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oonce mration calculation inany absomption methed requines that the thickness and de nsity
of the sample be known and requires a homogenous matrix for accurste quantitative
resulis,

REill EXAFY

Aorecent development in the use of X-ray absoaption is a technigue called EXAFS,
cxiended X-ray absorption fine structure spoctroscopy. A samplk is placed in a beam of
A-rays and the incident and transmitted inensitics ane measured as the cnergy of the
X-ray boam is vaned, A plot of the absorption vs, cnergy gives us the position {cnergy)
and exact shape of the absorption edge for the clement being measured. The cxact
cnergy ol the ahsorption cdge and s shape, the “hne struciune ™, docs change shightly
depending on the oxidation state of the clement and the number and type of neancst
neighbor atoms. This change in position of the absomption edge is analogous tothe chemi-
cal shift scen in NME. EXAFS docs provide oxidation state information and maolecular
structure information, unlike nomial X-ray absorption or X-ray fluorcscence, which anc
arictly elemental analysis technigues, Details of the spectral imerpretation of EXAFS
are beyond the scope of this ook, The interestod student can consult the text by Teo
and Joy listed in the hibliography .

8.3.2. X-Ray Diffraction

¥-ray diffraction or X-ray diffractometry (XEDY) is a technigue that is useful for the
malysis of solid crystalline or semicrystalline matenials, Most organic and inorganic
compounds, minerals, metals, and alloys, and many types of polymers form crystals and
can be analyzed by XRD. XRD can provide the exact crystal stireciure of a pure single
cryatal matcrial. In addition, XRD can provide the gualitative and guantitative identifi-
cation of the molocules presemt in pure crystalline powders or mixiuncs of crystalline
powdcrs,

The ions or molecules that make up a crystal ane amanged inowell-deined positions,
called a crystal lattice. Figune 835 is anclectron micrograph of the {110} plane of crystal-
line silicon. Three coondinates, called Miller indices, identify the plane inspace; the Miller
inddlices fior this planc are 1, 1, and (0. The light spots ae individual S atoms, As canbe scen,
they ane amanged in a very regular pattern in the 2D plane. The dark arca is the cmpty
space or inerstitial space between the atoms in the lattice. A crystal is a 30D well-
ardered amay of atoms. An illustration of a typical crystal structure, greatly magnified,
i5 shown in Fig. #.36{a) As we cxamine the struciure of the crystal, we sce that the
Wins o atoms or malecules form plancs in three dimensions. You can imagine sacking
ilentical plancs of 5i atoms on top of cach other to create a 30 crystal, for example.

Figure 8.35 An eledron mucragraph al the {1 10} plane in crystallime silicon.
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Figure 8.36 J{a) A porion of a 3D crysial lsttice. The unil cell, or basic repeating unil, ol the
bMtice 1% shown in heanvy oullne. The black dots represent the sloms or doms or madecules that
nuke up the crysal. (hy A cubic umit cell, wath the comers of the cell located 3 1 unit fmom the
arigin {oh. The tnamgular plane drawn within the unit cell mtersects the rais o 12, the yaxis
At 142 am the zaxs a1 1. This plane has Miller melioss of (2210 {©b A lamaly of plhnes shown
ma 210 laflice.

The umit cell, shown in heavy outline in the lattice, can be moved in three dimensions 1o
rocreaie the entire enystal latice. The unit cell is the smallest volume that can be used 1o
describe the entine lattice. A Cantesian coprdinate sysiem is used to locae points, directions,
and plames inoa crystal lattice . A wnit cell has i origin at the imtersection of the three axes,
and is designated by its edge lengths in the o, v, and 2 directions and by three angles. An atom
fmolecule or ion) in the crystal lattice is a point, identified by its o v, and 2 coordinstes.
A plane is identified by its Miller indices, the reciprocals of the intersection points of the
plane with the =, v- and z-aues For cxample, suppose the unit cell is a cube, with edges
cgual to | unit of length on each axis as shown in Fig. 838b). A irnangular plane is
shown within the unit cell. The plane intersects the raxis at 12, the y-axis at 12, and
the zaxis at 1; it has intercepts of 12, 1/2 1. The reciprocals are 2.2, and 1, so the
Miller indices for this plane are (2210, A plane that is paralle] tooa given axis kas an inte moe pt
of infinity; the reciprocal of infinity is 0, ['What axis is the (1 10) plane in Si paralle] 107 Draw
the {1 100 plane in a cubic unit cell such as the one shown in Fig, 8386 b)]. A crystal latice
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will have many paralle]l plancs, cach uniformly spaced from cach other. Such groups of
planes are called familics of planes and will have elaed Miller indices [e.g., the {110,
{2200, (3300, {4400 plancs are a family of plancs]. These plancs ina given family anc all par-
allel, as shown in Fig, 8386, just at different distances from the onigin specified for the
opordinate system. The (110 plane is the fanhest from the ongin and the (4400 plane is
the clowest do the origin of the s0t of planes {1000, £2200, {33400, and 400

[f a momnochromatic X-ray beam falls on such a crystal, cach atomic plane reflects
the beam. Each scparaic meflecied beam inderacts with other reflected beams, IF the
heams are not in phase, they destroy cach other and mo beam emerges, Other boams
einforce cach other and emerge from the crnystal. The net result is a diffeaction
pattern of reinforced beams from many plamncs, s the atomic planes that ae imponant
in Z-ray diffraction. It is of course possible to draw an infinite number of planes in three
dimensions, but only those planes with eloctron density on them reflect X-rays, For
cxample, vou could draw a plane extending into the page along onc of the dark diagonals
in Fig. #.35, but that plane contains no atoms and there fone will not diffract X-rays.

In Fig. 837 radiation from the spurce falls on the crystal, some on the top atomic
fane, some on the sccond planc. Since the two beams ane pan of the same original
beam, they ane in phase on reaching the crystal. However, when they leave the crystal,
the pant leaving the second plane has traveled an exira distance ABC. If ARC is a whaole
mumber of wavelengths, the two beams leaving the crystal will be in phase and the light
s coherent. If ABC is not a whole number of wavelengths, the two beams come together
ol of phase and by destmuctive imerference the light is destroved.

A we derived in Seetion £.1.3, nh = 2dsin A This is the Brage equation, which
sates that coherence acours whenad = 2 sin 8. It can be used 1o measure &, the distance
hetween planes of clectron density incrystals, and is the basis of X-ray crystallography,
the dieiermination of the crystal structurne of solid cnystalline matenials. Liguids, gases, and
splids such as glasses and amorphous polymers kave ne well-ondered struciune; the e fone
they do ned e xhibit diffraction of X-mays.

For any given crystal, o is constant for a given family of planes; henoe for any given
angle dand a given family of plancs, wd B constamt. Therefone, if s varics, there must be a
comeaponding change in A to satisfy the Bragg cquation. For a given diffraction angle, a
numhber of difftacied lines are possible from a given family of plancs; & is known as the
arder of difftaction. As an example, if 2dsin & oguals 060, cach of the conditions of
Table B8 will satisfy the Brage equation. Radiation of wavelength Qu60, 030, (0200, or

Second plane

Figure 8.3T Reinlorcement ol light dillracted from tweo crystal planes.
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Table 8.8 Orler ol Dillraction lor Values ol n, A

n Ak nh Circler
| L&} (LAl First

2 030 (LAl Second
3 020} (LAl Third
4 Q.15 (A0 Fourth

0.5 A will diffract af the same angle #in fArst, second, third, or founth order, respectively, as
soem in Fig, 838 This is called order everlap and can creme difficulty in imerpretation of
crystal diffraction data, .

[t should be noted that adiation of 03004 would alse be difftacted at a differemt
angle in fArst order from the same family of plancs {same & walue), as shown in
Fig. .38 Wavelengths comesponding to low anders such as first and second order give
whservable diffroction lines, Consequently, a single plane will genenote severnnl diffroction
lincs fior cach wavelength. Each of the plancs in the three dimensions of the crystal will
give diffraction lincs, The sum total of these diffraction lines generates a diffraction
paticrn. From the difftaction pattern it is possible to deduwce the different distances
hetweoen the plancs as well as the angles between these plancs in cach of the three dimen-
signs. Based on the diffraction pattern, the physical dimensions and amangement of the
atomic plancs indhe crystal can be identified.

&30 X-Ray Diffraciomerer

The schematic layout of 4 single crystal difftactometer i given in Fig. .39 This system
wses an X-ray twhe, o sample specimen, and & detector that rotates in anoare described by a
Faowland circle. Mode that the single crystal sample takes the place of the analyzing crystal

Crysial sufaco

Figure 8.38 Dillraction of radiation of dillerent wavelengths. Overlap can occur when oi (Tenent
amclers are dillracted 2l the same angle.
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Figure 8.3%9 Schematic layout of a smgle-crysial XRD.

ina WONEF analyzer. The goniometer mounting fora single crystal diffractometer is very
complesx, because the crystal must be moved inthree dimensions to collect data rom many
Mancs,

In crder to determine the struciure of a single crystal, such a crystal must be grown
from the maternial tobe studied. The growth of single crystals of materials often is not casy.
Simple inorganic salts and small organic molecules can be cnystallized as single crystals by
wvery slow evaporation of a supcrsaturated selution of the salt or compound. Once one tiny
single crystal forms, it will grow in preference to the fomation of more small crystals.
Prostcins and other biomokcoules are mone difficult to grow as single crystals bocause
they are complex. One method that often works is to suspend a drop of protein solution
awer a eservoir of buffor solution. Water diffusion from the drop officn results in single
arystal growth. Different techniques are required to form metal crystals, The intercsted
Audent can And many references and respurces on the Intemet, by scarching the term
X -ray enystallography™.

For any given experiment, A i the known wavelength of the monese hromatic X -ray
beam, & i comrolled and vaned by the goniometer. From this information o can be calou-
lated. By rotating the goniometer and examining various sides of the crystal, hundrods {or
thousands) of diffracted X -rays ane collectoed. This data is prooessed toidentify the pesitions
of the planes and stoms in the crystal in three dimensions. Maodem single enystal diffract-
ameters wse compuicrs to contnol the goniemeier and to process the data; even with a com-
puter, the data proccssing can take days, The diffraction data is uwsually conveniod tooa 20
clectron density map by Fourier iransformation. The cleciron density map shows the
bcation of stoms. A 2D clectron density map is produced for cach angle. The computer
program uses the 20 maps plus the otation angle data o generme the 30 coondinates for
atoms {makonles inng) in the onyaal The mathematical treatmend of the & sperimental
data to produce s crystal stnecture from an unknown single cryaal diffraction pattem is
ammplicated and beyond the scope of this text.

The diffraction patiern of a single crystal of an inprganic salt is shown in Fig, 8,40,
This inorganic salt always givies the same diffraction pattern, and from this pattern we can
determine the spacing between plancs and the amangement of plancs in the salt crystal.
Also, gualitative idemification can be obtained by matching this pattem 1o previowsly



