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a ébnﬁ%urﬁ[ion very similar to UV/VIS absorption spectrometry. The parameter measureq g .

decreéstéiih intensity of the incident beam after passing through the sample. The same detecz;t:

described for XRF 11‘1:1): be used for X-ray absorption spectrometry. O_lder systems and some curr;::“-

medical systems use photographic film for detection (radiography). F. 2.7 w00 .
The most familiar example (and the oldest use) of X-ray absorption does 1ot provide chem;g,

information, but rather physical information. That is the use of X-ray absorption in medical radiogr,.

phy, but it is based on the relationship between absorption coefficient and atomic number. For exampi;
the human arm consists of flesh, blood, and bone. The flesh or muscle is made up primarily of ¢z
bon, nitrogen, oxygen, and hydrogen. These are all low atomic number elements, and their absorptiy
power is very low. Similarly, blood, which is primarily water, consists of hydrogen and oxygen, ply
small quantities of sodium chloride and trace materials. Again, the absorptive power of blood is qui;
low. In contrast, bone contains large quantities of calcium and phosphorus, primarily as calcium phos-
phate. The atomic numbers of these elements are considerably higher than those in tissue and blood,
and so the absorptive power is considerably higher. When an X-ray picture is taken of a hand (Figure

: S ! -~ —_
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Figure 8.58 X-ray photograph of a human hand.
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8.58), the x-radiation penétrates the ““N:{c g &
- ssue and blood quite readily. but is absorbed significantl

) bone. A photograph of this e ——— Julte readily, but 1s absorbed significantly

tj)dl::e is mmini;]y U\‘Lcd ?n n:cl:il:\. absorption indicates the location of the bones in the hand. The pro-
w : " rooieine to detect broken bones, fractures, and arthritic changes in joints
Another application of X-ray » Q10 § . -

absorption in medicine | SR ; .
R dicine 1s to define the shapes of arteries and
capillaries. Normally, the blood absorbs only poorly: lefine the shapes of arteries

» Y poorly: however, it is possible to inject a solution

of strongly absorbing cesium iodide into the veins. The material is then swept along with the

4 follows the ¢ e firtmr] . :

bl®d a[.lddf::kﬂ "“‘;I-‘A’m“ul‘\ of the arteries. An X-ray video is recorded as the highly absorbing
ggﬁlumw_l? »IB—E- kow‘ lhmllghh the urlcn.cs, showing the contours of the arteries. This can be used
Fo 'ggﬂ,tit;y.l;ca sint fL VEIns or arteries that could cause internal bleeding. Such internal bleed-

an be the cause of : ce. The tec A - . : .

lnlg . A Ty ‘: \t:ml“ T h““l".‘"“l“{“‘-'.\ also be used to indicate a buildup of coating
(plaque) on the inside of the veins. This is particularly dangerous in the heart, where deposits of
cholesterol restrict the flow

e — : of blood through the heart. If this is left unchecked, a heart attack
will result. X-ray absorption can be used to diagnose this o pega—

3N { + PO AL

.

: ‘ ' problem and to locate exactly the posi-
tion of deposits. Surgery is made much easier by this technique. In a similar fashion, a barium-

containing liquid ingested by a patient permits the detailed observation of the colon since barium,
a high Z element, absorbs very strongly (Figure 8.59% through ).

(a) (b)

©

Figure 8.59 x. photogr { a human colon before and after ingestion of a barium-containing liquid.
)((i)rgdort lnqm:r? of the barium solution, the colon cannot be seen at all. (b) 10 min after
ingestion, the highly absorbing barium has entered the colon. (c) After 45 min, the entire colon
can be clearly seen.
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1, and O_' The light spots are ‘—‘3‘11!@“_31&1}9@} As can bé seen, they are arranged in a very regular
pattern }1_1_&9_2_13 p _larlle. The dark area s the €Mmpty space or interstitial space between the atoms in
the lattice. A crystal is a 3D well-ordered array of atoms. An illustration of a typical crystal struc-
ture, greatly‘ magnified, is shown in Figure 8.63a. As we examine the structure of the crystal, we
see that the ions or a.toms or molecules form planes in three dimensions. You can imagine stacking

identical planes of Si atoms on top of each other to create a 3D crystal, for example. Uail cedl
The unit cell, shown in heavy outline in the lattice, can be moved in three dimensions to recreate

the entire crystal lattice. The unit cell is the smallest volume that can be used to describe the entire

latti.ce. A Ca'rteman CQF_)E‘%‘“_E.}K? system is used to locate points, directions, and planes in a crystal
Jattice. A unit cell has its origin at the intersectio ‘

y ! n of the three axes and is designated by its edge
lengths 1n the.x—, Yo and z-directions and by three angles. An atom (molecule or ion) in the crystal
Jattice is a point, identified by its x, y, and z coordinates. A plane is identified by its Miller indices,
the reciprocals of the intersection points of the plane with the x, y, anzi“:.;_axes. A triangular b]ane is
shown within the unit cell. The plane intersects the x-axis at 1/2, the y-axis at 1/2, and the z-axis at 1;
it has intercepts of 1/2, 1/2, and 1. The reciprocals are 2, 2, and 1, so the Miller indices for this plane
are (221). A plane that is parallel to a given axis has an intercept of infinity; the reciprocal of infinity
is 0. A crystal lattice will have many parallel planes, each uniformly spaced from each other. Such
groups of planes are called families of planes and will have related Miller indices [e.g., the (110),
(220), (330), and (440) planes are a family of planes]. These planes in a given family are all parallel,
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(a) A portion of a 3D crystal lattice. The unit cell, or basic repeating unit, of the lattice is shown in
heavy outline. The black dots represent the atoms or ions or molecules that make up the crystal.
(b) A cubic unit cell, with the corners of the cell located at 1 unit from the origin (O). The triangular
plane drawn within the unit cell intersects the x-axis at 1/2, the y-axis at 1/2, and the z-axis at 1.
This plane has Miller indices of (221). (c) A family of planes shown in a 2D lattice.
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Figure 8.64 Reinforcement of light diffracted from two crystal planes.

as shown in Figure 8.63c, just at different distances from the origin specified for the coordinate SYs-
tem. The (110) plane is the farthest from the origin, and the (440) plane is the closest to the origin of
the set of planes (110), (220), (330), and (440). Miller indices for commonly used analyzing crystals
were given in Table 8.7. Phe0 rovn e A brcad/'nn -

If a monochromatic X-ray beam falls on such a crystal, each atomic plane reflects the
beam. Each separate reflected beam interacts with other reflected beams. If the beams are not
in phase, they destroy each other and no beam emerges. Other beams reinforce each other and
emerge from the crystal. The net result is a diffraction pattern of reinforced beams from many
planes. It is the atomic planes that are important in XRD. It is of course possible to draw an
infinite number of planes in three dimensions, but only those planes with electron density on
them reflect X-rays.

In Figure 8.64, radiation from the source falls on the crystal, some on the top atomic plane
and some on the second plane. Since the two beams are part of the same original beam, they are
in phase on reaching the crystal. However, when they leave the crystal, the part leaving the sec-
ond plane has traveled an extra distance ABC. If ABC is a whole number of wavelengths, the two

beams leaving the crystal will be in phase and the light is coherent. If ABC is not a whole number
of wavelengths, the two beams come together out of phase, and by destructive interference, the
light is destroyed. Zr.a9a’¢ £ yuahion :

As we derived earlier, 7d"= 2d sin®. This is the Bragg equation, which states that coherencc
oceurs when nA = 2d sin@. It can be used to measure d, the distance between planes of electron den
sity in crystals, and is the basis of X-ray crystallography, the determination of the crystal structure
of solid crystalline materials. Liquids, gases, and solids such as glasses and amorphous polymers
have no well-ordered structure; therefore, they do not exhibit diffraction of X-rays.

For any given crystal, d is constant for a given family of planes; hence, for any given angle
and a given mﬂaﬂ; Therefore, if n varies, there must be a correspnm'hm‘-
change in A to satisfy the Bragg equation. For a given diffraction angle, a number of diffracted lines
are possible from a given family of planes; n is known as the order of diffraction. As an example. i
2d sinB equals 0.60, each of the conditions of Table 8.12 will satisfy the Bragg equation. R;ld_lulmnv
of wavelength 0.60, 0.30, 0.20, or 0.15 A will diffract at the same angle © in first, second, third. '
fourth order, respectively, as seen in Figure 8.65. This is called order overlap and can create dif-
ficulty in interpretation of crystal diffraction data, ‘

It should be noted that radiation of 0.30 A would also be diffracted at a different angle '
first order from the same family of planes (same d value), as shown in Figure 8.65. Wavelengths

0

1 el
Scanned with CamScanner



_—

oAy SPECTROSCOPY
x-RAY 673

3 h (A) na Order
; 0.60 0.60 _—F;;—
5 0.30 0.60 Second
0.20 0.60 Third
i 0.15 0.60 Fourth
(\"n
/y ‘”

Source

Crystal surface

Figure 8.65 Diffraction of radiation of different wavelengths. Overlap can occur when different orders are dif-

fracted at the same angle.

corresponding to low orders such as first and second order give observable diffraction lines.
Consequently, a single plane will generate several diffraction lines for each wavelength. Each of
the planes in the three dimensions of the crystal will give diffraction lines. The sum total of these
diffraction lines generates a di action pattern, From the diffraction pattern, it is possible to deduce
the different distances between the planes as well as the angles between these planes in each of the

three dimensions. Based on the diffraction pattern, the physical dimensions and arrangement of the

atomic planes in the €

8.4.1 Single-Crystal X-Ray Diffractometry

Gratrrrrenio :

The schematic layout of

uses an X-ray tube, a sample specimen, a
circle. Note that the single-crystal samp

analyzer. The goniometer mounting foras
crystal must be moved in three dimensions to collect data from many planes. A commercial bench-
top single-crys “nstrument is shown in Figure

For any given experiment, ) is the known wavelength of the monochromatic X-ray beam; 0 is
From this information, d can be calculated. By rotating the

controlled and varied by the goniometer.
goniometer and examining v {es of the crystal, hundreds (or thousands) of diffracted X-rays
identify the positions of the planes and atoms in the crystal

are collected. This data is processe :
- w@w& Modern single-crystal diffractometers use computers to control the goniometer
and to process the data. The diffraction data is usually converted to a tron density map by

a sinéle-crystal diffractometer is given in Figure 8.66. This system
nd a detector that rotates in an arc E‘f'_siritl‘?_‘l_bl a Rowland
le takes the place of the analyzing crystal in a WDXRF
ingle-crystal diffractometer ] is very complex, because the
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Fourier transformation. The electron density map shows the location of atoms. A 2D electron den-
sity map is produced for each angle, The computer program uses the 2D maps plus the rotation angle
data to generate the 3D coordinates for atoms (molecules, ions) in the crystal. The mathematical
treatment of the experimental data to produce a crystal structure from an unknown single-crystal
diffraction pattern is complicated and beyond the scope of this text, but an example of the results
will be shown in the following, %, . . .

The diffraction pattern of a single crystal of an inorganic salt is shown in Figure 8.68; an actual
diffraction pattern is shown in Figure 8.69, A given molecule always gives the same diffraction
pattern, and from this pattern, we can determine the spacing between planes and the arrangement
of PI““C", in the crystal. Also, qualitative identification can be obtained by matching this pattern to
ELC(‘QC‘]T‘;“'XJ‘_‘F“‘i'iCd patterns. Modern instruments are equipped with 2D Vi-n_l‘u'giﬁ;mdctcclurﬁ such
as L 8.

.00
. e
® ° o
® . o
* 0,0 °

Figure 8.68 Diffraction pattern in two dimensions of a single crystal of an inorg

anic salt.

n'"" 8.69 Actual single-crystal diffraction pattern of a

diffr small molecule collected with a Rigaku XtalLAB
mini™. (Used by permission of Rigaku Corporation. www.rigaku.com.) .
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8.4.2 Crystal Growing

In order to determine the structure of a single crystal, such a crystal must be grown from
material to be studied. The crystal quality determines the quality of diffraction results “bluinc(f
One limitation of XRD is that data is obtained on only one single crystal of the bulk materia| unlike
other techniques where multiple replicates are usually analyzed. The growth of single crysiy of
materials often is not easy. Simple inorganic salts and small organic molecules can be crystallizeq
as single crystals by very slow evaporation of a supersaturated solution of the salt or compoung
Once one tiny single crystal forms, it will grow in preference to the formation of more small ¢ry.
tals. Sublimation under vacuum can be used. Proteins and other biomolecules are more difficyl;
grow as single crystals because they are complex. One method that often works is to suspend a drop
of protein solution over a reservoir of buffer solution. Water diffusion from the drop often results ip
single-crystal growth. Different techniques are required to form metal crystals. The interested sty
dent can find many references and resources on the Internet, by searching the term “X-ray crystal-
lography.” The single crystal then has to be mounted; various mount types are available depending
on the instrument and goniometer being used.

8.4.3 Crystal Structure Determination

From the diffraction pattern, the crystal structure can be determined mathematically and the
compound identified. While the discussion of the details is beyond the scope of this text, small,
benchtop automated single-crystal XRD systems have come into use. These instruments possess 1
variety of powerful data processing programs and libraries that permit the determination of high-
resolution crystal structures of small molecules rapidly and automatically. Systems include the
Rigaku XtalLAB mini™ and the Bruker X28.

The XtalLAB mini™ software shows the approach used by these automated systems. Figure 8.70
lists the steps involved in obtaining a structure from the diffraction pattern. Once the single crystal
of the analyte has been mounted, a “project” is opened and the data collected. Then, the data i+
evaluated and the structure solved using one or more of the stored mathematical approaches. Sone
of the various methods and programs can be seen on the computer screen. A model is created an!
refined, and a report with the crystal structure, lattice parameters, and molecular identification
produced. Figure 8.71 shows the refinement results for a particular crystal obtained using the pro-
gram SHELX. The results after five cycles of refinement (which requires over 2000 observation
and 231 variables) give a “goodness of fit” of 1.066, an indication that the result is highly probable
Perfect fit would be 1.000. The number of cycles, observations, and variables makes it clear that
without modern computer processing, determination of a structure from an XRD pattern would take
days or weeks of work, as it used to.

Measurement times for crystals of small molecules using such a system vary and depend 0"
the complexity of the molecule. Potassium tetrachloroplatinate II, K,PtCl,, required less than 2 b
of measurement time using the XtalLAB mini"™, while a structure like raffinose, C,sH_.ZO,b'SH:(I’i
required 5 h and 30 min. The overall results from an analysis of the diffraction pattern wou ‘)
include the chemical structure, the name of the compound, the formula weight, the space group
which the crystal belongs, and the crystal lattice constants.

8.4.4 Powder X-Ray Diffractometry

onto the speci-
~crystal XR D.
0 a Samplt—‘

Powdered crystalline samples can also be studied by XRD. The sample is loz{ded
men holder, which is placed in the X-ray beam in a setup similar to that used for single-
The sample must be powdered by hand or by mechanical grinding and is pressed int
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Figure 8.70 Computer screen of the XtaLAB n wing the automated program steps for solving
a crystal structure yng a  of e of the mathematical methods avalable ang If
molecular struct vng e dala ; ed by perm f Rigak
Corporahion. www.rngaxu

holder to form a flat surface or packed into a thin glass or polymer wpillary tube. After mounting

the specimen is rotated relat) the X + at a rate of (degrees 8)/min. Diffracted radiation

comes from the sample accord B juat lhe detector wsly rotated at

(degrees 20)/min, using tradit 626 geometry. Alternatively truments such as the Thermo

Fisher Scientific ARL X 'TRA powder diffraction system are v lable using a bB-t) geon

lﬂrdgg Bretano geometry)

A powdered crystalline matenal < tains ny thousar ils. T rysi
oriented in all possible directions relative ' the beam of X-rays. Hence, instead of the sample
generating only single diffraction Spois ‘ f diffracted X .1
all the cones at the sample (Figure 8 17). Each family of planes will have a different circular diam
eter, so the result is a series of concentric CONEs radiating from the sampl Imagine that inside the
Rowland circle opposite the sampie, We have a strip of X-ray film as shown 1n Figure 8.72
right. The circular cones of X ravs will hit the film, resulting 1n a series of curved lin ‘
(Figure 8.72 left). A typical diffraction pattern from a ;*u'.\.i;';u.? sample collected on film 1s shown
in Figure 8.73. These are called Laue photographs, atter Max von Laue, the German sc
dC\‘L’lupc‘_l the techmque Film has been ,.‘.3‘;.1‘-~-it by autom ted scanning witl stand \
detector as discussed for XRF or by the use of imaging detectors such as CCDs or image plates
give a 2D image. A cylindrical image plate detector used by Rigaku Corporation has an active arca

« 100 pm, extremely rapid readoul

of 454 mm x 256 mm, a pixel size of 100 pm
One X-ray photon per pixel 1s a qu

of 1 X-ray photon per pixel for Cu K, radianion
of 100%. The major advantage of these 1maging

detectors 1s that the mmages &
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Spot pattern from a
single crystal becomes

a line when a powder
is used

Figure 8.73 A typical diffraction photograph, called a Laue photograph, from a powdered crystalline sample

manipulated electronically without the need for a photographic film-developing lab. The Thermo
Fisher Scientific ARL X"TRA uses a Peltier-cooled Si(Li) solid-state detector, which can be cooled
to about ~100°C, resulting in extremely low internal noise. This solid-state detector allows the user
to electronically select photons based on their energy signature, which eliminates the need for beta
filters or diffracted beam monochromators to remove Bremsstrahlung and sample fluorescence

In order to obtain accurate XRD spectra, the sample must be ground finely and pressed. so
that there is sufficient random orientation of the crystals in the sample. Nonrandom onentation
(preferred orientation) will result in a distorted spectral pattern, like a broken line or series of spots
instead of a complete curved line. Some materials exhibit preferred orientation, either naturally or
by design, and can be identified through these distortions. Powder diffractometers come in a vanety
of sizes, including small benchtop units and field-portable units (Section 8.4.5.1).

8.4.5 Hybrid XRD/XRF Systems

Hybrid systems are designed to combine the speed and flexibility of XRD and XRF systems
in one spectrometer. Such systems permit more complete characterization of a given crystalline
sample. These systems are varied: some are XRF systems with a few powder XRD-based channels
to identify compounds, such as a system designed with a CaO channel for the cement industry. The
combination can go as far as including a complete powder diffractometer and XRF spectrometer for
flexible compound identification and quantification. These types of systems are generally used in
industries, including metal and alloy production, cement production, mining, and refractory materi-
als production, for both R&D and process control.

Thermo Fisher Scientific’s ARL 9900 series hybrid systems offer a variety of configurations of
the XRF and powder XRD components for R&D, fast process analysis, qualitative and quantita-
tive elemental analysis, and phase analysis. The system can be configured in many way s W ith up
to 32 monochromators for fast elemental analysis, up to three goniometers for analysis of specific
elements (quantitative and standardless analysis), scanning the XRF spectrum (qualnali\e.und
semiquantitative analysis), a compact XRD system for process comrol.' or a full powder XRD
system. With the XRF unit, up to 83 elements (B to U) can be determined from ppm levels to

100%. The full XRD goniometer, called the NeXRD, provides qualitative and quantitative phase

analysis, Full-pattern quantitative phase analysis results can be obtained in 5 min using automatic
# y ¢ g omated sample

interpretation of the XRD pattern. The 9900 series has options for a va'ricly of aut ‘
changers (12 or 98 position) and can be integrated with the ARL robotic sample preparation sys-
tems, allowing unattended continuous operation of the instrument. This system 15 4 ﬁour.-moumed
laboratory unit. The advantages of a hybrid unit for the laboratory are that it provides a single user
interface for both XRF and XRD techniques, minimizes occupied ﬂocl)r s';pacfc. T:rg;; :,l:?xe(l;!::
and phase ‘ report, and permits id, precise analysis of solid 82 s. O
w ’;m?’n& they can (mll;e handlemszlid :,amples. Pictures and details are avail-

able at www.thermo.com./xray.
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Figure 8.77 The X-ray powder diffraction pattern of an unknown material is shown in the upper spectrum.

A search of a computerized database identifi ili
ied the unknown as
the stored spectrum for silicon (lower spectrum). g e

Pattern (peaks) from crystalline
material

Scatter from
the amorphous material

/ Scatter from the instrument ////////7/, N

Figure 8.78 Schematic diffraction pattern from a semicrystalline polymer, showing how both crystalline and
amorphous phases may be detected. The amorphous portion results in broad scattering while

the crystalline portion shows a typical diffraction peak pattern. A totally amorphous polymer
would show no diffraction peaks. (There are no 100% crystalline polymers.) The units on the

x-axis are degrees 0.
Gndecstriol ises
the result that it tears easily in one direction. Sometimes, however, this is a desirable property, as, for
example, in packaging material that we may wish to tear easily in one direction to open the package.
Powder XRD is used for phase analysis and compound identification in a variety of industries,
especially mineral, mining, and metal production and for materials such as rocks, minerals, oxide
materials, W include the levels of Fe phases such as FeO, Fe, 0y, Fe,0,,
and FeC: determination of free lime in clinker and slags in the cement industry: phases related to
the electrolysis of Al; and CaO, CaCO;, and Ca(OH), content. Phoge Aroms o |
XRD at different temperatures can be used to study phase transitions between different crystal- |
ographic forms of a material (e.g., tetragonal vs. monoclinic forms of yttria-stabilized zirconia).

approach can be used to measure thermal expansion coefficients and to study crystalline-to-
_amorphous transitions in materials.
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