined as the trace of the transformation matrix, R(A),
le.
X(A) =TrR(A) (C.I)
Clearly there is an infinite number of sets of transformation matrices, R(A), since there is
an infinite choice for the displacement coordinate set, but the characters, x(A), will always
be the same. A given coordinate basis set constitutes one representation of the group, (7.
Frequently, a representation may he transformed such that the transformed set forms sub-sets
of coordinates that are non-mixing under operations of 47. The original representation is then
described as reducible. A transformation can always be found that produces new reduced
representations which, despite any further coordinate transformations, cannot be made to
reduce further; these sub-sets are known as irreducible representations of the group 47. Group
representation theory states that for each point group there are only a definite small number
of non-equivalent irreducible representations possible. An arbitrary representation, R(A), of

"The text referred to in compiling this nppendix wxs Leech and Newman, (IT).
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Q may therefore be decomposed as follows

R(")(i4) 0 0 0

_ 0 R<«>(/1) 0 0
W 0 RN 0 A

0 0 0 etc.

in which R(**)(4) represent the irreducible representations of the operation A. Reducing
an arbitrary representation is effectively the same as block-diagonalising the transformation
matrices; the non-mixing property of the reduced representations is evident from the off-
diagonal zero blocks in Eq. (C.2). This decomposition may be written in terms of a symbolic
sum, i.e.

Ri4) = R&*S(DER*>HIBRI)NO ..
£, 9m,KM(A)

where the m” denote the number of equivalent irreducible representations R*" in R;  is
known as the multiplicity of R » in R. Taking the trace of both sides of Eq. (C.3), and
by comparison with Eq. (C.1), the relationship between the characters of the arbitrary and

irreducible representations is obtained

(C.3)

X(A) = (c4)

Clearly, for every point group there is an associated set of characters, one for each irreducible
representation in each operation class; the number of irreducible representations is equal to
the number, k, of classes in a group. It is customary to represent these sets of characters in
k X k character tables, one for each point group; they are tedious to derive but are given as
standards in most texts on group theory2.

Irreducible representations are classified into symmetry spectes by the following conven-
tions;

« A denotes one dimension. Principal rotation operation has character 4-1.

« B denotes one dimension. Principal rotation operation has character -1
" For examples of character tables ( those that are required in this thesis ) see appendix E
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* E denotes two dimensions or complex conjugates of one dimensional pairs.

* T (often read as F in the literature ) denotes three dimensions.
All vibrational normal modes are identified as belonging to one of these symmetry species;
the dimensions in this case indicate the degeneracy of the modes.

The characters of the irreducible representations satisfy the following orthogonality rela-
tions

= 0 (C5)
=9 (C-6)

A
where g is the order of 2 and » denotes the complex conjugate. If Eq. (C.4) is multiplied by
X* then, using the above orthogonality relations, we get

A A LM J

= mvg
Which yields the desired result

m“-dEKW XMV ) (C.7)

The multiplicity determines which irreducible representations are present and allows the re-

duction, T, to be written as a linear combination of the symmetry species, i/ ( i.e. v =
{A,B,E,T])

r= Evm - (C.8)

This appendix has demonstrated that, if the character table (i.e. x*'M ) ) *known, and the

total character, x(A), °f the system has been established from the arbitrary representation,

R(A), it is straightforward to obtain the symmetry species of the normal modes from Eq. (0.7)
and Eq. (C.8).

Note that this appendix has only dealt with the qualitative reduction of arbitrary repre-

sentations. The derivation of the transformations yielding the irreducible representations is

discussed in appendix D.
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Appendix D

Projection of Symmetry
Coordinates

In this appendix, the group theoretical technique for determining the explicit transform from
internal coordinates, 5», to internal symmetry coordinates, SE, is explained; essentially it
involves the derivation of so-called projection operators in order to project the St hasis into
a linear combination, which may then be accepted as a valid basis for the Sk irreducible
representation. This is equivalent to finding the W transform discussed in section 3.3.8.
Firstly, we consider the action of the operations, A, of the point group 4 on the irreducible
representations, u, of the internal symmetry coordinates, Syv\ By definition

AS*V) = jrR\?(A)S?,) (D.I)
in which the are elements of the R(i)(j4) transformation matrices introduced in

appendix C; the R A ) are the inequivalent, irreducible unitary representations of the group,
47, 1t can be shownlfrom Schur's Lemmal that the following orthogonality theorum holds:

£ f (D-2)
A n
where g isthe order of #and n,, is thedimension of Ra; the ily are theKronecker delta
symbols (i.e.,tmy = Llifx=yand 6ty = 0if xjty ). Thus,multiplying Eq.(D.l) by

R A’(A), summing over A, and applying Eq. (D.2), we get

A 1*1 A

endix
g h(r« Leﬁfip aatalea Any matrix which commutes with all the matrices of an irreducible representation
must be a multiple of the unit"matrix.
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= - 88jks (D.3)

Setting i = | to find the trace of r[*'(A), Eq. (D.3) may be re-expressed in terms of the
characters of the irreducible representations, x"*(A), ( refer to Eq. (C.I) ), ie.,

(D.4)
At this point in the derivation, the projection operators may be identified as
PM = A (D.5)
3 a
such that Eq. (D.4) may be rewritten, to give the important result
PMS'W = SMv) (D.6)

An element S, of the internal coordinate basis may always be written as a linear combination
of the internal symmetry coordinates, such that

= (D-n

k VvV

in which the are constants. If both sides of Eq. (D.7) are operated upon by the projection
operator, P\ the desired transformation from S(to S'» may be obtained:

Wiz at>57) (D8)

The aji"* therefore constitute the elements of the transform W.

In order to be able to apply the projection operators, PM, it is necessary to know (i) the
character table of the group, (i.e., x"(A) )and 00 the effect of group operations on the
internal coordinate basis, 5(.
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Appendix E
Character Tables
This appendix presents those character tables of group theory that are referred to in the main

body of text. In each case the rows correspond to the symmetry species and the columns to
classes of symmetry operations.

T4 B 803 ] by G
a1 1 1
a2 1 1 1 -1 -1
E 2 L 2 0 0
n 3 0 -1 -1 1
i 3 0 1 1 -1

{i

Table E.2: Character table of the point group S4.

C. E Oh C, E ¢2
~r~ 1 1 A 11
A" 1 -1 B 11

Table E.3: Character tables of the point groups C, and Cj.
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Appendix F

Imidazole Force Field: Non
Minimum Basis

Table F.I: Final refined force field for »olid «tate imidaiole molecule 34 in mdynr A"*
WEP r3eipect to 31 member non-minimum bali» «et of internal coordinate, S, a« Riven in
tanle 3.4.
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Appendix G

Low Frequency Skeletal Modes of
Zinc Tetraimidazole Complex

296 c¢cm'l Ai Tatrahadral atratch 277 c¢cm'l Bi Tatrahadral atratch
V~r \A%
0] 0. >r
274 ¢m't Bi Tatrahadral atratch cm'l Ai Tatrahadral atratch

Vs v o, >0

X B
A< >
0 G>V ;?v® y )
206 ¢cm'l Al Tatrahadral daformat lon 205 ¢cm'l Bi Tatrahadral daformatlon
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Appendix H

Temperature Dependence of
Individual Multiple Scattering
Paths

The next few pages illustrate the calculated temperature dependence of individual MS paths
in the zinc (I1) tetraimidazole complex. The paths illustrated are the ten most important
scattering paths through one of the imidazole branches; the results for the other branch in

the asymmetric group are similar. The paths are:
1 141 6. 151

2. 13241 17 14651
3 1461 8 1451
4 131 9. 14641
5 14241 100 121

where the atomic labelling is given in table 4.1 in the main text.

Each diagram shows the partial EXAFS signal due to the path with and without the
configurational averaging treatment. The bar charts show the partial contributions of the
105 normal modes to the dominant damping term and correction term of the configurational
averaging formula given in Eq. (4.20). They therefore indicate the significance of each mode
to the damping of the MS path; note that each bar chart is composed of white bars, showing
the partial contributions at 20K, and black bars, showing the partial contributions at 300A
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fine structure

APPENDIX H. TEMPERATURE DEPENDENCE OF INDIVIDUAL
MULTIPLE SCATTERING PATHS

Single Scattering Path 1 4 7 / R= 3. 9671 A/ degeneracy 1

no treatment of thermal damping
--------- damped at 20k, sok, 100k, 1sok, 200k, 250k €Nd 300k

Contrlbutlons to damping terms from the 105 normal modes at» 20K (white
. . 300K (black
Exponent of dominant damping term, — )/2 at k*12 A

Phase and amplitude correction term. [AD et 1omt AL

High frequency modes
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APPENDIX H. TEMPERATURE DEPENDENCE OF INDIVIDUAL
MULTIPLE SCATTERING PATHS

Triple Scattering Path 13 2 4 1/ R= 8.4911 A/ degeneracy 2

........ no treatment of thermal damping
------ damped at 20K, 50K, WOK, 150K, 200K, 250K and 300K

Contributions to dampling terms from the 105 normal modes att 20K (white
. , 300K (black
Exponent of dominant damping term, - 12 at kml2 A
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APPENDIX H. TEMPERATURE DEPENDENCE OF INDIVIDUAL
MULTIPLE SCATTERING PATHS

Double Scattering Path 14 6 1 / R= 8.3648 A/ degeneracy 2

........ no treatment of thermal damping
------ damped at 20K, 50K, 100K, 150K, 200K, 2S0K and 300K

Contributions to damping terms from the 105 normal modes att 20K (white)
. o 300K (black)
Exponent of dominant damping term, - 12 at k*12 A

Pheae end empi tude correction term, (AMii)/AO at kma A~

0. 004
0.000

Low frequency modem High frequency modem
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APPENDIX H. TEMPERATURE DEPENDENCE OF INDIVIDUAL
MULTIPLE SCATTERING PATHS

Single Scattering Path 1 3 1 / R= 5. 972b A/ degeneracy [

no treatment of thermal damping
------ damped at 20K, 50K, 100K, ISOK, 200K, 250K and 300K

Contrlbutlons to damplng terms from the 105 normal modes att 20K (white)
. . 300K (black)
Exponent of dominant damping term, -(41.’\41’\/2 ar kmi!2 A
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APPENDIX H. TEMPERATURE DEPENDENCE OF INDIVIDUAL
MULTIPLE SCATTERING PATHS

Triple Scatterlng Path 14 2 4 j R= 8. 3367 A/ degeneracy |

........ no treatment of thermal damping
------ damped at 20K, 50K, WOK, 1SOK, 200K, 250K and 300K

.5 Uavevector, k i )

Contrlbut lons to demplna terms from the 105 normal modes at« 20K (white
. & 300K (Blaek
Exponent of dominant damping tarm, -(@\[,) 12 at kml2 A

0.0ii 4

Low frequency modes High frequency modes
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APPENDIX H. TEMPERATURE DEPENDENCE OF INDIVIDUAL
MULTIPLE SCATTERING PATHS

Single Scattering Path 15 1 / R= 6.0230 A/ degeneracy 1

........ no treatmant of thermal clamping
------ damped at 20K, 50K, WOK, 150K, 200K, 250K and 300K

Contributions C0 damping terms from the 105 normal modes at, 20K (white)
300K (black)

Exponent of dominant damping term, - )/2 at kml2 A'l
00 Mmoo
01--
-0.1--
05
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APPENDIX H. TEMPERATURE DEPENDENCE OF INDIVIDUAL
MULTIPLE SCATTERING PATHS

Triple Scattering Path 1 4 6 5 // /7: 8. 5735 A/ degeneracy

2
no treatment of thermal damping
O-nnnme damped at 20K, 50K, 100K, 150K, 200K, 250K and 300K
Contributions to damping terms from the 105 normal modes ati 20K (white)
. . . black
Exponent of dominant damping term, — [2 at hmt2 A 300K (black)

lTP—®r"H]'Ui M'm -nr

Phase and amplitude correction term, (A|Mi)"A0 at km4 A'l

High frequency modes

213



APPENDIX H. TEMPERATURE DEPENDENCE OF INDIVIDUAL
MULTIPLE SCATTERING PATHS

Double Scattering Path 1 4 5 1 / R= 6. 3788 A/ degeneracy 2

no treatment of thermal damping
--------- damped et 20K, 50K, WOK, ISOK, 200K, 250K end 300K

-16

Uavovoctors k (A")

Contributions to damping terms from the 105 normal modes eti 20K (whitel
300K (black])

Pheae end amplitude correction term, (AjMip)/Afl at kmd A'l
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APPENDIX H. TEMPERATURE DEPENDENCE OF INDIVIDUAL
MULTIPLE SCATTERING PATHS

Triple Scatterling Path 14 6 4 lj R= 8. 4271 A/ degeneracy 1

....... no treatment of thermal damping
= damped et 20K, 50K, WOK, 150K, 200K, 250K and 300K

=
D
=
=2
£
Contributions to damping terms from the 105 normet modes att 20K (whitel
. . 300K (black)
Exponent of dominant damping term, — [2 at kmi2 A
Phase and amplitude correction term, (Aj|\/lji,>/A,, at k-4 A'l
0.000
-0.009
-0.010-f

Low frequency modmw High frmqumncy modot
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APPENDIX H. TEMPERATURE DEPENDENCE OF INDIVIDUAL
MULTIPLE SCATTERING PATHS

Single Scattering Path 1 2 1 / R= 8.2380 A/ degeneracy 1
no treatment of thmrmmL damping

Contrlbut lone tO damping terms from the 105 normal modes ati 20K (white)

. . 300K (black)
Exponent of dominant damping term, — 12 at kml2 A

Phaaa and amplitude correction term, (am»)/A# at k*A A’
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