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Abstract 

A new tool used to study the structure of molecules is Extended 

X-ray Absorption Fine Structure (EXAFS). EXAFS is small oscillatory 

signals added on to the smooth x-ray absorption structure curve 

produced from the excitation of an inner electron out of its bound 

inner shell into a free electron state. The oscillations are produced 

from scattering of the excited electron from surrounding atoms. These 

oscillations, EXAFS, contain molecular structure information, such 

as the distances between atoms. Since EXAFS can be used for crystals, 

amorphous solids, solutions and gases it has a strong advantage over 

x-ray crystallography in many cases for determining local structural 

information. 

I used EXAFS to determine what structural changes occur between 

the known crystalline states and the unknown solution states of K+ 

complexed with the ionophores cryptate and valinomycin. Ionophores 

are organic molecules which have a polar oxygen and nitrogen cage in 

the center of the molecule and a hydrophobic organic exterior. These 

ionophores are capable of trapping a potassium ion within the cage. 

The hydrophobic exterior allows the ionophore to dissolve in organic 

solvents. For the K+-cryptate complex I found no differences in 

the structure between the crystalline and acetone solution states. 

For the K+-valinomycin complex I found the K+-0 distances increased 

by .03 ± .02 Â in the solutions as compared to the crystalline state. 
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Chapter 1 

Introduction 

Extended X-ray Absorption Fine Structure (EXAFS) is a rather 

new tool for studying the structure of molecules (2,3,6-8,29-36). 

EXAFS gives information on the short range molecular structure, i.e. 

the arrangement of the molecules within 10 X of the central absorbing 

atom (6,7,8). As a tool EXAFS is far less accurate than x-ray dif¬ 

fraction crystallography, but it allows one to study molecular struc¬ 

ture when diffraction is useless, i.e. for noncrystalline states. 

EXAFS has been used very successfully in a number of problems (29-36), 

including organic molecules (33-36). In this thesis EXAFS is applied 

to the structure changes occuring between the crystalline state 

and the solution state of the complex formed between K+ and the organic 

ionophores cryptate and valinomycin. 

EXAFS is the small oscillatory signal added on to the smooth 

x-ray absorption spectrum. The smooth x-ray absorption spectrum 

is due to the absorption of an x-ray by an inner electron of an 

isolated atom. EXAFS has been known for a long time to be caused 

by the structure surrounding the absorbing atom, but it was not until 

1974 that it was resolved that EXAFS are a function of short range 

structure instead of long range structure (7). The theory of EXAFS 

is outlined in chapter 2. 

Chapter 3 deals with the experimental setup and the data samples. 

The experiment was performed at the Stanford Synchrotron Radiation 

Laboratory (SSRL). The x-rays source was synchrotron radiation given 

off by the electrons stored in the Stanford storage ring (SPEAR). 
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It was this synchrotron radiation which first opened up the field of 

EXAFS, for the intensities of the x-rays produced are as much as 5 

orders of magnitude greater than a standard x-ray tube (2) . This 

high intensity allows an experiment to be run in 30 minutes with much 

more accuracy than using an x-ray tube for many days. This is im¬ 

portant since the EXAFS signal is very weak. 

In chapter 4 I describe some standard data analysis techniques. 

The most common technique is a Fourier transform from electron k- 

space to r-space. This gives the distance from potassium to oxygen 

directly. I also compared different samples in order to confirm some 

of my results. In chapter 4 I describe the poor quality of the data 

due to the low atomic number of potassium (Z=19). This low quality 

produced data that were difficult, but not impossible, to analyze. 

Chapter 5 gives my conclusions. 



Chapter 2 

Theory 

There are several papers that outline the theory of EXAFS (6,7, 

8). The following is a brief outline. 

EXAFS is based on the photoelectric effect, the excitation 

of an electron out of a deep core level by the absorption of a pho¬ 

ton. The transition rate per unit photon flux, y, given by the dipole 

approximation using the Golden rule is: 

^ = 2f-ZfKf\et-fiL>\3'S(EJi+kw-Er) a:» 

where <f| is the final atomic state, |i> is the initial atomic state, 

Ej is the final state energy, E^ is the initial state energy, ifco is 

the energy of the absorbed photon and £ is the polarization vector 

of the electric field. For high energy photo-electron excitations, 

the one-electron approximation is valid. In that case |i> and |f> 

are the initial and final state of the photoelectron, and E^ and E^ 

are the intiial and final state energies of the electron. In our 

experiment the initial electron state was chosen to be the Is state 

so the final electron state must be a p state. 

Now if there were no scattering of the outgoing electron by other 

atoms the transition rate, y= yQ, would be a smooth, slowly decaying 

function of energy (after the initial jump in value, called the K- 

edge). If however there is scattering of the photoelectron by other 

atoms the final electron state would become: 

(2.2) 
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where <fQ| is the final electron state in the absence of scattering 

and <fs| is the portion of the electron that is scattered off of atoms, 

y now becomes: 

sfhA^et-TU>i3'+ fc<eê-îii>i3 f 
(2.3) 

3 Resile&■ rlfsXÂlet-?tî>]&f£V*i»-Ef) 

The first term in equation 2.3 is simply y , the unperturbed part. 

Since the scattering is weak, we may ignore the second order term 

involving the transition from the initial state to the scattered 

electron state. The linear term in scattering, the third term, 

represents the interference between the outgoing electron and the 

scattered electron. This term produces the oscillations in y that we 

call EXAFS. 

To get only the EXAFS signal out of the total signal, y, one 

takes a nomalized function: 

XU) = (2.4a) 

xU)~ (2.4b) 

where k is the electron wave vector. 

The standard EXAFS theory uses two approximations , i.e., that 

the atomic radius is small compared to R, the distance between 

the absorbing atom and the scattering atom, and that kR»l. The 



5 

result is (6) 

Ifoole’*** e~aT^^ 

(2.5) 

.th where j stands for the j scattering shell, is the number of 

atoms in the jc^ shell, Rj is the distance from the absorbing atom 

•hVi 
to the atoms in the jtu shell, S^(k) is the phase shift placed on 

the electron as it leaves the central absorbing atom (picks up same 

shift as it returns to the central atom which explains the 2) , (k) 

f-Vi 
stands for the phase shift caused by scattering off the jtn shell of 

2 
atoms, y is an electron damping term, is a Debye-Waller like term 

and |f (TT) | is the backscattering amplitude of the shell atoms. 

As can be seen from equation 2.5 the results are quite simple. 

However the approximations used to derive equation 2.5 restricts its 

validity to Ef-E0 ^ 40eV, where E0 is the electron energy at which 

the electron momentum is zero. The above equation (equation 2.5) 

has been used for EXAFS analysis with excellent results. 



Chapter 3 

Experimental Setup and Samples 

(A) Samples 

We studied the potassium spectra from potassium tantalate 

crystals, potassium ion complexed with cryptate in crystal form 

and dissolved in acetone, and potassium ion complexed with valino- 

mycin dissolved in ethanol and methanol. The cryptate and valino- 

mycin molecules are organic ionophores capable of trapping a cation 

inside a cage of oxygen atoms. 

The potassium tantalate, KTa03, is a cubic structured crystal 

with an aQ of 3.9885 X (27) and a M.W. of 268.05. With potassium 

at the center the distances to the other atoms are (figure la), 12 

oxygen atoms at a distance of 2.820 X, 8 tantalum atoms at 3.454 

A from the potassium, and 6 potassium atoms at 3.9885 A. This com¬ 

pound is ideal for use as the known structure for it has many oxygen 

o 
atoms in the first shell and the next shell, Ta, is .634 A further. 

There are two runs of potassium tantalate analyzed in this work 

(KTAN2F.B01 (Sample 1) and KTAN2F.B12 (Sample 2)). The cryptate 

molecule is a man-made molecule of molecular formula Cls^g^Og 

(18) (figure lb). It is capable of trapping a cation within a cage 

formed by the oxygens and nitrogens (fig. lc). The crystal structure 

+ 
of potassium cryptate, potassium ion complexed with cryptate with I 

as the anion, has been determined by crystal diffraction (5). It 

is found to form a monoclinic crystal structure with the following K+- 

Atom distances, K+-N * 2.874(4) X, and K+-0 = 2.776(4), 2.789(6), 

2.790(5) A. The average K -0 distance is 2.785(5) A. These distances 
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can be compared to the sum of the ionic radii of r(K+) + r(0) = 2.73 £ 

and r(K+) + r(N) = 2.83 X. As can be seen the K+-N distances are only 

O 4- 
.089(9) A larger than the K -0 distances. This will produce a problem 

in the Fourier analysis to be mentioned in chapter 4. The K+-I 

distance was greater than 6.5 £. 

We made 2M samples of potassium cryptate by placing the crystals 

of potassium acetate in the solvent acetone and adding cryptate to 

the solvent. The solution was shaken for a short time 

until the potassium acetate disappeared. The potassium ions were now 

trapped in the cryptate. To produce the crystal samples the solution 

was simply evaporated. Two runs of the potassium cryptate crystal 

were analyzed, KCRYPC.FB2 (Sample 1) and KCRYPC.FB3 (Sample 2). Two 

runs of the potassium cryptate in acetone were analyzed, KCRYPL.FB2 

(Sample 1) and KCRYPL.FB4 (Sample 2). 

The natural molecule, and antibiotic, valinomycin was the second 

ionophore studied. Valinomycin is a much studied molecule because 

it has a marked specificity for potassium ions over others, such 

as the sodium ions (18-26), that gives the molecule the ability to 

enhance respiration in mitochondria (18). Valinomycin is made up of 

3 pieces where each piece is made up of D-valin, D-a-hydroxyvaleric 

acid, L-valine and L-lactic acid (C^gH^g^Og) (figures Id and le). 

Looking at figures Id and le one sees that the carbonyl oxygen atoms 

0(16) and 0(22) form the cage trapping the potassium ions, producing 

valinomycin-K*- complex (or potassium valinomycin). The carbonyl 

oxygen atoms 0(18) and 0(26) form the hydrogen bonds, N—H***0, that 

are important in determining the shape of the molecule (5,18). 
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The crystal structure of the KI3/KI5 complexed with valinomycin 

has been determined by x-ray crystal diffraction (4). It has been 

found that the cage for trapping ions is formed by 6 oxygen atoms in 

an octahedral coordination. The K+-0 distances forming the cage are 

for the numbered oxygen, 0(16)= 2.809 A,0(16*) “ 2.826 A, 0(16*) = 

2.738 R, 0(22) = 2.688 A, 0(22') » 2.723 R, and 0(22*) = 2.751 R, 
giving an average distance of 2.756 A and ranging over .138 R. The 

average distances from potassium ion to the other atoms are, N(l) = 

4.47 A, C(2) = 4.79 R, C(3) = 3.89 R, 0(4) = 4.83 R, C(5) = 4.82 R, 
C(6) = 4.39 R, C(13) - 5.37 R, C(17)= 6.31 R, and 0(18) = 4.80 A. 
As can be seen these distances are far larger than the distances to 

the cage oxygens. The anions were all well outside of the valinomycin. 

We made two different solutions of potassium valinomycin of .4M 

concentration. We added equal amounts of potassium acetate and valino¬ 

mycin in the solvents ethanol and methanol. Even though potassium 

acetate does dissolve in the alcohols most of the potassium ions end 

up in the complex as is shown by the stability constants (18) of 

80,000 for the methanol solutions and 2,000,000 for the ethanol solu¬ 

tions (units are 1 per mole). We analyzed two runs for each sample. 

The ethanol runs were KVALE.FB3 (Sample 1) and KVALE.FB4 (Sample 2). 

The two methanol runs were KVALM.FB4 (Sample)1) and KVALM.FB6 (Sample 2). 

The crystal samples of potassium tantalate and potassium cryptate 

were prepared by the usual way of glueing the powder to a thing sheet 

of mylar held by a metal frame. Samples of different thickness were 

made so that the proper thickness could be found at the experimental 

site. The solution samples of potassium cryptate and potassium 
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valiomycin were prepared for the x-ray beam by placing the solution 

between two sheets of mylar mounted on an adjustable frame that could 

vary the thickness of the sample. The data was collected at SSRL 

in April of 1978. 
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(B) Experimental Setup 

In order to perfora the experiment a strong source of x-rays 

is preferable. A very strong source of x-rays is the Stanford Synchro¬ 

tron Radiation Lab (SSRL). The x-rays are produced by the electrons 

stored in the Stanford storage ring (SPEAR). The x-rays produced 

this way are highly polarized and as much as 5 orders of magnitude 

stronger than a conventional x-ray tube. The x-rays also have the 

useful attribute of being continuous without the usual intense char¬ 

acteristic lines of conventional tubes (figure 2a). Our experiment 

was run at the beam energy of 2.04 GeV so the strength of the x-rays 

can be shown from the 2 GeV line on figure 2a. 

The standard EXAFS experimental setup is shown in figure 2b. 

The x-rays first pass through a beryllium window which separate the 

vacuum of the storage ring from the experimental area. Beryllium 

was chosen because of its low absorption of x-rays above 6000 eV. 

The transmission coefficient of beryllium is .2 at 3600 eV (2). The 

x-rays then travel 16 to 20 meters through a helium atmosphere (again 

because of low x-ray absorption) to the monochromator crystal. The 

monochromator crystal separates out the energy one wishes by changing 

the angle of the crystal to diffract out the proper energy. The beam 

is diffracted twice to narrow the energy width to less than 1 eV 

and to diffract the beam parallel to its original direction. This 

way the sample does not need to be moved. We used the focused beam 

monochrometer in this experiment because it produces a stronger beam 

to help offset the absorption of the x-rays by atoms other than potas¬ 

sium. 
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The x-rays now pass through the first ion chamber to determine 

the initial intensity of the photons. The x-rays then pass through 

the sample and into the second ion chamber, which counts final photon 

intensity. 

The crystal monochromator also diffracts higher harmonics at 

the same angle. Therefore, all experiments must be run at energies 

along the exponential drop off part, see figure 2a. Also, we used 

the silicon(lll) crystal so the second harmonics are absent. 



(A) Introduction 

Chapter 4 

Data Analysis 

Figure 3 shows an example of the data that is collected. This 

example is potassium tantalate, our reference compound. The K-edge 

is at approximately 3608eV. The data below 3600 eV is called the pre¬ 

edge. The data from around 3606 eV to approximately 3650 eV is called 

the near absorption edge spectra. The data above this is known as 

the extended x-ray absorption spectra. The EXAFS (Extended X-ray 

Absorption Fine Structure) data is contained in the small oscillations 

in the Extended X-ray Absorption Spectra. As can be seen the EXAFS 

data is a very small part of the data. 
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(B) Calculation of initial variables 

The original data is in the form of IQ, incident x-ray intensity 

multiplied by a polynomial produced by the first detector, I, the 

final x-ray intensity (after passing through the sample) times a 

polynomial produced by the second detector, and X» the x-ray wave¬ 

length. 

The total absorption coefficient is defined as: 

jU.è ^ ^ + HO (4.1) 

where y is the total absorption coefficient, y is the K-shell absorp¬ 

tion coefficient, y^ is the L-shell and higher shell absorption coef¬ 

ficients, and f(E) is a slowly varying polynomial due to the detectors. 

The energy, E, of the x-rays is calculated as follows: 

£- lrl3?1eryS-#' /XCÂ) (4.2) 

To convert the data from photon energy, E, to electron wave 

vector, k, the following equation is used: 

k(A~i) = (4.3) 

Since the true edge energy is unknown, ^ is used as if it is the 

free electron zero momentum transition energy. Actually F0 is not 

this but is used as an adjustable variable. 

The initial value of EJjcan be estimated by a couple of different 

ways. As a guess (29) based on the ionization energy of the absorbing 

atom in the free state is one way. However, there is uncertainty 
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in EQ due to the chemical shift, I therefore used the second method. 

This method is simply to calculate the derivative of the near edge 

and EQ is assigned as the second peak in the derivative (29) . I 

calculated the derivative at each point by fitting a third order 

polynomial through five data points and then calculated the derivative 

of the polynomial at the middle (third) data point. This EQ is only 

an initial value, E0 may be varied later for better results. 
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(C) Pre-edge and background removal 

As eqn. (4.1) shows, yfc contains not only y but also contains 

the extra signals y^ and f(E), both of which are slowly varying 

functions of energy, y must be determined to get the correct x* 

To achieve this the influences of the other signals must be removed. 

As will be discussed later, to calculate only R one does not need 

the correct y; y»x is enough. 

The secret to removing y^ and f(E) lies in the pre-edge. The 

pre-edge, the data below the k-edge, does not contain y but only y^ 

+ f(E) (6-8,29-36). 

To remove this data the method used is to fit a polynomial 

to the pre-edge and extrapolate it over the rest of the data. This 

extrapolation is then removed from the data (6-8,29). I attempted 

this method using least-mean squares with Gaussian elimination and 

by Tchebychev orthogonal polynomials from second order to fourth order. 

However, as can be seen in figure 3, the polynomial is fitted over 

a small region of the data and extrapolated over a large part of the 

data. The polynomial should decay slowly to a constant at high ener¬ 

gies (not zero since the data has an arbitrary value added on), but 

this is not the case. I constantly got polynomials that radically 

changed at high energies so that they shot up or down to high values. 

I therefore decided not to remove the pre-edge. f(E) and y^ will be 

removed when I remove y, as the background. This means I will not 

be able to calculate y, but I have found this not to be important 

(section 4-E) to determine R. 
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The K-shell absorption coefficient, y, contains the EXAFS data, 

+^oX' (4.4) 

where x* is defined in equation 2.2, and yQ is the free atom absorption 

coefficient. Since x* is calculated as 

This requires the background yQ + f + y^ to be calculated and removed. 

The background can be removed by fitting a polynomial of approxi¬ 

mately sixth order to the data (29, 6-8). This polynomial is calculated 

by using least-mean squares technique or Tchebychev polynomials. I 

calculated the background using both these methods in electron k-space 

and photon \-space. The results are very much the same. 

Before removing the background I multiplied the data by kn calcu¬ 

lated the background and removed it and then multiplied the data by 

C3 n) 3 3 
k'’ n' to get kJ X (k). The K helps eliminate most of the amplitude 

functions dependence. I found best results with n=2. 

I also experimented with some other methods to remove the back¬ 

(4.5) 

yQ has to be calculated and removed. From Eqn. (4.1) we have 

X. C A)"A s&o ~ A-£ ~Ao~/'( E) —% £ A )A* (4.6) 

ground. I used the cubic-spline method with the data divided up into 

two five sections. I also divided the data into different numbers of 

sections and fitted each with a polynomial with the boundary conditions 



varied. I also overlapped each section to decrease the poor fit at 

the end points. None of these worked. The major problem with the 

data was the poor data at high k's. 

The results for sixth order Tchebychev polynomials are given in 

figures 4-13. Figures 6 and 9 are left in so that later Fourier trans¬ 

forms of the data will show the effects of errors on analysis. Note 

that figure 6 has developed massive errors in it and figure 9 has an 

extra polynomial oscillation in the upper k regions. 
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(D) Fourier analysis of data 

til 
Looking at equation (2.28) one sees the EXAFS due to the j 

shell is given by 

4 

Note the extra function Ho. This follows from eqn. (4.6). Equation 

(4.7) shows that Fourier transforming the data from k-space to r-space 

could be a good technique for analyzing the data (6-8,14,15). 

As an example consider the following modification of the data (6) 

- ~&Lel 
(4.8) 

This can be easily transformed into r-space: 

Fjtn-Jr $4*^^ Yj(6'>€~aÀr (4.9) 

For positive r's, ignoring the part arising from the e *(2kRj + 

4>^(k)) term> which is small, one sees that one gets the following results: 

im Fen - cttrcRi -ny1 [s;„ (x k2(R3-r)) 
(4.10) 

He F(n — -r)] ~{[CtS (2 k* ('rJ) " Cos (2 ~r^J 
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As can be seen the Im(F(r)) and the Mag(F(r)) reach their maximum 

It has been determined that the first 4 of these 5 functions do not 

influence where Mag(F(r))and Im(F(r)) reach their maximum values (see 

that is determined by the transform. Therefore the more usual transform 

is: 

where n can equal 1-3 (in my case even higher due to yQ). W(k) is a 

window function used to minimize the mixing of distant peaks (F(r) 

is a decaying oscillatory function as shown in equation 4.10) by round¬ 

ing down the ends of the data. 

Since one is transforming over a limited range, convolution gives 

a large mixing of peaks (as can be seen from equation 4.10, decaying 

oscillations from different R^’s interfere with each other’s main peak). 

W(k) rounds off the ends of the data to be transformed. This causes 

the oscillations of the transforms to die off faster with distance 

from the main peaks. Therefore the influence of distant peaks is 

diminished. However W(k) also causes the width of the main peak of 

each shell to increase. This causes more mixing of neighboring peaks, 

this is a necessary trade off. 

values at r=Rj, while Re(F(r))=0. Therefore R^ is immediately deter¬ 

mined . 

(4.11) 
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If the phase shift is unknown it can be determined from a sample 

of known structure. If the interatomic distance R^ is known in 

Fcr>=sbf?<UZ<*)e-‘'J*'w*) (4.12) 

the phase can be estimated by fitting <J»^ (k) = ak + b to the peak. It 

has been shown that the phase shift is transferable from one molecular 

system to another with an accuracy of .01 X using this method (even 

if the atoms have different charges) (9). This phase shift can be 

used for the unknowns to get their R's. 

The phase shift can also be calculated by backtransforming one 

of the knowns and fitting a phase shift to the backtransform (29). 

This is accurate to .005 &. 

*4* 

Of our data the potassium tantalate is the known with a K -0 

distance (R) of 2.820 2. 

Figure 14 is an example of the Fourier transform given by eqn. 

(4.12). This example, potassium tantalate, shows that the K+-0 peak 

is shifted down by approximately .4 2 (at 2.4 2). The peak at about 

o *4” *4“ 3.2 A is the K -Ta peak. All the peaks below the K -Ta peak are low 

frequency noise. It was impossible to eliminate these signals from 

the data. If I used higher order polynomials to remove the background 

all I would do is shift the low frequency noise peaks up. These peaks 

were unavoidable due to the low quality of the data (see next section). 

In all my transforms W(k) is a cosine window function defined as, 

l/( k) - Jt [ / + Cc\ (( k~kn.„ 'A )J J (4.13a) 
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Vvto= ! ) KM * A <Jk - A (4.13b) 

W(A)*£P'-*«&A»*A-A-Â)})] ) Kr^<h<Kx (4.13c) 

with A“ .6 or 1.2 X 

Figures 15-24 are transforms of the type given by eqn. 4.11. The 

phase shift used is a theoretical phase shift (11-12) defined as: 

0n - 3. 6°!- 1.2*}A +.03 3</7J?+l7'03/'k* (4.14) 

In all these figures the values of EQ were calculated by the 

method of section B. 

Compare figures 14 and 15. They are both of the same experi¬ 

mental run of potassium tantalate. Note the shift in the peaks. Not 

only does the maximum value of the peaks differ by about .4 X, but 

the peaks are of different shape and have a different amount of mixing 

with other peaks. Compare the valinomycin-K+ solutions in ethanol 

(figures 17 and 18) and methanol (figures 19 and 20). Note how much 

smaller the methanol peaks are compared to the low frequency background. 

The cryptate-K+ samples (figures 21-24) were included to show the ef¬ 

fects on determining R when the distance to the oxygen is almost the 

same as the distance to the nitrogen atoms (see chapter 3). Therefore 

the peak from Fourier transforming the EXAFS is a mixture of oxygen 

and nitrogen backscattering. 

If I vary EQ of the samples until the imaginary and magnitude 
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parts of the transform match up (eqn. 4.10) I get the following results. 

For potassium tantalate I get K+-0 distances of 2.83 & for the 

first sample and 2.83 ft for the second sample although they are both 

at different Eo's. When they both have the same EQ'S they are within 

.010 ft of each other. Since the true distance is 2.82 ft, .01 & must 

be subtracted from all K+-0 distances. 

Looking at the better sets of valinomycin-potassium ion data 

(figures 18 and 19) I get distances of 2.79 X for the ethanol sample 

and 2.80 X for the methanol samples, after varying EQ and subtracting 

off the .01 X. Applying the same technique to the poor samples of 

valinomycin-potassium ion solutions (figures 17,20) I get a value that 

is .03 X too large for the ethanol sample and .03 ft too small for the 
methanol sample. This will be discussed further in the next section. 

I now had to prove that my results were correct. 

The problem was this. Firstly, looking at the data you can see 

"glitches". At the regions of 5.5-6.0 ft ^ and at around 9.0-9.5 ft ^ 

one can see that an extra signal has been added on. It was thought 

that this might modify the results. But as I show in the next section 

this is not so. The more important problem is the mixing of the peaks. 

These could easily change the value of R. Many other researchers were 

terrified of this. But I have found that the amount of mixing of my 

peaks does not affect the value of R very much. This is discussed 

more thoroughly in the next section. I made many attempts to improve 

my background removal by many ways to eliminate the large low r peaks. 

However, I was unable to improve the results. 

I finally did find a way to separate the peaks more, although the 
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lower peaks were still there. However I do not know if the effects 

of the nearer peaks is truly diminished or still entirely present. 

What I did was to multiply the data by a polynomial before Fourier 

transforming. By varying the polynomial I got many transforms where 

ratio of the minima on either side of the peak to the peak itself. 

is approximately 5%, the ratio on the right is approximately 25%. 

Through this method I was able to get many transforms of this particu¬ 

lar sample where both ratios were below 5%. I then backtransformed 

a peak from a particularly good transform of potassium tantalate and 

calculated a phase shift from it. This phase shift I used on the 

other data to find their R's. 

The phase shift, <J)^(k), was calculated by taking the results of 

the following transform (11) : 

the K+-0 peak was very separated. My criterion for separation is the 

For example, look at plot 15. The ratio on the left (at r=2.5 &) 

(4.15) 

m = / or J 
(4.16) 

(4.17) 

$Jh ( l) - 3, &Ô1 -/, 376 Vsk +. i-1 1, ÛSJ Jk3 

(4.18) 



Using the criterion that the ratios of the minima to the maximum must 

be under 5% or 10% (different runs), I then transformed back only the 

main peak to get, 

Yao= ff1 Fen e** hrJr (4.19) 

The function Z(k) was then calculated by, 

Y(.k> e1 ^ (4.20) 

which replaces the phàse shift. I phase shifted the data with 

before transforming because I got better results. Several examples 

are shown in figures 25-30. Notice how much better the peaks are 

separated. The back transforms are smooth oscillations. The amplitude 

function of the oscillatory wave comes from convolution due to trans¬ 

forming over a small r range. 

I took one of the known samples, potassium tantalate, and calcula¬ 

ted a phase shift of the same form as the theoretical phase shift, 

using the least mean-squares technique while varying EQ until I get 

the best fit. The values of the coefficients for the phase shift were 

<0= A + * -be* JC+ C3/4k
3 

(4.21) 

found to be: 
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C, = -L23S 
(4.22b) 

C2 - ,03aH 
(4.22c) 

C?- 16. J5~ 
(4.22d) 

This experimental phase shift is plotted along with the theoretical 

phase shift in figure 31. 

Using this phase shift as a constant I applied it to the other 

backtransforms. I calculated the R's by varying EQ and fitting the 

following to the zeros of the oscillations : 

of valinomycin-potassium ion complex in ethanol. The first ethanol 

potassium ion in methanol samples satisfied the ratio of minima to the 

maximum requirement mentioned earlier. 

I also Fourier transformed the EXAFS using this phase shift and 

varying EQ to get the Im(F(r)) to be at its maximum value when the 

Mag(F(r)) is at its maximum value. The results are shown in figures 

32-43. The two potassium tantalate samples, once again, give * K+-0 

distance of 2.82 %. Of the two potassium valinomycins in ethanol the 

good one, number 2, gives a K+-0 distance of 2.79 X. The poor one, 

(4.23) 

where n stands for the n’th zero. I got a value of 2.82 X. for both 

potassium tantalate samples and a value of 2.79 & for the second sample 

data sample was once again .03 % larger. Neither of the valinomycin- 
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number 1, gives a K+-0 distance that is .03 2. higher. Of the two 

potassium valiomycin in methanol the good one, number 1, gives a K+-0 

distance of 2.79 &. The poor one, number 2, gives a K+-0 distance 

that is .06 X lower. 

There was also a new set of theoretical phase shifts (13), see 

figure 31. This new phase is, 

- H. /&%- !> 6336 k +. * bl'ivlZ/U* (4.24) 

When used, this new phase gives results that are very incorrect. 

However, using the first potassium tantalate sample as the base, when 

the term -.91366 + ,322*k is added on to the phase shift the above 

results are returned (see figure 31). 

Using the transform of the first potassium tantalate sample one 

can construct a linear phase shift (9). The one I constructed was 

•“ ~ 2# (4'25 

The results were 2.820 and 2.825 X for the two potassium tantalate 

samples, 2.82 X for the potassium valinomycin in methanol, and 2.81 X 

for the ethanol sample. See figure 31 (curve E) for the new linear 

phase shift. 

All of the above suggests that one does not need a completely 

accurate phase shift to get correct results. Even incorrect phase 
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shifts can be made to give correct results by the addition of a linear 

term (such as both theoretical phase shifts show ). But a straight 

linear phase shift is not enough. The above suggests that potassium 

valinomycin does not change shape in different solutions although it 

does change shape in crystal structures (see last chapter). 
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(E) Quality of data, glitches, importance of amplitude functions, 

and near edge removal 

Looking at the data one can see that it is of very poor quality 

(fig. 4-13). Because of the increasing amplitude of the noise (due 

3 
to fewer data points as E increases and multiplying the data by k ) 

the data become useless for k £ 13 X. They also develop large low 

frequency oscillations. One will notice, particularly for the poorer 

data, that the data has some low frequency oscillations in it. These 

I could not eliminate and are probably due to the low quality of the 

data. They may even be due to the noise affecting the background removal. 

These oscillations will show up as low r peaks in the transforms. 

The data is so noisy because of the low atomic number of potassium 

(19 protons). This means that we had to use much lower energy x-rays 

than is usually used in EXAFS (e.g. K-edges are: potassium 3606 eV, 

copper 8980 eV). Because of this, much more of the x-rays are absorbed 

by the beryllium window, the He gas and air between the experiment and 

the window, and by the solvents. We got a much smaller count rate 

because of this. Many experimenters thought it was impossible to get 

any valid data at such a low energy. However, we did get valid results. 

It is noticed that the data for potassium valinomycin samples 

in methanol are of lower quality than that from ethanol samples. This 

may be due to the fact that at 20 degrees centigrade there are 40% 

more oxygen atoms per unit volume in liquid methanol than in liquid 

ethanol. This would enable methanol to absorb more x-rays than ethanol. 

The most defective part of the data is the crystal "glitches" 

at approximately 5.5-6.0 & and at 9.0-9.5 These occur in all the 
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data, but are particularly strong in the low quality data. These 

crystal glitches always occur, and many other researchers have found 

them. They are caused by the monochromator crystal. When the crys¬ 

tal is at certain angles more than one wavelength of x-rays are dif¬ 

fracted at the same angle. This causes the wild gyrations in the sig¬ 

nal. 

Many experimenters try to solve the problem by drawing in the 

data at these points. I was reticent about doing what would be a very 

hard task and possibly useless task. I produced 3 sets of simple data. 

First a simple sine wave with R set to 2.82 X. The second the same 

with a glitch of unit amplitude added on between the 5.5-6.0 & region. 

The third has the data in this region totally replaced by the glitch. 

I then Fourier transformed the three sets. The results are shown in 

figures 44-49. As can be seen all three peaks reach their maximum 

value at the same place. Throughout the transform the pure sine wave 

is almost indistiguishable from the sine wave plus glitch. Only when 

the data is totally replaced by the glitch is there any effect and 

this is only at the minima, and is very small. It is very likely that 

the glitches are of the add-on variety for the data. Therefore, it 

should have very small influence on the Fourier transform. The glitches 

may still have some effect on the background removal. Removal of the 

glitches is not important for finding R. 

Notice that when I transformed the data in section 4-b I made 

no attempt to remove the various amplitude functions from the data 

(see eqn. 4.7). Also, what I call X (k) is defined as: 

X'Ck) /It (4.26) 
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where, 

X'CÂ) - (/*-,/£*> fée (4.27) 

which is the usual definition. What is the effects of this in calcula¬ 

ting R by Fourier transform? 

To check this I made up the following data 

X/ ( ^ S/yj (pjr/?) (4.28) 

SM (AÂX) (4.29) 

Is U ) - 'k U) S/* (3 JkH) (4.30) 

, 4 

A - ib^CJe^J 
(4.31a) 

A - A a v>? 
(4.31b) 

Q =r . ^094. 

(4.31c) 

c - f.WS 
(4.31d) 

ykia/Ÿ = <=< t /? /lS i Y X* (4.32a) 

c< = !' ms (4.32b) 
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/3- m 
(4.32c) 

(4.32d) 

The formula and coefficients for A(k) are from reference 28. 

3 
yQ (E) is a Victoreen formula. The K term is an attempt to ac- 

3 
count for the A(k) term. I also used k terms in my analysis of the 

real data. 

X^(k) is data where all amplitude functions have been completely 

3 
accounted for. X2^ t*ie same as k x’(k) (eqn. 4.7), minus the 

Debye-Waller like term which only increases the width of the main peak 

3 
and does not effect the position of peaking. X3OO is the same as k x(k) 

(eqn. 4414). 

I transformed all three X's and found that the value of R varies 

by much less than .005 %, the least error on R to date (6,11,14). 

Also I did all three functions with an extra shell at .5 X higher, 

the results were the same. 

X also created data that produced peaks .5 %. lower, and twice 

as high as the peak at 2.82 X, and another peak .6 & higher, and 1.2 
times as high. The mixing with the central peak, at 2.82 &, was over 

20%. Despite this the main central peak was shifted by less than .02 &. 

Comparing this with my data (fig. 32-43), I have decided to put an 

error of - .02 & on my values for R. 

All of the above shows that many factors can be ignored while 

analyzing EXAFS to get only R. 
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(F) Comparison of EXAFS and near-edge structure 

As mentioned in sec. 4-D the K-0 distance cannot be determined 

for potassium cryptate. However there are ways to determine if there 

have been structural changes between various states of the same com¬ 

pound. This section is devoted to checking if there have been any 

changes in potassium cryptate between the crystal state and the ace¬ 

tone solution state. I also checked on the results of section 4-D 

that the K-0 distance does not change, within error, for the potas¬ 

sium valinomycin in the solvents ethanol and methanol. The method 

I used was to compare the EXAFS spectra and the near-edge spectra. 

To compare the EXAFS of different samples I calculated the maxima 

and minima of the two data samples between k=l8. * and k=5.3 % *. I 

then varied the value of EQ for the second sample until I got the best 

match up of the peaks. These can be compared visually in figures 50- 

57. The step size of the k space was around .04 X 

Figure 50 is a comparison of the two runs of potassium tantalate. 

It is included to show how much difference there is between the two 

sets of data. As can be seen the peaks match up well. The differences 

in EQ is .16eV. Remember, the differences in R's were only .004 X. 

Figure 51 is the plot of the two runs for crystalline potassium 

cryptate while 52 compares the two runs of potassium cryptate solution. 

They are to be used as comparisons when we compare the separate samples. 

As can be seen the match up is even better than for the two potassium 

tantalate. The differences in E are .06eV and .13 eV. o 

Figures 53 and 54 are comparisons of crystalline potassium cryp¬ 

tate with potassium cryptate in solution. They have EQ differences of 
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. lleV for the crystalline sample and .05eV for the solution sample. 

As can be seen the peaks match up fairly accurately. However, the 

amplitudes are quite different. The differences in amplitudes can 

be explained as an increase in the Debye-Waller type function (chap¬ 

ter 2) for the potassium cryptate in solution. This would be under¬ 

standable, but could include some structure changes. The differences 

in amplitude could also be explained as an increase in the range over 

which the oxygen and nitrogen atoms can be found. This would produce 

an increase in the expontial drop off of the y(k) of the solution 

samples, compared to the crystalline samples, much like an increase 

2 
of Of in the Debye-Waller type function (14). 

Figures 55 and 56 show the comparison of the two potassium valino- 

mycin in ethanol together and the two potassium valinomycin in methanol 

together. Once again the peaks match up well, but this time the ampli¬ 

tude differences are large. This is caused by the large low frequency 

signal added on to the data. In the cases of the valinomycin data 

these low frequency oscillations extend all the way down to the low 

k region. 

Figures 57 and 58 show comparisons between the potassium valino¬ 

mycin in ethanol and the potassium valinomycin in methanol. The peaks 

match well, but because of the poor quality of the data that is all 

I can say about these figures. At least they don't contradict the 

Fourier transforms. 

As a final check I compared the near edges out to 35eV above the 

K-edge (3042eV). I won't go into detail here because there was no 

information that disagreed with the above. I have included the compari- 
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son of the near edges of potassium valinomycin dissolved in ethanol 

and methanol (figure 59). Note the two peaks are at the same energies 

but have slightly different heights. This would indicate a slight 

difference in the local electron density: slight because this area 

of the near edge is very sensitive to many more things than structure. 

It may explain the difference in binding energy between the two solu¬ 

tions, (.03eV higher in methanol than in ethanol) (15). 

Looking at figures 50-58 one may ask why I did not attempt to 

fit a model to the data. One reason is that I could only have used 

data above 3& most of which is very noisy. This would have made 

a brute force method difficult. At least the Fourier transform method 

separates out the noise and low frequency oscillations. I did attempt 

to use a technique to fit non-linear equations to the data (10). I 

used made up data and got fantastic fits with completely incorrect 

numbers. 



Chapter 5 

Conclusions 

From section 4-D I have found that the structure of the oxygen 

cage of potassium valinomycin changes from the crystal form,, K-0 

distance equals 2.76 X, to the solution form, K-0 distance equals 

2.79 &. This is not surprising since valinomycin is a large flexible 

molecule, and a structural change of +.03 ± .02 should not be un¬ 

expected. I have also shown, section 4-D and F, that this distance 

does not appear to change between the solvents ethanol and methanol. 

Different solvents seem to have more effect on the near edge (fig. 59). 

In section 4-F I have shown that the structural change in potas¬ 

sium cryptate is, if present, minor. By comparing Fourier transforms 

and EXAFS it has been shown that the change in the average distance 

between the potassium ion and the oxygen and nitrogen cage is About 

.01 X, although this is uncertain. There are also indications that 

the cage may undergo other changes that may be independent of R. All 

the conjectures about possible changes in potassium cryptate are tenuous 

because the changes are so small. 

Section 4-E has shown that many of the defects in EXAFS have lit¬ 

tle direct effect on the measurement of R, although other data is lost. 

The two major problems in the analysis of EXAFS are the k-range of usable 

data and the large low frequency oscillations. By comparison with 

theoretical data that I created 1 have chosen an error of .02 % for 

the potassium valinomycin data. I have tried to take too large an 

error because of limits in producing my theoretical data. The validity 
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of choosing this size of error is shown by how close different runs 

matched. The two potassium tantalates are within .004 & of each other, 

the two potassium cryptate crystal runs are within .014 X of each other, 

the two potassium cryptate in acetone solution are within .010 % of 

each other, and the two different samples of potassium valinomycin in 

ethanol and methanol are within .006 £ of each other. This level of 

agreement can be seen by the Fourier transforms. I therefore feel that 

the error of .02 & for the potassium valinomycin is not too small. 

Most experimenters get errors of .005 &, the limits of phase shift 

trans f erability. 

The most important point of this experiment is that one can get 

EXAFS for atoms as light as potassium. However, one needs to use the 

focused beam to get usable runs, the unfocused beams are too weak. 
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Fig. lc—Structure of cryptate complexed 
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Figure 15— Fourier transform of potassium tantalate 

(sample 1) after removing the theoretical phase shift. 

Note the K+-0 peak at 2.8 S.' . 

Fig. 16— Fourier transform of potassium tantalate 

(sample 2) after removing the theoretical phase shift. 

The K+-0 peak is centered at 2.8 S. 
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Figure 17-- Fourier transform of potassium valinomycin 

in ethanol (sample 1) after removing the theoretical 

phase shift. The K+-0 peak is centered at 2.8 fi. 

Figure 13  Fourier transform of potassium valinomycin 

in ethanol {sample 2) after removing the theoretical 

phase shift. The K+-0 peak is centered at 2.8 £. 
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Fig. 19— Fourier transform of potassium valinomycin 

in methanol (sample 1) after removing the theoretical 

phase shift. The K+-0 peak is centered at 2.8 &. 

Fig. 20— Fourier transform of potassium valinomycin 

in methanol (sample 2) after removing the theoretical 

phase shift. The K+-0 peak is at 2.8 &. 



-35- Imaginary 

Fig. 21— Fourier transform of potassium cryptate 

crystal (sample 1) after removing the theoretical 

phase shift. The K+—0 peak is centered at 2.8 5. 

fig. 22— Fourier transform of potassium cryptate 

crystal (sample 2) after removing the theoretical 

phase shift. The K*-0 peak is centered at 2.8 Â. 
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Fig. 23— Fourier transform of potassium cryptate in 

acetone (sample 1) after removing the theoretical 

phase shift. The K+-0 peak is centered at 2.8 S. 

Fig, 24— Fourier transform of potassium cryptate in 

acetone (sample 2) after removing the theoretical 

phase shift. The K+-0 peak is centered at 2.8 &. 
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Fig. 25— The K+-0 peak for potassium tantalate 

(sample 2) after separating the' peaks. The absolute 

value and the imaginary part are the solid lines, the 

broken line is the real part. 

Fig. 26— The backtransform of the K+—0 peak for 

potassium tantalate shown in figure 25» 



Fig, 2?“- The K+—0 peak for potassium tantalate 

(sample 1) after separation of the peaks. 

Fig. 23— The backtransform of the K+—0 peak for 

the potassium tantalate shown in figure 27* 



Cl 

Fig. 29— The K+—0 peak for potassium valinomycin in 

ethanol after separation of peaks’. 

Fig. 30— The backtransform of the K+—0 peak for 

the potassium valinomycin in ethanol shown in 

figure 29, 



62 

Pig. 31— Various phase shifts used in this paper. A is 

the experimental phase shift, B is the first 

theoretical phase shift (12), C is the newer 

theoretical phase shift (11), D is C with a linear 

correction added on, E is the linear phase shift. 
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Fig. 32— Fourier transform of potassium tantalate 

(sample 1) after removing the experimental phase shift. 
O 
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tr? 

Fig. 3^— Fourier transform of potassium tantalate 

(sample 2) after removing the experimental phase shift. 
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Fig. 36— Fourier transform of potassium valinomycin in 

ethanol (sample 1) after removal of the phase shift 

Fig. 37— The K+—0 peak of figure 36. 
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Fig. 38— Fourier transform of potassium valinomycin 

in ethanol (sample Z) after removing the phase shift. 

‘.70 C.3C C.30 3 GC 3 iJ 

Fig* 39— The K —0 peak of figure 38 

3 -3 i ■ JC 
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Fig. 40— Fourier transform of potassium valinomycin 

in methanol (sample 1) after removing the phase' shift. 

3 10 3-00 



in methanol (sample 2) after removing the phase shift. 
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r 

Fig. 43— The K —0 peak of figure 42. 
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Fig. 44— A pure sine wave. 

Fig.45— A sine wave (fig. 44) with a "glitch" added 

on 
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Fig. 46— A sine wave (fig. 44) with a "glitch” 

replacing part of the data. 

2.M t.BQ t. 70 2.60 2-30 3.00 3.10 3.20 3.30 

r 

Fig. 47— The fourier transform of a pure sine wave 

(fig. 44). 
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Fig. 48— The Fourier transform of a sine wave wi.th 

a "glitch" added on (fig. 45). 

Fig. 49— The Fourier transform of a sine wave with a 

"glitch" replacing part of the data (fig. 46). 
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Fig. 50— Comparison between sample 1 (A) and sample 2 

(+) of potassium tantalate. 

Fig. 51— Comparison between sample 1 (A) and sample 2 

(+) of crystalline potassium cryptate. 
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Fig. 52— Comparison between sample 1 (A) and sample 2 

(+) of potassium cryptate in acetone. 

Fig. 53— Comparison between potassium cryptate in 

solution (sample 1) (A) and it’s crystalline form 

(sample 3 ) (+). 
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Fig. 54— Comparison between the solution form 

(sample 1) (4) and "the crystalline form (sample 2) (+) 

of potassium cryptate. 

Fig? 55— Comparison between sample 1 (A) and 

sample 2 (+) of potassium valinomycin in ethanol. 
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Fig. 56— Comparison between sample 1 A) and sample 2 

(+) of potassium valinomycin in methanol. 

Fig. 57— Comparison between potassium valinomycin in 

methanol (sample 1) (4) and in ethanol (sample 2) (+). 
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r- 

Fig. 58— Comparison between potassium valinomycin in 

ethanol (sample 1) (4) and in methanol (sample 2) (+). 
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K-VALINOMYCIN 

ENERGY(EV) 

Fig. 59— Comparison of the near edge spectra between 

potassium valinomycin in ethanol (upper curve) and 

potassium valinomycin in methanol (lower curve) 
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