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( 941 } CHARACTERIZATION OF CRYSTALLINE AND PARTIALLY CRYSTALLINE SOLIDS BY X-RAY POWDER
DIFFRACTION (XRPD)

Every crystalline phase of a given substance produces a characteristic X-ray diffraction pattern. Diffraction patterns
can be obtained from a randomly oriented crystalline powder composed of crystallites or crystal fragments of finite
size. Essentially three types of information can be derived from a powder diffraction pattern: the angular position of
diffraction lines (depending on geometry and size of the unit cell), the intensities of diffraction lines (depending mainly
on atom type and arrangement, and particle orientation within the sample), and diffraction line profiles (depending on
instrumental resolution, crystallite size, strain, and specimen thickness).

INTRODUCTION

Experiments giving angular positions and intensities of lines can be used for applications such as qualitative phase
analysis (e.g., identification of crystalline phases) and quantitative phase analysis of crystalline materials. An
estimate of the amorphous and crystalline fractions? can also be made.

The X-ray powder diffraction (XRPD) method provides an advantage over other means of analysis in that it is usually
nondestructive in nature (to ensure a randomly oriented sample, specimen preparation is usually limited to grinding).
XRPD investigations can also be carried out under in situ conditions on specimens exposed to nonambient conditions
such as low or high temperature and humidity.

PRINCIPLES

X-ray diffraction results from the interaction between X-rays and electron clouds of atoms. Depending on atomic
arrangement, interferences arise from the scattered X-rays. These interferences are constructive when the path
nJlfference between two diffracted X-ray waves differs by an integral number of wavelengths. This selective condition

is described by the Bragg equation, also called Bragg's law (see Figure 1).
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Figure 1. Diffraction of X-rays by a crystal according to Bragg's Law.

The wavelength, 1, of the X-rays is of the same order of magnitude as the distance between successive crystal lattice
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planes, or dy, (also called d-spacings). ehk, is the angle between the incident ray and the family of lattice planes, and

sin 9,,” is inversely proportional to the distance between successive crystal planes or d-spacings.

e direction and spacing of the planes with reference to the unit cell axes are defined by the Miller indices {hkl}. These
indices are the reciprocals, reduced to the next-lower integer, of the intercepts that a plane makes with the unit cell
axes. The unit cell dimensions are given by the spacings a, b, and ¢, and the angles between them O, B and 7.

The interplanar spacing for a specified set of parallel hkl planes is denoted by d,,,. Each such family of planes may
show higher orders of diffraction where the d values for the related families of planes nh, nk, nl are diminished by the
factor 1/n (n being an integer: 2, 3, 4, etc.).

Every set of planes throughout a crystal has a corresponding Bragg diffraction angle, nii. @ssociated with it (for a
specific l).

A powder specimen is assumed to be polycrystalline so that at any angle ‘9,,,‘r there are always crystallites in an

orientation allowing diffraction according to Bragg's law.2 For a given X-ray wavelength, the positions of the diffraction
peaks (also referred to as “lines”, “reflections”, or “Bragg reflections”) are characteristic of the crystal lattice (d-
spacings), their theoretical intensities depend on the crystallographic unit cell content (nature and positions of atoms),
and the line profiles depend on the perfection and extent of the crystal lattice. Under these conditions, the diffraction
peak has a finite intensity arising from atomic arrangement, type of atoms, thermal motion, and structural
imperfections, as well as from instrument characteristics.

The intensity is dependent upon many factors such as structure factor, temperature factor, crystallinity, polarization
factor, multiplicity, and Lorentz factor.

B\ e main characteristics of diffraction line profiles are 29 position, peak height, peak area, and shape (characterized
“by. e.g., peak width, or asymmetry, analytical function, and empirical representation). An example of the type of
powder patterns obtained for five different solid phases of a substance are shown in Fiqure 2.
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Figure 2. X-ray powder diffraction patterns collected for five different solid phases of a substance (the intensities are
normalized).

In addition to the diffraction peaks, an X-ray diffraction experiment also generates a more or less uniform background.
upon which the peaks are superimposed. Besides specimen preparation, other factors contribute to the background—
for example, sample holder, diffuse scattering from air and equipment, and other instrumental parameters such as
detector noise and general radiation from the X-ray tube. The peak-to-background ratio can be increased by

minimizing background and by choosing prolonged exposure times.

INSTRUMENT

Instrument Setup

X-ray diffraction experiments are usually performed using powder diffractometers or powder cameras.

A powder diffractometer generally comprises five main parts: an X-ray source; the incident beam optics, which may
perform monochromatization, filtering, collimation, and/or focusing of the beam: a goniometer; the diffraction beam
optics, which may include monochromatization, filtering, collimation, and focusing or parallelizing of beam; and a
detector. Data collection and data processing systems are also required and are generally included in current
diffraction measurement equipment.

pending on the type of analysis to be performed (phase identification, quantitative analysis, lattice parameters
etermination, etc.), different XRPD instrument configurations and performance levels are required. The simplest
instruments used to measure powder patterns are powder cameras. Replacement of photographic film as the
detection method by photon detectors has led to the design of diffractometers in which the geometric arrangement of
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the optics is not truly focusing, but parafocusing, such as in Bragg-Brentano geometry. The Bragg-Brentano
parafocusing configuration is currently the most widely used and is therefore briefly described here.

A given instrument may provide a horizontal or vertical 8/28 geometry or a vertical 8/8 geometry. For both
"Wgeometries, the incident X-ray beam forms an angle © with the specimen surface plane, and the diffracted X-ray

beam forms an angle 29 with the direction of the incident X-ray beam (an angle 0 with the specimen surface plane).
The basic geometric arrangement is represented in Figure 3. The divergent beam of radiation from the X-ray tube (the
so-called primary beam) passes through the parallel plate collimators and a divergence slit assembly and illuminates

the flat surface of the specimen. All the rays diffracted by suitably oriented crystallites in the specimen at an angle 2

o converge to a line at the receiving slit. A second set of parallel plate collimators and a scatter slit may be placed
either behind or before the receiving slit. The axes of the line focus and of the receiving slit are at equal distances
from the axis of the goniometer, The X-ray quanta are counted by a radiation detector, usually a scintillation counter,
a sealed-gas proportional counter, or a position-sensitive solid-state detector such as an imaging plate or CCD
detector. The receiving slit assembly and the detector are coupled together and move tangentially to the focusing

circle. For 9/29 scans, the goniometer rotates the specimen around the same axis as that of the detector, but at half

the rotational speed, in a 9/20 motion. The surface of the specimen thus remains tangential to the focusing circle.
The parallel plate collimator limits the axial divergence of the beam and hence partially controls the shape of the
diffracted line profile,
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