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A b stra c t
An ab  in itio  calculation of th e  tem p era tu re  dependence of the EXAFS spectrum  of the 

zinc (II) te tra im idazo le  complex has been m ade and com pared to  low noise, energy calibrated 
EXAFS sp ec tra  a t  seven tem peratures. T h e ab  initio ca lculation  was based on th e  MSXAS 
package, (122), and  was adapted  to  inco rp o ra te  a  full configurational average to  account for 
the  tem p era tu re  dependent dam ping of th e  EXAFS sp ec tra  due to  therm al atom ic disorder 
and it did not involve the fitting  of free param eters. T h e  inform ation about th e  atom ic dis
order was ob ta ined  from two sources: (i) a  TLS analysis o f x-ray crystallography d a ta  which 
yielded estim ates of to ta l atom ic d isplacem ents and (ii) a  full norm al mode analysis based 
on th e  refinem ent of a  model force field which reproduces the  hydrogen-weighted vibrational 
density  of s ta tes  m easured via inelastic n eu tro n  scattering . In the  la tte r , a v ibrational force 
field for solid s ta te  imidazole was determ ined which is shown to  be a significant im provem ent 
over existing force fields, m ainly ob ta ined  v ia ab in itio  m ethods, since it m ore accurately 
reproduces bo th  th e  eigenvalues and the  eigenvectors o f th e  force field ( the eigenvectors cor
respond to  the a tom ic  displacem ents in th e  norm al v ibrations and are frequently not checked 
for consistency w ith  experim ent ). The im idazole force field was subsequently incorporated  
in to  the  much larger force field for zinc (II)  tetraim idazo le. This la tte r  force field was shown 
to  be consistent w ith  inelastic neutron sca tte rin g  m easurem ents of zinc (II) tetraim idazo le 
borofluorate ( b o ro n -11 enriched ), zinc (II) te traim idazo le perchlorate and two deuterated  
s ta tes  of the  perch lorate  com pound; th is  dem onstrates th e  validity of the iso lated  molecule 
approach used to  model the force field for th is  case. T he m ean discrepancy in th e  rms atom ic 
displacem ents derived from the norm al m ode analysis an d  the TLS analysis is shown to  be 
±50% . T he 105 norm al modes modes of th e  zinc (II) te traim idazo le complex are  interpreted 
in term s of th e ir  effect on the  dam ping o f th e  individual m ultiple scattering  pa ths in the 
EXAFS spectrum . T he Zn-N pair correla tion  function is found to  be dom inant in causing 
dam ping of the m ost significant partia l signals from both  single and m ultiple scatte rin g  paths 
bu t it is shown th a t  the  cum ulative dam ping  effect of o th e r in tram olecu lar m otions cannot be 
neglected. T he to ta l  configurationally averaged theoretical EXAFS spectra  ex hib it an under
es tim ate  o f the  am plitude com pared to  experim ent. T h e m agnitude o f this und erestim ate is 
not uniform  th ro ug h  the  spectrum  and it  is shown th a t th e  M uffin-Tin energy discontinuity 
in the  m odelling o f the  em itter optical p o ten tia l causes a significant oscillatory m odulation  of 
the theoretical am plitude up to  ±25%  which persists strongly  in the  high wavevector regime. 
T he im plications of the  underestim ate and oscillatory m odulation  of the  theoretical am plitude 
for the  EXAFS m ethod  as an analy tica l tool are an im pairm ent of the  s tru c tu ra l de term i
nation  beyond th e  first coordination shell and in pa rticu la r an und erestim ate o f  the values 
determ ined for a tom ic  disorder.
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C h a p ter  1
Introduction

EXAFS ( extended x-ray absorption fine s tru ctu re  ) spectroscopy is an analy tica l technique 
which is used to  determ ine short-range s ta tic  and dynam ic atom ic s tru c tu re  in m aterials. The 
quantity  o f interest in an EXAFS experim ent is the oscillatory com ponent o f th e  x-ray absorp
tion coefficient observed above the characteristic absorption  edge for a  p a rticu la r type of atom  
in the sam ple; the form of the oscillatory s tructure is determ ined by the  local environm ent of 
this type o f atom  up to  a radius of a  few Angstrom s. T he oscillatory com ponent may be iso
lated , to  give the EXAFS spectrum , and then , in principle, in terpre ted  to  yield quantita tiv e 
inform ation concerning interatom ic d istances and angles, coord ination num bers and atom ic 
disorder. T he m ethod com plim ents o th e r spectroscopic techniques such as infrared, Raman 
and nuclear m agnetic resonance which m ostly generate qualita tive inform ation . T he probe 
of the local s tructure is a photoelectron, em itted  from the  x-ray absorbing a to m , with wave
lengths typically in the  range 0.5 —» 0.05A; consequently s tru c tu re  de term inatio n  via EXAFS 
is po ten tia lly  of very high accuracy ( i.e. ± 0 .00 lA  for nearest-atom  d istances ). In contrast 
to  x-ray crystallography, the EXAFS technique may also be applied to  non-crystalline sam 
ples such as gases, liquids or am orphous solids such as glasses and is im p o rtan t 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 im portan t m ethod  for exam ining 
the environm ent of m etal centres in large protein molecules, such as enzym es, with an order 
of m agn itude be tter precision than  x-ray crystallography; in enzym es, the  m etal centres are 
often believed to  be located a t the  active site and characterising  the local s tru c tu re  is an im 
portan t s tep  to  understanding the function of the enzym e. T he streng th  of the  technique in
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C H A P T E R  1. IN T R O D U C T IO N

th is case is its selectivity  since the  EXAFS signal may be ex trac ted  from a single m etal atom  
em bedded in a p ro tein  molecule composed o f many thousand  less massive atom s. In addition , 
the  p ro te in  may be studied under conditions which em ulate its  working environm ent in  vivo, 
typically  in aqueous solutions in the presence of a su b s tra te  or inh ib ito r, and consequently 
E X A FS is applicable to  many proteins which do not yield to  crystallography techniques. Nu
m erous studies of m etal centres in proteins have been reviewed in the articles (20), (21), (22),
(52), (53), (111), (132).

T h e  conventional m ethod for EXAFS d a ta  analysis was described in 1971 by Sayers et 
al., (127), who proposed Fourier transform ing an EXAFS signal to  ob ta in  a  radial d is trib u 
tion function of th e  atom ic environm ent ab o u t the photon-absorbing a to m . T he m ethod is 
based on an approxim ation of the  photoelectron scatterin g  by a  p ropagating  plane-wave th a t 
undergoes back-scattering from nearby a tom s. Unless a  correction is applied , the  distances 
inferred from the  Fourier transform  are shorter than the  tru e  radii of successive coord ina
tion spheres because the  phase-shifts experienced by the  back-scattered photoelectron are not 
taken in to  account. Sayers et al. showed th a t  it is possible to  ex trac t these phase-shifts by 
com parison with a  sim ilar com pound with known stru c tu re  so th a t an accurate  value for the 
d is tances may be determ ined . T his approach is generally successful in ex trac ting  inform ation 
w ith in  the  first coord ination  sphere but is not appro pria te  a t g rea ter radii since the  radial 
d is trib u tio n  function also contains features due to  m ultip le sca tte ring  of the  photoelectron. 
T he general im portance of m ultiple scatte rin g  in the  in te rp re ta tio n  of EXAFS spec tra  was 
first em phasised for the  case of m etal-bonded imidazole com plexes, (108), (141), which mimic 
the h istid ine ligation  of m etals centres found in a num ber of common m etalloenzym es such as 
ca rb onic anhydrase, (157), am ine oxidase, (71) and superoxide dism utase, (7). T he presence 
of m ultip le  scatte rin g  com ponents prevents a  simple trea tm en t of EXAFS spectra  bu t implies 
th a t  inform ation m ay be ex tracted  beyond th e  pair correlation  function, potentially  revealing 
such quantities as equilibrium  bond angles and correlations in many body disorder. For ex
am ple , in the case o f h istidine ligation in m etalloenzym es, inform ation could be obta ined  as 
to  th e  angle of th e  im idazole rings with respect to  the m etal atom  which could be im portan t 
in determ in ing  th e  energetics of the active site. The determ ination  of atom ic disorder is of

2



C H A P T E R  1. IN T R O D U C T IO N

grea t in te rest and has been recently been stressed by Pendry, (102), as an im p o rtan t direc
tion  in th e  development of the EXAFS technique since it holds the key to  such processes as 
diffusion and  surface reactions of ca ta lysts. In order to  yield such inform ation, an ab initio 
approach has to  be adopted  in the  EXAFS d a ta  analysis which embodies m ultiple scattering. 
However, for this m ethod to  have any success in ex trac ting  such inform ation, which is usually 
characterised  by the weakest features in the  spectrum , it is essential th a t the  ab in itio  theory 
is correct.

The neglect of the cu rvature of the  wavefront in the plane-wave description of photoelec
tro n  sca tte rin g , which causes the theory  to  fail a t low energies, was corrected by Schaich, (128), 
for single scattering  and by Lee and Pendry, (76), and Ashley and Doniach, (1), for m ultiple 
scatte rin g . These descriptions were based on th e  assum ption th a t the m ultip le scattering  
is sufficiently weak, even a t low energies, so th a t  an expansion in the order of the  m ultiple 
sca tte rin g  is possible. D urham  et a l., (35), proposed a  sim ilar theory em bodying a  full so
lu tion  including all orders of m ultip le scattering . These curved-wave theories are exact but 
are presently  too  slow to  be incorporated  in effective d a ta  analysis. T he exact theory  has 
since been simplified by Rehr et al., (117), P ettifer et al., (108) and G urm an et al., (47), (48) 
pe rm ittin g  fast and accurate  com puta tions of EXAFS signals. The la tte r  two au thors  used 
a  small a tom  approach which retained  the  least serious approxim ations of the  plane-wave 
theory  for system s involving light atom s such as carbons and nitrogens.

T he above m ultiple scatte ring , curved-wave schemes for com puting ab in itio  EXAFS spec
tr a  are cu rren tly  incorporated  in th ree  independent com puter packages for EXAFS d a ta  anal
ysis: EXCURVE, (48), (140), from Ilaresbury  Laboratory , F E F F , (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 m odelled by effective one-electron optical potentials 
th a t  are constructed  w ith in the M uffin-Tin approxim ation. The intrinsic and extrinsic en
ergy loss m echanism s of the  photoelectron , which result in an attenuation  of the signal, are 
m odelled e ither by an im aginary self-energy of the  photoelectron or by a complex scattering  
po ten tial. T he d a ta  analysis is effected by fitting  the generated EXAFS signal to  th e  exper
im ental spectrum  by varying a param eterised  model for the  static  and dynam ic s tru c tu re  of

3



C H A P T E R  1. IN T R O D U C T IO N

th e  atom  cluster. However, shortcom ings of the theory  m ay be concealed by ad justm ents of 
free param eters th a t affect the spectrum  in a similar way to  the  deficiencies in the  theory. In 
o th e r words, an excellent fit to  experim en t is not sufficient evidence to  conclude th a t the the
ory is correct. T he only rigoyfous way o f determ ining the  accuracy of the  theory  is therefore 
to  elim inate  the s tru c tu re  refinement by calculating the  EXAFS signal from a system  whose 
s tru c tu ra l param eters are known; any discrepancies between theory  and experim ent can then 
be assessed on the  basis of non -s truc tu ra l param eters. In th is way, the  validity of specific 
elem ents of the theory  can be quan tita tiv e ly  evaluated, such as the  M uffin-Tin approxim ation 
and the  model for photoelectron inelastic loss.

In th is thesis, an a ttem p t is m ade to  establish all th e  s tru c tu ra l param eters  of an in
teresting  system  and thereby predict th e  EXAFS spectrum  entirely ab in itio  a t  a range of 
tem peratu res. T he system  selected is th e  zinc (II) te tra im idazo le  complex which is of rele
vance in the  biological field as a model com pound for th e  m etal centre in carbonic anhydrase 
and is of special in terest as a system  which produces s tro ng  m ultiple scattering  com ponents 
in the  EXAFS spectrum . It therefore co nstitu tes  an excellent tes t case for m ultip le scattering  
theory  in a typical s ituation  where th e  EXAFS technique is employed.

T he s ta tic  s tru c tu re  of the molecule has been determ ined from x-ray crystallography with 
two different counterions, (2), (79), and consists of four p lanar im idazole rings coordinated to 
a  central zinc ion in an approxim ately te trah ed ra l configuration. M ultiple scatterin g  occurs 
as the  photoelectron propagates th rough  the  im idazole rings.

D eterm ining the dynam ic s tru c tu re  of the  subject molecule presents a g rea ter challenge 
and a  considerable pa rt of this thesis is devoted to  th is  problem . T he dynam ic s tru c tu re  
in th is  context is defined as the  p robability  d is tribu tion  function of each sca tte rin g  atom  
ab o u t its equilibrium  position, described by the s ta tic  s tru c tu re , with respect to  the prim ary 
ab sorber, which is the zinc atom . In general the dynam ic s tru c tu re  is composed of both 
s ta tic  and therm al disorder, both  of which result in an a tten ua tio n  of the EXAFS spectral 
am plitude. The attenuation  arises since the disorder in the  atom  positions introduces an 
incoherence in the  contributions to  the  to ta l EXAFS which are then averaged over tim e and 
over all absorption sites in the sam ple; th e  resultant EXAFS signal is thus sm eared ou t and
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the  am plitude is dam ped . Static disorder is significant in am orphous m aterials or crystals 
of very large molecules bu t is not expected to  greatly  affect the relative position of atom s 
w ith in a small molecule such as the  zinc (II) tetraim idazo le complex; it  is therefore assum ed 
in th is  study th a t s ta tic  disorder is negligible in the  context of EXAFS dam ping. Therm al 
disorder is due to  th e rm al vibrations of the molecule and only those v ib ra tio ns, which cause 
displacem ents of the  scatterin g  atom s with respect to  th e  zinc atom , are  considered. The 
assum ption is m ade th a t  la ttice  vibrations do not effect th e  internal s tru c tu re  of the molecule 
and, therefore, th is  s tu d y  is only concerned with in ternal vibrations of th e  molecule; th is is 
known as the isolated molecule approach.

T he frequencies o f in tram olecu lar vibrations can be routinely ob ta in ed  via infrared and 
R am an spectroscopy b u t determ ining experim ental values for the associated  probability dis
trib u tio n  functions of th e  atom  positions is more difficult. In this thesis , two m ethods are 
employed:

1. TLS analysis of x-ray crystallography da ta . This involves a deeper consideration of the 
refined therm al param eters. T he individual atom ic anisotropic displacem ent param eters 
are reparam eterised  to  take account of large scale correlated m otions of the molecule. 
W ith in  a sim ple m odel, this allows the internal displacem ent d is trib u tio n s  of the atom s 
to  be separa ted  from  the overall displacem ent d istribu tion  which includes all con tri
butions, such as those from la ttic e  vibrations. T he result is a  probability  d istribu tion  
function for each atom  th a t describes the to ta l displacem ents of th e  atom  due to  all 
types of in ternal m olecular m otion.

2. A full norm al m ode analysis of the  internal therm al vibrations o f the  molecule based 
on d a ta  from inelastic neutron scattering , infrared and Ram an studies. A dynam ic 
m odel, based on a  harm onic force field, is constructed  for the iso lated  molecule which 
generates all the  orthogonal norm al modes of v ibration . T he elem ents of the force 
field are then best-fitted  to  reproduce the experim ental hydrogen-weighted v ibrational 
density of s ta te s  o f the molecule as m easured by inelastic neu tro n  scattering . The 
eigenvalues of th e  secular equation  of m otion m ap the vibrational frequencies of the
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molecule and the eigenvectors describe the displacem ent d is tribu tions of the  atom s 
corresponding to  each of those frequencies.

T he la tte r  m ethod  provides the  m ost detailed inform ation since it  effectively reproduces the 
m any-body v ibra tional correlation function  ( VCF ) of the molecule which fully describes the 
in ternal v ibrational m otion. By knowing the  VCF of the  molecule it is possible to  r ig o ro u s ly  
model the  dam ping  effect of therm al v ibrations on the  theore tical EXAFS spectrum , even 
to  the ex tent w here the p a rtia l dam ping  contribution  of each norm al mode of v ibration  is 
described. T his is achieved by calculating  a configurational average of the  EXAFS signal 
over all the  co rrela ted  displacem ents o f the  scattering  atom s based on a linear expansion of 
the  p a rtia l signals from each m ultiple scattering  p a th , (3); th is algorithm  will be justified 
in the  thesis. W ith in  the harm onic approxim ation, the  configurational average may then be 
extended to  m odel the dam ping a t any tem perature.

T he p roduct of th is s tudy  ¡b a detailed  v ibrational analysis of th e  zinc (II) tetraim idazole 
complex which enables the  first qu an tita tiv e  test of the  current s ta te  of m ultip le scattering  
EXAFS theory. I t  is hoped th a t th is will act as a benchm ark for fu tu re  studies by indicating 
the streng ths and weaknesses of the  EXAFS m ethod as an analy tica l tool for stru c tu ra l 
determ ination .

1.1 L ayout o f  th is  T h es is
T he following th ree  chapters of this thesis are self-contained studies each trea tin g  a different 
aspect o f the  problem ; the  following two chapters concern m ethods of obta in ing the  dynam ic 
s tru c tu re  of the  zinc (II) te traim idazo le complex, the  results of which are inserted into the 
configurationally averaged EXAFS calculations in the  subsequent chapter. All the  results are 
brought toge ther in the  final discussion in chapter 5 where they are put into the context of 
the overall study. T his general layout is depicted schem atically in figure 1.1.

In chap ter 2, estim ates for the  to ta l m ean-squared displacem ents of the atom s due to  all 
modes of internal m otion are obtained via a TLS analysis of x-ray crystallography d a ta  of zinc
(II) te traim idazo le te trab oro fluorate . S tan dard  TLS analysis is explained and a  m ethodology

6



C H A P T E R  1. IN T R O D U C T IO N

Figure 1.1: Schematic diagram  showing the layout o f th is  thesis.

for im plem enting the  technique is described th a t perm its the displacem ent d is tribu tions due to  
in tram olecu lar m otion to  be separa ted  from the to ta l d is tribu tion  function. T he la tte r  includes 
all con tribu tions due to  la ttice  m otion and any s ta tic  disorder, if it is present. T he atom ic 
displacem ents due to  in ternal m otion are subsequently in te rp re ted  in term s of correlated 
m otion o f the  whole im idazole ring.

In chapter 3, a  norm al mode analysis is applied, first to  th e  im idazole molecule, and 
subsequently to  the zinc (II) tetraim idazole complex and de ta iled  inform ation about the 
co rrela ted  m any-body m otion of the  molecules is obtained. T h e  experim ental inform ation 
is ob ta ined  principally via inelastic neutron sca tte rin g  and a  b rie f overview is given of the 
relevant theory necessary to  in te rp re t the  d a ta . T he physics an d  m ethodology of norm al 
mode analysis are also explained. A dynam ic force field for im idazole is developed and tested
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for consistency w ith bo th  neutron and optical experim ents and a com parison is m ade with 
published force fields for imidazole. The force field for im idazole is then incorporated  in a 
much larger force field describing th e  normal m ode vibrations of the zinc (II) te traim idazole 
com plex. A m ethodology is described for m odelling the elusive low frequency skeletal modes 
of th e  complex. T he force field is finally tested for consistency w ith deu teration  studies.

In chapter 4, the  ab in itio  tem pera tu re  dependence of the EXAFS spectrum  of th e  zinc (II)
te traim idazo le com plex is calculated based on the  s ta tic  s tru c tu re  from the crystallography
in ch ap ter 2 and the  dynam ic s tru c tu re  from the norm al mode analysis in chapter 3. A brief
descrip tion  is given o f the  theory used to  calculate the EXAFS signal and of the  algorithm
used to  include th e  dynam ic inform ation via a  configurational average. New, high qualitya r t
E X A FS d a ta  of zinc (II) tetraim idazo le te traborofluorate  j t  presented and discussed. The 
in p u t of the com plete dynam ic s tru c tu re  perm its a  novel breakdow n of the effect of the 
indiv idual norm al m odes on the EXAFS spectrum . Finally, a  com parison is m ade between 
the  experim ental tem p era tu re  dependent EXAFS and the ab in itio  calculations perm itting  a 
qu an tita tiv e  assessm ent of the theory.
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C h a p ter  2
TLS Analysis

2.1 In tro d u c tio n
In th is chapter a  deeper analysis o f x-ray crystallography d a ta  of the zinc (II) te traim idazole 
complex is described which yields estim ates of the m agnitudes of the to ta l internal therm al 
m otion of the molecule.

Generally in x-ray crystallography th e  s ta tic  s tru c tu re  of a  prim itive cell in a crystal is 
established v ia a  least squares refinem ent th a t minimises the  difference between the  calcu
lated  and observed in tegra ted  peak intensities of the x-ray diffraction im age. T he calculated 
in tegrated  peak intensities are determ ined from the square of the  structure factor, F , which 
is the  function th a t d ic ta tes  the am plitude  of coherently diffracted x-rays in directions th a t 
satisfy the Bragg condition. The s tru c tu re  factor equation may be w ritten as, (63);

m , )  =  £  / <r,( ^ ) « x p ( 2 x i  -  ¿ I f j l V * )  (2.1)

in which E inste in ’s sum m ation convention is assumed for j ,  k =  1 ,2 ,3 . T he stru c tu re  factor is 
defined with respect to  the reciprocal la ttice  Miller indices, h i ,  h j and h j  and takes account 
of th e  various types of a tom , r ,  present in the la ttice  via the atom ic form factors, f ^ r\  and 
the  s ituation , T.\r \  of the  atom s in the  unit cell via the phase-like term  in the exponent. 
T he second term  in the  exponent sim ulates the dam ping of th e  diffracted am plitude due to  
the d is tribu tions of displacem ents of the  atom s about their s ta tic  equilibrium  positions; the 
dam ping occurs because the d is tribu tion  in the s ta tic  s tru c tu re  introduces an incoherence 
to  th e  reflected x-rays th a t reduces the  integrity of the  Bragg interference. T he probability 
density functions ( pdf ) describing the  displacem ent d is tribu tions are assum ed to  be trivaria te
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G aussians and are com pletely characterised by the  six q u an tities  U n , U33, U33 , U u , U\3 and 
U33 known as the anisotropic displacem ent param eters  ( A D P  ). The A D P ’s of a given a tom  
form the  sym m etric second rank tensor U  and describe th e  second m om ents of the G aussian  
pdf along three oriented orthogonal axes; it is the physical in form ation  th a t the A D P ’s contain  
th a t is of interest in th is  study.

T he assum ption th a t the atom ic p d f ’s may be m odelled by G aussians m erits some discus
sion. Atoms in a  crystal are displaced from their equilibrium  positions for several reasons; Of 
great significance are the displacem ents caused by the rm al v ibrations of bo th  the molecule and 
the crystal la ttice; the  resultant p d f ’s represent the  tim e- and  lattice-averaged m otion o f the 
atom s. If the vibrations are assum ed to  be harm onic and rectilinear the approxim ation o f the 
atom ic p d f’s by a  m ultivariate G aussian is ap propriate . However the approxim ation breaks 
down for anharm onic vibrations or vibrations in cu rv ilinear space both  of which becom e 
increasingly poorly modelled with increasing tem p era tu re . In the case of large am plitude 
anharm onic m otion it would be desirable to  express th e  p d f w ith additional higher cumu- 
lants. However large am plitude m otion causes a rap id  decrease in the diffracted am plitude 
from atom s a t high scattering  angle so the de term ination  o f additional param eters becom es 
especially difficult experim entally. A nother source of a to m ic  displacem ents is th a t o f s ta tic  
disorder throughout the  lattice. T his is always present to  varying degrees and is difficult to  
predict or model w ithout doing extensive tem pera tu re  depend ent studies; therefore for s ta tic  
disorder, the contributions to  the atom ic p d f’s are only a rb itra r ily  modelled by a tr iv a ria te  
G aussian. A further concern about th e  modelling of th e  a to m ic  p d f’s via Gaussians is th a t  the 
description does not take into account the  correlations in th e  displacem ents between different 
atom s. Highly correlated atom ic displacem ents can resu lt in different x-ray Hragg intensities 
than  those predicted using the G aussian model since the  correla tions affect the dam ping o f the 
Bragg reflection. This can in tu rn  lead to  system atic errors in the refined A D P ’s. However, 
in sp ite of these reservations, the G aussian approxim ation to  the  pdf is v irtually  universally 
m ade and is therefore adopted here.

T he A D P ’s obtained experim entally  from x-ray crystallog raphy  can be further inspected 
via TLS analysis. In this technique, additional inform ation is obta ined  from the atom ic A D P ’s

10



C H A P T E R  2. TLS A N A LY SIS

by m aking som e assum ptions about the large-scale correlated displacem ents of the molecule. 
By inspection, p a rts  of the  molecule are designated as rigid, to  w ith in  a  specified deviation , 
which implies th a t  all the a tom s within the  rigid-body are coupled and can only displace en 
masse. The displacem ent d is tribu tions o f these so-called rigid-bodies may then be described 
by a  transla tion  tensor, T , and a lib ration  tensor, L, plus a coupling screw tensor, S , for the 
general case when the lib ra tion  axes do no t intersect a t the  rigid-body centre of mass. T he U 
tensors for tho se  atom s w ith in the rigid-body may all be individually determ ined from its  T , 
L and S tensors. This constitu tes  a re-param eterisa tion  of the system  such th a t the  coupled 
m otions of th e  atom s in the  rigid-bodies are im plicit in the  A D P ’s an d , in m ost cases, implies 
fewer refinable param eters. Consequently, TLS analysis is used as an ex tra  co nstra in t to  
facilita te  difficult crystallographic refinem ents, b u t it is also widely em ployed as an analy tica l 
too l in its own right for ob ta in ing  inform ation ab o u t s ta tic  and dynam ic disorder.

A part from  providing estim ates of correlated displacem ents, TLS analysis is also widely 
used to  correct in teratom ic distances from  crystallography th a t suffer B astiansen-M orino 
shrinkage1. It has also been used to  derive approxim ate force constan ts, (146), identify low en
ergy paths for m olecular isom erisations, (8 ), (30), (158), and the onset of phase changes, (43),
(158), and w ith  the advent of improved experim ental resolution from  synchrotrons is be
ginning to  be applied to  m acrom olecules such as the small protein  rubredoxin, (151). A 
com prehensive background is contained in the review articles, (31), (32), (63).

In this study , the experim entally  de term ined A D P ’s, a t two tem peratu res, of zinc (II) 
te traim idazo le te trafluo rob orate  are inspected v ia TLS analysis. T he aim  is to  ob ta in  infor
m ation  abou t th e  atom ic displacem ents caused by in tram olecu lar v ibrations. T his requires 
th a t  the experim ental A D P ’s for each atom  are separa ted  into a p a rt assum ed to  result solely 
from  internal m otion and a pa rt representing the  displacem ents due to  all o ther causes; i.e. 
la ttic e  v ibrations and s ta tic  disorder ( henceforward referred to  as overall disorder ). To do 
th is  requires an adapted  im plem entation  of the s tan d a rd  theory so th a t  the T , I, and S ten 
sors are determ ined for a  rigid-body whose displacem ents are p redom inantly  due to  overall

'T h e  apparent foreshortening of interatomic distances due to the centroids of Gaussian atomic pdf’s not 
accurately reflecting the equilibrium positions of atoms that experience vibrations with curved trajectories, 
( see (26), chapter M ). Corrections were first suggested by Cruirks^hank, (22), (25).
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disorder. T he rigid-body chosen for this purpose is the  Zn-4N te trah ed ra l core of the  zinc 
(II) te tra im idazo le  complex since its partic ipa tion  in internal m otion is assum ed to  be small 
com pared to  o th e r parts o f the  molecule; i.e. the im idazole branches are expected to  show 
larger am p litude  m otion due to  in ternal v ibrations. Based on th is assum ption , the T , L and 
S tensors for th e  core of the  molecule m ay be used to  determ ine the A D P ’s, a ttr ib u ted  solely 
to  overall d isorder. It is hoped th a t these generated  A D P ’s are sm aller th a n  the experim ental 
ones, which em body all types of disorder, and thus, via subtraction  of the  calculated A D P ’s 
from the  experim en tal A D P ’s, a residual set of atom ic p d f’s may be established th a t are as
sociated only w ith internal therm al m otion. The residual p d f’s are subsequently in terpreted  
in term s of m ore intuitive displacem ents o f the  im idazole rings such as stretches and wags.

TLS analysis provides estim ates of quantities th a t are difficult to  o b ta in  via o ther m ethods 
bu t it  has inherent lim ita tions th a t can be severe. T he analysis th a t  is described here is 
tax ing  TLS to  its  lim it and the  result is a  large m argin of error; th is  is in pa rt difficult to 
es tim ate  quan tita tiv ely  since it depends on the quality  of the model used; errors are discussed 
fu rth er in th e  last section o f th is chapter. Also considered in the final discussion is a recent 
developm ent to  TLS theory ( see appendix A ) th a t a ttem p ts  to  au tom atica lly  separa te  one 
degree of in te rna l m otion from  the  overall disorder; it is described why th is  was not applicable 
in th is  case.

2.2  S ta n d a rd  T h eo ry  o f  T L S A n a ly sis
TLS analysis is essentially a  re-param eterisation  of th e  A D P’s ob ta ined  via x-ray cry sta l
lography based on the designation of portions of the molecule as being rigid. ( T he exact 
definition o f w h at co nstitu tes a  rigid-body in th is context is addressed in section 2.4.1. ) The 
d is trib u tion  of displacem ents of a  rigid body abou t its  equilibrium  position may be described 
by a  T , L and S tensor which, w ithin th e  G aussian approxim ation, define the second mo
m ents of th e  p a rtia l p d f’s o f transla tio n , lib ration  and th e ir coupling respectively. In th e  next 
subsection th e  T , L and S tensors for a rigid-body are derived illu s tra tin g  how they relate  to  
the  indiv idual U  tensors for each constituen t atom .
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2 .2 .1  R ig id - B o d y  M o t io n

The m ost general type of displacem ent for a  rigid-body is a screw; i.e. a tran sla tio n  of the 
body along a  vector t  followed by a ro ta tio n  of m agnitude 0 about th e  un it vector 1. An atom 
in the rigid-body with the equilibrium  position r  experiences the displacem ent u such tha t

u  =  t  -(- v  (2-2)

where v is th e  linear displacem ent of the atom  due to  th e  ro tation  alone, as illu s tra ted  below:

v may be expanded in term s of the  axial vector \ =  0\ i.e.

v  =  A x r  +  x (A x r )  +  \  A x [A x (A x r)] +  . . .  (2.3)2 6
in which the  elements of A are infinitesim al so th a t the  ro tations are com m utative about the 
com ponents of 1. To first order Eq. (2.2) becomes

u = t + A x r = t +  AA (2.4)

where

A 3

0
- r j

fa

T3
0

- r ,

— r 2

0
(2-5)

Eq. (2.4) relates a single a rb itra ry  displacem ent of the  rigid body, involving a tran sla tio n , t ,  
and a ro ta tio n , A, into the corresponding linear displacem ent, u , of a constituent atom  at r; 
th is may now be generalised to  express the  pdf of an atom  in th ree  dim ensions in term s of 
the translational and lib rational d istribu tions of the rigid-body.
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If the displacem ents u of the a tom  in th e  rigid-body obey a  triv aria te  G aussian  d istribu 
tion when averaged over tim e and th rou g ho u t the  la ttice  then the p d f of the  a to m  may be 
characterised by its  second m om ents w ith respect to  three orthogonal principal axes. This is 
equivalent to  generating the  variance-covariance m atrix , U  =  (u * u ), for the displacem ent u; 
note th a t * denotes the direct p roduct such th a t  the elem ents of (u  * u) are (u .u ,) .  Applying 
the  sam e trea tm en t to  both  sides of Eq. (2 .4) yields

(u  * u) =  ( t  * t )  +  (A A  * AA) +  (AA * t)  +  ( t * AA)
U =  < t * t ) +  A (A * A )A *  + A (A * t)  +  ( t * A)A* (2.6)

where f denotes m atrix  transpose. T h e m atrices (t * t )  and (A * A) are the second m om ent 
m atrices of the partia l p d f’s of the  tran sla tio n a l and lib rational displacem ents of the rigid- 
body and, sim ilarly to  U , are sym m etric second rank tensors denoted by T  an d  L containing 
the elem ents (t,ty) and (A,Ay) respectively. T he m atrix  (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 elem ents (A,ty) and is not generally sym m etric . Eq. (2.6) may be rew ritten  in m atrix  
form as

U T  + A LA* + A S  + S ’ A*
T s* I
S L A'

(2.7)

in which I is the identity m atrix . Eq. (2.7) gives the desired result of the  derivation  in which 
the individual atom ic A D P ’s contained in the  U  m atrix  are related to  the second m om ent 
m atrices of the rigid-body transla tion al and librational pdf's.

Note th a t the original form alism , (24), did not include a coupling m a trix  S; this was 
subsequently incorporated , (131), to  account for molecules th a t do not exhibit inversion site 
sym m etry  or, put another way, for the  case where the axes of lib ratio n  do n o t intersect a t 
the  rigid-body centre of mass. If the  S m a trix  is generated from observed A D P ’s, only the 
differences of the diagonal elem ents, S „  -  Syy, may be determ ined and not th e  ac tual values; 
th is stem s from the loss of coupling in form ation through expressing the  atom ic displacem ent 
d is tribu tions in term s of A D P ’s. T he sum of the  diagonal in S is norm ally a rb itra r ily  set to
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zero and consequently an experim entally  determ ined S m atrix  is expressed by 8 param eters. 
T ogether w ith  the 6 param eters for each of the  sym m etric T  and L m atrices, the rigid-body 
displacem ent pdf is characterised by 20 independent param eters. In view of the  six A D P’s 
required to  express individual a tom ic p d f ’s, this form alism  implies a  reduction of param eters 
for rigid-bodies with m ore th an  th ree  constituen t atom s; for less than  three atom s the  TLS 
tensors can  not be determ ined uniquely.

T he T ,  L and S tensors may be refined concurrently  or after the  s tatic  s tru c tu re  refine
m ent. In th e  former case th is im plies an  im provem ent of the ra tio  of free param eters to 
observed B ragg intensities which can expedite a  refinem ent. In the  work presented here, the 
TLS s tudy  was done for analy tica l purposes after the s ta tic  s tru c tu re  and atom ic A D P ’s had 
been established.

2 .3  C ry sta llo g ra p h y  o f  Z inc (II) T etra im id a zo le  T etrafluo- 
ro b o ra te

T he TLS analysis was m ade on th e  A D P ’s obtained from the x-ray crystallography of zinc 
(II) te tra im idazo le  te trafluo roborate , ( Z n ( im id )^ (B  Fa )i  ). M easurem ents and analysis were 
done a t  tw o tem peratu res, 100R and 150 /f, in co llaboration with N.Alcock, (79).

T he cry sta ls  were prepared from hydra ted  zinc (II) te trafluo rob orate , ( Zn(B F ^)j.f> H iO  ), 
and pure im idazole, ( C3A3//4 ), after th e  m ethod of Reedijk for the  analogous perchlorate 
substance , (115); see also page 68. C ry sta ls  of the com pound are colourless prisms.

T he space group is m onoclinic, C 2 /c , w ith unit cell dim ensions a  =  18.035A , b  =  6.761A, 
c =  19.077A and 0  =  115.628° a t 100A and a  =  17.994A , b  = 6.818A , c =  19.139A and 
0  = 115.632° a t 150A. D a ta  were collected with a Phillips P W 1100 four circle diffractom eter 
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 refinem ent; they were corrected for Lorentz polarisation and
ab sorp tion  effects, the la tte r  by the  G aussian m ethod. Maximum and minimum transm ission 
factors were 0.86 and 0.74. T he s tru c tu re  was solved by s tan d ard  P atterson and Fourier
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F ig u r e  2.1 : Unit cell of crystalline line (II) te tra im idaso le te trafluorobora te . The two 
projection» are (i) parallel to  th e  b  axis and (ii) parallel to  c. Pro jection  (i) is equivalent to  
viewing the molecule» along their two-fold axe».

m ethod» and subjected to  full-m atrix  least squares refinem ent. A weighting scheme of the 
form W  = \ / \ a i (F )  +  O.OllF*] was adopted for th e  object function being optim ised; the 
final R -factor was 0.039 a t 100/f and 0.041 a t 150 /f. T he software used was SHELXTL 
PLUS, (133).

T he unit cell is depicted in figure 2.1; it contains four cations and eight anions. The 
zinc atom s lie on special positions on the two-fold axis and are  coordinated to  the nitrogen 
atom s of four im idazole molecules in an approxim ately te trah ed ra l configuration ( i.e. the 
N-Zn-N angles are all to  w ithin 3.1° of the te trah ed ra l angle, 109.4° ). Due to  the C j point 
group sym m etry there are only two crystallographically  independent im idazole branches in 
the  asym m etric group; henceforth they are referred to  as im idazole 1 and im idazole 2. The 
Zn-N bond lengths in the asym m etric group are bo th  1.983(2)A a t lOO/f and l.987(2)A and
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100K 150K

F ig u r e  2 .2 : Diagram s showing the refined structure a t  two tem pera tu res  of the cation 
of crysta lline sine (II) te tra im idaso le te trafluoroborate including displacem ent probability  
ellipsoids. T h e  ellipsoids represent the surfaces th a t enclose 50% of th e  probability  of the 
atom ic p d f’s described by th e  refined anisotropic displacem ent param eters, Utj. The atom ic 
labelling is dup licate for the two asym m etric groups per molecule. T he molecules are pro
jected  so th a t  the two-fold axis is vertical and in the plane of the page; hydrogen atom s are 
not shown since their isotropic displacem ent param eters were not used in the TLS analysis. 
The d iag ram s were generated by the program m e ORTEP, (82). Note th a t  the ellipsoids in 
the two plo ts appear very sim ilar but are not the same; th e  am plitudes o f the ellipsoids in 
the 150K p lo t are greater which reflects the increase in am plitude of the therm al vibrations.

1.981(2)Â a t 150 /f; th is com pares with 1.997(7)Â and 2.001(7)Â for th e  Zn-N bonds in the 
published s tru c tu re  of ïinc  (II) tetraim idazole perchlorate at room tem p era tu re , (2). The 
im idazole rings are p lanar to  w ithin the errors of the experim ent and are inclined towards 
the  C j axis such th a t the angles m ade between the im idazole planes an d  the Zn-N bonds are 
4.9° and 1.9° a t  100/f and 5.3° and 1.9° a t  150/C where th e  estim ated  standard  deviation in 
these angles is 0.1°.

Figure 2.2 depicts the final refined stru c tu re  of the cation at the two tem peratures includ
ing atom ic displacem ent probability  ellipsoids. The ellipsoids are generated  by

x U " 'x  =  constant ( 2 .8 )

and are surfaces enclosing a specified probability, in th is rase 50%. As such, the  ellipsoids 
perm it th e  refined A D P ’s, upon which the  TLS analysis was done, to  be visualised. Hydrogen
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atom s are not included in the  TLS analysis since the A D P ’s are refined isotropically; i.e. the 
pdf is described by ju s t one param eter. T his is a consequence of th e  weak x-ray scattering  
by hydrogen atom s which d ic ta tes  extrem e economy in the descrip tion  of their p d f ’s. It 
is encouraging th a t  the  plots are  so sim ilar at the two tem p era tu res  w ith the 150K  plot 
exhibiting  clear increases in the  atom ic A D P ’s com pared to  the  lower tem perature. The 
m agnitudes of the  A D P ’s increase towards th e  extrem ities of the  m olecules but otherw ise it 
is not easy to  draw conclusions, from  inspection alone, as to  the n a tu re  of the intram olecular 
therm al m otion.

T he A D P ’s of the  perchlorate salt were not presented with the  published crystal struc
tu re , (2), bu t an O R TEP plot s im ilar to  those in figure 2.2 was given for 50% probability. In 
th a t p lo t, the ellipsoids show a m arked elongation ou t of the im idazole planes; the m easure
m ents in th a t case were m ade a t room  tem perature.

2.4 M eth o d o lo g y  for T LS A n a ly sis
In th is section, a  s tandard  test is described th a t sets the criterion for a  group of atom s to  be 
designated as a rigid-body su itab le  for TLS analysis. Subsequently, th e  rigid body used in this 
study is described w ith the aim o f separa ting  the atom ic displacem ents due to  intram olecular 
vibrations from all o the r kinds o f displacem ents th a t the atom s undergo.

2 .4 .1  R ig id  B o d y  T e s t

A quantity  A a b  may be deduced for any pair of atom s, A and B , in th e  molecule such tha t

A ^b =  <tii> -  (u b> = n 'U ^ n  -  n ’Ufln (2.9)

where n is the  un it vector in the  direction A B .  This quantity  describes the difference in the 
m ean-squared displacem ents of th e  two atom s along their connecting vector. For two atom s in 
an ideally rigid body this difference would be zero by definition; ( no te  th a t the converse is not 
necessarily tru e , i.e. A a b  = 0 does not au tom atically  imply a rigid body  ). Hirschfeld, (59), 
proposed an experim ental to le rance of A a b  -  10pmJ ( i.e. 10~3AJ ) for atom s of ab o u t the 
mass of carbon th a t are bonded together. T his lim it takes account o f  the typical differences
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N2 C3 N4 C5 C6 N i l C12 N13 C14 CIS

Znl 9 23 © 33 40 26 21 (7) 58 16
C15 -18 16 24 42 43 © 13 0 ©
C14 -8 3 3 38 S3 -25 26 ©
N13 2 20 24 51 61 II © imidazole 2; rms A AB «  19 pm
C12 -58 -40 -6 42 26 ©
N il -108 -72 -29 16 -14

C6 © 2 •22 ©
C5 -31 18 ©
N4 -9 © imidazole 1;

© rm s A *b = 17 pm
C3
N2

T a b le  2 .1 : M atrix  o f A ab  value* ( pm 1 ) for all atom* in th e  *ine (II) te tra im ida- 
•ole cation . The value* are ca lcu lated  using th e  experim ental A D P ’s from  the crysta l
lography o f sine (II) te tra im idaso le  te traborofluorate a t 100/f. T he values correspond to 
n 'U x n  -  n 'U f ln  where A are th e  atom s along the top  of the m atrix , B are the atom s on 
the left and n is the u n it vector between A and B. The labelling of the atom s is th a t shown 
in figure 2.2. The encircled values denote A ab between two bonded atom s. The estim ated 
s tan d ard  deviation ( esd ) of th e  A  a b '* ¡» ~  8pm 2-

due to  in tera tom ic stre tch ing  v ib ra tio ns and holds well for organic com pounds, (32), thus 
serving as a useful q u an tita tiv e  te s t of the quality  of the experim ental A D P ’s. Inspection of 
A ,4b  values also indicates which subgroups of the  molecule m ight qualify as rigid-bodies and 
thus yield to  a  TLS analysis. Regions in which the  A ab  values are significantly g rea ter than  
10pm] ind icate  large relative displacem ents of th e  atom s and a  lack of rigidity.

T^ble 2.1 gives the  A  a b  values for all a tom s in the asym m etric group of the  zinc (II) 
tetraim idazo le cation from the crystallography o f the te trafluo rob ora te  com pound at lOOAf. 
Negative values indicate th a t th e  m ean-squared displacem ent of the a tom  on the left of the 
table is g rea ter than  th a t  on th e  to p  along th e ir  connecting vector. T he m atrix  is divided 
into blocks th a t collect th e  atom s o f each im idazole together and by inspection it is clear th a t 
the values in the  off-diagonal block coupling im idazole 1 to  im idazole 2 are generally much 
larger than  th e  values in the d iagonal blocks relating  the two im idazoles to  them selves; i.e 
the  rms & a b  values o f th e  off-diagonal block is 41pm 2 com pared to  17 and 19pm2 for the

10



C H A P T E R  2. TLS A NALYSIS

diagonal blocks. This indicates a high degree of relative displacem ents of th e  two imidazoles 
with respect to  one another and greater level of rigidity of th e  atom s w ithin each imidazole 
group. T he estim ated  s tandard  deviation ( esd ) of the A ^ h values is ~  8p m 3; the encircled 
A a b  values for bonded atom  pairs have an rm s A x b  of 17pmJ which lies ju s t within the esd 
m argin of the  Hirschfeld tolerance indicating th a t  the da ta  are probably of reliable quality.

2 .4 .2  C h o ic e  o f  R ig id - B o d y  - S e p a r a t io n  o f  In te r n a l D is p la c e m e n t s

In order to  separa te  the  A D P ’s into contributions from internal vibrations and other types 
of displacem ents ( overall disorder ) it was necessary to  make some broad assum ptions about 
the system  under study:

1. All averaged m otions and disorders are describable by G aussian p d f’s o f the atom s.

2. Intram olecular and interm olecular m otions are effectively decoupled each producing 
atom ic m ean-squared displacem ents th a t are wholly a ttr ib u tab le  to  one type of m otion;
i.e. in term olecular m otion and sta tic  disorder in the la ttic e  cause displacem ents of the 
whole molecule as a rigid unit and do not involve relative displacem ents of the atom s 
w ith in a  molecule.

3. L ibrational displacem ents of the whole molecule due to  interm olecular m otion and sta tic  
disorder are assum ed to  take place abou t the zinc atom .

4. T he zinc a to m , being massive com pared to  the other atom s, only experiences small 
displacem ents due to  internal modes of m otion. Consequently the zinc atom  pdf ap 
proxim ates the  translational displacem ents undergone by the whole molecule due to  
in term olecu lar m otion and any sta tic  disorder.

On the  basis of assum ption 4, the  zinc atom  p d f determ ines a T  tensor for the  whole molecule 
th a t characterises interm olecular motion and sta tic  disorder. However the L tensor cannot be 
determ ined by one atom  alone; more atom s m ust be included and so the TLS rigid-body was 
assigned as the zinc atom  plus its four nearest neighbours, the nitrogen a tom s from the four 
im idazole groups. The assum ption im plicit in m aking this assignm ent is th a t the  five atom s of
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N 4 N13 N 22 N31
Z n l @ © 0 Q
N31 23 0 24
N22 0 23
N13 24

N4 rm s A ¿jj = 15 pm

T a b le  2 .2 : M atrix o f A ab  value» ( prri1 ) for the five atom» in the rigid-body chosen for 
the TLS analysis. The encircled values denote pairs of atom s which are bonded. Note th a t 
a tom s N22 and  N31 are sym m etry generated from N4 and N13 respectively and conform to 
the a tom  labelling th a t is adhered to  th roughou t th is  thesis.

the Zn-N rigid-body, which co nstitu te  the te trah ed ra l core of the molecule, do not p artic ipate  
significantly in internal m olecular v ibrations. T his is a rather crude assum ption and is not 
entirely satisfactory; the  core of the  molecule certain ly  is involved in in tram olecular m otion 
but it is intuitively expected th a t the am plitudes of the displacem ents are much sm aller than  
those caused by the  relatively free lib rations of th e  imidazole rings towards the  periphery of 
the molecule. A further im plicit assum ption is th a t  the librations of the im idazole rings all 
have th e ir  lib ration  axes passing through the  zinc-bonded nitrogens. These assum ptions are 
discussed further in the final section of th is  chapter.

T he displacem ents of the Zn-4N rigid-body therefore define a  T ,  L and S tensor for the 
molecule which represent all kinds of displacem ents except those due to  in ternal m otion. The 
A D P ’s generated from th e  T , L, S tensors are contained in the tensors U tl,s for each atom  
and m ay be sub tracted  from the  observed A D P ’s, U „b ,, to  produce residual tensors, U rei, 
th a t are assum ed to  represent the  atom ic p d f’s resulting from in ternal m otion alone; i.e. for 
each atom :

U ,„  = U ob.  -  U tls (210)
T he rigid-body lest should be applied to  the  selected Zn-4N group of atom s. Table 2.1 is 

recast in tab le 2.2 including only those a tom s o f the  Zn-4N rigid group, where the sym m etry 
generated nitrogens labelled N22 and N31 are equivalent to  N4 and N13 respectively. The 
root-m ean-squared A ah  value for th is sub-group is 16pmJ which is less than  th a t for either 
of the two asym m etric im idazole 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-body analysis.

2 .5  R esu lts
2 .5 .1  M e a n - S q u a r e d  D i s p l a c e m e n t s  o f  O v e r a l l  D i s o r d e r

T he TLS analysis of the  Zn-4N rigid body was done using th e  software CRYSTALS, (152), 
the product o f which are th e  T , L and S m atrices. As discussed in the last section, these 
are assumed to  model the transla tion a l and librational p d f’s for the  whole molecule due to  
interatom ic v ibrations and s ta tic  disorder.

T he calculated T , L and S m atrices for the  Zn-4N rigid-body a t  the two experim ental 
tem peratures are:

0.015 0 0 0 .0 1 9 0 0
Tioo/c 0 0 .0 20 0 T ts o /f 0 0 .025 0

0 0 0 .026 0 0 0 .032

0 .600 0 0 0 .2 0 0 0 0
Lioofc = 0 1.100 0 Io so  K 0 1.400 0

0 0 7.200 0 0 9 .0 00

- 0 .0 6 0 0 - 0 .0 8 0 0
S iook — 0 0 0 SisoK  = 0 - 0 .0 2 0

0 0 0 .06 0 0 0 .1 0

where the  m atrices are given in diagonalised form for clarity . Note the u n its  are A*, ( ° )2 
and (A°) for th e  T , L and S m atrices respectively.

The lib rational p d f’s for overall disorder show a pronounced anisotropy; th e  translation al 
p d f ’s are nearly  isotropic; i.e. the rm s displacem ents along th e  principal axes of the tran s la 
tional pdf ».re between 0.12 and 0.16A at 100/f and 0.14 and 0.18A a t 150A.

The orienta tions of the T  and L tensors w ith respect to  the m olecule are shown in figure 2.3 
and listed in tab le  2.3 as direction cosines w ith respect to  a defined set of orthogonal axes;
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100K 150K

a* b c a* b c

T i . -0.276 0.000 0.961 •0.268 0.000 0.964
principal 2. 0.000 1.000 0.000 0.000 1.000 0.000

axes 3. 0.961 0.000 0.276 0.964 0.000 0.268

L 1. 0.000 1.000 0.000 0.000 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 0.000 -0.716

Table 2.3: D irection  cosines of principal axes o f refined T an d  L tensors. T h e  orientations 
are with respect to  th e  orthogonal axes a*, b  and  c where a* =  c x b. T h e  principal axes 
are denoted from  1. to  3. in order o f increasing m agnitude.

both tensors m ain tain  th e  same orienta tions at the  two tem pera tu res. T h e o rien ta tion  of the 
T  tensor, i.e. tran sla tio n a l pdf, is not of great in terest since it  is approxim ately isotropic. The 
orientation  of the  L ten so r indicates th a t the largest librationa) displacem ents of the rigid- 
body occur about an axis perpendicular to  the two-fold axis th a t  bisects th e  N-Zn-N angle of 
the asym m etric group. T he sm allest librational displacem ents occur ab ou t the  two-fold axis. 
( It is a  consequence o f sym m etry th a t one of th e  principal axes in each case lies along the 
two-fold axis but th e  m agn itude of th a t  axis is not d ic tated  ).

2 .5 .2  M e a n -S q u a r e d  D is p la c e m e n t s  o f  In te r n a l M o t io n

The m ethod described in section 2.4.2 was used to  obtain  a  set of residual A D P ’s for each 
atom , U  rra, th a t were assum ed to  characterise the  atom ic p d f ’s due only to  the  to ta l averaged 
internal m otion of the  molecule.

In order to  in te rp re t the U tH , the internal m otion of th e  molecule is grea tly  simplified 
such th a t  it is assum ed to  be composed of four rigid im idazole rings each w ith four degrees 
of freedom. The four degrees of freedom are depicted in figure 2.4 and are: an in-plane 
stre tch ing  displacem ent, an in-plane wagging displacem ent ab o u t the zinc-bonded nitrogen, 
a torsional displacem ent about the  Zn-N bond and an out-of-plane bending displacem ent.
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F ig u r e  2.3: D iagram  showing the o rientation  o f the principal axes of the T  and L tensors 
with respect to  th e  sine (I!) tetra im idaso le cation . The sine is approxim ately te trahedrally  
coordinated  and is viewed here a t  the centre of a  cube; the cube perm its a reference fram e 
with respect to  which the principal axes are draw n. Axis 1 in each case has th e  smallest 
associated second m om ent and axis 3 the greatest. Note th a t th e  T  and L tensors have the 
sam e orientations a t  both  of the experim ental tem peratures, 100 A and 1&0K.

Note th a t  the  torsional and bending modes bo th  produce atom ic displacem ents out of the 
ring plane; they are therefore indistinguishable since no correlation  inform ation is retained 
in the experim ental A D P ’s. Having m ade th is assum ption ab o u t the m otion, estim ates for 
the stre tch ing , wagging and to rsion /bend ing  displacem ents can be ob ta ined  by evaluating 
respectively the  m agnitudes of the  residual U  rr„ tensors (i) parallel to  the Zn-N bond, (ii) in 
the im idazole ring p lane but perpendicular to  the  Zn-N bond and (iii) perpendicu lar to  the 
im idazole ring plane.

T he com ponents o f the  second m om ent tensors in the th ree directions m entioned above are 
tab u la ted  in tab le 2.4. Notice th a t in the to rsion /bend ing  direction most of the  com ponents 
are negative and therefore cannot be m eaningfully in terpre ted ; this is discussed in the  next 
section. In the s tre tch ing  and wagging directions the values are  positive and show the expected
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F ig u re  2 .4 : T he assum ed four degrees of freedom of each im idazole branch in the internal 
motion o f th e  zinc (II) tetraim idazole cation. The assum ption is necessary to  aid  the intuitive 
in terpretation  o f the residual atom ic A D P ’s from the TLS analysis.

increases w ith tem pera tu re  and are transla ted  into root-m ean-squared displacem ents ( in 
A and degrees ) for each whole imidazole ring in tab le  2.5. These values are averages o f 
th e  individual displacem ents for each atom  and should only  be viewed as estim ates; th is  is 
especially tru e  for the wagging motion where the angular displacem ents are  based on lib ra tio n  
ab ou t an axis passing through the zinc-bonded nitrogen; th is was an a rb itra ry  choice of 
libration  axis which was an inherent assum ption in the definition of the Zn-N4 group as th e  
TLS rigid-body. Notice th a t the average rms displacem ents in both  s tre tch ing  and wagging 
are consistently greater for imidazole 2.

2 .6  D iscu ssio n  o f  TLS A n alysis
T he m ean-squared displacem ents quoted in the  last section have an associated calculated  
e rro r m argin of the  order lO ^ A 2. This is a result of th e  estim ated stan d a rd  deviations of 
th e  m easured A D P ’s and the  goodness of fit of the TLS tensors to  the d a ta . However, th e  
crystallographic experim ental errors may in fart be much larger, as has been argued, (32), 
due to  inadequate correction for absorption, therm al diffuse scattering  e tc ., in which case
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C om ponent of residual atom ic U rea tensor, io ~ 3A 3 )

|| to  Zn-N bond in ring plane & ou t of ring plane
_L to  Zn-N bond

stretching wagging torsion/bending

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

Nt 2.2 2.2 2.1 2.0 0.3 0.4
c 3 6.2 7.6 3.7 4.2 3.3 7.6

im idasole 1 n 2 2.9 2.9 6.9 13.8 -8.6 -4.1
Cs 6.0 6.0 9.2 15.0 -18.1 -16.8
c , 7.6 6.9 1.1 4.8 -2.2 -1.1

N l 3 2.2 2.6 -0.3 0.4 1.3 0.8
C 12 6.5 8.9 4.3 8.7 •4.8 -6.8

im idasole 2 N it 6.2 4.8 17.8 23.0 -14.5 -21.6
Cl5 6.7 8.3 22.6 28.9 0.3 -1.1
C , 4 13.4 14.2 2.8 4.9 18.1 23.7

T able 2.4: Table showing com ponents of th e  residual U res tensors for each atom  in 
the asym m etric group of sine (II) te tra im idaso le . T he tensors are projected in the three 
d irections in which the im idasole rings are assum ed to displace in th e  simplified model for 
their in ternal m otion; see figure 2.4. The error m argin of these values is approxim ately
i o 3A3.

the additional system atic  errors tend to  be incorporated  in the  A D P ’s ra th e r  than in the 
s ta tic  s tru c tu re . Nevertheless, the  calculated errors are small com pared to  the  m ean-squared 
displacem ents contained in the  T  and L tensors ( <  10% ) and they therefore represent good 
estim ates of the  overall disorder. However, the  m ean-squared displacem ents am plitudes of the 
residual A D P 's , assum ed to  represent in tram olecu lar p d f’s, are  much sm aller ( as much as 
ten tim es sm aller than  the overall disorder ) and consequently the calculated errors are much 
m ore significant ( 10 —* 50% ). T his constitu tes a  weakness in the approach described in thiB 
study, where sm all residual A D P ’s are obtained by sub tracting  large A D P ’s ( derived from 
the TLS analysis ) from slightly larger observed A D P 's. The ac tual error m argin may in fact 
be even worse th an  the calculated one since som e broad assum ptions are m ade in separating  
the  in ternal displacem ents from th e  overall d isorder; the true error depends on the  validity of 
these assum ptions.
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average rm s displacem ents of im idazole rings

stretching wagging

100K 150K 100K 150K

im idazole 1 0.069A 0.070A 3.0° 4.1°
Imidazole 2 0.079A 0.085A 4.1° 4.6°

Table 2.5: R oot-m ean-squared displacem ents of im idasole rings due to  internal stretching 
m otion an d  wagging m otion as defined in figure 2.4. T he values are th e  averages of all the 
atom ic rm s displacem ents. T he wagging angular displacem ents are calculated from linear 
d isplacem ents w ith the sine-bonded n itrogen atom  lying on the librational axis.

T he central assum ption was th a t the  A D P ’s of the rigid-body, assigned to  be the  Zn-4N 
te trah ed ra l core of the m olecule, com pletely define the overall disorder of the molecule, which 
is m odelled by the  fitted TLS tensors. For this to  be tru e , the intram olecular disorder and 
overall d isorder m ust be effectively decoupled which can only be discussed in the  light of 
spectroscopic inform ation and is left to  th e  discussion in chapter 5.

A nother assum ption is th a t  the axis o f the  internal librations of th e  imidazole rings pass 
th rough  the  zinc-bonded nitrogens which therefore do not displace in the wag and bend 
projections; th is  is required by the  main assum ption above because the  nitrogen displacem ents 
are used to  define the L tensor. This is certa in ly  not com pletely tru e , as is evidenced by the 
A a b  values for the  rigid-body in tab le 2.2 which show th a t the zinc-bonded nitrogens do 
exhibit relative displacem ents and therefore do partic ipate  in internal m otion of the molecule; 
the L tensor m ust therefore be an overestim ate about at least one of its principal axes. The 
consequence of th is is th a t th e  residual m ean-squared displacem ents in the wag and bend 
projections are  underestim ates since the L tensor is effectively stealing  a proportion of their 
value. In th e  case of the out-of-plane bend displacem ents, the underestim ate is so great th a t 
many of the  residua) m ean-squared displacem ents are negative, which prevents in terpre tation . 
C onsequently, th e  principal axis of the L tensor parallel to  the libration  axis of the imidazole
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bend vibration  is certa in ly  overestim ated; this corresponds to  the  principal axis of the fitted 
L tensor w ith the  grea test m agnitude , i.e. abou t the bisector of the N-Zn-N bond in the 
asym m etric group. T hus, no inform ation can be gained about the in tram olecu lar out-of
plane bend displacem ents of th e  im idazole rings via TLS analysis.

In the  case of the  in-plane wag modes, the  residual m ean-squared displacem ents are all 
positive. T his implies th a t the  zinc-bonded nitrogens partic ipa te  less in wag m otion than they 
do in bend m otion and the  assum ption , th a t the  libration axis passes th rough  the  nitrogen, 
is m ore appropriate . T his conclusion is further supported  by the fact th a t the  m agnitudes of 
the  displacem ents in th e  wag projection  increase towards the periphery of th e  molecule, which 
suggests a wag lib ration  axis of the  im idazole rings towards the core of th e  molecule; ( i.e. 
the m ost out-lying atom s, Afj, C s, W n  and C tg have the largest wagging displacem ents ). 
Consequently, for th is  molecule, TLS analysis yields quantities for the  in tram olecu lar in
plane wag displacem ents of the  im idazole rings, although these may be underestim ates. It is 
im p o rtan t to  note th a t the  axes of libration  for the  wag and bend vibrations of the  im idazole 
are nearly orthogonal; this m eans th a t  the overestim ate in the  L tensor in one projection, 
which results in the underestim ate  of the bend displacem ents, is uncoupled from the o ther 
two projections and therefore does not affect the  wag displacem ents.

T he axes of lib ration  of th e  in-plane wag vibrations of th e  im idazole rings are approxi
m ately parallel to  the  two-fold sym m etry  axis; the  m ean-squared libration displacem ent about 
th is axis, due to  overall disorder, is given by the  L tensor as 1 .l( ° ) a and 1.4(°)3 a t 100/f and 
150A" respectively. T his corresponds to  a linear m ean-squared displacem ent o f 10 x 10~3AJ 
of the atom s at the periphery of the  molecule, which is of the sam e order o f m agnitude as the 
internal wag libration . It is difficult to  draw conclusions about the relative am plitudes of lib ra 
tion in the  bend projection because no result was obtained for the internal lib rations; however 
the  overall librations o f 7 .2(°)2 and 9.0(°)a, a t 100A' and 150A" respectively, correspond to  
linear m ean-squared displacem ents of ~  50 x lO ^ A 2 a t the periphery of the  molecule. This 
is ~  5 tim es greater th an  m ean-squared displacem ents of the internal wag m otion.

T he nv»st confidence can be placed in the results for the m ean-squared displacem ents in 
the s tre tch  projection. They are essentially determ ined by the deduction of the  T  tensor
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from the observed A D P ’s, and the T  tensor is predom inantly determ ined by th e  pdf of 
th e  zinc atom . Thus, th e  stretch displacem ents are based on the assum ptions, firstly, tha t 
the  zinc atom  pdf reproduces the displacem ents due to  overall translation al d isorder, and 
secondly, th a t  the  whole molecule lib ra te s  about th e  zinc atom . Both are p robab ly  good 
approxim ations; the form er because th e  zinc atom  is massive com pared to  th e  o th e r  atom s 
and will not displace significantly in in tram olecu lar vibrations, and the la tte r  because the 
molecule is alm ost te trahedrally  sym m etric and the  centre of mass is close to  th e  equilibrium  
zinc position. In ternal translational m ean-squared displacem ents are of the order 5 X 10~3A3, 
which is a  fac to r of five sm aller than  th e  overall translation al m otion.

Finally, an extension to  the s tan d a rd  TLS theory is considered which is specifically aimed 
a t  au tom atically  separa ting  one degree of internal freedom from the overall d isorder; it is 
known as the  segm ented rigid-body m odel, (11), (33), (64), and is outlined in append ix  A. 
In this m odel, an attached-rig id-group ( ARG ) is defined w ith in the molecule to  which an 
e x tra  degree o f internal freedom can be assigned, for exam ple an internal lib ra tio n  abou t one 
specified axis. T he m ethod is not applicab le to  the  zinc (II) tetraim idazole m olecule for the 
following reasons:

•  The in ternal lib ration  of the ARG is only distinguishable from the overall librations 
about th e  parallel axis if the la t te r  is small in com parison. It was shown in th is  study 
th a t the  overall librations and th e  internal librations can produce m ean-squared dis
placem ents of sim ilar m agnitude.

•  The A R G ’s have to  be attached to  a  main rigid-body from which the overall TLS tensors 
are established. T he only useful candidates for the ARG’s would be the  im idazole rings, 
but th is  only leaves the  zinc a to m  as the m ain rigid-body, which is not sufficient to 
determ ine an L tensor.

•  The m odel would not perm it estim ates of in ternal displacem ents in the  s tre tch ing  pro
jection parallel to  the  Zn-N bond.

29



C H A P T E R  2. TLS A N A LYSIS

2 .6 .1  S u m m a r y
A TLS analysis o f the  zinc (II) te tra im idazo le  molecule has been m ade based on x-ray crys
tallography  A D P ’s a t 100A and 150A\ S eparate estim ates were obtained for m ean-squared 
displacem ents o f atom s due to  in tram o lecu lar vibrations and overall disorder ( i.e. disorder 
due to  la ttice  v ib rations and s ta tic  d isorder ).

Overall disorder was described in te rm s o f translation al and librational p d f’s of the whole 
m olecule. The transla tion  pdf was found to  be isotropic w ith a second m om ent of the order 
25 x 10~3A2. T he molecule has a preferred axis of lib ratio nal displacem ent parallel to  the 
b isecto r of the N-Zn-N bond in the  asym m etric  group; m ean-squared librational displacem ents 
are  in the range 1 —► 9(°)2 about the  zinc atom  which corresponds to  a  linear m ean-squared 
displacem ent of th e  order 10 —• 50 X 10_3A 2 a t the periphery of the  molecule.

T h e  in tram olecular m otion was categorised as m ean-squared displacem ents in three pro
jec tions relative to  the im idazole rings: ( i) In the stretch  projection ( parallel to  Zn-N bond ) 
m ean-squared displacem ents were of th e  order 5 x 10~3A2 averaged over the ring. This is 
a fac to r of 5 sm aller than  the  m ean-squared displacem ents due to  overall transla tion  disor
der. (ii) In the wag projection ( in-p lane wags about Zn-bonded nitrogen ) the librations 
were of the order ~  16(0)2 which im plies m ean-squared displacem ents at the periphery of the 
m olecule of 10 x 10_3A2 which is in the  range 1 —* 5 tim es sm aller than the m ean-squared 
displacem ents causes by overall lib rational disorder, (iii) In the bend projection ( out-of-plane 
bends ) no inform ation could be ob ta ined .

T h e results can only be regarded as estim ates due to  the large calculated error of ±1 x 
10~3A2 but m ainly due to  the  broad assum ptions necessary for th is kind of analysis which 
incur errors th a t are difficult to  assess
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C h a p ter  3
Inelastic Neutron Scattering

3.1 In tro d u c tio n
In th is  ch apter, a precise analysis o f the dynam ic s tru c tu re  of the zinc (II) te traim idazole 
com plex is described based on a fundam entally  d istinct experim ental m ethod from th a t  of 
chap ter 2. In contrast to  the coherent elastic photon sca tte rin g  of X-ray crystallography, the 
physical process em ployed here is incoherent inelastic neutron scattering, ( denoted henceforth 
as INS ).

In neu tro n  scatte rin g  spectroscopy, a beam of therm al neutrons im pinging on a m olecular 
crystal containing hydrogen is sca tte red  predom inantly incoherently. T he energy spectrum  
of th e  out-go ing neu trons may be analysed by time-of-flight techniques because the neutron 
is a m assive particle whose velocity depends on energy; it is found th a t  the  neutrons sca tte r 
both elastically  and inelastically. T he elastic com ponent is analogous to  optical Rayleigh 
sca tte rin g  whereas th e  inelastic p a rt corresponds to  the  Stokes and anti-Stokes lines in the 
R am an effect. The inelastic scatte r is a result of quantised energy transfer to  and from the 
quantised  motion present in the sam ple and, as for light scattering , the separation  between 
the e lastic  and inelastic peaks perm its de term ination of the  energies of the modes responsible 
for th e  scattering . Unlike the scatte rin g  of light however, th e  en tire v ibrational-ro tational 
spectrum  is revealed since optical selection rules do not apply for th is  m ethod of excitation 
and th u s , poorly defined peaks in the  optical spectrum  may be well defined in the  INS 
spectrum . A further, very im portan t advantage of neutron sca tte rin g  over optical scattering , 
from system s which give mostly incoherent scattering  ( i.e. hydrogenous ), is th a t the intensity
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of the  inelastic peaks in the  energy spectrum  may be directly related to  the p a rtia l am plitudes 
of m otion of the nuclei in each v ibra tio nal mode. This differs from optical intensities where 
assum ptions about electronic m otion must be m ade to  explain the  peak intensities.

In th is  study, the  INS spectra o f imidazole and zinc (II) te traim idazole m olecular crystals 
and some deu terated  analogues have been m easured a t very low tem peratu re . At these 
tem p eratu res, the anti-Stokes excita tions are negligible since m ost, if not a ll, of the modes 
of m otion are in the ir ground s ta te s  and can not im part energy. We consider the Stokes 
spectrum  in the energy range of 5m <V to  2eV, which encompasses most la ttic e  and m olecular 
v ibrational energies. A central assum ption  in this work is th a t the la ttice  modes are weakly 
coupled to  the in ternal molecular v ibrational modes in the samples chosen, i.e. the la tte r  are 
non-dispersive; we are interested in th e  intram olecular modes and this assum ption perm its an 
isolated molecule approach to  the problem  which is essential for the  trea tm en t described here. 
The validity of the iso lated  molecule approach may be assessed directly from th e  experim ental 
INS spectrum : if peaks are seen to  be broader than  the intrinsic resolution it suggests th a t 
the associated v ibrational modes are  dispersive through the la ttice. Furtherm ore, neutron 
scatte ring  yields inform ation ab o u t the  excitations throughout the Brillouin zone ( BZ ) 
whereas optical experim ents, in co n tra st, determ ine excitation energies only a t  the BZ centre. 
Therefore, in neutron scattering , th e  excitations near the edge of the BZ dom inate , due to  
the  so-called volume effect, and consequently large energy discrepancies ( >  few c m '1 ) in 
the INS peak positions with respect to  the optical frequency spectra  provide further evidence 
of dispersion in the  vibrational m odes.

Assignm ents of the  INS sp ec tra  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 th a t model both 
the  INS peak energies and intensities. This is equivalent to  modelling the com plete hydrogen- 
weighted v ibrational density of s ta te s  of the sam ples In a series of artic les, (81), (101), 
(118), (119), (120), (147), (153), W hite  and coworkers concluded th a t INS intensities were a 
far m ore sensitive te s t of the accuracy of a force field in predicting the dynam ic behaviour of a 
molecule than  sim ply equating th e  eigenvalues to  th e  vibrational energies o f the modes. The
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norm al mode analysis yields bo th  the  energies and na tu re  of the m olecular v ibrations, which 
is equivalent to  specifying bo th  the  eigenvalues and eigenvectors of th e  secular equation of 
m otion. This enables the  com plete vibrational correlation function ( V C F ) to  be determ ined, 
which wholly defines the  relative m otion of atom s in the  molecule.

The description of the  dynam ic behaviour of an isolated molecule by force fields presup
poses the harm onic approxim ation. Anharm onicities in the vibrations cause broadening and 
sp litting  of peaks in the INS spectra . However, a t low tem pera tu re , the anharm onic ity  effects 
are m inim ised, and according to  W hite, (119), a  quasi-harm onic model m ay be adopted if at 
low tem peratu res the peak w idths correspond to  the experim ental resolution . This is found 
to  hold in the  INS spectra  presented here.

T he aim of the  work was to  obta in  the VCF for the zinc (II) te tra im idazo le  complex 
so th a t it could be inpu t to  the  EXAFS sim ulations described in ch ap te r 4. In order to  
address such a  large problem , it was first necessary to  partia lly  solve th e  dynam ic s tru c tu re  
by determ ining the VCF for the  isolated im idazole molecule. T he force field for im idazole 
was then incorporated  in to  the larger and m ore complex force field for th e  zinc (II) complex.

T he first two sections in th is chapter provide an introduction  to  the  theore tica l background 
required to  do an analysis of th is kind; the nom enclature in these two sections is then referred 
to  in the subsequent sections. T he first section describes the partia l d ifferential cross section, 
which is the observed quantity  in an INS experim ent, and shows why it  is dom inated by 
incoherent scattering  from hydrogen atom s and how it may be in terpre ted  to  yield inform ation 
ab o u t the m agnitude of m olecular vibrations in the sample. T he second section describes 
th e  physics of m olecular vibrations in orthogonal normal modes and goes on to  describe 
th e  formalism and m anipulations required to  do a normal mode analysis. An experim ental 
section describes the spectrom eter used to  record the INS spectra and also discusses the sam ple 
preparation  and analytical software employed; the la tte r  is based on th e  theory  described in 
th e  first two sections. Finally, th e  last two sections present the results o f the INS studies 
on pure im idazole and the zinc (II) tetraim idazole complex and the m ethodology used in the 
norm al mode analysis.
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3.2  E ssen tia l E lem en ts o f  IN S  T h e o ry
T he in tensity  of nuclear scattered  n eu tro n s  m easured experim entally  is p ropo rtio nal to  the 
m ean-squared relative displacem ents o f the targe t nuclei about th e ir equilibrium  positions 
and is dom inated  by the incoherent sca tte rin g  co n tribu tion  from the  hydrogen atom s in the 
sam ple. R igourous proof of this assertion  is quite involved and m ay be found by reference to  
tex ts  on N eutron Scattering  Theory, ( e.g. see (82) ). However the  essential elem ents of the 
theory  d irec tly  related  to  th is effect a re  sum m arised here. The subsections 3.2.1, 3.2.2, 3.2.3 
and 3.2.4 are  compiled m ainly from  reference to  (82) an d  (143). At th e  end o f th is section, 
some effects observed in experim ental spectra , such as com bination bands and phonon wings, 
are  described.

3 .2 .1  P a r t i a l  D i f f e r e n t ia l  C r o s s  S e c t io n

In a  nuclear scatte ring  event the variables of interest a re  the  change in neutron energy, equiv
alent to  the  quantum  fiu>, and the  m om entum  transfer, HQ, such th a t

hcu =  E  -  E ‘ (3.1)
Q  = k -  k ' (3.2)

in which E  and E ' are the neutron energy and k and k ' the neutron wave vector before and 
after sca tte rin g  respectively. In bo th  the initial and final s ta tes , the  wave function , Vb of 
the  neu tron  is described as a plane wave; for the  out-go ing wave th is  is equivalent to  the
asym pto tic  form of the wave function in the lim it th a t th e  wave is de tected  far from the point
of sca tte r, i.e.

V’k =  C e,k r
V v  = C e,k "  (3.3)

in which C  is a  norm alisation co nstan t. From p e rtu rb a tio n  theory the  probability  governing 
the tran sitio n  from the initial to  th e  final s ta te  of th e  neutron is p roportional to  the  square 
of the m a trix  elem ent of the  nucleon-nucleon in te rac tion  opera to r, V , between the  two states
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involved; th is p robability  is s ta ted  in F erm i’s Golden Rule:

(3.4)

where p y ( E )  is th e  density of final scattering  sta tes  per un it energy range. N orm alisation is

If the  to ta l cross section for nuclear scattering  from a given nucleus is denoted  by o ,  and the 
incident flux o f neutrons by h k / m L 3, it may thus be seen th a t ,  (82),

been introduced for convenience to  denote the in tegra tion  of the in itia l and final s ta te  wave 
functions over all space. T he so-called differential cross-section  for elastic  nuclear scattering  
m ay thus be w ritten  as

and is an experim en tal observable. It describes the angular dependence o f the strength  of 
elastic  neutron scatte rin g  ab o u t the  nucleus and is determ ined by th e  form of the interaction 
po ten tial, V .

W hen ine lastic  sca tte ring  occurs the change of the  targ e t nucleus from its initial s ta te  
A to  its final s ta te  A' has to  be considered. T he s ta te  functions in th e  m a trix  element of 
Eq. (3.7) should therefore be rew ritten  as the product s ta te  functions describing the neutron 
and target, i.e. (A 'k '| and |Ak). Conservation of energy, cf. Eq. (3 .1), is incorporated  via the 
d e lta  function

achieved by enclosing the en tire  system  in a large box of volume L 3\ th is  enables the  neutron 
wave functions in Eq. (3.3) to  be norm alised via C  = L~* and perm its th e  density of final 
s ta te s  per un it energy range to  be w ritten  explicitly as:

(3.5)

do = /inc iden t flux

(3.6)

where dil is an elem ent of the  solid angle about the point of sca tte r; B ra-K et notation  has

(3.7)

6(hu> +  E \  -  E y )
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in which E \  and Ex' are the  initia l and final sta te  energies of the ta rg e t nucleus. T he integral 
of th is  delta  function  over all final s ta te  energies is, by definition, equal to  unity, which implies

P rem ultip ly ing bo th  sides of Eq. (3.7) by this relation , and denoting the  probability  of occu
pation  of the  in itia l s ta te  A by the fac to r px, an expression for th e  partial differential cross 
section  may be expressed as a  sum over all possible transitions, A —► A', i.e.

It is th is basic quan tity  th a t  is m easured in every inelastic neu tron  sca tte rin g  experim ent. 
Notice the fac to r ( k ' / k ) ,  which was un ity  for elastic sca tte ring  in Eq. (3.7). T he horizontal bar 
in Eq. (3.9) represents any further averaging necessary such as the  d is trib u tion  of isotopes, 
nuclear spin o rien ta tions or s ta tic  d isorder of nuclei positions.

Note th a t ,  when dealing w ith neu tro ns, it is not usually necessary to  employ the  full partial 
wave description  from form al scatte rin g  theory to  express sca tte rin g  events. In o ther words, 
the s ta te  functions, |Ak), and in teraction  opera tor, V , need not be expressed as a  sum of term s 
over all angular m om entum  com ponents but rather by a single term . T he justification  for this 
stem s from b o th  the very short range of the nucleon-nucleon in te rac tion , ( ~  1.6 x 10"3A ), 
therefore lim iting  the length of the impact parameter1 and the sm all size of the  nuclear radius 
( ~  1 0 -JA ), in com parison w ith the wavelength of therm al neutrons, ( ~  lA  ). Consequently 
only s-wave com ponents ( / =  0 angu lar m om entum  ) are significant in the  partia l wave 
description and all o the r term s may be safely neglected; i.e. the  nucleus behaves as a point 
sca tte re r. All o f this m eans th a t the nuclear sca tte rin g  of neutrons is isotropic and may be 
characterised by a single scalar quantity , b, known as the scattering length, b is equivalent to  
the scatte rin g  am plitude f(0,<p) ( from formal sca tte ring  theory ) for s-wave sca tte rin g  alone 
and indicates th e  s treng th  of scatte rin g  from a pa rticu lar nucleus.

'T h e  impart parameter, / ,  is the distance of closest spprosch of the neutron trajectory to the nucleus. In 
the partial wave description, only those components whose angular momentum quantum number, I, satisfies 
I < 2r / / X produce appreciable contributions to  the scattering With thermal neutrons ( A — lA ) scattering 
via the nucleon-nucleon interaction limits I $  l.B x 10" * A and only the I m 0 component is significant.

(3.8)

(3.9)
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3 .2 .2  C o h e r e n c e  a n d  I n c o h e r e n c e  -  S c a t te r in g  fr o m  P r o t o n s

Scattering, bo th  elastic and inelastic, may be subdivided in to  a  coherent and an incoher
ent part. Essentially the d istinction arises due to  the variation in  the  scatte rin g  potentials 
th roughout th e  ta rge t, or m ore precisely, th e  d istribution  of th e  nuclear scatte rin g  lengths, b. 
T his may be dem onstrated  by considering the form of Eq. (3 .9) for an idealised, rigid array  
o f N  bound nuclei. The so-called Fermi pseudo potential is em ployed to  generate  isotropic 
scattering  centred on the j lh nuclei at position R ; , I.e.

Note th a t each nucleus is characterised by a separate sca tte rin g  leng th , bj. T he prefactor,

elem ent, cf. Eq. (3.6), and thus disappears when the Fermi pseudo po ten tial is sub stitu ted  
in to  Eq. (3 .9); i.e.

Note th a t th e  right-hand side of Eq.(3.10), and therefore also the  function in the m a trix  
element of Eq. (3.11), are not operators. Consequently, the  s ta te  function |A) is not acted 
upon and th e  m atrix  elem ent obeys

(3.10)

is a norm alisation constant; it is the  reciprocal of the  p refac to r to  th e  sca tte rin g  m a trix

d ild E '
d?o

(3.11)

(V|A|A> =  A(V|A> =  A S y x

where A is a constant. T his implies th a t the m atrix  elem ent vanishes unless V =  A from 
which it follows th a t Ex' =  E x, i.e. scattering  from a to ta lly  rigid array  o f nuclei is e lastic3.

Eq. (3.11) may thus be rew ritten in th e  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 occurs to varying degree.
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It may be seen th a t Eq. (3 .12) has been reduced to  the  sum of two p a rts , which may be 
identified as coherent and  incoherent sca tte rin g .

In coherent scatte ring , th e re  is strong interference between the  sca tte red  neu tro n  waves 
such th a t Bragg scatte rin g  results; in th is case only th e  m ean scatte rin g  length for th e  whole 
ta rge t, S, satisfies th is condition; coherent scatte rin g  is thus p ropo rtional to  |6|7. T he devia
tions from the m ean sca tte rin g  length however are random ly d is trib u ted , producing a random  
d istribu tion  of scatte rin g  from  the nuclei which cannot interfere. T his is known as th e  incoher
ent scatterin g  and is p rop o rtio na l to  the m ean-squared deviation o f b; |6 -  i |*  =  (ifcf* -  |6 |J ).

T he variation in th e  sca tte rin g  length is generally due to  the presence of isotopes and the 
in teraction  of the neutron ( a spin 5 p a rtic le  ) w ith a  nucleus of spin ». In the  la tte r , the 
in teraction  can take place in sta tes  of to ta l spin corresponding to  » +  J and * -  j ,  which have 
associated scattering  leng ths of and b ^~ \  These sca tte rin g  lengths are then  weighted 
according to  the  m ultip licity  of states w ith  th e  respective to ta l spins.

An im portan t exam ple is th a t of the sca tte rin g  of neutrons by protons. T he p ro ton  is also 
a spin j  particle and hence the re  are th ree  s ta te s  w ith to ta l spin 1 and one s ta te  w ith total 
spin zero. The scatte ring  leng ths are found to  be:

6(+) = 1.04 x 10-1 *cm3 (trip le t)
= -4 .7 4  x l O '^ c m 3 (singlet)

( where a  negative sca tte rin g  length describes a phase difference o f x com pared to  positive 
values ). Hence

S =  ?fc< + > + =  -0 .3 8  x 10_,Jcma4 4
and

|6j* =  ?|6< + )|l  +  = 6.49 bn (10~,4cm 3)4 4
which results in

o  to ta l =  81.7bn
OcoKm r = 1.8bn
o .n c o h  =  79.8bn

38



C H A P T E R  3. IN E L A S T IC  N E U T R O N  S C A T T E R IN G

C learly, the  scatte ring  from {Hydrogen nuclei is dom inated  by th e  incoherent com ponent, 
&incoh » ( this is also th e  case for n a tu ra lly  occurring Hydrogen due to  the  low abundance of 
o ther isotopes). A dditionally, it is found th a t  the to ta l scatterin g  cross section, is very

sca tte rin g  experim ents, including th a t described in th is study, are essentially probes of the 
incoherent scatte ring  from hydrogen nuclei in the ta rg e t.

3 .2 .3  C o r r e la t io n  a n d  R e s p o n s e  F u n c t io n s

It is possible to  recast Eq. (3.11) so th a t  th e  partia l differential cross section is factorised into 
a te rm  derived from the  in teraction  of neutrons w ith m a tte r  and a response function th a t 
reflects the  physical properties of the  p a rticu la r sam ple under inspection.

For th is purpose, the  de lta  function in Eq. (3.11) is w ritten  as

The energy term s in the  exponent may be incorporated  in the sca tte rin g  m atrix  element 
and reexpressed in term s of the ham ilton ian  of the targ e t system . T hen , assum ing th a t the 
coupling between ta rg e t sta tes  and the  in teraction  poten tials is insignificant, ( i.e. th a t fry

w here the  modified scatte rin g  m atrix  elem ent, sum m ed over all possible transitions A —» A', is 
represented by the  so-called correlation func tion , Vyy>(Q,<). The derivation of the correlation

beyond the scope of th is  thesis ( refer to  (82), (83) ); the  result is therefore simply sta ted  as

much larger than  for m ost nuclei ( generally ~  5 bn ). Consequently, m ost inelastic neutron

(3.13)

w here the  integral is over tim e, t. Inserting  Eq. (3.13) into Eq. (3.11) gives

-jf(au<+Ex- E x/) (3.14)

is independent of A and A' and may be w ritten  outside of the sca tte rin g  m atrix  elem ent ), 
Eq. (3 .14) becomes

(3.15)

function involves m aking some subtle m anipula tions of the  scatte rin g  m atrix  elem ent th a t are

Vyy.(Q,t) =  A' ,<0) (3.16)
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in which R y ( t)  is a  tim e-dependent opera to r, incorporating  the  ham iltonian of the ta rg e t 
system , which acts on the in itia l and final s ta tionary  s ta te s  of the system . T he angled- 
brackets in Eq. (3.16) denote th e  sta tis tica l average over all in itia l s ta tes , which is equivalent 
to  replacing p \ ,  th e  probability  o f occupation of the s ta te  A, by the  norm alised therm odynam ic 
facto r e x p (-E > /fc BT ) /5 3 ^ e x p ( -E > /Ic BT ). The correlation function is therefore a  therm al 
average of a com bination of opera to rs  belonging to  the  ta rg e t and has im plicit in it the 
3-dim ensional s ta tic  and dynam ic s tru c tu re  of the  pa rticu lar sample.

T he response o f the  ta rg e t system  to  th e  scattering of neu trons w ith a  given Q and ui is 
given by the  Fourier transform  of the correlation function w ith  respect to  tim e, i.e.

S(Q,u>) (3.17)

T his resu lt, 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  s tru c tu re  facto r in x-ray diffraction, the 
Fourier transform  of which is a  3-dim ensional m ap of the  electron density of the  targe t; in 
th e  case of the  response function , the Fourier transform  is th e  correlation function which 
characterises th e  3-dim ensional interaction of neutrons w ith th e  nuclei of a specific sam ple. 
For a given m om entum  transfer Q 0, S(Qo,u>) describes th e  frequency com position of the 
m any-body m otion of the ta rg e t system .

Consequently, th e  observed quantity , d2o / dU dE ' , may be expressed as the product of two 
independent te rm s, i.e.

d2o (3.18)dU dE '
T he first term  governs the s treng th  of the neutron in teraction  w ith the targe t sam ple based 
on the scatte rin g  lengths of th e  opera tors b* and it depends only on the  type and relative 
proportions of th e  nuclei present in the sam ple ( it is th is te rm  for exam ple th a t determ ines 
th e  coherent and incoherent character of the  scattering  ). T he second term , the response 
function S(Q ,u>), is determ ined wholly by the physical and chemical na tu re  of the ta rg e t 
system  and its  behaviour in tim e. It is the  evaluation of th e  response function th a t is sought 
after in inelastic neutron scatte rin g  experim ents.
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3 .2 .4  R e s p o n s e  F u n c t io n  for I s o la te d  H a r m o n ic  O s c il la to r

For a v ibrating  molecule it is appropriate  to  express R , th e  position of a  given nucleus, as a

function in Eq. (3.16) factorises into a term  with respect to  1 and a  term  w ith  respect to  
d . We consider the  la tte r  term  and, according to  a p ro o f given in (82), chap ters 3.5, 3.6.2 
and 3.8, involving Bloch’s identity, may w rite the  co rre la tion  function, in th e  fram e of the 
m olecule, as

the molecule. ( Note th a t th e  notation  convention has been m aintained whereby the angled 
brackets denote th e  s ta tis tica l average over all in itia l s ta tio n a ry  sta tes  ). For a nucleus of 
m ass A/, in an iso tropic, harm onic potential the h am ilto n ian  may be w ritten  as

where p  is th e  m om entum  opera to r and u/0 is the  associated  frequency of v ibration  of the 
nucleus about its equilibrium  position. By assum ing a harm onic potential, whose energy level 
s tru c tu re  is well und ersto od , the sta tis tica l average ( canonical average ) over initial energy 
s ta te s  in Eq. (3.20) may be expressed analytically; consequently  the  two exponential term s 
on the  right-hand side of Eq. (3.20) may be w ritten  explicitly.

T he first te rm  of Eq. (3 .20) may be w ritten  as

in which the coth term  in th e  exponent is identified as th e  m ean-squared-displareinent of the 
nucleus ( see appendix B, Eq. ( B . l l )  ) and is denoted by the conventional symbol U. T he

sum of I, the  position of th e  centre of mass of the m olecule, and d the  position o f the nucleus 
relative to  1. T hus

R  = 1 +  d (3.19)

T he im po rtan t assum ption is now m ade th a t the m otion  o f the  centre of m ass of the  molecule 
and the  relative m otion of th e  nuclei are m utually  indepen den t, in which case, th e  correlation

(3.20)

where d ( t)  is a  tim e-dependent opera tor, analogous to  R ( t )  in Eq. (3.16), which incorporates 
the targ e t in te raction  ope ra to rs  and the ham ilton ian , H ,  describing the s ta tio n a ry  states of

(3.21)

e -« Q  d)*> _  d*) =  « P  [ - V (3.22)
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first term  of the co rrela tion  function has a dam ping effect and is known as the Debye-Waller 
factor.

Similarly, by su b s titu tio n  of the  harm onic form of the  o pera to rs  and by taking the canon
ical average, the  second term  of Eq. (3.20) can be w ritten  as:

In (v) = I -n (v ) ,  o f in teger order n.
W ith bo th  te rm s in the correlation  function, Eq. (3 .20), expressed explicitly  for th e  h a r

monic po ten tial, th e  response function for the harm onic oscillator may be evaluated using 
Eq. (3.17) to  give

3 .2 .5  F u n d a m e n ta l!) , O v e r to n e *  a n d  C o m b in a t io n *  - S p e c t r a l  I n te n s ity

It is evident from th e  form ula for th e  harm onic response function , Eq. (3 .25), th a t the integer 
n m easures the am o un t of energy, n/lwo, lost (n  >  0) o r gained (n < 0) by the neutron. 
However since experim en ts are generally  carried out at low tem pera tu re , i.e. T  ~  20K , when 
the targe t is m ostly  in its ground s ta te  and cannot im p a rt energy to  the  neu tron , it is usually 
only necessary to  consider the case when n  > 0. On th is  basis, it is possible to  identify the 
case n  =  0 as the  e lastic  in teraction , rt =  1 as the  fundam ental excita tion , n 2 as th e  first 
overtone and so on . T he response function for each of these  events and hence the spectral 
intensity is thus easily  obtained using Eq. (3.25). The e la stic  line in tensity  accounts for most

'Modified Bessel functions sre Bessel functions of imsginsry argument; /„(y) m •/«(•»)/•"

e,<(Q.d)|Q.d(t)l> _= exp HQ2 cosh (iojot +  ) s  exp{y cosh(x)} (3.23)

in which
HQ2 and

2Mwo sinh  ̂3f c )
Thus, using the id en tity

OO
exp{y cosh(x)}  =  e x p (n x )/„ (y ) (3.24)

the second term  in th e  correlation function may be described by modified Bessel functions3,

(3.25)
n = - o o
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of the scatte red  neutrons and is exactly  analogous to  th e  Rayleigh line in R am an scatte rin g ; it 
does not however yield much inform ation and is norm ally suppressed from inelastic sca tte rin g  
spectra in the  study o f m olecular v ibrations. In keeping w ith the analogy to  R am an spectra , 
the  (n  >  0) excitations in inelastic neu tron  sca tte rin g  m ay be thought o f in term s of the 
Stokes lineB. The (n  <  0) com ponents therefore form the  A nti-S tokes  lines b u t are quenched 
a t low tem p eratu re .

It is possible to  sim plify the form of th e  harm onic response function given by Eq. (3 .25) in 
the  regim e where hw0 :»  2k g T  so th a t y —* 0. Consequently, for n  > 0, th e  modified Bessel 
function m ay be w ritten  as

¡•V -M  = ¿ (y/2)n
and the  response function , for a single nucleus undergoing harm onic m otion, becomes

(3.26)

Eq. (3.26) dem onstrates  clearly the  very sim ple relation th a t  the  spectral in tensity  of a  fun
dam ental, o r overtone ex cita tion , is determ ined by the  m ean-squared-displacem ent, U 2, and 
a tten u a ted  by the Debye-W aller facto r, At typical experim ental tem p era tu res  of
20K , hu)o >  2k g T  for neu tron  energy transfer g rea ter than  ~  3.5m eU  ( s  28cm ~1 ), hence 
Eq. (3 .26) is valid for m ost studies involving optical modes.

Eq. (3 .25) and Eq. (3.26) are only s tric tly  true for one-dim ensional isolated harm onic os
cillators. In the rase of molecules, the dam ping  of the  scatte rin g  intensity  in a  p a rticu la r mode 
due to  th e  sta tis tica l d is tribu tion  of the nucleus about its equilibrium  position , ( represented 
by the Debye-W aller facto r, ), should include the m ean-squared-displarem ent o f the
nucleus in nil its modes of v ibration . In order to  achieve th is, tensor no ta tion  is required, and 
the one-dim ensional m ean-squared d isplacem ent, U2, is replaced by a sym m etric second-rank 
tensor, U „ , whose elem ents describe the  second m om ents of the  3-dim ensional p robability  
d is trib u tion  function o f the  nucleus in the  i/,h in tram olecu lar v ibrational mode. T he expo
nent in th e  Debye-W aller facto r is then w ritten  in term s of a new sym m etric second-order 
tensor U  where U =  T hus, the  spectral in tensity  for fundam entals and overtones in
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th e  i/,h m ode for an atom  v ibrating  in a molecule is represented by (145)

S(Q,a/);;oc/B(Q Q :U l,)e-<QQ:U> (3.27)

where the  vector Q Q  is the d irect product of the  m om entum  transfer vector Q . In this 
n o ta tio n , the scalar argum ents (Q Q  : U „) and (Q Q  : U ) represent the projection of th e  U„ 
or U tensors respectively in the  direction of the  vector Q Q  m ultiplied by the  m agn itude of

M ultiphonon scatte ring  is also possible and may be categorised into th ree types:

•  single excitation  of m ore th a n  one mode. T his is known as a combination  ex citation .

• m ultiple excitation  of one mode. S tric tly  speaking th is is also a com bination m ode 
although w ith in the  harm onic approxim ation it effectively produces an overtone line; 
its intensity  however is d is tinct from the  overtone intensity caused by a single ex cita tion .

•  excitation  of ex ternal v ibrational modes ( la ttice  modes ) as well as the  in ternal m ode. 
This produces so-called phonon wings and is dealt w ith in the following subsection.

T he intensities in th e  first two categories above are described to  a  good approxim ation by the 
response function for double-excitation com binations (69)

In general, the  U „ and U  tensors are an isotrop ic; consequently the intensity of sca tte red  
neu trons depends on the orien ta tion  of the m om entum  transfer vector Q as well as the  m ag
nitude. T his can be in teresting  for single crystal experim ents but for powder sam ples the 
calculated  intensities should be averaged over all orientations; a so-called powder average. 
A nalytical techniques for achieving powder averages in neutron scattering experim ents have 
been applied, (142), (145), (150) and found to  be accurate when the geometry of the U tensor 
for each atom  is known. For th e  case where the  U „ tensors are best-fitted and the form o f the 
U  tensor is not known, num erical powder averages are found to  be more ap p ro p ria te , (17).

QQ

(3.28)

where the m ultiple excitation  of the  v and i/' modes produces a  line at u> =  nug +  n 'u>g .
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3 .2 .6  P h o n o n  W in g s

T here is a finite probability th a t a neutron will s c a tte r  inelastically exciting an optical molec
ular mode and an acoustic la ttic e  mode; th is  p roduces additional s tru c tu re  in the  spectrum  
above the optical excitation  energy th a t m im ics th e  low frequency acoustic regime of the 
spectrum . T he acoustic regim e is composed o f b road  peaks as a  function of energy due to  
the  highly dispersive na tu re  of la ttice  modes ( i.e . la ttice  modes may be excited by a range 
of neu tron  energy transfer, a lbeit w ith the co rresponding phonon wave vector determ ined by 
th e  pertinen t dispersion relation  ); hence the  ad d itio n a l s tru c tu re  above the  op tica l excitation 
line ( often referred to  as the  zero-phonon line ) app ears  as a broad featureless wing or phonon  
wing.

It is also possible for m ore than  one acoustic phonon to  be excited as well as the optical 
phonon. T his results in additional wings above th e  zero-phonon line distinct from  the single
phonon wing; their form may be understood as th e  convolution of those broad peaks associated 
w ith the  acoustic modes in question. C onsequently , the m any-phonon wings ex tend  higher in 
energy from the  zero-phonon line than  does th e  single-phonon wing. The concept of phonon 
wings is illu stra ted  in figure 3.1 for the  ideal case of a  one-dim ensional d ia tom ic lattice.

T he spectral intensity of the  zero-phonon line , described by Eq. (3 .27), is d istributed  
between the  zero-phonon line and its phonon wings; the  fraction in the phonon wings is given 
by (144)

1.0 - e - Q’u’ (3.29)

where the exponential is th e  Debye-Waller fac to r for the ex ternal modes and u is the mean- 
squared-displacem ent am plitude of the  la ttic e  v ibrations. T he assum ption in th is expression 
is th a t the  m olecular modes are com pletely uncoupled from th e  la ttice  m odes so tha t the 
la tte r  may be independently described by th e  p a ram eter u. Also, the m otion of the atom s 
due to  the  la ttic e  modes is assum ed to  be iso trop ic  so th a t u is ju s t a scalar quantity  and 
not a  tensor. By expanding Eq. (3.29), the d is trib u tio n  of the intensity  am ong th e  single and
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( 0  ( 0

F ig u r e  3 .1 : Illu stra tion  of the phonon wing phenom enon in the idealised case of a perfect 
one-dim ensional d iatom ic lattice. T he d iag ram  on the left shows the dispersion relationship 
of longitud ina l waves w ithin the first Brillouin sone and for th is  case exh ibits one optical and 
one acoustic branch. N eutrons im pinging on the la ttice may sca tte r inelastically, transferring  
energy and  m om entum  by exciting a  v ib rational phonon whose frequency and wave vector 
satisfy  th e  dispersion relationship; two possible phonon ex c ita tions are denoted  by the arrows 
corresponding  to an energy transfer of flw„r , and Kw,cc respectively. T he graph  on the right 
is th e  corresponding response function for th is  idealised case and represents therefore the 
p artia l differential cross section of a neu tron  scattering  experim ent. It corresponds to  a 
weighted density of s ta tes  spectrum  for th e  system  and as such the two branches from the 
d ispersion diagram  ap p ear as peaks; effectively the branches are collapsed onto  the ui axis 
and consequently produce a narrow optical peak ( sero-phonon line ) b u t a broad band 
in th e  acoustic region. For the case where a  neutron excites both an optical and  acoustic 
phonon th e  energy transfer corresponds to  huiop, 4  Ku>ace and  the associated feature In the 
response function occurs above th e  sero-phonon line as th e  1-phonon wing reproducing the 
form  o f the peak in th e  acoustic region. For m ultiphonon excitation the energy transfer 
corresponds to  Ku> t̂ 4  ltw .„ , 4  ftw«c„, 4  ••• and produces wings extending fu rther above 
the sero-phonon line. T he form of the n-phonon wing is th e  n ‘* convolution of the acoustic 
peak, in th is  case w ith itself.
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m ulti-phonon wings m ay be expressed as

1-phonon 2-phonon
+  . - 0 V I 2 £ £  +

3-phonon etc.
(3.30)

It may be deduced from  Eq. (3.30) th a t the m ulti-phonon wings are m ore significant for 
experim ents in which th e re  is a large m om entum  transfer and for sam ples which exhibit 
large scale m otion due to  la ttic e  modes. For light m olecular species in p a rticu la r, high-order 
phonon wings may even dom inate  the spectrum ; for all Bamples, phonon wings becom e more 
significant and m ore ex tended  as th e  tem p era tu re  rises.

To sum m arise this section , the m ost im po rtan t points are noted. T he m easured quantity  
in an inelastic neutron scatte ring  experim ent is the p a rtia l differential cross section; the 
expression for which m ay be shown to  be separable in to  two term s, one due to  the  type 
of nuclei present and th e  o the r one dependent on a response function for the  sam ple. The 
former te rm  dic tates th a t  incoherent sca tte r  from hydrogen atom s present in the  sample 
dom inate  any experim ental spectra . T he la tte r  term  reflects the  physical m ake-up of the 
sam ple, such as the  v ib ra tio nal m otion undergone by the  constituen t nuclei, and it is this 
response function th a t determ ines the  spectra l form. T he response function is w ritten  down 
for the  specific case of harm onic m otion of nuclei and is decom posed in to  contribu tions from 
fundam entals, overtones, and com binations. It is found th a t the spectra l in tensity  is shared 
am ong th e  various m olecular modes according to  the displacem ent of th e  atom  in each mode 
and a tte n u a te d  by the  displacem ents of th e  atom  in all o ther modes. In the  general rase, the 
anisotropy of the m otion requires th a t powder averages be done. T he situa tion  is com plicated 
by ex ternal la ttice  modes of the sam ple which produce phonon-wings in the  spectra .

3.3 M o lecu la r  V ib ra tio n s  and N orm al M o d e  A n a ly sis
The m ethod  of determ in ing  the frequency and na tu re  of small m olecular v ibrations from a 
proposed o r observed local potential energy function assum ed to  be harm onic is known as 
norm al mode analysis. C lassical trea tm en t is m ostly adequate due to  the  property  th a t the 
m otion can be resolved in to  com binations of uncoupled sim ple harm onic oscillations whose
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frequencies may then  be established. Q u an tu m  m echanical considerations applying to  the 
na tu re  of the m otion may be in troduced  subsequently. All in ternal vibrations m ay be treated  
approxim ately  independently  of tran s la tio n s  an d  ro ta tion s of the  molecule provided the correct 
coord inate  system  is adop ted4. W ider an d  m ore rigourous discussion of the  topic may be found 
in the  s tan d a rd  tex ts , (26) and (156).

3 .3 .1  C la s s ic a l  D e s c r ip t io n  o f  S m a l l  V ib r a t io n s

The N ew tonian equations of m otion for a  v ib ra tin g  molecule composed of N  atom s may be 
expressed in L angrangian form 5 as

1  91dt )  dq , j  =  l , 2 , . . . , n (3.31)

The Lagrangian L = T  — V  is a  function o f the  kinetic energy, T ,  and the  po ten tia l energy, V , 
defined w ith respect to  the  set of n  generalised  coordinates, qy. It is convenient to  choose qy to  
be th e  3 N  cartesian  displacement co o rd in ates  of each of the N  atom s abou t th e ir equilibrium  
positions and to  weight each coord inate  by the  square root m ass of the  respective atom . The 
qy’s in th is case are referred to  as m ass weighted cartesian  displacem ent coord inates. The 
kinetic energy of th e  v ib ra ting  system  m ay thus be expressed as

3 N
(3.32)

We consider conservative system s in which the  potential energy is a function o f position only 
and we assum e all displacem ents to  be sm all. T he potential energy may therefo re be expanded 
in a  Taylor series about equilibrium , re ta in in g  only the lowest order term s, as

3 W  /  o r r  v « 3 N  /  q 2 d  \

r <91...... *») = ...... + J l  { d i \ q' + 2 { w i ; ) nq'q’ + (3 33)

Linear term s in q, vanish au to m atica lly  since by definition a t equilibrium  the  generalised 
forces acting  on the  system  are zero which requires

i = 1 , 2 , . . . . 3  N (3.34)

4See (166), chapter 11, for rigouroua treatm ent of the separation of rotation and vibration of a molecule
AGeneral treatm ent may be found in (44).
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T he first term  in Eq. (3.33) is also m ade to  vanish by sh ifting  the a rb itra ry  zero of po ten
tia l to  coincide w ith the equilibrium  potential to  leave ju s t  th e  quadratic  term s as the  first 
approxim ation to  V ,  so th a t 3 N

V  =  5 £  f M
1.3=1

w here the  /,y ’s are sym m etric coefficients, i.e. / *  =  />•, given by

M & ) .
T he Lagrangian, L, may be re-expressed in term s of Eq. (3 .32) and Eq. (3.35) as

1 3N  ,  3 N

L = Ô è  ** “  2 f,jV ' q1* *=1 *.i=l
and substitu ted  in to  Eq. (3.31) to  yield the  set of 3JV equations of m otion

3 N
Qj +  )  ~ ftj< h  — 0 j  — 1» 2 , . . . ,  3 IV 

1=1

(3.35)

(3.36)

(3.37)

(3.38)

T hese are second order differential equations which are satisfied by an oscillatory solution of 
th e  form

(3.39)q, =

w here A, gives the  am plitude of oscillation for each coord inate , q,, X is in troduced as a 
co nstan t related to  the frequency o f oscillation and c is an additional phase. S ub stitu tion  of 
Eq. (3.39) into Eqs. (3.38) leads to  th e  following 3 N  hom ogenous linear algebraic equations 
in th e  unknown am plitudes A,

3 N
-  M M .  =  0 > =  1 ,2 ........ 3N (3.40)

in which i , j  is the  Kronecker de lta  sym bol. For these equations to  have a  non trivial solution 
the  determ inan t of the coefficients m ust vanish, i.e.,

f u  -  * f i t • f i . iN
/a . f i t  -  X • • /a,3AT = 0 (3.41)

f iN .l f tN .l • ftN ,3N  -  X
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Eq. (3.41) is known as the  secular equation6 and gives a  (3 N ) t>l order polynom ial in A whose
3 N  roots are th e  eigenvalues A*. For a  given A* Eq. (3.40) m ay be solved to  give a non 
unique set of am plitudes A'lk . A unique set, i,*, may be found by im posing th e  norm alisation 
condition

T he physical am plitudes of oscillation, A,*, a re  proportional to  th e  /,*’s via a  set of constants, 
A*, ( A,* =  K kl,k  )i th a t are dependent on the to ta l energy of the system . Assuming 
knowledge of th e  coefficients, f XJ, which in th is  pa rticu lar co ord inate  system  correspond to  
m ass weighted harm onic force constants, th e  vibrations of th e  m olecule may be fully described

T he constants K k  and t* depend on the in itia l conditions, i.e. the  s ta rtin g  values of q, and <j,.

3 .3 .2  N o r m a l C o o r d in a te s  a n d  Z e r o  F r e q u e n c ie s

T he general so lu tion , Eq. (3.43), to  the equations of m otion set up in section 3.3.1 describes 
3 N  modes of sim ple harm onic oscillation o f the  atom s each w ith a characteristic  frequency

internal configuration of the molecule it can be shown ( see (156), chapter 2.6 ) th a t six of 
the  roots, A*, of th e  secular equation , see Eq. (3.41), m ust be identically  zero. These so called

molecule. T he rem aining (3N  -  6) roots correspond to  th e  (3 N  -  6) free vibrational modes 
o f the  molecule known as the norm al modes.

section 3.3.1 do not com pose a  minim um  basis set. T here  always exists a  set of (3N-6) 
independent generalised coordinates, Qk, which express th e  norm al modes such th a t one 
finite root of th e  secular equation , A* is entirely  associated w ith ju s t one coordinate. T he

by
(3.43)

A ^/2x . However since our definition of the  poten tial energy, Eq. (3.35), depends only on the

zero frequencies correspond to  the  three tran sla tio n a l and th ree  ro ta tion al modes of the en tire

FYom the above description it is clear th a t  the  generalised coord inates, q,, employed in
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m inim um  set of Qk is known as the  norm al coordinates an d  is defined such th a t

Qk =  RATfce-*Ai ‘+“  =  K k c o B ( \l t  + t k ) k  =  1 ,2 , . . ( 3 A -  6) (3.44)

By com parison w ith Eq. (3.43) it is apparent th a t coefficients /,* de term ine the  linear combi
nation o f the  norm al coord inates, Qk , which constitu te  th e  mass weighted generalised coor
dinates, q%. Eq. (3.43) m ay therefore be rew ritten  as

( 3 N - 6 )
<7. =  £  l.kQk t =  l , 2 , . . . , 3 A r  (3.45)

*=i
Since by definition th e  norm al coordinates are orthogonal th e  tran sfo rm atio n  represented by 
the /,*’s is also orthogonal and due to  the  condition in Eq. (3.42) norm alised. T his means the 
inverse transfo rm ation  (f - 1 )*, is sim ply obtained by

( /" * )*  =  U  (3 46)

Norm al coord inates m ay thus be expressed in term s of th e  m ass weighted cartesian  displace
ment coord inates by 3 N

Qk = * - 1 . 2 ........ (3 AT- 6 )  (3.47)
t=i

3 .3 .3  ( ju a n tu m > M e c h a n ic a l  C o n s id e r a t io n s

The m otion of atom s in a molecule may be described by inserting  th e  ap p ro p ria te  to tal wave 
equation , V. into Schrodinger’s equation  and solving for th e  wave function, i.e.

Hr)) =  Erl> (3.48)

It m ay be shown ( see (156), chapter 11 ) th a t the  to ta l wave function, rl>, can be approx
im ately trea ted  as the  product of three separa te  equations, one for v ib ra tio n , translation  and 
ro ta tion .

-  ^ v ^ T ' i ’R (3.49)

The v ibrational p a rt, V'v> ¡* * function of th e  displacem ent coord inates which are chosen 
for convenience to  be th e  norm al coordinates as described in section 3.3.2. By substitu ting
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Eq. (3.45) into Eq. (3.35) the po ten tia l energy may be expressed in  te rm s of norm al coordinates

The kinetic energy is of the sam e form as Eq. (3.32)
,  3AT -  (3 J V -6 )

E  <K»=1 fc=l

(3.50)

(3.51)

Notice th a t neither expression contains cross term s in Qk which is the property of normal 
coordinates. The tim e independent H am iltonian  opera tor of Eq. (3 .48) may thus be w ritten  
as a differential o pe ra to r for each individual norm al coord inate , Q k, as

i <3£ ; 6> / h ’ e 3
2 £  V4lr**Gfc k Q k j

whose s ta tiona ry  s ta te s  are those of the sim ple harm onic oscilla to r 
(3 A T -8 ) . ( 3 W -8 )

E = £  £  * * ( » + 5 ) n  =  0 , 1 , 2 , . . . ,
*=i 4 *=i

in which is related  to  the wave num ber, I/*, of the fceh norm al m ode via

\ k  =  4ir3c3vH

(3.52)

(3.53)

(3.54)

The corresponding solutions to  th e  wave function are given by

tM Î* )  =  (2nn l*  * ) - * e - »< :*„({*), Î* =  \ j ^ P ~ Q k  (3.55)

where Hn are the Herm ite polynom ials. T here is one independent solution, 0* , per normal 
coord inate , Qk, hence the v ibrational wave function, ipk, has effectively been separa ted  into 
the p roduct

V’v =  i> i(Q \), V’j (Ç î ). ■ • m ^3 N -a (Q 3N -a )  (3.56)

The advantage of using norm al coord inates is now apparen t since Schrodinger’s equation  for 
m olecular v ibrations separates in to  (3 N  -  6) independent wave eq uatio n s of the form

1
2 4 * 3 dQ k -  * k Q k  ~  h c v k M Q k )  =  o n  =  1 ,2 ,. (3.57)
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It has been dem onstrated  v ia  quantum  mechanical argum ents th a t ,  by using norm al coordi
nates, the  vibrations of a  m olecule may be resolved in to  (3JV -  6) uncoupled one-dim ensional 
sim ple harm onic oscillators. In th is context, uncoupled m eans th a t if a  system  is set oscillating 
in a  particu lar norm al m ode no other modes will be excited. T his is a cen tral assum ption in 
norm al mode analysis.

3 .3 .4  T e m p e r a tu r e  a n d  t h e  M e a n - S q u a r e d - A m p li t u d e  M a tr ix

The effect of tem pera tu re  in th e  classical p icture is to  alte r the  am plitude  of th e  m olecular vi
brations. This transla te s  to  changing the initia l conditions via the  constan ts K k in Eq. (3.43) 
and Eq. (3.44). In the  q uan tum  mechanical sense th e  tem pera tu re  d ic ta tes  th e  probability 
d istribu tion  over all energy s ta te s  of an ensem ble o f equivalent harm onic oscillators repre
senting a particu lar norm al m ode. It, therefore, influences the ensem ble expecta tion  values 
of observables.

We consider th e  expecta tion  values of the  squared displacem ents of the  norm al coordinates, 
(Q l ). As was dem onstra ted  in section 3.3.3, oscillation about a  norm al coord inate  may be 
trea ted  as sim ple harm onic and  entirely independent of all o ther oscillations. (Q k ) may thus 
be obtained from the  canonicaC average over all energy sta tes  of the  sim ple harm onic oscillator 
and is expressed as

{Ql) = s^ coth( ^ )  (3 58)
( The derivation of th is eq ua tion  is given in append ix  B )*.

These expectation  values may be considered to  be the diagonal elem ents of the diagonal 
m atrix , 6 , such th a t

6kk =  (Q l)  ; 6kl =<(?*<?!) =  0 (3.59)
Considering the transfo rm atio n  of Eq. (3.47) we see th a t

3 N
Skk -  £  U I M W )  (3-60)•,>*1 1

1 Weakly interacting ayatema in equilibrium with a large reaervoir at temperature, T, are aaid to be in their canonical atate."Note that the reduced maaa term, ji, in appendix B ia here implicit in the definition of the normal coordinatea, Qk, which are maaa weighted. Alao note that vi, in Eq. (3.58) ia the the wave number with dimenaiona (¿“‘j but wo in appendix B repreaenta angular frequency.
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A dopting the  no ta tion  M,y =  {q,qj) and using the transfo rm ation  of Eq. (3.45) the  inverse 
relation is obtained

The sym m etric m a trix , M , is known as th e  m ean-squared-am plitude m atrix  or vibrational 
correlation function . It is extrem ely useful since it fully describes all m any-body correla
tions in the v ibrating  system  at a given tem peratu re , T ,  and may be expressed in a chosen 
generalised coord inate system  which, for exam ple, may be sim ple cartesian displacem ents.

3 .3 .5  In te r n a l c o o r d in a te s

A specific subset of the  generalised coord inates, q,, are the  in ternal coordinates, St- They do 
not necessarily present a  minim um set as do the norm al coord inates but are physically the 
easiest to  in te rp re t since they correspond to  internal s tru c tu re  d isto rtions of th e  molecule. 
As such they are unaffected by transla tion s  and ro ta tion s o f the  molecule as a  whole and 
provide a  coord inate basis th a t does not m ix w ith the basis describing overall m otion. ( T h a t 
is no t the  case for exam ple with cartesian  displacem ent coord inates ). T he four principle 
types of internal coord inate  are depicted in figure 3.2. T he arrows in figure 3.2 denote 
displacem ent vectors for each atom  in the  directions which cause the greatest increase in the 
respective 5(. T he m agnitudes of these vectors are equal to  th e  increase in S< produced per 
unit displacem ent of the atom  in this m ost effective d irection . ( C alculation of these vectors 
depends on the geom etry of the molecule and is trivial; see (156), pp .55-61 ). T he n  internal 
coordinates may always be w ritten  as linear com binations of the 3 N  cartesian displacem ent 
coord inates, such th a t

in which the coefficients Bt, define th e  above-m entioned displacem ent vectors in rartesian  
coordinates.

An im portan t advantage of casting the  vibrational problem  in internal coord inates is th a t 
the expression for the  potential energy

M.r = EÍsj í”9) Ukhk(QkQk)
=  E*:3=^“ 8) likljkSkk

(3.61)

(3.62)• cl

(3.63)
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Bond Stretching
S | = A r

Valence Angle Bending
S, = A<>

Out-of-Plane Bending
(angle between a bond and a 
plane defined by two bonds)
S , = A 6

Torsion
S, = A T

F ig u r e  3.2: T he four principle types of internal coordinate. For the out-of-plane bending 
th e  dashed line represents the position the 3-4 bond would occupy if the d istorted  molecule 
were ro tated  and tran slated  to  return  atom s 1, 2 and 4 to  th e ir original positions.

yields coefficients, Fit', th a t  are chemically significant: the harm onic force constan ts of bond 
stre tches, angle bends etc.. T his makes in tu itive estim ates possible where th e  F,,• are not 
known.

3.3.0 T he W ilson G F m ethod
A concise formalism for expressing the v ibrational problem was developed in 1939 by W il
son, (155), and has been widely adopted since. A set of quan tities , G w , are  defined by

3 N  .

G w  =  £  — B tiB t'i 1 ,2 ........."  (3 64)

in which m , is the mass of the  i th atom  and B ,t are the coefficients introduced in Eq. (3.62) 
relating  th e  internal coord inates, S t , to  the  cartesian  displacem ent coord inates, T he
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physical significance o f G w  is evident from the expression for the kinetic energy in term s of 
internal coord inates in  which G  assumes the role of an inverse mass m atrix

T =  ¿ E fC -V i.S ,. t , t '  = 1, 2 , —, n (3 .65)
i  tt'

in which th e  quantities (G ~ l )w  are related to  th e  G w  v ia  th e  equations

i *)»'«"= ftt"  (3.66)

where f w ’> the Kronecker delta, is unity if t =  t"  and zero otherwise.
M atrix  and vector no ta tion  is now adopted for convenience. The quantities G w  and Fw  

( see Eq. (3.63) ) are  defined as the  elements of the  m atrices G  and F  respectively. S and S 
are colum n m atrices com posed of the  internal coord inates, S t, and their tim e derivatives, S*. 
T he L agrangian is w ritten  as

L  =  ^ (S ’G ^ S  -  S *F S ) (3.67)

in which th e  superscrip t f denotes m atrix  transpose. S ub stitu tio n  of th is  expression into 
Eq. (3.31) and then prem ultip ly ing by G  yields th e  eq uation s of m otion in the  form

S +  G F S  =  0  (3.68)

where 0 is the  zero m a trix . As in section 3.3.1, a  tria l periodic solution for 5  analogous to  
Eq. (3.39) produces n  hom ogenous linear equations in th e  unknown am plitudes A tk\ i.e.,

( G F - E A J A *  = 0  (3.69)

in which A* is the k " ' column of the  m atrix A =  ||A n ||.  T h is  yields the secular equation

|G F - E A k| = 0  (3.70)

( where E  is the u n it m atrix  ) which may be solved for th e  n eigenvalues A*. As remarked 
in section 3.3.2 the norm al mode frequencies may be identified as a| / 2 x .

In order to  describe the  norm al coordinates, Qi,, ( denoted  by the colum n m atrix Q  ), in 
term s of th e  internal coord inates S the transform ations L and K are required such th a t

S = LQ ; Q  = K S  (3.71)

56



C H A P T E R  3. IN E L A S T IC  N E U T R O N  S C A T T E R IN G

Note th a t K  =  L *. The kth colum n of L, L*, is related to  th e  am plitudes A* by a  simple 
coefficient which m eans th a t th e  L *’s must also satisfy Eq. (3 .69), i.e.

(G F  -  EAfc)L* =  0  (3.72)

but sub ject to  th e  norm alisation  condition

A =  L*FL (3.73)

in which A is th e  d iagonal m atrix

A = d ia g ( \ \ ,  A j........ A „ ,) (3.74)

This condition is ob ta ined  by requiring th a t th e  potential energy, V,  is equivalent whether 
expressed w ith respec t to  in ternal coordinates, S , as in Eq. (3.63), or norm al coord inates. The 
inverse tran sfo rm atio n  K may be found directly by solving the linear equations analogous to 
Eq. (3.69) and Eq. (3.72)

(F G  -  EAk)Kfc =  0 (3.75)

subject to  the  norm alisa tion  condition

F  =  K*AK (3.76)

“N ote th a t th e  transfo rm ation s L and K are not composed of th e  dimensionless elem ents 1,* 
of Eq. (3.42) and are  not o rthonorm al ( thus K =  L* does not hold in this case ). Section 3.43 
dealt w ith the  p a rtic u la r  case o f mass-weighted generalised coord inates, q,, transform ing  to 
the m ass-weighted norm al coordinates, ( both having dim ensions (Af’ L) ). In th e  present 
case th e  in ternal coord inates, S , have dim ensions of length only and consequently L and K 
have dim ensions, in m ass, of (A /- »] and (A-/i] respectively.

Knowledge of th e  transform ation , L, from norm al to  in ternal coord inates, allows the 
vibrational correlation function , ( VCF, see section 3.3.4 ), to  be expressed in th e  internal 
coord inate system

M m( =  LdL* (3.77)

in which 6 is the  d iagonal m atrix  defined in Eq. (3.59) whose elem ents are the m ean-squared- 
displacem ents of th e  normal coordinates. Perhaps more useful however is the V C F expressed
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in the  cartesian  coord inate  basis. From the relationsh ip  given in Eq. (3.62), and denoting the 
quantities B lt by th e  m atrix  B , it is easy to  derive

M cor, =  B - 1 L 6 (B - , L )t =  B - ’ L d L ^ B * 1)* (3.78)

It has been shown here how the  W ilson G F  m ethod simplifies the  expression o f the 
vibrational problem  when the coord inate  basis used is th a t o f in ternal coordinates. All of the 
vibrational m otion of the molecule may then be conveniently expressed by the m any-body 
VCF in term s of non-m ass-weighted  cartesian  coordinates.

3 .3 .7  I n c lu s io n  o f  S y m m e t r y  -  G r o u p  T h e o r y

In m any system s the  inherent sym m etry  of the  molecule m ay be used to  considerably simplify 
the analysis. T he m athem atical tool for im plem enting th is  is group theory. G roup theory9 
may be applied to  determ ine:

•  the  num ber, sym m etry species and degeneracy of the  norm al modes

•  the sym m etry  restric tions on the  form of the  F  m atrix

•  a m in im um  coord inate basis which p a rtia lly  factorises the  secular de term inan t

The la tte r  point is dealt with in th e  next subsection.
T he sym m etry  type of a molecule is identified by its point group. These are specific 

sym m etry groups which leave a t 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 
sym m etries th a t can occur in a repeated  s tru c tu re  ). The group  opera tions a r t  on th e  molecule 
in such a way as to  leave it in a position indistinguishable from its original position . They 
com prise the  sym m etry  classes of reflection, ro ta tio n , inversion, identity  and com binations of 
the above. A group may be classified by its character; which provides a m ethod of determ ining 
all the  irreducible representations present in the  group; th e  irreducible representations are 
essentially th e  sym m etry  species o f the norm al modes and have an associated degeneracy of

’ A useful practical lest of the application of group theory to molecular vibrations is (TT). Some familiarity with the common term« used in group theory it mummed
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1, 2 o r 3 fold. ( Knowledge of the sym m etry species is instrum ental in de term in ing  infrared 
and R am an selection rules which are significant when characterising observed frequencies in 
unassigned spectra  ). T hus, before any norm al m ode analysis need take place, i t  is possible 
to  p red ic t, from knowledge of the s tru c tu re  and poin t group of a  given m olecule, how many 
norm al modes exist, which sym m etry species each one belongs to  and w hat th e  p a tte rn  of 
degeneracy is. ( For m ore detail on determ ination  o f sym m etry species of norm al modes refer 
to  appendix  C ).

Perhaps the  m ost significant advantage of th e  application  of group theo ry  is th a t the 
pe rm itted  qualita tive form  of the F  m a trix  can be predefined. C onsideration  o f th e  sym m etry 
of th e  molecule determ ines relationships connecting different elem ents of F  and in some cases 
which elem ents are identically  zero. T his is particu larly  advantageous when the  elements 
of F  are not known exactly, which is frequently th e  case, since it considerably reduces the 
num ber of independent quantities to  be determ ined . T his is tru e  even for m olecules with low 
sym m etry  point groups.

T he sym m etry restric tions stem  from the definition of th e  potential energy given in 
Eq. (3.63). ( We confine ourselves here to  the in te rna l coord inate basis set ). Under con
sideration  is the effect o f sym m etry opera tions on th e  atom ic displacem ents as d is tinc t from 
the  atom ic configuration. T he internal coord inates are acted upon individually  by the group 
opera tions to  create a set of allowed perm utations. For exam ple, it may be found th a t under 
a given group opera tion  the  bond stre tch , S* =  1 ( in a rb itra ry  units ), pe rm utes to  the 
bond stretch  Sv = 1 and upon further opera tion  to  S,  = 1. Since under all pe rm u ta tion s the 
po ten tial energy m ust be the same we have, from Eq. (3.63), when all o the r displacem ent are 
zero

V =  ^ „ 5 . 5 ,  =  ^FyySySy =  ¿ F . . 5 . 5 .  (3.79)

which yields the relationship
F „  = Fyy =  F ..  (3.80)
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Sim ilarly it  may be found th a t  th e  in te rna l coordinate displacem ents S z = 1 and S v =  1 
perm ute to  S y =  1 and 5 ,  =  1 ( w ith  all o th e r  displacem ents zero ). The condition,

T he above exam ple dem onstrates how a correspondence betw een elem ents of F  may be con
stru cted ; in th is  way the to ta l num ber of param eters defining th e  m atrix  may be significantly 
reduced.

3.3.8 Internal Sym m etry C oord inates
A fu rther p rac tical advantage of th e  app lication  of group theo ry  to  the vibrational problem  
is in th e  de term ination  of yet an o ther coord inate  basis which partia lly  factorises the secular 
determ inan t. T his has the following advantages:

a T he F  m a trix  becomes block diagonalised and is there fo re  described by significantly 
fewer param eters  than  the a rb itra ry  full m atrix . T his is not the same as restric ting  the 
form of the  F  m atrix  via sym m etry  as described in section  3.3.7.

•  A m inim um  coord inate basis m ay be established. M inim um , in this con tex t, m eans there 
are  as m any coordinates as norm al m odes. Thus, as well as being block diagonalised, 
the F  m a trix  may, in some rases, be m ade smaller.

•  T he secular equation is easier to  solve.

T he new coord inates are conveniently described as a linear com bination of the  internal coor
d inates, 5 |,  discussed in section 3.3.5, ( which are w ritten  in colum n m atrix  form as S ); they 
are known as in terna l sym m etry coordinates and are denoted by S '. The relation between the 
two sets of coord inates is expressed by th e  transfo rm 10 W  such th a t

' “Note that the transform VV is denoted as U by Wilson el a I. (IB#). It is changed here to avoid confusion with the mesn-squared-displscement tensor, li, in other chapters.

therefore, produces the relationship
(3.82)

S ' =  W S (3.83)
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Since S and S ' have the sam e dim ensions, W  is dimensionless; it is also u n ita ry  so tha t

W W * = E  (3.84)

T he effect of the transform  W  is to  decom pose the in ternal coord inate basis in to  its  irreducible 
representations; th a t is to  find linear com binations of th e  5« th a t form non-m ixing blocks under 
the  poin t group operations. Each block is identified as belonging to  one o f th e  sym m etry 
species, n, ( n  =  {A , B , E ,T }  ), discussed in appendix C. The technique for determ ining the 
W  m a trix  involves the  use o f projection operators and ¡5 discussed in appendix  D.

T h e  F and G  m atrices are  changed to  their sym m etrised  form s by the u n ita ry  transfor
m ations

F ' =  W F W *
G '  =  W G  W *  (3 .8 5 )

Hence
( G F ) ' =  W G F W *

T he secular equation is thus
|(G F ) ' -  AE| =  0

(3 .8 6 )

(3 .8 7 )

( G F ) '  is defined with respect to  the irreducible representation  of th e  internal coord inate  basis 
and is consequently block diagonalised such th a t each block has an associated  sym m etry 
species, fi. The secular equation  may therefore be m ore specifically w ritten  as

(G F ) 'I '“ ) -  EA 0 0 0
0 (GF)'«*4») -  EA 0 0
0 0 (GF)'«*4») -  EA 0
0 0 0 etc.

(3 .8 8 )

in which (GF)'«*4) represent th e  irreducible representations of G F  T his hlock-diagnnalisation 
resu lts  in the secular determ inan t being partia lly  factorised.

O ne of the advantages, m entioned above, of using sym m etry coord inates is th a t  a  minimum 
co ord inate  basis may be determ ined. If the internal coord inate basis, S , is over-defined, th a t
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is, the re  are more than  (3N  -  6) in ternal coord inates, the  concept of redundant coordinates

are usually desired th a t include all the valence bond stre tches, bends, to rs io ns  etc. present 
in a  molecule. T he sym m etry species of the redundancies can be deduced by com paring 
the reduction of the internal coord inate  basis ( i.e., th e  sym m etry species contained in th a t 
representation  ) w ith the reduction of th e  cartesian basis; the la tte r  co n ta ins the sym m etry 
species of the  norm al modes once the  pure ro tations and transla tion s have been taken out. 
T he redundant coordinates, S „ ^ , may then  usually be identified by inspection  leaving the 
rem aining (3 N  -  6) coordinates form ing a  m inim um  set of internal sym m etry  coordinates,

where G mln is the (3 N  -  6) x (31V -  6) m atrix  ac ting  on the m inim um  set of S mlB. The

diagonalised force constant m atrix .

3.4 In e la stic  N eu tro n  S ca tter in g  E x p er im en t
T he INS experim ents were performed using the UK pulsed neutron facility ISIS a t the R u th er
ford A ppleton Laboratory. N eutrons are produced on ISIS when 0.4^ts p ro to n  pulses a t 50Hz 
from an 800A feP proton synchrotron ( design curren t 200^/1 ) are incident on a spallation 
targe t. T he targe t, of either uranium -238 o r tung sten , produces about 25 neu trons per inci
dent proton with energies in the M eV  range. These epitherm al neutrons a re  slowed in four 
fluid m oderators a t three different tem pera tu res ( am bient H j O ,  100 A C H a and 20A H j  )

"This is proved in (ISO), chapter S "

in the  S ' basis arises. This is frequently th e  case because com plete in te rn a l coordinate sets

Nnim, i.e.,

(3.89)

T he rows and columns of the sym m etrised G ' m atrix  corresponding to  th e  should au to 
m atically  van ish "  after the transfo rm ation  by W  such th a t

(3.90)

same rows and colum ns of the F ' m atrix  should be set to  zero to  ob ta in  a  m inim um , block-
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and , after passing through beam -choppers ( to  prevent pulse overlap ), are delivered to  various 
neutron scatte ring  instrum en ts.

3 .4 .1  T h e  T F X A  s p e c t r o m e t e r

T he m easurem ents reported  here were taken using the  time-focused crysta l analyser spectrom
eter, T F X A , (103); see figure 3.3. T F X A  is an inverted geom etry spectrom eter and therefore 
determ ines the  incident neutron energy via time-of-flight over a  known distance. A w ater
m oderated white pulse of therm al neutrons is incident on the  sam ple 12m from the source; 
back-scattered neutrons are then B ragg-diffracted from two pyroly tic graph ite  crystal anal
ysers so th a t ~  4m e V  neutrons are selected from  the w hite backscattered  beam; beryllium  
filters serve to  remove higher harm onics from the  Bragg reflection. T he ~  4meV neutrons 
are  subsequently detected  by two arrays of 16 high pressure 3He filled detectors.

Energy resolution is effected since th e  very short tim e-span for generation of neutrons at 
the  targe t produces a  well defined sp a tia l d istribu tion  of neutron energies within the incident 
pulse by the tim e it reaches the sam ple. The energy of the incident neutrons is therefore a 
function of the  tim e of im pact on the  sam ple w ith in each 50Hz cycle. A particular geom etry 
is chosen for the spectrom eter such th a t  the tim e of flight between th e  sample and detector 
banks for a neutron of any energy is co nstan t; th is  perm its a broader band of neutron energies 
around 4m e V  to  be ad m itted  ( thus enhancing the detected in tensity  ) without adversely 
affecting the energy resolution. In th is geom etry, the sam ple is positioned in the same plane 
as the two detector arrays. T he tim e taken, fOI for neutrons to  traverse the distance from 
th e  sam ple to  a specific point on the crystal analyser and bark to  th e  plane of the detector is 
thus independent of the  neutron energy and may be shown to  be, (143),

Asdmt .  = (3.91)

where s is the separation  of the  analyser plane from the sam ple-detec tor plane ( as shown in 
figure 3.3 ), d is the separa tion  of the  Bragg planes in the g raph ite  c rysta l, m is the neutron 
m ass and h is Plancks co nstan t. T he response , 5 (Q ,u i) , of the  sam ple as a function of the 
energy transfer a t  the sam ple ( i.e. E  -  E ' = E,nc,¿,nt — 4m eV  ) m ay thus be obtained from
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Beryllium
Filler

■ 'He Detector Tubes

Pyrolytic Graphite 
Analyser

Powder Sample

Pyrolytic Graphite 
Analyser

Yle Detector Tubes Beryllium Filter

F ig u re  3 .3  : Schematic d iag ra m  of the T FX A  spectrom eter a t th r  ISIS pulsed neutron 
facility, Rutherford A ppleton L aboratory, U.K.. The spectrom eter makes use of a particular 
inverted geom etry in which th e  tim e of flight o f neutrons of all energies ( chosen to constitu te  
a band ab o u t AmeV ) is c o n s tan t for neutron trajectories from the sam ple 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  tim e o f im pact on the detector array. A com plete spectrum  
is thus collected in every 50Hz cycle and cum ulated w ith the  detector counts from previous 
cycles to  reduce noise.

T he intrinsic energy resolution is d ic ta ted  by the crystal analyser and is consequently the 
differential of B ragg’s law , ( A =  2d sin Ob  ):

^  = 2 ^  =  2 j[c o t0 f?A0fl], + (3 92)

where 8g  is the B ragg angle. For Ob  —► 90° the  resolution tends to  zero. The TFX A  
spectrom eter is set up such th a t 2Ob  =  135°, which gives an energy tran sfe r resolution equal 
to  ~  1.5% over an energy range from 5m e V  to  2eV which adequately covers most la ttice  
and m olecular v ib ra tio n a l energies. T he ca lib ration  is quoted as being ± 4 c m -1 at energy 
transfers of 150meV ( 1200cm -1 ).

T he low final neu tro n  energy of ~  4 m eV  utilised on the T FX A  spectrom eter is selected so 
th a t the  detected  in tensity  of the  m easured response function, S(Q,u>), is optim ised. This may 
be understood by reference to  figure 3.4 in which the  ideal two-dim ensional response function 
of a  sim ple harm onic oscilla to r is depicted. In the  lim it hw  >  2fcBT ( which holds a t low 
tem pera tu re  for op tical m olecular vibrations and many lattice  v ibrations, see section 3.2.5 ) 
the response function m ay be described by Eq. (3.26). For each inelastic excitation , ( i.e. 
n  >  1 ), the  S(Q,u>) curves for constant u> ( i.e. u> - nu>0 ) as a function o f Q  exhibit common 
m axim a occurring a t Qop,. V ia differentiation of Eq. (3.26) it may be seen th a t Qlv tU i  =  1 
which, for oscillators o f p roton mass, tran sla te s  to  very low final neutron energies; hence 
the selected final energy o f ~  4meV for the  T FX A  spectrom eter. A draw back of intensity 
optim isation  is th a t s tro n g  phonon wings are usually present in experim ental spectra because 
of the need for the relatively  large m om entum  transfer, Q„p,; the s trength  o f phonon wings 
increases as Q  is increased or as the tem pera tu re  is raised, see section 3.2.6.

The expression for th e  overtone sequence of an isotropic harm onic oscillator on an intensity 
optim ised spectrom eter is (45)

where n  is the oscillator m ass. Eq. (3.93) is instructive because it indicates th a t  the overtone
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S (Q op).co)

F ig u re  3-4: The ideal two-dim ensional response function , S(Q,u>), of a  sim ple harmonic 
oscillator v ib rating  a t angular frequency u>o and the p rojection  on to the b> axis for intensity- 
optim ised m om entum  transfer, . T he curves may be generated from the approxim ate 
description  for the response function in the lim it when hw >  2kgT, see Eq. (3.26) and 
in terpreted  such th a t n  =  0 is the elastic response, n  =  1 the fundam ental excitation  and 
n  >  2 the consecutive overtone excita tions. From Eq. (3.26) it may be seen th a t the m axim a 
of these excita tion  curves occur such th a t =  1; for an oscillator mass equivalent to
th a t  of a single proton th is corresponds to  low final neu tron  energies for inverted geometry 
spectrom eters ( i.e. ~  4meV' on T FX A  ). The function  projected on to  the u  axis is 
th e  id ta lisri spectrum  as measured on a perfect, intensity  optim ised spectrom eter. ( To 
determ ine th e  experim ental spectrum , th e  instrum ent function for the given spectrom eter 
should be convoluted with the d elta  functions from the ideal spectrum . )
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sequence for A* =  1, the  proton mass, is extensive. However, for n  > 1, the overtone sequence 
dim inishes rapidly  w ith  increasing ¿i; th is  is significant since it implies th a t low frequency 
oscillations, whose reduced mass of oscillation is usually  g rea ter than  unity, ( i.e. skeletal 
modes etc. ), do not have strong overtones th a t com plicate th e  spectrum  a t higher frequencies.

3 .4 .2  S a m p le s  for  I N S  e x p e r im e n t

Inelastic neu tron  sca tte rin g  m easurem ents were perform ed on the following four samples:

1. Zinc (II) te tra im idazo le  perchlorate, ( Z n ( im id ) t (C l04)2  ), at 20K .
T he pe rch lorate  anion is believed to  be well decoupled dynam ically from th e  zinc 
te tra im idazo le  ca tion  and has a  low absorption  cross section.

2. Boron-11 enriched zinc (II) tetraim idazo le borofluorate, ( Z n ( im id )4( u  B F ^ j  ), a t 20A". 
This sam ple was chosen to  determ ine the  effect on th e  v ibrational spectrum  of chang
ing th e  an ion from  perchlorate to  borofluorate. T h is  is a  test of the  sensitivity of the 
in term olecu lar m odes to  changes in the crystal field; sm all changes would suppo rt the 
assertion th a t  the  anion is well decoupled from the  cation. N aturally  occurring boron 
could not be used since the isotope boron-10 ( 20% ab undan t ) has an im m ense absorp 
tion cross section for therm al neutrons of 3800 barns; th is would screen any sca tte rin g  
signal. T he borofluorate anion was therefore boron-11 enriched to  99% isotopic purity; 
( the  absorp tio n  cross section of boron-11 is 0.006 ba rns ).

3. Zinc (II) te traim idazo le-d i perchlorate, ( Z n ( im id -d ^ ^ )4(C l04)2 ), a t 20A .
T he cation  is deu te ra ted  a t the nitrogen position on each of the four im idazole branches. 
Shifts in th e  v ib ra tional frequencies and relative changes in the intensity of v ibrational 
peaks in th e  spectrum  com pared to  the  undeutera ted  sam ple should aid with assignm ent 
of peaks and help w ith  the developm ent of a model force field. Due to  the relatively small 
change in m ass from  deuteration  th e  frequency shifts would probably only be detectab le  
for in ternal im idazole modes. T he scattering  cross section of deuterons ( 7.6 barns ) 
is an order o f m agnitude sm aller than  th a t of p ro tons ( 81.7 barns ) and so a  weaker 
signal was an tic ip ated ; m easurem ents were recorded over correspondingly longer tim e
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periods.

4. Zinc (II) tetraim idazole-3d(]t4t5) perchlorate, ( Z n{im id-Zd^7 ^ ) ^ C l O ^ ) i  ) a t 20A". 
The cation is deu terated  a t the  three carbon  positions on each of the  four imidazole 
branches; th e  nitrogen position is p ro ton ated . In th is case more significant shifts might 
be expected in  the  v ibrational spectrum , including sm all shifts in th e  low frequency 
skeletal m odes of the molecule. Again, the  shifts and relative intensity changes in the 
v ibrational peaks should help to  develop an d  co rrobora te  a  model dynam ical force field 
for th e  u n d eu te ra ted  cation. T he m easurem ent tim e period was again increased due to  
the further reduc tion  in the proportion  of protons in th e  sample.

All samples were in  powder form and mounted in the  neutron beam  in approxim ately 5cm x 
lcm  x 1cm folded alum inium  foil sachets. T he m ass of sam ple required per m easurem ent was 
of the order of a  few gram s. Exposure tim e ranged from 24 hours for samples 1 and 2, to  48 
hours for sam ple 4.

The following parag rap hs  detail the  chemical p reparation  of the samples.

3 .4 .2 .1  P r e p a r a t i o n  o f  Z n ( im id ) i(C lO t) j

Firstly, hydrated  zinc (II) perchlorate, ( Z n iC lO ^ jd H iO  ) was prepared:

•  0.6 moles of 11.6M  perchloric acid, H C IO 4 , ( Merck ), was added to  40m f of distilled 
w ater.

•  Zinc oxide, Z n O ,  ( Merck ), was added to  slight excess i.e. approxim ately 0.3 moles.

•  The solution was filtered to  yield white crystals.

Zinc (II) te tra im idazo le  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 o f 99% + pure im idazole ( Sigm a ) was dissolved in 160mf o f ethanol with 
48mf of tr ie th y l o rthoform ate as a dehydrating  agent.
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•  T he two solutions were mixed together and 370m l  of dry diethyl e th er added. T he molar 
ra tio  of zinc to  im idazole was 1:7 which is in excess of the  1:4 ra tio  required for the 
product via stoichiom etry. After s tand in g  for 1 day in re f r ig e ra tio n , white monoclinic 
crystals appeared . The crystals were filtered, washed 3 tim es in dry diethyl e th er and 
then thoroughly dried in vacuo,

T he crystal yield was 42%. T he product was checked via mass spectroscopy and in frared  and 
R am an spectroscopy.

3.4.2.2 Preparation of Z n ( im id )^ (xxBF+)i

Boron-11 enriched hydrated  zinc (II) borofluorate, ( Z n ( xl B F ^ j .GHjO ), was specially pre
pared and obtained from  CEN TR O N ICS Pic. with an isotopic purity  of 99%.

Boron-11 enriched zinc (II) tetraim idazo le borofluorate was then prepared using th is  com 
pound with the  sam e prescription as for the  perchlorate sam ple. T he crystal yield after 
filtering and drying was 60%.

3.4.2.3 Preparation of Z n ( i m i d - d ^ ¡ f ) 4( C l O i ) j

C rysta ls of Zinc (II) im idazole perchlorate were washed three tim es in cold D jO  and dried in 
vacuo and sealed under nitrogen.

3.4.2.4 Preparation of Z n ( i m i d - 3d ( 2,4f i ) )4( C l 04)2

Firstly, ¡m idazolr-3d(]'4 'S) was prepared12 according to  the prescription of M ajoube, (85)

•  D 20  was condensed on to  im idazole crystals in a glass am pule under vacuum . The 
m olar ra tio  of D 20  to  im idazole was 20:1 which gives a deuteron to  proton ra tio  of 10:1.

•  T he am pule was sealed with a  nitrogen counter pressure of 20 bar and heated a t 210 ± 
30°C for 3 hours. At th is stage th e  im idazole was an ticipated  to  be ~  90% deuterated  
a t all positions.

' ’The author would like to acknowledge the kind aaaiatanre of Dr.Marianne Hegemann and Prof.J.Grobe at the Univeraitat Münster, Germany.
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• T he D jO / H iO  solution was condensed off to  leave white imidazole-4d crystals. These 
were checked for deu teration  via infrared spectroscopy and nuclear m agnetic resonance.

• T he crystals were washed th ree tim es in p u re  w ater to effect protonation  a t the n itrogen- 
1 position of im idazole and sealed under n itrogen . The washing should be done quickly 
to  avoid additional exchange a t the  carbon-2  position. T he product, im idazole-3d(]t4<S), 
was confirmed by infrared spectroscopy.

Finally, zinc (II) te traim idazole-3d(]i4ig) perch lo ra te  was prepared using the  3d-deu terated  
im idazole with the sam e prescription as for th e  undeutera ted  case and stored under n itro 
gen. For this p repara tion , the zinc (II) perch lo ra te  used was obtained com m ercially ( Alfa, 
Ventron ).

3 .4 .3  A n a ly t ic a l  S o ftw a r e  - C L I M A X

T he experim ental INS spectra were analysed using the CLIM AX software package from 
G. J. Kearley et a l., (67), (68). T he object o f  th e  analysis was to  ob ta in  the cartesian  
m ean-squared-displacem ent vectors of every a to m  in every norm al mode of the  zinc te tra im i- 
dazole complex. In o the r words, the o u tp u t of CLIM AX is assum ed to  define the  vibrational 
correlation function  ( VCF ) of the complex, see section 3.3.4, and thus entirely describe the 
vibrational m otion o f the  molecule.

T he analysis centres on the least squares refinem ent of a harm onic force field for a proposed 
model th a t is supposed to  reflect the  dynam ic behaviour of th e  subject molecule. ( T h is  is 
discussed in section 3.3.6 ). From a proposed force field, the ten ta tiv e  VCF of the  m odel may 
be ex tracted  via norm al mode analysis, which is m ade trac tab le  by using the W ilson G F  
m ethod, ( see section 3.3.6 ), and the inclusion o f sym m etry considerations, ( sections 3.3.7 
and 3.3.8 ). The VCF and eigenvalues from the  norm al mode analysis are subsequently  used 
to  generate a calculated INS profile in the following way: A spectrum  of de lta  functions is 
created based on the  calculated fundam ental, overtone and com bination energies; th e  delta 
functions are then weighted by the  INS in teg ra ted  intensities. T hese intensities are ca lculated  
according to  the theory  described in section 3 .2 .5  from a knowledge of the  m ean-squared-
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displacem ent am plitude of each atom  in each m ode and are subsequently powder averaged to  
account for anisotropies in the therm al m otion . T he weighted d e lta  functions are then given 
a  spectral profile by assum ing a gaussian n a tu ra l w id th13. At th is  point the  phonon wings 
( see section  3.2.6 ) are calculated and the in teg ra ted  intensity  from  each gaussian peak is 
d is tribu ted  between the m ain peak and the  phonons wings. A fter convoluting th is spectrum  
w ith  the instrum en t function of the T FX A  spectrom eter the  final calculated spectrum  may 
be com pared  quantitatively  w ith the experim en tal spectrum  to  produce an ob ject function 
upon which th e  least squares refinement may tak e  place. T he force field is then modified and 
the  process is repeated until the  object function  is m inim ised. A flow chart representing the 
refinem ent process in CLIM AX is given in figure 3.5.

T he necessity for powder averaging may be appreciated  by recalling Eq. (3.27). It is 
ap paren t th a t  the spectral intensity co n trib u tion  of a p a rticu la r atom  in a  given mode is 
a tten u a ted  by a term  involving the pro jec tion  of the  m om entum  transfer vector, Q , in the 
second rank  tensor, U , which describes the to ta l  therm al m otion of th a t a tom  in all modes; 
i.e. the te rm  is e x p - ( Q Q  : U ). For a  pow der sam ple contain ing all orien ta tions of U , 
th e  product (Q Q  : U ) has to  be isotropically averaged for the  general case in which U is 
an isotrop ic. T he m ethod chosen is th a t of Conroy, (17), and is im plem ented in CLIM AX as 
described in  reference (69). T he error in th e  powder average as com pared w ith analytical 
m ethods is ca. 5%. CLIMAX also offers a  fast powder average in which the  m agnitudes 
of the  p rincipal axes of U are summed and divided by th ree to  produce a pseudo-isotropic 
tensor. T h e  full powder averaging is p a rticu la rly  im portan t in the  case of highly asym m etric 
molecules; i t  was therefore very desirable in th e  rase of isolated im idazole bu t was found 
not to  be so  im portant for the zinc te tra im idazo le  complex. For a wider background to  the 
subject of pow der averages in neutron spectroscopy reference may be m ade to  (142), (145) 
and (150).

In order to  calculate ab initio phonon w ings, it is first necessary to  have a full description
“ The natural width is sctuslly sn anachronism stemming from the early days of INS when resolution was 

poor and all features were modelled by gaussians. The expression for natural width, IV, is: IV an QT/Meff 
where Afr gr ia the so-called effective mass However, the natural width used in CLIMAX is the intrinsic 
resolution of the TFXA spectrometer, which is 1.6% of the energy transfer
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r atom positions, masses, cross sections 
internal coordinate definitions S 
experimental frequencies (eigenvalues) 
symmetry restrictions: W matrix

construct G matrix 
symmetrise internal coords s .,.-  WS

r

solve secular equation 
I GF - E X  I -  0

i --------

! mean squared displacements of atoms 
in each mode in cartesian coordinates 
« J ^ - f h / S * 2 c v )  -  U2

obtain eigenvalues, X, 
(calculated vibrational freqs.) 
and eigenvectors, K

I

least squares re Finement: 
modify F matrix
Ï

refine on eigen
values alone

calculate normal coords.Q 
Q - K S

and normalise for T * 20 K
i

calculate integrated intensity of 
fundamentals, overtones and 
combination as delta functions 
S< Q . 0» ) o  I ,(  Q Q rU )  •  t - W W  

and do powder average
determine natural widths 

W o  Q / M ^

=n
distribute integrated intensities 
between zero-phonon peaks 
and phonon wings

I -----
convolute with instrumental effects 
to give final calculated spectrum

determine goodness of fit 
calculated : observed

F ig u r e  3.S: Flow chart outlin ing  the m ain atrpa in th e  INS profile refinement parkagr 
CLIM AX.

of the la ttic e  mode density of »tate«. A» thin is norm ally im practicab le, an approxim ation ii 
adopted in which a portion  of the  experim ental INS spectrum  is assumed as being wholly due 
to  la ttic e  v ibrations. T his segm ent of the  spectrum  is exported  and convoluted repeatedly with 
the  ca lculated  zero-phonon lines ( the calculated gaussian peaks ) to  generate the  successive 
term s in th e  phonon wing expansion ( see Eq.(3.30) ) up to  a  maximum of R term s. It has 
been show n, (144), th a t  even for light molecules, which experience significant recoil14, th a t

“ Recoil is said to occur when the initial state molecular momentum is much less than the momentum 
transfer, Q. The final state wave function of the molecule then resembles the /ree state wavefunctlon.
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this approxim ation is adequate. An effective m ean-squared-displacem ent am plitude for the 
la ttice  modes is required, i.e. denoted by u in Eq. (3 .29), and is trea ted  in CLIM AX as an 
ad justable param eter.

There is an option  in CLIMAX to  refine the  force field purely against the observed vibra
tional frequencies. T his uses only th e  eigenvalues from the  norm al mode analysis and can be 
done equivalently w ith experim ental infrared or Ram an d a ta  in addition  to , or instead of, the 
INS peak positions. T his option is generally used in the  beginning stages of a  refinement but 
was also extensively used in this case to  sim ultaneously refine a force field against the vibra
tional frequencies from the subject molecule in various s ta tes  of deu tera tion . By alternately  
employing this option  and the spectral profile refinem ent, it was possible to  refine a force 
field which is consistent w ith experim ental INS intensities and produces the correct frequency 
shifts upon deu teration .

There are several examples of p ractical applications of CLIM AX appearing in the  lite ra
tu re, e g. (15), (19), (41), (69).

3.5 IN S  S tu d y  o f  Im id a zo le
3 .5 .1  P h y s ic a l  C h a r a c t e r i s t i c s  o f  I m id a z o le

It is assum ed th roug hou t th a t the im idazole molecule, C jN jH i ,  as shown in tab le  3.1, is 
planar, the asym m etric shape of the  molecule being stabilised by the  form ation of an  arom atic 
»-system  sim ilar to  benzene, (78). T he molecule belongs to  the  C , point g ro u p '“ and vibrates 
in 21 norm al modes. Of these 21 norm al modes, the re  are 16 A ' in-plane singlet modes 
and 6 A "  out-of-plane singlet modes corresponding to  the  two one-dim ensional irreducible 
representations of the C , sym m etry group. ( Refer to  appendix E for the character table of 
the C , point group ).

The crystal s tru c tu re  has been determ ined by X-ray diffraction, (154): the  crystal is 
centered m onoclinic, spare group P 2 \/c ,  and the unit cell contains 4 molecules, see figure 3.6. 
W ithin the unit cell, it is found th a t the  im idazole molecules are situa ted  in identical pairs 

"Srhbnflies notation will be used throughout to denote symmetry point groups
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R (l,2 ) _ 1.363 A L (5 ,1 ,2) _ 106.9°
R(2,3) = 1.312 A L (1 ,2 ,3) = 112.0°
R(3,4) = 1.381 A L (2 ,3 ,4) = 104.9°
R(4,5) = 1.362 A L (3 ,4 ,5) = 110.7°
R (5 ,l) = 1.376 A L (4,5,1) = 105.5°
R (l,6 ) = 0.991 A L (5,1,6) = 126.9°
R(2,7) = 1.077 A L (1 ,2 ,7) = 122.5°
R(4,8) = 1.070 A L (5 ,4 ,8) = 127.9°
R(5,9) = 1.071 A L (1 ,5 ,9) = 121.9°

Table 3.1: Reference geometry and labelling of imidasole as used in the present study; 
the molecule is assumed to be perfectly planar. The geometry is that used by Fan et 
al., (38), to calculate their published ab initio force field, ( refer to tables 3.8 and 3.7 for 
the eigenvalues of this force field. ). The geometry is based upon a microwave spectroscopic 
study by Christen et al., (13).

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

F igu re  3.6: Crystal structure of imidasole according to Will, (154), ( retrieved from 
Berlin database ). The figure shows the unit cell projected (i) in the a r plane, perpendicular 
to the b-axis and (ii) in the ab  plane perpendicular to the c-axis. The crystal may be 
considered as being composed of infinite H-bonded chains extending parallel to 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 
of modes

number of 
normal modes

description 
of modes

optical
activity

Free molecule A' 15 in-plane ir, Raman
monomer 

point group C$
A" 0 out-of-plane ir, Raman

Unit cell Af 2 1 in-phase Raman
2 dimers (4 molecules) B, 2 1 anti-phase Raman

space group P 2 i/c Au 2 1 in-phase ir(M(b)]
factor group C ji, Bu 2 1 anti-phase ir[M(ac))

T a b le  3.2: Symmetry representation» and optical »election rules for free imidasole 
molecule and crystal. In the case of the infrared activity of the unit cell modes, the di
rection of the electric dipole transition moment, M , is indicated with respect to the unit cell 
axes.

whose collective point group is C jh- In fact, the  im idazole crystal may be considered as being 
com posed of infinite, non -in teracting  parallel chains, (66), (46), (99), (154), whose basis is 
th e  Cjh  dim er; the link in th e  chain is the 2.83A N i-N j  hydrogen bond. T he sym m etry 
representations of th e  modes o f th e  unit cell are thus A g, Bg, A u and Bu 18, each being 
com posed of 21 singlet modes. T h is  sym m etry inform ation plus optical selection rules are 
sum m arised in tab le 3.2. Notice th a t  only two of th e  four sym m etry species of the unit cell are 
either infrared or Ram an active; consequently each vibration of th e  isolated molecule gives 
rise to  two bands in both the  in frared  and R am an spectra of powdered imidazole. These 
correspond to  in-phase and an ti-ph ase  vibrations of neighbouring molecules in each dim er. 
T he infrared active modes of th e  un it cell can be further classified in term s of the  direction 
of the  electric dipole transition  m om ent, h i , since the  A u modes have a transition  m om ent 
parallel to  the unit cell b-axis an d  the Bu modes have a transition  moment parallel to  the 
plane defined by the a- and c-axes. W ithin each of these species, the  transition  moment of 
the  m onom er out-of-plane  modes is always perpendicular to  the r-ax is  whereas the  transition  
m om ent of the  tn-plane  modes is , in the Au case, perpendicular, bu t in the Bu case parallel,

"T h e  subscripts |  and u from the German »erode and unperode denote even and odd parity. This specifies 
whether the eigenfunctions of the hamiltonian of a spherically symmetric system ( i e one whose point (roup 
contains only proper rotations ) are invariant or change sign under inversion
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F igu re  3.7: The full experimental inelaatic neutron scattering spectrum of a powder 
sample of crystalline imidasole at 20K recorded on the TFXA spectrometer, Rutherford 
Appleton Laboratory, U.K., by F.Fillaux, (80). Error bars are shown and the spectrum 
of background neutron scatter from the cryostat and cadmium sample holder has been 
subtracted.

to  the c-axis. T he 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  m onom er. This has been done by Perchard et a l., (104), and the results 
are discussed in the  next subsection and com pared to  oriented single crystal INS studies of 
imidazole.

3 .5 .2  E x p e r i m e n t a l  R e s u l t s

The experim ental INS spectrum  of powdered im idazole was recorded, in a co llaboration , by
WertF.F illaux, (80), and it is shown in figure 3.7. The raw d a ta  < w  recorded a t 20K  on the 

TFXA spectrom eter ( section 3.4.1 ) and is presented here after the spectrum  of background 
neutron sca tte r  from the  cryostat and cadm ium  sam ple holder was sub tracted .

The spectrum  in figure 3.7 depicts the  response function, 5 (Q ,u r), ( refer to  section 3.2.3
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and 3.2.5 ), or hydrogen-weighted vibrational density of s ta tes , of crystalline im idazole sam 
pled over th e  whole o f the  Brillouin zone; it clearly separa tes in to  two regions above and 
below 500cm - *.

T he region below 500cm - * describes the acoustic phonon density  of sta tes or la ttice  mode 
spectrum . There is a  large body o f lite ra tu re  concerned w ith  acoustic la ttice  vibrations 
of crystalline im idazole, (16), (78), (87), (105), (160); acoustic modes generally have very 
dispersive phonon branches within th e  Brillouin zone and consequently tend to  produce a 
broad featureless hum p as is visible in the INS spectrum  below 500cm - * ( th is  effect was 
illu s tra ted  in figure 3.1 ). Some sharp  peaks are visible in the  acoustic region a t  around 
150cm- * suggesting th e  presence of non-dispersive modes w ith large scale hydrogen motion; 
it  is believed, (16), (78 ), th a t these peaks correspond to  in-phase and anti-phase hydrogen- 
bond stre tch ing  m odes. However, due to  the low energy of these modes it is assum ed, (16), 
th a t they do not influence the optical modes in the higher frequency regime of th e  spectrum  
and we therefore confine ourselves to  considering the spectrum  above 500cm - * in which the 
internal m odes of im idazole occur.

T he in ternal m odes of imidazole are optical modes and are assum ed to  be com pletely non-
dispersive. T he peaks in the INS spectrum  corresponding to  these modes are narrow; they
have a full w idth a t ha lf  maxim um  ( FW HM  ) corresponding to  the  intrinsic resolution of the
T FX A  spectrom eter convoluted w ith its  instrum en t function ( see section 3.4.1 ). Most of the
discernible modes occur in the region 500 -  1800cm - '.  T he in tegra ted  intensity o f each peak
indicates th e  m agn itude of the hydrogen m otion of the m ode(s) associated with th a t  peak, ( see
section 3.2.5 ); for exam ple it may be deduced from inspection o f figure 3.7 th a t th e  imidazole
modes v ib ra tin g  in th e  range 500 — 1000cm - ' involve com paratively large scale hydrogen
atom  m otion. As well as the sharp peaks a broad background intensity may be observed
above 500cm - *; th is  is due partly  to  the  superposition of very many com bination hands of 

CO * jpea.t i e&H<«»»np^ritivelv low in tensity  but principally due to  the effect of phonon wings. Phonon wings 
are always present in intensity  optim ised spectrom eters such as TFX A  but are minimised at 
low tem p eratu re .

O riented single crysta l experim ents on im idazole were also perform ed, the results of which
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F igu re  3.8: INS spectra of an oriented single crystal of imidasole recorded by 
F.Fillaux, (80), on the TFXA spectrometer at Rutherford Appleton Laboratory, U.K.. Two 
curves are shown corresponding to two orientations of the crystal. The full line is the spec
trum taken with the momentum transfer vector of the scattered neutrons parallel to the 
b-axis of the unit cell and the dashed line with the momentum transfer vector parallel to 
the c-axis. The spectra are shown over the range 500 -  1800cm 1 thereby encompassing all 
the clearly defined peaks in the imidasole INS powder spectrum. The spectra were treated 
by first subtracting the spectrum of background scatter from the cryostat and then by scal
ing with respect to one another; scaling was effected by equating the integrated intensity of 
each spectrum over the range 2000 - 4000cm 1 which includes no strong optical peaks.

are shown in the region o f in te rest, 500 -  1800cm "1, in figure 3.8. T h e experim ent was carried 
out such th a t the m om entum  transfer vector, Q , of the  scattered  neutrons was, in the one rase 
parallel to  the  b-axis of th e  unit cell ( full line in figure 3.8 ), and in the o ther rase  parallel 
to  the  c-axis. By recalling figure 3 6, it may be seen th a t this corresponds to  the m om entum  
transfer vector lying perpendicular and parallel respectively to  th e  plane of the im idazole 
molecules. C orrespondingly there is a preferred excitation  of A " out-of-plane modes when 
Q  is parallel to  the  b -ax is , whereas A' in-plane m ode excitations become more significant 
when Q  is parallel to  th e  c-axis. W hen com paring the  INS spec tra  a t the two orientations, 
this preferred excitation  o f A ' or A "  modes m anifests itself as an apparent enhancem ent
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F igu re  3.9: Infrared spectrum of powdered imidazole in potassium bromide matrix at 
room temperature. The spectrum was measured on a Brukker FT-IR ISS Lucke 48 spec
trometer a t the Universität Miinster, Germany.

or a tten ua tio n  of peak intensities. This perm its an unam biguous sym m etry assignm ent of 
the  peaks in the INS im idazole spectrum : in figure 3.8, A ' peaks are identifiable as being 
enhanced in the dashed line spectrum  whereas A "  peaks are dim inished when com pared to 
the full-line spectrum . T he experim en t therefore represents the  INS analogue of the optical 
dichroism  experim ents perform ed by Perchard et al. (104). Note th a t th e  two spectra  were 
scaled with respect to  one an o th e r by equating th e  in tensity  in tegral in a  part o f the spectra 
w ithout strong optical peaks ( 2000 -  4000cm 1 ); th is scaling also produced equal integrated 
intensities in the acoustic regim e ( i.e. < 500cm “ 1 ).

T he quan tita tive  in te rp re ta tio n  of the oriented single crystal INS experim ent is given in 
tab le  3.3 and com pared with th e  published optical dichroism  experim ents of Perchard et a l .. In 
the  la tte r , the only modes unam biguously classified were those bands which were more intense 
when the  electric field vector lay parallel to  the  c-axis, i.e. the x-ban ds, which could only be 
of A ' sym m etry. T he o ther bands, identified as a  bands, could be of e ith er sym m etry species 
since the  transition  m om ent o f the  A" modes also lies in th e  allowed plane of the  transition  
m om ent of the A' modes. N ote th a t ,  as discussed earlier, each m onom er mode gives rise to
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T a b le  3 .3 : The results of INS and infrared oriented (ingle cryatal experiments on imi- 
daaole to determine the aymmetry aperies of the vibrational modes. The INS experiment 
determines 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 oriented single crystal spectra ( figure 3.8 ); the symbols > and < denote which 
of the two orientations gives the greater intensity for each peak. The symmetry species im
plied by the relative intensities is shown. The infrared experiment determines the symmetry 
species by virtue of the optical dichroism of the A' and A" modes. The control infrared 
powder spectrum is given in figure 3.9 but the dichroism results are those published 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 of plane polarised infrared radiation is 
projected parallel or perpendicular to the c-axis of the crystal. A «-band is then positively 
identified as an A' mode. A <r-band is ambiguous since the A" transition moment vector 
lies in the allowed plane of the A' transition moment. The symmetry assignments made by 
Perchard et al. based on this experiment are shown. There is good agreement between the 
two methods.
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two bands in the  infared spectrum . A sym m etry assignm ent was made by Perchard et al., 
and the agreem ent w ith the  INS study is excellent.

T he INS oriented single crystal study is m ostly unam biguous. By recalling figure 3.8 
it may be seen th a t all the peaks between 500 and 1500cm -1 are clearly either enhanced 
or a ttenuated  when com paring the  two spectra . The one peak  which could be regarded as 
am biguous is a t 935cm -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  sta te  unequivocally th a t it 
is an A "  mode; it is in fact la te r assigned to  be due to  one A ' an d  one A "  m ode th a t are alm ost 
degenerate, as is suggested from the  dichroism studies. An advantage of the  INS study is th a t 
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 th e  broad 937cm -1 peak.

T he result of the INS study is th a t it positively co rro bo ra tes  the sym m etry assignm ent 
published by Perchard et al. and conclusively identifies th e  961cm -1 peak as being of A" 
sym m etry. T he six expected A "  out-of-plane modes are th u s  taken to  be a t 623, 661, 743, 
834, 935 and 961cm -1 . Of the 15 expected A ' in-plane m odes, 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 m eans all modes a re  accounted for.

The infrared spectrum  of powder im idazole a t room tem p era tu re  is given in figure 3.9 for 
com pleteness. T he qualita tive frequency assignm ent discussed in this section is an essential 
precursor to  the  norm al mode analysis th a t is described in th e  next subsection.

3 .5 .3  N o r m a l  M o d e  A n a ly s is  - I n p u t  P a r a m e te r ) !

The norma) m ode analysis of the  imidazole molecule was accom plished using the CLIM AX 
package ( described in section 3.4.3 ) which required the following items of input

•  reference geom etry, masses and neutron scattering  cross sections of atom s.

•  targe t eigenvalues and targ e t INS intensities
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• m olecular model - including description of internal sym m etry coord inates

• s ta rtin g  estim ate  for force field

3 .5 .3 .1  re fe ren c e  g e o m etry

T he reference geom etry is based on a thorough microwave spectroscopic study, (13), bu t the 
exact coord inates are those used by Fan et al., (38), in th e ir  calculations o f an ab in itio  force 
field for im idazole ( this is discussed in more detail fu rth e r on ); the geom etry  used is given 
in tab le 3.1. N eutron scattering  cross sections were ob ta ined  from a published com pilation of 
neutron d a ta , (72).

3 .5 .3 .2  ta r g e t  e ig en v a lu es  an d  IN S  in te n s it ie s

The targe t eigenvalues used for imidazole were the  sym m etry  assigned peak positions from 
the INS powder spectrum  listed in table 3.3. These are  consistent w ith  the  the extensive 
infrared and R am an vibrational d a ta  th a t exists in the lite ra tu re  ( see (16), (18), (38), (70),
(84), (86), (104) ) although small discrepancies can be observed between th e  various d a ta  sets 
( <  10cm~* ).

INS d a ta  for deu tera ted  variants of imidazole were no t obtained but Perchard et a l., (104), 
published a  detailed assignm ent of imidazole in three d eu tera ted  s ta tes; i.e. im idazole-dj,), 
imidazole-3d(2,4,s) Bnfl im idazole-4d based on infrared and Ram an spectra . T heir resu lts  have 
been used in th is  study with m inor changes to  their assignm ent based on expected deu tera tion  
shifts from the  und eutera ted  assignm ent. The changes a re  listed below:

1. For im idazole-d(i) ( i.e. deuterated  a t the Ni position ) the 1495cm "1 band is reassigned 
to  the  1572cm "1 band.

2. For imidazole-3d(2,4,s) ( deuterated  at the  C2, C4 and Cs positions ) the previously 
unassigned 600cm "1 band is assigned as an A' m ode ( which is a  reassignm ent also 
m ade by Fan et al., (38), in their study ) and the assignm ents for th e  930 and 9 6 2 c m '1 
bands are swapped around to  be A' and A "  respectively. The lowest frequency A ' mode 
is reassigned to  be enclosed in the 768cm "1 dou blet from the expected shift of the
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1060cm 1 band  in the  und eutera ted  case. T he previously unassigned 1510cm 1 band 
is assigned as an A ' mode.

3. For im idazole-4d the changes correspond to  those for im idazole-3d(2,4,5).

All INS in tensities were taken from  the spectrum  in figure 3.7.

3.5.3.3 m olecu lar model

The m olecular m odel for im idazole is defined by its  geom etry ( as described above ) and by 
the set of generalised  coordinates th a t describe the  displacem ents of the  atom s w ith in the 
assumed harm onic oscillator m odel. These generalised coordinates were discussed in detail in 
section 3.3.5 and are  known as th e  internal coord inates, S. They are a  basis set describing the 
dynam ics of th e  molecule in term s of bond stretches, bends etc. and are listed for im idazole in 
tab le 3.4. T he in ternal sym m etry coordinates, S ', ( which are discussed in section 3.3.8 ) and 
are also listed in tab le  3.4. Both the internal coord inates S and the m a trix  tha t transform s 
S to  the in ternal sym m etry  coordinates S ' ( denoted as W  in section 3.3.8 ) must be entered 
as input to  CLIM A X .

3 .5 .3 .4  s ta r t in g  e s t im a te  for force field

The sta rtin g  po in t in m ulti-param eter least squares refinement is invariably critical. It de
term ines how quickly the object function will m inim ise and quite often if a t all. In the  rase 
of im idazole th e re  have been many a ttem p ts  a t generating  ab in itio  force fields th a t appear 
in the lite ra tu re , (16), (86), (88), (124), (125), b u t, to  the au thors knowledge, the only paper 
in which the  force field itself is given is th a t by Fan et al., (38). T he study by Fan et at. 
involved genera ting  a  force field by the ab initio  gradient m e th od 17 and scaling it w ith previ-

"T h e  sb initio calculations were carried out within the MO-LCAO-SCF approximation using the llartree- 
Fock gradient programme TEXAS, (113). In brief: the method involves minimising the total energy of a 
proposed model of the molecular orbital» ( MO ) for imidssole according to the quantum mechanical variation 
theory and determining the implied harmonic force held from the resultant potential distribution. The MO's 
are modelled using linear combination» of atomic orbital» ( LCAO ); it ia the coefficients in the LCAO that are 
parameters in the minimisation of the total energy of the MO’a. The atomic orbital» ( AO ) are themselvea 
composed of linear combinations of Gausaian functions with flxed coefficients that model the solutions to thr 
Hartree-Fock set/ conmtent field ( SCF ) equations. The basis set of Gsussians used is discussed further on 
page 82
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internal coordinates, S internal symmetry coords, S'

non-m inim um  basis set m inimum basis set o f  2 1  coord inates notation
o f  31 coord inates plus 1 0  redundant coord inates

A' coordinates A' coordinates: in-plane displacements
S i = R (2 , 7 ) Si = S, CH t
s 3 = R ( l , 8 ) S', = Sj NHt
s 3 = R(5,9) Si = S3 CHa
s« = R (4 , 8 ) S'« = S« CHa
s B = R ( l , 2 ) Si = s B AT.Cj =  R,
S« = R ( 5 , l ) Si = s . CtNi =  Rj
St = R (4 , 5 ) S't = Sr C 4 Cj = i ? 3

s . = R (3 , 4 ) Si = Sa N3C4 = R<
s . = R (2 , 3 ) S' = Sa C,N3 S  f i B

Sio = ¿ (7 , 2 , 3 ) Sio = S io  - S u 6CH-,
Sil = ¿ (7 , 2 , 1 ) Sil = S u  - S , 3 fN Hu
S u = ¿ ( 6 , 1 ,2 ) S'„ = Si« - s , 5 bCH9
Sl3 = ¿ (6 , 1 , 5 ) S',3 = Sie - S it SCH*
S l4 = ¿ (9 , 5 , 1 ) S'l« = 4 S i §  - 3 S io  4- S a o 4  S a i • 3Saa ReSis = ¿(9,5,4) S ' , 8 = -Si® 42Sao - 2 S a i +  Saa Rt
S 16 = ¿ (8 , 4 , 5 ) S'*r,d = Sio + S ,, redundant
S l7 = ¿ (8 , 4 , 3 ) S'*rtd = S u  + S , 3 redundant
Sis = ¿ (1 , 2 , 3 ) K .d = Si« + S u redundant
Sia = ¿ (5 , 1 , 2 ) s;.g = Sie + S i t redundant
Sjo = ¿ (4 , 5 , 1 ) S'*r,d = 4Sis 4  3Si9 4  Sao 4  Sai 4  3Saa redundant
Sai = ¿(3,4,5) S'*r*d = Sie - 2 S jo  - 2 S j i redundant
Saa s ¿ (2 , 3 , 4 ) S'Srtd = 2S,9 4  Sao ■ S a i • 2Saa redundant

A" coordinatea A " coordinates: out-of-plane displacements
Sa3 = 0 (7 , 2 , 3 , 1 ) Sie — Sa3 yCHj
Sas SB 0 (6 , 1 , 2 , 5 ) Sir — S 34 yNHt
Sas = 0 (9 , 5 , 1 , 4 ) S'a is — Sas yCH9
Sas = 0 (8 , 4 , 5 , 3 ) S'1B SB Sje 7  CH,
Sar = ’ " (3 ,2 ,1 ,5 ) Sio = Sa? - 3Sa§ 4  4Sao - 3Sao 4 S3 1 Re
Sas = r ( 2 , l , 5 , 4 ) S'3at = -2Sar 4  Sj§ - S3 0  4  2 S3 1 R a
Sa® = *■ (1 ,6 ,4,3) s ' = Sar 4 3Sas 4  4Sas 4  3Sao 4 S3 1 redundan!
S 3 0 SS r ( 5 , 4 , 3 , 2 ) S'*rtd = -2Sar 4  Sas ■ 2 S3 1 redundant
Sat = ’’(4,3,2,!) S' = -Sa? - 2Sas 4  2Sao 4  S3 1 redundant

Table 3.4: Raaia art of generalised coordinate* to which the force held for imidaiole ( aee 
table 3.5 ) ia referenced. The atarting point are the internal coordinatea, S, which fully 
deacribe the diaplacementa of the molecule in terma of bond ttrttckn, R(n, 6 ), valence angle 
benda, ¿(a, b, c), out-of-plane benda, 0 (a , b, c, d), and toraiona, r(a , b, c,d), ( aee figure 3.2 ). 
Thia deacription 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 internal coordinatea. The new baaia containa the amaller aet of internal 
aymmetry coordinatea, S', plua the remaining redundant coordinatea. The force field cor- 
reaponding to S' ia aaid to be block-diagonaliaed in ita irreducible repreaentationa; in thia 
form it containa far fewer elementa to be determined.
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ously determ ined scale factors from a fitted v ibrational spectrum  of benzene. T he force field 
predicted the v ibrational frequencies of gaseous free im idazole relatively well and was tested 
for consistency against the solid sta te  in frared /R am an  vibrational spectra of im idazole in the 
Id, 3d and 4d-deuterated sta tes  from Perchard et al..

The force field of Fan et al. is evidently a good starting  point. It a lready  predicts 
the vibrational frequencies reasonably well but has not been tested to  see how accurate ly  it 
reproduces the  hydrogen-weighted vibrational density  of sta tes of imidazole. T his is done in 
figure 3.10 in which the  published force field of Fan e t al. is directly entered in to  CLIM AX. 
( Care has been taken so th a t the conditions of the  calculation are identical to  those em ployed 
later to  generate the final results; figure 3.10 may thus be directly com pared w ith th e  results 
presented further on in figure 3.11 ). Despite th e  fact th a t the v ibrational frequencies are 
relatively well predicted, the  force field of Fan et al. only poorly models the  experim ental 
INS intensities for solid imidazole. This highlights the  danger of assessing the reliab ility  of a 
given force field on the basis of its eigenvalues ( v ibra tio nal frequencies ) alone. It nevertheless 
represents an adequate s ta rtin g  point from which to  develop a fully consistent force field and 
was consequently used in th is study.

It should be noted th a t the calculations of Fan e t al. were for the free m olecule, i.e. in 
the gaseous s ta te . However, according to  the assignm ents of Perchard et al. and o th e rs , the 
v ibrational spectrum  of free imidazole only differs significantly from th a t of solid im idazole 
in the frequency of the N H  modes ( this being a  consequence of the hydrogen bonding in 
crystalline imidazole as described in section 3.5.1 ); th e  o ther internal modes do no t appear 
to  partic ipate  greatly in the H-bond modes and rem ain at approxim ately the sam e frequency 
in the free molecule as in the solid s ta te . The principal difference between th e  v ibrational 
spectrum  of solid s ta te  and free imidazole is the solid s ta te  band at 9 61 cm -1 which d isappears 
in the gaseous and aqueous spectra and reappears a t  B H c m '1. This is seen as th e  very intense 
peak a t abou t 450cm *1 in the calculated spectrum  in figure 3.10 and is due to  th e  A "  out- 
of-plane NH  mode.

In sum m ary, the force field of Fan et al. is taken as the s tarting  point in developing a 
force field th a t is more consistent with the experim ental INS observations. T he fact th a t  the
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F ig u r e  3 .1 0 : C alculated INS spectrum  o f im idaaole ( daahed curve ) using the published 
force field of Fan et al. (38) superim posed on th e  experimental INS spectrum  ( solid curve ). 
T he u pper p lo t shows the entire spectrum  an d  the lower plot the same spectrum  over the 
range o f particu la r interest ( i.e. 500 18 0 0 rm " 1 ). The bands a t the top  o f each spectrum
ind ica te  the frequencies of calculated fun dam en ta l vibrations ( solid lines ) and  calculated 
overtone and com bination vibrations ( d o tted  lines ). All other param eters in the calculation 
were th e  same as those for the force field developed by the au th o r and th e  spectra may 
therefore be directly  compared with the resu lts  presented fu rther on in ta b le 3.11.



C H A P T E R  S. IN E L A S T IC  N E U T R O N  S C A T T E R IN G

force field o f Fan et al. is actually  for free im idazole is not regarded as a disadvantage since 
essentially only the A " N H  m ode is significantly affected and it is seen to  be v irtually  a pure 
m ode ( i.e. alm ost no in teraction  w ith  o ther m otion in the im idazole ring ); in effect the  NH  
mode can therefore be trea ted  independently  and the  partic ipation  of NH  modes in H-bond 
v ib rations m ay effectively be m odelled by simply m odifying the diagonal element of the  force 
field re la tin g  to  the  A " NH  wagging in ternal coordinate.

3 .5 .4  N o r m a l  M o d e  A n a ly s is  - M e t h o d o lo g y  o f  R e f in e m e n t

T he task  o f refining a m ulti-param eter force field so th a t it sim ultaneously models the  v ibra
tional sp e c tra  of four isotopic variants of im idazole while still rendering an acceptable fit to 
the  experim en tal INS spectrum  involves a great deal of patience and a degree of luck. The 
m ost im p o rta n t criterion  is th a t th e  num ber of free param eters never exceeds the num ber of 
observations to  which they are fitted . This invariably m eans th a t elem ents of the force field 
m ust be a rb itra r ily  coupled together in order to  reduce the  num ber of free param eters whilst 
still allow ing most regions of the force field to  be altered. Table 3.5 presents the finished force 
field after com pleted refinem ent; th e  results which it generates are presented and discussed 
in th e  nex t subsection. In to ta l th e  force field contains 141 independent elem ents: 120 in 
the  upper block, belonging to  A ' m odes, and 21 in the lower block, which describe the A" 
modes. T hese  two blocks have zero in teraction  elem ents which is a consequence of describing 
the  force field in term s of in ternal sym m etry  coordinates; this reduces the num ber of inde
pendent elem ents to  141 from the  465 needed to  describe the 31 x 31 force field based on 
the  non-m inim um  set S ( see tab le  3.4 ). T he 31 x 31 force field is however more chemically 
inform ative since it is based on the  m ore intuitive set of internal coordinates S ( i.e. simple 
bond s tre tches etc. ). It is easily generated  via the back unitary  transform ation using the 
transform  W  and is given in appendix  F.

T he s tra teg y  for eliciting the force field in tab le  3.5 essentially involved refining the force 
field in four modes each w ith a  different object function to  be minim ised. These modes were 
a lte rn a te ly  run and are described below:

1. Refine the  force field against th e  frequency spectrum  of imidazole: this involves releasing
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T a b le  3.5: Final refined force field for tolid s ta te  imidazole. T he elements are in 
mdyne A “ 1 and are defined with respect to  the basis set o f 21 internal sym m etry  coordinates 
defined in table 3.4. T he block-diagonalisation is by v irtue of the choice of coordinates and 
separates the force field into two non-interacting blocks representing the irreducible repre
sen tations of the C , point group inherent to  the im idasole molecule; i.e. the upper block 
defines the force field o f the A' modes whereas the lower block is associated only with the 
A" modes. The dotted  lines show how the off-diagonal interaction constan ts were grouped 
together in some of the refinement modes ( refer to  main body tex t ). These groups a r 
b itrarily  collect elem ents of the force field together which belong to  sym m etry  coordinates 
of sim ilar types ( e.g. ring deform ations etc. ) so th a t  they may be refined with ju s t one 
free param eter. T his partioning  is necessary to bring the number of free param eters in a 
refinement below the num ber of observations.

88



C H A P T E R  3. IN E L A S T IC  N E U T R O N  S C A T T E R IN G

»11 or part of the leading diagonal of the  force field and using the fundam ental frequencies 
as targe ts. ( ta rg e t frequencies =  15[ A ' ], 6[ A "  ]; free param eters =  15[ A ' ], 6[ A " ] )

2. Sim ultaneously refine the  force field against th e  frequency spectra  of two, three o r four 
deu terated  variants of imidazole: the larger num ber of targe t frequencies means th a t 
off-diagonal in teraction  constants can be included in the refinement. T he m ost extensive 
scheme involves releasing all of the diagonal elem ents and then grouping th e  off-diagonal 
elem ents in to  the sub-blocks indicated by the do tted  lines in table 3.5 w ith one free 
param eter per sub-block. These sub-blocks group  internal sym m etry coord inates of 
sim ilar type. For the  sm aller A "  block the num ber of target frequencies exceeds the  
num ber o f elem ents and thus every elem ent in th a t block can be refined independently  
in this m ode. ( ta rg e t frequencies ( for all four deu terated  variants ) =  60[ A ' |, 24[ A "  ]; 
free param eters =  25[ A ' ], 21[ A "  ] ).

3. Refine th e  force field against the  frequency spectrum  and num erical INS intensities 
of imidazole: in th is mode only the fundam ental INS spectrum  is ca lculated  using 
fast powder average18 and the in tegrated  intensities from the calculation are com pared 
against the  inpu t intensities in the object function. No INS d a ta  file is required. T he 
relative weights of frequency refinement and intensity  refinement are critical in th is 
mode. Independent refinable param eters 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 do tted  
line in tab le  3.5, in the same fashion as the A ' block. ( targe t values, ( frequency and 
intensity ) =  30( A ' ], 12[ A "  ]; free param eters =  25( A ' ), 9[ A" ] ).

4. Full refinement against experim ental INS spectrum : this mode is only helpful when the 
fit is already quite good because it frequently finds false m inim a T he INS spectrum  is 
calculated including fundam entals, overtones, com binations , phonon wings and using 
the  full powder average and is directly com pared to  the input INS spectrum  over ranges 
th a t may be inpu t interactively. The overall Debye-Waller factor due to  la ttice  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 inpu t to  determ ine th e  extent of th e  phonon wing spectrum  and may 
subsequently be refined; it  is d iscussed in the next subsection. T he scale factor is also 
refined. This mode is very slow, one  cycle takes about 2 m inutes of C PU  tim e on a 
SGI Crim son (UNIX) or 46 m inu tes on a VAX 3100 for this p a rticu la r problem. The 
allocation of refinable param eters  is the  same as in mode 3. ( i.e. free param eters = 
25[ A ' ), 9[ A "  ] ).

In all cases the refinement of the  A ' an d  A "  blocks were addressed separa tely  and great 
flexibility was possible within each m ode by adjusting weighting schem es and altering  target 
frequencies in order to  guide the  refinem ent out of the frequently encountered  local minim a.

3 .5 .5  R e s u lt s  an d  D is c u s s io n

T he INS spectrum  for im idazole genera ted  by the force field presented in tab le  3.5 is shown 
in figure 3.11. The calculation involves fundam ental excitations plus first overtones and 178 
of th e  most significant com bination band s . A full num erical pow der average is employed 
to  ensure isotropic averaging. Phonon wings are also calculated up to  th e  eighth phonon 
ex cita tion  ( see section 3.2.6 ) based on th e  experim ental INS density  of sta tes  in the range 
0 -  50 0 cm "1 ( refer to  section 3.4.3 for m ethod  ); this range encloses no internal modes and is 
thus a  good approxim ation to  the  la ttic e  m ode spectrum . The overall Debye-W aller factor in 
the phonon wing expression was taken as 0.011 A1; this value was refined down from a starting  
e s tim ate  of 0.014A3 which was ob ta in ed  from a quick calculation, using Eq. (11.11), of the 
isotropic m ean-squared-deviation of th e  whole molecule from the la ttic e  mode frequencies 
published in reference (105).

T he spectrum  in figure 3.11 may be d irec tly  com pared to  th a t in figure 3.10 which is the 
INS spectrum  calculated from the  s ta r t in g  force field of Kan et al.; th e  param eters for both 
calculations are identical. T here is a d is tin c t im provem ent in the fit of the  calculated curve 
to  th e  observed spectrum  using the  new refined force field which is especially apparent in the 
range 500 -  1800cm -1 in which m ost o f th e  fundam ental vibrational frequencies occur. It 
should be recalled th a t the force field o f Fan et al. was not intended to  model the dynam ics 
of im idazole in the solid s ta te  bu t ra th e r  of the free molecule in th e  gaseous s ta te  and so
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F  n n r g y  t r n n n ^ n r  ( n m " ' )

f i g u r e  3 .11: C alculated  INS spectrum  of solid s ta te  im idasole ( dashed curve ) using the 
force field developed in this s tudy  ( presented in table 3.S ) superim posed on the experim ental 
INS spectrum  ( solid curve ). T he 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 fundam ental, overtone and com bination excita tions whose frequencies 
are  indicated in th e  bands at the to p  of each plot, ( i.e. solid lines are fundam entals and 
Hotted lines are overtones or com binations ). A full numerical powder average is employed 
and  phonon wings are calculated up  to  8 term s based on the experim ental la ttice phonon 
spectrum  from 0 — 500cm 1 and an overall Debye-Waller factor of 0.011 A1.
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the  com parison is not s tric tly  justified. It is nevertheless instructive to  make th e  comparison 
because th e  gaseous and aqueous vibrational spectra only differ significantly from the solid 
s ta te  in th e  frequency o f one m ode, the  A " NH  wag. Since the NH  wagging motion is 
effectively uncoupled from  th e  m otion in the rest of the  molecule the calculated spectrum  
from the  force field of Fan et al. does yield to  com parison w ith /igure 3.11 in all regions 
except around 961em _1, which is the frequency a t 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  p a tte rn  of fundam ental excitations generated by the two force fields is alm ost the same; 
the  intensities of the corresponding peaks are however very different. This em phasizes the 
danger in judg ing the quality  of a force field from its eigenvalues alone; the INS intensities 
are determ ined from the  eigenvectors of a  force field.

In tab le  3.6 the eigenvalues of force fields from a further five studies are listed and compared 
to  the experim ental assignm ent of the fundam ental frequencies as used in th is study. Of the 
published results in tab le  3.6 all but those of Colombo et al. are ab initio calculations similar 
to  those of Fan et al. a lready discussed on page 83 for free imidazole. The difference between 
the  ab in itio  calculations lies in the choice of the basis set of elem entary functions19 used 
to  model the  solutions to  th e  Hartree-Fock self consistent field ( HF-SCF ) equations, the 
m olecular geom etry em ployed, and subsequently the factors used to  scale the  results. Fan 
et al. use the standard  4-21G atom ic basis set, (114), which is sim ilar to  th e  4-31G basis 
( widely used in early M O-LCA O-SCF calculations ) of Ditchfield et al., (29), bu t is less tim e 
consum ing and supposedly of equal accuracy. The other ab initio  calculations e ith er similarly 
use the 4-21G basis or com parab le bases using fewer ( 3-21G ) or more ( 6-31G ) Gaussian 
com ponents in the linear com binations representing the atom ic orbitals. Ab in itio  force fields 
are sensitive functions o f the  m olecular geom etry ( due to  the anharm onicity  of molecular

>9ln sll rises, the rsdisl psrt of the stomic orbitsls ( AO ) wss emulated by fixed linear combinstiona of Gsuaaisna with predetermined coefficients that model the HF-SCF orbitsla. A widely used basis set is the 4-21G basis. This denotes linear combinations of 4,4,2 and 1 Gaussians to model the radial part of the Is, 2s, 3f< and 4s„ AO's respectively and 4,2 and 1 Gaussians to model the 2p, 3p, and 3p„ AO's ( where i and o denote inner and outer orbitals ). This (rouping of simple functions in linear combinations with constant relative coefficients in order to model AO's is called contraction. Although the relative coefficients of the Gsussisns in each AO is fixed, the coefficients of the AO's themselves in the linear combinations ( LCAO ) describing the molecular orbitals ( MO ) are not Axed and are optimised to produce a minimum total energy for the system in question.
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Assignm ent 
used in 

present study
cm -1

LoefTen et al. 
(80 ):R esu lts  o f 
present study

c m ” 1

Fan et al. 
(3 8 ):ab  in itio  
4-31G basis

cm - l

M a jou be et al. 
(8 6 ):ab  in itio  
3-31G basis

cm -1

M a jou be et al. 
(8 8 ):ab  in itio  
4-31G basis

cm - l

Sadlej e t  al. 
(1 3 5 ):ab  in itio  

4-31G basis 
cm -1

Sadlej et al. 
(134 ):ab  in itio  

6-31G basis
c m -1

C o lom bo et al. 
( I6 ) : f i t te d  
force field

cm -1

A ' m odes
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
» 'l l 1143 1143 1133 1118 1095 1164 1179 1349

1098 1098 1083 1093 1083 1136 1139 1199
» ' l l 1061 1060 1059 1073 1045 1113 1106 1171
•'14 938 945 936 936 938 1040 946 1138
*'!• 908 901 896 894 893 996 906 1086

A "
«'IS

modes
961 961 514 509 1065 536 933

»'I 7 935 930 853 . 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
» 'l l 633 633 635 • 633 695 641 536

T a b le  3 .6 : C om parison of the v ibrational spectra ( eigenvalues ) o f  the force field of 
im idasole from various studies th a t exist in the literature. T he results are  compared both 
with the experim ental assignm ent used in the present study  and the eigenvalues from the 
force field developed by the au thor.

vibrations, especially stretches ). T he experim ental geom etry of C hristen  et al., (13), is used 
in all but two cases, (124), (125), in which th e  theoretically  optim ised geom etry is preferred. 
Due to  the  deficiency of the  HF-SCF approxim ation and the  finite basis set, the calculated 
frequencies of the ab in itio  force fields are system atically  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 M ajoube et al. 9 scale factors are calculated and shown to  be sim ilar to those of Fan et 
al.; the results in the  studies by Sadlej et al. are unsealed. The s tu d y  by Colombo et al. 
is an early norm al mode analysis using estim ates for the  diagonal elem ents of the force field 
( based on previous works ) th a t were partly  ad justed  for the best fit to  experim ent; it is the 
only o ther study which was intended to  model the solid state  im idazole modes.

The vibrational frequencies from the present study fit the  experim en tal assignm ent with
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a m ean deviation of ± 3 em - 1 . Fan et al. quoted the ir results as having a m ean deviation 
o f ±14cm "* ( i.e. ±9cm ~* for A -1 modes and ± 2 7em _I for A "  modes ); for the  studies of 
M ajoube the  m ean deviation was quoted as being between 9.7 and 13.5cm "1. For the o ther 
studies the discrepancy between predicted and experim ental frequencies was considerably 
greater. If the results of Fan et al. are com pared w ith  the  solid s ta te  assignm ent used in 
th is study then , ignoring th e  poorly modelled N H m odea, ( 1/4 and i/is ), the m ean deviation 
is 18cm "1. It is clear th a t th e  force field from the present study predicts the  v ibrational 
spectrum  of solid s ta te  im idazole considerably b e tter th a n  any of the  published works th a t 
th e  au thor is aware of.

A further test of the qua lity  of the force field presented here is to  com pare the  frequencies 
it predicts for im idazole, after isotopic substitu tion , w ith experim ental values. This is shown 
in tab le  3.7 in which the  experim ental v ibrational spectra  from Perchard et al., (104), is taken 
for three deu terated  variants; im idazole-df!), im idazole-3d(2 4 and im idazole-4d in the solid 
s ta te . In each case the m ean deviation between the predicted  and experim ental frequency is 
given which, for the  results of Fan et a l., do not include th e  frequencies belonging to  the  poorly 
modelled NH  modes, 1/4 and i/jg. Even with this concession in calculating the mean deviation, 
it is evident th a t the force field presented here reproduces the  v ibrational frequencies in the 
deu terated  sta tes  of im idazole more precisely than  th a t  of Fan et al. and also accurately 
predicts the  1/4 and i/]s frequencies.

T he advantage of the  INS studies is th a t there is scope to  refine the eigenvectors of a 
force field while still re ta in ing  a  good fit of the  calculated eigenvalues to  the experim ental 
frequencies; th is transla tes  to  refining the calculated peak intensities in the INS spectrum  
while m aintaining the peak positions. It is therefore possible to  confidently in terpre t the 
eigenvectors of the  force field as the normal modes of the  molecule. T his is done p irtorially  
in figure 3.12 in which the  eigenvectors of the force field have been transform ed into ca rte 
sian displacem ent coord inates and normalised so as to  represent the standard  deviation of 
the  displacem ent p robability  density in the ground s ta te , ( refer to  section 3.3.4 ). These 
displacem ents are represented as vectors attached to  each atom  which have been further 
mass-weighted and scaled by a  factor of 10 for clarity.
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im idacole ¡m idaso le-d ( t ) ¡m idaso le-3d (3|4||) im idasole-4d

mode Exp. Calc. Calc. E xp . Calc. Calc. Exp. Calc. Calc. Exp. Calc. Calc.
assign. freq. freq. assign. freq. freq. assign. freq. freq. assign. freq. freq.
Loe ffen Loeffen Fan Perchard Loeffen Fan Perchard Loeffen Fan Perchard Loeffen Fan
et al. et al. e t  al. et al. et al. et al. et al. et al. et al. et al. et al. et al.
c m -1 cm “ 1 c m “ 1 c m “ 1 cm “ 1 cm “ 1 c m “ 1 cm “ 1 cm  “ 1 cm “ 1 cm “ 1 cm “ 1

A '
mt 3145 3146 3161 3140 3146 3161 3800 3800 3518 2376 2375 2 M t
m» 3135 3137 3133 3130 3137 3134 3376 3376 2366 2334 2348 2316
m> 3135 3130 3083 3130 3131 3083 3346 3346 2316 2334 2327 2292
m« 3800 3800 3518 3133 3117 3587 3339 3337 3293 2140 2110 2588
m» 1561 1567 1545 1543 1537 1534 1510 1495 1486 1453 1459 1462
M» 1498 1500 1474 1475 1487 1470 1458 1445 1400 1430 1435 1396
mt 1445 1453 1397 1355 1359 1333 1438 1431 1387 1338 1324 1 in«)
M| 1336 1319 1334 1317 1313 1331 1357 1350 1271 1260 1258 i M  \
M» 1 M 1355 1359 1341 1339 1355 1305 1309 1128 1114 1147 1104
MlO 1186 1186 1145 1134 1148 1139 1133 1137 1104 1020 1022 984
Mil 1143 1143 1133 1101 1109 1118 1030 994 947 955 983 937
MlJ 1098 1098 1083 1060 1056 1059 930 943 941 915 915 914
Ml* 1061 1060 1059 960 1005 931 882 874 881 850 831 821
Ml« 938 945 935 914 937 909 808 815 809 805 812 797
Ml» 908 901 896 875 834 838 768 738 771 764 716 767

A "
Ml» 961 961 514 934 930 853 963 957 499 770 800 745
Mir 935 930 853 836 851 806 770 780 745 725 731 731
Ml» 834 834 806 746 744 739 735 681 731 670 681 381

Ml» 743 743 739 673 705 383 600 637 582 598 612 582
M»0 661 661 659 653 655 659 550 563 539 548 560 539
M»l 633 633 635 615 633 633 536 513 521 525 512 505

mean d iscrep,
between calc, 
and experim t.

3.0 17.7 • 13.3 17.9 • 13.0 25.7 * 14.4 19.7

o n ' 1

T a b le  3.7: C om p an io n  of the predicted vibrational frequencies of im idam le and three 
of its deu terated  variants using th e  force field developed by the au thor and th a t of Fan et 
al. (38) with the experim ental values for solid s ta te  im idasole from Perchard et al. (104).
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F ig u r e  3 .12: Ground state normal modes of solid state imidasole. The
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squared atom ic displacem ent vectors have been mass-weighted ( to  enhance the carbon and 
nitrogen atom  m otion ) and are scaled by a factor of 10 for clarity. The nitrogen atom s are 
denoted  by the heavy circles.
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mode
calcu lated
vibrational
frequency

cm ” 1

vibrational com position  o f  norm al m ode 
based upon potentia l energy d is tr ib u tion  

am ong internal sym m etry coord inates  
(5  most significant com ponents above  5% )

approx im ate 
descrip tion  
o f m ode

À '  : in-plane  « lè ra lio n «

Mi 3146 68% C H , + 26% C H , CH  stretch
Mj 3127 51% C H , + 39% C H ,  4- 7% C H , CH stretch
L'a 3120 44% C H , + 32% C H ,  + 22% C H r CH stretch
M« 2800 97% N H , NH stretch
M» 1567 19% R , + 17% R , + 17 % f C H ,  +  12 % S C H , 4- 7% R , ring str.-def.
MB 1500 28% R , + 21 % t N H ,  4- 11 % f C H ,  -  10% 6 C H , / R \  _ » ring str.-/N H  def.
Mr 1452 31% R j + 17 % 6 N H , 12% /?»//?!_* 4- 8% R \ 4- 8% R , ring s tr.-/N H  def.
M» 1319 40% R , + 23% R ,  4- 9% R , / R , _ ,  4- 8% 6 C H , + 7% 6 N H , ring str.-def.
MB 1255 22% 6 C H , 4- 11% 6 C H ,  + 9% R j  4* 9% R \ 4- 7% R , CH def.

mio 1186 22% 6 C H , + 16% S N H ,  + 13% H , 4- 7% C H , 4- 6% R , C H /N H  def.
M|| 1143 34% R , - 16% _ »  4- 13% R ,  4- 9%  R , 4- 7% R , ring str.-def.
Mia 1098 27% 6 C H , — 22% R , 14% /?*//?!_* 4- 6%  R i CH  def.
Mu 1060 35% 6 C H , + 19% R , 4- 13% R ,  4- 6%  6 C H , CH def.
Ml« 945 49% R , 11% R ,  4- 11% R i  4- 6% 6 C H r ring b en d -de f
Ml» 901 27% R , - 15% /?«//?!_* 4- 6% R , ring bend-de f

A " : ou t-o f-p lane  v ibration»

Mil 961 S5% y N H , NH  wag
M|T 930 43% -yC H , - 19% R , / - , C H ,  4- 14% R ,  4- 11% R , / - , C H , CH wag
Ml» 834 34% - y C H , 4- 27% - , C H ,  + 13% R ,  /y C H ,  4- 9% R , / y C H , CH wag
Ml* 742 33% R , 4- 20% R , / y C H ,  + 10% y C H ,  4- 9% R . - 6% R , / - , N H , R-pucker/CH  wag
M»0 661 26% H* - 26% R , / y C H r + 2 2 % -yC H ,  -  11% R , 4- 6% y N H , R-pucker/CH  wag
M»l 623 27% R . “ 29% R , / y C H ,  + 21% y C H ,  -  6% R , / y C H , “ 5% R , / i N H , R-pucker/CH  wag

T a b le  3 .8 :  V ib ra tio n a l  co m p o sitio n  o f  n o rm al m odes o f  so lid  s ta te  im id a so le  d e riv ed  from  
th e  force field p re sen ted  in ta b le  3 .5 . T h e  values rep re sen t th e  p o te n tia l  en erg y  d is tr ib u tio n  
( P E D  ), in  p e rc en t, a m o n g  th e  in tu itiv e  n o n -m in im u m  b a s is  se t  o f  in te rn a l c o o rd in a te s , S , 
given in  ta b le  3 .4 . O n ly  th e  five la rg e st c o m p o n en ts  in  th e  P E D  a re  lis ted  for each m ode 
an d  o n ly  if  th e ir  c o n tr ib u tio n s  a re  g re a te r  th a n  5% . C o u p lin g  c o n s ta n ts  ( i.e. o ff d iag o n a l 
e lem en ts  in th e  force field  ) w hich c o n tr ib u te  to  th e  P E D  a re  d e n o te d  by th e  ro w /c o lu m n  
in te rn a l c o o rd in a te s . A n a p p ro x im a te  d e sc rip tio n  is offered  fo r each m ode.

Figure 3.12 should be interpreted in conjunction w ith th e  potential energy distribu tion  
( PED ) in each norm al mode as given in table 3.8. T his provides a q uan tita tiv e  measure of 
the  vibrational com position, or character, of each norm al m ode in term s of the non minimum 
basis set of internal coordinates. Based on the eigenvectors and the PED the  following broad 
description of the im idazole vibrational spectrum  is proposed:

a V\ -* 1/4 are high frequency in-plane stretch modes. Notice the purity  of the NH stretch 
( 97% ) which is a  v ibration alm ost uniquely in the  N H q internal coordinate.

s i/5 - •  i/t  and i/ii are in-plane stretching deform ations of the im idazole ring with very 
little  associated hydrogen m otion.
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•  ¿ 9 , ¿io> ¿ 1 2  a n d  ¿ u  a r e  e s s e n t ia l ly  i n - p l a n e  h y d r o g e n  w a g g in g  m o d e s  w i th  s o m e  a s s o c i 
a t e d  m o t io n  o f  t h e  r in g ,  i/ jo r e s e m b le s  a  r in g  b r e a t h i n g  m o t io n .

•  i/u  and (/15 are large in-plane bending deform ations of the ring; the  effect is an oscillatory 
elongation of th e  ring.

•  f i t  —> ¿'is are strong out-of-plane hydrogen wags but not including the  C j hydrogen 
situated  between the two nitrogen atom s. Again notice the purity  of the  NH wag which 
is alm ost en tire ly  described ( 85% ) by the  7 N H q in ternal coordinate.

• ¿19 —» ¿ ji are out-of-plane torsional puckers of th e  ring involving large scale hydrogen 
m otion; th is  particu larly  involves wagging of the  C j  hydrogen.

Note th a t the NH in-plane wagging m otion is d is tribu ted  between th e  modes ¿6, ¿7 and 
¿10 ( i.e. 1500, 1452 and 1186cm“ 1 ) w ith no one m ode showing a dom inant NH wagging 
character.

The assignm ent broadly corresponds to  th a t of Perchard et al. and Fan et al.. D iscrep
ancies arise for th e  1245cm "1 band, represented here by ¿9 a t 1255cm "1, which Perchard et 
al. assigned as th e  NH in-plane wag whereas tab le 3.8 indicates it to  have no NH wagging 
character. Also the  1160cm "1 band is unassigned whereas it is clearly seen in this study as 
an in-plane C H /N H  deform ation mode a t 1186cm "1. For the out-of-plane modes Perchard et 
al. assign the 7 4 0 cm "1 band, represented here by i/i9 a t  742cm "1, to  be a CH wag whereas 
it is predom inantly  seen to  be a  torsional ring pucker in tab le 3.8.

Some controversy exists in the  lite ra tu re , am ongst those articles which publish P E D ’s, as 
to  which of the  in-plane normal modes have NH wagging character. M ajoube et a l., (88), 
calculate the NH wagging to  be present in modes ¿s, ¿7 and ¿10 using a 4-21G basis set but 
in a later artic le , (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 "1 and 1451cm *, 
equivalent to  ¿8 and ¿s here, both  contain about 25% NH wagging character. Sadlej et 
al., (124), assign th e  ¿s, ¿a and ¿7 modes as having NH wagging character when they used 
the 6-31G basis set bu t obtained a  different answer, (125), when they used the 4-21G basis; 
i.e. ¿s, ¿7 and ¿ )0. T h is  la tte r artic le  is the only case which corroborates the assignm ent here
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in which the  m odes i/6 , «/7 and t/\o are found to  have 21, 17 and 16% in-plane NH wagging 
character respectively.

T here is also considerable difference between the PE D  of the  out-of-plane A "  modes pre
sented here and the  results in th e  literatu re . In the studies of M ajoube et al., (86), (88), the 
mode a t  7 2 4 c m '1 is predom inantly due to  out-of-plane CH wagging, whereas in the present 
study th is  m ode, represented by i/i9 a t 742cm -1 , is predom inantly  a torsional ring pucker; 
this change is again corroborated by the ab initio  calculations of Sadlej et al., (124), (125). 
In the norm al m ode analysis of Colombo et al. the torsional m otion and CH or NH wagging 
m otion is fairly d is tribu ted  th roughout all of the  out-of-plane modes which is not corroborated 
anywhere else in  the  literature.

In sh o rt, the re  are several discrepancies in the wealth o f assignm ents th a t exist for im i
dazole in the  lite ra tu re . Most o f the PED assignm ents were based on ab initio calculations 
involving a  variety of basis sets and m olecular geom etries. In the study by M ajoube et al. (88), 
the PE D  assignm ent was calculated for im idazole based on th ree different geometries ( involv
ing the experim ental microwave stru c tu re  and the  theoretical s tru c tu re  ) and the vibrational 
com positions were found to  vary significantly. In the sam e artic le  it is quoted th a t great rare 
has to  be taken when the calculated frequencies are scaled as th is appreciably changes the 
vibrational com position of the modes; the results of the present study are best corroborated 
by the ab  in itio  P E D ’s of Sadlej et al. whose calculations are left unsealed.

3.5.6 Sum m ary of INS Study of Imidazole
A harm onic force field for solid s ta te  imidazole is presented. It was produced by refining a 
published force field for free im idazole which generates the correct eigenvalues ( for all but 
the NH wagging mode ) but does not reproduce the hydrogen-weighted vibrational density of 
states of im idazole ( m easured by INS ); th is 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 m otion.

The new force field more accurately predicts the frequency spectrum  of im idazole and 
three of its  deu tera ted  counterparts than previously published studies. It also models the 
hydrogen-weighted vibrational density of s ta tes  significantly b e tte r  than the s ta rting  force
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field perm itting  the form of th e  21 norm al modes to  be interpreted w ith confidence.
T he assum ptions m ade in the study were th a t the  molecule may be trea ted  as effectively 

decoupled from the  crystal la ttice  thus generating only non-dispersive optical peaks in the  INS 
spectrum  above 500cm -1 and therefore yielding to  th e  isolated molecule analysis. Further 
the known H-bonding was assum ed to  only affect the  NH modes in the  optical spectrum  and 
was accounted for by increasing the NH mode force constants; this assum ption is justified by 
the negligible shifts observed for all bands except the  NH vibrations on com paring gaseous, 
aqueous and solid s ta te  d a ta . The en tire study was w ith in the framework of the harm onic 
approxim ation.

T he study issues a w arning about the  dangers of assessing the quality  of m olecular force 
fields on the  basis of the frequency spectrum  alone. It reaffirms the view th a t the scaling 
of ab initio  force fields by several param eters, whilst yielding a b e tte r  fit to  the  frequency 
vibrational spectrum , can seriously alte r the v ibrational com position of the various modes.

T he result of this study is a reliable force field for im idazole th a t,  in the following section , 
is incorporated  in to  a much larger force field for the  zinc (II) te traim idazole molecule.

3.6 IN S  S tu d y  o f  Zinc T etra im id a zo le  C om p lex
3.6.1 Physical C haracteristics of Zinc Tetraim idazole Com plex
We consider the  com pounds containing the anions perchlorate and tetrafluorobnrate. T h e 
crystal s tru c tu re  of the perchlorate com pound exists in the lite ra tu re  at room tem p era 
tu re , (2), and th a t of the  te trafluorobnrate  has been done for th is study a t 100/f and 
150 /f, (79), and is discussed in section 2.3. T he crystals of both  com pounds are white and 
monoclinic w ith  m elting points of 189 and 195°C respectively. The unit cells are C 2 /c  spare  
group sym m etry  containing four molecules and have the  same dim ensions for each com pound 
to  w ithin 6%. In the cation the  zinc atom  is approxim ately  te trah edra lly  coordinated to  four 
im idazole rings a t the N3 position ( e g. in the perchlorate com pound the  N-Zn-N angles are 
all to  within 4.1° of the exact te trah edra l angle ). T his slight deviation lifts the TJ sym m etry  
of the coord ination . The point group of the entire cation is C j as the zinc lies on a  2-fold axis.
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C a rte s ia n  a to m ic  c o o rd in a te s  o f  a sy m m e tr ic  u n it  ( A  )

a to m X y B a to m X y t

Zi%\ -2 .0628 2.0847 4.3001
N , 0.4697 -0 .3252 6.4783 -4 .51 28 4.2611 6.7620
c 3 -0 .5040 0.5823 6.3568 C \2 -4 .24 80 3.4558 5.7330
N « -0 .66 27 0.9190 5.0845 N l  3 -2 .95 27 3.1878 5.6873
C 5 0.2663 0.1772 4.3762 C ,  4 -2 .38 04 3.8627 6.7453
c » 0.9694 -0 .5936 5.2302 C l5 -3 .34 52 4.5290 7.4131
H  7 0.7068 -0.6564 7.2396 H  is -5 .28 03 4.5522 6.9687
H» -1 .03 25 0.9549 7.0874 H u -4 .92 16 3.1178 5.1080
H , 0.3452 0.2471 3.4337 H lt -1 .45 76 3.8216 6.9161

Hio 1.8775 -1 .2193 5.0906 H ,» -3 .32 82 5.0827 8.1696

T a b l e  3 .9 :  T h e  c a r te s ia n  c o o rd in a te s  o f  th e  a s y m m e tr ic  u n it  o f  th e  sin e  (I I )  te tra im -  
id a so le  c o m p le x  as used in  th e  n o rm a l m o d e  a n a ly s is . T h e  c o o rd in a te s  were ta k e n  from  
th e  x -ray  c ry s ta llo g ra p h y  o f  th e  te tra f lu o ro b o ra te  c o m p o u n d  a t  lOOA a n d  m o d ified  such 
t h a t  th e  im id a so le  rin g  a to m s  lie ex ac tly  on  th e  p la n e  o f  b e s t  fit th ro u g h  th e  e x p e rim e n ta l 
c o o rd in a te s . T h e  c ry s ta llo g rap h ic  s tru c tu re  is d e p ic te d  in  figure  2 .2  w ith  c o n s is te n t  a to m ic  
lab e llin g .

The independent Zn-N distances are 1.997(7) and 2.001(7)A  for the perchlorate compound 
and both  I.983(2)A  for the tetrafluoroborate  com pound. The im idazole molecules are planar 
within th e  e rro rs  of the crystallography but are forced to  be exactly p lanar in th is study as this 
is required for th e  normal mode analysis; the atom  positions have therefore been projected 
onto the  plane o f best fit through the crystallographic positions. T he im idazole rings are also 
inclined w ith respect to  the Zn-N bonds such th a t the  ring  plane leans tow ards th e  2-fold axis; 
for the  perch lorate  com pound th is inclination is 0.6 and 6.1° for the two imidazoles in the 
asym m etric group; for the te trafluoroborate  com pound it is 4.9 and 1.9° a t 100 /f. The incli
nations are significant within the errors of the experim ent and were observed to  be im portant 
in causing certa in  degenerate vibrations to  split in th e  norm al mode analysis. T he coordinate 
set adopted  for the  normal mode analysis was th a t given in tab le 3.9; the  coordinates chosen 
were the te trafluo rob orate  com pound crystallographic coord inates a t 100A'; modified such 
th a t the  im idazole rings are exactly planar.

T he cation  is engaged in hydrogen bonding with th e  anion via the outly ing nitrogen atom s
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of the im idazole ring. In the perchlorate com pound the  N-H- • -0 distances are 2.95 and 3.06A 
for the  two asym m etric branches respectively; in the te trafluo robora te  com pound the N-H- • -F 
distances are 2.95 and 2.75A. Consequently the  H-bonding is different in the two compounds 
and some sm all differences in th e  INS spectra m ight be expected in the v ibrations of N-H and 
possibly in th e  acoustic modes.

A concern was the possible effect of the apparent bond shortening seen in x-ray crysta l
lography due to  the B astiansen-M orino shrinkage effect ( see (26), chapter 14 ) affecting, in 
particu lar, th e  NH and CH m odes. Since INS is sensitive to  hydrogen m otion it was feared 
th a t an N-H o r C-H bond length  th a t was too  short would not be able to  correctly model 
the frequency and intensity o f the peaks in the  INS spectrum . This was tested  by noting 
the effect on th e  calculated INS spectrum  of increasing all the NH and CH bond lengths 
by 10%. T here  was no significant change and it is therefore assumed in this s tudy  th a t the 
B astiansen-M orino effect is no t significant w ith respect to  the  norm al mode analysis of zinc 
tetraim idazo le complexes.

3.6.2 Experim ental R esults
INS spec tra  o f the  four sam ples described in section 3.4.2 were recorded a t 20K  on the TFXA 
spectrom eter, see section 3.4.1. The experim ental results are com pared after th e  spectrum  of 
background neu tron  scatte r from  the cryostat and cadm ium  sample holder was subtracted .

Figure 3.13 presents the INS spectra of zinc (II) tetraim idazo le com pound with the per
chlorate and te trafluo rob orate  anion. The spectra  are superim posed and expanded in the  low 
frequency range, in which th e  skeletal modes of the zinc te traim idazole cation are expected, 
and in the  range 500 -  1800cm in which most of th e  imidazole fundam ental vibrations 
occur. T he sp ec tra  are v irtually  identical throughout th e  entire frequency range except below 
150cm-1 and the  two peaks a t  719 and 820cm -1 in th e  perchlorate spectrum  which shift in 
the te tra fluo rob o ra te  spectrum . Since the crystal s tru c tu res  of the two com pounds are known 
to be nearly identical, but differ in the hydrogen bonding, it is assumed th a t th e  differences in 
the INS sp ec tra  involve modes including H-bond vibrations. It is therefore probable th a t the 
two peaks a t 719 and 820cm -1 in the perchlorate spectrum  have significant NH vibrational
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F i g u r e  3 .1 3 :  In e la s tic  n e u tro n  s c a tte r in g  s p e c tra  o f po w der sam p le s  o f  c ry s ta l l in e  s in e  (II) 
te t ra im id a s o le  p e rc h lo ra te  an d  te t ra f lu o r o b o ra te  re spec tive ly  a t  2 0 K  re co rd ed  on  t h e  T F X A  
s p e c tro m e te r , R u th e rfo rd  A p p le to n  L a b o ra to ry , U.K.. B oron-11 e n rich ed  te t ra f lu o r o b o ra te  
was used to  p re v e n t  th e  very la rge  n e u tro n  a b s o rp tio n  cross sec tio n  o f  b o ro n -1 0  fro m  m ask in g  
th e  s ig na l.

character. In th e  low frequency regime the  shifts below 150cm“ 1 indicate th a t  th e  ration  is 
not com pletely independent of the anion; it may also be surm ised th a t  the different crystal 
field causes m ore restric ted skeletal m otion of the  cation in the te tra flu o ro b o ra te  compound 
since the  INS in tensities are less than in th e  perchlorate case. However it is significant th a t 
the peaks between 160 and 3 0 0 c m '1 are much less affected than  those lower in frequency; 
this will help in th e  assignm ent of these modes since it suggests skeletal m odes involving vi
brations of the core of the  molecule which are less sensitive to  changes in the c ry sta l field. In 
general however th e  differences between the  two spectra are small indicating th a t  the isolated 
molecule assum ption necessary for norm al mode analysis is a reasonable one for this case.
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Fnorgy T r n n n f n r  (cm”’)

F i g u r e  3 .1 4 :  In e la s tic  n e u tro n  sc a tte r in g  s p e c tra  o f po w der sam p les o f  c ry s ta l l in e  sine 
(II )  te tra im id a s o le  p e rc h lo ra te  an d  its  d i -d e u te ra te d  an a lo g u e  a t  2 0 K  reco rded  o n  th e  T F X A  
sp e c tro m e te r , R u th e rfo rd  A p p le to n  L a b o ra to ry , U .K .. T h e  im id aso le  rings o f  th e  c a t io n  were 
iso to p ic a lly  s u b s ti tu te d  a t  th e  NH p o sition s.

Figure 3.14 depicts the  sam e perchlorate spectrum  as in figure 3.13 but superim posed on 
the INS spectrum  of its d t -deuterated analogue. In this case the imidazole rings in the ra tion  
have been isotopically su bstitu ted  at the n itrogen position as described in section 3.4.2. The 
spectra  are alm ost identical a t all frequencies except for some peaks which have d isappeared in 
the  deu terated  rase and in the  low frequency regim e where there is an increasing attenuation  
of the  peak intensities. T he peaks which d isapp ear are a t 719, 820 and 1198cm~* and a slight 
decrease a t 1433cm - *; th is  confirms the supposition  th a t 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 undeutera ted  spectrum . In
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E nergy T ra n s fe r  Ic«*1)

F igu re  3 .1 5 :  In e la s tic  n e u tro n  s c a tte r in g  s p e c tra  o f  p o w d er sam p le s  o f  c ry s ta ll in e  sin e  
(II) te tra im id a s o le  p e rc h lo ra te  a n d  i ts  d .v d e u te ra te d  a n a lo g u e  a t  2 0 K  reco rded  on  th e  T F X  A 
sp e c tro m e te r , R u th e rfo rd  A p p le to n  L a b o ra to ry , U .K .. T h e  im id a so le  rings  o f th e  c a tio n  were 
iso to p ic a lly  s u b s ti tu te d  a t  a ll th re e  c a rb o n  p o sitio n s .

the low frequency regime an attenuatio n  of all the modes is expected since the su b s titu ted  
hydrogen partic ipates 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 deu tera tion  
only causes specific peaks to  d isappear while the rest of the  spectrum  is unaffected. However 
the increasing a ttenua tio n , especially below 100cm '* , indicates an increasing contribution  of 
the substitu ted  hydrogen to  each v ibration  and suggests la ttice  modes which are conveyed 
via the  interm olecular H-bonds.

F igure 3.15 depicts the  effect on the INS spectrum  of deu terating  the perchlorate com 
pound a t all three carbon positions of th e  im idazole 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. M ost of the im idazole regime exhib its  large shifts in frequency and intensity 
upon deu tera tion , as would be expected. The peaks which rem ain unshifted and intense 
are those a t 719, 820 and 1198cm "1 which again indicates th a t they are pure NH modes. 
In the  low frequency regime significant frequency shifts are evident. One source of concern 
w ith th is  d a ta  regards the quality  of deu teration  of the imidazole rings. Even if the yield 
was as high as 90% of deu terated  sam ple, the 10% undeutera ted  m aterial would contribute 
d isproportionately  to  the overall INS signal due to  the much larger neutron scattering  cross 
section of protons com pared to  deuterons and the  hydrogen-intensity-optim ised na tu re  of the 
spectrom eter. T his was not detected  in the in frared  product purity  assay.

In the next sections the norm al mode analysis of the zinc (II) te traim idazo le complex is 
described. For clarity  the description of the analysis is split into two p a rts , one dealing with 
the  low frequency regime of the INS spectrum  i.e. the  skeletal v ibrations of the  cation below 
500cm “ *, and one dealing with the internal m odes of the  imidazole branches above

3 .6 .3  L ow  F r e q u e n c y  R e g im e  ( <  5 0 0 cm - 1 ) - S t r a t e g y  fo r  N o r m a l  M o d e  
A n a ly s i s

These low frequency modes may be broadly described as the skeletal vibrations of the molecule 
composed of large scale m otion of the  imidazole branches, which to  a  first approxim ation may 
be considered rigid a t these low frequencies. T h e m otions of the branches may be roughly 
categorised in to  Zn-N stretches, in-plane wags of th e  im idazole rings, out-of-plane brnds and 
torsions of the  im idazole rings about the  Zn-N bond. ( see figure 2.4. )

T he initial problem  in doing a norm al m ode analysis of zinc (II) tetraim idazole is the 
lark of inform ation th a t already ex ists in the lite ra tu re  for this or sim ilar com pounds at 
low frequencies. To the au thors knowledge, the  only publications dealing w ith the vibra
tional spectrum  of zinc (II) te traim idazole com pounds are those by Hodgson et al., (fiO), 
and Reedijk, (115), which involve infrared spectroscopy but do not extend below 185cm“ *. 
There is also some work dealing w ith the analogous com pounds te trapheny lm ethane and 
tetrapheny lsilane, (39), (129), (130), (136), (159) b u t these vibrational spectra  do show sig-
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F i g u r e  3 .1 6 :  S u p e rp o s itio n  o f  e x p e rim e n ta l  in fra red , R a m an  a n d  IN S s p e c tra  below  
50 0 cm " 1 o f  s in e  (II)  te tra im id a x o le  p e rc h lo ra te  an d  te t ra f lu o ro b o ra te . In f ra re d  s p e c tra  were 
reco rded  o n  a  B ruker IF S  113V F T -IR  sp e c tro m e te r  u s in g  com pressed  s a m p le  p e lle ts  o f  sam - 
p le rp o ly e th e n e  in th e  ra tio  1:10 w ith  th e  a ss is ta n c e  o f  D r. M. H eg em an n  a t  th e  U n iv e rs itä t 
M ü n ste r. R a m a n  sp e c tra  were re co rd ed  usin g  an  a rg o n  ion  laser w ith  a  2 0 0m W  e x c ita tio n  
a t  2 0 4 9 8 cm "* , a  d o u b le  m o n o c h ro m a to r  a n d  S pex  s p e c tro m e te r  w ith  th e  a ss is ta n c e  o f  D r. 
J .D . W o o llin s  a t  Im p e ria l C o lleg e , L ond on .

nificant differences to  th a t of zinc tetraim idazo le although some general conclusions may be 
drawn.

In figure 3.16, the experim ental infrared and R am an spectra of zinc (II) tetraim idazole 
perchlorate and tetrafluo roborate  are com pared with the  experim ental INS spectra  of these 
com pounds already  presented; th e  significant peak positions are tab u la ted  in tab le 3.10 and 
com pared w ith  existing inform ation in the lite ra tu re . T here is a very clear one-to-one corre
spondence of v ibrational frequencies between all m ethods despite the  difference in experim en
tal tem peratu res. However it is evident th a t the  infrared and R am an spectra  do not extend 
very low in frequency although they do represent a clear im provem ent over the  published 
v ibrational spectra .
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E xperim en ta l R esu lt«, ( cm 1 ) Pu b lish ed  Results, (  cm -1  )

INS in frared Ram an sym m etry
assignment
assuming

T j  sym m etry

H odgson  et al. 
re f. (6 0 )

R eed ijk  
ref. (1 1 5 )

C IO « B F \ C IO « B F , C IO « B F i

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 ¿Z n -N -C  de f 201m

{ 201 uf
185 187 184m 184m 187w 185 ¿Z n -N -C  def.
175 176 171« 171«
156 150 156w
147 143 145w 144m
139 137 138w 133w T ,
132
114 118 121 w
106 108
97
91 91
76 75
60 63
51 55
42 46
30 37

T a b le  3 .10 : C om parison of experim ental and published results for th e  v ibrational spectra 
of sine (II) te tra im idaso le  perchlorate and tetrafluoroborate below 5 00cm -1 via the m ethods 
of infrared, Ram an and INS. Note th a t in the case of infrared and R am an  the intensity of 
the experim ental peaks are denoted by w:weak, rmmedium and s:strong . Also presented is 
a sym m etry  assignm ent of some of the modes assum ing a sym m etry  te trahedra l coordi
nation  of th e  sine a tom  based on th e  infrared and Ram an selection rules.

These d a ta  only yield lim ited inform ation but it is possible to  o b ta in  an im portan t indica
tion as to  a  physical assignm ent of some of the modes; this forms th e  basis for the development 
of the norm al mode analysis. To do this, the coordination of the zinc atom  must first be a s 
sumed to  be perfectly te trah ed ra l thus exhibiting a local T j  sym m etry  including the zinc and 
the four nearest nitrogen atom s. In this case, by consideration o f op tical selection rules10, 
it is possible to  identify the modes a t 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 a ttrib u ted

’"For Tt symmetry only 7> modes sre infrared active wheress At, E and T> modes sre Ramsn active 
Optical spectroscopy therefore positively identifies 7i modes.
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to  the skeletal te trahedral m odes a t the core of the  molecule. This is in agreem ent w ith the 
observation made earlier ( see page 103 ) for the peaks above 1 5 0 c m '1 which were seen to  be 
the  least sensitive to  changes in th e  crystal field incurred by exchanging the  anion hence also 
indicating modes at the  core o f the  cation. The assignm ent is fu rther corroborated  by the 
published studies, (60), (115), which also assign the m odes 271, 199 and 185cm-1 to  skele
ta l modes of the Zn-N core. As such, the low frequency regim e has effectively been further 
subdivided into the region above 150cm-1 , which is associated w ith the  skeletal te trah ed ra l 
modes about the coordination centre, and the region below 150cm -1 , which is thus composed 
of all the ou ter branch v ib rations of the four rigid im idazole rings. This conclusion was also 
reached by Zelei, (159), in his s tudy  of the v ibrational sp ec tra  of te trapheny lm ethane in which 
he concludes tha t all benzene ring  librations are expected to  appear below 150cm -1 and the  
Td skeletal modes occur above 200cm -1 .

The assum ption of perfect te trah ed ra l coordination sym m etry  of the zinc atom  is not exact 
since, as described in section 3.6.1, there are small deviations th a t lift the Td sym m etry to  give 
C i- This is seen to  split the  trip ly  degenerate Tj modes in to  2 B  and 1 A  singlets. However 
the  deviations are slight im plying th a t the assum ption is a reasonable one for in terpre ting  
the  sparse infrared and R am an spectra. The assum ption of Td coord ination sym m etry is 
the  s ta rting  point in the developm ent of a force field for the real molecule: th is  high Td 
sym m etry may be gradually  lifted and replaced by sym m etry  of lower order, thereby m aking 
the  molecular model more com plicated until a final model evolves th a t reproduces the entire 
m olecular vibrations of the zinc (II) tetraim idazole com plex. The in term ediate 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: T d  symmetry
T he model has perfect Td sym m etry  and is composed o f a central zinc atom  and four e x tra 
neous atom s whose bond d istance  to  the zinc is the sam e as the Zn-N distance but whose 
mass and cross section are th e  sam e as an entire im idazole unit. T he 5-atom  te trahedron  
has nine modes whose reduction  it A\ + E  -f 2 7 j ( refer to  appendix E for group tab le  ),
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F ig u re  3 . IT: D iagram  following the in term ediate evolution of the molecular model for 
the line (11) te tra im id a io le  complex ax used in the norm al m ode analysis. Each atage in 
the proceaa ia described by the aiae of the m olecular model and the inherent, sym m etry; 
the model itself is depicted in the right-hand corner of each plot. The graphs show the 
theoretical INS spectra  after refinement for each model ( dashed lines ) superim posed on 
the experim ental INS spectrum  of sine (II) te tra im idaao le perchlorate a t 20K in th e  low 
frequency regime. The associated sym m etry representationa of each of the calculated peaks 
are also included.
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four stretch  m odes ( A \  +  T j ) and five deform ation m odes ( E  +  T j ). The 7 j modes were 
targe ted  at th e  first two assigned frequencies from the  infrared  study i.e. 275 and 2 0 0 c m '1 
( the  275cm -1 m ode is generally accepted as belonging to  the  Zn-N stre tch , (60), (115) ), 
the Aj m ode21 a t  the sm all peak at 228cm -1 and the  E  m ode between the two peaks a t 185 
and 175cm -1 in the  belief th a t the doublet E  m ode would la te r split when the sym m etry 
was lifted. T h e  model is described by 10 in ternal coord inates giving one redundancy in the 
in ternal sym m etry  coord inate set. The force field of 55 elem ents is com pletely described by 
7 independent param eters due to  the high sym m etry bu t only 4 non-zero param eters were 
ac tually  needed since the m odel refined quickly to  produce th e  result in figure 3.17.

3.6.3.2 9-atom model: Tj symmetry
The im idazole m ass and cross section in each branch is shared equally between two pseudo 
atom s and each branch is collinear w ith the  zinc a tom  thereby retain ing the  T j symmetry. 
The bond between the  two pseudo atom s in each branch is m ade stiff by assigning a stretch 
constant of 500m dj/neA -1 between them . T he new m odel introduces eight new low frequency 
modes of sym m etry  ( E  +  T\ +  T j ) which are associated w ith  the indistinguishable rocking 
vibrations of th e  pseudo im idazoles to  give a  to ta l of 17 low frequency modeB. 22 internal 
coordinates are  required w ith one redundancy in the  in ternal sym m etry coordinate set. The 
o ther 4 modes are high frequency vibrations of the stifT link between the pseudo atom s in each 
branch. T he new T j mode was associated w ith the  last assigned frequency from the optical 
study a t 138cm -1 and the  o ther two new modes were located  a t the positions of the next two 
peaks down in frequency. T he force field has 253 elem ents b u t is com pletely described by 27 
independent param eters  due to  the sym m etry. Only nine non-zero param eters were needed 
since the  m odel refined rapidly. * Ill

71 This mode is predicted ss being the Ai symmetric brrathmq mode bssed on the similsr sssignment of the 236cm-1 bsnd in the snslogous tetrsphenylmethsne by Smith, (136) snd Zelei, (159).
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3.6.5.3 13-atom model: 5« symmetry
T he pseudo im idazoles are m odelled as equilateral triangles w ith  equal d is tribu tion  of the 
im idazole m ass and cross section. This lifts the  T j  sym m etry  to  give Ss and m eans th a t 
the  rocking v ibrations of th e  branches are no longer indistinguishable but form d istinc t in
plane wag m odes, out-of-plane bend modes and four new to rsion  modes ( A  4- B  +  E  ). 
T his produces th e  full com plem ent of 21 low frequency in ternal m odes. The lower sym m etry 
( refer to  appendix  E for group  tab le  of S4 ) perm its m any o f th e  former degeneracies to  
split ( e g. all 7 ] trip le ts  sp lit in to  an E  doublet and a B  singlet ) although not all the lifted 
degeneracies ac tually  separa te  until the  pseudo imidazoles are inclined by 5° tow ards the  S4 
axis to  em ulate  the  inclinations observed in the  x-ray crystallography. In pa rticu la r th is  is 
necessary in o rder to  separa te  th e  A  and B  singlets generated from  th e  form er E  m ode between 
the  two peaks a t 185 and 175cm - 1 . A schem atic representa tion  o f the  sym m etry  sp littings 
through the  developm ent of the  m odel up to  the  final model is given in figure 3.18. 34 internal 
coord inates are used including one redundancy; the rem aining 12 modes ( 3A  + 3 fl +  3 E  ) are 
high frequency internal m odes of the equilateral triangles. T he in te rna l force constan ts of the 
triangles are set at 9 9 m d y n e k ~ i to  avoid coupling with th e  low frequency modes. T he force 
field of 595 elem ents is described by 30 independent param eters . T his is ra ther a  lot for the 
num ber of observations but was necessary in order to  force som e o f the wags and bends etc. 
to  appear higher than  5 —* 50cm -1 which was considered to  be to o  low and to  prevent their 
INS in tensities from being to o  large. In retrospect it becam e obvious th a t this tendency was 
im plicit in the  model and in fact the  model was wrong. T his 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 co n stitu tin g  th e  m ass and cross section of the respective carbon or nitrogen plus 
a hydrogen. T he internal force constan ts of the  pentagon are relaxed from the very stiff values 
used in the  equilateral triang les in the  previous model to  approach more realistic values. No 
m ore low frequency modes ap pear although there are an e x tra  36 modes at high frequency
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F ig u re  3 .18 : Flow d iag ram  charting the evolution of sym m etry of the norm al modes of 
models developed to  represent the low frequency v ibrations of sine (II) te tra im idaso le. The 
chart m arks th e  ap p earan ce  of new modes as more complex models are introduced and how 
the inherent degeneracies are lifted as the group sym m etry  of the various models is lowered 
from 24-fold 7* to  2-fold C a which reflects the true sym m etry  of the molecule. T he final 
refined eigenvalues of th e  norm al mode analysis are also presented and broadly described in 
term s of physical v ib ra tio n s of the molecule.

( 9A  + 9 B  + 9 E  ). T he m odel is approxim ately com plete a t low frequency bu t in this form 
cannot properly model th e  INS intensities of the in ternal im idazole 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 therefo re v ib rate  a t very low frequencies with large INS am plitudes. 
For the  fit shown in figure 3.17 the model has only 21 free param eters defining the  force field 
( equivalent to  the  num ber o f observations ).

T he fact th a t th e  13-atom  and 21-atom  S« models tend to  exhibit branch lib rations at very 
low frequencies is p robably  due to  the  inability  of the two models to  allow for the  restraining
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effects of inter-im idazole stearic in te ractions and in term olecu lar H-bonding. T he form er effect 
was concluded by Schlotter et al., (129), (130), to  be very im po rtan t for the  analogous case of 
te trapheny lm ethane. To model H -bonding is very difficult since in reality the  en tire crystal 
la ttice  should be taken in to  account. A first approxim ation was a ttem p ted  by suspending the 
molecule in a  cage of four massive atom s positioned a t the  extrem ities of the  H-bonds and 
to  which the  molecule was hung. T he results were confusing since the  cage modes tended to  
m ix strongly w ith the in ternal m odes and the assigned modes ( e.g. the  te trah ed ra l skeletal 
modes ) shifted significantly bo th  in frequency and intensity. More im p o rtan tly  the cage 
model failed to  significantly affect the  very low frequency bending, wagging and torsional 
modes. A m ore appealing a lte rnative  was to  try  to  m odel the  stearic in teraction  between the 
im idazole branches via a  network o f connecting s tre tch ing  force constants. T his was favoured 
because it re tained the isolated molecule model and im peded the free m otion o f the im idazole 
branches w ithout having to  em ulate the  complex effect o f the  crystal la ttice .

3 .0 .3 .5  3 7 -a to m  fin a l m o d e l:  C j s y m m e try

T he final model adopted for the norm al mode analysis is represented in figure 3.19. All 37 
atom s of the molecule are included a t the ir crystallographic positions ( as described in ta 
ble 3.9 ) inferring a fu rther lowering of the sym m etry  to  C j. Stearic in teraction  between 
im idazole branches is modelled by a  network of s tre tch ing  force constants between the indi
vidual atom s. This coupling is described by ju s t two force constants depending on w hether 
the  inter-im idazole link circum scribes the  C j axis or crosses it. T heir values were refined to  be 
0.064 and 0.056m dyneA -1 respectively. T he m odelling of the  stearic in te raction  in this way 
m eant th a t far fewer independent param eters had to  be included in the force field than  was 
otherw ise necessary to  bring the calculated wag, bend and torsion modes to  higher frequencies 
with ap pro pria te  INS intensities. T he stearic in teraction  model does not significantly interfere 
w ith the internal im idazole modes which are also sim ultaneously generated by th is  model and 
are discussed in more detail fu rther on. The refined force field for the low frequency regime 
based on th is final model is discussed in the next section.
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f i g u r e  3 .1 9 : D iagram  f o m e n t in g  the final model employed in the norm al mode nnalyei* 
of the line (II) te tra im idaso le complex. The ichem atic diagram « a t the top  «how the model 
in two projection«. All 37 atom« of the complex are included a t  the poiition« determ ined by 
x-ray crystallography and modified so th a t the im idasole branches are exactly p lanar. Inter 
im idasole coupling  i« modelled by two independent force constan ts acting  along the vectors 
between a tom s denoted  by the dashed lines; th is was introduced to  allow for the effect of 
stearic in teraction  between the branches W ithout th is coupling many of the calculated 
im idasole wag, bend and torsion modes would tend to  ap p ear a t far too low frequencies 
with INS in tensities much greater than  those observed. The graph  a t the bo ttom  shows the 
best fitted ca lculated  INS spectrum  a t low frequency using the final model
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F ig u r e  3 .20: Schem atic representation of the en tire  force field associated w ith the final 
37-atom  Ca model for the norm al mode analysis o f sine (II) tetraim idazole. The diagram  
shows th a t  the force field may be regarded as a series of non-interacting blocks each acting 
on a  set o f internal coordinates specific to  one p art o f  the molecular m otion. T his effectively 
p artitio n s  the force field into a  low frequency regim e containing the skeletal mode and inter- 
im idazole coupling blocks and a high frequency regim e containing the internal imidazole 
blocks.

3 .6 .4  L o w  F r e q u e n c y  R e g im e  ( <  5 0 0 cm - 1 ) -  F o rc e  F ie ld  a n d  E ig e n v e c to r s

The force field for the  model shown in figure 3.19 contains 200 x 200 elem ents. It is shown 
in figure 3.20 sub-divided in to  six non-in teracting  blocks th a t act on six separa te sets of 
internal coord inates. T he six sets comprise (i) the  set of internal coord inates describing the 
low frequency skeletal modes (ii) the set of stre tch  coordinates defining the  inter-im idazole 
coupling used to  model the stearic interactions between branches and (iii) four sets of internal 
coord inates describing the internal ring modes of th e  imidazole branches. It is a fundam ental 
assum ption o f this model th a t none of these blocks in te rac t; i.e. low frequency skeletal modes 
do not couple with the  higher frequency internal im idazole modes. Based on this assum ption 
it is possible to  inspect each of these blocks as independent force fields relating  to  specific 
frequency regimes of the  calculated spectrum .

T he low frequency fit obtained in figure 3.19 is baaed on the upper two blocks in figure 3.20; 
i.e. the skeletal mode force field and the diagonal block containing the inter-im idazole cou-
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internal coordinates, S, 
for low frequency 

skeletal modes

S, _ * (1 .4 )S, = R( 1, 13)S, = R ( l ,22)
S. = 11(1,31)
S. = £ (4, 1,13)S. = ¿(4.1 .22 )S, = ¿ ( 4 ,1.31)
s . = ¿ (1 3 ,1,22)S, = ¿ (1 3 ,1,31)Sio = ¿ (2 2 ,1,31)Su = r(ab ou t 1,4)
Sii = r(ab ou t 1,13)
Sl9 = r(»bout 1,22)Sn = r(abou t 1,31)Su = 0 (1 ,4 ,3 , 5)Su = 0(1 ,13,12 ,14)Sir = 0 (1 , 22,21,23)Su = 0(1 ,31,30 ,32)Su = ¿(1 .4 ,3 )Sio * ¿(1.13,12)Su 2(1,22,21)
Su = ¿(1,31,30)

T a b le  3 .1 1 : The in ternal coordinate act for the 22 x 22 block o f the overall force field 
( tee 3.20 ) for the line (II) te tra im idaaole complex. T his block ia aaaociated with the low 
frequency akeletal m odel o f the molecule. R(a, b) denotea a atretching diaplacement between 
atom a a and k which may be read from the molecule num bering acheme given on th e  right 
hand aide, ¿(a, b, c) denotea the angle diaplacem ent between atom a a, b and c, r (a b o u t a, b) 
denotea a  toraional diaplacem ent ab o u t the axia deacribed by the vector ab and 0 (a ,b ,c ,d )  
denotea an  out-of-plane diaplacem ent from th e  plane deacribed by the four atom a a, b, c and 
d.

pling. T he la t te r  ia deacribed by juat two force co nstan t!. The form er block is a  22 x 22 force 
field referenced to  the in ternal coord inate aet given in tab le  3.11. Theae internal coord inates 
describe th e  skeletal displacem ents of the molecule if th e  imidazole rings are considered as rigid 
entities. T h e  first ten coord inates are the stretch  and bend angle displacem ents describing 
deform ations o f the zinc coord ination  with its  four nearest neighbours; this is a non-m inim um  
definition and  incurs one redundant coord inate  corresponding to  all six angle bends, abou t 
the zinc position , increasing together.

T he elem ents of the low frequency skeletal m ode force field are related by sym m etry  to  
reduce the  num ber of free param eters. For C j  sym m etry  the reduction is only 2-fold but for
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much of the  force field 5« sym m etry was used to  fu rth er reduce its  form since th is  does not 
violate the  lower C j sym m etry  and was found to  be adequate. In fact m ost o f the  form of 
the  force field for the final 37-atom  C j m odel was inherited  from the  previous 21-atom  5s 
model and only fu rther refined after the  in troduction  o f th e  inter-im idazole coupling block. To 
m inim ise the  num ber of independent force constants, as much of the  force field as possible was 
set to  zero; in fact all of the  non-zero elem ents are found close to  the  leading diagonal except 
from a block coupling the out-of-plane im idazole bends to  th e  te trah ed ra l deform ations. This 
may be seen in tab le  3.12 in which the quan tita tiv e  values of the independent force constants 
and the  q u a lita tiv e  form of the  low frequency skeletal force field are presented.

T here are 25 independent force constan ts defining th e  force field in figure 3.12 and only 21 
observed frequencies in th e  low frequency INS spectrum . However th is  im balance is justified 
since the  force field was sim ultaneously refined w ith respect to  the  21 low frequency modes 
of the  zinc (II) te traim idazo le complex in its  two d eu te ra ted , forms d i- and 3d(2,4,s)-. This 
gave a  to ta l of 63 observations which exceeds the 25 free param eters used in the  refinem ent. 
T he force field was also refined with respect to  the INS intensities.

T he force field generates 22 eigenvectors from which it is possible to  in te rp re t the  form of 
the 21 non-zero low frequency skeletal m odes. The en tire  set is depicted in appendix  G but 
six of these m odes are presented in figure 3.21 in order to  dem onstra te  the m ajo r forms of 
m otion present in the low frequency spectrum .

T he modes selected include three te trah ed ra l modes and one of each of the th ree  forms of 
im idazole ring lib ration  possible: bend, wag and torsion. It is qu ite  clear from inspection of 
these d iagram s th a t  the te trah edral modes are vibrations of the  core of the  molecule ( i.e. the  
greatest displacem ents are close to  the zinc atom  ) w hereas the im idazole lib rations tend to  
incur the  g rea test atom  displacem ents fu rthest from the  zinc atom . T his was the  assum ption 
m ade earlier and was instrum ental in the  assignm ent o f the te trah ed ra l modes to  the INS 
peaks which are  seen to  move least upon sm all changes in the  crystal field ( due in this rase 
to  exchanging th e  anion from perchlorate to  te trafluo rob ora te  ). Furtherm ore, the  te trah ed ra l 
modes are seen to  be relatively pure and, despite the deviations from exact T j sym m etry , the 
zinc and its  four nearest neighbours ap pear to  exhibit the  tex t-book norm al modes of a
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Force Constants 
(12 diagonal elements) 

m dynsA -1
Interaction Force C onstants 
(13 ofT-diagonal elements) 

mdynek~l

A Zn-N stretch #1 1.111 a Zn-N/Zn-N interaction 0.27430
B Zn-N stretch # 2 1.084 p Zn-N/Zn-N interaction 0.03774
C N-Zn-N deformation #1 0.461 1 torsion/torsion 0.00086
D N-Zn-N deformation # 2 0.261 s bend/bend -0 .01375
E N-Zn-N deformation # 3 0.409 e bend/bend -0 .02794
F N-Zn-N deformation # 4 0.218 c bend/bend -0 .00998C Zn-N torsion #1 0.005 V bend/bend -0 .01905
H Zn-N torsion # 2 0.008 e w ag/tetr. deformation 0.00280
1 Imid out-of-plane bend #1 0.090 t w ag/tetr.deform ation 0.00133
J Imid out-of-plane bend # 2 0.073 K wag/wag 0.07496
K Imid in-plane wag #1 0.109 X wag/wag 0.01180
L Imid in-plane wag # 2 0.148 P wag/wag 0.06801

Imid-Imid coupling #1 0.064 V wag/wag 0.01025
Imid-Imid coupling # 2 0.066

A
' 9 a B
s* 0 a  A
' 4 a 0  a  B
S t C
S t D
S t B
S t B
s 9 F

SlO C
»11 a
' i a 1  H
' i i y  y  a
»14 y  y  y  M
»11 1
' i s * J
»IT • < J
' i s < »1 4 J
» II •  9 S  » 4  » K
'»0 S t » S 0 i A L
*11 4  s 4  • 4  S X M K
» II 4  4  f  4  •  S M ¥ m L

»i #9 f t  # 4  I* #* f j  <« #» # 1 0  f i t  #1* #1* #14 #1» #1« ? l» *1» #jn #9| #99

T a b ic  3 . 1 2 :  T he 2 5  independent force c o m ta n ti and the form of the force field u ied  with
the final 37-atom  C j iym m etry  model to  obtain  the low frequency ikeletal m ode v ib rational 
•pectrum  o f line (II) te tra im idaio le . It is this force field which generate« the ca lcu lated  INS 
■ peetrum presented in figure 3.19. T he coord inate baiia, 5 1 —• S j j , ii the non-m in im um  »et 
of internal coord inate lilted  in table 3.11.
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F ig u r e  3 .2 1 : Six example« of the low frequency skeletal modes determ ined from the 
eigenvectors o f the force field given in tab le  3.12. The form  of the modes is shown by the 
vectors ex tending from the equilibrium  p ositions of the atom s and the leng th  of the vectors 
indicates the root-m ean-squared d isplacem ent o f th a t a tom  in the ground s ta te  of the normal 
mode. T he vectors have been weighted by a factor of 15 for clarity. For each m ode the 
molecule and displacem ent vectors are shown in two projections: one perpendicular to  the 
C 2 ax is and one viewed along the C j axis. T h e  norm al m odes were selected a s  exam ples of 
the significant types of skeletal m otion present in the molecule. All 21 low frequency skeletal 
m odes of the sine (II) te tra im idaso le com plex are presented in appendix  G.
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F ig u r e  3.22: Com parison of inelastic neutron scatte ring  spectra o f sine (II) te tra im ida- 
sole perchlorate and pure im idasole a t 20K . The expansion of the range 500 —• 1800cm- 1 is 
in teresting  since it shows the changes to  the internal mode v ib rational spectrum  of crystalline 
im idaso le when it is coordinated to  a  sine atom .

te trah ed ro n . Not all of the  imidazole librations are as pure and in appendix G it may be seen 
th a t several modes are of fairly mixed character.

3 .6 .5  Im idazole Regim e (>  500cm-1 ) - M ode Assignm ent
In figure 3.22 the INS spectrum  of pure im idazole is com pared to  th a t of zinc (II) te tra im - 
idazole perchlorate over the  range 500 —* 1800cm-1 . T h is  is the range in which m ost of 
the fundam ental internal modes o f im idazole occur. M ost of the spectra  are sim ilar to  one 
an o ther such th a t there is a one to  one correspondence between peaks, bu t the spectra  are 
significantly different between 700 and 1000cm -1 . This region is a ttr ib u ted  to  CH and NH 
out-of-p lane wags in the spectrum  of pure im idazole and it is probable th a t the change in the 
v ibrational spectrum  is due to different the  H-bonding in the  zinc complex. The H-bonding 
in bo th  substances is via the NH bond which has a pure out-of-plane wag mode in im idazole 
a t 961cm -1 ( l.e. i/)6 in tab le 3.8 ) producing an intense INS peak th a t is clearly shifted in 
the zinc complex spectrum . The NH peaks in the zinc com plex spectrum  ( note there are four
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corresponding v ibrations since there are four im idazoles per molecule ) are identified by com 
parison w ith  the INS spectrum  of the  d ^ j-d eu te ra te d  co unterpart of zinc (II) tetraim idazole. 
T his 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. T hus th e  singlet 961cm -1 out-of-plane NH 
wag in im idazole gives rise to  four modes in the  zinc complex producing two doublet peaks 
occurring a t  719 and 820cm -1 . This sp litting  is justified by recalling th a t  the H-bonding to 
th e  two branches in the  asym m etric group is qu ite  dissim ilar and the NH wag vibrations are 
therefore differently affected. Further evidence o f th e  im portance of H -bonding on these two 
peaks may be seen by com paring the INS sp ec tra  of zinc (II) tetraim idazo le perchlorate and 
te trafluo rob orate  as in figure 3.13. As m entioned earlier the H-bonding in these com pounds 
is different which causes the  719 and 820cm -1 peaks in the  perchlorate spectrum  to  shift to  
727 and 807cm -1 in th e  te trafluo robora te  case whereas the  two spectra  superim pose alm ost 
exactly  a t all o ther frequencies. T he o ther shifted peaks in the 700 —* 1000cm -1 region have 
very large INS in tensities typical of out-of-plane CH wags; these would not be expected 
to  sp lit like the NH m odes because they do not engage strongly in H-bonding. T he out-of- 
p lane CH wags in th e  zinc (II) tetraim idazo le perchlorate spectrum  are therefore assigned at 
770, 863 and 882cm -1 . Since the  two peaks at 623 and 661cm -1 in the  im idazole spectrum  
( assigned to  ring puckers ) do not shift, th e  assignm ent of the out-of-plane im idazole modes 
in the  zinc com plex is com plete.

T he in-plane m odes in pure im idazole occur above 900cm -1 . T here is no evidence to 
suggest any significant change in form of the  v ibrational spectrum  of these modes in the 
zinc complex although m ost of the  modes ap pear to  shift up in frequency by ab ou t 25cm -1 . 
T he in-plane NH wag m ode is positively identified a t 1198cm-1 in the perch lorate  spectrum  
by con trasting  w ith the  d jjj-deu te ra ted  analogue ( see figure 3.14 ). T his com pares with 
1186cm -1 in the pure im idazole spectrum ; this is a shift of 12cm -1 which is consistent with 
the  shifts experienced by all the in-plane m odes. T hus, the  in-plane NH modes do not appear 
to  be so sensitive to  th e  different H-bonding environm ent in the zinc com plex as the  out-of
p lane modes. This is probably  due to  the mixed ch aracter of these modes ( i.e. they are not 
pure NH modes ).
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wHVHnunhar'i cm

F ig u r e  3 .23: Experim ental INS, infrared and  R am an spectra of sine (II) tetraim idazole 
perchlorate and te trafluo robora te  in the range 500 —• 1800cm- *; the sp e c tra  correspond to 
th e  tabu la ted  d a ta  in table 3.13. T he infrared spectra were recorded on a  Broker FT-IR  
ISS Lucke 48 spectrom eter. T he R am an spectra were measured using an  argon ion laser 
w ith a 200m W  excita tion  a t 20498cm -1 , a double m onochrom ator and Spex spectrom eter. 
B oth of the optical m easurem ents were m ade with the assistance of Dr. J.D .W oollins a t 
Im perial College, London. For th e  infrared spectra the absorptions due to  the perchlorate 
and  te trafluo robora te  counter-ions are indicated and are taken from the lite ra tu re , (115).

M ore experim ental inform ation abou t the  v ibrational spectra of th e  zinc complex in the 
perchlorate and te trafluo rob orate  form  is presented in tab le 3.13. It is com pared to  the study 
by Hodgson et al., (60), which is an assignm ent of the infrared spectrum  of zinc (II) tetraim - 
idazole perchlorate. T he experim ental INS, infrared and Ram an sp ec tra  are superim posed 
upon one another in figure 3.23. T he optical d a ta  do not help much in the  determ ination 
of the assignm ents since for C j sym m etry  all modes are active in both  infrared and Raman. 
Even if 5« sym m etry  is assum ed, which is approxim ately correct and identifies the A modes 
which are  not active in the infrared , the  d a ta  does not help the assignm ent since nearly every 
band in the  spectra  is com posed of four peaks com prising all sym m etries due to  the four im
idazoles present per molecule. T he optical d a ta  however do help in p inpoin ting  peaks which
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Experim ental Results, ( cm  1 ) Published Results 
CIO« com pound 

Hodgson et al., (60)
( cm ' 1 )

Refined 
frequencies 

37-atom  model 
( c m - 1 )CIO« BF<

INS ir Ram an INS ir Ram an ir assignm ent calc. assignm ent

3380 t/NH 3380 t/NH
3160 t/CH 3160 t/CH
3145 i/CH 3145 t/CH
3131 t/CH 3131 t/CH

3113 3114
2954 2954
2849 2849
2023

1840 1634 1832
1550 1541 1549 1550 1541 1550 1546 »/ring 1575 »/ring

1503 1519 1503 1523 f 1512 1 
1 1508 / »/ring 1525 i/r in g /6NH

1433 1429 1429 1449 1430 1430 1431 »/ring 1433 »/ring
1342 1329 1333 1348 1329 1334 1331 »/ring 1336 »/ring
1284 1264 1270 1292 1264 1271 1267 ¿CH 1271 ¿CH

1231 1201 1230 comb.
1198 1178 1183 ~ 1 151 1183 1183 »/ring 1194 ¿NH
1145 1146 1138 ~ 1 132 1138 1133 ¿NH 1111 »/ring
m i 1114 1109 1100 1109 1099 ¿CH
1087 1071 1077 1071 1078 1090 ¿CH

1037 1050 ¿CH
961 953 955 967 953 956 953 ¿ring 971 ¿ring
927 921 931 935 937 922 920 yCH 923 ¿ring
882 871 879 877 873 I

ir in g 883 yCH
863 860 859 847 I 862 yCH
820 835 807 836 833 yCH 820 7 NH(0
770 767 772 783 788 766 780 yCH 770 yCH
719 727 730 yNH 719 7 NH(t()
858 658 655 883 858 655 652 Tring 881 7 ring
823 828 625 826 618 620 622 V4 C  LO 4 623 tr in g

614 7 ring

T a b le  3 .13 : Experim ental v ib rational spectra of sine (I t)  te tra im idaso le perchlorate and 
te trafluo robora te  by the m ethods of inelastic neutron scattering, infrared and Haman in 
the range 500 —* 1 8 0 0 c m '1. T he resu lts  are com pared to  the infrared assignm ent of the 
perchlorate spectrum  by Hodgson et nl , (00). The final two columns present the calculated 
v ibrational frequencies of the sine com plex based on the 37-atom  final model ( discussed 
in subsections 3.6.3 and 3.6.4 ) and th e  new assignm ent based on all the work. Note th a t 
the hydrogen stretches, t/CH and vN H , are assigned to Hodgsons values due to  the poor 
resolution of the INS d a ta  a t those frequencies; plus the subscripts (i) and (ii) for the yNH 
mode denote the same mode which v ib ra tes  a t two frequencies due to  the asym m etric H- 
bonding of th e  two imidasoles within th e  asym m etric group.
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are  obscured in the  INS sp ec tra  due to  poorer resolution o r o the r nearby peaks and confirm 
th e  assignm ent deduced from  th e  INS spec tra  alone.

T he new assignm ent is given in the  right-hand column o f tab le  3.13. T he m ajor disagree
m ents w ith the  assignm ent of Hodgson et a l., (60), are as follows:

1. Hodgson et al. do no t identify th e  sp litting  of the im idazole out-of-plane NH wag in to  
the  two peaks a t 719 and 820cm - * ( denoted as 7 NH(,j and 7NH(„) ) and assigns 7NH 
to  the  lower of the two peaks, ( 730cm -1 in his in frared  spectrum  ) and the 820cm - * 
band ( 833cm -1 in his infrared spectrum  ) as a CH wag. The 719 and 820cm -1 peaks 
are bo th  unquestionably  NH wags due to  the ir deu tera tion  shifts.

2. T he 863 and 882cm -1 bands, assigned as CH wags in th e  present study, are assigned by 
Hodgson et al. to  be due to  a  single bending ring m ode. This can no t account for the  
very large peak in tensity  seen in the  INS spectrum  which is typical of large am plitude 
hydrogen m otion.

3. T he 961cm - * band, assigned as a bending ring mode in th e  present study, is assigned by 
Hodgson et al. to  be an out-of-plane CH mode. If th is  were tru e  it would be expected 
to  produce m ore in tensity  in the  INS spectrum .

4. T he in-plane NH wag a t  1198cm -1 and the stretching ring deform ation at 1145cm-1 are 
assigned the  o ther way around by Hodgson et al.. T he NH wag is positively identified 
a t  1198cm -1 due to  its  deu tera tion  shift.

5. T he 623cm - * ring pucker is assigned by Hodgson at 614cm - * and the  623cm - * mode 
as a perchlorate m ode. This is not correct since the  623cm - * peak appears in the 
INS spectrum  and perchlorate scarcely generates INS intensity  on a  hydrogen intensity  
optim ised spectrom eter such as TFX A .

3 .6 .6  I m id a z o le  R e g im e  ( >  500cm - *) - F o rce  F ie ld  a n d  E ig e n v e c to r »

T he refinement of the  im idazole regime can be trea ted  as an independent problem  although the 
im idazole force field is ju s t p a rt of the whole force field describing the zinc (II) te traim idazole
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molecule. T he im idazole force field is in fact com posed of four blocks, one for each of the 
four im idazole ligands, as depicted in figure 3.20. At the  s ta r t  o f th e  refinem ent these four 
blocks were identical and were input as the  31 x 31 iso lated  im idazole force field described in 
section 3.5.4 and presented in appendix F. The in te rna l coord inate  basis for each block is the 
non-m inim um  basis set, S , given in tab le  3.4.

T he low frequency skeletal modes were refined first. As has been described in section 3.6.4, 
this required the  trea tm en t of stearic in teraction  between the  im idazoles to  m oderate  their 
librations and was effected by a  network of stre tch ing  force co nstan ts  connecting imidazoles 
to  im idazoles via their ring atom s. T he force constan ts of these s tearic  in teractions were very 
low bu t inevitably  did cause the  calculated frequencies in the  im idazole regim e to  increase in 
frequency. T he in-plane and out-of-plane im idazole m odes were then  refined separately. As 
described in the  last section , there is no evidence th a t  the  form  of the in-plane v ibrational 
spectrum  is different in the  zinc complex than  in pure im idazole and so there was no justifi
cation for refining the off-diagonal elem ents of the  in-plane block. T he in-plane modes were 
refined w ith the  15 leading diagonal elem ents of th e  force field against the 30 observations 
of the  eigenvalues in bo th  th e  und eutera ted  and the  d ^ j-d e u te ra te d  case. The refinem ent of 
the out-of-plane modes was m ore com plicated. As w ith  iso lated  im idazole the effect of the 
H-bonding on the frequency of the NH wags was accom m odated for by the NH wag force 
constant; th is  was ad equa te  for im idazole since the  NH m odes are very pure and vibrate 
independently. For the zinc complex the  NH wag had to  be determ ined  by two NH wag force 
constants due to  the sp littin g  of this m ode, one for each im idazole in the asym m etric group; 
i.e. giving two sets of two identical im idazole blocks in the  force field. Further, the  significant 
change in form of the v ib ra tio nal spectrum  of the in-plane modes m eant th a t it was appropri
ate to  refine the  off-diagonal elem ents as well as the  leading diagonals. This involved in total 
11 free param eters refined against the  18 observed frequencies in the  th ree isotopic variants. 
Both the in-plane and out-of-plane blocks of the im idazole force fields were also refined with 
respect to  th e  INS experim ental intensities.

In figure 3.24 the final calculated INS spectrum  of zinc (II) te tra im idazo le  is superim posed 
on the m easured spectrum . ( The low frequency calcu lation  has already been presented in
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F igu re  3.24: Final calculated INS apectrum of the line (II) tetraimidazole complex 
superimposed on the measured INS spectrum of the perchlorate compound. The dynamics 
were modelled by the full 37-atom model described in the text. The entire range is shown 
and expanded in the two principal regions of interest. The calculation involves fundamentals, 
overtones, combination bands and phonon wings based on the experimental spectrum below 
5 0 0 cm ' 1 and an overall refined Debye-Waller factor of 0.025A3.

figure 3.19 bu t is shown again here to  give the full overview ). T h e  calcu lation  determ ines 
fundam ental, overtone and com bination frequencies and in tensities and a  full num erical pow
der average was done. Phonon wings are  also calculated up to  th e  fourth  term  based on the 
experim ental spectrum  below SOOem'1 and using a refined value for the  overall Debye-W aller 
factor of 0.025A*, i.e. u in Eq. (3.29); a s ta r tin g  es tim ate  of 0 .0 2 lA J for th e  overall Debye- 
Waller facto r was ob ta ined  from the iso tropic average of the  T  ten so r a t  100A' from the  TLS 
analysis in chap ter 2.

The calculation  of the  im idazole regim e in figure 3.24 is a  good fit to  experim ent up
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to  1000cm-1 . This encom passes all of the  out-of-plane modes of the im idazoles. However, 
above 1000cm-1 th e  fit is poo rer, especially around 1100cm -1 where the calculated peaks lack 
intensity. This region is principally  m ade up o f in-plane CH and NH wags. T he im plication 
is th a t  in-plane m odes are  m ore greatly  restric ted  in their freedom of v ib ration  than  the out- 
of-plane modes in the  dynam ic m odel. T his could be a  result of the m odelling of the stearic 
in teraction  which m ay ten d  to  particu larly  im pede the  in-plane im idazole modes. However, 
we can offer no conclusive exp lana tion  for the  und erestim ate in th is region.

It should be no ted , th a t  in the  low frequency regim e it  was necessary to  slightly broaden 
the  peak resolution artificially  in order to  produce th is fit. T his only applied to  peaks lower 
th an  160cm-1 in frequency which appear too  narrow  when calculated w ith the  intrinsic res
olution of 1.5% of energy transfer. This im plies th a t  the modes below 160cm -1 , exclusively 
bends, wags and to rsions o f th e  im idazole branches, are slightly dispersed through the Bril- 
louin zone which ind icates  som e degree o f coupling w ith the acoustic la ttic e  modes. There 
has been no a tte m p t to  reproduce the broad hum p underlying all the op tical modes at low 
frequency since th is is beyond th e  scope of the  isolated model approach. It should also be 
noted th a t it is very difficult to  model the  broad , featureless region of th e  spectrum  above 
1800cm-1 ; th e  ca lculation  typically  underestim ates the  experim ental intensity. This is caused 
by th e  insufficient num ber of overtone and com bination bands trea ted  ( only first harm onics ), 
difficulties in the  phonon wing trea tm en t and inadequacies in the  intensities predicted using 
the harm onic appro x im ation .

T here are 105 eigenvectors generated  by the  refined force field th a t 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. T his leaves 84 modes ( i.e. 42^4 + 42B  in C j 
sym m etry ) belonging to  th e  im idazole regim e although these may be sub-divided into 21 
groups of four approxim ate ly  degenerate modes ( with the  notable exception of the out-of
plane NH wag which fu rth e r sub-divides in to  two groups of two ). T he na tu re  of the 21 
groups of modes is very s im ilar to  th a t  in the  pure im idazole case, depicted in figure 3.12, and 
consequently the  full set is not shown here. However, two of the modes in th e ir ground states 
are depicted in figure 3.26 w ith identical scaling as the low frequency m odes in figure 3.21
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F ig u r e  3 .2 5 : Two example« of the calculated  ground s ta te  norm al modes in the im idasole 
regime of the sine (II) te tra im idaso le  com plex. T he root-m ean-squared displacem ent vectors 
have been scaled by 15 so th a t they can be directly  com pared in m agnitude to  the low 
frequency skeletal modes in figure 3.21. It is clear th a t the high frequency modes contribute 
far less to  th e  to ta l mean square displacem ent am plitude th an  do the skeletal modes. The 
exam ples were arb itra rily  chosen to show one in-plane m ode and  one out-of-plane mode. The 
im idasole modes in the sine te tra im idaso le  complex are very sim ilar to  the those in pure 
im idasole as shown in figure 3.12. T here is are 84 fundam ental v ibrations in th e  im idasole 
regime.

in order to  dem onstra te  th e  significant reduction in the a to m ic displacem ents at the higher 
frequencies. A lthough each high frequency mode contribu tes much less to  the  mean squared 
displacem ents of the  atom s th an  the  skeletal m odes, there are  four tim es as many to  sum over. 
The exact p roportions of th e  atom ic m otion in high and low frequency modes are displayed 
in tab le  3.14 a t  th ree tem peratu res for sine, the  ring a to m s ( carbons and nitrogens ) and 
the hydrogens. It is apparen t th a t ,  even a t  low tem p era tu res , most of the  ring m otion is 
concentrated in the  skeletal modes bu t th a t  a  sizeable propo rtion  of the  m otion is due to  
imidazole modes and should not be neglected.

3 .8 .7  S e lf -C o n iiif t te n c y  o f  F o rc e  F ie ld  - D e u t e r a t io n

A stringent test o f the  com plete force field for the zinc com plex is to  establish how well it can 
reproduce the INS intensity  spec tra  of the  d^ )- and 3d(Ji4ig)- deu tera ted  co unterparts of the 
compound.

T he d# |)-deu tera ted  zinc com plex is addressed first. T h is  is essentially a test of the NH 
mode shifts since the  residual spectrum  rem ains relatively unaffected upon deu tera tion . We 
therefore concern ourselves principally  w ith the  modes depicted in figure 3.26. Note th a t there 
are th ree types o f NH m ode ( neglecting the  very high frequency NH stre tches which are not
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Percent of to ta l in tram olecu lar rm s m otion 
of respective atom s below 500cm - 1

20K 150K 300K

sine a tom 96% 97% 98%
ring atom s 
( C and  N )

63% 70% 75%
hydrogen atom s 42% 50% 57%

T a b le  3 .1 4 : P ro po rtio n  of average isotropic roo t-m ean-squared  d isplacem ents of atom s 
in th e  sine complex owing to  skeletal modes v ibrating  below 500cm - 1 as a  percentage of 
the to ta l in ternal m otion  of the molecule. T he figures are deduced from  the INS results a t 
each tem pera tu re  by populating  each mode according to  th e  canonical average w ithin the 
harm onic approx im ation . T he isotropic averages are th en  found for th e  above groups of 
atom s.

easily de tectab le  in th e  INS spectra  ) each co n tribu ting  four bands due to  th e  presence of 
four im idazoles bu t th a t  th e  out-of-plane bands are sp lit in frequency ( i.e. NH wag (i) and 
(ii) ) because o f the asym m etric  H-bonding. T he INS in tensity  spectrum  may be calculated  
using the  sam e force field and the  37-atom  model in which the  NH hydrogen atom s have 
been su b s titu ted  for deu teron  mass and scatterin g  cross section. T he result is presented 
in figure 3.27. T here is alm ost no change in the  calculated  low frequency spectrum  as is 
expected. Below 900cm -1 in the im idazole regim e significant changes are seen com pared to  
the und eu te ra ted  fit. T he form erly intense out-of-plane NH wags a t 719 and 820cm - * have 
com pletely d isappeared  and reappeared as very weak peaks a t ~  530 and ~  660cm - *; the  
~  530cm - * peak is ju s t  visible in the  m easured spectrum . T his behaviour corresponds to  
the assignm ent made. However in the  measured spectrum  there are  residual peak intensities 
visible a t 719 and as a  shoulder a t 820cm - '  which are not accounted for in the ca lculation . 
This probably  indicates th a t  the deu teration  at the  NH positions was not 100% a t the tim e of 
m easurem ent and th a t  the  experim ental spectrum  is in fa r t  an ad m ix tu re  of the d eu tera ted  
and undeu te ra ted  spectra . This is qu ite  possible since it is known for pure im idazole th a t  the  
NH position readily re-exchanges a t  room tem peratu re  and therefore some p ro ton ation  o f the  
ND positions in the  zinc complex is also likely to  have taken place. If th is were so, it would
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F ig u r e  3 .2 6 : T he calculated  ground s ta te  NH m odes of sine (II) te tra im idaso le perchlo
rate. As w ith  figures 3.21 and  3.25 the roo t-m ean-squared  atom ic displacem ent vectors are 
scaled by a  factor o f 15 for clarity. Note th a t there a re  in fact four sim ilar modes for each 
type of m ode displayed, because there are four im idazole ligands, w ith  the notable exception 
of the out-of-p lane NH m odes which sp lit into two b an ds of two m odes due to the asym m etric 
H -bonding. It is these m odes th a t undergo the m ost pronounced sh ifts  upon deu teration  of 
the NH positions and consequently generate the g rea te st changes in INS spectral intensity. 
Note th a t th e  nitrogen atom s are depicted by slightly larger circles th an  the carbon atom s.

be im possible to  com pletely generate the  INS in tensity  of the  spectrum  via a calculation 
tha t assum es 100% NH deu tera tion  since the  phonon wing background could not be correctly 
modelled. T his m ay be seen a t the two CH wag peak positions a t  780 and 880cm -1 where the 
lack of in tensity  in the  preceding regions has lowered th e  background; the individual intensity  
of these peaks is however correct. One concern in th e  out-of-plane region below 900cm  1 is 
the reduction o f calculated in tensity  in the 623cm -1 ring  pucker which becomes a shoulder of 
the 660cm -1 peak; th is indicates th a t too  much NH wag character exists in the model of this 
ring pucker v ib ra tio n . In general however the  ou t-of-p lane modes appear to  be satisfactorily  
modelled.

For the  in-plane modes above 900cm - *, it is m ore difficult to  com m ent on the quality  of 
the fit since th e  spectrum  only contains broad peaks th a t are poorly  resolved. T he peak at
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F ig u r e  3 .2 7 : C alcu la ted  INS spectrum  of th e  sine (II) te tra im id a io le -d (i) complex su
perim posed on the  experim ental perchlorate spectrum . T he calculation  was based on the 
200 x 200 force field generated  for th e  undeu tera ted  sine complex an d  the deu te ra ted  37-atom  
model. All o ther param eters are the sam e as those used for the u n d eu te ra ted  calculation  in 
figure 3.24.

970cm "1, an in-plane s tre tch ing  deform ation of the ring, has to o  much calculated  intensity 
although th e  s itu a tio n  appears  worse th an  it is because the preceding peaks are underesti
mated due to  the  artificially  low phonon wing background as explained above. Furtherm ore, 
the calculated  peak a t 1100cm "* is too  weak, which was also found in th e  undeutera ted  case 
It is encourag ing, however, to  see th a t th e  NH m ode a t  1198cm"* vanishes in the deuterated  
rase.

In sum m ary  for the  d ^ -z in c  com plex, the  low frequency regim e is v irtua lly  unchanged aB 
expected, th e  out-of-plane m odes appear to  be correctly  m odelled w ith th e  possible exception 
of one of th e  ring puckers and th e  in-plane modes do not show no tab le  inconsistencies if the
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incom plete m odelling of the  phonon wing background is taken into account. N ote th a t the 
trea tm en t of the  phonon wings is anyway an approxim ation. T he use of the  experim ental 
spectrum  below 500cm -1 to  construct the phonon wing background is certa in ly  less appro
pria te  for the  zinc complex, which exhibits strong optical peaks in this regim e, th a n  it was 
for th e  case of pure imidazole.

T he situation  for the S d ^ ^ - z i n c  complex is not so stra ightforw ard. As described on 
page 106, there was concern over the degree of deu teration  o f th e  product. Unless the  prod
uct was 100% pure, which certa in ly  was not the case, the residual protons a t  the  CH positions 
would have a  d isp roportionate  effect on the  intensity  spectrum  due to  th e ir very large scat
tering cross sections and the  optim isa tion  of the T FX A  spectrom eter. T he desired product 
would only co ntribu te  weakly to  the signal since it is three qu a rte rs  d eu te ra ted . It is also 
likely th a t adm ixtures of all perm utations of deuteration  are present to  some degree. Conse
quently, it seems unlikely th a t th e  m odelling of the  INS in tensity  could hope to  give a  very 
good fit and only certain  points are raised.

T he 3d(2'4'S)- calculation is presented in figure 3.28. In th e  im idazole regim e th e  strong 
peaks a t 746, 831 and 1206cm-1 are certainly due to  NH vibrations; the sam ple was washed 
with cold w ater and there can be little  doubt th a t virtually  all the N -positions were proto- 
nated. These peaks were consequently used to  scale the  calculated  spectrum  since they  should 
be well m odelled. T he rest of th e  imidazole regime could not easily be com pared.

In the  low frequency regim e, the  te trah edra l modes above 150cm -1 rem ain relatively  well 
modelled although the shifts downwards in frequency upon deu tera tion  are  slightly  overes
tim ated . O f some concern are  the large shifts calculated below 150cm-1 which cause the 
~  140cm -1 peaks to  merge w ith the  lower frequency intensity. This would ap pear to  indicate 
th a t the  lib rational modes of th e  zinc complex were modelled with too much m otion of the 
C-hydrogens such th a t the shifts were too  large upon deu tera tion . This is likely to  be a 
shortcom ing in the  modelling of the stearic effect and H-bonding. The im idazoles are only 
impeded in the ir m otion by th e  inter-im idazole network of stretches m odelling th e  stearic 
interaction; when the  im idazoles are deuterated  extensively th is  is no longer enough to  hold 
them as rigidly in place and they tend to  v ib rate  a t lower frequencies than in reality. It is clear
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F ig u re  3 .28 : C alcu lated  INS spectrum  of the «ine (II) tetra im idaaole-3d(]|4|s) complex 
•uperim poaed on the experim ental d eu te ra ted  perchlorate apectrum . Any com pariaon ia 
adveraely affected by th e  probable adm ixturea of protonated  reaiduea in the aam ple which, 
although  amali, would con tribu te atrongly to  the experim ental apectrum  becauae of th e  large 
acattering  croaa aection of protona relative to  deuterone. It ia therefore not poaaible to  model 
the experim ental apectrum  very aucceaafully.

th a t, although the  approxim ation of the s tearic  effect and the trea tm en t of the  H -bonding via 
the NH force constants are  sufficient in th e  undeutera ted  and d(i)-deu tera ted  rase , they are 
not adequa te  to  cope properly w ith m ore ex trem e changes to  the dynam ic system .

3 .6 .8  S u m m a r y  o f  I N S  n tu d y  o f  Z in c  ( I I )  t e t r a im id a z o le

INS d a ta  yielded new inform ation on the hydrogen-weighted v ibrational density  of s ta te s  of 
the line  (II) te tra im idazo le  complex. M odifying the crystal field, by changing th e  anion from 
perchlorate to  te trab o ro flu o ra te , was seen to  only slightly affect the  INS spectrum  im plying
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a well decoupled molecule th a t would yield to  an  isolated m odel dynam ic analysis. The 
v ib ra tio nal spectrum  was considered in two p a rts : a  low frequency p a rt, below 5 0 0 c m '1, 
due to  skeletal m otion and a high frequency p a rt , above 500cm - 1 , due to  in ternal modes of 
the  im idazole rings. An assignm ent of the  skeletal modes was proposed based on sym m etry 
considerations and the  sm all observed shifts due to  substitu tion  o f th e  anion. T he peaks which 
did n o t shift were assigned to  be quasi-te trah edra l vibrations o f th e  core Zn-4N coordination 
un it; the  rest were assigned as lib rations of the  en tire  im idazole rings. In the high frequency 
p a rt , the  INS in tensities, plus additional INS d a ta  of the d e u te ra ted  coun terparts  of the 
zinc com plex, perm itted  an im provem ent over th e  existing assignm ent in the lite ra tu re . In 
p a rticu la r, the out-of-plane NH vibrations were seen to  be sp lit due to  the asym m etric H- 
bonding, which was not previously reported.

A harm onic force field describing th e  skeletal m odes was co nstruc ted  by gradually  devel
oping a  very sim ple te trah ed ral model into the  final complex 37-atom  model based on the 
true  C j  sym m etry; the  evolution of th e  sym m etry  of the  modes was consistent w ith  the ob
servations. It was found necessary to  model the  restric tive effect of the  stearic interaction 
between im idazole branches by establish ing a netw ork of force co nstan ts  interconnecting the 
im idazole rings. T he high frequency vibrational spectrum  was m odelled by incorporating  the 
en tire force field of pure im idazole, presented in the  previous section , as four blocks in the 
much larger force field for the zinc complex. T he im idazole blocks were then subsequently 
refined to  model the  changes in the spectrum  observed on going from pure im idazole to  the 
com plexed form. Out-of-plane v ibrations of the im idazole ring required significant changes to 
the im idazole force field.

T he final force field was found to  satisfactorily  predict the hydrogen-weighted vibrational 
density of sta tes  from com parison w ith the INS spectrum . T h e  force field also reproduced 
the density  of s ta tes  in the d^^-deutera ted  analogue bu t was n o t able to  convincingly model 
th a t o f th e  3d(j 4i8)-deuterated complex. The la tte r  poor fit was partly  the result of an 
inhom ogeneously deu tera ted  sam ple, however in th e  low frequency regime, it was clear th a t 
the force field was not able to  properly em ulate th e  dynam ic behaviour of the zinc complex 
after such substan tia l changes to  its s truc tu re .
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T h e study  has dem onstra ted  th a t the isolated-m olecule norm al mode analysis approach is 
able to  cope w ith  relatively large s tru c tu res and accurately  reproduce the  v ibrational spectrum  
and, m ore significantly, th e  hydrogen-weighted v ibrational density  of s ta tes . T he principal 
result of the s tudy  is a com plete description of the  m any-body vibrational m otion of the zinc 
(II) te tra im idazo le  complex.
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C h a p ter  4
Temperature Dependence of 
EXAFS

4.1 In tro d u c tio n
In th is ch apter, a s tudy  of the  tem p era tu re  dependence of th e  extended x-ray absorption fine  
structure ( EXAFS ) of the sine (II) te traim idazo le com plex is presented and com pared with 
tem p era tu re  dependent ab in itio  calculations.

EXAFS sp ec tra  contain in form ation  ab o u t the s ta tic  and dynam ic s tru c tu re  o f the envi
ronm ent o f the  x-ray photon absorbing a to m , in th is case the  zinc a to m , due to  scattering  
of excited photoelectrons from neighbouring atom s. T he photoelectron  sca tte rin g  affects the 
observed x-ray ab sorp tion  since i t  modifies th e  final s ta te  wave function of the system  which 
determ ines the tran sitio n  probability  of a core electron from a bound s ta te  to  a  continuum  
s ta te  ( i.e. p ropagating  photoelectron s ta te  ); the x-ray ab sorp tion  coefficient, ft, is p ropor
tional to  th is  tran sition  probability  which, w ith in the one-electron approxim ation , is w ritten  
by Ferm i’s Golden Rule as:

|< * /| i  • r |0 . ) |a 6 (E ,  +  E, -  h u )  (4.1)
/

where |^ ,)  and |^ / )  are the  initia l and final one-particle e igenstates , w ith energies E, and E /  
respectively, of the  effective one-electron H am iltonians, hui is the  x-ray photon energy and 
i  is the x-ray po la risation  vector. T he norm alised EXAFS spectrum , x ,  is defined as the 
oscillatory p a rt of fi w ith respect to  the  sm ooth absorption  coefficient, no, of th e  isolated 
atom ; i.e.

X =  (M “  #*o)/fio (4 2)
137



C H A P T E R  4. T E M P E R A T U R E  D E P E N D E N C E  O F  E X A FS

T he one-particle theory  describing the  photoelectron scatte rin g , (1 ), (76), (93), is generally 
successful in predicting  the  shape of the  EXAFS spectra  bu t overestim ates the  calculated 
am plitudes of the  oscillations. Some am plitude reduction is seen when m any-body effects are 
included in the form alism , (12), (74), ( e.g. com plex energy-dependent exchange-correlation 
corrections to  the  atom ic poten tials and m ultielectron excitations ) b u t th is is not sufficient 
w ithout some trea tm en t of th e  d isorder of the  atom ic positions. T h e disorder in troduces an 
incoherence into the  con tribu tions to  the  EXAFS signal which produces significant dam ping; 
the disorder is due to  therm al v ibrations ( and s ta tic  disorder when present ) and consequently 
the dam ping of the EXAFS signal has a  tem pera tu re  dependence.

In the  case of single scatte rin g  of the  photoelectron, the effect of d isorder may be phe
nom enologically represented by an am plitude reduction facto r, called the  Debye-W aller fac
to r, (5). However, the  photoelectron also undergoes multiple scattering  ( MS ) v ia closed 
paths in which the  scatte ring  takes place from several atom s. In th is  case, the  correla tion  in 
the therm al disorder of the atom s have to  be considered since the  d is trib u tion  o f in s ta n ta 
neous configurations of th e  m any-segm ent MS pa ths determ ines th e  dam ping  of the  EXAFS. 
A com plete knowledge of the  m any-body correlation function is required so th a t a  full config
urational average of th e  EXAFS signal can be m ade; the  configurational average determ ines 
the resu ltan t EXAFS signal from all the  probability  weighted ins tan tan eo u s configurations of 
the scattering  system .

T he aim of th is s tudy  was to  calculate an ab  in itio  EXAFS spectrum  of th e  zinc (II) 
tetraim idazole com plex, based on the s ta tic  s tru c tu re  from x-ray crystallography and incor
porating  the full dynam ic s tru c tu re  via a  configurational average ca lculation . A strin gen t test 
of the  theory  is then to  predict the  ab in itio  tem pera tu re  dependence of th e  EXAFS spectrum  
and com pare th is  to  experim ent. T he v ital ingredient was the m any-body vibrational corre
lation function ( VCF ) which was determ ined by inelastic neutron sca tte rin g  and has been 
discussed in the  previous chapter. This study provides a q uan tita tiv e  test of the  ab ility  of 
the curren t theory to  predict observed EXAFS signals when all inpu t param eters  are known.

In the  following section , several im po rtan t features of curren t EX A FS theory  are outlined 
to show how the  calculated signal was generated in this study. T his includes an ou tlin e  of
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current m ultip le scatte ring  theory , the  one-electron approxim ation  describing th e  propaga
tion of a  photoelectron in an atom ic p o ten tia l, schemes for m odelling th e  corrections to  the 
potentials due to  exchange and correlation effects and the m uffin-tin approxim ation for con
structing  the  atom ic po ten tials. Subsequently, the  algorithm  used to  do the  configurational 
average is described; the  algorithm  assum es a  linear behaviour o f the phase and am plitude 
of the partia l EXAFS signals abou t the  equilibrium  configuration and thus determ ines the 
configurational-average as an effective dam ping applied to  th e  p a rtia l signals a t equilibrium .

T he experim ental section describes how the  tem p era tu re  dependent EXAFS d a ta  for zinc 
(II) te traim idazo le were collected and outlines th e  prelim inary  analysis of the d a ta  in term s 
of Fourier transform s. T he tem p era tu re  dependent Fourier transfo rm s are used to  ob ta in  an 
estim ate o f the  m ean-squared relative displacem ent of the first sca tte rin g  shell surrounding 
the absorbing zinc atom .

T he next section describes th e  details of th e  configurational averaging calculation. It 
defines the  significant sca tte rin g  pa ths to  be used in the  ca lcu lation  and makes an im portan t 
check of the  assum ption th a t  the  phase and am p litu d e  functions are linear in th e  range of 
interest.

Finally, the results of th e  configurational averaging calculation are presented. T he effect of 
the theoretical tem pera tu re  dependence on the  p a rtia l signals from  individual scattering  paths 
is described including the  breakdow n of co n tribu tions to  the dam pin g  from the  various therm al 
vibrations of the  molecule. T he principal result is th e  com parison o f the to ta l theoretical signal 
with experim ent at a  range o f tem peratu res. T he results are discussed in th e  final chapter of 
this thesis.

4.2 T h eo ry
Configurational averaging calculations employed the  program m e MSXAS, (122), to  generate 
the EXAFS signal. T he key elem ents of the  m u ltip le-scattering , curved-wave X-ray absorption 
theory, (9), (34), (35), (95), (123), Im plem ented in th is softw are are described in the first 
subsection. In the second subsection , the  num erical m ethod , (3 ), th a t de term ines the effect
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of the configurational averaging on the  p a rtia l EXAFS signal from each scattering  path  is 
explained. It requires th e  inpu t of the  v ibrational correlation function ( VCF ) obtained in 
chapter 3 v ia  inelastic neu tro n  scattering; the  incorporation  of the  VCF is explicitly described.

4 .2 .1  C a lc u la t io n  o f  E X A F S  s ig n a l  -  M S X A S  s o ftw a r e

4 .2 .1 .1  M u l t ip le  s c a t t e r i n g  th e o ry

The observable th a t is m easured in an EXAFS experim ent is the  X-ray absorption cross 
section, <7, as a function o f the  photon energy hui\ expressed w ithin the  framework of partia l 
wave m ultip le  scatte ring  ( MS ) theory, (9 ), (34), (35), (95), (123), th is quan tity  is w ritten  as

= ” » a"  [ (« + i j i . * « r  £ « ' + T -G r ' T- '“ '] <4 ”

where I is th e  unit m a trix  and Oo ¡» a coefficient involving the fine s tru c tu re  constan t, a , th a t 
determ ines th e  s trength  o f th e  coupling of th e  X-rays w ith m a tte r. G  =  is the  m atrix
describing th e  free spherical wave propagation  of the  photoelectron from site  t and angular

G  =

in which

j  and angular m om entum  L .e.

0 <7°.' G °* • . g ° - N - x

G i.° 0 G x i  • . G l N ~ l

G i 0 G i x 0 (4.4)

G N - l , o g n -\ i g n ~ 1‘2 ■ 0

C * r + ‘
- I V  L' 

U t  LHh M k R t j )Y L* (R y )  for ( i * j ) (4.5)
L"

where C LL'Ln are the G aun t coefficients', A,+ are spherical Hankel functions, Y i  are the 
spherical harm onics and R ,,  is the vector connecting the two atom s t and j .  T n = ( T ,] '^ ,  
is the m a trix  containing th e  scattering  inform ation about the atom ic sca tte rin g  centres such

1 Gaunt coefficient.: CLL'L„ m f  Y¿..(í)YL'( i)Y L(íi)d í
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th a t
«° 0 0 •• 0
0 t l 0  •• 0

T „  = 0 0 (J . . 0

0 0 0 •• • tN -

(4.6)

where tj =  e x p (ti(' ) s in 6} are the  atom ic (-m atrices ( tran s itio n  factors ) in which SJ is the 
phase shift experienced by the  /-com ponent of the  photoelectron wave as it scatte rs from 
the atom  located a t  site i. T he m atrix  r  =  (I  +  T 0G ) _1T 0 contains all the  geom etrical and 
scattering  inform ation of the  atom ic system  such th a t an elem ent to ta lly  describes the
photoelectron scatte ring  via all single and m ultiple scatte rin g  p a ths from an atom  i to  an atom
j .  Consequently, th e  element in Eq. (4.3) is a  com plete description of the  photoelectron
scattering  th a t s ta r ts  and term ina tes a t the origin atom  0; i t  is a complex function of the 
photoelectron wave num ber, k  =  V ^ m e /h ,  where £ is the  photoelectron energy with respect 
to the  inner p o ten tia l3. For the  X-ray sca tte rin g  a t the origin site 0. *LL>  acts like an atom ic 
(-m atrix  which takes into account the  pertu rb ing  effect of th e  neighbouring atom s ( i.e. the 
X-ray scatte ring  from  the origin atom  is inextricably re la ted  to  the surrounding atom s due 
to  photoelectron MS ); the to ta l X-ray absorption  cross section  in Eq. (4.3) is related to  the 
im aginary p a rt of and is a  s ta tem en t of the  optical th eo rem 3.

T he m ultip le scatte ring  characteristics of the m atrix  elem ent become m ore tra n s 
parent in the  weak scattering  lim it where t \ ( E ) G ^ L , ( E )  C  1 which corresponds to  high 
photoelectron energies; the  m atrix  inverse ((I +  T a G ) - l T 0)J^ , may then be w ritten  as the

’The photoelectron energy, e, is defined t  = hu +  E i -  En where flu/ is the energy of the X-ray photon, 
E, is the eigenvalue of the eigenstate belonging to the effective one-electron Hamiltonian for the initial state and En ia the inner potential.’The optical theorem is a statement of the conservation of flux, It ia stated, (121), for a single atom with associated transition matrix ti as <rlot m — + 1 )*i “  ■  0) where f ( t )  is theatomic acsttering factor. The real part of the f-mstrix thus determines the strength of scattering whereas the imaginary part deacribea the flux lost in the forward direction due to scattering
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so-called m ultiple sca tte rin g  expansion, (9), (49), i.e.:

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

(4.7)
in which each term  of th e  expansion corresponds to  the  ¿-m atrix  for photoelectron sca tte rin g  
of a pa rticu la r order. For exam ple, the first sum m ation term  expresses sca tte rin g  along all 
single scatte ring  p a th s  v ia  the atom s a t sites i, i.e. 0 —► t —* 0; t°  therefore sym bolises the 
phase shifts experienced as the photoelectron propagates away from , and back to , the  prim ary 
absorber a t  site 0, and t* describes the phase shifts experienced due to  back sca tte rin g  a t site 
i; the  free propagation  o f the photoelectron wave between sites 0 —* t and t —* 0 is described 
by G °‘ and G '° respectively.

4 .2 .1 .2  O n e -e le c tr o n  a p p ro x im a tio n

The success of the  MS theory  outlined above in predicting  X-ray absorption  spectra  hinges 
on the calculation of th e  partial-w ave phase shift functions S¡(k) appearing in the atom ic 
¿-matrices and hence on th e  m odelling of the best effective atom ic potentials sensed by the 
photoelectron. To m odel the atom ic potentials properly requires finding the  solutions to 
the m any-electron Schrodinger equation  in the initial and final s ta tes  of the system  which is 
im practicable. Instead , th e  so-called one-electron approxim ation  is used in which the many- 
particle wave-functions describing the initia l and final s ta te s  are represented as p roducts of 
single-particle wave-functions, th a t are eigenfunctions of an effective one-electron H am ilto 
nian; i.e. for the in itia l s ta te , ♦ f', of an Al-electron system  Schrddinger's equation Is w ritten  
as

(4.8)

where, w ith in the one-electron approxim ation,

oc ^c(rw)4'j _1( r i , . . . ,  r w_j) (4.9)
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in which ¿ c( t n ) ¡» th e  core s ta te  wave-function and • ? r-1 ( r i , . . r „ _ j )  is the product of the 
N  — 1 occupied ( passive ) one-particle ground s ta tes  of th e  atom . For the final s ta te , 
we have

H " * "  =  E , * f  (4.10)

in which
* 7  «  ^ ( r w) * ; _ , (r I t . . . , r w_ , )  (4.11)

where <t>k(rN) is th e  wave-function of the excited photoelectron and * i - ‘ ( n .........rw - i)  is
the product of th e  occupied one-particle relaxed ground s ta te s  in th e  presence of the core 
hole. T he co nstruc tion  of the occupied ground s ta tes  b o th  w ith and w ithout the  core hole 
are based on the  so-called X a  sca tte red  wave form alism , (65), using S later de term inan ts. 
The m ain result o f th e  one-electron approxim ation is th a t the  wave-function of th e  excited 
photoelectron satisfies a  Schrodinger equation o f the  form

H k M t N )  =  ( - | v *  +  P (r „ )  +  V'Se(rN)]^fc(rw) =  £***( r„ ) (4.12)

which is valid in th e  case when th e  charge density  of th e  system  varies slowly over space 
as com pared to  th e  wavelength o f the  photoelectron ( which is a good approxim ation for 
EXAFS, (12) ). T h e  term  V ( r„ )  +  V ^ r * )  in  Eq. (4.12) represents the  so-called optical 
potential of the  a tom ; it  consists of two p a rts , (56), (61): (i) a  Coulom b ( or H artree ) po ten tial, 
V (r* ) , in which th e  repulsive po ten tial of all th e  bound N  -  1 electrons is in tegra ted  over the 
extent of the  charge density  to  give an effective Coulom b poten tia l seen by the  photoelectron 
and (ii) a local appro x im ation  to  the  exchange-correlation p o ten tia l4, V ^ r * ) .

4 The exchange potential ia a conaequence of the Pauli excluaion principle. The wave-function of the excited 
electron, 0*, ia not orthogonal to the initial one-electron ground atatea, becauae they are eigenatatea of
Hamiltoniana with different one-electron potentiala, one without and one with a core hole potential. Thia 
non-orthogonality cauaea a violation of Pauli's exclusion principle when 4>k i> occupied since it implies the 
one-electron states in ♦  "  have an occupancy greater than one. To avoid this a so-called exchange-correction 
ia made to the potential ao that the actual one-electron state to which the photoelectron makes its transition 
ia orthogonal to all the initial atatea, *9,". This correction ia greatest at threshold and tends to aero at large 
photoelectron energies.

The correlation correction to the potential is a consequence of the inadequacy of the one-electron approxi
mation to model the electron-electron interaction properly; electrons interact via the Coulomb potential which 
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  E x c h a n g e -c o r re la t io n  p o te n t ia l

T he exchange-correlation po ten tial ( E C P ) m ay be modelled in various schemes w ithin the 
so-called local density approx im atio n8, (73); th ree  commonly used E C P ’s are discussed in 
th e  article by Chou et a l., (12): (i) the real X a  exchange p o ten tial, (134), (135), (ii) the 
energy-dependent D irac-H ara po ten tial, (28), (50), and (in ) the  com plex energy-dependent 
H edin-Lundqvist po ten tia l, (54), (55), (56), (57), (74). T he X a  po ten tial is the  s ta tis tica l 
average of th e  nonlocal Hartree-Fock po ten tial over all occupied spin s ta te s  evaluated  a t the 
local electron charge density  p ( r ) ,  i.e.

V,e( r )  =  - | ; [ 3* Jp (r ) ]* (4-13)

in which a  is th e  ad ju stab le  exchange p a ram eter. T he X a  poten tial is sim ple b u t has no 
energy dependence and fails a t high energies ( E  > 50eV ). An energy-dependence is integral 
to  the  D irac-H ara po ten tia l and approxim ates to  a p ( r )  dependence instead  o f [p (r)]i in 
the  high energy lim it ( decreasing inversely w ith  energy ) and it also reduces to  the  .Ya 
poten tial in th e  low energy range. However, th is  potential is H erm itian ( i.e. it produces real 
eigenvalues in Schrodinger’s equation  ) and so can not account for ex trinsic energy losses of 
the  photoelectron; this is done explicitly w ith th e  complex energy-dependent Hedin-Lundqvist 
E C P  via th e  im aginary  p a rt of the  po ten tial ( th e  real pa rt also reduces to  the  .Yo exchange 
term  in th e  low energy lim it ).

4 .2 .1 .4  M a n y -b o d y  e ffec ts

T he one-electron approxim ation is unable to  account for m any-body effects; th is  is partly  
taken into account in th e  E C P for electron-electron interactions bu t the  approxim ation is 
unable to  handle o ther effects connected w ith excitation  dynam ics, such as screening, p o la r
isation , re lax ation , decay etc. In particu lar the  relaxation  response of the  o the r electrons to  
the  generated  core hole, th e  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 density 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  prim ary channel and lead to  intrinsic losses th a t have been m odelled phe
nom enologically through constant reduction factors or by m ultichannel MS theory, (96).

4 .2 .1 .5  M u f f in - t in  a p p r o x i m a t i o n

A m ajor approxim ation in the modelling of th e  atom ic potentials is the use of the Muffin- 
Tin ( M T ) approxim ation. For a given system  of atom s in which the EXAFS sca tte rin g  
takes place, called the atom ic cluster, 3d-space is artificially decom posed into non-overlapping 
spherical regions centered on the atom ic sites; the  radii of these spheres are known as the 
M T radii. Free atom  Coulom b potentials are determ ined w ith in the M T spheres via P o isson’s 
equation using spherically sym m etric charge densities, (14); in the  in te rstitia l regions the 
potential is volume averaged to  produce a co nstan t in te rstitia l po ten tial. By following this 
procedure it  is generally found th a t an artificial discontinuity in the  potential results a t  the 
MT boundaries. The atom ic phase shifts, i f ,  and hence the atom ic t-m atrices are de term ined 
by m atching the radial p a rt of the solution to  Schrödingers equation  for the  propagating  
photoelectron a t the M T boundaries.

4 .2 .1 .6  M S X A S  s o f tw a re

The program m e MSXAS, (122), im plem ents th e  theory outlined in th is section. It com putes 
the cluster potential and atom ic t-m atrices for the set of inpu t atom s; the absorption  coef
ficient is then  calculated based on the curved-wave MS approach. T he potentials m ay be 
calculated according to  the  X a ,  D irac-H ara o r Hedin-Lunqvist schemes described above and 
the M T radii may be interactively or au tom atica lly” set. MS p a ths are allowed up to  any 
order. T he program m e requires the input of an  additional param eter, 7 , to  account for core 
hole lifetim e7 and experim ental 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 by comparing the ratio of the atomic radii with Z electrons. ( Also referred to as the 
atomic number method ), The Norman radii are then foreshortened by a factor of 0.8; this is in order th a t the 
Virial theorem, V m -2 T , is approximately satisfied, T  is the total kinetic energy of the electrons in the MT 
radius and V the potential. ( This scale factor was quoted as 0.88 by Chou, (12) ).

'T h e  core hole lifetime, of the order of I0~'* s ( K-shell Cu ), introduces incoherence in the propagating 
photoelectron wave which reduces the integrity of the interference and results in an effective damping of the 
fine structure.
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4 .2 .2  C o n f i g u r a t i o n a l  A v e r a g in g  A p p r o x i m a t i o n

Atomic d iso rder is m odelled by considering a single atom ic cluster centred on an absorbing 
atom  in which the neighbouring atom s are located a t the ir average positions relative to  the 
central a to m ; each atom  has an associated p robability  density function ( p d f ) th a t  reproduces 
the d is tr ib u tio n  in its displacem ents w ith respect to  the  central atom  th roug hou t the  sam ple 
and over tim e . Assum ing G aussian displacem ent p d f ’s, the  dam ping effect on th e  p a rtia l fine 
s tru c tu re  from  single scatte ring  paths may be approxim ated  by the  so-called Debye-W aller 
factor, (5 ), (139), of the  form exp( — 2fci <r*) in which o 2 may be identified as the  second 
m om ent o f th e  G aussian displacem ent pdf along th e  in tera tom ic vector. In cases w here the 
s ta tic  d iso rder may be neglected, this form alism  n a tu ra lly  leads to  a  tem p era tu re  dependence 
of the  dam ped  single scatte ring  ( w ith in the  harm onic approxim ation for therm al d isorder ) via 
the canonical average expression for a 3 given in ap pend ix  B; see Eq. ( B . l l ) .  T he Debye-W aller 
factor is however inadequate in describing the effect o f disorder on MS contribu tions to  th e  fine 
stru ctu re . In th is case, knowledge of th e  m any-body displacem ent correlation  function beyond 
order 2 is required in order to  take account of the  various instan taneous configurations of the 
MS pa ths; th is  inform ation is redundant in single sca tte rin g  where the in tera tom ic d istance 
com pletely describes the pa th . T he tru e  MS co n tribu tion  is then the  weighted average of the 
signal genera ted  in all configurations of the  MS p a th  ( i.e. configurational-average ).

A m ethod  for approxim ating the  dam ping of MS contribu tions to  EXAFS due to  dynam ic 
and s ta tic  d isorder has been proposed, (3), th a t incorp orates  the higher-order co rrela tions in 
the d isplacem ent d is tribu tions bu t is far less cum bersom e than  a  brute-force configurational- 
average. It is based upon the  assertion, (4), th a t any MS signal, Xni for an n-segm ent path  
of to ta l leng th  Rp, can be expressed in term s of a real am plitude function, A (k , r ) ,  and a  real 
phase function , ^(fc, r )  via:

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

where k  is th e  photoelectron wavevector, r  is th e  basis set of N  generalised displacem ent 
coord inates describing th e  geom etrical configuration of the  MS path  and ^ ( k ,  r )  is th e  to ta l 
phase function . ( T he functions A (fc,r) and 0(fc, r )  may be determ ined for a given configu

140



C H A P T E R  4. T E M P E R A T U R E  D E P E N D E N C E  O F E X A FS

ration  from MS theory  ). T he configurational-averaged MS signal is the expectation  value of 
the MS signal in each configuration over the pdf, p{r ) ,  such th a t

It is assum ed th a t a  m ultivariate G aussian d istribu tion  in the  generalised displacem ent coor
d inate  basis r  em ulates th e  pdf of the  MS path  due to  dynam ic and static  disorder; i.e.

transpose. T h e  (N  x N )  m a trix  M  has been in troduced and represents the m any-body 
displacem ent correlation  function o f th e  MS p a th , w ith  [M],y =  (r\ry); w ith in the  G aussian

displaced configurations by evaluating the  behaviour of A (k , r )  and rl>(k,r) in the equilibrium  
configuration only, i.e. a t r  =  0. T his is done by Taylor expand ing  A (k ,r )  and V(^> r)  for 
small d isplacem ents in r  such th a t

where H is th e  Hessian m atrix  for determ ining m ultid im ensional second derivatives. ( Note 
th a t A0 and  Vo a "  scalars, A \ and Vi are (1 x N )  colum n m atrices and A j  and Vj are 
(N  x N )  m a trices  etc. ). Com bining 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 G aussian  integrals over r:

(4.15)

g-\L
P (r)  “  ( 2 » ) f  de t((M )*]

(4.16)

where r  rep resen ts the (1 x N )  colum n m atrix  com posed of th e  elem ents of r  and f the m atrix

model it co n stitu te s  a com plete descrip tion  of the probability  o f finding the MS path  in a  given 
configuration. T he principle of the  m ethod  is to  approxim ate ly  determ ine the  MS signal in

A (k ,  r )  =  ^ ( f c ,r ) |r = 0 +  V A (fc ,r) |r= 0 .E + i(E * H  A (fc ,r)|r= 0r )  + •••
=  A 0 +  A i.r  +  H e’ ^JE) +  •• • (4.17)

and

V (fc,r) =  V(fc,r)|r=0 + V V (fc,r)|r= 0 . t + i ( r ' H  V(fc,r)|r=0r) + •••
= Vo + V’t-r + 1(1* )̂+••• (4.18)

'<' ( 2 ^ Ï N Ü Î j
- d 'M r j / ï (/lo+-4i■ r + H r t A 2r ) + -  ■ •) exp{t(Vo+Vi-t+Hr,Var)+> • 1}

(4.19)
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which, considering only first order term s in the  Taylor expansions, yields the  final result

<Xn(*0> =  A 0 +  A l
kR p + <t>0+^ Ì l

•^0 (4.20)

T he dom inant dam ping te rm  is the facto r e - ^ ' M’*'1 its  origin® is the Fourier transfo rm  into 
Vq-space of th e  G aussian probability  d is tribu tion  which appears in Eq. (4.19) in th e  integral 
over r-space. Since V"i is th e  ra te  of change of the  to ta l phase of the  fine s tru c tu re  w ith  respect 
to  r ,  V'l M V'i, is the variance of the  to ta l phase over the  G aussian d istribu tions in th e  path  
configurations. T he dam ping term  reduces to  th e  Debye-W aller factor for single scatte rin g . 
Note th a t the  configurational-averaging also generates a  phase and am plitude correction  to 
the fine s tru c tu re  bu t these term s are generally very small.

T he expression in Eq. (4.20) is a convenient way to  determ ine the  configurational-averaged 
signal from any MS sca tte rin g  when the displacem ents of the  configurations in r  are sm all and 
the probability  d is tribu tion  is G aussian. T his is a  good approxim ation for substances with 
little  s ta tic  d isorder a t low tem peratu re . T he form alism  can break down when the  equilibrium  
configuration o f a  MS pa th  sits at the  m axim um  or m inim um  of A (k ,  r )  or rl>(k, r)  which may 
arise for sca tte rin g  between collinear arrangem ents of atom s; in th is case the  derivatives A i 
and V'l will be zero and th e  second order correction term s of the  Taylor expansions o f A (k ,  r)  
and r/>(k,r) canno t be neglected.

T he above form alism  provides a convenient m ethod of determ ining the effect o f dynam ic 
and sta tic  d isorder on th e  MS contributions provided th a t the  m atrix  of second-m om ent 
correlations of th e  path  displacem ents, M , is known. For the  case discussed in th is  thesis ( the 
zinc (II) te tra im idazo le  com plex ) the  v ibrational correlation function ( VCF ) for dynam ic 
disorder has been established by inelastic neutron scattering  as described in ch ap ter 3. If 
the assum ption is m ade th a t s ta tic  disorder produces negligible atom ic displacem ents with 
respect to  the  absorbing zinc atom , then the  VCF to ta lly  describes M  for th is  molecule. 
This is an excellent assum ption in th is  case because s ta tic  disorder does not a lte r  th e  relative

#The specific term  in Eq. (4.10) which generates the dominant damping term is the integral: J dr p (r)«**' r 

which represents the Fourier transform ( or characteristic function ) of the pdf, p(r), into ti’i space If p(r) is 
the Gaussian diatribution given in Eq. (4.10) then the integral reduces to its standard form e1*1 If*
in which (r) is aero by definition so that s '* 1*®* ** 1.

148



C H A P T E R  4. T E M P E R A T U R E  D E P E N D E N C E  O F  E X A FS

positions of a tom s w ith in the  rigid im idazole rings and is unlikely to  significantly displace the 
im idazole rings from  the ir positions bonded to  th e  zinc atom ; it  is m ore likely to  manifest 
itself as displacem ents o f the  whole molecule in th e  crystal la ttice  which does no t affect the 
EXAFS. The V C F is m ost conveniently expressed in the  norm al coord inate basis, Q , in which 
Q, are the m ass-weighted generalised coord inates describing the  105 norm al m odes k of the 
molecule. In th is  basis, M  takes the form of a (105 x 105) diagonal m atrix  and w ithin the 
harm onic approxim ation  its elem ents are given by ( see section 3.3.4 )

|M|“ ' («;> = £ “ , t ( £ f )  <421)

where u>, is the  an gular frequency of v ib ratio n  o f th e  ith  norm al mode and tem p era tu re  de
pendence has been incorporated  via the canonical average over energy sta tes  a t tem p era tu re  
T  of a harm onic oscillator. T he inform ation ab o u t the  displacem ent correlations is contained 
in the  eigenvectors, obta ined  from solving the  secular equation in the norm al m ode analysis, 
which transform  the  norm al coord inates in to  th e  cartesian  basis ( see section 3.3.6 ). The 
configuration of the molecule in every norm al m ode may thus be deduced at any poin t in the 
v ibrational cycle from the  second m om ent of the  norm al coord inate d istribu tion  and the  eigen
vector transfo rm ation . C learly the  MS signals from  every scattering  path  may sim ultaneously 
be calculated in the  displaced configurations and th e  phase and am plitude functions com pared 
with those a t equilibrium  to  determ ine the  requisite  A \(k )  and V’i(lt) functions for each path 
in every norm al m ode. For reasons of num erical accuracy, the  A \(k )  and V’i(k )  functions were 
in fact determ ined for cartesian  displacem ents equivalent to  the square-root second-m om ent 
displacem ent of the  norm al coord inate , T h e phase and am plitude correction term  and
the dom inant dam ping term  exponent are thus determ ined at any tem pera tu re  as:

A0(k )
V>i(fc), M V > i(* )

m  K < » > w  - * ( M )

(4.22)

Note th a t the  transfo rm ation  from the generally curvilinear norm al coord inate  basis to  the 
rectilinear cartesian  basis is a first order approxim ation  th a t only holds if the cartesian  dis
placem ents rem ain sm all. T he validity of th is  approxim ation is tested in section 4.4.2 over
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the  range of cartesian  displacem ents used and was found to  be sufficient to  determ ine the  
Aj(fe) and functions accurately.

4 .3  E x p er im en ta l P ro ced u re
4 .3 .1  S a m p le  P r e p a r a t io n  a n d  E x p e r im e n t a l  A p p a r a tu s

C rysta lline zinc (II) tetraim idazole te trab o ro flu o ra te  was prepared according to  the m ethod 
of Reedijk, (115). T he crystals were thoroughly  ground in a  pestle and m o rta r and m ixed in 
a 10 : 8 mass ra tio  w ith  silicon grease ( Bayer Silicone high viscosity ). T he sam ple /grease 
m ix tu re was carefully sm eared with a  razor b lade onto ~  10pm alum inium  foil in a  5m m  wide 
gap between two parallel pieces of sticky ta p e  and cut o u t to  form a strip ; th e  sam ple /grease 
coating  of the alum inium  strip  was ~  0 .43m m  thick. T h e  silicon grease was chosen because 
its contraction  was found to  be approxim ate ly  the sam e with decreasing tem pera tu re  as the 
alum inium  backing so th a t  it was not expected  to  deform  or crack. T he sam ple/silicon ra tio  
was calculated to  produce approxim ately th e  required step  of 1 in the  absorption-thickness 
p ro du c t9 , fit, a t the edge w ithout exceeding a value o f 2. These values ensure th a t the  
ionisation cham bers ope ra te  within the ir dynam ic ranges to  avoid non-linearities and to  m in
imise noise. W hen applying the sam ple /g rease  m ixture to  the alum inium  foil rare  was taken 
to  ensure approxim ate 2ir isotropy in the  lie o f the m onoclinic crystallites by sm earing the  
grease from different directions. The rem aining an isotropy about the  axis perpendicular to  
the plane of the  sam ple was subsequently isotropically averaged by position ing the sam ple a t 
the so-called magic angle, (106), with respect to  the beam  which is known to  avoid spurious 
tex tu rin g  effects in powder samples.

T he EXAFS m easurem ents were perform ed on th e  EM BL-EXAFS beam line, (58), in 
HASYLAB, DESY in Ham burg using x-rays from the  DORIS-III storage ring. DORIS-11! 
typically  operates at 4 .5G eF  with cu rren ts between 80 and 20m A  and lifetim es of 1-4 hours. 
The m onochrom ator, (110), consists of two separa te  ( 1 1 1 )  silicon crystals and is located 20m

'T h e  absorption thickness is defined by m — ln ( / / /o )  where /i is the sbsorption 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  cham ber. X-rays from the source are 
restric ted  in th e ir  vertical divergence by slits ju s t before the  m onochrom ator. Two pairs of 
s lits  after the m onochrom ator define the  size of the beam  in a  tu be  spectrom eter configuration; 
possible beam  shifts therefore m anifest themselves only as changes of intensity.

An im po rtan t piece of ap p ara tu s  on the beam line is the  absolu te x-ray energy ca lib ra
to r ,  (109). This is com posed o f a 111-silicon crystal th a t  analyses the  residual beam  em erging 
from  the  second ionisation  cham ber; for this reason it is im p o rtan t th a t sufficient flux is left un
ab sorbed  by the  ionisation cham bers to  minim ise th e  effect of the  co n tam in ating  hard  x-rays. 
W hen the  Bragg condition is satisfied, the  111-crystal back-reflects the  beam  onto  two plastic 
sc in tilla to rs  a ttached  to  photom ultip lier tubes. T he ex ac t angle of the  111-crystal plane to 
th e  incident beam  ( and hence the absolute energy o f th e  back reflections ) is de term ined by 
( i)  locating  degenerate reflections w ith different M iller indices in one of the  scin tilla tor chan
nels and (ii) by establish ing the  energy sp litting  of nearly  degenerate reflections between the 
tw o channels. T he  back-reflections provide ca lib rations points a t various intervals all through 
th e  EXAFS spectrum  between which an in terpo lation  can be done th a t takes account of the 
oscilla to ry  character of the  m onochrom ator winding m echanism . T he energy ca libration  was 
b e tte r  than  ± 0 .2eV .

4.3 .2  Data C ollection
T h e  beam line was carefully optim ised for high spectra l resolution and in ten sity 10. T he m ir
ro r usually s itua ted  between the  post-m onochrom ator slits  was removed which improved the 
reso lu tion11 from  2.5eV to  th e  intrinsic value l .4 e V  a t  the  expense of intensity ; high reso
lu tion  was essential for precise absolu te energy ca lib ra tion . T he post-m onochrom ator slits 
were opened to  5m m  horizontal and 0.43m m  vertical. T he ion cham bers were filled with a 
helium /argon  gas m ixtu re to  a pressure of 200m 6ar for th e  front and 300m hnr for the bark 
cham ber; this corresponds to  about one th ird  of the  in itia l flux being absorbed in each of the * 1

lnThe d sts  collection waa made with the aMintsnce of Dr. H. F. Nolting, EMBL, Hamburg
1' The reaolutlon ia eaaily meaaured on thia beamline by eatabliahing the full-width at half-maximum, in the 

photomultiplier-count-rate veraua energy apectrum, of a calibration peak from a back-reflection in the vertical 
plane. Vertical back-reflectiona are uaed becauae they do not aulfer the additional broadening effect due to the 
horiaontal divergence of the beam.
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Absoluts Photon Ensrgy (#V)

F igu re  4 .1 : P lo t showing x-ray absorption  a t K-edge of sine (II) te tra im idaso le  tetraflu- 
o roborate. T h is  spectrum  was recorded a t 250 if  in transm ission mode w ith the sample 
norm al inclined a t a  magic angle of ~  36° ( defined by sin* 8 =  3 ) to  th e  incident beam.

cham bers leaving a  th ird  of th e  x-ray in tensity  for absolute energy calib ration .
Spectra  were m easured over the energy range 9200 —* llOOOeP giving a  ~  1300eP en

ergy range after th e  edge; nine ca libration  back-reflections were found in th is  range in each 
channel with th ree  bunched closely around the  edge; these regions were fine scanned. A 
typical absorp tion  plot is shown in figure 4.1 and exhibits v irtually  the  optim um  step in the 
absorption-th ickness p roduct of 1.

T he fine s tru c tu re  from each absorption  spectrum  was ex tracted  as the oscillatory function 
above th e  edge w ith  respect to  a  segm ented cubic spline curve fit running through the oscil
lations. T he spline curve consisted of five segm ents, each extending 2 5 0 e l', and is assumed 
to approxim ate a  background function for the  oscillations. The am plitudes of the oscillations 
were determ ined as the  fractions of the  step in absorption-thickness, fit, a t the  edge, between 
the post-edge spline curve and the ex trapo la tio n  of a curve fitted to  th e  pre-edge region
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F ig u re  4.2: Plot showing comparison of five fine-structure spectra of zinc (II) tetraim- 
idasole tetraborofluorate with the average of the five spectra; the data presented in this 
plot were recorded at 250K  but the same averaging procedure was adopted at each tem
perature. The fine structure are plotted with respect to the photoelectron wavevector, 
k =  ^/2m (E  — Eo), where Bo is taken to be 9870.5eV. The amplitudes of the fine-structure 
spectra are in fractions of the step in absorption-thickness at the edge and are weighted by 
is3; the offset between the spectra is 3 units on the y-scale.

( 9200 —* 9600eP  ); the pre-edge region was fitted with a  polynom ial o f th e  form C \ 3 +  D \*  
according to  V ictoreen 's law, (149).

Because of the  need for high quality  d a ta  w ith low sta tis tica l noise, a t  least five spectra  
were m easured a t each tem p era tu re  and the ir fine s tru c tu res averaged; th is  was only possible 
because the  d a ta  was of high resolution and absolu te-energy-calibrated . The result of this 
averaging procedure is depicted in figure 4.2 where the fc3-weighted fine structures o f five 
spectra  are com pared to  th e  average of the  five spectra.

D a ta  were recorded a t seven tem peratures; 20K , bOK, 100X , 1 5 0 /f, 200K , 2 5 0 /f,
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and 300X  sta rtin g  a t high tem pera tu re . The sp ec tra  were v irtually  free of glitches12 a t 
300A" and 250A' b u t at 200K  th ree  glitches appeared  a t ab ou t 480eV (k  =  11.2 A “ 1), 
590eV (fc =  12.5A- 1 ) and 980eU  (Jfc =  16.0A_1) above the edge; th e  la tte r  glitch was serious 
b u t d id  not appear again a t  any o ther tem p era tu re . The o ther two narrow ( A E  ~  20eV  ) 
glitches persisted in all the sp e c tra  down to  20K  an d  were possibly due to  inhom ogeneities 
th a t  appeared  in th e  sam ple a t low tem perature; th ey  vanished again upon raising the tem 
p e ra tu re  above 200A\ The g litches were Been to  sh ift significantly in energy by ro ta tin g  the  
m onochrom ator 1° about its  vertical axis and so a  second tem p era tu re  scan was m ade w ith  
the  glitches displaced. In th is  way real d a ta  values were collected th roug hou t the  energy range 
and an  average was then m ade a t  each tem p era tu re  of the fine s tru c tu res w ith the spurious 
d a ta  points removed ( i.e. th e  gaps in spectra  being com pensated for by real d a ta  poin ts in 
o th e rs  for which the  m onochrom ator had been ro ta te d  ).

T h e com plete, averaged d a ta  set at the  seven tem p era tu res  is presented in figure 4.3. T he 
fine s tru c tu re  exhibit the expected  increase in dam ping , especially a t high k, with increasing 
tem pera tu re ; there are also th ree  well defined shoulders a t  k — 5 .5 A "1, k — 7 .b k ~ l and 
k  =  10.5A -1 which are progressively dam ped w ith  increasing tem pera tu re . However, the  
sp ec tra  do not show large changes in form as a function  of tem pera tu re .

4 .3 .3  P r e l im in a r y  A n a ly s i s  o f  E x p e r im e n t a l  F in e  S t r u c tu r e s

T he conventional m ethod o f E X A FS d a ta  analysis is to  take the  Fourier transform  of th e  ex
perim ental spectrum , as described in chapter 1, page 2. The m oduli of the  Fourier transform s 
of th e  experim ental fine-structu re  spectra are shown in figure 4.4; they contain inform ation 
ab o u t the  modified radial d is trib u tio n  function, w ith  respect to  the  central atom , th a t de
scribes the  s treng th  of the photoelectron scattering . The features in the Fourier transform s 
are increasingly dam ped and less resolved with increasing tem p era tu re  but rem ain essentially 
the  sam e in form ( except th e  200A' spectrum  which appears slightly different a t a rad ius 
of <v 3.5A which is probably a  consequence of the  poorer quality  fine s tru c tu re  spectrum . )

“ A flitch is s spurious srtifset in the spectrum. The esuse of glitches sre msnifold, but s msjor cuuse is 
due to shsrp V e n e t i a n s  in the trsnsm ittsnce of the monochromstor ss s function of E
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F igu re  4.3: Experim entally  determ ined x-ray absorption  fine s tructure  o f sine (II) 
te tra im idazo le  te traboro fluo ra te  a t  different tem pera tu res. Each spectrum  is k ’ -weighted 
and co n stitu tes  the average of a t  least five energy-calibrated  raw spectra. T he fc-axis is 
draw n w ith  respect Bo = 9670.beV and th e  offset between the spectra is 3.0 units on the 
y-scale.

The dam ping  is especially apparen t for the large peak a t ~  l.fiA which may be related to  the 
strength  of sca tte rin g  from the  first shell; i.e. back-scattering  from the sine-bonded nitrogens. 
The Fourier transform  spectra  beyond l.fiA are related  to  sca tte rin g  involving atom s beyond 
the first shell; however it has been shown, (108), for the  sam e com pound, th a t it is impossible 
to  in te rp re t th is  region w ithout the  use of ab  in itio  calculations since it is composed of strong 
MS co n tribu tions. ( T he im portance of including MS in in te rpre ting  Fourier transform  spec
tra  has recently  been re itera ted  for the cases of gas phase S 1C I4, S iF « and S iC H i,  (27), and 
for ferrocene and nickeiocene, (123) ).

T he tem p era tu re  dependent Fourier transform  sp ec tra  may be used to  ob ta in  an estim ate
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F igu re  4.4: P lo t of the m oduli of the Fourier transform s of the experim ental fine-itructure 
•pec tra  ihow n in figure 4 .3  a t th e  various tem pera tu res. T he fine-structure spectra were 
cubic-spline fitted  ( 80 knots ) and  then transform ed over th e  range 19.5eF (k =  2 . 3 A )  

to  1295.S e F  (k =  18.2A) w ith a  sm oothing function a t the window edges. T h e  transform  
spectra  m ain ta in  the same form  a t  all tem pera tu res b u t are increasingly dam ped  a t high 
tem pera tu res; th e  offset between spectra  is 5 un its  on th e  y-scale.

of th e  m ean-squared displacem ents of the Zn-N in tera tom ic d istance  ab ou t its equilibrium  
value in the  following way: T he 1.6A peaks are isolated ( by a  window 0.95 —* 1.95A ) 
and back-Fourier-transform ed to  produce ap prox im ate  fine-structure sp ec tra  due to  Zn-N 
back-scattering  a t each of the experim ental tem p era tu res. T he bark-transform ed spectra are 
presum ed to  obey sing le-scattering  theory, (127), such th a t the  cu rvature of th e  photoelectron 
wavefront is neglected ( i.e. plane-wave approxim ation ) and th e  asym pto tic  form of the radial 
pa rt o f th e  wave function is adopted . W ithin  these ap prox im ations, the  spectra , X(r>(A). *re
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described by the  well known equation

X<r>(*) = f j j r  8in(2* «  + (4.23)

where T  is the experim ental tem peratu re , S (k )  is an am p litu d e  function for back-scattering  
from the N -atom , R  is the  average Zn-N interatom ic d istance , S '(k) is the  to ta l phase shift 
experienced by the  back-scattered wave for the Zn-N p a th , A is the m ean free path  o f the
photoelectron and e - a » 7 * 3 is the  Debye-Waller factor. T h e  ra tio  of the back-scattered  fine
s tru c tu re  a t two tem peratu res, T\ and 7 j ,  is thus given by

X < T , ) ( f c )  e x P I — 2 <t «V1 ) fc31 f a . a . (4.24)

where ACT34rij) is the change in ct3 over the tem perature ju m p  A T i 2. A plot of ln (x (Tl > /x < r* i)  

versus k 3 should therefore yield a s tra igh t line passing th ro u g h  the origin w ith grad ien t 
- 2 A ct34Tij) and , since there are a range of experim ental tem p era tu res , it is possible to  plot 
A ct3 as a function of A T . If ct3 is identified as the m ean-squared displacem ent of the  Zn-N 
interatom ic d istance abou t its  equilibrium  value then ct3 is th e  value of ct2 a t T  =  OK. Based 
on the assum ption th a t ct3 obeys the E instein model for la ttic e  vibrations, A ct2 may th us  be 
w ritten  as

A ct' =  ct3 |co th E.1_____ ) -7 - T X) ) (4.25)\2 fc(A T u
where E, is an associated E instein energy for the Zn-N v ib ra tio ns  and Tj is a lo w  experim ental 
tem peratu re  a t which only ground s ta te  Zn-N vibrational energy levels are assum ed to  be filled 
( i.e. for the d a ta  set here we may take Tj to  be 20K  ). W ith in  th is approxim ation, the value 
of ct3 may be determ ined from the plot of A ct3 against A T  e ith er by best-fitting  the coth 
expression in Eq. (4.25) w ith the free param eters ct3 and E, o r by ex trapo la tin g  the linear 
part of the plot at large A T )2, the intercept on the axis A T i2 =  - T \  being equal to  ct£.

The above procedure was followed by com paring the back-transform ed spectra  a t all tem 
peratures to  th e  one a t 20K . An exam ple of the plot of 1 n (X (r,) /X ( )) versus fc3 is shown in 
figure 4.5 for T2 =  250W; it is typical of all tem peratures. T h e  p lo tted  curve is shown with 
the broad error bars generated  from the  errors of the back-transform ed fine-structures. It 
is clearly non-linear and so a  line had to  be best fitted from  which the grad ien t - 2 A ct(34Tij,
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F ig u r e  4 .S : E xam ple p lo t o f ln(x<T,)/x<T,)) versus k 3 where Tj ¡> 250if  and T\ =  20K. 
X(t, ) and X(r,) are the am p litu d es of the back-transform ed fine structures of the first shell 
peaks ( 1.6A ) in the Fourier transform  spectra  shown in figure 4.4. T he dashed line depicts 
the line of best fit run n in g  through th e  p lotted curve ( bold line ); the error bars are shown 
for the p lo tted  curve an d  are determ ined from the experim ental fine stru c tu re  error. The 
gradient of the best-fitted  line is equivalent to  -2 A c r3aTij) and constitu tes one of the points 
in figure 4.8.

was established w ith an associated  error determ ined from  the  gradients of o ther possible lines 
passing through the p lo tted  curve. From the Fourier transform  sp ec tra  a t seven tem p era
tures, six values of A tr34 _ , were established w ith e rro r bars and are p lo tted  against A T u  in 
figure 4.6. T he A T \j  range was not sufficient to  reach the linear regim e of the coth term  in 
Eq. (4.25) ( in th is case th e  linear regime s ta r ts  > 500A' ) and so <r3 and E, had to  be d e te r
mined by a least squares fit o f the coth expression to  the  d a ta  points shown. The result was 
(t3 — (2.5 ±  0.5) x 10“3A3 for the  m ean-squared deviation  of the Zn-N in teratom ic distance 
and E, =  (36 ±  5) m e V  fo r the  Einstein energy. T he large error m argins on these values are 
a consequence of the  low sensitiv ity  of the fitted coth function to  changes in rr3 or E,\ they 
were determ ined from the  values at which the fitted function lay a t the  extrem es of the  error
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F ig u r e  4 .6 : P lo t of A<r2  versus A T jj  where A T n  =  T j — T\ and Ti and T j are tem 
peratures a t  which x-ray absorp tion  d a ta  was collected; A a 2 is the corresponding change 
in the m ean-squared deviation of the Zn-N interatom ic d istance. The experim ental points 
may be best-fitted  by a  function of the form shown ( w ith in  the E instein model of lattice 
vibrations ) w here E, is an E instein energy associated w ith  the Zn-N vibrations and tr2 is the 
m ean-squared deviation  of th e  in teratom ic distance when all vibrations are in their ground 
sta te . This m eth od  is a  d irect way to obtain  a  value for th e  m ean-squared displacem ent of 
the first shell d istance from th e  x-ray absorption  d a ta  alone.

bars shown in figure 4.6.

4 .4  C o n fig u ra tio n a l-A v era g in g  C o m p u ta tio n
4 .4 .1  E X A F S  S ig n a l  w i t h o u t  D a m p in g

T he EXAFS signal was calculated by MSXAS, (122), using energy-dependent complex Hedin- 
Lundqvist po ten tials. 21 atom s were included in the zinc (II) tetraim idazole cluster which was 
defined as a central zinc atom  and two pairs of sym m etry equivalent im idazole rings. The atom  
coordinates were obta ined  from x-ray crystallography o f zinc (II) te traim idazo le borofluorate
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at 100R and m odified so th a t the  im idazole rings were exactly  p lanar; they were the  sam e 
coordinates as those  used in the  norm al m ode analysis in chapter 3 and are listed for th e  
asym m etric un it in tab le  3.9. M uffin-tin radii were generated  by the Norm an criterion , (98), 
and foreshortened by a factor of 0.8; the  zinc M T radius was 1.128A and those of the  carb on  
and nitrogen a tom s in the  range 0.81 —* 0.86A. C onsequently there was no overlap of th e  
MT spheres along th e  Zn-N vectors but an overlap of 0.25 —* 0.30A between M T spheres 
within the  im idazole rings. The whole cluster was contained w ithin an ou te r sphere of 5.04 A. 
Phase shifts were calculated for each poten tial up to  l =  20. O ther param eters en tered to  
the program m e included the core ionisation poten tial o f 710.08 Rydbergs ( 9660.7eV ) an d  
an additional pa ram eter, 7 = 0.07 Rydbergs ( 0.95eV ) to  account for core hole lifetim e an d  
experim ental broadening  effects. T he to ta l Debye-W aller factor and the dam ping factors for 
each path  were all set to  zero so th a t the  signal does not take any account of disorder effects.

T he calculated  signal including all 160 possible single, double and trip le  sca tte rin g  p a th s  
in the asym m etric u n it is shown in figure 4.7 superim posed on the  experim ental spectrum  a t 
20K . T he theory  m ostly  reproduces the correct form of th e  curve, although there is a  n o tab le  
discrepancy at k = 8 .3A -1 ; the phase of the oscillations are  also well predicted. However a 
m ajor cause for concern are the  am plitudes of the theore tical curve which appear to o  sm all 
and thus allow no scope for trea tm en t of th e  dam ping of the signal due to  disorder. For 
exam ple, the  am plitudes of the  fine-structure m axim a in the  range k = 9 —» 13A~* are so 
sim ilar in the two plo ts th a t any trea tm en t of dam ping would cause the theoretical signal to  
be underestim ated . T hus it may be an ticipated  th a t configurational-averaging calcu lations 
based on this EX A FS signal do not produce a  good agreem ent w ith experim ent.

The theoretical calculation references the photoelectron energy ( and hence the  wavevector 
zero, i.e. At = 0 ) w ith  respect to  an energy, £ 0. This is th e  vacuum level and represents th e  
absolute photon energy required to  ionise a core electron in the zinc atom  and excite it to  a 
continuum  s ta te  w ith  exactly zero kinetic energy; in o th e r  words the zero of the  theore tica l 
scale is the  level o f the  effective potential for the photoelectron a t infinite d istance, m easured 
on the photon energy scale. Due to  the good agreem ent in the  oscillatory phase of th e  
theory and experim ent it is possible to  superim pose the  two fine-structure spectra  and hence
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F ig u re  4 .7 : Superposition  of experim ental and theo retical EXAFS curves for the sine 
(II) te tra im idaso le  com plex. T he theoretical curve was ca lcu la ted  w ithout any modelling of 
the dam ping  due to  disorder. The fc-axis ( wavevector ) for the experim ental spectrum  is 
referenced w ith respect to  Eo =  9670.beV. O f concern in th is  plo t is the lack of theoretical 
am plitude, which is particu larly  evident in the region k =  9 —• 13A_ 1, since there is no 
scope for m odelling o f the dam ping due to  disorder, e g. th e rm a l dam ping.

establish  Eo from the  zero point of the  theoretical curve. T h e  vacuum level was thus evaluated 
a t (9670.5 ±  2.0) e V  on the  ca librated  energy scale; ( the  e rro r  margin was determ ined from 
the  m axim um  observed offset of the  theoretical from th e  experim ental curve when th e  two 
were superim posed ). T he absolu te photon energy at w hich a core electron is ionised and 
excited to  the  Fermi level may also be estim ated as the energy  of the point of inflexion of the 
absorption edge; it was found to  occur a t (9664 ± 0.5) eV . T h e  gap between the  Fermi level 
and the  vacuum level co nstitu tes  the  work function, $ ,  o f  the zinc a tom  for photoelectric 
em ission; the  value of is thus (6.5 ±  2.1) eV . The positions of the vacuum level and the 
Fermi level w ith respect to  the  absorption edge are depicted  in figure 4.8.

Not all of th e  160 single, double and trip le  scattering  p a th s  in the asym m etric unit produce 
significant con tribu tions to  the  to ta l theoretical EXAFS signal. T he MS pa th s were ordered in
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F ig u re  4 .8 : E xpansion of the x-ray absorption  K-edge of sine (II) te tra im idaso le  tetraflu- 
oroborate. Ind icated  on the diagram  is the vacuum level, Eo, determ ined from  the superpo
sition of the theo retical EXAFS spectrum  w ith the experim ent, and the Fermi level, defined 
as the point of inflexion of the absorption  edge. T h e  energy difference between the two is 
equivalent to  th e  work function, 4'. T he core ionisation  energy ( not shown ) was defined as 
9660.7eF.

im portance according to  the  m axim um  calculated am plitudes in the fc3-weighted fine s tru ctu re  
spectra  and it was found th a t only the sixty m ost significant pa ths were needed to  generate 
a signal th a t was n o t perceptibly different from the  full calculation shown in figure 4.7. The 
sixty MS pa ths are listed in tab le  4.1 for the  asym m etric u n it of the  molecule and represent 
the  paths used in th e  configurational-averaging calculations in th is thesis. The fc3-weighted 
fine-structure con tribu tions of the  top  forty pa ths given in tab le  4.1 are displayed in figure 4.9 
w ith the sam e am p litude  scales for com parison. As expected , the two m ost im portan t paths 
in the asym m etric un it are the  Zn-N-Zn back-scattering  paths. In fac t, of the  20 most 
significant p a th s, 16 incorporate the Z n  — N  vector; m ean-squared-displacem ents in this 
vector are therefore expected to  strongly influence the  dam ping  of the to ta l spectrum  due to  
disorder; th is m ay be recalled when exam ining the  results o f the configurational averaging 
calculations. T he las t few of the  forty paths ap pear negligible ( the ir m axim um  am plitudes 
being of the order o f only 6% of the Zn-N back-scattering  am plitude ) b u t the sum effect 
of many such con tribu tions should not be ignored. The im portance of double and trip le 
scattering  con tribu tions in this system  ( evident in figure 4.9 ) fu rther underlines the necessity
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asymmetric unit of zinc (II) tetraimidazole complex
6 11

1. 1 9 1 21. 1 5 6 1 41. 1 7 11 9 1
2. 1 4 1 22. 1 2 3 4 1 42. 1 4 2 6 1
3. 1 9 11 1 23. 1 7 8 9 1 43. 1 2 6 5 1
4. 1 8 7 9 1 24. 1 io :11 1 44. 1 7 11 10 1
5. 1 3 2 4 1 25. 1 6 1 45. 1 9 7 111
6. 1 4 6 1 26. 1 11 :L 46. 1 3 2 3 1
7. 1 8 1 27. 1 2 4 1 47. 1 4 5 4 1
8. 1 3 1 28. 1 7 9 1 48. 1 2 6 4 1
9. 1 10 1 29. 1 9 10 11 1 49. 1 5 6 5 1

10. 1 4 2 4 1 30. 1 4 5 6 1 50. 1 3 6 5 1
11. 1 5 1 31. 1 3 4 1 51. 1 8 11 10 1
12. 1 4 6 5 1 32. 1 4 3 4 1 52. 1 7 11 1
13. 1 9 11 10 1 33. 1 9 8 9 1 53. 1 2 6 1
14. 1 0 10 1 34. 1 8 7 8 1 54. 1 3 5 1
15. 1 9 11 9 1 35. 1 8 9 1 65. 1 8 10 1
16. I 9 7 9 1 36. 1 8 7 1 1 1 56. 1 7 8 1
17. 1 4 5 1 37. 1 8 7 10 1 57. 1 4 2 5 1
18. 1 4 6 4 1 38. 1 3 2 6 1 58. 1 10 11 10 1
19. 1 7 1 39. 1 9 10 9 1 59. 1 9 1 9 1
20. 1 2 1 40. 1 3 2 5 1 60. 1 4 1 4 1

T a b le  4 .1 : The »ixty m o il significant photoelectron sca tte rin g  path« in the asym m etric 
un it o f the line (It)  te tra im id a io le  molecule including single, double and trip le scattering  
T he paths were ordered according to  the m axim um  am p litu d e  appearing in the * 5-weighted 
fine stru c tu re  sp ec tra  for each path ; the  fine s tructu re  con tribu tions of th e  top  forty MS 
paths in th is  list are shown in figure 4.9.
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F igu re  4 .9: The ¿'-weighted fine «tructure contribution* of the forty mo»t important 
multiple-scattering path* in the sine (II) tetraimidasole cluster taken from the list in ta
ble 4.1. The axes of the spectra are not annotated for clarity; the y-axis is the ¿''-weighted 
amplitude and ranges from -1.9 to 1.9 and the x-axis is the photoelectron wave vector from
¿  =  2 . 0 A - *  to * =  1 9 A 1. 164
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to  go beyond th e  single scattering  approxim ation when analysing EXAFS da ta .

4 .4 .2  T e s t  o f  C o n f i g u r a t i o n a l - A v e r a g i n g  A l g o r i t h m

T he first order configurational-averaging approxim ation outlined in section 4.2.2 is valid when 
th e  phase and am plitude functions, ( r )  and A (k ,  r )  for each p a th  ) vary linearly over 
the  range of m olecular configurations. In the  case of displacem ents due to  therm al v ibrations, 
th is implies th a t the  phase and am plitude derivative functions, ip i(k)  and Ai(fc), m ust be the 
sam e when evaluated  a t all points in the displacem ent cycle of a  given v ibrational norm al 
m ode. T his requirem ent is com plicated by two factors:

1. The m ean-squared displacem ents due to  th e  various norm al modes are sum m ed for each 
atom  to  produce the  to ta l m ean-squared displacem ent undergone by the  atom . V>i(fc) 
and Ai(fc) m ust therefore be the  sam e for the  norm al mode v ib ration  about any point 
in th e  p robability  d is tribu tion  function due to  all th e  o ther norm al modes.

2. The norm al vibrations are  properly expressed in the  norm al coord inate basis which 
in general is curvilinear. T he individual atom ic displacem ents however are m ost con
veniently expressed in th e  rectilinear ca rtesian  coord inate  basis as infinitesim al dis
placem ents. T his approxim ation only holds for linear or for very small curved atom ic 
tra jec to ries ; it may break down for large curved trajec to ries  which deviate significantly 
from th e  approxim ated linear pa ths leading to  false evaluations of V'i(fc) and A \(k ) .

T he above concerns were investigated by exam ining sca tte rin g  from three nearly collinear 
atom s in th e  sine (II) tetraim idazo le complex: th e  absorb ing  zinc, and the two nitrogen atom s 
in one im idazole ring. A diagram  is given in figure 4.10 showing the  relative positions of the 
atom s. These a tom s were chosen because the phase and am plitude functions were ex perted  to  
change rapidly  ( for double and trip le  scatte rin g  ) when the  outer nitrogen displaces. This is 
because the  nearly  collinear arrangem ent m eans th a t  each atom  sits in or near the direction of 
strong forward- or back-scattering  of the o ther atom s; these scattering  lobes becom e narrow 
a t high photoelectron  energies ( see reference (108) ) and consequently the  scatte rin g  from the 
o ther atom s seen by the  ou te r nitrogen changes rapidly  when it displaces through the lobe.
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P h a s e  ( r a d i a n s ) Amp 1 1 t u d e

F ig u re  4.10: Test of the validity of the fir»t order configurational averaging approx
imation. The scattering in the three paths shown was calculated for nine displacements 
of the outer nitrogen ( labelled 2 ) along the linear trajectory indicated. The maximum 
displacement was ± 0 . 2 2 A  from equilibrium which is equal to twice the standard deviation 
displacement of the atom in this direction due to all normal modes at 300K as determined 
from inelastic neutron scattering. The atomic arrangement chosen and the linearity and 
magnitude of the displacements provided a stringent test of constant variation of the phase 
and am plitude functions. All plots are linear, ( i.e. the first derivative is constant ) and so 
the first order approximation is considered sufficient for this molecule.
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In o ther words this arrangem ent constitu tes a severe test of the constancy of the  V>i(k )  and 
Ai(fc) functions when th e  ou te r nitrogen is displaced. Only the  ou te r nitrogen was displaced 
in this te s t, along a  linear tra jec to ry  perpendicular to  th e  N-N vector and in th e  imidazole 
plane. T he phase and am plitude functions were established a t nine points on th is  tra jec to ry  
and were p lo tted  for five values of photoelectron wavevector, k. The grea test m agnitude of the 
nitrogen displacem ent was ±0.22A  from  equilibrium , which constitu tes twice the  m axim um  
standard  deviation ( 2a ) o f the displacem ent in th is d irection  at 300K  due to  all 105 norm al 
modes of th e  molecule as established from  inelastic neu tro n  scattering . The results of the test 
are shown in figure 4.10 and dem onstrate  th a t the phase and am plitude functions are linearly 
varying for th is tra jec to ry  even as far o u t as 2a a t 3 00 R . T he V’t(A) and Ai(fc) functions 
are actually  determ ined a t  displacem ents of ltr for each norm al mode; consequently this test 
indicates th a t the first o rder approxim ation used in the  configurational averaging algorithm  
is sufficient.

The graphs in figure 4.10 dem onstrate  th a t the phase function varies m ost rapid ly  a t high 
photoelctron energies whereas the am plitude function tends to  have the grea test gradient at 
low k. T hus the dom inant dam ping term  exp[-(V>}Mt/>i)/2] in Eq. (4.20) tends to  produce the 
most dam ping at high k whereas the phase and am plitude corrections, given by ( / t j  MV>i)/.4o, 
are greatest a t low k.

4 .5  R esu lts
4 .5 .1  I n d iv id u a l  M u lt ip le  S c a t t e r in g  P a th s

T he effect of the configurational averaging calculation on the  partia l EXAFS signal from each 
of the 60 m ost significant MS paths was determ ined. An exam ple is given in figure 4.11 for 
the Zn-N back-scattering  path  ( 1 9  1 ) ;  this path  generates the largest contribu tion  to  the 
undam ped to ta l EX A FS signal. T he dam ping effect of the  therm al motion is pronounced 
and is seen to  increase w ith tem pera tu re  as expected; at 20A' and k =  17A 1 it causes 80% 
reduction in the peak am plitude which is effectively the  dam ping due only to  zero point 
motion of the  molecule. At 300A', a t th e  sam e point in the  spectrum , the dam ping attenuates
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........ no traatmant o f  tharmal damping
--------  dampad at 20K,S0K. IOOK, 150K, 200K, 250K and 300K

F ig u r e  4 .1 1 : P artia l EXAFS signal from  the Zn-N single scatte ring  path . T h e  dashed 
line indicates th e  signal generated in th e  equilibrium  configuration with no trea tm en t of 
therm al dam ping. The solid lines represent the sam e signal after correction for therm al 
m otion of the Zn-N in teratom ic d istance in th e  105 norm al modes of the m olecule a t  seven 
different tem pera tu res.

th e  signal by m ore th an  90%. T here is no significant phase shift o f the signal for th is p a th , 
even at low k which is where th e  phase correction term  is g rea test. Sim ilar p lo ts showing the 
tem pera tu re  dependence of th e  partia l EXAFS signals are presented in ap pend ix  H for the  
ten  most im p o rtan t paths of one of the  im idazoles in the  asym m etric un it. T he dam ping  of 
the  signals is of th e  sam e order of m agn itude for the  various paths and none show significant 
phase shifts except the  1 4  5 1 double scatte rin g  path  which does exhibit visible shifts a t  low
k .

The configurational averaging calculation also yields a detailed breakdow n of the co n tri
bution of each o f th e  105 norm al modes of th e  molecule to  th e  dam ping of th e  partia l EXAFS 
signal. An exam ple of th is is given in figure 4.12 for the  sam e Zn-N back-scattering  p a th  d is
cussed above. T he effect of each norm al m ode is split in to  its  contributions to  the  two d istinct 
correction term s in the  first order configurational averaging form ula in Eq. (4.20). T he first 
bar chart in figure 4.12 shows how much each norm al mode contributes to  th e  exponent o f the 
dom inant dam ping , i.e. -(V 'JM V 'i )/2, for k  -  12A~* which represents th e  m id-range o f the  
spectrum . It shows the  contributions bo th  a t 20K  ( w hite bars ) and at 300A  ( black bars ). 
T he exponential o f the  sum of the  -(V ’}M i/»i )/2  term s from each norm al m ode determ ines 
the  dam ping effect on the spectrum . T he second bar chart in figure 4.12 sim ilarly  depicts the 
contributions of each norma) mode to  th e  correction term  (AjMV>i)/Ao a t  20Af and 3 0 0 /f
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F ig u re  4 .1 2 : Partia l con tribu tion! o f the 105 norm al modes to  the correction te rm ! in 
th e  first o rder configurational averaging approxim ation ( see Eq. (4.20) ) for the sam e Zn-N 
back-scattering  path  shown in figure 4.11. T he white bars represent the con tribu tion  from 
each norm al mode a t 20K  and the black bars a t 300K . T h e  bars are positioned in order of 
increasing frequency from left to  right.

w hich are seen to  be very small.
T he two ba r charts show very sim ilar distributions for th is pa th . The low frequency vi

b ra tion s  generate the greatest dam ping since they produce the largest m ean-squared displace
m ents of the atom s. The contributions from the low frequency modes increases faster with 
increasing tem peratu re  than  the high frequency modes because the  m ean-squared displace
m en ts  of the low frequency modes increase faster with tem p era tu re . For this path  the  greatest 
dam p ing  is generated by the  four large contributions a t low frequency; these correspond to  the 
four te trah ed ra l stretch modes of the  m olecular skeleton ( including the  te trah ed ra l b rea th 
ing m ode ). These four modes produce the largest displacem ents in the Zn-N interatom ic 
d istance  and hence introduce the  g rea test degree of incoherence in the  back-scattering from 
th e  nitrogen atom .

In appendix H sim ilar bar charts are presented for the  ten m ost im p o rtan t scattering  
p a th s  from one of the imidazole branches. In general, the grea test contribu tions to  the 
dam ping  come from the low frequency modes. A n o tab le  exception is the  trip le  scattering  
p a th  1 4 fi 5 1 which exhibits large contributions to  th e  dom inant dam ping term  from high
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frequency im idazole ring in-plane stre tch ing  modes in the  range 900 —* 1600cm -1 . However 
the im idazole ring out-of-plane norm al modes only co ntrib u te  negligibly to  the  dam ping of all 
pa ths; th is  corresponds to  a  range 300 —* 900cm -1 in the  v ibrational spectrum  of the molecule 
which does not genera te  any significant dam ping of the to ta l EXAFS spectrum . Unlike the 
Zn-N back-scattering  pa ths ( 1 4  1 and 1 9  1 ) ,  for m ost p a th s  the  two bar charts are not 
sim ilar; in fact for m any pa th s the  phase and am plitude correction contributions are often 
positive asiwell as negative. Very little  dam ping is due to  torsional librations of the im idazole 
branches since th is  does not greatly  affect th e  shape of th e  scattering  paths.

By inspecting  the  bar charts in appendix  H, it is evident th a t  the lam e four low frequency 
Zn-N te trah ed ra l stre tch  modes of the molecule ( discussed above ) produce very large d am p 
ing contribu tions for all the  pa ths. In fact, for the  ten pa th s considered, they are the dom inant 
con tribu to rs  to  th e  dam ping for all bu t the  trip le  sca tte ring  path  1 4 6 5 1. This pa th  is by 
far th e  m ost dam ped pa th  ( v irtually  100% above k =  12A -1 ) and much of the  dam ping is 
due to  rigid-im idazole wags and bends.

4 .5 .2  T e m p e r a t u r e  D e p e n d e n c e  o f  T o ta l E X A F S  S p e c tr u m

T he configurationally  averaged to ta l EXAFS spectra  a t various tem peratu res are presented 
in figure 4.13 superim posed on the experim ental EXAFS d a ta . T he com parison of the th e 
oretical and experim ental am plitudes of the signal show large discrepancies; the calculated 
signal und erestim ates the  tru e  am plitudes a t many points in the  spectrum . T he tem p era tu re  
dependence is however well m odelled for the peaks around k  =  6, k =  14 and k =  17A-1 . 
T he behaviour o f th e  theoretical and experim ental sp ec tra  w ith tem pera tu re  becomes m ore 
tran sp aren t when the  inform ation in figure 4.13 is redisplayed separately as in figure 4.14. 
From th is plot it m ay be seen th a t the  changes in the two sets of spectra , as a function of 
tem p era tu re , are sim ilar even though the signal is not correctly  modelled.

F inally  the Fourier transform s of the  theore tical spectra  are shown as a function of tem per
a tu re  in figure 4.15 and may be com pared w ith those of the  experim ental sp ec tra  in figure 4.4. 
( N ote th a t  the transform  window for the  theoretical sp ec tra  was slightly sm aller than th a t 
used for the  experim ental sp ec tra  due to  the  sm aller calculated  signal range; the  Fourier trans-
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C H A P T E R  4. T E M P E R A T U R E  D E P E N D E N C E  O F  E X A FS

F ig u r e  4 .1 3 : T heoretical and experim ental tem pera tu re  dependence of the EXAFS 
spectrum  of th e  line (II) te tra im ida io le  complex. The theoretical ip ec tra  include a full 
configurational-average trea tm en t o f the dam ping effect due to  the therm al m otion of the 
molecule b u t ap p ear to  underestim ate the true am plitude of the signal a t many points in 
the spectrum .
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C H A P T E R  4. T E M P E R A T U R E  D E P E N D E N C E  O F E X A F S

F ig u re  4 .1 4 : Theoretic»! and experimental temperature dependence of the EXAFS spec- 
trum of the line (II) tetraimidaiole complex. Thi» plot redisplays the information shown in 
figure 4.13 so that the theoretical and experimental signals are presented separately. The 
dashed line in the lower plot shows the theoretical signal generated with no treatment of the 
damping due to thermal motion.
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F ig u r e  4 .15: P lo t of the m oduli of the Fourier transform s of the theoretical fine-structure 
spectra  shown in figures 4.13 and  4.14. T he fine-structure spectra were cubic-spline fitted 
( 80 knots ) and then  transform ed over the range 41eV  (it =  3.3A) to  l200eV (k =  17.7A).
T he offset between spectra  is 4 u n its  on the y-scale.

forms o f th e  experim ental sp ec tra  are  however v irtu a lly  unchanged when determ ined over the 
sm aller window and figures 4.4 and 4.15 may therefo re be d irectly  com pared. ) T h e Fourier 
transform s of the  theoretical and experim ental sp ec tra  have approxim ately th e  sam e form 
although the  m id-range ( 2.0 —♦ 3.2A ) in the  theore tica l case is not as resolved such tha t 
nearly all features are washed o u t a t high tem p era tu re . T he m agnitude of the Fourier tran s
form m odulus is much sm aller in the  theoretical case th an  in the experim ental case which is a 
consequence of the u nd erestim ate  of the EXAFS am plitudes in the  configurationally averaged 
spectra .

T he im plications o f these resu lts  are discussed in the  following and final chap ter of this 
thesis.
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C h a p ter  5
Discussion

T he key ingredient to  the  configurational average ca lculation , presented in the last chapter, 
is the m any-body vibrational correlation function ( V C F ) of the molecule obtained via in
elastic neutron scatte ring  ( INS ), described in chapter 3; therefore, in the  next section, the 
confidence th a t may be placed in the VCF is assessed. T his is done by com paring the atom ic 
displacem ents im plied by the  VCF from INS studies w ith the  same quantities de term ined via 
the TLS analysis of the crystallography d a ta  ( described in chapter 2 ). In addition , the  Zn-N 
in teratom ic displacem ents, which were shown in th e  last chapter to  be the  main contributors 
to  therm al dam ping, are com pared with values from  TLS and EXAFS experim ent. Finally, 
the assum ption of harm onicity, im plicit in the  de term ination  and im plem entation of the  VCF, 
is discussed.

The causes o f the underestim ate in the  theoretical am plitude are discussed in the subse
quent section. It is described how the artificial energy discontinuity in the  modelling of the 
optical poten tials a t the M uffin-Tin boundary  significantly perturbs the  am plitude function 
th roughout the EXAFS spectrum . It is argued th a t  the  incorrect m odelling of the  am plitude 
function im pairs a  proper d a ta  analysis.

In the  following section some curren t approaches to  EXAFS d a ta  analysis are briefly 
overviewed with an em phasis on their trea tm en t o f the dam ping due to  therm al and sta tic  
disorder. T he im plications of the configurational averaging results presented in this thesis to 
these approaches are discussed.

Finally, the  conclusions of this study are sum m arised.
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5.1 C o n fid en ce  in th e  V ib ra tio n a l C o rre la tio n  F u n ction  ( V C F  )
T he V C F is co nstru c ted  from the  eigenvectors of a harm onic force field which models the 
v ib rations of th e  zinc (II)  te traim idazo le complex as an iso lated  molecule. C learly this is only 
an approxim ation  of th e  real v ib ra tin g  system , which is coupled to  some degree to  the rest of 
the  la ttic e , bu t the  m odel does successfully reproduce th e  hydrogen-w eighted INS vibrational 
density  o f s ta te s  of th e  molecule a t 20K . This is a  sensitive te s t o f the  atom ic displacem ents 
described by th e  V C F since the  intensities of th e  peaks in th e  INS spectrum  are d irectly  
related  to  the m ean-squared displacem ent am plitudes of th e  hydrogen a tom s in the  molecule 
in each v ib ra tional norm al mode. It is, however, extrem ely difficult to  assign error m argins 
to  the  atom ic displacem ents defined by the  V C F since these depend on m any factors; for 
exam ple, the  discrepancies between the  calculated  and experim en tal INS peak intensities and 
energies are difficult to  tran s la te  in to  error m argins in indiv idual atom ic displacem ents since 
the  peak is generally a  sum  of contribu tions from  m any ato m s Furtherm ore, the  accurate  
m odelling of th e  peak in tensities depends on th e  correct descrip tion  of broad background 
features in the  INS spectrum  such as phonon wings or on th e  correct m odelling of nearby 
peaks. It is also possible th a t undetected  m istakes in the  energy assignm ent of norm al modes 
will lead to  incorrect a tom ic displacem ents

T hus, due to  th e  difficulty in assigning e rro r m argins, it is im p o rtan t th a t  the  VCF is 
checked for consistency with o the r techniques. T his has already  been done to  some ex ten t 
in ch ap ter 3 since th e  frequencies of the norm a) modes of v ib ra tio n  were extensively checked 
against infrared and R am an values and values from ab in itio  force field calculations, bu t 
this provides no check of th e  atom ic displacem ents in each norm al m ode. T he calculated 
INS in tensities ( and hence indirectly  the m ean-squared atom ic displacem ents of the VCF ) 
were checked for self-consistency against INS spec tra  of d eu te ra ted  s ta tes  of the molecule; a 
m ore independent check, however, is to  directly  com pare the  atom ic displacem ents with those 
obta ined  from an o ther m ethod; i.e. TLS analysis. T his is therefore done in the following 
subsection.
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5 .1 .1  C o n s i s t e n c y  o f  A t o m ic  D is p la c e m e n t s  fr o m  I N S  a n d  T L S  S t u d ie s

T he TLS analysis o f x-ray crystallography d a ta  gives estim ates o f the to ta l m ean-squared 
atom ic displacem ents w ith respect to  the  m olecular centre of m ass at two tem pera tu res , 
100 A  and 1507C It thus provides a  m eans of directly  checking the  atom ic displacem ents 
described by th e  V C F via a  m ethod which is fundam entally  different from INS. T he V C F ’s 
a t 100A" and 150K  are generated  from the VCF a t very low tem p era tu re  assum ing perfectly 
harm onic norm al v ibrations; the  com parison with th e  TLS therefo re may ind icate  the  validity 
of the  harm onic approx im ation  since any anharm onic com ponents will contribute to  the  TLS 
m ean-squared d isplacem ents. A significant und erestim ate of th e  TLS displacem ents a t these 
tem peratu res m ay be evidence of anharm onicity.

Both the T LS and INS analyses hinge on the validity of th e  assum ption th a t th e  zinc 
(II) te tra im idazo le  m olecule may be trea ted  as effectively iso lated ; in o ther words th a t  the 
in ternal v ib ra tio nal modes are  d is tinc t from the la ttic e  v ibrations. This is supported  by the 
insensitivity o f th e  INS spectrum  of the zinc (II) te tra im idazo le  complex to  m odifications 
in the  crystal field incurred by changing th e  counterion in th e  crystal from perchlorate to 
te tra fluo rob o ra te , see figure 3.13. Further evidence was the  lack of peak broadening in the 
INS spectrum  in all m odes, except those below 160c m -1 which were only slightly broadened 
beyond the in trinsic  resolution . T his indicates th a t  m ost of th e  internal modes are non- 
dispersive which suppo rts  th e  notion th a t they are decoupled from  lattice  modes.

In order to  m ake th e  com parison, the m ean-squared atom ic displacem ents described by 
the VCF from th e  INS study  had to  be sum m ed for each atom  over all norm al modes; th is  is 
because the T LS analysis does not separa te  the to ta l displacem ents into contributions from 
various m odes. T he  com parison is depicted in bar chart form in figure 5.1 for root-m ean- 
squared d isplacem ents of th e  im idazole ring atom s along two projections. T he stretch  rms 
displacem ents correspond to  the projection  in the plane of the  im idazole ring and parallel to 
the  Zn-N bond. T he  wag rm s displacem ents correspond to  the  projection in the plane o f the 
im idazole ring and perpendicu lar to  the  Zn-N bond.

In the s tre tch  p ro jec tion , the  agreem ent between the two techniques is satisfactory ; the 
average d iscrepancy in the rm s displacem ents is 25%. T he TLS rm s displacem ents are con-
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1 0 0 K
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k e y t  r m s  d i s p l a c e m e n t s  o f  a t o m s  I n  s t r e t c h  o r  w a g  d i r e c t i o n s  v i a  111 I n e  l a s t  I c  n e u t r o n  s c a t t e r i n g  ( I N S )CH T L S  a n a l y s i s

F ig u r e  5 .1 : C om parison of results from the T L S  analysis and  INS study. The bar charts 
depict the roo t-m ean-squared  displacem ent am p litu des of each of the five ring atom s in 
the two asym m etric  im idasole branches o f th e  sine (II) te tra im idaso le  complex. T he rm s 
d isplacem ents ( in A ) are in the fram e of the m olecule centre o f m ass and are projections in 
the stre tch  d irection  ( to p  row ) and the wag d irection  and are shown a t the two tem peratures 
a t which th e  TLS analysis was done.

sistently  g rea te r than  those generated  by the  V C F from the INS study which would suggest 
the presence o f anharm onic ity ; however m ost o f th e  INS values lie w ith in the calculated m ax
imum error m argin  o f th e  TLS rm s d isplacem ents ( ±0.03A ) so it cannot be s ta ted  th a t  the 
harm onic assum ption  breaks down a t these tem pera tu res . In b o th  m ethods, the ou te r n itro 
gens of the  im idazole rings are  seen to  undergo less m otion in the  stretch  direction than  the 
carbon atom s. T h is  m ay be due to  th e  res tric tin g  effect of th e  H-bonding on th is n itrogen; it 
is encouraging to  see th a t it has also been reproduced in the INS case where the  H -bonding is 
approxim ated by stiffening th e  N-H bond. It should be noted how well the rms displacem ents 
of the  zinc-bonded nitrogen ( denoted N%n in figure 5.1 ) agree between the two m ethods; the 
values in the  b a r  chart for th is  displacem ent are therefore tab u la ted  in tab le  5.1. These values
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rms displacem ents of Zn-bonded N-atom  in stretch  direction , Â

20K 100K 150K 300K

TLS INS TLS INS TLS INS TLS INS

im idasole 1 - 0.040 0.047 0.042 0.046 0.044 - 0.052
im idazole 2 - 0.040 0.047 0.041 0.050 0.043 - 0.051

T a b le  5 .1 : Com parison o f th e  root-m ean-squared displacem ents o f sine-bonded n itrogen  
pro jected  along the Zn-N vector and in the fram e o f th e  molecule centre of mass via th e  
m ethods o f T LS and INS. Note th a t these values are not th e  same as th e  rms displacem ents o f 
the Zn-N in teratom ic d istance ( i.e. n o t the Zn-N p air correlation  function ). T he ca lculated  
error o f th e  TLS values in th is  case is ±0.011 A.

alone however do not represent th e  Zn-N pair correla tion  function ( the quantity  de term in ing  
EXAFS d am pin g  along the Zn-N path  ) since they  are only the  displacem ents of th e  n itrogen  
and take no account of the relative m otion of th e  zinc atom .

In th e  wag pro jection , the  agreem ent is not so good; th is was an ticipated  since th e  TLS 
analysis typ ically  models transla tion a l m otion b e tte r  than  librational. T he real m axim um  
error m arg in  for the  TLS rms displacem ents in th is  direction is likely to  be g rea ter th a n  the 
calculated  one of ±0.03A since the  crude model for th e  separa tion  of in ternal and overall 
m otion is not so appro pria te  for these kinds of lib ra tio nal displacem ents. N evertheless the 
values a re  of th e  same order o f m agnitude; the average agreem ent between the values from 
TLS and INS for this projection  is ±70%. It is in teresting  to  observe in tab le 5.1 th a t  
the overall wag displacem ents o f im idazole 2 are  approxim ately  50% sm aller than  th o se  of 
im idazole 1. T his p a tte rn  may be explained by th e  asym m etry  in the hydrogen bon d in g  to 
the two un ique im idazoles in th e  asym m etric group  whereby the  H-bonds from im idazole 2 
are sh o rte r and m ore linear and therefore stronger. For exam ple, in the te tra flu o ro b o ra te  
com plex, th e  H -bond NH- • F from  im idazole 2 is 2.747(2)A long com pared to  2.949(2)A from 
im idazole 1 and th e  angles form ed by th e  bonds are 155° and 124° respectively.

Values from  th e  TLS analysis in the out-of-plane projection relative to  the  im idazole rings
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( bend ) could not be established, as described in ch ap te r 2. T his was due to  an overestim ate 
of the  L tensor abou t one principal axes which resu lted  in negative values for th e  internal 
displacem ents in th is projection . In th is case, th e  Zn-4N rigid-body model used to  identify 
the overall tran sla tio n a l and lib ra tio nal d isp lacem ents of the molecule clearly failed. This 
is because th e  zinc-bonded nitrogens strongly p a rtic ip a te  in out-of-plane in te rna l m otion as 
may be observed in figure 3.21 and appendix G. However, it m ay also be seen th a t  th e  zinc- 
bonded n itrogen  pa rtic ipates  far less in the low frequency in-plane wag modes of th e  molecule; 
in o ther w ords, the  INS study dem onstrates  w hat was suspected in the TLS study, th a t  the 
wag lib ra tio na l axis passes close to  the  zinc-bonded nitrogen whereas the bend lib rational 
axis is d isplaced tow ards the centre of the  ring.

T he TLS analysis can only be considered as an  indication o f the  m agnitudes o f the  dis
placem ents. As was discussed in chap ter 2, th e  process of sub trac tin g  large m olecular mean- 
squared displacem ents from  the overall observed m ean-squared displacem ents, which are only 
slightly larger, to  leave estim ates o f the  internal m o tio n , incurs large error m argins. T h e TLS 
analysis is also based on very broad assum ptions a b o u t the n a tu re  of the in ternal m otion in 
the m olecule and takes no account of correlations in  th e  atom ic m otion. In th is  case, th e  TLS 
analysis should be m ost reliable in predicting th e  m ean-squared displacem ents projec ted  in 
the stre tch  direction; these  values are seen to  agree well w ith those predicted by th e  VCF. 
It is precisely th is m otion which dom inates the  dam p ing  effect on the EXAFS spectrum  and 
so it is essential th a t it is well m odelled by the  V C F . This is discussed fu rth er in th e  next 
subsection.

5 .1 .2  C h e c k  o f  Z n - N  P a ir  C o r r e la t io n  F u n c t io n

It was noted  in chap ter 4 tha t th e  te trah ed ra l s tre tch ing  modes of the m olecule dom inate  
the dam ping  effect of th e  EXAFS for the zinc (II) te tra im idazn le  molecule. In p a rticu la r, the 
m ean-squared displacem ents of the  Zn-N in te ra to m ic  distance, i.e. the Zn-N pair correlation 
function, are  instrum en ta l in determ ining the overall dam ping effect on the EXAFS spectrum .

The pa ir  correlation  function deduced from th e  VCF, via th e  INS study, m ay be d i
rectly checked against th e  experim ental value de term ined  directly  from the tem p e ra tu re  de
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pendent E X A F S  d a ta  as described in section 4.3.3. The EXAFS d a ta  yielded a  value of 
<Tg = (2.5 ±  0 .5 ) x 10_3AJ, w ith all m otion quenched in the  ground s ta te , which com pares 
favourably w ith  the value described by th e  V C F of 2.6 x 10-3AJ.

The experim en ta l value of ct3 = (2.5 ±  0.5) x 10_3A3 for the  Zn-N pair correla tion  func
tion , and th e  associated error m argin, perm it a  rap id  check of the  m agn itude of th e  dam ping 
calculated  for th e  EXAFS spectrum  a t 20K  v ia  configurational averaging. In th e  high k  re
gion, single sca tte rin g  along the  Zn-N-Zn pa th s dom inates th e  EX A FS and may effectively be 
m odelled v ia th e  plane wave approxim ation, see Eq. (4.23), and so th e  dam ping may be easily 
estim ated  by inserting  the pair correlation function  in to  the  Debye-W aller facto r, e -3fc* ' . 
For exam ple, a t  k  = 17A-1 the  peak in the  E X A FS spectrum  is nearly  com pletely described 
by Zn-N single scattering; if  tr3 is taken as 2.6 X 10"3A3 ( as it was in th e  configurational 
averaging ca lcu la tion  using the  VCF ) the  signal is dam ped by ~  80%. A lternatively, if <r3 
is taken as 2.0 X 10_3A3, which is the lower ex trem e o f the e rro r range for th e  experim ental 
value, th e  d am pin g  of the  EXAFS signal a t k  =  17A-1 is ~  70%; th is  would still resu lt in a 
d istinct u n d eres tim ate  of th e  true  EXAFS signal in th is fc-range.

5 .1 .3  A n h a r m o n ic i t y

T he d e te rm in a tio n  of the V C F hinges on the  assum ption  th a t  the  probability  d is trib u tion  
functions ( p d f ’s ) of a tom ic disorder are described by tr iv aria te  G aussians in the  gener
alised co o rd in a te  basis. In reality, th is assum ption  is only an approxim ation  since th e  true 
in tera tom ic p o ten tia ls  are certa in ly  enharm onic in form . T he essential question , therefore, is 
w hether the  harm onic approxim ation is ad eq ua te  in th is case to  m odel the VCF w ith respect 
to  its dam p ing  effect on the  EXAFS spectra .

A nharm onicities in m olecular v ibrations m anifest them selves as broadening and sp littin g  
of peaks in th e  INS spectrum . T his phenom enon was not found in the  INS sp ec tra  of im idazole 
and the zinc ( I I )  tetraim idazo le complex a t 20A' except at the lowest frequencies in the  la tte r  
spectrum , i.e. below 160cm where slight b roadening  was observed; th is corresponds to  the 
lib rations of th e  im idazole rings, i.e. wags, bends and torsions. T his kind of m otion produces 
small co n trib u tio n s  to  the  overall dam ping of th e  E X A FS, which is dom inated  by the  skeletal
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te trah ed ra l m odes, and so the m agnitude of th e  to ta l dam ping is not expected to  be sensitive 
to  e rro rs  in th e  m odelling of the  lib rational m ode potentials. T he peaks in the  INS spectrum  
due to  skeletal te trah ed ra l modes do not exhibit peak broadening a t  20K  which suggests th a t 
a  quasi-harm onic m odel is ap pro pria te  for these modes, according to  W hite  et al., (119).

T h e  therm al dam ping is dom inated  by the  effect of the Zn-N pair correlation function. 
T his m ay be checked for the presence of anharm onic effects direc tly  from the  tem pera tu re  
depend ent experim en tal EXAFS spectra  since the  first coord ination  shell peak in the  Fourier 
transfo rm  at each tem pera tu re  m ay be in terpre ted  to  determ ine the  ex tent of elongation in 
the  Zn-N m ean in tera tom ic d istance. It was found th a t th a t the re  was no change in the  
m ean in te ra tom ic  d istance between the  d a ta  a t 20K  and 50K  b u t th a t successive d a ta  sets 
ind icated  a consisten t elongation. T he 300 /f d a ta  set indicates an elongation in the  ~  2A 
Zn-N bond of (5 ±  1) x 10~3A , o r 0.25%. T his corresponds to  a therm al expansion coefficient 
o f (8 ±  2) x 10~8 which is in te rm ediate  between typical values for ionic solids ( e.g. KC1 
=  37 x  10-8 ) and covalent solids ( e.g. silicon = 2.6 x 10~8 ) a t  300K .  In an artic le  by 
E isenberger and Brown, (36), the  effect of the  anharm onicity  of th e  pair correlation function on 
E X A FS sp ec tra  from m etallic zinc was considered; the linear expansion coefficient of m etallic 
zinc is 61 x 10-8  which is an order of m agnitude larger than  th a t estim ated  for the  Zn-N pair 
co rre la tion  function. Clearly, anharm onicity  is present in the  Zn-N pair correlation potential 
b u t it does no t ap pear to  be a  large effect and it is not expected th a t it will significantly 
a lte r  th e  EXAFS dam ping which it dom inates. In addition , th e  lack of broadening of the  
INS peaks a ttr ib u te d  to  m otion th a t  largely determ ines the Zn-N pair correlation function, 
i.e. th e  te trah ed ra l stre tch ing  m otion, indicates th a t a t low tem p era tu res  the  pair correlation  
function may be considered quasi-harm onic.

It has thus been established th a t the Zn-N pair correlation function, a t least at 20A', 
is well m odelled by a G aussian pd f and, from the last subsection, th a t its m agnitude has 
been correctly  entered in to  the EXAFS configurational averaging calculations. Consequently, 
we m ay be confident in the  assertion  th a t th e  theory produces an underestim ate of the  tru e  
E X A FS signal a t high k  and th a t th is is not ju s t an artifac t of the  calculation. It is therefore 
logical to  conclude th a t  the underestim ate of the  theoretical am plitude, observed in the  lower
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¿  regim e of th e  spectrum , is also genuine.
As a  final n o te , it could be the  subject of a  fu ture analysis to  try  to  ex tra c t th e  anharm onic 

form  of the  Zn-N pair po ten tia l from the tem pera tu re  dependent EXAFS d a ta  by evaluating 
th e  coefficient o f a  cubic term  in the  expression for th e  p o ten tia l in H am ilton ian . It may 
th en  be possible to  add an anharm onic term  to  the harm onic descrip tion  of th e  VCF, as 
determ ined from  INS a t 20K , and thus m odel the  effect o f th e  Zn-N an h arm o n ic ity  directly 
on  th e  dam ping o f the  EXAFS.

5 .2  D isc u ss io n  o f  C on figu ra tio n a l A v era g in g  R e su lts
T h e  u nd erestim ate  of the  configurational averaged spectra l am plitudes com pared  w ith ex
perim ent stem s from  a  corresponding underestim ate of th e  theore tical am p litu d e  in the un
dam ped signal. T his was suggested in figure 4.7, in which th e  theore tical signal appears to  
leaves no scope for dam ping, and was confirmed by th e  ab in itio  tem p era tu re  dependence 
calcu lation  dep icted  in figures 4.13 and 4.14. One explanation  is th a t th e  dam ping  due to  the 
ex trinsic  and in trinsic  energy losses of the photoelectron are overestim ated ; in o th e r  words 
th e  im aginary com ponent of th e  phase shifts ( (-m atrices ), generated  by using th e  com 
plex, energy-dependent Hedin-Lundqvist po ten tials, are to o  large. A nother reason could be 
an u nd erestim ate  in the  theoretical backscattering  am plitudes predicted by th e  potentials. 
However, the  s itu a tio n  is com plicated because there is c lear evidence th a t the  d iscontinuity  
in th e  poten tials a t  the  m uffin-tin ( MT ) boundary  strongly  pertu rbs the  theo re tica l am 
plitud e. This is illu s tra ted  in figure 5.2 in which the theore tical am plitude  functions in the 
equilibrium  configuration , A n(k ) ,  of the ten m ost significant sca tte ring  p a ths, a re  plotted 
w ith  fc’ -weighting. All the  functions clearly exhibit an oscilla to ry  m odulation  w ith  the  same 
period which is ch aracte ris tic  o f in ternal photoelectron sca tte rin g  at the M T bo u nd ary  within 
th e  em itte r ( zinc ) po ten tial; notice th a t the p e rtu rba tion  caused by th e  MT d iscontinuity  
ex tends into th e  high k region and is not ju s t confined to  th e  near-edge ( XA NES ) region 
o f th e  spectrum  as it is frequently believed to  do. The varia tion  in th e  ¿ ’ -weighted am pli
tu d e  functions due to  the  oscillatory m odulation is as much as ±25% , which is significant.
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Wavevector ,  k (A"')

Figure 5.2: P lo ts  o f  th e  th e o re tic a l  a m p li tu d e  fu n c tio n , A o (k ), o f  th e  ten  m o a t s ig n ific an t 
s c a t te r in g  p a th s  o f  th e  sin e  ( I I )  te t r a im id a s o le  com plex . T h e  fu n c tio n s  c lea rly  e x h ib i t  th e  
sam e  o s c il la to ry  m o d u la t io n  w hich is e v id en c e  o f th e  p e r tu rb a tio n  in th e  th e o re t ic a l  p h o 
to e le c tro n  s c a t te r in g  cau sed  by th e  e n e rg y  d isco n tin u ity  in th e  o p tic a l  p o te n tia l  o f  th e  sine 
a to m  a t  th e  M u ffin -T in  b o u n d ary .
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T he effect the  M T p e rtu rb a tion  has on the am plitude o f th e  to ta l spectrum  may be seen by 
referring back to  figure 4.13 in which it was seen th a t  not all of the  peaks were underesti
m ated  a fte r the  configurational average. T he well m odelled peaks, for exam ple the  one at 
k  =  14A"1, correspond to  the peaks in the oscillatory am plitude envelope of the  am plitude 
function. Consequently, it is difficult to  s ta te  exactly  th e  origin of the und erestim ate in the 
to ta l EXAFS theoretical am plitude ; on inspection it appears th a t it is a com bination of an 
overestim ate in the dam ping due to  in trin sic /ex trin sic  losses plus the p e rtu rb a tio n  of the 
am plitude function caused by in te rna l scatterin g  of th e  propagating  photoelectron from  the 
M T boundary  discontinuity.

T he incorrect m odelling of th e  theo re tica l am plitude clearly affects the  Fourier transform s 
o f the  ca lculated  tem peratu re-dependen t spectra  bo th  in am plitude and form , as is seen by 
com paring figures 4.4 and 4.15. T h e  MT p e rtu rb a tio n  generates an artificial peak in the 
Fourier transfo rm  of the  ca lculated  E X A FS, a t the  reduced radius of l.lA. T he transform  
sp ec tra  a re  also underestim ated in am plitude in all bu t th e  the high frequency com ponents 
o f th e  EXAFS spectrum , which ap p ea r at a  reduced rad ius of 3.6A in the Fourier transform . 
In o ther words, the theoretical am p litu d e  does not produce a  uniform  underestim ate o f the 
EXAFS am plitude; i.e. the  theoretical Fourier transform  is not simply a  scaled down version of 
th e  experim entally  generated one. T herefore, unless the  am plitude und erestim ate is properly 
trea ted , th e  s tru c tu ra l and dynam ic in form ation of the  EXAFS beyond the  first shell cannot 
be reliably ex tracted .

T he configurational averaging calcu lation  yields im p o rtan t inform ation as to  the b reak
down in th e  contribu tions to  the  th e rm a l dam ping from th e  105 norm al modes of the molecule. 
It shows th a t  the  contributions to  th e  dam ping  from individual high frequency norm al m odes, 
th e  in ternal v ibrations of the  im idazole rings, are sm all. However, they are not negligible due 
to  the  m ultip licity  of the  high frequency modes. For exam ple, in the case of displacem ents in 
th e  Zn-N in tera tom ic d istance, which is the  m ost significant type of m otion as far as therm al 
dam ping is concerned, 23% of the  m ean-squared displacem ent is due to  internal modes of the 
im idazole rings. For some m ultip le sca tte rin g  paths, the  proportion  is much higher although 
few im p o rtan t paths are actually  dom inated  by dam ping due to  im idazole ring modes. In
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o th e r words, the  therm al dam ping can not be properly  modelled by considering only th e  low 
frequency skeletal modes o f the  molecule.

5 .3  Im p lic a tio n s  for E X A F S  A n a ly sis
In this section, a  b rief overview is given of som e o f the  common approaches to  EXAFS d a ta  
analysis in term s o f trea tm en t o f therm al p a ram eters . This is followed by a discussion o f the 
im plications to  these  approaches of the  resu lts  presented in th is thesis.

5 .3 .1  V a r io u s  A p p r o a c h e s  t o  E X A F S  D a t a  E v a lu a t io n

EXAFS d a ta  analysis is cu rren tly  em bodied by th ree  software packages: EXCURVE, (48), (140), 
F E F F , (94), and GN X A S, (40) which has th e  sam e parentage as M SXAS, (122), which was 
em ployed in th is  thesis.

T he analysis system  EXCURVE, (48), (51), (140), developed a t D aresbury L aboratory , 
is based on a fast, exact form ulation for single and m ultiple sca tte rin g  ( MS ) up  to  order 3 
incorporating  a  spherical wave trea tm en t. T h e m ultip le-scattering  ca lculation  has been m ade 
faster by th e  inclusion of a  sm all-atom  ap prox im atio n , (47). T he M uffin-Tin optical p o ten 
tia ls  are determ ined  according to  the  prescrip tion  of M attheiss, (90), and an X a  model is 
used for the  exchange-correlation correction w ith  an ad justab le  p a ram ete r to  com pensate for 
th e  lack of energy dependence. F E F F , (94), is based on essentially the  sam e theory  as EX 
CURVE; it incorporates th e  additional concept o f an effective sca tte rin g  am plitude , analogous 
to  the  plane-wave sca tte rin g  am plitude, which is applied to  m ultip le scattering , (107), (117). 
GN XA S co n struc ts  the  optical po ten tials using th e  H edin-Lundqvist plasm on pole approxi
m a tion , (54), (55), (56), (57), (74), which incorp orates  a  com plex, energy-dependent term  to  
m odel the in trinsic photoelectron losses.

All these packages ob ta in  s tru c tu ra l in form atio n  in the sam e way via a m u ltiparam eter 
fit of an ab in itio  EXAFS curve to  an experim en tal EXAFS spectrum . Included in the  fit 
is a  param eterised  model for the  s ta tic  and dynam ic s tru c tu re  o f the  subject system  and 
it  is optim ising th is  model th a t yields values for coord ination  num bers, bond lengths, and
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possibly bond angles and disorder inform ation. O th er param eters  are included in the fit 
and these are basically the  sam e for each package although  EXCURVE does perm it the 
potentials to  be varied. Recently, EXCURVE has been ad ap ted  in an effort to  reduce the 
num ber of free param eters typically refined in the  cases of biological system s; it is described 
as constrained and restrained refinem ent, (6). T he s tru c tu ra l param eters  are constrained 
to  certa in  idealised values taken from com parison w ith known system s and restra ined  such 
th a t any deviations from these idealised values are incorporated  in th e  object function th a t 
is m inim ised. T he principal difference between F E F F  and EXCURVE is th a t ,  in F E F F , 
the various m ultip le scattering  contributions are separa ted  ou t; th e  phase and am plitude 
functions are thus deduced for each MS path. T hen, w ith in the  approxim ation  th a t the  phase 
and am plitude functions vary linearly  over small displacem ents o f th e  free param eters, the 
EXAFS spectrum  may be determ ined , via their first derivatives, a t  any point in param eter 
space w ithout having to  recalculate the spectrum . T his enhances th e  com putation  speed by 
an order of m agnitude com pared to  EXCURVE. T he approach is described for the  case of 
copper, (94), in which a good fit to  experim ental d a ta  was ob ta ined  w ith  six free param eters 
including the  m ean free p a th , th e  zero of the energy scale, E0> a s tru c tu ra l param eter and 
three param eters  reproducing th e  therm al dam ping for the  first th ree  shells via the  Debye- 
W aller scheme. T he therm al param eters were underestim ates of th e  experim ental values for 
the first two shells ( quoted in th e  sam e article ) by 30% and 70%.

In F E F F  and EXCURVE, disorder is treated  via phenom enological am plitude reduc
tion factors ( Debye-W aller ) associated with each coord ination  shell; recent studies using 
these packages to  analyse m etal-coordinated im idazole system s m ay be found in the  lite r
a tu re , (6), (7 ), (71). This trea tm en t is in contrast to  GNXAS w here the dam ping due to  
therm al and s ta tic  disorder is trea ted  fully via the  configurational average scheme employed 
in th is thesis, (3). This is possible because the m ultip le-scattering  contribu tions are separated 
out such th a t a  phase and am plitude function for each path  may be deduced to  describe the 
partia l signal. For a single-scattering path , one quantity , analogous to  the Debye-W aller
like value a 2, is required to  define the  therm al dam ping in the  sam e m anner as for the  above 
m ethods. However, for scatte ring  in a three segment p a th , six param eters  are required to  com-
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pletely define a sym m etric  covariance m a trix  th a t  represents the  3 -body  correlation  function. 
T hus, potentially , GNXAS can reveal inform ation about d is trib u tion  functions of h igher order 
th an  the  pa ir correlation  function as is dem onstra ted  in a recent s tu d y  of sim ple brom inated  
hydrocarbons, (10).

5 .3 .2  S ig n if ic a n c e  o f  R e s u l t s  for  S t r u c tu r e  D e t e r m in a t io n

T he approaches to  E X A FS d a ta  evaluation  described above share a  com m on fea tu re  in th a t 
they are all m u ltip aram eter fits of a calculation to  an observation; th is  raises the question  as to  
how many refinable param eters  are justifiable for a pa rticu la r case an d  how the param eters  
m ay be in terpre ted . M ustre  et a l., (94), clarify the form er poin t by defining a  num ber of 
independent experim ental observations, from  the  energy range and Fourier transfo rm  range 
used, which m ust not be exceeded by the  num ber of refined p a ram eters . However, in order 
to  be able to  in te rp re t th e  refined param eters  in a  physical sense it  is essential th a t  they 
are  relatively uncorre lated  and th a t  they correspond to  an ad eq u a te  physical m odel for the  
system .

It has been shown, (107), th a t  some of the  param eters typ ically  refined in an  EXAFS 
d a ta  analysis are highly co rrela ted . For exam ple, over the  energy b and  61 —* 548eU  ( k  =  
4 —* 12A~l ) the wavevector zero, Eo, and the  first shell d istance, /Z*, are correlated  by 0.96; 
the  first shell coord ination  num ber, Afj, and disorder param eter, er2, for the first shell are 
correlated by 0.93. T he co rrela tions are g rea ter over narrow er energy  bands. P aram eters  
trea tin g  the disorder are relatively uncorre lated  with one an o th er, an d  therefore should be 
well determ ined via refinem ent, provided th a t they dam p partia l EX A FS signal o f d istinct 
periodicities. This is certa in ly  th e  case for a 1 for the first co ord ination  shell but param eters  
for more d is tan t shells m ay be m ore correlated  with one ano ther since m ultip le-scattering  
causes more than  one periodicity  to  be associated with scatte rin g  from these shells. It is 
therefore essential to  analyse EXAFS d a ta  over a wide energy range and to  choose the  free 
param eters associated w ith disorder dam ping carefully.

Even if th e  free param eters  are refined w ith relative certainty, th e  in te rp re ta tion  of the 
refined quantities hinges on the physical model used. The sim ple Debye-W aller-like trea tm en t
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of dam ping due to  d isorder in the approaches of EXCURVE and F E F F  is inappropria te  in 
dealing w ith the  dam ping o f  m ultiple sca tte rin g  pa ths. It has been shown, (3 ), th a t there are 
significant deviations from  th e  ex p (-2 c rJfc2) n a tu re  of the  dam ping for m ultiple scattering  
p a th s, especially for large d isorder. In fact, as argued by Filipponi et a l., (40), even if the 
dam ping were approx im ated  by a function o f th e  form exp(afc2), the  m eaning of the  refined 
quan tity  could not be th o u g h t of as describing the  disorder of a  given shell. In o ther words, 
the  refined quantities tr e a t in g  the disorder beyond the  first shell will be, in m any cases, 
m eaningless. T he GNXAS approach  trea ts  th e  dam ping due to  disorder via a  configurational 
average which does perm it a  physical in te rp re ta tio n  of th e  refined quantities beyond the  first 
shell in term s of disorder. However the m ethod necessitates additional param eters and it is 
not apparen t how co rre la ted  th e  various param eters  are.

In sum m ary, it is essen tial th a t the dam ping  due to  therm al and s ta tic  disorder be trea ted  
via a configurational average ( as incorporated  in GNXAS ) if the  m ultiple sca tte rin g  is to  be 
m odelled correctly  and the  refined param eters  are to  yield any inform ation abou t the disorder 
of the  scatte rin g  system . U nfortunately , th is  implies e x tra  param eters to  be refined which 
may be correlated  and there fo re  difficult to  determ ine.

Finally, the  m u ltip a ram e te r fit is only as good as the  theory  which generates the signal. 
It has been shown in th is thesis  th a t the  theory  produces an underestim ate of the EXAFS 
am plitude and th a t the am p litu d e  is significantly pertu rbed  by the presence of the Muffin- 
T in discontinuity. The im plica tion  is th a t the  quantities refined to  model the  dam ping due to  
d isorder will them selves be significantly und erestim ated . T his is born ou t by the quantities 
determ ined in the  articles by M u s tre e t al. and F ilipponi et a l., discussed above, which both 
produced underestim ates o f th e  disorder param eters  as com pared with the  cited experim ental 
values. T he incorrect m odelling  of the theore tical am plitude will undoubtab ly  also lead to  
system atic  errors in the evaluation  of s tru c tu re  and dynam ic param eters beyond the  first 
sca tte rin g  shell.

A possible fu tu re  check would be to  apply each of the  packages to  the sine (II) te traim ida- 
zole molecule and refine p a ram eters  for the  s tru c tu re  and disorder at the various tem peratures. 
T he refined quantities could be com pared w ith the known values from the inelastic neutron
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sca tte rin g  study. T his would provide a  q u an tita tiv e  check of the ab ility  of each package to  
yield m eaningful values for the  therm al disorder beyond the pair correlation  function. It is 
an tic ip a ted  th a t th e  refined values would represent a  significant und erestim ate of the INS 
determ ined  values for disorder.

5.4 C o n c lu s io n s
In th is  thesis, a  com prehensive tem p era tu re  dependent study of th e  EXAFS spectra  of th e  
zinc (II)  te tra im idazo le  molecule has been presented. T he EXAFS tem pera tu re  dependence 
was pred ic ted  by effecting a full configurational analysis and was seen to  produce a significant 
u nd eres tim ate  of th e  theoretical am plitude com pared to  the  experim ental spectrum ; the phase 
of th e  EX A FS signal was m odelled well.

T h e  configurational averaging calculation  perm its  a  breakdown o f the partia l contribution  
of each m ode to  th e  dam ping of each m ultip le sca tte rin g  signal. It is seen th a t th e  low fre
quency skeletal m odes of the molecule are  dom inant in the dam ping and become increasingly 
so as th e  tem p era tu re  is increased. Of these low frequency m odes, the  four modes involving 
te trah ed ra l s tre tch ing  of the Zn-N bonds are the  m ost significant in generating dam ping in 
most o f th e  principal m ultip le scatte rin g  signals. Low frequency torsional modes scarcely 
co n trib u te  to  the  dam ping. We note th a t ,  a lthough th e  dam ping is dom inated by the low fre
quency m odes, th e  high frequency in ternal modes of the  im idazole rings cannot be neglected. 
T he out-of-p lanc im idazole modes do no t co n trib u te  to  the  dam ping but the in-plane modes 
can co n trib u te  up to  25% of the exponent of the dam ping  term  ( i.e. 15% of the dam ping for 
Zn-N backscatte ring  ).

T h e essential ingred ient to  th e  configurational average was the full m anv-body vibrational 
co rrela tion  function ( VCF ) of the  molecule which was determ ined via a full norm al m ode 
analysis based on inelastic neutron sca tte rin g  d a ta . We note, from th e  norm al mode analysis, 
th a t it is not possible to  assess the  quality  of a v ibrational force field from vibrational frequen
cies alone but th a t  e x tra  inform ation is required ab o u t the atom ic displacem ents ( e g. via 
inelastic neutron sca tte rin g  d a ta  ). T h is observation pertains to  m any published ab in itio
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v ibrational force fields for sm all molecules where the  elem ents are scaled to  yield a  good fit o f 
th e  calculated  to  the experim ental v ibrational frequencies; these force fields produce w idely 
differing resu lts  concerning the  atom ic displacem ents.

T he a tom ic  displacem ents predicted by the VCF were checked for consistency w ith those  
ob ta ined  from  TLS analysis and yielded a satisfactory  agreem ent ( i.e. ±50%  m ean d iscrep 
ancy in all p rojections considered ). We note th a t TLS is a useful m ethod for de term in ing  
quan tities  th a t  are very difficult to  ob ta in  from o the r m ethods b u t th a t  it incurs large e rro rs  
in the  results produced. T he errors are two-fold: F irstly , th e  calculated  errors are large since 
the  desired quan tity  is the  sm all difference between two displacem ents and the  experim en tal 
errors are proportionally  larger w ith respect to  th is  difference. Secondly, the de term inatio n  
o f in tram o lecu lar displacem ents is based on some b road  assum ptions about the  n a tu re  o f 
bo th  the  in tra - and interm olecular m otion. T he m ethod  is also incapable of de term in ing  
correlations in  the  atom ic m otion.

T he Zn-N pair correlation  function predicted by th e  INS s tudy  was 2.6 x 10~3A3 an d  
was com pared to  the sam e quantity  determ ined d irec tly  from the  experim ental tem p era tu re  
dependent EX A FS study, (2.5 ±  0.5) x 10~3AJ. T he e rro r bars on th e  experim ental value 
perm itted  a  check of the assertion th a t  the EXAFS theo re tica l am plitude  was underestim ated  
by com paring the  dam ping in the high k  region, where th e  Zn-N pa ir correlation function 
dom inates, when the pair correlation  function is 2.0 x 10-3AJ. T h e result showed th a t  th e  
theoretical am plitude was significantly underestim ated even for values o f the Zn-N pair co r
relation function  at the extrem es of the  broad error bars. A nharm onicity  of the  Zn-N p a ir 
correlation  po ten tial was found to  be small.

T he incorrect theoretical m odelling of the  EXAFS signal is pa rtly  a ttr ib u ta b le  to  a m o d u 
lation  of the theoretical am plitude function caused by in te rna l sca tte rin g  of the photoelectron  
w ith in the em itte r  potential by the artificial energy discon tinuity  a t the  Muffin-Tin b o u n d 
ary. T he p e rtu rb a tion  is severe, as much as ±25%  ab o u t the  m ean fc3-weighted am plitude , 
and persists strongly  in the  high k region. This effect im pairs a correct in te rp re ta tion  of th e  
experim ental am plitude. T he m odulation of the am p litu d e  could be removed by artificially  
elim inating  th e  Muffin-tin discontinuity or by overlapping M uffin-tin spheres; the  la tte r  is
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stric tly  forbidden by form al scatte rin g  theory bu t can improve the  m odelling. However, tak 
ing such m easures can result in a  serious d e te rio ra tio n  in the phase of the EXAFS signal, 
which is presently  seen to  be well-modelled. An a lte rn a tiv e  m ethod would be to  em ploy full 
potentials th a t are  no t based on the M uffin-tin approxim ation  and work is progressing in this 
field, (42), (97).

As well as th e  M uffin-tin p e rtu rb a tio n , th e  theo re tica l am plitude is also significantly un
derestim ated. T h is  could be due to  an overestim ate in the dam ping of the  in trinsic losses 
of the pho toelectron  which would require some m odifications to  the  im aginary com ponent of 
the H edin-L undqvist potential.

T he consequence of the  am plitude  und erestim ate for the  current m ethods of EXAFS d a ta  
evaluation is th a t  th e  refined param eters  m odelling th e  atom ic disorder will, in general, be 
significantly un d erestim ated . T he values for shell d istances beyond the  first shell m ay also 
be affected by th e  incorrect form  of the theoretical am plitude  function. We note th a t  it is 
im portan t to  an alyse  EXAFS d a ta  using a configurational average of m ultiple sca tte rin g  paths 
but th a t caution  should  be used in dealing w ith the e x tra  refinable param eters since they  may 
be strongly co rre la ted  w ith one another.

In conclusion, th is  study is a  benchm ark test of m ultip le-scattering  theory and has shown 
th a t problem s ex ist particu larly  in the  de term inatio n  o f the ab in itio  am plitude of th e  signal. 
This may lead to  system atic  errors when the theory  is applied to  ac tual s tru c tu re  de te rm in a
tion problems.
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A p p e n d ix  A
Extension to Standard TLS Theory

In th is  ap p en d ix , an extension to  the  s tan d a rd  TLS theory  ( section 2.2 ) is described. It is 
not im plem ented  in th is study , for the reasons described in section 2.6, b u t is included for 
com pleteness.

T h e s ta n d a rd  TLS analysis determ ines th e  tran sla tio n a l and lib rational displacem ent d is
trib u tio n s  of a  designated rig id-body bu t it does not take account o f co rrela tions between 
rigid-bodies n o r does it d istingu ish  between different contributions to  the  A D P ’s from in te r
nal m otion, la tt ic e  vibrations o r s ta tic  d isorder. An extension to  the model was in itia ted  by 
Johnson, (64), and  form alised by D unitz an d  W hite , (33), in order to  allow for large scale 
in ternal lib ra tio n s  between defined rigid-bodies. T his approach, known as th e  segm ented  
rigid-body model, assigns an ad ditiona l p a ram eter, (<p2), as the m ean-squared torsional am pli
tude of groups suspected of undergoing significant torsional m otion about a  predefined axis. 
T he m ethod resu lts  in a T ,  L  and S tensor for th e  bulk of th e  molecule and an additional 
torsional am p litu d e  for the so-called attached rigid-groups ( A R G ’s ). T he ARG is considered 
to  experience a  riding m otion  w ith the  torsional m otion superim posed on top.

However, in th is  basic fo rm , the segm ented rigid-body m odel has m ajor lim ita tions. T he 
m ost im p o rta n t problem  is th a t  the model to ta lly  neglects correlations in displacem ents be 
tween the  m ain  rigid-body and  the ARG. T his requires analogous term s to  those expressed 
in the  S ten so r which couple th e  internal torsional second m om ents to  those of the overall 
tran sla tion a l an d  lib rational p d f ’s. Thus, th e  A D P ’s of an individual atom  in th e  ARG should
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be determ ined  from a  modified form of Eq. (2.7) such as, (11):

T s* I
S L M, A*

M* M I
(A .l)

T he th ree  ad ditiona l coupling tensors become tran sparen t in an orthogonal coord inate  system
in which one axis is parallel to  the in ternal torsiona axis; i.e

0 0 ( V v )
Mi(y>) = 0 0 <*j v>)

0 0 <AÜV>) _

0 0 (* iV )
M|(<p) = 0 0 (tì<P)

0 0 <‘ï*>

(A.2)

M(v>)
0 0 0

0 0 0

0 0 <v2>

( T h is  form alism  is analogously applicable to  an internal translation al degree of freedom , (11) )■  
By in troducing  these coupling term s a new indeterm inacy arises in the value of th e  in ternal 
torsional displacem ents and the  parallel com ponent of the overall librational d isplacem ents, 
AH. From th e  observed A D P ’s it is only possible to  deduce the quadratic  average o f (AH +  ifi) 
which is ((All)’ ) + (ifi2) + 2(All^) in which the  term s ((ifi2) + 2(A l^ )) can not be sep ara ted . 
T his is analogous to  the indeterm inacy in the  diagonal elements of S. Consequently th e  value 
ob ta ined  for th e  m ean-squared torsional m otion of the ARG is only meaningful when it is 
large com pared to  the  parallel com ponent of the overall librational displacem ents in L, (32). 
T he in trodu ction  of an ARG to  model one ex tra  internal degree of freedom generally implies 
the  addition  o f six e x tra  independent param eters to  be deduced from the atom ic A D P ’s.
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A p p e n d ix  B
Mean-Scjuared-Deviation of 
Harmonic Oscillator

The following argum ents may be found in m ost s tan d ard  tex ts on Q uantum  M echanics. The 
following derivation  has been com posed from reference to  (91), (92) and (100).

We consider a  one dim ensional sim ple harm onic oscillator ( SHO ) in which th e  dev ia tion  of 
the system  ab ou t equilibrium  is denoted  by th e  dimensionless coordinate, {. T h e  norm alised 
H am iltonian wave function of th e  n lh s ta tio n a ry  s ta te  is of the  form

M ( ) =  AnH„U)e-^ (B.l )

The special functions /fn({) are  th e  H erm ite polynom ials and A „  are the n o rm alisa tion  con
s tan ts  given by

Xn=(S) T m  (B,a)
in which /i is th e  reduced m ass and  u>0 is the frequency of oscillation. The energy o f th e  n th 
s ta tio n a ry  s ta te  is

E n =  hu)0(n  + - )  (B.3)
We wish to  determ ine the quan tum  m echanical expectation value1 of the squared dev iation , 
£J , in a  given s ta te  n. This is given by su b s titu tio n  of Eq. (B .l)  into the expression

<{*>« = (nli’n) = f ° °  *;«)*V(ÎK (B.4)J - o o
E valuation of th e  integral may be shown ( see (92) chapter 9 ) to  yield the an a ly tica l form

<*,>«='»+5 (B.5)
1 Alto known mm  the mrtn value or average value
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A p p e n d ix  C
Symmetry Species of Normal 
Modes

This ap pend ix  presents a  s tan d a rd  group theore tical technique which may be found in most 
s tan d a rd  te x ts  on Group T heory 1.

A given m olecule possesses sym m etry  denoted by th e  point group, 47, which contains the 
n  opera tions A. D epending on the  displacem ent coord inate  set selected, the group opera tions 
may be represen ted  by n  transfo rm ation  m atrices, R (A ). For each opera tion , A , a  quantity , 
x (A ), known as the  character may be defined as the  trace  of th e  transform ation  m a trix , R (A ), 
i.e.

X(A )  = T r R ( A )  (C .l)

C learly th e re  is an infinite num ber of sets of transfo rm ation  m atrices, R (A ), since th e re  is 
an infinite choice for the displacem ent coord inate  set, bu t the  characters, x (A ), will always 
be the  sam e. A given coord inate  basis set co n stitu tes  one representation  of the g roup , (7. 
Frequently, a representation  may be transform ed such th a t  the transform ed set forms sub-sets 
of coord inates th a t are non-m ixing under opera tions of 47. T he original representa tion  is then 
described as reducible. A transfo rm ation  can always be found th a t produces new reduced 
rep resen ta tions which, despite any fu rth er coord inate  transfo rm ation s, cannot be m ade to 
reduce fu rther; these sub-sets are known as irreducible representations o f the group 47. Group 
rep resen ta tion  theory  sta tes  th a t fo r  each point group there are only a definite sm all number 
o f non-equivalent irreducible representations possible. An a rb itra ry  represen ta tion , R (A ), of

'The text referred to in compiling this nppendix wxs Leech and Newman, (IT).
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Q m ay therefore b e  decom posed as follows

R (A )  =

R (" ‘)(i4) 0 0 0
0 R<«>(/1) 0 0
0 0 R ("’ ) (^ ) 0
0 0 0 etc.

(C .2)

in which R(**)(.4) represent the  irreducible represen ta tions of the  opera tion  A . Reducing 
an a rb itra ry  rep resen ta tion  is effectively th e  sam e as block-diagonalising the  transfo rm ation  
m atrices; the  non-m ixing property  of th e  reduced representations is evident from  the  off- 
d iagonal zero blocks in Eq. (C .2). This decom position  may be w ritten  in term s of a  symbolic 
sum , i.e.

R(i4) = R<»“ >(/1)©R<**’ >(>I)® R f" ')^ )©  . . .
=  £ „  9 m „ K M ( A )

w here the  m ^  d en o te  the  num ber of equivalent irreducible representations R ^ '  in R ; is 
known as the  m u ltip lic ity  of R ^  in R . Taking the  trace  of bo th  sides of Eq. (C .3), and 
by com parison w ith  Eq. ( C .l ) ,  the  re latio nsh ip  between the  characters of the  a rb itra ry  and 
irreducible rep resen ta tions is obtained

(C .3)

X (A )  =  ( c -4 )

C learly, for every poin t group the re  is an  associated  set o f characters, one for each irreducible 
rep resen ta tion  in each opera tion  class; th e  num ber of irreducible representa tions is equal to 
th e  num ber, k , o f classes in a  group. It is cu stom ary  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 
s tan d a rd s  in m ost tex ts  on group th eo ry2.

Irreducible rep resen ta tions are classified in to  sym m etry  spectes by the  following conven
tions;

•  A denotes o n e  dim ension. Principal ro ta tio n  opera tion  has character 4-1.

•  B  denotes o n e  dim ension. Principal ro ta tio n  opera tion  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 dim ensions or complex conjugates of one dim ensional pairs.

•  T  ( often  read as F  in th e  lite ra tu re  ) denotes th ree dim ensions.
All v ibra tional norm al modes are identified as belonging to  one of these sym m etry  species; 
the dim ensions in th is  case ind icate  the  degeneracy of the  modes.

T he characters of the irreducible representations satisfy the  following o rthogonality  rela
tions

= 0 (C.5)
A

=  9 (C-6)
A

where g is the  order of f? and » denotes the  com plex conjugate. If Eq. (C .4) is m ultip lied by 
X ^ * , then , using the  above orthogonality  relations, we get

A A  L M J

=  m vg

W hich yields the  desired result

m ^ - E x W x ^ V )  (C .7)9 A
The m ultip licity  determ ines which irreducible representations are present and allows the re
duction , T, to  be w ritten  as a linear com bination of the sym m etry  species, i/ ( i.e. v  = 
{A , B , E , T ]  ).

r  =  £ m „ „  (C .8)
V

T his appendix  has dem onstrated  th a t ,  if the character tab le  ( i.e. x ^ 'M )  ) *» known, and the 
to ta l ch aracte r, x (A ), ° f  the system  has been established from the a rb itra ry  represen ta tion , 
R( A ), it is straightforw ard to  ob ta in  the  sym m etry  species of the  norm al modes from Eq. (0 .7 ) 
and Eq. (C .8).

Note th a t  th is appendix has only dealt w ith th e  qualita tive reduction  of a rb itra ry  repre
sentations. T he derivation of the transform ations yielding the  irreducible representa tions is 
discussed in appendix D.
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Projection of Symmetry 
Coordinates

A p p e n d ix  D

In th is  appendix, the  group theore tica l technique for determ ining the  explicit transform  from  
in te rn a l coordinates, 5», to  in te rna l sym m etry  coord inates, S£, is explained; essentially i t  
involves the derivation of so-called projection operators in order to  pro jec t th e  St basis in to  
a  lin ear com bination, which m ay then  be accepted  as a valid basis for th e  S'k irreducible 
rep resen ta tion . T his is equivalent to  finding the  W  transform  discussed in section 3.3.8.

Firstly, we consider the  action  o f the  o p e ra tion s , A , of the poin t group 4/ on the irreducible 
rep resen ta tions, u, of the  in ternal sym m etry  co ord inates, S y v\  B y  definition

A S * V) = j r R \ ? ( A ) S ? ,,) ( D . l )
1=1

in which the  are elem ents of the  R (i,)( j4) transfo rm ation  m atrices introduced in
append ix  C; the  R ^ A )  are the  inequivalent, irreducible un itary  represen ta tions of the  g roup , 
47. It can be show n1 from Schur's  Lem m a1 th a t  th e  following o rthogonality  theorum  holds:

£  f  (D -2)
A  n °

w here g is the  order of 47 and n „  is th e  dim ension of R a ; the  i ly  are the  Kronecker d e lta
sym bols ( i.e., t my =  1 if x =  y  and 6ty  =  0 if  x  jt y  ). T hus, m ultip ly ing Eq. (D .l )  by
R ^ ’ (A ) ,  sum m ing over A, and apply ing  Eq. (D .2 ), we get

A  1*1 A

1 S rr (77), appendix III.
aSchur'« Lemma ataiea: Any matrix which commutes with all the matrices of an irreducible representation 

must be a multiple of the unit matrix.
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= — S ^ S j k S ^  (D .3)n u
S etting  i =  j  to  find th e  tra c e  of r [ ^ ' ( A ) ,  Eq. (D .3) m ay be re-expressed in term s o f the 
characters o f th e  irreducible represen ta tions, x ^ * (  A), ( refer to  Eq. (C .l )  ), i.e.,

(D.4)

At this point in  th e  derivation , th e  projection operators m ay be identified as

P M  =  A  (D .5)
3 a

such th a t Eq. (D .4 ) may be rew ritten , to  give th e  im p o rta n t result

p M s 'W  =  S ^ v) (D.6)

An elem ent S , o f th e  in te rna l coord inate  basis m ay alw ays be w ritten  as a  linear com bination 
o f the  in ternal sym m etry  co ord inates, such th a t

=  (D -n
k V

in which th e  are constan ts . If bo th  sides of Eq. (D .7) are  operated  upon by the projection 
ope ra to r, P^v\  th e  desired transfo rm ation  from  S( to  S ' ^  may be obtained :

pW 5 «  =  ^ a ^ > 5 ^ ) (D.8)
k

T he a¡¡^ there fo re  co n stitu te  the  elem ents of th e  transfo rm  W .
In order to  be able to  apply  the  pro jec tion  o p e ra to rs , P M , it is necessary to  know (i) the 

character ta b le  o f the g roup , ( i.e., x ^ ( A )  ) and 0 0  th e  effect of group opera tions on the 
in ternal co o rd in a te  basis, 5 ( .
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A p p e n d ix  E
Character Tables

This append ix  presents those character tab les of group theory  th a t  are referred to  in the  m ain 
body of tex t. In each case th e  rows correspond to  the  sym m etry  species and the  columns to  
classes of sym m etry  operations.

T d E 8 C3 3C] 6<tj 65«
Ax 1 1 1 1 1
a 2 1 1 1 - 1 - 1
E 2 - 1 2 0 0
T\ 3 0 - 1 - 1 1
T j 3 0 - 1 1 - 1

T a b le  E . l :  Character table of the tetrahedral point group, T 4.

s 4 E c t s4 S i
A 1 1 1 1
B 1 1 -1 -1i 1 -1 i -iE {■ -1 -I t

T a b le  E .2: Character table of the point group S 4.

C . E Oh C , E c 2
~ r ~ 1 1 A 1 1

A" 1 - 1 B 1 1
Table E.3: Character tables of the point groups C , and C j.
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A p p e n d ix  F
Imidazole Force Field: Non 
Minimum Basis

T a b le  F . l :  F inal refined force field for »olid « tate im idaiole m olecule 34 in mdynr A"* 
with reapect to  31 m em ber non-m inim um  bali» «et of internal co o rd inate , S , a« Riven in 
tab le  3.4.
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Low Frequency Skeletal Modes of 
Zinc Tetraimidazole Complex

A p p e n d ix  G

2 9 6  c m '1 A i  T a t r a h a d r a l  a t r a t c h

2 7 4 c m '1 B i  T a t r a h a d r a l  a t r a t c h

2 0 6  c m '1 A i T a t r a h a d r a l  d a  f o r m a t  I o n

2 7 7  c m '1 B i T a t r a h a d r a l  a t r a t c h

V~r W
: o ; o . >r

/ V  w
c m '1 A i  T a t r a h a d r a l  a t r a t c h

x
V s  v o .  > ■ /

B  -
.  / . < ?  r  >  *

r v ®  •  ®?  ’ '0
G>V

2 0 5  c m '1 B i  T a t r a h a d r a l  d a  f o r m a t  I o n

203



TETRAIMIDAZOLE COMPLEX
A P P E N D IX  G . LOW  F R E Q U E N C Y  SK E L E T A L  M O D E S O F Z IN C

2 0 4  c m '1 B t T m trm h m d rm l dm fo r m a t  Io n

174 c m '1 A t T m trm h m d rm l d m fo rm m t Io n

131 c m '1 B t I m ld m z o lm  b m n d

V  - \ . Xx  A p... y

v  T '
Z0< cm"1 4i T m trm h m d rm l dm form at Ion

____-k
> ’ < T  V <  ■ J  & . .uV  X "vp :
0  <i

* — v /  "'<*<  P. T

1 5 6  c m " ' A t Im ld m z o lm  umg

'>vyvioVX  A P T
w W  ✓  J ’. f  x :" > -

V B<? 9 \ v  ^

/5P c*■ , A t I m ld a z o tm  t  o r  a  I o n

'  •q  V  &  P  «  " 1
v V ' V <

q" a p , y

\
. 4  * t i p .  / , < ?  f .  » *

A  A V t
/ i f  c»t■ , 4* Im ld m z o lm  b m n d
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T E T R A IM ID A Z O L E  C O M P L E X
A P P E N D IX  G . LOW  F R E Q U E N C Y  SK E L E T A L  M O D E S  O F  Z IN C

. o V ”. > r \ V \ , t
w  vT X  y

Y*>*
. rV ^ <

113 cm '1 Bi Im id a zo le  to r e lo n

X s , .. ^ H X ^ f r
X  \  X  i1,/.t r  v

><? Y V  v V ö ~ \

A X  #
x x  x ?

110 cm '1 01 Im id a zo le  to r a lo n

/ • X V .  o  ©A >  © **

x  a  > O f
r  Vv*&? yA*

/0<5 cm'* <4> I m i d a z o l e  b a n d 1 0 0  c m '1 B i I m i d a z o l e  wag

A 1  < • i>rf®  \  v A >
O'" A  Ö. V

^-<vV ..^©A A -o'^ *  vfw 
i x . I  T V%*xf - Y * .  J . . 6 . . /

x  a  x .  yV v*T ' x P x© j  ^
PZ «.*' B i I m i d a z o l e  wag W c m '1 A i I m i d a z o l e  t o r a l o n

* qX>., .X ® '*
V r i \  l  T X

- X A x  V
<&> 'it/*•gr »» ^  j v '

^4
00 c m ' A I I m i d a z o l e  wag
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Temperature Dependence of 
Individual Multiple Scattering 
Paths

A p p e n d ix  H

The next few pages illu s tra te  th e  calculated  tem pera tu re  dependence of indiv idual MS pa th s 
in the zinc (II) te tra i mid azole com plex. The paths illu s tra ted  are th e  ten m ost im p o rtan t 
sca tte rin g  p a th s  th rough  one o f the im idazole branches; th e  results for the  o th e r branch in 
the asym m etric  group are sim ilar. T he pa th s are:

1. 1 4 1 6. 1 5 1
2. 1 3 2 4 1 7. 1 4 6 5 1
3. 14 6 1 8. 14 5 1
4. 1 3 1 9. 1 4 6 4 1
5. 1 4 2 4 1 10. 1 2 1

where th e  atom ic labelling  is given in tab le  4.1 in the  m ain  tex t.

Each d iagram  shows th e  partia l EXAFS signal due to  th e  path  with and w ith ou t the 
configurational averaging trea tm en t. T he bar charts show the  partia l co n tribu tions o f the 
105 norm al m odes to  th e  dom inan t dam ping  term  and correction  term  of the  configurational 
averaging form ula given in Eq. (4.20). They therefore in d ica te  the  significance o f each m ode 
to  the  dam ping  o f th e  MS p a th ; note th a t  each bar chart is com posed of w hite bars, showing 
the p a rtia l con tribu tions a t  2 0 K , and black bars, showing th e  partia l con tribu tions a t 300A
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A P P E N D IX  H . T E M P E R A T U R E  D E P E N D E N C E  O F  IN D IV ID U A L
M U L T IP L E  S C A T T E R IN G  PA T H S

S i n g l e  S c a t t e r i n g  P a t h  1 4 7 /  R= 3. 9 6 7 1  A /  d e g e n e r a c y  1
n o  t r e a t m e n t  o f  t h e r m a l  d a m p in g  

--------- d a m p e d  a t  2 0 K , S O K , IO O K , IS O K , 2 0 0 K , 2 5 0 K  e n d  3 0 0 K

C o n t r I  b u t  I o n s  t o  d a m p i n q  t e r m s  f r o m  t h e  1 0 5  n o r m a l  m o d e s  at» 2 0 K  ( w h i t e )
*  3 0 0 K  ( b l a c k )

E x p o n e n t  o f  d o m i n a n t  d a m p in g  term, — ) /2  a t  k * l 2  A

P h a s e  a n d  a m p l i t u d e  c o r r e c t i o n  t e r m . /A0 et Icm4 A ' 1

High frequency modes
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A P P E N D IX  H . T E M P E R A T U R E  D E P E N D E N C E  O F IN D IV ID U A L
M U L T IP L E  S C A T T E R IN G  PA TH S

T r i p l e  S c a t t e r i n g  P a t h  1 3  2  4 1/ R= 8 . 4 9 1 1  A/ d e g e n e r a c y  2
........ n o  t r e a t m e n t  o f  t h e r m a l  d a m p in g------  d a m p e d  a t  2 0 K , 5 0 K , W O K , 150K , 2 0 0 K , 2 5 0 K  a n d  3 0 0 K

C o n t r i b u t i o n s  t o  d a m p l n q  t e r m s  f r o m  t h e  1 0 5  n o r m a l  m o d e s  a t t  2 0 K  ( w h i t e )
*  3 0 0 K  ( b l a c k )

E x p o n e n t  o f  d o m i n a n t  d a m p in g  t e r m ,  -  / 2  a t  k m l 2  A
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A P P E N D IX  H. T E M P E R A T U R E  D E P E N D E N C E  O F IN D IV ID U A L
M U L T IP L E  S C A T T E R IN G  P A T H S

D o u b l e  S c a t t e r i n g  P a t h  1 4  6  1 /  R = 8 . 3 6 4 8  A/ d e g e n e r a c y  2
........ n o  t r e a t m e n t  o f  t h e r m a l  d a m p in g------ d a m p e d  a t  2 0 K , 5 0 K , 1 0 0 K , 150K , 2 0 0 K , 2 S 0 K  a n d  3 0 0 K

C o n t r i b u t i o n s  t o  d a m p in q  t e r m s  from  t h e  105 n o r m a l  modes a t t  2 0 K  ( w h i t e )
*  3 0 0 K  ( b l a c k )

E x p o n e n t  o f  d o m i n a n t  d a m p in g  t e r m ,  - / 2  a t  k * l 2  A

P h e a e  e n d  e m p i t u d e  c o r r e c t i o n  t e r m ,  (AjMiii,) /A0 at km 4 A~'

0. 004

0. 000
Low frequency modem High frequency modem
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S i n g l e  S c a t t e r i n g  P a t h  1 3 1  /  R= 5 .  9 7 2 b  A/  d e g e n e r a c y  I
n o  t r e a t m e n t  o f  t h e r m a l  d a m p in g  ------ d a m p e d  a t  2 0 K , 5 0 K , 100K , ISO K , 2 0 0 K , 2 5 0 K  a n d  3 0 0 K

C o n t r l b u t I o n s  t o  damp I n q  te rm s from  t h e  105 n o r m a l  modes a t t  2 0 K  ( w h i t e )
3 0 0 K  ( b l a c k )

E x p o n e n t  o f  d o m i n a n t  d a m p in g  t e r m ,  - ( 41̂ 41̂ /2 a r  k m ! 2  A
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T r i p l e  S c a t  t e r  I n g  P a t h  1 4  2  4 1j  R =  8 .  3 3 6 7  A/  d e g e n e r a c y  I
........ n o  t r e a t m e n t  o f  t h e r m a l  d a m p in g------  d a m p e d  a t  2 0 K , 5 0 K , W O K , ISO K , 2 0 0 K , 2 5 0 K  a n d  3 0 0 K

0.6-F 
0. S - -® 0. * - -

-0. s - - 
- 0 .  »  -  - U a v e v e c t o r ,  k I K  ')

C o n t r I  b u t  I o n s  t o  d e m p ln a  t e rm s  from  t h e  105 n o r m a l  modes  at  « 2 0 K  ( w h i t e )
'  &  m n w  / u  i ___ l  I3 0 0 K  ( b l a c k )3 0 0 K  ( b l a c k )

E x p o n e n t  o f  d o m i n a n t  d a m p in g  t a r m ,  - («V, , )  / 2  a t  k m l 2  A

o.oii 4-
L o w  frequency modes High frequency modes
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S i n g l e  S c a t t e r i n g  P a t h  1 5  1 /  R = 6 . 0 2 3 0  A/ d e g e n e r a c y  1
........ n o  t r e a t m a n t  o f  t h e r m a l  c la m p in g------  d a m p e d  a t  2 0 K , 5 0 K , W O K , 15 0 K , 2 0 0 K , 2 5 OK a n d  3 0 0 K

C o n t r i b u t i o n s  Co d a m p in g  t e rm s  from  t h e  105 n o r m a l  modes a t

E x p o n e n t  o f  d o m i n a n t  d a m p in g  t e r m ,  -  ) / 2  a t  k m l 2  A '1
11 m - ---------------------0.0

-0.1 - - 
-0.1-- 
- 0. 5 -  -

, 2 0 K  ( w h i t e )  
3 0 0 K  ( b l a c k )
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T r i p l e  S c a t t e r i n g  P a t h  1 4 6  5  / /  /?= 8. 5 7 3 5  A /  d e g e n e r a c y  2
n o  t r e a t m e n t  o f  t h e r m a l  d a m p in g  •------  d a m p e d  a t  2 0 K , 5 OK, 10 0 K , I5 0 K , 2 0 0 K , 2 5 0 K  a n d  3 0 0 K

C o n t r i b u t i o n s  t o  d a m p in q  t e r m s  from  t h e  105 n o r m a l  m od e s a t  i 2 0 K  ( w h i t e )_  . 300K  ( b l a c k )E x p o n e n t  o f  d o m i n a n t  d a m p in g  t e r m ,  — / 2 a t  h m l2  A
TP— ® r"||] "Ufl

I'
Ml" m -nr

P h a s e  a n d  a m p l i t u d e  c o r r e c t i o n  te r m ,  (A| M«|«t ) ^A0 a t  km4  A '1

-------HI — •'v  - j  mi—-----nr-

High frequency modes
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D o u b l e  S c a t t e r i n g  P a t h  1 4 5 1  /  R=  6.  3 7 8 8  A/ d e g e n e r a c y  2
n o  t r e a t m e n t  o f  t h e r m a l  d a m p in g  

--------- d a m p e d  e t  2 0 K , 50K , W O K, ISO K , 2 0 0 K , 2 5 0 K  e n d  3 00 K
0.5-F

U a v o v o c t o r $ k (A' )

-16

C o n t r i b u t i o n s  t o  d a m p in g  t e r m s  from  t h e  105 n o r m a l  modes e t i  2 0 K  (w h i t e 1
300K ( b la c k !300K ( b l a c k )

P h e a e  e n d  a m p l i t u d e  c o r r e c t i o n  t e r m ,  (AjMip,) /A fl a t  km4 A '1
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T r i p l e  S c a t t e r  I n g  P a t h  1 4  6  4 I  j  R= 8. 4 2 7 1  A/  d e g e n e r a c y  1
.......  n o  t r e a t m e n t  o f  t h e r m a l  d a m p in g

. ------ d a m p e d  e t  2 0 K , 5 0 K , W O K , 1 5 0 K , 2 0 0 K , 2 5 0 K  a n d  3 0 0 K

C o n t r i b u t i o n s  t o  d a m p in g  t e r m s  from  t h e  105 n o r m e t  modes a t  t 2 0 K  (w h i t e 1
3 0 0 K  ( b l a c k )

E x p o n e n t  o f  d o m i n a n t  d a m p in g  t e r m ,  — /2  a t  k m l 2  A

P h a s e  a n d  a m p l i t u d e  c o r r e c t i o n  t e r m ,  (AjMtji, > /A„ a t  k - 4 A '1

0.000 

-0.009

-0 .0 1 0 -f
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S i n g l e  S c a t t e r i n g  P a t h  1 2  1 /  R = 8 . 2 3 8 0  A/ d e g e n e r a c y  1
n o  t r e a t m e n t  o f  thm rm m L d a m p in g

C o n t r I  b u t  I o n e  to  d a m p in g  t e r m s  from  t h e  105 n o r m a l  m odes a t i  2 0 K  ( w h i t e )
300K  ( b l a c k )

E x p o n e n t  o f  d o m in a n t  d a m p in g  te r m ,  — / 2  a t  k m l 2  A

Phaaa a nd  a m p li tu d e  c o r r e c t io n  te rm , (A,M«*»,) /A # a t  k*A A'
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