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Unit 1 — Introduction to Crystallography

1.1 Definition and scope of crystallography

Crystallography is the study of atomic arrangements in crystals. It reveals the inner workings of materials,
from simple salts to complex proteins. This field uses fancy tools like X-rays to peek inside crystals and
figure out their structure.

Understanding crystal structure helps us explain why materials behave the way they do. It's key for making
better drugs, stronger metals, and faster computer chips. Crystallography connects the tiny world of atoms
to the stuff we use every day.

Crystallography: Structure and Properties

Fundamental Concepts and Focus

* Crystallography studies arrangement of atoms in crystalline solids and resulting properties

* Determines three-dimensional atomic and molecular structure of crystals using experimental
techniques

* Investigates symmetry, periodicity, and long-range order in crystalline materials
 Analyzes internal structure at atomic level (bond lengths, angles, coordination environments)
* Encompasses crystal formation, growth mechanisms, and structure-property relationships

« Utilizes mathematical models and computational methods to interpret data and predict structures

Methodologies and Approaches

* Employs various experimental techniques to probe crystal structures

» Analyzes diffraction patterns produced by X-rays, neutrons, or electrons interacting with crystals
* Develops and applies sophisticated algorithms for structure solution and refinement

» Combines experimental data with theoretical models to elucidate crystal properties

» Utilizes advanced imaging techniques to visualize atomic arrangements directly

* Implements computational simulations to predict and model crystal behavior
Subdisciplines of Crystallography

Diffraction-Based Techniques

« X-ray crystallography determines atomic and molecular structure using X-ray diffraction patterns

* Neutron crystallography probes structures with neutron scattering (locates light atoms, studies
magnetic properties)

« Electron crystallography analyzes nanoscale and beam-sensitive materials through electron diffraction
and imaging

» Powder diffraction examines polycrystalline materials for phase composition and structural parameters
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« Single-crystal diffraction obtains high-resolution structural information from individual crystals

Specialized Fields and Computational Approaches

* Protein crystallography determines three-dimensional structure of biological macromolecules
(proteins, nucleic acids)

« Computational crystallography develops algorithms and software for structure solution, refinement,
and prediction

« Surface crystallography investigates atomic arrangements at crystal surfaces and interfaces
 Time-resolved crystallography studies dynamic processes and structural changes in crystals

» Nanocrystallography focuses on the unique properties and structures of crystalline materials at the
nanoscale

Crystallography for Atomic Arrangements

Structural Insights and Analysis

* Provides detailed information about spatial arrangement of atoms and molecules within crystal lattice

» Determines bond lengths, bond angles, and coordination environments (crucial for understanding
chemical bonding and reactivity)

* Reveals presence of defects, dislocations, and grain boundaries influencing physical properties
+ Identifies and characterizes different polymorphs and phases of crystalline materials

* Elucidates mechanisms of phase transitions, solid-state reactions, and crystal growth processes

Structure-Property Relationships

* Plays vital role in understanding connections between crystal structure and material properties

+ Enables design of materials with specific functional properties (electrical conductivity, magnetism)
* Provides insights into mechanical behavior of materials (strength, ductility, hardness)

* Helps explain optical properties of crystals (birefringence, piezoelectricity)

» Supports development of new catalysts by revealing active site structures

* Aids in understanding and optimizing thermal properties of materials (heat capacity, thermal
expansion)

Applications of Crystallography

Materials Science and Engineering
» Develops and optimizes new materials with specific mechanical, electrical, or optical properties
* Investigates structure of alloys and composites to improve performance (aerospace materials)

« Studies crystal structures of semiconductors for electronic device optimization (silicon, gallium
arsenide)
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* Analyzes ceramic materials for applications in high-temperature environments (thermal barrier
coatings)

« Examines polymeric materials to understand crystallinity effects on properties (polyethylene, nylon)

Chemistry and Pharmaceutical Sciences

» Determines molecular structures, stereochemistry, and intermolecular interactions

« Essential in pharmaceutical industry for drug design, formulation, and quality control (aspirin,
penicillin)

« Studies crystal packing and polymorphism in drug compounds (affects solubility, bioavailability)
* Investigates host-guest complexes and inclusion compounds (cyclodextrins, zeolites)

+ Aids in development of new catalysts by revealing active site structures (enzymes, metal-organic
frameworks)

Physics and Biology

* Investigates phenomena like superconductivity, magnetism, and phase transitions in condensed
matter systems

+ Crucial for understanding enzyme mechanisms and protein-ligand interactions (HIV protease
inhibitors)

+ Contributes to nanotechnology by providing atomic-scale information on nanomaterials (carbon
nanotubes, quantum dots)

* Supports structural biology research on complex biomolecular assemblies (ribosomes, virus capsids)

+ Aids geologists in studying mineral structures and formation processes (quartz, feldspars)

1.2 Historical development of crystallography

Crystallography's journey from ancient observations to cutting-edge science is a tale of curiosity and
innovation. Early thinkers laid the groundwork, but it was the discovery of X-ray diffraction that truly
revolutionized the field.

The 20th century saw crystallography evolve into a powerful tool for understanding matter at the atomic
level. From unraveling DNA's structure to studying materials under extreme conditions, it's become
essential in fields from biology to materials science.

Crystallography's Historical Development

Early Observations and Foundational Concepts

+ Ancient Greek philosophers (Plato, Aristotle) made early observations on regular crystal shapes laid
foundation for future studies

« Johannes Kepler published "The Six-Cornered Snowflake" in 1611 proposed hexagonal symmetry of
snowflakes resulted from regular packing of water particles

* Nicolas Steno formulated Law of Constancy of Interfacial Angles in 1669 stated angles between
corresponding crystal faces remain constant for given species
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* René Just Haly developed concept of "integrant molecule" in 1784 proposed crystals built from
identical structural units

* Introduced idea of crystal lattices

» Explained crystal cleavage based on arrangement of structural units

Breakthrough Discoveries in the 20th Century

» Max von Laue discovered X-ray diffraction by crystals in 1912 provided first experimental proof of
periodic atomic structure in crystals

* Demonstrated wave nature of X-rays
+ Confirmed long-held hypothesis about internal structure of crystals

« X-ray crystallography development in early 20th century revolutionized field enabled determination of
atomic positions within crystal structures

* Allowed visualization of atomic arrangements in three dimensions

* Provided insights into chemical bonding and material properties

* Neutron diffraction advent in 1940s expanded crystallographic techniques
+ Enabled study of magnetic structures (ferromagnetic materials)

* Facilitated investigation of light elements (hydrogen in organic compounds)

» Complemented X-ray diffraction for more comprehensive structural analysis
Key Figures in Crystallography
Pioneers of X-ray Crystallography

* Max von Laue demonstrated X-ray diffraction by crystals proved wave nature of X-rays and periodic
atomic structure of crystals

* Awarded Nobel Prize in Physics in 1914 for this discovery

« William Henry Bragg and William Lawrence Bragg developed Bragg's Law related wavelength of
incident radiation to spacing between atomic planes in crystal

 Formulated as hA = 2dsin 8 where n is an integer, A is wavelength, d is interplanar spacing, and 8 is
angle of incidence

* Braggs pioneered X-ray diffraction use to determine crystal structures solved structures of simple
inorganic compounds (sodium chloride, diamond)

* Received Nobel Prize in Physics in 1915 for their work

Contributors to Biological Crystallography

* Rosalind Franklin's X-ray diffraction work on DNA crucial in elucidating double helix structure
contributed significantly to molecular biology and structural biochemistry

* Produced famous "Photo 51" X-ray diffraction image of DNA

» Her work was instrumental in Watson and Crick's DNA model
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» Dorothy Hodgkin advanced protein crystallography determined structures of complex biological
molecules (insulin, vitamin B12, penicillin)

* Developed techniques for analyzing large, complex molecules

* Awarded Nobel Prize in Chemistry in 1964 for her work

Theoretical and Methodological Innovators

+ Linus Pauling applied quantum mechanics to crystallography developed theory of chemical bond and
predicted structures of complex silicate minerals

* Introduced concept of resonance in chemical bonding
* Received Nobel Prize in Chemistry in 1954 for his work on chemical bonding

» John Desmond Bernal expanded crystallography application to biological molecules laid groundwork
for structural biology

+ Pioneered use of X-ray crystallography in studying viruses and proteins

* Developed methods for keeping biological samples hydrated during analysis

Technological Advancements in Crystallography

Improvements in X-ray Sources and Detectors

» X-ray tubes development with higher intensity and focus allowed study of smaller crystals and more
complex structures

* Rotating anode X-ray tubes increased X-ray flux by factor of 10
* Microfocus X-ray sources enabled analysis of microcrystals (< 10 pm)

* Area detectors introduction (image plates, charge-coupled devices) greatly increased speed and
efficiency of data collection

* Reduced data collection time from days to hours or minutes

* Improved signal-to-noise ratio and dynamic range

Advanced Radiation Sources and Techniques

« Synchrotron radiation sources provided extremely intense and tunable X-ray beams enabled study of
microcrystals and time-resolved experiments

* Brilliance up to 10212 times greater than laboratory X-ray sources
* Allowed for high-resolution studies of protein dynamics

* Cryocrystallography techniques advent allowed study of radiation-sensitive biological samples by
reducing radiation damage

» Samples cooled to around 100 K using liquid nitrogen

» Extended crystal lifetime in X-ray beam by factor of 70 or more
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Computational Advancements

» Computer modeling and simulation techniques (molecular dynamics, density functional theory)
complemented experimental methods in understanding crystal structures and properties

» Enabled prediction of crystal structures from chemical composition
* Facilitated interpretation of experimental data and property calculations

+ Direct methods and Patterson techniques development for phase determination greatly accelerated
process of structure solution

» Overcame phase problem in crystallography
« Allowed for automated structure determination of small molecules

+ Data processing software and automated structure refinement programs advancements significantly
reduced time required for structure determination

* Programs like SHELX and PHENIX streamlined crystallographic analysis

» Enabled high-throughput structure determination in structural genomics projects

Impact of Crystallographic Techniques

Evolution of Diffraction Methods

* Transition from photographic film to electronic detectors in X-ray diffraction experiments dramatically
improved data quality and collection speed

* Increased sensitivity and dynamic range
» Enabled real-time monitoring of diffraction patterns

« Single-crystal neutron diffraction techniques development allowed precise localization of hydrogen
atoms and study of magnetic structures

« Complemented X-ray diffraction for complete structural characterization
* Provided insights into hydrogen bonding networks in materials

» Powder diffraction methods evolved to allow structure determination from polycrystalline samples
expanded range of studiable materials

* Rietveld refinement method enabled accurate structure determination from powder data

* Applications in pharmaceuticals, ceramics, and metallurgy

Emerging Crystallographic Techniques

* Electron crystallography introduction enabled study of nanocrystalline materials and 2D crystals
(graphene)

« Allowed structure determination of beam-sensitive materials
* Provided atomic-resolution imaging of surfaces and interfaces

* High-pressure crystallography techniques advances provided insights into material behavior under
extreme conditions relevant to geophysics and materials science
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* Diamond anvil cells allowed studies at pressures up to 300 GPa
» Revealed new high-pressure phases of common materials (ice, silica)

* Crystallography combination with spectroscopic techniques (Raman spectroscopy, X-ray absorption
spectroscopy) allowed more comprehensive understanding of crystal structures and properties

* Provided information on chemical bonding and electronic structure
» Enabled in situ studies of materials under various conditions

« Serial femtosecond crystallography development using X-ray free-electron lasers opened new
possibilities for studying radiation-sensitive samples and capturing ultrafast structural changes

« Allowed "diffraction before destruction" of biological samples

» Enabled time-resolved studies with femtosecond resolution

1.3 Importance of crystallography in various fields

Crystallography is the key to unlocking the secrets of materials at the atomic level. It's like having X-ray
vision for scientists, allowing them to see how atoms are arranged and how this affects everything from
electronics to drugs.

This powerful tool isn't just for lab geeks. It's used in real-world applications across science and
technology. From designing better computer chips to creating life-saving medicines, crystallography is
changing the game in countless fields.

Crystallography for Materials Design

Atomic Arrangements and Electronic Properties

* Crystallography determines precise atomic arrangements in crystalline materials
* Crucial for understanding and manipulating electronic properties

+ Enables tailoring of semiconductor and superconductor characteristics

« X-ray diffraction analyzes crystal structures at atomic level

* Provides insights into bonding and electronic configurations

» Reveals complex atomic arrangements responsible for superconductivity (zero electrical resistance,
perfect diamagnetism)

* Crystal symmetry and space group studies predict and design specific electronic band structures
+ Essential for customizing semiconductor properties (bandgap, carrier mobility)

* Helps engineer materials with desired electronic behavior (conductors, insulators)

Dopants, Defects, and Advanced Techniques

* Crystallographic analysis examines dopant distributions and crystal lattice defects
« Vital for optimizing semiconductor device performance

« Identifies impurities and structural imperfections affecting electrical properties

Fiveable archived study guides Page 8



* Neutron diffraction provides information on magnetic structures

« Crucial for developing high-temperature superconductors

* Reveals spin arrangements and magnetic ordering in materials

» Advanced crystallographic methods enable in-situ studies

* Observes material behavior under varying conditions (temperature, pressure)

* Facilitates development of materials with enhanced stability and performance
Crystallography in Drug Design

Structural Determination of Biological Molecules

* Crystallography determines 3D structures of biological macromolecules at atomic resolution
* Reveals protein structures, enzymes, and other complex biomolecules

+ Enables visualization of molecular interactions and conformations

* Protein crystallography exposes active sites and binding pockets

« Essential for understanding drug-target interactions

* Facilitates design of highly specific pharmaceutical compounds

« Structure-based drug design utilizes crystallographic data

* Optimizes lead compounds by analyzing protein-ligand complexes

« Identifies key molecular interactions for improved drug efficacy

Advanced Techniques and Applications

* Time-resolved crystallography visualizes dynamic processes in biological molecules
* Provides insights into enzyme mechanisms and drug action

« Captures intermediate states during biochemical reactions

* Crystallography of nucleic acids contributes to gene-targeted therapies

* Reveals structures of DNA and RNA molecules

* Aids in development of antiviral drugs and gene-editing tools

* Cryo-electron microscopy complements X-ray crystallography

* Allows structural determination of large macromolecular complexes

» Enables study of membrane proteins challenging to crystallize (ion channels, transporters)
Crystallography Applications in Geology

Mineral Identification and Earth's Interior

* Crystallography identifies and classifies minerals

» Based on crystal structures, symmetry, and chemical compositions
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» Enables accurate categorization of newly discovered minerals

+ X-ray diffraction analyzes atomic arrangements in rocks and minerals

* Provides insights into formation conditions and geological history

* Reveals mineral transformations and alterations over time

* Crystallographic studies examine high-pressure and high-temperature mineral phases
+ Contributes to understanding Earth's deep interior structure

 Simulates environments within Earth's mantle and core

Geological Processes and Advanced Techniques

* Analysis of crystal defects and deformations in minerals informs about geological processes

* Provides information on metamorphism and tectonic movements

* Reveals strain history and deformation mechanisms in rocks

* Crystallography studies crystal growth mechanisms and kinetics

* Helps understand large-scale geological processes (magma crystallization, ore deposit formation)
* Elucidates mineral formation and alteration in various geological settings

« Synchrotron X-ray diffraction allows in-situ studies of mineral transformations

» Observes changes under varying pressure and temperature conditions

« Simulates deep Earth processes in laboratory settings

Structure-Property Relationships in Materials

Atomic Arrangements and Material Properties

* Crystallography links atomic arrangements to macroscopic properties
+ Determines strength, ductility, and conductivity of materials

+ Enables prediction and design of materials with specific characteristics
* Crystal structure and symmetry studies predict material properties

* Facilitates development of materials with tailored mechanical, electrical, optical, and magnetic
properties

* Guides engineering of novel materials for specific applications
* Crystallographic analysis examines phase transformations and solid-state reactions
« Crucial for developing heat treatments and processing techniques

» Optimizes material properties through controlled structural changes

Defects, Texture, and Computational Methods

* Investigation of crystal defects using crystallographic methods is essential
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« Studies dislocations, grain boundaries, and point defects

« Controls material behavior and properties (strength, conductivity)

* Texture analysis provides insights into preferred crystal orientations

« Affects anisotropic properties of polycrystalline materials

* Influences mechanical and physical behavior of engineered materials

» Combination of crystallography with computational methods accelerates materials discovery
* Enables prediction of new materials with tailored properties

* Facilitates rapid screening and design of advanced materials
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Unit 2 — Crystal Symmetry and Point
Groups

2.1 Concept of symmetry in crystals

Crystals are nature's masterpieces of symmetry. They're not just pretty rocks — their internal structure
follows precise rules that give them unique shapes and properties. This topic dives into the heart of crystal
symmetry, exploring the building blocks that make crystals so special.

Understanding crystal symmetry is like learning a secret language. It helps us predict how crystals will
behave, what they'll look like, and even how they'll interact with light and electricity. This knowledge is
crucial for everything from designing new materials to figuring out how drugs work in our bodies.

Symmetry elements in crystals

Defining symmetry in crystallography

» Symmetry elements constitute geometric constructs (points, lines, or planes) about which symmetry
operations can be performed on a crystal structure

» Symmetry operations involve specific movements or transformations that leave a crystal's appearance
unchanged when applied

* Crystallographic symmetry forms the foundation for understanding internal structure and external
morphology of crystals

* Group theory provides mathematical descriptions of symmetry elements and operations essential for
crystal classification

* Presence of symmetry in crystals directly influences their physical properties
« Affects optical characteristics (birefringence, optical activity)
« Impacts electrical properties (piezoelectricity, ferroelectricity)

» Determines mechanical behavior (cleavage planes, hardness anisotropy)

Mathematical representation and significance
* Symmetry elements and operations described using matrix algebra and group theory
* Rotation matrices represent rotational symmetry
* Reflection matrices describe mirror symmetry
» Essential role in determining crystal systems and space groups
« 7 crystal systems defined by presence of specific symmetry elements
+ 230 space groups arise from combinations of symmetry elements
» Symmetry considerations crucial for:

* Indexing crystal faces and planes
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* Predicting possible crystal forms
+ Analyzing X-ray diffraction patterns

+ Symmetry-based selection rules govern allowed transitions in spectroscopic techniques (IR, Raman)

Types of symmetry elements

Rotational and reflective symmetry
* Rotation axes allow crystal rotation by specific angles to produce identical configurations
» Examples: 2-fold (180°), 3-fold (120°), 4-fold (90°), 6-fold (60°)
« Mirror planes reflect one half of crystal structure onto the other half
» Types: vertical, horizontal, and diagonal mirror planes
* Inversion centers involve corresponding points equidistant on opposite sides of the center
* Every point (x, y, z) has a counterpart (-x, -y, -z)
* Rotoinversion axes combine rotation and inversion operations

» Example: 4 axis involves 90° rotation followed by inversion

Translational symmetry elements

* Glide planes involve reflection followed by translation parallel to the reflection plane

* Types: a-glide, b-glide, c-glide, n-glide, d-glide

 Screw axes combine rotation with translation along the axis of rotation

* Notation: Nn where N is the rotational order and n is the translation fraction

» Example: 21 axis (180° rotation + 1/2 unit cell translation)

» These symmetry elements crucial for describing symmetry in periodic crystal structures

* Play key role in determining systematic absences in X-ray diffraction patterns

Symmetry and crystal structure

Symmetry-structure relationships

* Crystal symmetry directly relates to atomic arrangement and determines overall shape and properties

* Crystal systems (cubic, tetragonal, orthorhombic, etc.) defined by presence of specific symmetry
elements

* Cubic system requires four 3-fold rotation axes

* Tetragonal system requires one 4-fold rotation axis

« Symmetry of crystal structure imposes constraints on possible arrangements of atoms within unit cell
» Example: face-centered cubic structure requires atoms at specific positions due to symmetry

» Symmetry operations generate complete crystal structure from minimal set of atomic positions
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* Reduces computational complexity in structure determination and refinement
Impact on physical properties
* Presence or absence of certain symmetry elements affects crystal's physical properties
* Piezoelectricity requires non-centrosymmetric structure
* Ferroelectricity only possible in polar crystal classes
* Optical properties strongly influenced by crystal symmetry
« Isotropic crystals (cubic system) vs. anisotropic crystals (all other systems)
+ Birefringence in non-cubic crystals due to symmetry-induced differences in refractive indices

* Mechanical properties like cleavage and hardness related to symmetry-determined atomic bonding
patterns

» Symmetry considerations crucial in determining possible space groups for given crystal structure

» Systematic absences in diffraction data linked to specific symmetry elements

|ldentifying symmetry elements in crystals

Visual and analytical methods

* Visual inspection of crystal models or diagrams reveals obvious symmetry elements

« Mirror planes often visible as flat faces

* Rotation axes identifiable through repeating patterns

« X-ray diffraction patterns provide information about internal symmetry of crystal structure

* Laue symmetry derived from diffraction pattern symmetry

+ Systematic absences indicate presence of translational symmetry elements

» Computer software analyzes crystal structures to automatically determine symmetry elements
* Programs like PLATON and FINDSYM use algorithms to detect symmetry

» Machine learning approaches increasingly used for symmetry detection

Practical considerations in symmetry analysis

» Complete set of symmetry elements for a crystal defines its point group and space group
« 32 crystallographic point groups arise from combinations of rotational and mirror symmetry
« 230 space groups incorporate translational symmetry elements

« Consideration of both external morphology and internal structure necessary for complete symmetry
analysis

» External form may not always reflect full internal symmetry (pseudosymmetry)

» Twinning can complicate symmetry determination
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» Determination of symmetry elements crucial step in solving and refining crystal structures from
experimental data

* Guides choice of space group during structure solution

* Reduces number of parameters in structure refinement

» Symmetry analysis essential in:

+ Materials science for predicting and designing new materials

* Pharmaceutical industry for polymorph screening and drug formulation

* Mineralogy for classification and identification of mineral species

2.2 Point groups and symmetry operations

Point groups are the backbone of crystal symmetry, describing how atoms arrange themselves in 3D
space. They're like the secret code that unlocks a crystal's structure, properties, and behavior. There are
32 unique point groups, each with its own set of symmetry operations.

Understanding point groups is crucial for predicting how crystals will react to light, electricity, and other
forces. By identifying a crystal's point group, we can forecast its shape, optical properties, and even its
potential for applications like piezoelectricity.

Point Groups and Crystal Symmetry

Definition and Significance of Point Groups

+ Point groups mathematically describe symmetry operations leaving at least one point unmoved in
crystal structures

« 32 crystallographic point groups represent all possible combinations of symmetry elements in
three-dimensional crystals

* Point groups fundamentally describe symmetry of crystal structures and their physical properties

« Symmetry of a crystal's point group determines its morphology, optical properties, and behavior under
applied fields (piezoelectricity, ferroelectricity)

* Denote point groups using Hermann-Mauguin symbols or Schoenflies notation providing concise
representation of symmetry elements

* Hermann-Mauguin symbols use letters and numbers (e.g. 4mm, 6/m)

» Schoenflies notation uses letters and subscripts (e.g. C4v, D6h)

Crystal Systems and Point Group Classification

+ Seven crystal systems form basis for classifying crystals into point groups

» Triclinic, monoclinic, orthorhombic, tetragonal, trigonal, hexagonal, cubic

« Each crystal system divides into point groups based on specific combination of symmetry elements
* Triclinic system: two point groups (1, -1)

» Monoclinic system: three point groups (2, m, 2/m)
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* Orthorhombic system: three point groups (222, mm2, mmm)

* Tetragonal system: seven point groups (4, -4, 4/m, 422, 4mm, -42m, 4/mmm)
* Trigonal system: five point groups (3, -3, 32, 3m, -3m)

» Hexagonal system: seven point groups (6, -6, 6/m, 622, 6mm, -6m2, 6/mmm)
* Cubic system: five point groups (23, m-3, 432, -43m, m-3m)

« Organize point groups into families based on highest-order rotation axis

* Cyclic, dihedral, tetrahedral, octahedral, icosahedral families

* Divide point groups into centrosymmetric and non-centrosymmetric categories
» Centrosymmetric crystals possess inversion center

» Non-centrosymmetric crystals lack inversion center

« Categorization impacts crystal properties (piezoelectricity, pyroelectricity)

Symmetry Operations in Point Groups

Rotational Symmetry
* Rotation symmetry operation rotates object about axis by specific angle
« Common rotations include 2-fold, 3-fold, 4-fold, and 6-fold
« 2-fold rotation: 180° rotation (order 2)
« 3-fold rotation: 120° rotation (order 3)
* 4-fold rotation: 90° rotation (order 4)
+ 6-fold rotation: 60° rotation (order 6)
* Rotation axes represented by symbols in point group notation
« 2-fold: 2
« 3-fold: 3
* 4-fold: 4

- 6-fold: 6
Reflection and Inversion Symmetry

* Reflection symmetry operation mirrors object across plane creating mirror image
* Mirror planes denoted by 'm' in point group notation

* Types of mirror planes: vertical, horizontal, diagonal

* Inversion symmetry operation inverts all points through center of symmetry

« Effectively rotates object 180° and reflects through point

* Inversion center denoted by '-1' or 'i' in point group notation
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» Rotoinversion combines rotation and inversion
* Rotate object then invert through point on rotation axis

* Denoted by '-n' where n is the rotation order (e.g. -4, -3)

Complex Symmetry Operations

* Improper rotation (rotoreflection) combines rotation with reflection
* Rotate object then reflect in plane perpendicular to rotation axis

« Denoted by overbar symbol in some notations (e.g. 4)

* Identity operation leaves object unchanged

* Included in all point groups as fundamental symmetry operation

* Represented by '1' in point group notation

+ Screw axes combine rotation with translation

* Important in space groups but not in point groups

» Example: 21 axis rotates 180° and translates 1/2 unit cell length
Classifying Crystals by Point Groups

Systematic Approach to Classification

* Identify all symmetry elements present in crystal structure
+ Use highest-order rotation axis as primary axis for describing point group

» Determine presence of mirror planes, inversion centers, other symmetry elements in relation to
primary axis

+ Systematically eliminate point groups not matching observed symmetry elements
« Consider crystal's physical properties for additional confirmation
* Pyroelectricity indicates polar point group (10 polar point groups)

« Optical activity suggests non-centrosymmetric point group (21 non-centrosymmetric point groups)

Tools for Point Group Determination

« Visual aids assist in process of point group determination

» Stereographic projections represent three-dimensional symmetry in two dimensions
» Symmetry diagrams illustrate arrangement of symmetry elements

* Use point group flow charts for systematic identification

« Start with crystal system, then narrow down based on symmetry elements

« Software tools automate point group determination from crystal structure data

* Examples: PLATON, CrystalMaker, Mercury
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Identifying Point Groups of Crystals

Practical Steps for Point Group ldentification

* Observe crystal morphology and measure interfacial angles
» Use goniometer for precise angle measurements

» Compare measured angles to theoretical values for different point groups
» Analyze optical properties using polarized light microscopy
* Observe extinction patterns, interference figures

+ Determine optical indicatrix shape (uniaxial, biaxial)

+ Perform X-ray diffraction experiments

» Analyze systematic absences in diffraction pattern

* Determine Laue class from diffraction symmetry

+ Consider physical properties related to symmetry

* Piezoelectricity indicates non-centrosymmetric point group

* Ferroelectricity suggests polar point group

Advanced Techniques and Considerations

* Use electron diffraction for small crystals or nanostructures

» Convergent beam electron diffraction (CBED) reveals point group symmetry

* Apply group theory concepts to analyze vibrational spectra

* Infrared and Raman spectroscopy provide information on molecular symmetry
» Consider symmetry breaking due to external factors

» Temperature changes can induce phase transitions altering point group

* Applied electric or magnetic fields may lower symmetry temporarily

* Utilize computational methods for complex structures

* Density functional theory (DFT) calculations predict stable crystal structures

» Symmetry analysis software automates point group determination from atomic coordinates

2.3 Hermann-Mauguin notation and stereographic projection

Hermann-Mauguin notation is a key system for describing crystal symmetry. It uses numbers and letters to
represent rotation axes, mirror planes, and other symmetry elements in crystals, making it easier to
understand complex structures.

Stereographic projections visualize 3D crystal symmetry on a 2D plane. By plotting symmetry elements as
specific symbols, these projections help identify point groups and analyze crystal structures, bridging
theory and practical crystal analysis.
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Hermann-Mauguin Notation

Fundamentals of Hermann-Mauguin Notation

* Hermann-Mauguin notation standardized system for describing crystallographic point groups and
space groups

» Combines numbers and letters to represent symmetry elements in crystal structures

» Writes symbols in specific order rotational symmetries listed first, followed by mirror planes and
inversion centers

* Distinguishes between proper rotation axes (n) and improper rotation axes (n)
* Describes both two-dimensional and three-dimensional point groups
+ Concisely represents complex symmetry arrangements in crystals

« Crucial for interpreting crystallographic data and communicating crystal structures in scientific
literature

* Developed by Carl Hermann and Charles-Victor Mauguin in the early 20th century

» Widely adopted in crystallography due to its clarity and efficiency in describing symmetry

Applications and Importance

» Enables precise communication of crystal structures among researchers

« Facilitates comparison of different crystal structures by providing a standardized description

* Used in crystallographic databases to catalog and organize structural information

* Essential for understanding and predicting physical properties of crystals (optical, electrical, magnetic)
* Aids in the analysis of diffraction patterns obtained from X-ray crystallography

« Crucial in materials science for designing and engineering new materials with specific symmetry
properties

* Helps in identifying potential applications of crystals in various fields (optics, electronics,
pharmaceuticals)

* Allows for systematic classification of crystals based on their symmetry characteristics

Symbols in Hermann-Mauguin Notation

Rotational Symmetry and Basic Symbols

* Numbers 1, 2, 3, 4, and 6 indicate order of rotation axes

* Letter 'm' represents mirror plane

* Letter 'n' denotes glide plane in space groups

* Number 'T' (1 with an overbar) represents inversion center

» Symbol '/' separates generators of point group, indicating relative orientations

Fiveable archived study guides Page 19



* Proper rotation axes denoted by simple numbers (2, 3, 4)
* Improper rotation axes indicated by numbers with overbars (3, 4)
+ Position and order of symbols provide information about relative orientations of symmetry elements

* Special symbols "' or '_" indicate absence of certain symmetry elements in specific directions

Advanced Symbol Combinations and Interpretations

» Combination of rotation axis and mirror plane perpendicular to it written as nm (2m, 3m, 4m, 6m)
+ Rotation axis with mirror plane parallel to it denoted as n/m (2/m, 4/m, 6/m)

» Symbol 2mm represents two perpendicular mirror planes intersecting along a 2-fold axis

* 4mm indicates a 4-fold axis with four mirror planes intersecting at 45° angles

* 3m represents a 3-fold axis with three mirror planes at 60° angles

» Symbol 6 denotes a 3-fold rotoinversion axis (combination of 3-fold rotation and inversion)

* 42m represents a 4-fold rotoinversion axis with two perpendicular mirror planes

* Interpretation of complex symbols requires understanding of how individual symmetry elements
combine

Stereographic Projections of Point Groups

Construction and Basic Principles

« Stereographic projection represents three-dimensional crystal symmetry on two-dimensional plane
* Created by intersecting symmetry elements with reference sphere and projecting onto plane

+ Symmetry elements represented by specific symbols dots for rotation axes, solid lines for mirror
planes, open circles for inversion centers

« Construction process involves plotting symmetry elements according to orientations and multiplicities
in crystal structure

+ Choice of projection direction (typically along principal symmetry axis) affects appearance and
interpretation

+ Can be constructed for all 32 crystallographic point groups, each with unique arrangement of
symmetry elements

* Requires understanding of both point group symmetry and projection geometry

* Uses stereographic net (Wulff net) as a tool for precise plotting of symmetry elements

Interpretation and Analysis of Projections

* Provides visual representation of all symmetry elements present in crystal structure
* Arrangement and types of symmetry elements used to deduce crystal's point group
* Rotation axes identified by examining multiplicity and arrangement of equivalent points

* Mirror planes appear as straight lines, often bisecting sets of equivalent points
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* Inversion centers typically located at center of projection, produce characteristic patterns of
symmetry-related points

* Presence or absence of certain symmetry elements in specific orientations helps narrow down
possible point group

» Comparison of unknown crystal's projection with standard projections of 32 point groups allows
accurate identification

+ Analysis requires consideration of both visible symmetry elements and those implied by combination
of visible elements

» Symmetry-equivalent points on projection connected by great circles or small circles

Identifying Symmetry Elements vs Point Groups

Recognizing Individual Symmetry Elements

* Rotation axes identified by sets of equivalent points arranged in circular patterns
« 2-fold axes create pairs of symmetry-related points

« 3-fold axes produce triangular arrangements of equivalent points

* 4-fold axes result in square patterns of symmetry-related points

+ 6-fold axes generate hexagonal arrangements of equivalent points

* Mirror planes appear as straight lines dividing projection into symmetrical halves
* Inversion centers produce characteristic centrally symmetric patterns

« Improper rotation axes (rotoinversion) combine features of rotation and inversion

« Careful examination of point distributions and their relationships crucial for accurate identification

Deducing Point Groups from Symmetry Combinations

» Combination of observed symmetry elements narrows down possible point groups

* Presence of single mirror plane indicates point group m or 2/m

* Multiple intersecting mirror planes suggest higher symmetry groups (mm2, 4mm, 6mm)

+ Observation of 3-fold axis with mirror plane indicates point group 3m

» Combination of 4-fold axis and two sets of mirror planes at 45° suggests 4/mmm

* Presence of inversion center with other elements points to centrosymmetric groups

» Absence of mirror planes or inversion center indicates possibility of enantiomorphic groups

+ Consideration of crystal system (cubic, tetragonal, orthorhombic) helps in narrowing down options

» Systematic approach comparing observed symmetry with standard point group descriptions leads to
accurate identification
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Unit 3 — Crystal Systems and Bravais
Lattices

3.1 Seven crystal systems and their characteristics

Crystal systems classify every possible 3D lattice into seven categories based on symmetry and unit cell
geometry. They're foundational to crystallography because the symmetry of a crystal's unit cell directly
controls its physical properties, from how it interacts with light to how it conducts heat. The seven systems
range from cubic (highest symmetry, most constrained) to triclinic (lowest symmetry, least constrained).

Crystal Systems: Symmetry and Shapes

Seven Crystal Systems Overview

Seven crystal systems account for all possible three-dimensional lattice structures: cubic, tetragonal,
orthorhombic, hexagonal, trigonal, monoclinic, and triclinic. Each system is defined by specific
relationships between its lattice parameters (@, b, €) and interaxial angles (& B. Y), along with a minimum
set of symmetry elements.

Symmetry decreases as you move from cubic to triclinic. Here's a quick summary of each:

* Cubic has three equal axes at right angles. Its defining symmetry is four threefold rotation axes along
the body diagonals.

* Tetragonal has two equal axes and one unique axis, all at right angles. It requires one fourfold rotation
axis along the unique axis.

+ Orthorhombic has three unequal axes, all at right angles. It contains three mutually perpendicular
twofold rotation axes or mirror planes.

» Hexagonal uses four axes: three equal coplanar axes at 120° to each other, plus a fourth axis
perpendicular to that plane. Its defining element is one sixfold rotation axis.

« Trigonal can be described using either a rhombohedral or hexagonal unit cell. Its defining element is
one threefold rotation axis.

» Monoclinic has three unequal axes with one oblique angle (conventionally B). It contains one twofold
rotation axis or one mirror plane.

« Triclinic has three unequal axes and three unequal angles, none of which are 90°. It possesses no
rotational symmetry beyond the identity operation (onefold).

Symmetry Elements and Unit Cell Shapes

Each crystal system carries a characteristic set of symmetry elements. These elements constrain which
point groups and space groups are possible within that system.

* Cubic (e.g., NaCl, diamond): Four threefold axes along body diagonals, three fourfold axes along cube
edges, and nine mirror planes. This is the highest symmetry achievable in 3D.

* Tetragonal (e.g., rutile, zircon): One fourfold rotation axis, four mirror planes parallel to the unique
axis, and one mirror plane perpendicular to it.
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* Orthorhombic (e.g., topaz, aragonite): Three twofold rotation axes with three mirror planes

perpendicular to them.

* Hexagonal (e.g., beryl, apatite): One sixfold rotation axis, six mirror planes parallel to the main axis,

and one perpendicular mirror plane.

* Trigonal (e.g., calcite, corundum): One threefold rotation axis with three mirror planes intersecting at

120°.

» Monoclinic (e.g., gypsum, orthoclase): Only one twofold rotation axis or one mirror plane.

« Triclinic (e.g., albite, microcline): No rotation axes beyond identity. This is the lowest-symmetry

system.

Crystal System Characteristics

Lattice Parameters and Angle Constraints

These constraints define each system. Memorizing them is essential for identification.

Crystal System Axis Lengths
Cubic a=b=c
Tetragonal a=b#c
Orthorhombic azb=#c
Hexagonal a=b#c
Trigonal (rhombohedral) a=b=c
Monoclinic azb=c
Triclinic azb#c

Interaxial Angles

a=fB=y=90°
a=B=y=90°
a=B=y=90°
a=p=90°
y=120°
a=B=y=#90°
a=y=90°8=90°
azp=y=90°

Examples

Pyrite, galena
Rutile, cassiterite
Olivine, barite

Beryl, apatite

Quartz, calcite
Gypsum, orthoclase

Plagioclase, kyanite

Note that the trigonal system can also be described using hexagonal axes, in which case it follows

hexagonal lattice parameter constraints but with only threefold (not sixfold) rotational symmetry. The
tetragonal unique axis (€) can be either longer or shorter than the other two axes.

Symmetry and Physical Property Relationships

Crystal symmetry directly governs optical, electrical, magnetic, and mechanical behavior. The core
principle: higher symmetry produces more isotropic (direction-independent) properties, while lower

symmetry leads to greater anisotropy.

* Cubic crystals show uniform thermal expansion and optical isotropy because all directions are

symmetrically equivalent.

* Tetragonal, hexagonal, and trigonal crystals exhibit uniaxial optical properties, meaning they have one
unique symmetry axis that makes properties along that axis differ from those perpendicular to it.

« Orthorhombic, monoclinic, and triclinic crystals display increasingly complex anisotropic behavior, with
properties varying along multiple independent directions.

Symmetry also determines whether certain physical phenomena can occur at all. For example,
piezoelectricity (generating voltage under mechanical stress) requires the absence of a center of

symmetry. Quartz is piezoelectric precisely because its trigonal point group lacks an inversion center.

Similarly, pyroelectricity is restricted to polar crystal classes.
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The symmetry elements of a crystal system constrain its possible point groups and space groups, which in
turn dictate which physical phenomena are allowed.

A couple of concrete examples: - Cordierite (orthorhombic) expands at different rates along its three
crystallographic axes, which is why it's used in thermal-shock-resistant ceramics. - Calcite (trigonal) shows
strong birefringence because its refractive index differs significantly along vs. perpendicular to the optic
axis.

Identifying Crystal Systems

Analysis of Lattice Parameters and Angles

To identify a crystal system from measured lattice data, work through the constraints systematically. A
decision-tree approach starting from the most constrained system is most efficient:

1. Check if all three axes are equal (a = b = ). - If yes, and all angles are 90°, it's cubic. - If yes, and
all angles are equal but not 90°, it's trigonal (rhombohedral setting).

2. Check if two axes are equal (& = b # ). - If all angles are 90°, it's tetragonal. - If @ = B = 90° and
Y = 120° it's hexagonal (or trigonal in hexagonal setting; you'll need symmetry information to
distinguish them).

3. Check if all three axes are unequal (@ #Z b # ¢). - If all angles are 90°, it's orthorhombic. - If only
B = 90° (with @ = y = 90°)_it's monoclinic. - If all three angles differ from 90°, it's triclinic.

Keep in mind that experimental measurements always carry some error. A measured angle of 89.8° might
actually be 90° within uncertainty. Always supplement lattice parameter analysis with symmetry information
(rotation axes, mirror planes) to confirm your assignment.

The trigonal system deserves special attention: it can be described with either a rhombohedral or
hexagonal unit cell, so you may encounter the same crystal described both ways.

Practical Considerations in Crystal System Identification

Several experimental techniques help identify crystal systems in practice:

« X-ray diffraction gives the most precise lattice parameter measurements and reveals systematic
absences that point to specific symmetry elements.

* Crystal morphology provides initial clues. Cubic crystals often grow as cubes or octahedra (pyrite,
fluorite). Hexagonal crystals may form hexagonal prisms (quartz, beryl).

* Optical microscopy under crossed polarizers distinguishes isotropy (cubic) from uniaxial behavior
(tetragonal, hexagonal, trigonal) and biaxial behavior (orthorhombic, monoclinic, triclinic). Interference
figures are particularly diagnostic.

+ Cleavage patterns reflect underlying symmetry. Halite cleaves along three directions at 90° (cubic
cleavage), while calcite cleaves along three directions not at 90° (rhombohedral cleavage).

» Thermal and electrical conductivity measurements can reveal anisotropy. Cubic crystals conduct
isotropically; lower-symmetry crystals show directional variation.

» Twinning patterns also provide symmetry clues. Carlsbad twinning in orthoclase indicates monoclinic
symmetry, while polysynthetic twinning in plagioclase is characteristic of triclinic symmetry.
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Symmetry and Physical Properties
Optical Properties and Crystal Symmetry

The relationship between crystal system and optical behavior is one of the most practically useful
connections in crystallography.

* Cubic crystals are optically isotropic: light travels at the same speed regardless of direction, so there's
no birefringence. Diamond and garnet are examples.

* Tetragonal, hexagonal, and trigonal crystals are uniaxial: they have two principal refractive indices
(ordinary and extraordinary). Birefringence is observed for light traveling perpendicular to the optic axis.
Calcite's famous double refraction is a classic demonstration.

* Orthorhombic, monoclinic, and triclinic crystals are biaxial: they have three distinct principal refractive
indices and produce complex interference figures. Olivine and feldspar are common examples.

Optical activity (rotation of the plane of polarized light) occurs in enantiomorphic crystal classes. Quartz is
the textbook example, with left-handed and right-handed varieties rotating light in opposite directions.

Electrical and Magnetic Properties

+ Piezoelectricity requires a non-centrosymmetric structure. Quartz (trigonal) and tourmaline (trigonal)
are widely used piezoelectric materials.

* Pyroelectricity (generating charge from temperature change) is limited to polar crystal classes.
Tourmaline and lithium niobate are examples.

* Ferroelectricity (switchable spontaneous polarization) depends on specific symmetry conditions.
Barium titanate (tetragonal below its Curie temperature) and potassium dihydrogen phosphate (KDP)
are well-known ferroelectrics.

» Magnetic properties are also symmetry-dependent. Hexagonal cobalt shows strong
magnetocrystalline anisotropy (preferring magnetization along its €-axis), while cubic iron is more
magnetically isotropic.

Mechanical Properties and Symmetry Relationships

The number of independent elastic constants a crystal requires is directly tied to its symmetry:
* Cubic crystals need only 3 independent elastic constants.
* Triclinic crystals require 21 independent elastic constants.

This pattern holds across all mechanical properties. Higher symmetry means fewer independent
parameters needed to describe the material's behavior.

Thermal expansion follows the same trend. Cubic crystals (aluminum, copper) expand uniformly in all
directions. Low-symmetry crystals can expand at very different rates along different axes. Graphite and
calcite are extreme examples of anisotropic thermal expansion.

Cleavage reflects both symmetry and bonding. Halite's perfect cubic cleavage (three directions at 90°)
mirrors its cubic symmetry and uniform ionic bonding. Calcite's rhombohedral cleavage (three directions
not at 90°) reflects its trigonal structure.

Hardness anisotropy is notable in non-cubic crystals. Kyanite is a striking example: it has a hardness of
roughly 4.5 along one crystallographic direction but about 6.5 along another, all within the same crystal.
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Plastic deformation mechanisms also depend on symmetry. Face-centered cubic metals (copper,
aluminum) have many slip systems and deform easily. Hexagonal close-packed metals (zinc, magnesium)
have fewer slip systems and tend to deform by twinning instead.

3.2 14 Bravais lattices and their properties

Bravais lattices are the backbone of crystal structures, defining how atoms arrange in 3D space. There are
14 unique lattices, each with specific symmetry and centering. These lattices fall into seven crystal
systems, from simple cubic to complex triclinic.

Understanding Bravais lattices is key to grasping crystal properties and behavior. They help predict how
crystals form, grow, and interact with light and other forces. This knowledge is crucial for fields like
materials science, geology, and even drug design.

Bravais Lattices and Crystal Systems

Fundamental Concepts and Definitions

+ 14 Bravais lattices represent unique three-dimensional arrangements of lattice points describing all
possible crystal structures

» Seven crystal systems define specific relationships between lattice parameters and angles

« Triclinic, monoclinic, orthorhombic, tetragonal, cubic, trigonal, and hexagonal

* Distribution of Bravais lattices among crystal systems

* Triclinic (1), monoclinic (2), orthorhombic (4), tetragonal (2), cubic (3), trigonal (1), hexagonal (1)

» Each Bravais lattice characterized by unique combination of lattice centering and crystal system
symmetry

* Primitive cell contains exactly one lattice point, fundamental to understanding differences between
Bravais lattices within a crystal system

Crystal Systems and Their Characteristics
* Triclinic system
« Least symmetrical, no restrictions on cell parameters (8 # b # ¢, @ # B # y)
» Example minerals (quartz, feldspar)
* Monoclinic system
« One two-fold rotation axis or mirror plane (@ # b # ¢, @ =y =90°, B # 90°)
* Example minerals (gypsum, mica)
* Orthorhombic system
« Three mutually perpendicular two-fold rotation axes (@ # b # ¢, a = =y =90°)
* Example minerals (topaz, aragonite)
* Tetragonal system

+ One four-fold rotation axis (@ = bzca=F=y= 90°)
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* Example minerals (rutile, zircon)

* Cubic system

« Four three-fold rotation axes (2 =b=c,a ==y =90°)

* Example minerals (halite, diamond)

* Trigonal system

« One three-fold rotation axis (3 =b=c,a =B =y #90°)

» Example minerals (calcite, corundum)

* Hexagonal system

» One six-fold rotation axis (@ =b # ¢, =B =90°,y=120°)

» Example minerals (beryl, apatite)
Primitive vs. Centered Lattices

Types of Lattice Centering

+ Primitive lattices (P) have lattice points only at unit cell corners, representing minimum volume to
generate entire crystal structure through translation

» Body-centered lattices (I) have additional lattice points at unit cell center and corners
» Face-centered lattices (F) have lattice points at center of each unit cell face and corners

» Base-centered lattices (C) have lattice points at center of two opposite unit cell faces, typically
perpendicular to unique axis

Characteristics and Implications of Lattice Centering

« Centering choice affects lattice symmetry and number of atoms per unit cell, influencing physical and
chemical properties of crystal

» Non-primitive lattices (I, F, C) often describable by smaller primitive cells, but conventional unit cell
chosen to best represent crystal structure symmetry

* Volume relationships between primitive and non-primitive unit cells
< V() =2V(P)

«V(F)=4V(P)

« V(C) =2V(P)

« Packing efficiency varies among centering types

* Face-centered cubic (FCC) most efficient (74% space filled)

+» Body-centered cubic (BCC) less efficient (68% space filled)

» Simple cubic least efficient (52% space filled)
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Symmetry Elements and Space Groups

Symmetry Operations and Notation

* Bravais lattices possess characteristic symmetry elements (rotations, reflections, inversions,
rotoinversions)

* Hermann-Mauguin notation describes space group symmetry, incorporating lattice type and symmetry
operations

* Point group symmetry describes rotational and reflectional lattice symmetry
» Space group symmetry includes translational symmetry elements

* International Tables for Crystallography provide standardized descriptions of 230 space groups
derived from 14 Bravais lattices and 32 crystallographic point groups

Advanced Symmetry Concepts

» Systematic absences in diffraction patterns directly related to Bravais lattice centering and symmetry
elements

» Screw axes and glide planes in space groups introduce additional symmetry analysis complexity,
affecting diffraction conditions

 Understanding Bravais lattice symmetry crucial for predicting physical properties and interpreting
experimental crystallography data

» Symmetry operations combined with translations generate space groups
+ 21 screw axis combines two-fold rotation with translation of 1/2 unit cell length

* Glide plane combines mirror reflection with translation parallel to reflection plane

Predicting Bravais Lattices from Crystal Data

Analysis of Unit Cell Parameters

* Unit cell parameters (2, b,c,a,pB, Y) provide crucial information about crystal system and potential
Bravais lattice types

+ Equality or inequality of lattice parameters and interaxial angles narrows down possible crystal
systems and Bravais lattices

+ Atomic positions within unit cell, especially those related by symmetry operations, indicate centering
presence and help distinguish between primitive and non-primitive lattices

Experimental Techniques and Data Interpretation

» Systematic absences in diffraction data used to identify lattice centering and certain symmetry
elements

* Crystal morphology and physical properties analysis provides additional clues about underlying
Bravais lattice

+ Coordination number and packing efficiency of atoms in structure suggest certain Bravais lattice
types, particularly in metallic and ionic crystals (NaCl, CsCl structures)
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» Advanced techniques for complex structures

* Group theory applications in crystallography

» Computational crystallography methods (structure refinement algorithms)

« X-ray diffraction patterns reveal information about lattice spacing and symmetry

* Bragg's law (nA = 2dsin 0) relates diffraction angle to interplanar spacing

3.3 Lattice parameters and crystal directions

Crystal structures are like the building blocks of materials. Lattice parameters and crystal directions help us
understand how these blocks fit together. They're crucial for figuring out a material's properties and
behavior.

In this part, we'll learn about the measurements that define crystal structures and how we describe their
geometry. We'll explore tools like Miller indices and stereographic projections that help us visualize and
analyze crystals.

Lattice Parameters: Defining Unit Cells

Fundamental Measurements and Significance

* Lattice parameters define size and shape of unit cells in crystal structures

« Six parameters fully characterize geometry of any crystal system (cubic to triclinic)

* Unique to each crystalline material determined through X-ray diffraction techniques

» Changes in parameters indicate phase transitions, thermal expansion, or crystal defects

« Crucial for calculating crystallographic properties (density, atomic packing factor, interatomic
distances)

Edge Lengths and Angles

« Parameters a, b, and ¢ represent lengths of three unit cell edges measured in angstroms (A) or
nanometers (nm)

* Angles q, B, and y describe inclination between unit cell edges measured in degrees
* a represents angle between b and ¢

* B represents angle between a and ¢

* y represents angle between a and b

» Examples of lattice parameter values:

« Cubic system: a=b =c, a = =y = 90° (sodium chloride, a = 5.64 A)

« Hexagonal system: a=b # ¢, a = =90°, y = 120° (graphite, a=2.46 A, c = 6.71 A)
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Miller Indices: Representing Crystal Geometry

Planes and Directions

* Miller indices use three integers (hkl) to specify planes and directions in crystal lattices
* For planes (hkl) represent reciprocals of fractional intercepts with crystallographic axes
* Directions represented by indices [uvw] components of vector in direction of interest

* Negative indices denoted by bar over number (110) for planes or [201] for directions

» Hexagonal systems use four-index notation (hkil) where i = -(h+k) to maintain symmetry

+ Families of equivalent planes or directions denoted by {hkl} or <uvw> respectively

System-Specific Relationships

* Relationship between Miller indices and real space geometry varies by crystal system
* Cubic system: simple relationship between indices and plane normals

* (100) represents plane perpendicular to a-axis

* [111] represents body diagonal of cube

* Hexagonal system: more complex relationships

* (0001) represents basal plane perpendicular to c-axis

* [2110] represents direction along a-axis

» Examples of Miller indices in different systems:

* Face-centered cubic (FCC) close-packed planes: {111}

* Body-centered cubic (BCC) slip planes: {110}

Interplanar Distances and Angles: Calculations

Interplanar Spacing

* Interplanar spacing dhkl perpendicular distance between adjacent planes with Miller indices (hkl)
« Cubic systems: dhkl = a / ¥(h? + k2 + 12) where a lattice constant

* Non-cubic systems use complex formulae involving all relevant lattice parameters

» Examples of interplanar spacing calculations:

« FCC aluminum (a = 4.05 A): d111=4.05/~(12+ 12+ 12) = 2.34 A

«BCCiron (a=2.87 A): d110=2.87 /J(12+ 12+ 02 = 2.03 A
Angle Calculations

*» Angle 6 between two planes (h1k111) and (h2k2I2) calculated using dot product of normal vectors

- Cubic systems: cos 8 = (h1h2 + k1k2 + 1112) / V[(h12 + k12 + 112)(h2? + k22 + 122)]
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« Essential in X-ray diffraction analysis Bragg equation (nA = 2dhkl sin 0) relates interplanar spacing to
diffraction angle

* Examples of angle calculations:
+ Angle between (111) and (100) in cubic system: cos 8 = 1/+v3 = 54.7°

* Angle between (110) and (170) in cubic system: cos 8 =0 6 = 90°

Stereographic Projections: Visualizing Crystal Structures

Construction and Interpretation

» Two-dimensional representation of three-dimensional crystal directions and planes

* Created by intersecting crystal directions with reference sphere and projecting onto planar surface
* Poles represent intersections of plane normals with reference sphere

* Great circles represent traces of crystal planes

» WuIff net tool used to measure angular relationships between crystal directions and planes

* Symmetry elements (rotation axes, mirror planes) identified in stereographic projections

Applications in Crystallography
* Analyze texture in polycrystalline materials
* Solve problems in X-ray diffraction and electron microscopy
» Advanced crystallographic software utilizes stereographic projections for data visualization
» Examples of stereographic projection applications:
* Determining preferred orientation in rolled metal sheets

* Analyzing crystal twinning relationships in minerals (calcite, quartz)
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Unit 4 — Crystal Structures and Packing

4.1 Unit cells and their types (primitive, body-centered, face-centered)

Unit cells are the building blocks of crystal structures. They're the smallest repeating units that capture a
crystal's symmetry and composition. Understanding unit cells is crucial for analyzing crystal properties and
predicting their behavior.

There are three main types of unit cells: primitive, body-centered, and face-centered. Each type has unique
characteristics that affect how atoms are arranged and how the crystal behaves. Knowing these
differences helps us understand crystal structures better.

Unit cells and crystal structures

Fundamental concepts of unit cells

* Unit cell represents smallest repeating unit in crystal structure fully capturing symmetry and
composition

+ Characterized by lattice parameters three edge lengths (a, b, ¢) and three angles (a, B, y) between
edges

» Arrangement of atoms within unit cell determines overall crystal structure and properties
» Generate entire crystal structure through three-dimensional translation of unit cell

* Provide standardized method to compare different crystal structures and determine symmetry
operations

 Enable efficient description and analysis of complex crystal structures (diamond, perovskite)

Applications of unit cells in crystallography

« Serve as building blocks for constructing and visualizing larger crystal lattices

+ Allow calculation of important crystal properties (density, atomic packing factor)

» Form basis for X-ray diffraction analysis and structure determination

* Used to classify crystal systems and Bravais lattices (cubic, tetragonal, orthorhombic)
 Enable prediction of physical properties based on symmetry and atomic arrangements

* Facilitate understanding of phenomena like twinning and polymorphism in crystals

Primitive vs Body-centered vs Face-centered unit cells

Characteristics of primitive unit cells
« Contain lattice points only at corners of cell
» Possess smallest volume for given crystal structure
* Represent most basic repeating unit of crystal lattice

« Often used to describe simple crystal structures (simple cubic)
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* May have lower symmetry compared to centered unit cells

+ Useful for understanding fundamental crystal symmetry and space groups

Features of body-centered and face-centered unit cells

» Body-centered cells have lattice points at corners and center of cell
» Face-centered cells have lattice points at corners and center of each face
* Generally larger in volume compared to primitive unit cells

« Often chosen for convenience in describing certain crystal structures (body-centered cubic,
face-centered cubic)

« Affect apparent coordination number and packing efficiency of structure
+ Described by centering vectors in relation to primitive unit cells

+ Can simplify visualization of atomic arrangements in complex structures

Comparison of unit cell types

» Same crystal structure can be described by different unit cell types

* Choice of unit cell type influences ease of certain crystallographic calculations

+ Centered unit cells may reveal higher symmetry not apparent in primitive cell

* Conversion between unit cell types possible using mathematical transformations

* Packing efficiency typically increases from primitive to body-centered to face-centered
« Unit cell choice affects Miller indices of crystal planes and directions

» Understanding relationships between unit cell types crucial for crystallographic analysis (structure
factors, systematic absences)

Identifying unit cell types

Analysis of lattice point positions

* Examine locations of lattice points within cell to determine unit cell type
« Corner positions indicate primitive cell if no other points present

« Additional point at cell center signifies body-centered structure

+ Points at face centers characteristic of face-centered unit cell

« Consider fractional coordinates of atoms or lattice points (0, 0, O for corners, 1/2, 1/2, 1/2 for body
center)

« Identify any special positions or multiplicities of atoms within cell

Symmetry and coordination environment analysis

« Study coordination environment of atoms for clues about unit cell type

« Utilize symmetry operations (rotations, reflections, inversions) to identify appropriate cell
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* Higher coordination numbers often associated with centered unit cells
» Examine presence of symmetry elements (mirror planes, rotation axes) within structure
+ Consider relationship between atomic positions and overall crystal symmetry

» Analyze bonding patterns and interatomic distances for insights into unit cell type

Visualization and common structure recognition

* Employ ball-and-stick models or space-filling representations to aid identification

+ Familiarize with common crystal structures and their typical unit cell types (NaCl - face-centered cubic,
BCC iron - body-centered cubic)

* Use crystallographic software for 3D visualization and analysis of structures
« Consider packing efficiency and atomic size ratios when identifying unit cell type

» Recognize characteristic patterns in atomic arrangements (close-packed layers,
tetrahedral/octahedral interstices)

« Utilize databases of known crystal structures for comparison and reference

Atoms per unit cell calculation

Contribution of atoms at different positions

» Sum contributions of atoms at various positions to determine total atoms per unit cell
+ Corner atoms shared by eight unit cells contribute 1/8 atom each to total

» Face-centered atoms shared by two unit cells contribute 1/2 atom each

+ Body-centered atoms fully contained within single unit cell contribute one whole atom
» Edge atoms typically shared by four unit cells contribute 1/4 atom each

* Consider special positions where atoms may have partial occupancy or site symmetry

Calculation methods and considerations

* Ensure proper accounting for atoms positioned on edges or faces of unit cell

» Recognize that number of atoms per unit cell must be an integer value

* Consistent calculation across all unit cells of same type in given crystal structure
* Use fractional coordinates to identify atom positions and multiplicities

» Consider symmetry-equivalent positions when counting atoms

« Verify calculations by comparing with known structures or literature values

Importance of accurate atom count

* Crucial for determining important properties (density, stoichiometry) of crystal

* Enables calculation of formula units per unit cell for molecular crystals
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* Necessary for proper interpretation of X-ray diffraction data and structure refinement
+ Aids in understanding packing efficiency and void spaces within crystal structure
+ Facilitates comparison of different crystal structures and polymorphs

« Essential for materials science applications (alloy design, crystal engineering)

4.2 Atomic packing in crystals (close packing, interstitial sites)

Crystals are all about efficient packing. Atoms arrange themselves in specific patterns to maximize space
and minimize energy. This topic dives into how atoms stack up in crystals, focusing on close packing and
the spaces between atoms.

Understanding atomic packing is key to predicting material properties. We'll look at different packing
arrangements, how efficiently they use space, and the tiny gaps where other atoms can squeeze in. This
knowledge is crucial for designing new materials with specific characteristics.

Atomic packing in crystals

Concept and Principles

» Atomic packing arranges atoms in crystal structures to maximize space efficiency and minimize
energy

* Packing efficiency calculates the ratio of volume occupied by atoms to total unit cell volume

» Atoms modeled as hard spheres with defined radii (electron clouds have no sharp boundaries in
reality)

* Closest packing principle dictates atoms occupy smallest possible volume while maintaining highest
coordination number

+ Atomic size, valence electron configuration, and electronegativity influence packing arrangements

 Atomic packing predicts and explains material properties (density, mechanical strength, thermal
conductivity)

Factors and Applications

« Packing efficiency formula: Packing Efficiency = Tota‘(°\,'3{‘l];§f:ft3mﬁce|| X 100%

» Atomic packing factor (APF) quantifies packing efficiency for different crystal structures
» Common APF values

* Face-centered cubic (FCC): 0.74

* Body-centered cubic (BCC): 0.68

* Simple cubic (SC): 0.52

» Atomic packing influences material properties

« Higher packing efficiency often correlates with increased density and hardness

* Lower packing efficiency may result in more ductile materials

* Applications of atomic packing concepts
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* Designing new materials with specific properties
» Understanding phase transformations in alloys

* Optimizing crystal growth processes for semiconductor manufacturing

Close packing arrangements

Hexagonal Close-Packed (HCP) Structure
* Alternating layers of atoms in ABAB pattern, each layer offset from the one below
* Unit cell shaped like hexagonal prism
« Packing efficiency reaches 74% (highest possible for identical spheres)
» Examples of HCP metals (magnesium, zinc, titanium)
» HCP structure characteristics
* Anisotropic properties due to layered arrangement
* Limited slip systems for plastic deformation

« Often exhibits brittle behavior at room temperature

Cubic Close-Packed (CCP) Structure

* Also known as face-centered cubic (FCC) structure

+ ABCABC stacking sequence of close-packed layers

+ Cubic unit cell with atoms at corners and face centers
+ Packing efficiency matches HCP at 74%

* Examples of CCP metals (copper, aluminum, silver)

» CCP structure characteristics

* Isotropic properties due to cubic symmetry

* Multiple slip systems for enhanced ductility

* Generally more malleable and ductile than HCP metals

Comparison and Significance
* Both HCP and CCP structures achieve maximum packing efficiency for spheres
« Stacking sequence differentiates HCP (ABAB) from CCP (ABCABC)
* Crystal symmetry varies (hexagonal for HCP, cubic for CCP)
« Structure influences physical and mechanical properties of materials
* Transformation between HCP and CCP possible in some materials (martensitic transformations)
+ Understanding close packing crucial for

* Predicting material behavior under different conditions
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+ Designing alloys with specific properties

» Explaining phenomena like work hardening and annealing in metals

Interstitial sites in close-packed structures

Tetrahedral Interstitial Sites

» Formed by four atoms arranged in tetrahedral geometry around central void

» Smaller than octahedral sites, accommodating smaller interstitial atoms

» Two tetrahedral sites per atom in both CCP and HCP unit cells

« Tetrahedral site volume fraction in close-packed structures approximately 0.0225
» Examples of tetrahedral interstitial occupancy

* Hydrogen in palladium (forms metal hydrides)

* Nitrogen in iron nitrides

Octahedral Interstitial Sites

+ Surrounded by six atoms arranged in octahedral geometry around central void

* Larger than tetrahedral sites, can accommodate bigger interstitial atoms

* One octahedral site per atom in both CCP and HCP unit cells

* Octahedral site volume fraction in close-packed structures approximately 0.0590
» Examples of octahedral interstitial occupancy

+ Carbon in austenitic steel (face-centered cubic iron)

« Lithium ions in lithium-ion battery cathode materials

Importance and Applications

« Size of interstitial sites determines which atoms or ions can occupy without significant lattice distortion
« Interstitial site occupation forms important solid solutions (steel, iron with carbon in interstitial sites)

* Interstitial atoms influence material properties

* Increased strength and hardness (carbon in steel)

* Enhanced diffusion rates (hydrogen in metals)

 Modified electrical properties (doping in semiconductors)

+ Applications of interstitial site knowledge

+ Designing high-strength alloys

* Developing hydrogen storage materials

+ Optimizing battery electrode materials
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Coordination number in packing arrangements

Close-Packed Structures

* Coordination number (CN) counts nearest neighbors of an atom in crystal structure

* Close-packed structures (HCP and CCP) have CN of 12 for bulk atoms

* Relationship between atomic radius (r) and unit cell edge length (a) in CCP: g = 2\/5r
« Surface, edge, or corner atoms have lower coordination numbers

« Surface atoms in close-packed structures: CN =9

» Edge atoms: CN = 8

» Corner atoms: CN =6

* Examples of materials with CN 12

 Face-centered cubic metals (gold, silver, copper)

» Hexagonal close-packed metals (magnesium, zinc, cadmium)

Non-Close-Packed Structures

* Body-centered cubic (BCC) structures have CN of 8 for bulk atoms

+ Relationship between atomic radius (r) and unit cell edge length (a) in BCC: @ = V%
 Simple cubic (SC) structures have CN of 6 for bulk atoms

« Relationship between atomic radius (r) and unit cell edge length (a) in SC: a = 2r
» Examples of materials with different coordination numbers

* BCC metals (iron, chromium, tungsten)

» Diamond cubic structure (carbon in diamond form, silicon): CN = 4

Significance and Applications

* Higher coordination numbers indicate more efficient packing

* CN often correlates with higher densities and melting points in materials
« Coordination number influences various material properties

» Chemical reactivity (more coordinated atoms are generally less reactive)
+ lonic conductivity (affects ion mobility in solid electrolytes)

» Mechanical behavior (impacts strength and ductility)

* Applications of coordination number concepts

* Predicting crystal structures of new materials

+ Understanding phase transformations in alloys

+ Designing catalysts with specific surface properties
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4.3 Examples of common crystal structures (NaCl, CsCl, diamond, etc.)

Crystal structures are the building blocks of solid materials. They determine how atoms arrange
themselves in repeating patterns, shaping a material's properties. Understanding common structures like
NaCl, CsCl, and diamond helps us grasp why materials behave the way they do.

These examples showcase different atomic arrangements and bonding types. By studying them, we can
predict how new materials might form and behave. This knowledge is crucial for designing everything from
stronger metals to more efficient semiconductors.

Crystal Structures and Unit Cells
Crystal Systems and Lattices

» Seven crystal systems characterize repeating unit cells
« Cubic, tetragonal, orthorhombic, hexagonal, trigonal, monoclilic, triclinic

« Common crystal structures include face-centered cubic (FCC), body-centered cubic (BCC), hexagonal
close-packed (HCP), and diamond cubic

* Bravais lattices describe 14 unique three-dimensional lattice point arrangements
» Form the basis for all crystal structures

» Examples include primitive cubic, body-centered cubic, face-centered cubic

Key Structural Characteristics

« Coordination number defines nearest neighbors for each atom in a crystal structure
« Differentiates various crystal structures

» Examples: FCC has coordination number 12, BCC has 8

* Packing efficiency measures percentage of space occupied by atoms in a unit cell
* Varies among crystal structures

* Influences material properties (density, mechanical strength)

* FCC and HCP have highest packing efficiency (~74%)
Atomic Arrangements in Common Structures

Sodium Chloride (NaCl) Structure

» Based on face-centered cubic (FCC) lattice

« Alternating Na+ and CI- ions occupy lattice points and octahedral holes
+ Coordination number 6:6

« Each ion surrounded by six nearest neighbors of opposite charge

* Highly symmetrical structure

* Contributes to its stability and ionic bonding characteristics
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Cesium Chloride (CsCl) Structure

« Simple cubic lattice of one ion type

« Other ion type occupies central position of each cube

» Coordination number 8:8

» Each ion surrounded by eight nearest neighbors of opposite charge
* Higher coordination number than NaCl

+ Results in different properties (higher melting point, different cleavage planes)

Diamond and Related Structures

+ Diamond structure based on FCC lattice

» Carbon atoms occupy lattice points and tetrahedral interstitial sites

+ Coordination number 4

 Each carbon atom forms four covalent bonds in tetrahedral arrangement
+ Creates three-dimensional network

+ Contributes to diamond's extreme hardness

* Zinc blende structure similar to diamond

* Alternating atom types occupy lattice sites

» Common in compound semiconductors (GaAs, ZnS)

Properties of Crystal Structures

Factors Influencing Stability and Properties

 Atomic size ratios, electronegativity differences, and bonding types affect stability and mechanical
properties

* Close-packed structures (FCC, HCP) generally have higher densities and packing efficiencies
» Compared to more open structures like BCC or diamond cubic

* Crystal structure symmetry impacts physical properties

+ Optical, electrical, and thermal characteristics vary with symmetry

* Anisotropy more pronounced in lower-symmetry crystal structures

» Compared to highly symmetric ones like cubic systems

« Example: graphite shows strong anisotropy in electrical conductivity

Bonding and Structure Relationships

« Interstitial sites and their sizes influence diffusion rates and impurity accommodation

» Example: carbon atoms in interstitial sites of iron (steel formation)
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* lonic bonding structures (NaCl, CsCl) typically have higher melting points and brittleness
» Compared to covalent (diamond) or metallic bonding structures

« Electronic band structure strongly influenced by crystal structure and bonding type
 Determines electrical and optical properties

« Example: silicon's diamond structure contributes to its semiconductor properties

Predicting Crystal Structures

Rules and Principles for Structure Prediction

+ Radius ratio rule compares relative sizes of cations and anions

* Predicts coordination number and structure of ionic compounds

+ Pauling's rules guide prediction of ionic compound crystal structures

* Include radius ratio rule, electrostatic valence principle, principle of maximum symmetry

* Octet rule and VSEPR theory predict local coordination and overall structure of covalent compounds

» Example: tetrahedral arrangement in methane (CH4)

Factors Affecting Structure Formation

* Metallic element crystal structure influenced by atomic size, valence electron count, and temperature
« Example: iron transitions from BCC to FCC at high temperatures

« Electronegativity difference indicates degree of ionic or covalent character in bonding

* Influences resulting crystal structure

* Polymorphism considers multiple possible crystal structures for a substance

* External factors like temperature and pressure affect preferred structure

« Example: carbon exists as graphite or diamond depending on pressure and temperature

Advanced Prediction Methods

+ Density functional theory (DFT) calculations predict and compare stability of different possible crystal
structures

* Used for complex compounds or under extreme conditions
* Machine learning algorithms increasingly applied to crystal structure prediction

* Analyze large databases of known structures to predict new ones
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Unit 5 — X-ray Crystallography —
Fundamentals

5.1 Generation and properties of X-rays

X-rays are crucial in crystallography, revealing atomic structures. They're generated when high-energy
electrons hit metal targets, producing both continuous and discrete spectra. X-ray tubes use cathodes,
anodes, and high voltage to create these beams.

X-rays have short wavelengths and high energies, behaving as both waves and particles. They penetrate
matter, ionize atoms, and interact differently based on energy and material. Various sources, from lab
tubes to synchrotrons, offer different intensities and properties for diverse experiments.

X-ray Generation Principles

Bremsstrahlung and Characteristic Spectra

» High-energy electrons decelerate rapidly upon collision with a metal target produces X-rays
(bremsstrahlung or "braking radiation")

« X-ray spectrum consists of continuous and discrete components

* Continuous spectrum results from electrons losing varying amounts of energy

* Discrete spectrum arises from electron transitions between atomic energy levels in the target material
» X-ray tubes components enable X-ray production

+ Cathode acts as electron source (tungsten filament)

» Anode serves as target material (copper, molybdenum)

+ High-voltage power supply accelerates electrons towards the target (typically 20-150 kV)

Efficiency and Energy Conversion
» X-ray production efficiency correlates with target material's atomic number and accelerating voltage

* Higher atomic number materials (tungsten) produce more efficient X-ray generation than lower atomic
number materials (aluminum)

« Electrical energy converts to electromagnetic radiation during X-ray generation
* Only small fraction (<1%) of input energy becomes X-rays

* Majority converts to heat in the target material

» Thermal management crucial in X-ray generation

* Rotating anodes distribute heat over larger area

* Liquid cooling systems remove excess heat from the target
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X-ray Properties

Wavelength, Frequency, and Energy Characteristics

 X-rays occupy high-energy portion of electromagnetic spectrum

» Wavelengths range from 0.01 to 10 nanometers

* Frequencies span 3x1076 to 3x10"9 Hz

» X-ray energy typically expressed in electron volts (eV) or kiloelectron volts (keV)
* Energy range spans approximately 100 eV to 100 keV

« Soft X-rays: lower energy range (100 eV to 10 keV)

» Hard X-rays: higher energy range (10 keV to 100 keV)

» Wave-particle duality characterizes X-ray behavior

« Exhibit properties of electromagnetic waves (diffraction, interference)

* Also behave as particles called photons (photoelectric effect, Compton scattering)

Mathematical Relationships and Interactions with Matter
» Equations relate X-ray wavelength (A), frequency (v), and energy (E)
« E = hv (h is Planck's constant)
« A =c/v (cis the speed of light)
« X-rays penetrate matter to varying degrees
» Penetration depth depends on material's atomic number and X-ray energy
* Higher energy X-rays penetrate more deeply (medical radiography uses higher energy X-rays)
 X-rays ionize atoms and molecules
+ Potential harm to living tissues (radiation shielding necessary)

* Useful for medical imaging (radiography) and radiation therapy (cancer treatment)

X-ray Sources for Crystallography

Laboratory X-ray Sources

* Sealed X-ray tubes provide stable, continuous X-ray output

* Fixed anode design limits heat dissipation

« Suitable for routine crystallography experiments

* Rotating anode generators offer higher brightness

» Anode rotation distributes heat, allowing higher power operation
* Increased X-ray flux reduces data collection time

* Microfocus sources produce small, intense X-ray beams
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* Electron beam focused to micrometer-sized spot

+ Ideal for studying small crystals or performing high-resolution experiments

Advanced X-ray Sources

+» Synchrotron radiation facilities generate extremely bright X-ray beams

» Tunable wavelength allows optimization for specific experiments

* High coherence enables advanced techniques (coherent diffraction imaging)
* Polarized beam useful for certain crystallographic studies

* Free-electron lasers (FELs) produce ultra-short, intense X-ray pulses

» Femtosecond pulse duration allows time-resolved studies

» Extremely high peak brightness enables single-molecule imaging

+ Useful for studying very small or radiation-sensitive samples

 Plasma X-ray sources offer high-brightness, pulsed emission

* Laser-produced plasmas generate short X-ray bursts

« Suitable for time-resolved experiments on picosecond to nanosecond timescales

Source Selection and Experimental Considerations

+ X-ray source selection based on specific experimental requirements

* Desired wavelength range (element-specific studies, anomalous scattering)
* Required intensity (weakly diffracting samples, time-resolved experiments)
* Beam size (microcrystals, spatially resolved measurements)

« Time structure (pulsed vs. continuous sources for different experiments)

* Source choice impacts data collection strategies

» Exposure times vary greatly between laboratory and synchrotron sources

» Sample mounting and handling differ for different source types

» Sample compatibility considerations

» Radiation-sensitive samples may require specialized sources or techniques

« Large unit cell proteins often benefit from synchrotron radiation
Wavelength vs Atomic Number

Characteristic X-ray Spectra and Moseley's Law

* Characteristic X-ray spectrum determined by target material's atomic structure
+ Specific emission lines correspond to electron transitions between atomic energy levels

+ K-alpha, K-beta, L-alpha lines result from transitions to K and L shells
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* Moseley's law relates characteristic X-ray wavelength to atomic number (Z)

V1A «(Z-1)

* A represents the wavelength of the characteristic X-ray

» Demonstrates systematic relationship between element identity and X-ray emission

* Higher atomic number elements produce shorter wavelength X-rays

* Increased nuclear charge results in higher electron binding energies

» Tungsten (Z=74) produces shorter wavelength X-rays than copper (Z=29)
Applications in X-ray Crystallography

» K-alpha emission line commonly used in crystallography

* Results from electron transitions to innermost K shell

* Relatively high intensity and well-defined energy

« Copper K-alpha (wavelength 1.54 A) widely used for protein crystallography

« Target material choice in X-ray tubes influences available wavelengths

» Common materials include copper, molybdenum, and chromium

» Copper targets (softer X-rays) suitable for organic compounds and proteins

» Molybdenum targets (harder X-rays) better for small molecule crystallography

» Synchrotron sources produce wide range of X-ray wavelengths

* Allows wavelength optimization in crystallographic experiments

» Tunable wavelength enables anomalous diffraction techniques

» Wavelength selection can maximize diffraction efficiency and minimize absorption effects

5.2 Interaction of X-rays with matter (absorption, scattering)

X-rays interact with matter through absorption and scattering. Absorption transfers energy to electrons,
following the Beer-Lambert law. Scattering changes X-ray direction, with elastic and inelastic types playing
crucial roles in crystallography.

Atomic properties and X-ray characteristics influence absorption, while scattering processes vary in
complexity. The atomic scattering factor, a key concept in crystallography, describes how atoms scatter
X-rays and is essential for structure determination.

X-ray Absorption and Scattering

Absorption Mechanisms and Processes

 X-ray absorption transfers incident X-ray photon energy to an atom's electron, ejecting or exciting it to
a higher energy level

* Photoelectric effect serves as primary absorption mechanism, completely transferring X-ray energy to
inner-shell electron

Fiveable archived study guides Page 45



« X-ray intensity decreases exponentially through matter, following Beer-Lambert law: | = loe(—/.ix) (M
represents linear attenuation coefficient)

 X-ray fluorescence emits characteristic X-rays as electrons transition between energy levels after
absorption excitation

* Occurs in elements like calcium and iron

* Used in X-ray fluorescence spectroscopy for elemental analysis

Scattering Types and Characteristics

« X-ray scattering changes X-ray direction upon interaction with matter

« Elastic scattering maintains energy

* Inelastic scattering alters energy

» Compton scattering transfers part of X-ray photon energy to electron

* Results in scattered photon with lower energy and longer wavelength

« Significant in medical imaging and radiation therapy

« Elastic scattering (coherent or Rayleigh scattering) preserves X-ray wavelength
* No energy transfer between X-ray photon and scattering electron

* Crucial for X-ray diffraction experiments

» Thomson scattering classically describes elastic scattering by free electrons

« Scattered intensity proportional to (1 + cos?6)/2 (8 represents scattering angle)

» Forms basis for understanding X-ray scattering in crystallography

Factors Influencing X-ray Absorption

Atomic Properties and X-ray Characteristics

» Atomic number (Z) strongly influences X-ray absorption

 Higher Z elements exhibit greater absorption due to increased electron density

* Lead (Z=82) absorbs X-rays more effectively than aluminum (Z=13)

» X-ray wavelength affects absorption

» Shorter wavelengths (higher energy) penetrate matter more easily than longer wavelengths

» Hard X-rays (wavelength < 0.1 nm) penetrate deeper than soft X-rays (wavelength > 0.1 nm)

» Mass attenuation coefficient (u/p) describes X-ray absorption effectiveness per unit mass of material
* Varies with atomic number and X-ray energy

+ Used in radiation shielding calculations

Energy-dependent Absorption Phenomena

+ Absorption edges occur at specific energies corresponding to electron binding energies
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» Cause abrupt changes in absorption characteristics

» K-edge, L-edge, M-edge represent absorption edges for different electron shells
* Photoelectric effect dominates absorption at lower X-ray energies

* More prominent for heavy elements and lower energy X-rays

« Compton scattering becomes more significant at higher energies

* Increases with atomic number but less rapidly than photoelectric absorption

» Heavy atoms in a sample significantly alter X-ray absorption patterns
 Exploited in anomalous X-ray scattering techniques

* Used in multi-wavelength anomalous diffraction (MAD) for phase determination

Types of X-ray Scattering

Elastic and Inelastic Scattering Processes

« Elastic scattering (coherent or Rayleigh scattering) involves no energy transfer

* Preserves X-ray wavelength

* Dominant mechanism in X-ray diffraction experiments

* Inelastic scattering (Compton scattering) results in energy transfer

» Changes X-ray wavelength

+ Contributes to background noise in diffraction patterns

« Differential cross-section for Compton scattering described by Klein-Nishina formula
 Accounts for quantum mechanical effects in electron-photon interactions

* Predicts scattering probability as function of scattering angle and photon energy

Complex Scattering Phenomena

» Resonant (anomalous) scattering occurs when X-ray energy approaches absorption edge of an atom
« Causes significant changes in scattering amplitude and phase

« Utilized in multi-wavelength anomalous diffraction (MAD) for phase determination

» Multiple scattering events occur in thick or densely packed samples

» Complicates analysis of diffraction patterns

» Requires advanced computational methods for interpretation (dynamical diffraction theory)

» Thermal diffuse scattering results from atomic thermal vibrations

« Contributes to diffuse background in diffraction patterns

* Provides information about lattice dynamics and phonon modes
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Atomic Scattering Factor in Crystallography

Fundamental Concepts and Dependencies

» Atomic scattering factor (f) describes how an atom scatters X-rays

» Fundamental quantity in determining intensity of diffracted X-rays

* Depends on atomic number, X-ray wavelength, and scattering angle

 Forward scattering (6 = 0) atomic scattering factor approximately equals atomic number Z
+ Reflects total number of electrons in atom

* Decreases with increasing scattering angle

+ Atomic scattering factor expressed as complex quantity: f= fo + f + if”

« fo represents normal scattering factor

« f and f" represent real and imaginary components of anomalous scattering

Applications and Significance in Structure Determination

+ Atomic form factor describes variation of f with scattering angle

* Fourier transform of electron density distribution in atom

+ Crucial for accurate structure factor calculations

* Accurate knowledge of atomic scattering factors essential for structure determination
« Directly influences structure factor calculations and electron density maps

« Critical for interpreting X-ray diffraction data

* International Tables for Crystallography provide tabulated values and analytical approximations
* Essential reference for crystallographic analysis

* Include scattering factors for different elements and ions

» Anomalous scattering components (f' and ') enable phase determination techniques
« Single-wavelength anomalous diffraction (SAD)

 Multi-wavelength anomalous diffraction (MAD)

5.3 Bragg's law and diffraction conditions

X-ray diffraction is a powerful tool for uncovering the secrets of crystal structures. Bragg's law, the
cornerstone of this technique, explains how X-rays scatter off crystal planes to create unique diffraction
patterns.

Understanding Bragg's law and diffraction conditions is crucial for interpreting these patterns. It allows
scientists to determine atomic arrangements, measure interatomic distances, and identify unknown
materials across various scientific fields.
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Bragg's Law and X-ray Diffraction

Fundamentals of Bragg's Law

* Bragg's law expressed as hA = 2dsin

* n represents an integer

* A denotes the wavelength of incident X-rays

« d signifies the interplanar spacing

* 0 indicates the angle of incidence

+ Describes conditions for constructive interference of X-rays scattered by crystal lattice

* Provides fundamental relationship between incident radiation wavelength, crystal plane spacing, and
diffraction angle

« Crucial for determining crystal structures through X-ray diffraction techniques
+ Allows calculation of interplanar spacings from observed diffraction patterns

* Applies to other forms of radiation with wavelengths comparable to interatomic distances (neutrons,
electrons)

» Forms basis for various crystallographic techniques
« Single-crystal X-ray diffraction

» Powder X-ray diffraction methods

Applications and Significance

+ Enables structure determination of crystalline materials
* Proteins (hemoglobin)

* Inorganic compounds (sodium chloride)

* Organic molecules (caffeine)

« Facilitates material characterization in diverse fields
» Materials science (alloys, ceramics)

» Pharmaceuticals (drug polymorphs)

* Geology (mineral identification)

+ Supports quality control in manufacturing processes
» Semiconductor industry (silicon wafer analysis)

» Pharmaceutical production (drug purity assessment)
* Aids in scientific research across disciplines

» Chemistry (reaction mechanisms)

* Physics (novel materials)
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* Biology (protein-ligand interactions)

Derivation of the Bragg Equation

Geometric Considerations

* Begins with two parallel X-ray beams reflecting off adjacent crystal planes

« Path difference between beams must equal integer multiple of wavelength for constructive
interference

« Path difference geometrically expressed as 2dsin 6

« d represents interplanar spacing

* 6 denotes angle of incidence

» Equating path difference to integer multiple of wavelength yields Bragg's equation
*nA = 2dsin 8

» Demonstrates unique diffraction patterns for each crystal structure

» Depends on specific arrangement and spacing of atoms in lattice

Relationship Analysis

* Fixed wavelength A: decreasing interplanar spacing d requires increasing diffraction angle 6
* Fixed interplanar spacing d: longer wavelengths result in larger diffraction angles

» Enables prediction of diffraction angles for known crystal structures

* Allows determination of unknown crystal structures from measured diffraction patterns

* lllustrates inverse relationship between d-spacing and sin 6

« Larger unit cells produce diffraction peaks at smaller angles

» Smaller unit cells yield diffraction peaks at larger angles
Bragg's Law for Constructive Interference

Conditions for Diffraction

« Constructive interference occurs when path difference equals integer multiple of wavelength

« Diffraction condition met when incident angle 6 and interplanar spacing d combine to satisfy Bragg's
law

« Diffraction peaks occur at specific angles (Bragg angles) for given set of lattice planes
« Intensity of diffraction peaks influenced by structure factor
» Depends on arrangement and types of atoms within unit cell

» Systematic absences in diffraction patterns explained by applying Bragg's law to specific crystal
symmetries and lattice types

 Width of diffraction peaks related to crystal size and perfection
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* Broader peaks indicate smaller or less perfect crystals

* Bragg's law predicts positions of diffraction spots in reciprocal space

Practical Applications

» Enables determination of crystal symmetry and space group

» Absence of certain reflections indicates specific symmetry elements
* Allows calculation of unit cell parameters

* a, b, c (lattice constants)

* a, B, y (angles between axes)

* Facilitates phase identification in mixtures

» Comparison of observed patterns with database of known structures
« Supports quantitative analysis of crystalline phases

* Relative peak intensities correlate with phase abundance

» Enables study of crystal orientation in textured materials

* Preferred orientation in thin films or rolled metals

Reciprocal Lattice and Diffraction Conditions

Reciprocal Lattice Concept

» Mathematical construct representing Fourier transform of real crystal lattice in reciprocal space
« Each reciprocal lattice point corresponds to set of parallel planes in real lattice

« Distance from origin inversely proportional to interplanar spacing

* Reciprocal lattice vectors a, b, and c* defined in terms of real lattice vectors a, b, and ¢

* Form orthogonal basis in reciprocal space

« Simplifies analysis of diffraction patterns

* Directly relates to observed diffraction spots

« Essential for advanced crystallographic techniques

« Structure factor calculations

* Phase determination methods

Ewald Sphere and Diffraction Geometry

» Ewald sphere construction provides geometric interpretation of Bragg's law and diffraction conditions
+ Sphere radius equals 1/A (inverse of X-ray wavelength)
« Diffraction occurs when reciprocal lattice points intersect Ewald sphere surface

+ Rotation of crystal during experiment causes reciprocal lattice to rotate through Ewald sphere
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» Generates series of diffraction spots

+ Enables visualization of accessible reflections for given experimental setup
* Helps in planning diffraction experiments

 Determining required crystal rotations

* Optimizing detector positioning
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Unit 6 — X-ray Diffraction Techniques

6.1 Single crystal X-ray diffraction

Single crystal X-ray diffraction is a powerful technique for determining atomic structures of crystals. It uses
X-rays to probe the arrangement of atoms, creating diffraction patterns that reveal the crystal's internal
structure.

The method involves preparing high-quality crystals, collecting diffraction data, and analyzing patterns to
solve the "phase problem." This process allows researchers to determine unit cell parameters, symmetry,
and atomic positions, ultimately revealing the crystal's 3D structure.

Principles of Single Crystal X-ray Diffraction

Fundamentals and Technique Overview

« Single crystal X-ray diffraction determines atomic and molecular structure of crystals non-destructively
« X-rays possess wavelengths from 0.1 to 100 A enabling atomic-scale structure probing
« X-ray diffraction occurs when X-rays interact with electron clouds of atoms in crystal lattices

* Bragg's Law (hA = 2dsinB) describes conditions for constructive interference of scattered X-rays
resulting in diffraction patterns

* Typical diffractometer components include X-ray source, goniometer for sample positioning, sample
holder, and detector

Sample Preparation and Data Collection
* Crystal samples require high quality with sizes typically 0.1-0.3 mm
« Samples mount on goniometer head allowing precise rotation during data collection

+ Data collection involves rotating crystal through various orientations while recording diffraction
patterns

* Recorded patterns reconstruct crystal structure
X-ray Properties and Interactions

« X-rays belong to electromagnetic radiation spectrum
» X-ray wavelengths correspond to interatomic distances in crystals
 X-rays scatter elastically from electron density around atoms

« Scattered X-rays interfere constructively or destructively based on crystal structure

Interpreting X-ray Diffraction Patterns

Diffraction Pattern Analysis

« Diffraction patterns consist of spots (reflections) containing crystal structure information

* Reflection positions and intensities provide crucial structural data
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« Pattern geometry relates to crystal's reciprocal lattice revealing unit cell parameters and crystal
symmetry

» Systematic absences in patterns indicate specific symmetry elements (screw axes, glide planes)

* Reflection intensity proportional to square of structure factor depending on atom types and positions in
unit cell

Data Processing and Structure Solution

* Phase information loss during data collection leads to "phase problem" in crystallography

+ Data reduction converts raw diffraction intensities to unique reflections

» Corrections apply for factors like absorption and extinction

« Structure solution methods (direct methods, Patterson synthesis) estimate initial atomic positions

* Phase problem solutions enable electron density map calculation and structure determination

Advanced Interpretation Techniques

« Patterson maps aid heavy atom location in structures
+ Direct methods utilize statistical relationships between reflection intensities
« Difference Fourier maps help locate missing atoms or identify structural errors

* Anomalous scattering effects provide information on absolute structure and element identification

Crystal Structure Determination with X-ray Diffraction

Unit Cell and Symmetry Analysis

* Unit cell parameters (a, b, ¢, a, B, y) determined from diffraction spot positions and reciprocal space
geometry

* Crystal system and Bravais lattice deduced from diffraction pattern symmetry and systematic
absences

» Space group determination analyzes systematic absences and intensity distribution symmetry

* Laue class identification narrows down possible space groups

Structure Refinement and Validation

« Structure refinement iteratively adjusts atomic positions, occupancies, and thermal parameters

+» Refinement improves agreement between calculated and observed structure factors

+ Quality assessment uses statistical indicators (R-factor, goodness-of-fit)

* Electron density maps visualize atomic arrangement and identify potential model issues

* Final structural models include atomic coordinates, bond lengths and angles, and thermal ellipsoids

» Thermal ellipsoids provide information about atomic motion and disorder

Fiveable archived study guides Page 54



Advanced Structure Analysis Techniques

» Charge density analysis reveals details of chemical bonding
« Hirshfeld surface analysis visualizes intermolecular interactions

« Structural databases (Cambridge Structural Database, Protein Data Bank) enable comparison with
known structures

» Powder diffraction data can complement single crystal results for phase identification

Limitations of Single Crystal X-ray Diffraction

Sample-related Challenges
* Technique requires high-quality single crystals difficult to obtain for some materials
« Light atoms (hydrogen) challenging to locate accurately due to weak X-ray scattering power
* Disorder in crystal structures complicates solution and refinement leading to ambiguous models

» Twinned crystals or growth defects produce complex diffraction patterns difficult to interpret

Experimental and Data Analysis Limitations

» Phase problem necessitates indirect methods for structure solution potentially leading to incorrect
results

+ Radiation damage during data collection affects quality and potentially alters crystal structure

* Absorption effects, particularly for heavy atom-containing crystals, introduce systematic errors in
intensity measurements

« Limited resolution of diffraction data impacts the level of structural detail obtainable

Specialized Challenges

* Modulated structures require higher-dimensional crystallography approaches
* Incommensurate structures pose difficulties in conventional structure determination
» Time-resolved experiments challenging due to radiation damage and data collection speed limitations

» Extreme condition experiments (high pressure, high temperature) introduce additional complexities in
sample environment and data collection

6.2 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) is a powerful technique for analyzing crystalline materials. It uses X-rays
to create unique diffraction patterns, revealing crucial information about crystal structures, phases, and
material properties.

PXRD offers advantages over single-crystal methods, including faster data collection and simpler sample
preparation. It's ideal for phase identification, quantitative analysis, and studying materials with preferred
orientation or strain.
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Principles and Instrumentation of Powder X-ray Diffraction

Fundamental Concepts and Equations

» Powder X-ray diffraction (PXRD) utilizes X-ray interaction with crystalline materials to produce
characteristic diffraction patterns

» Bragg equation hA = 2dsin 8 governs constructive interference in PXRD

* Relates X-ray wavelength (A) to interplanar spacing (d) and diffraction angle (0)

» Random orientation of crystallites in powdered samples ensures uniform X-ray exposure
* PXRD patterns display intensity versus 20 (twice the Bragg angle)

* Peak positions reveal crystal structure information

» Peak intensities indicate atomic positions and thermal motion

Instrumentation and Sample Preparation

* PXRD instruments comprise several key components

 X-ray source (typically Cu Ka radiation)

» Sample holder (flat plate or capillary)

» Goniometer for precise angle measurements

+ Detector (scintillation counter or position-sensitive detector)

» Sample preparation involves grinding crystalline material into fine powder (particle size ~10 ym)
» Debye-Scherrer method employs cylindrical camera to collect diffraction patterns on film strip

» Modern diffractometers use electronic detectors for rapid data collection

» Sample mounting techniques include:

« Flat plate for reflection geometry

* Capillary for transmission geometry (air-sensitive samples)

Analyzing Powder X-ray Diffraction Patterns

Pattern Interpretation and Phase Identification

* PXRD patterns consist of peaks representing different crystal planes
* Phase identification compares experimental patterns with reference data

+ Utilizes databases like Powder Diffraction File (PDF) from International Centre for Diffraction Data
(ICDD)

+ D-spacing and relative intensities serve as "fingerprints" for unknown crystalline phases
* Indexing assigns Miller indices (hkl) to diffraction peaks

* Crucial for determining crystal system and lattice parameters
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+ Qualitative phase analysis identifies characteristic peaks of different phases in mixtures

» Semi-quantitative analysis estimates relative abundances based on peak intensities

Peak Analysis and Structural Information

» Peak positions determined by unit cell parameters
* Peak intensities influenced by atomic positions, thermal motion, and multiplicity
* Peak broadening provides information on crystallite size and strain

« Scherrer equation relates peak width to crystallite size: D= ;%’ée

* D represents crystallite size
» K denotes shape factor (typically 0.9)
* B signifies peak broadening (FWHM)

« Williamson-Hall plot separates size and strain contributions to peak broadening
Bcos 6 =K + 4esine

* € represents microstrain

Applications of Powder X-ray Diffraction

Quantitative Phase Analysis

+ Quantitative analysis based on proportionality between peak intensities and phase volume fractions
* Reference Intensity Ratio (RIR) method compares sample peak intensities to standard (corundum)
» Enables quantification of multi-phase mixtures

* Direct comparison method utilizes pure phase standards for calibration

+ Matrix flushing technique incorporates internal standard for improved accuracy

Structure Refinement Techniques

* Rietveld refinement extracts detailed structural information from PXRD data

* Fits calculated pattern to observed data through least-squares refinement

» Simultaneously refines crystal structure, sample characteristics, and instrumental factors

» Whole-pattern fitting techniques extract accurate lattice parameters and peak intensities

» Pawley method refines unit cell and peak profile parameters

* Le Bail method additionally refines peak intensities

« Pair Distribution Function (PDF) analysis probes local structure in crystalline and amorphous materials

« Fourier transform of total scattering data yields real-space atomic correlations
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Powder vs Single Crystal X-ray Diffraction

Data Collection and Information Content

* PXRD compresses three-dimensional diffraction data into one-dimensional pattern
* SCXRD provides full three-dimensional diffraction data

* PXRD yields less precise structural information compared to SCXRD

* Better suited for phase identification and quantitative analysis

* SCXRD offers more detailed atomic positions and thermal parameters

« Superior for solving unknown crystal structures

Sample Requirements and Preparation

* PXRD requires polycrystalline powders or bulk materials

» Non-destructive and uses minimal sample material

+ SCXRD demands high-quality single crystals

+ Challenging to obtain for some materials

* PXRD accommodates materials with preferred orientation, texture, or strain
* Provides valuable information on these properties

+ SCXRD analysis complicated by crystal imperfections or twinning

Experimental Considerations

* PXRD enables faster data collection compared to SCXRD

* Time-resolved and in-situ studies more feasible with PXRD

* Simpler sample environments and quicker measurements

* PXRD better suited for studying phase transitions and reaction kinetics

+ SCXRD provides higher resolution and more accurate bond lengths and angles
* PXRD advantageous for materials prone to radiation damage

* Distributes X-ray exposure over larger sample volume
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6.3 Laue method and its applications
Laue Method Principles

Experimental Setup and Diffraction Process

The Laue method is the oldest X-ray diffraction technique, and it works on a beautifully simple idea: instead
of tuning a single wavelength to find diffraction conditions, you flood a stationary crystal with all
wavelengths at once and let the crystal pick out which ones diffract. This polychromatic (or "white beam")
approach means every set of lattice planes can find some wavelength in the beam that satisfies Bragg's
law, producing a rich pattern of spots in a single exposure.

The experimental setup has four main components:
 X-ray source producing a continuous spectrum of wavelengths (polychromatic beam)
* Collimator to shape the beam into a narrow, well-defined pencil
« Stationary single crystal as the sample
* Flat film or area detector positioned perpendicular to the incident beam

Each spot in the resulting Laue pattern corresponds to a different set of lattice planes (with Miller indices
hkl), each diffracting at whatever wavelength from the beam happens to satisfy the Bragg condition for
that plane's spacing and orientation.

Two main geometries are used:

 Transmission (forward-scattering): The detector sits behind the crystal. This works for thin samples or
materials with low X-ray absorption. A typical use is studying thin film crystal orientations.

 Back-reflection (back-scattering): The detector sits between the X-ray source and the crystal, with a
hole for the beam to pass through. This is better for thick or highly absorbing samples, such as
analyzing surface structures of bulk metals.

Your choice between these depends on sample thickness, absorption coefficient, and what information you
need.

Mathematical Foundations and Geometrical Considerations

Bragg's law governs the diffraction process:
nA = 2dhk,sin6

where N is the integer order of reflection, A is the X-ray wavelength, dhk is the interplanar spacing for the
(hkl) planes, and 6 is the Bragg angle. In the Laue method, 8 is fixed by the crystal orientation, and A
varies continuously, so diffraction occurs at whatever wavelength satisfies this equation for each plane.

The Ewald sphere construction helps visualize this in reciprocal space. The Ewald sphere has radius 1/A.
Because the Laue method uses a range of wavelengths (Amin to Amax ), you get a range of Ewald sphere
radii, forming a thick shell. Any reciprocal lattice point falling between the spheres of radius 1/Amax and
1/Amin will produce a diffraction spot. That's why Laue patterns contain so many reflections in a single
shot.

The Laue equations describe the diffraction geometry in terms of the unit cell axes directly:

a(cos gy — cosyd) = hA
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b(cos g, — cos yI) = kA
c(cos s — cos yl) = IA

Here @, b, € are unit cell parameters; ¥1, ¥2, ¥3 are angles between the diffracted beam and the unit cell
axes; l.U(l). (.Ug. w;’ are angles between the incident beam and the unit cell axes; and h, k, / are Miller
indices. All three equations must be satisfied simultaneously for diffraction to occur, which is equivalent to
satisfying Bragg's law.

Gnomonic projection is a geometrical tool for analyzing Laue patterns. It projects diffraction spots onto a
plane tangent to a reference sphere, which straightens out the curved zone lines (see below) into straight
lines. This makes it much easier to identify zone axes and measure interplanar angles.

Interpreting Laue Patterns

Symmetry Analysis and Crystal Orientation Determination

A central feature of Laue patterns is that the arrangement of spots reflects the point group symmetry of the
crystal along the beam direction. If you shoot the beam along a 4-fold axis of a cubic crystal, the pattern will
show 4-fold symmetry. This direct connection between pattern symmetry and crystal symmetry is what
makes the Laue method so powerful for orientation determination.

Key aspects of pattern interpretation:

* The distribution and relative intensity of spots encode information about the crystal's lattice
parameters and atomic arrangement.

 Systematic absences reveal space group symmetry. For example, in a body-centered cubic structure,
reflections where h + k + | is odd are absent. Spotting these absences helps you narrow down the
space group.

« Spots in a Laue pattern fall along curves called zone lines, each corresponding to a crystallographic
zone axis. Identifying these zones is the first step in determining orientation.

Indexing a Laue pattern means assigning Miller indices to each spot. This can be done:

1. Manually, using Greninger charts or stereographic projections to map spot positions to crystal
directions

2. Automatically, using software such as LaueGen or CLIP, which is faster and less error-prone

Stereographic projections compress the 3D crystal orientation into a 2D map, making it straightforward to
identify zone axes and calculate angles between crystal planes. The gnomonic projection serves a similar
purpose but is especially convenient for Laue geometry because zone lines project as straight lines.

Advanced Computational Techniques

Modern Laue analysis relies heavily on computation:

» Automated indexing algorithms (e.g., Hough transform-based methods) detect spots and assign
indices rapidly, enabling real-time orientation determination.

« Pattern matching compares experimental patterns against simulated ones from known structures to
confirm or refine orientation.

» Machine learning approaches, such as convolutional neural networks, are increasingly used for
automated pattern classification, especially when dealing with large datasets.
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+ Quantitative intensity analysis can estimate crystal mosaicity (the spread of orientations within a
nominally single crystal) and lattice distortions. Rocking curve analysis, where the crystal is tilted
slightly while monitoring a reflection, provides a direct measure of crystal quality.

 Multi-technique integration combines Laue diffraction with X-ray fluorescence (for elemental analysis)
or X-ray topography (for imaging defects) to build a more complete picture of the crystal.

Laue Method Applications
Crystal Perfection and Defect Analysis

The shape and sharpness of Laue spots are direct indicators of crystal quality:

Spot Feature What It Indicates

Sharp, round spots High crystal perfection

Diffuse or broadened spots Imperfections, mosaic spread, or disorder

Asterism (elongated/streaked spots) Crystal deformation or internal strain (e.g., plastic deformation

in metals under stress)

Split spots Twinning or low-angle grain boundaries (e.g., twin structures
in shape memory alloys)

Extra spots or diffuse scattering between main reflections Short-range order, disorder, or secondary phases (e.g.,
order-disorder transitions in alloys)

Continuous streaks Stacking faults or other planar defects (e.g., stacking faults in
semiconductor materials)

This makes the Laue method a quick diagnostic tool: a single exposure can tell you whether a crystal is
high-quality, strained, twinned, or contains secondary phases.

Dynamic Studies and Advanced Applications

Because Laue patterns can be collected in a single, short exposure (no crystal rotation needed), the
method is well suited for time-resolved and in situ studies:

» Time-resolved Laue diffraction captures structural changes as they happen, on timescales down to
picoseconds at synchrotron sources. This is used to investigate phase transitions in ferroelectric
materials or track photo-induced structural dynamics.

* In situ studies under extreme conditions include high-pressure experiments in diamond anvil cells and
high-temperature studies of refractory materials, where the crystal structure is monitored while
conditions change.

* Micro-Laue diffraction uses a focused beam (micron-scale) to map strain fields and orientation
variations across polycrystalline or heterogeneous samples. For example, scanning a focused white
beam across a polycrystalline metal sample produces an orientation and strain map with spatial
resolution.

* Protein crystallography uses Laue diffraction for rapid screening of crystal quality and orientation
before committing to full monochromatic data collection. It's also used for time-resolved studies of
enzyme reactions.

» Multi-modal analysis combines Laue diffraction with spectroscopic techniques (e.g., simultaneous
X-ray absorption spectroscopy) to probe both local electronic structure and long-range crystalline order
in the same experiment.

Fiveable archived study guides Page 61



Laue Method: Advantages vs. Limitations

Advantages

» Speed: Crystal orientation can be determined in a single exposure with no need for precise sample
alignment or monochromatic radiation. This makes it valuable for quick quality checks in industrial and
research settings.

» Comprehensive reciprocal space coverage: A single shot samples many reflections simultaneously,
giving an efficient overview of crystal quality. Protein crystallographers use this for rapid screening
before detailed data collection.

« Large crystal analysis: Particularly useful for studying large single crystals in mineralogy and materials
science (e.g., characterizing gemstones and mineral specimens).

» Non-destructive and in situ capable: The crystal isn't consumed or damaged (barring radiation
effects), and measurements can be performed while the sample is heated, cooled, or pressurized.

+ Time-resolved capability: The single-exposure nature makes it ideal for studying fast structural
dynamics in photo-activated or stimuli-responsive materials.

Limitations

* No precise lattice parameters from a single pattern. Because each spot diffracts at a different
(unknown) wavelength, you can't directly extract unit cell dimensions the way you can with
monochromatic methods. You get orientation and symmetry, but not accurate d-spacings without
additional calibration.

« Overlapping reflections. Different orders of the same reflection (e.g., (1, 1, 1) and (2, 2, 2)) diffract
at different wavelengths but land on the same spot, complicating intensity analysis. This is especially
problematic for low-symmetry crystals like monoclinic or triclinic systems.

* Not suited for polycrystalline samples. The method is designed for single crystals. It can't replace
powder diffraction for polycrystalline materials, and quantitative structure factor determination is difficult
because intensities are integrated over multiple wavelengths.

+ Radiation damage. The intense white beam delivers more total radiation than a monochromatic beam,
which can degrade sensitive samples. Protein crystals, for instance, may suffer significant damage
during extended exposures.

» Complex data analysis. Interpreting Laue patterns, especially for quantitative work, requires
specialized software and expertise that go beyond standard monochromatic diffraction analysis.

« Limited quantitative phase analysis. In multi-phase systems, distinguishing between phases with
similar structures is difficult because of the wavelength ambiguity inherent in the method.
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Unit 7 — Reciprocal Space and Fourier
Transforms

7.1 Concept of reciprocal lattice and Ewald sphere

The reciprocal lattice and Ewald sphere are key concepts in crystallography. They help us understand how
crystals scatter X-rays, electrons, and neutrons. These tools let us visualize diffraction patterns and figure
out crystal structures.

The reciprocal lattice is like a mirror of the real crystal lattice, but in reverse space. The Ewald sphere
shows us which crystal planes will cause diffraction. Together, they're crucial for interpreting diffraction
data and solving crystal structures.

Reciprocal Lattice in Crystallography

Mathematical Representation and Properties

* Reciprocal lattice represents Fourier transform of real crystal lattice in reciprocal space

* Points in reciprocal lattice correspond to sets of lattice planes in real crystal

« Distance from origin inversely proportional to interplanar spacing

« Reciprocal lattice vectors (a, b, c*) defined in terms of real lattice vectors (a, b, c)

» Perpendicular to corresponding real lattice planes

* Volume of reciprocal lattice unit cell inversely proportional to volume of real space unit cell

* Miller indices (hkl) in real space correspond to coordinates in reciprocal space

* Facilitates description of crystal planes and directions (cubic systems, hexagonal systems)
Significance in Crystallography

« Essential for understanding and interpreting diffraction patterns

* Provides direct representation of crystal's periodicity in reciprocal space

« Simplifies calculations related to crystal structure and symmetry

+ Enables visualization of crystal symmetry in three dimensions

+ Facilitates indexing of diffraction patterns (X-ray diffraction, electron diffraction)

* Aids in determination of unit cell parameters and crystal system

Ewald Sphere Construction

Geometric Principles

» Ewald sphere visualizes conditions for diffraction in reciprocal space

« Radius of Ewald sphere inversely proportional to wavelength of incident radiation (R = 1/A)
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« Origin of reciprocal lattice placed on surface of Ewald sphere

* Incident beam direction passes through center of sphere

« Diffraction occurs when reciprocal lattice point intersects surface of Ewald sphere
« Satisfies Laue condition (kK — ko = G)

« Scattering vector represented by vector from origin of reciprocal space to intersection point on Ewald
sphere

* Rotation of crystal corresponds to rotation of reciprocal lattice around origin

« Allows different reflections to satisfy diffraction condition (single crystal diffraction experiments)

Applications in Diffraction Analysis

* Predicts which reflections will be observed in a diffraction experiment

» Determines accessible reciprocal space in a given experimental setup

* Helps design data collection strategies for complete dataset acquisition

* Visualizes the effect of crystal orientation on observed reflections

+ Aids in understanding the concept of resolution in diffraction experiments

+ Facilitates interpretation of diffuse scattering and disorder in crystals

Reciprocal Lattice & Diffraction Patterns

Diffraction Spot Properties
* Intersection of reciprocal lattice points with Ewald sphere corresponds to observable diffraction spots
* Intensity of diffraction spots related to structure factor
+ Determined by arrangement of atoms within unit cell
+ Systematic absences in diffraction patterns explained by crystal structure symmetry
» Represented in reciprocal space (face-centered cubic, body-centered cubic)
* Resolution limit of diffraction experiment represented by maximum scattering angle
* Corresponds to outer shell of Ewald sphere

» Powder diffraction patterns interpreted as projection of all possible Ewald sphere intersections onto
single dimension

Reciprocal Space Reconstructions

+ Allow visualization of crystal symmetry from diffraction data
» Enable determination of unit cell parameters

* Facilitate identification of crystal system and space group

* Aid in detection of twinning and other crystal defects

* Provide insights into reciprocal space distribution of diffuse scattering
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» Support analysis of modulated structures and quasicrystals

Reciprocal Lattice Applications

Diffraction Pattern Analysis

« Index diffraction patterns using reciprocal lattice

+» Determine Miller indices of observed reflections

« Calculate d-spacings and interplanar angles using reciprocal lattice properties

« dpit = 1/|Gpp

« Predict occurrence of reflections and systematic absences based on crystal symmetry

* Apply reciprocal lattice extinction rules (primitive, body-centered, face-centered)

 Determine crystal orientation from observed diffraction pattern using Ewald sphere construction

« Estimate diffraction experiment resolution using Ewald sphere and maximum observable scattering
angle

o dmin = A/(25iN Bmax)

Experimental Design and Advanced Techniques

* Design data collection strategies for single crystal and powder diffraction experiments
+ Consider reciprocal space coverage and completeness

* Apply reciprocal space concept to interpret advanced diffraction techniques

« Electron diffraction (precession electron diffraction, 3D electron diffraction)

* Inelastic scattering (inelastic X-ray scattering, neutron spectroscopy)

* Analyze diffuse scattering and disorder in reciprocal space

+ Short-range order, thermal diffuse scattering

* Investigate phase transitions and structural changes using reciprocal space mapping

» Optimize crystal growth and sample preparation based on reciprocal lattice considerations

7.2 Structure factors and Fourier transforms

Structure factors and Fourier transforms are the backbone of crystallography. They're like a secret code
that lets us peek into the atomic world of crystals. Structure factors describe how atoms scatter X-rays,
while Fourier transforms help us decode that info into 3D atomic arrangements.

These concepts are crucial for turning diffraction patterns into actual crystal structures. By mastering them,
you'll unlock the power to solve complex structures and understand how atoms are arranged in materials.
It's like learning to read a new language — the language of crystals!
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Structure factors in crystallography

Definition and significance of structure factors

« Structure factors describe amplitude and phase of X-ray waves scattered by atoms in a crystal
* Represent collective scattering of all atoms in a unit cell for given Miller indices (hkI)

« Contain information about positions and types of atoms in crystal structure

* Magnitude |F(hkl)| proportional to square root of measured diffraction intensity

* Phase o(hkl) cannot be directly measured, leading to "phase problem" in crystallography

» Phase problem complicates structure determination process

* Requires indirect methods to estimate phases (molecular replacement, heavy atom methods)
* Essential for determining electron density distribution and solving crystal structure

» Enable reconstruction of 3D atomic arrangement from diffraction data

» Form basis for structure refinement and validation

Components and properties of structure factors

» Complex mathematical functions with magnitude and phase components
» Magnitude represents strength of diffracted X-ray beam

* Directly related to measured intensities in diffraction experiment

 Phase contains information about relative positions of atoms

+ Crucial for reconstructing electron density map

« Affected by atomic composition, arrangement, and thermal motion

* Heavier atoms contribute more strongly to structure factors

« Atomic positions influence phase relationships between structure factors
» Symmetry in crystal structure reflected in structure factor relationships

* Friedel's law: |F(hkl)| = |F(-h-k-I)| for centrosymmetric structures

* Resolution dependence: higher-order reflections (larger h, k, 1) generally have smaller magnitudes

« Limits achievable resolution in structure determination

Calculating structure factors

Structure factor equation and its components

- General structure factor equation: £ (1K) = jZﬂ-exp[Zni(hxj +ky;+1z)]

» Sum of contributions from all atoms (j) in unit cell

« f_j represents atomic scattering factor
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* Depends on atom type and scattering angle

+ Describes how strongly an atom scatters X-rays (heavier atoms scatter more)
» Exponential term accounts for phase shift due to atom's position (x_j, y_j, z_j)
» Determines interference effects between scattered waves

* For centrosymmetric structures, equation simplifies to cosine function
. F(hkl) = ijcos[2n(hxj + Kky; + 1z))]
)

» Temperature factors (B-factors) incorporated to account for atomic thermal motion
« Modifies atomic scattering factor: f; = fiexp[—By(sin? 6/A%)]

* B_j is the temperature factor for atom j

Practical considerations in structure factor calculations

 Atomic scattering factors (f_j) obtained from tabulated values or analytical approximations
» Depend on atom type and scattering angle (sin 6/A)

» Must be interpolated for specific experimental conditions

* Fractional coordinates (x_j, y_j, z_j) used to describe atomic positions in unit cell
 Converted from absolute coordinates using unit cell parameters

* Summation performed over all atoms in asymmetric unit

« Symmetry operations applied to generate full unit cell

+ Special position multiplicity accounted for in calculations

» Atoms on special positions may have reduced occupancy or constrained coordinates

* Anomalous scattering corrections (f' and ') included for wavelengths near absorption edges
« Modify atomic scattering factors: fj = fjo +f +if]

« Software packages (CCP4, PHENIX) automate structure factor calculations

* Incorporate various corrections and optimizations for efficiency

Fourier transforms in crystallography

Principles of Fourier transforms in crystallography

* Provide mathematical method to convert between real space (electron density) and reciprocal space
(diffraction pattern)

« Allow interconversion between structure factors and electron density distributions
» Forward transform: real space to reciprocal space
* Inverse transform: reciprocal space to real space

* Relate periodic arrangement of atoms to discrete diffraction pattern
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* Crystal lattice in real space corresponds to reciprocal lattice in Fourier space

« Diffraction spots represent Fourier components of electron density

+ Convolution theorem crucial for understanding diffraction phenomena

+ Convolution in real space equivalent to multiplication in reciprocal space

* Explains effects of finite crystal size, thermal motion on diffraction patterns

« Enable calculation of electron density maps from experimental structure factor data

* Basis for structure solution and refinement processes

Applications of Fourier transforms in crystallographic analysis

* Fast Fourier Transform (FFT) algorithm commonly used for efficient computations
* Reduces computational complexity from O(N?) to O(N log N)

« Enables rapid calculation of electron density maps and structure factors

« Patterson function calculated as Fourier transform of |F(hkl)|?

* Used in heavy atom methods and molecular replacement

* Reveals interatomic vectors without phase information

« Difference Fourier maps highlight discrepancies between observed and calculated structure factors
* Fo-Fc maps show missing or incorrectly placed atoms

» 2Fo-Fc maps provide improved visualization of electron density

* Bulk solvent correction modeled using Fourier methods

* Accounts for disordered solvent in crystal lattice

* Anisotropic scaling of structure factors performed in reciprocal space

* Corrects for systematic errors in diffraction data

Electron density from structure factors

Calculating electron density distributions

* Electron density p(xyz) calculated as inverse Fourier transform of structure factors F(hkl)

 Electron density equation: P(XYZ) = VZF(hkl)exp[—Zm'(hx + Ky +12)]
hki

* V represents unit cell volume

* Both magnitude and phase of structure factors required for calculation

* Magnitude obtained from measured intensities

* Phase must be estimated through various methods

* Resolution of electron density map limited by highest resolution reflections measured

» Higher resolution data provide more detailed electron density maps
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« Typical resolutions: 1.5-3.0 A for proteins, 0.8-1.2 A for small molecules

Methods for phase estimation and map calculation

+ Direct methods used for small molecule structures

+ Exploit statistical relationships between structure factor magnitudes and phases

« Effective for structures with atoms of similar scattering power

* Molecular replacement utilized for proteins with known homologous structures

* Uses phase information from similar, known structures

* Involves rotation and translation searches to position search model

» Experimental phasing methods for novel protein structures

* Isomorphous replacement: heavy atom derivatives

» Anomalous scattering: MAD, SAD techniques

+ Density modification techniques improve initial phase estimates

« Solvent flattening, histogram matching, non-crystallographic symmetry averaging

* Electron density maps (Fo-Fc, 2Fo-Fc) calculated and visualized for structure interpretation
» Fo-Fc maps highlight differences between observed and calculated structure factors
» 2Fo-Fc maps provide improved visualization of overall electron density

* lterative refinement processes alternate between real space (model building) and reciprocal space
(structure factor calculations)

* Gradually improve model fit to experimental data

* Monitor R-factors and geometric parameters to assess model quality

7.3 Patterson function and its applications

The Patterson function is a powerful tool in crystallography for solving crystal structures without phase
information. It uses intensity data to create a vector map between atoms, revealing interatomic distances
and helping locate heavy atoms in complex structures.

Patterson maps and techniques like isomorphous replacement and anomalous dispersion are crucial for
solving the phase problem in protein crystallography. These methods enable structure determination by
locating heavy atoms and providing initial phase estimates for electron density calculations.

The Patterson Function

Mathematical Derivation and Properties

« Patterson function analyzes diffraction data to determine crystal structures without prior knowledge of
atomic positions

* Derived from Fourier transform of intensity data representing vector map between atoms in crystal
structure
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+ Calculated using square of structure factor amplitudes (|F|2) instead of structure factors (F)
eliminating need for phase information

« Patterson peaks correspond to interatomic vectors with height proportional to product of atomic
numbers of atoms involved

* Function remains centrosymmetric regardless of crystal structure symmetry

« Origin peak represents vector between each atom and itself with height proportional to sum of squares
of atomic numbers of all atoms in unit cell

« Limitations include peak overlap and difficulty in interpretation for structures with many atoms

Applications in Crystallography

* Enables determination of atomic positions without prior phase knowledge addressing phase problem
« Utilized in heavy atom methods to locate heavy atoms for initial phase estimation

» Employed in isomorphous replacement method to identify heavy atom positions in derivative
structures

« Patterson superposition techniques generate trial structures by overlapping shifted Patterson maps

+ Facilitates molecular replacement method to determine orientation and position of known molecular
fragments

* Incorporated into direct methods to improve phase estimates and structure solution

» Success depends on data quality resolution and presence of distinct atomic features

Interpreting Patterson Maps

Map Characteristics and Symmetry

» Three-dimensional representations of Patterson function displaying peaks corresponding to
interatomic vectors

* Always centrosymmetric belonging to one of 24 symmorphic space groups (Patterson symmetry)

» Harker sections and lines contain peaks from symmetry-related atoms in crystal structure

« Size and shape of peaks provide information about relative atomic numbers and spatial relationships
+ Identify molecular fragments or structural motifs within crystal structure

* Interpretation becomes challenging with increasing number of atoms due to peak overlap and
background

» Advanced techniques (symmetry minimum function vector superposition methods) facilitate complex
map interpretation

Analysis Techniques for Complex Structures

+ Cross-difference Patterson maps verify consistency of heavy atom positions between datasets

» Combination with density modification techniques improves initial phase estimates and electron
density maps
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» Automated structure solution pipelines incorporate Patterson-based methods for heavy atom location
and initial phasing

* Vector superposition methods reveal true crystal structure by overlapping shifted Patterson maps
* Symmetry minimum function reduces complexity by focusing on symmetry-related peaks

« Patterson correlation methods compare observed and calculated Patterson functions to evaluate trial
structures

« Difference Patterson techniques highlight specific structural features by subtracting Patterson
functions

Solving the Phase Problem

Isomorphous Replacement Methods

« Single Isomorphous Replacement (SIR) determines heavy atom positions in derivative protein crystal

+ Multiple Isomorphous Replacement (MIR) uses multiple heavy atom derivatives improving phase
accuracy

* Cross-difference Patterson maps verify consistency between different isomorphous datasets
+ Isomorphous difference Patterson maps highlight changes between native and derivative structures

+ Phase triangulation techniques combine information from multiple derivatives to resolve phase
ambiguity

* Non-crystallographic symmetry can be exploited to improve phase estimates in isomorphous
replacement

+ Solvent flattening and histogram matching often applied to enhance phases from isomorphous
replacement

Anomalous Dispersion Techniques

* Locates anomalous scatterers for phase determination in SAD (Single-wavelength Anomalous
Dispersion) and MAD (Multi-wavelength Anomalous Dispersion)

* Anomalous difference Patterson maps reveal positions of anomalous scatterers

* Bijvoet difference Patterson maps highlight differences between Friedel pairs due to anomalous
scattering

* MAD technique utilizes data collected at multiple wavelengths to maximize anomalous signal
» SAD combines anomalous signal with density modification for phase determination
+ Sulfur-SAD exploits weak anomalous signal from native sulfur atoms in proteins

* Radiation-induced phasing utilizes changes in anomalous signal during data collection

Heavy Atom Determination for Protein Structures

Locating Heavy Atoms

« Patterson function effective for locating heavy atoms due to high scattering power and distinct peaks
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 Harker sections in Patterson maps reveal symmetry-related heavy atom positions

+ Cross-vectors between heavy atoms and protein atoms aid in confirming heavy atom locations

« Difference Fourier methods complement Patterson analysis for refining heavy atom positions

» Automated heavy atom search algorithms (SHELXD SnB) utilize Patterson function principles

+ Dual-space recycling techniques combine direct and Patterson space for robust heavy atom location

+ Native Patterson function can reveal presence of unexpected heavy atoms in protein structure

Phasing and Refinement Strategies

« Initial phases from heavy atoms used to calculate first electron density map for protein structure
* lterative phase improvement combines heavy atom refinement with protein model building

* Density modification techniques (solvent flattening non-crystallographic symmetry averaging) enhance
phases

» Maximum-likelihood refinement incorporates heavy atom parameter uncertainty in phase calculation
* Multi-crystal averaging exploits non-isomorphism between crystals to improve phase estimates

+ Ab initio phasing methods (charge flipping) can complement Patterson-based approaches for difficult
structures

* Phase combination techniques merge experimental phases with those from partial models during
refinement
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Unit 8 — Crystal Structure Determination

8.1 Data collection and reduction

X-ray diffraction is a powerful tool for unraveling crystal structures. It uses scattered X-rays to reveal atomic
arrangements, with the Bragg equation linking wavelength, lattice spacing, and diffraction angle.
Single-crystal and powder XRD techniques cater to different sample types.

Modern detectors and data collection strategies optimize the capture of diffraction patterns. Cryogenic
cooling protects samples during experiments. Data reduction transforms raw intensities into usable
structure factors, applying corrections and assessing quality to ensure reliable results for structure
determination.

X-ray Diffraction Principles and Techniques

Fundamentals of X-ray Diffraction

« X-ray diffraction (XRD) measures scattered X-rays from crystalline materials to determine atomic and
molecular structure

« Bragg equation (nA = 2dsinB) relates X-ray wavelength, lattice spacing, and diffraction angle in XRD
experiments

* Single-crystal XRD analyzes individual crystals while powder XRD examines polycrystalline samples
(metals, ceramics)

+ Synchrotron radiation provides high-intensity, tunable X-rays for advanced diffraction experiments
» Enables study of weakly diffracting samples (proteins, nanoparticles)

* Allows time-resolved experiments (chemical reactions, phase transitions)

Detection and Data Collection Methods
» Area detectors capture two-dimensional diffraction patterns in modern XRD experiments
» Charge-coupled devices (CCDs) offer high sensitivity and large dynamic range
* Pixel array detectors provide fast readout and low noise (hybrid photon counting detectors)
« Data collection strategies obtain complete set of reflections for structure determination
* Rotation method continuously rotates crystal during exposure
+ Oscillation method collects data in small angular increments
+ Cryogenic cooling minimizes radiation damage and thermal motion during data collection
* Liquid nitrogen cooling systems (100 K) commonly used for protein crystals

* Helium-based systems achieve ultra-low temperatures (10-20 K) for sensitive samples
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Data Reduction for Structure Determination

Integration and Scaling

+ Data reduction converts raw diffraction intensities into corrected structure factor amplitudes
* Integration extracts intensity information from two-dimensional detector images

* Accounts for background noise, peak shape, and detector characteristics

« Algorithms like profile fitting improve accuracy for weak reflections

+ Scaling and merging correct for experimental variations

» Compensates for changes in crystal size, beam intensity, and absorption effects

» Combines multiple datasets to improve completeness and redundancy

* Lorentz-polarization correction accounts for geometric and physical effects

* Lorentz factor corrects for varying time spent in diffraction condition

« Polarization factor adjusts for partially polarized X-ray beam

Corrections and Quality Assessment

* Absorption correction compensates for X-ray attenuation through crystal

» Empirical methods use redundant measurements (multi-scan techniques)

+ Analytical methods calculate absorption based on crystal shape and composition
» Space group determination analyzes systematic absences and intensity statistics
« Identifies presence of symmetry elements (screw axes, glide planes)

» Confirms Laue group and narrows down possible space groups

+ Data quality assessed using metrics to inform resolution limits and reliability

* R-merge measures agreement between symmetry-related reflections

+ I/a(l) indicates signal-to-noise ratio for measured intensities

» Completeness ensures adequate sampling of reciprocal space

Errors in Data Collection and Reduction

Crystal and Experimental Factors

* Crystal quality issues impact data quality and processing

+ Mosaicity broadens diffraction peaks and reduces resolution

» Twinning complicates data analysis and structure solution

* Disorder leads to diffuse scattering and weak high-resolution data

» Radiation damage introduces systematic errors in intensity measurements

« Causes specific structural changes (disulfide bond breakage, decarboxylation)
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* Progressive loss of high-resolution data during experiment
» Beam instability and misalignment result in inconsistent diffraction patterns
* Requires regular monitoring of beam position and intensity

» Automated alignment systems maintain optimal experimental conditions

Data Processing Challenges

* Detector limitations introduce errors in intensity measurements

» Non-uniformity requires flat-field correction

» Dead time leads to count rate nonlinearity at high intensities

« Limited dynamic range causes saturation of strong reflections

* Improper background subtraction affects weak reflection intensities

+ Challenges in crowded diffraction patterns or high background (incoherent scattering)
» Advanced algorithms (3D profile fitting) improve accuracy

» Overloaded reflections require special handling during data reduction
 Extrapolation methods estimate true intensities of saturated peaks
 Multiple exposure times capture full dynamic range of diffraction data

» Temperature fluctuations cause unit cell changes and affect data quality

« Stable cryogenic systems maintain constant temperature (0.1 K precision)

* Room temperature data collection requires controlled environments

Diffraction Pattern Interpretation

Reciprocal Space Analysis

* Reciprocal lattice concept fundamental to understanding diffraction patterns
« Each diffraction spot corresponds to a point in reciprocal space

* Reciprocal lattice parameters inversely related to real space unit cell

» Systematic absences provide crucial information for structure analysis

* Indicate presence of screw axes or glide planes

* Help narrow down possible space groups

* Resolution of diffraction pattern determines level of structural detail

* High-angle reflections correspond to fine structural features

« Resolution limits often reported as d-spacing (A) or 26 angle

Advanced Interpretation Techniques

* Intensity distribution analysis reveals overall structural characteristics

Fiveable archived study guides Page 75



* Wilson plots estimate overall temperature factors and solvent content

» Cumulative intensity distributions detect twinning or pseudo-symmetry

« Patterson function analysis useful for heavy atom location

* Derived from squared structure factor amplitudes

* Reveals interatomic vectors without phase information

+ Reflection conditions and symmetry relationships determine crystal symmetry
+ Laue group identification based on intensity symmetry

» Systematic absences narrow down space group possibilities

* Diffuse scattering and satellite reflections indicate complex structures

« Diffuse scattering suggests short-range order or correlated disorder

« Satellite reflections characteristic of modulated structures or incommensurate phases

8.2 Phase problem and methods to solve it (direct methods, Patterson
methods)

X-ray crystallography helps us figure out how atoms are arranged in crystals. But there's a catch - we can't
directly measure the phases of diffracted X-rays. This is called the phase problem.

To solve it, scientists use clever tricks like direct methods and Patterson methods. These techniques help
fill in the missing phase info, letting us piece together the crystal structure puzzle.

The Phase Problem in Crystallography

Understanding the Phase Problem

» Phase problem in crystallography stems from inability to directly measure phases of diffracted X-rays

 X-ray detectors measure only intensity of diffracted waves proportional to square of structure factor
amplitude

« Structure factor contains amplitude and phase information represented as
F(hk!) = |F(hkl)|exp(ip(hkl))

* |F(hkl)| denotes amplitude
* @(hkl) denotes phase

« Electron density distribution in crystal relates to structure factors through Fourier transform requiring
both amplitude and phase information

» Without phase information, determining atom positions in unit cell becomes impossible
Significance and Impact

+ Phase problem fundamentally impacts ability to solve crystal structures
» Phases contain more structural information than amplitudes alone

* Prevents direct determination of atomic positions from diffraction data
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* Makes structure determination challenging, especially for complex molecules
* Drives development of various phasing methods (direct methods, Patterson methods)
* Influences experimental design in crystallography (isomorphous replacement, anomalous scattering)

« Limits resolution and accuracy of structural models in some cases

Direct Methods for Phase Determination

Principles of Direct Methods

« Statistical approaches exploit relationships between structure factor amplitudes and phases

» Based on fact that electron density in crystals always positive and approximately equal for similar
atoms

* Rely on probability theory to establish phase relationships between different reflections
« Sayre equation P*(r)=p(r) forms basis for many direct methods algorithms

+ Relates squares of structure factors to their products

» Use normalized structure factors (E-values) to enhance contribution of atomic positions
« Effectiveness depends on resolution of diffraction data

* Higher resolution data generally yields more reliable phase estimates

Applications and Limitations

« Particularly effective for small to medium-sized molecules (up to ~1000 non-hydrogen atoms)
» Widely used in small molecule crystallography (organic compounds, coordination complexes)
« Require high-resolution data (typically better than 1.2 A) for reliable phase determination

* More automated and can solve structures quickly compared to other methods

« Struggle with structures containing heavy atoms or pseudosymmetry

» Performance depends on atomic composition and data quality

* May require additional experimental techniques for larger or more complex structures

Patterson Method for Heavy Atom Location

Fundamentals of Patterson Method

 Technique analyzes Patterson function, Fourier transform of squared structure factor amplitudes
« Patterson function P(u,v,w) represents map of interatomic vectors in crystal structure

* Calculated directly from experimental data without phase information

* Peak height in Patterson map proportional to product of atomic numbers of involved atoms

« Particularly useful for locating heavy atoms due to their dominant scattering power

* Does not require high-resolution data like direct methods
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Applications in Structure Determination

« Identifies positions of heavy atoms in structures with few heavy atoms among many light atoms
* Provides starting point for phase determination, facilitating solution of entire structure

+ Valuable in solving structures with heavy atoms (metal complexes, metalloproteins)

* Essential in isomorphous replacement experiments to locate positions of heavy atom derivatives
* Helps in solving structures where direct methods struggle (pseudosymmetry, low resolution)

« Useful in macromolecular crystallography for initial phasing of protein structures

» Enables location of anomalous scatterers in single-wavelength anomalous dispersion (SAD)
experiments

Direct Methods vs Patterson Methods

Suitability for Different Structures

+ Direct methods more suitable for structures with atoms of similar scattering power (organic molecules)

+ Patterson methods excel in structures with few heavy atoms among many light atoms (metal
complexes)

* Direct methods handle larger structures more effectively (up to ~1000 non-hydrogen atoms)
« Patterson methods become increasingly complex for larger molecules (protein complexes)
« Direct methods require higher resolution data (usually better than 1.2 A)

« Patterson methods work with lower resolution data (suitable for macromolecular crystallography)

Methodological Differences

* Direct methods more automated and solve structures quickly for small molecules

« Patterson methods may require more manual interpretation of interatomic vector maps
* Direct methods sensitive to data quality and completeness

« Patterson methods less affected by data quality issues

* Direct methods use normalized structure factors (E-values) for optimal performance

« Patterson methods work directly with observed structure factor amplitudes

* Direct methods rely on statistical relationships between structure factors

« Patterson methods provide model-independent approach to locating heavy atoms

Strengths and Limitations

* Direct methods struggle with pseudosymmetry and heavy atom presence
« Patterson methods less effective for structures without significant heavy atoms

* Direct methods more dependent on atomic composition and data resolution
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« Patterson methods primarily influenced by presence and relative scattering power of heavy atoms
+ Direct methods often faster for small molecule structure determination

« Patterson methods valuable in situations where direct methods fail (low resolution, heavy atoms)
* Direct methods require more accurate and complete datasets

« Patterson methods can work with lower quality or incomplete data in some cases

8.3 Refinement techniques (least squares, maximum likelihood)
Refinement in Crystal Structure Determination

Purpose and Process of Refinement

Once you have an initial structural model from phasing, refinement is the process of iteratively adjusting
that model until it best reproduces the experimental diffraction data. The goal is to minimize the
disagreement between what you actually measured and what your model predicts.

During refinement, the algorithm adjusts several types of parameters:
+ Atomic positions (x, y, z coordinates for each atom)

+ Atomic displacement parameters (B-factors, describing how much each atom vibrates or is
disordered)

» Occupancy factors (the fraction of unit cells where a particular atom site is actually occupied)

Each refinement cycle recalculates structure factors from the current model, compares them to the
observed data, and shifts parameters to reduce the mismatch. This repeats until changes become
negligibly small (convergence).

Constraints vs. restraints play a critical role in keeping the model chemically sensible. A constraint fixes a
parameter exactly (e.g., forcing two atoms to share the same position in a disordered site). A restraint
allows a parameter to vary but penalizes deviations from an expected value (e.g., keeping a C-C bond
length near 1.54 A). Without these, refinement can drift toward mathematically optimal but physically
meaningless solutions, especially when the data-to-parameter ratio is low.

Why Refinement Matters

Refinement is what turns a rough structural model into a publishable, trustworthy result. Specifically, it:
* Provides accurate atomic coordinates for calculating bond lengths, angles, and torsion angles
* Reveals subtle structural features like hydrogen bonding networks and ligand binding modes

* Enables meaningful comparison between related structures (e.g., wild-type vs. mutant proteins, or a
series of related small molecules)

« Validates the proposed structure by demonstrating quantitative agreement with experimental data
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Least Squares Refinement

Principles

Least squares (LS) refinement is the classical approach for small-molecule crystallography and remains
widely used. The core idea: find the set of model parameters that minimizes the sum of squared residuals
between observed and calculated data.

Because the relationship between atomic parameters and structure factor amplitudes is nonlinear, you
can't solve this in one step. Instead, the method linearizes the problem around the current parameter
values and solves iteratively. Each cycle computes a set of parameter shifts, applies them, and repeats.

Key assumptions of least squares refinement:
* Errors in the data follow a Gaussian (normal) distribution

* The current model is already reasonably close to the true structure (the linearization only works well
near the correct answer)

» Each observation can be assigned a meaningful weight based on its estimated precision

Weighted least squares is standard practice. Reflections measured with higher precision get larger
weights, so they contribute more to driving the refinement. Poorly measured reflections have less
influence.

Mathematical Framework
The objective function to minimize is:

ZW(FObS - Fcalc)2

To find the minimum, you set the partial derivative with respect to each refinable parameter Pj equal to
Z€ero;

aipjzw('cobs - Fcalc)2 =0

This produces a system of normal equations. The parameter shifts are solved as:
Ap = (ATWA)LATWAF
where:

» Fobs = observed structure factor amplitudes

¢ Fcaic = calculated structure factor amplitudes from the current model

« W = weight for each reflection (typically 1/0?)

« A = design matrix containing partial derivatives 8Fcaic/dp;

W = diagonal weight matrix

« AF = vector of differences (Fobs — Fcarc)

The matrix (ATWA) is sometimes called the normal matrix. Its inverse provides estimates of parameter
uncertainties (standard deviations on atomic coordinates, for example). This is one practical advantage of
least squares: you get error estimates directly from the refinement.

Fiveable archived study guides Page 80



Limitations

Least squares works extremely well when the model is nearly correct and the data are well-measured. It
struggles when:

* The starting model is far from the true structure (risk of converging to a false minimum)
+ Data quality is poor or resolution is low

« Error distributions are non-Gaussian (e.g., outlier reflections from ice rings or detector artifacts)

Maximum Likelihood Refinement

Principles and Advantages

Maximum likelihood (ML) refinement takes a fundamentally different statistical approach. Instead of
minimizing residuals, it asks: given my current model (including its known imperfections), what is the
probability of observing the data | actually measured? The method then adjusts parameters to maximize
that probability.

This distinction matters because ML explicitly accounts for model incompleteness. The method treats the
difference between the current model and the true structure as a source of error, estimating an overall
coordinate error parameter (0A) during refinement. This makes ML particularly powerful in several
situations:

« Early-stage refinement, when the model is still incomplete or partially wrong
 Low-resolution data, where the data-to-parameter ratio is unfavorable

* Macromolecular crystallography, where models are almost always incomplete (missing solvent,
disordered loops, unmodeled ligands)

ML refinement also handles outliers more gracefully than least squares, because it doesn't assume strictly
Gaussian errors. It converges faster and is less likely to get trapped in false minima.

Mathematical Framework
The likelihood function is the product of probabilities for all observed reflections:
L= nP(FObSIFCEICr o)

In practice, you maximize the log-likelihood (since products become sums, which are computationally
easier):

max ZIn P(Fops|Fcaic, O)

The probability distributions used depend on the reflection type:
+ Acentric reflections follow a Rice distribution
+ Centric reflections follow a modified Wilson distribution

These distributions naturally incorporate the expected error in the model, which is why ML doesn't require
the model to be nearly perfect before it works well.

ML refinement is implemented in major macromolecular programs like REFMACS5 and phenix.refine. These
programs also fold in geometric restraints as prior probability distributions (a Bayesian approach), and can
incorporate experimental phase information through multivariate likelihood functions.
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Least Squares vs. Maximum Likelihood

Feature Least Squares Maximum Likelihood

What it optimizes Minimizes squared residuals Maximizes probability of observed data
Error assumption Gaussian errors Flexible; accounts for model error
Model completeness Assumes model is nearly correct Handles incomplete models well
Typical use Small-molecule structures Macromolecular structures
Convergence Can be slow if model is poor Generally faster, more robust

Error estimates From normal matrix inversion From likelihood surface curvature

For well-determined small-molecule structures with high-resolution data, least squares and ML give
essentially identical results. The advantage of ML becomes clear with challenging data or incomplete
models.

Structure Quality Evaluation

Statistical Indicators

After refinement, you need to assess how well the model actually fits the data and whether it makes
chemical sense. Several metrics are standard:

R-factors are the most commonly reported statistics. The conventional R-work measures overall

agreement:
R = 2lIFonsl = |Feste]|
Z|Fob5|

The R-free is calculated the same way but uses a small subset of reflections (typically 5%) that were
excluded from refinement entirely. R-free detects overfitting: if R-work drops but R-free doesn't, you're
fitting noise rather than real structural features. A large gap between R-work and R-free (more than ~5%
for macromolecules) is a warning sign.

Difference Fourier maps (Fobs — Fcaic) highlight regions where the model disagrees with the data. Positive
peaks suggest unmodeled atoms (missing water, ligand, or alternate conformer). Negative peaks indicate
atoms placed where no electron density exists.

B-factor analysis flags atoms with unusually high or low displacement parameters. Very high B-factors may
indicate disorder or a misplaced atom. Abrupt jumps in B-factor along a chain suggest modeling errors.

Geometric and Conformational Validation

Beyond data-fit statistics, the model must be chemically reasonable:

» Bond lengths and angles are checked against libraries of expected values (e.g., Engh & Huber
restraint dictionaries for proteins)

» Ramachandran plots evaluate protein backbone conformations. Most residues should fall in favored
regions; outliers need careful inspection

* Real-space correlation coefficients (RSCC) measure how well each residue's model matches the local
electron density

* Non-crystallographic symmetry (NCS) consistency checks ensure that molecules related by NCS
have similar conformations where expected
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Validation Tools

Several widely used programs automate structure validation:
» MolProbity performs comprehensive geometric, conformational, and clash analysis
* PROCHECK assesses stereochemical quality of protein structures
* WHATCHECK provides detailed validation reports covering many structural criteria

* PDB-REDO automatically re-refines and re-validates deposited structures, often catching errors in
published models

* Electron Density Server (EDS) generates maps for deposited structures so anyone can inspect the
experimental evidence

For structures containing ligands or metal ions, specialized tools apply:
* Anomalous difference maps confirm the identity and position of metal ions and heavy atoms
* Mogul (from the CSD) validates small-molecule geometry against the Cambridge Structural Database

» Ensemble refinement models conformational heterogeneity by generating multiple structures that
collectively fit the data, providing a more honest picture of molecular flexibility
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Unit 9 — Electron and Neutron Diffraction

9.1 Principles of electron diffraction

Electron diffraction harnesses the wave-like nature of electrons to probe crystal structures. It offers higher
resolution and sensitivity to lighter elements than X-rays, thanks to shorter wavelengths and stronger
interactions with matter.

This technique exploits electrons' charged nature, allowing precise beam control through electromagnetic
lenses. It's particularly useful for studying thin films and nanostructures due to its surface sensitivity and
ability to provide detailed structural information.

Electron Diffraction Fundamentals

Wave Nature and Wavelength

« Electron diffraction based on wave-like nature of electrons described by de Broglie equation relating
electron wavelength to momentum

+ Electron wavelength typically much shorter than X-rays allowing for higher spatial resolution and
sensitivity to lighter elements

» Shorter wavelength results in larger Ewald sphere in reciprocal space compared to X-ray diffraction

« De Broglie wavelength for 100 keV electrons approximately 0.037 A

Interaction Strength and Scattering

* Electrons interact more strongly with matter compared to X-rays resulting in multiple scattering events
and dynamical diffraction effects

« Strong interaction leads to higher probability of inelastic scattering processes (plasmon excitations,
core-level ionizations)

+ Atomic scattering factor for electrons decreases more slowly with increasing scattering angle
compared to X-rays

* Allows observation of higher-order reflections
* Provides more structural information at high scattering angles
Charged Particle Nature

* Electrons are charged particles easily focused and manipulated using electromagnetic lenses

» Enables various diffraction techniques and imaging modes (selected area diffraction, convergent
beam electron diffraction)

« Allows for precise control of beam characteristics (energy, convergence angle, spot size)

Electron-Crystal Interactions

Electrostatic Potential Interaction

* Electrons primarily interact with electrostatic potential of atoms in crystal lattice
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« Differs from X-ray diffraction where interaction occurs with electron clouds

« Strong Coulombic interaction between electrons and atomic nuclei leads to higher probability of
multiple scattering events

» Complicates interpretation of diffraction intensities due to dynamical effects

Inelastic Scattering Processes

* Inelastic scattering contributes to background in electron diffraction patterns

* Provides additional information about sample composition and electronic structure
» Examples of inelastic processes include:

* Plasmon excitations (collective oscillations of valence electrons)

+ Core-level ionizations (used in electron energy loss spectroscopy)

+ Energy filtered diffraction techniques can separate elastic and inelastic contributions

Surface Sensitivity and Penetration Depth

* Penetration depth of electrons in crystalline materials typically much smaller than X-rays

» Makes electron diffraction more surface-sensitive and suitable for studying thin films and
nanostructures

* Penetration depth depends on accelerating voltage and sample composition

* Typical range: 10-100 nm for 100-300 keV electrons in most materials

Dynamical Diffraction Effects

+ Arise from strong interaction between electrons and crystal lattice

* Provide information about crystal orientation and perfection

» Examples of dynamical effects include:

* Kikuchi lines (formed by inelastically scattered electrons)

» Channeling (enhanced transmission along specific crystallographic directions)

» Dynamical effects can be used for precise crystal orientation determination

Electron Diffraction Setup

Electron Source and Beam Formation

* Electron source typically thermionic or field emission gun

* Produces coherent beam of electrons with controlled energy and wavelength
» Condenser lens system focuses and collimates electron beam

« Controls beam intensity and convergence angle

* Allows for formation of parallel or convergent beam for different diffraction techniques
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Sample Manipulation and Imaging System

» Sample holder maintains specimen in correct orientation
+ Allows for precise manipulation of sample position and tilt
+ Objective lens forms initial magnified image of specimen and diffraction pattern in back focal plane

* Intermediate and projector lenses further magnify and project diffraction pattern onto viewing screen
or detector

Beam Control and Detection

* Apertures select specific regions of sample or diffraction pattern for analysis
« Control angular range of scattered electrons

* Examples: selected area aperture, objective aperture

+ Detector system captures diffraction pattern

* Options include fluorescent screen, CCD camera, or direct electron detector

* Modern detectors allow for high dynamic range and fast acquisition rates

Interpreting Diffraction Patterns

Reciprocal Space Analysis

» Geometry of diffraction spots corresponds to reciprocal lattice of crystal
+ Allows determination of lattice parameters and crystal symmetry
* Spot spacing inversely proportional to real space lattice dimensions

* Pattern symmetry reflects point group symmetry of crystal

Intensity Analysis and Structure Determination

* Intensity variations among diffraction spots provide information about atomic structure factor
* Used to refine atomic positions within unit cell

* Presence of forbidden reflections or systematic absences indicate specific space group symmetries or
structural motifs

* Intensity analysis complicated by dynamical effects in thick samples

Advanced Diffraction Techniques

* Higher-order Laue zone (HOLZ) reflections provide precise information about lattice parameters and
strain

» Convergent beam electron diffraction (CBED) patterns contain additional information about:
* Crystal thickness

« Space group symmetry
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* Local atomic arrangements
* Precession electron diffraction techniques obtain more kinematical diffraction data
+ Simplifies structure solution and refinement processes

* Reduces dynamical effects by averaging over rocking curve

9.2 Neutron diffraction and its advantages

Neutron diffraction is a powerful technique for probing atomic and magnetic structures. It uses neutrons'
unique properties to provide insights that X-rays and electrons can't. This method is especially useful for
studying light elements and magnetic materials.

Neutrons interact with atomic nuclei, penetrate deeply into materials, and have wavelengths ideal for
crystal structures. They can detect light elements among heavier ones and cause minimal sample damage.
These features make neutron diffraction invaluable in materials science and crystallography.

Neutron Diffraction Principles

Wave-Particle Duality and Scattering

* Neutron diffraction utilizes neutrons to probe atomic and magnetic structures of materials based on
wave-particle duality

* Neutrons interact primarily with atomic nuclei providing complementary structural information to X-rays
(interact with electron clouds)

« Scattering follows Bragg's law with different scattering factors due to neutron-nucleus interactions
« Scattering intensity does not decrease with increasing angle allowing higher resolution data collection
* Distinguishes between isotopes of the same element unlike X-ray or electron diffraction

» Neutrons possess magnetic moment enabling study of magnetic structures and spin arrangements

Comparison to Other Techniques

* Penetrates deeply into materials without strong Coulomb interactions due to neutral charge

« Wavelength of thermal neutrons (0.5 to 3 A) comparable to interatomic distances ideal for crystal
structures

+ Scattering cross-section varies irregularly with atomic number detecting light elements among heavier
ones

* Non-destructive causing minimal radiation damage compared to X-rays or electrons

 Energy of thermal neutrons comparable to many excitations in condensed matter studying lattice
dynamics

Properties of Neutrons for Diffraction

Neutron Characteristics

* No electrical charge allowing deep material penetration without Coulomb interactions

« Wavelength of thermal neutrons (0.5 to 3 A) comparable to interatomic distances
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* Possess magnetic moment for investigating magnetic structures and spin dynamics
« Scattering cross-section varies irregularly with atomic number
» Non-destructive probes causing minimal radiation damage to samples

 Energy of thermal neutrons comparable to many excitations in condensed matter

Applications in Material Science

« Study crystal structures due to wavelength similarity to interatomic distances

* Investigate magnetic structures and spin dynamics utilizing neutron magnetic moment
+ Detect light elements (hydrogen, lithium) among heavier ones

» Examine lattice dynamics and low-energy phenomena

» Conduct in-situ studies under extreme conditions (high pressure, high/low temperature)

Advantages of Neutron Diffraction

Light Element Detection
+ High sensitivity to light elements (hydrogen, lithium) even among heavier elements
* Accurate determination of atomic positions and thermal vibrations of light atoms
* Distinguishes between elements with similar atomic numbers (challenging with X-rays)

» Enables isotope labeling to highlight specific atoms or molecules in complex systems

Magnetic Structure Analysis

« Direct observation of magnetic structures and spin arrangements
* Probes bulk samples providing information about entire volume unlike electron diffraction
* Allows in-situ studies under extreme conditions due to high neutron penetration depth

* Enhances structural analysis capabilities through isotope labeling techniques

Instrumentation for Neutron Diffraction

Neutron Generation and Moderation

+ Neutron sources nuclear reactors (continuous) or spallation sources (pulsed) generate neutron beams
» Neutron moderators (water, liquid hydrogen) slow down fast neutrons to thermal or cold energies
» Monochromators (single crystals, mechanical choppers) select specific neutron wavelength or energy

* Neutron guides (specialized mirrors, tubes) transport neutrons from source to sample minimizing
losses

Experimental Setup and Detection

» Sample environment equipment controls temperature, pressure, or magnetic fields
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* Position-sensitive detectors (3He tubes, scintillation detectors) measure scattered neutron intensity
and distribution

+ Data acquisition systems collect, process, and analyze diffraction data

 Extensive radiation shielding protects personnel and reduces background noise in measurements

9.3 Comparison of X-ray, electron, and neutron diffraction techniques

X-ray, electron, and neutron diffraction techniques offer unique insights into crystal structures. Each
method has distinct advantages: X-rays excel at heavy elements, electrons provide high resolution for
nanostructures, and neutrons are great for light elements and magnetic materials.

Choosing the right technique depends on your sample and research goals. Combining methods can give a
more complete picture, from atomic positions to bulk properties. Understanding the strengths of each
approach helps scientists pick the best tool for their crystallography needs.

Diffraction Techniques: X-ray vs Electron vs Neutron

Fundamental Principles and Instrumentation

« X-ray diffraction employs electromagnetic radiation with wavelengths comparable to interatomic
distances

* Generated by X-ray tubes or synchrotron sources

« Wavelength range typically 0.1 to 100 A

« Electron diffraction uses high-energy electrons accelerated in an electron microscope
« Wavelengths much shorter than X-rays (0.01 to 0.1 A)

* Allows study of very small crystalline samples (nanocrystals)

* Neutron diffraction utilizes thermal or cold neutrons

* Produced by nuclear reactors or spallation sources

« Wavelengths similar to X-rays (0.5 to 20 A)

« X-ray diffraction primarily interacts with electron clouds in atoms

+ Neutron diffraction interacts with atomic nuclei

* Provides complementary information on crystal structures

« Electron diffraction demonstrates stronger interaction with matter compared to X-rays and neutrons

« Suitable for studying thin films, nanocrystals, and surface structures

Instrumentation and Facilities

« X-ray diffraction instrumentation includes:
» X-ray sources (sealed tubes, rotating anodes)
* Monochromators

» Goniometers
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* Detectors (scintillation counters, area detectors)

« Electron diffraction requires electron microscopes with specialized diffraction attachments

* Transmission electron microscopes (TEM)

» Scanning electron microscopes (SEM) with electron backscatter diffraction (EBSD) capability
* Neutron diffraction facilities are large-scale installations

» Complex shielding requirements due to radiation safety concerns

» Examples include ISIS (UK), ILL (France), and ORNL (USA)

Applications and Scattering Properties

« X-ray diffraction excels in determining atomic positions of heavy elements
 Widely used for overall crystal structure determination

* Applications in pharmaceuticals, materials science, and mineralogy

» Electron diffraction provides high spatial resolution

* Particularly useful for studying nanomaterials and thin films

* Applications in semiconductor industry and nanotechnology

+ Neutron diffraction superior for:

* Locating light elements (hydrogen)

* Distinguishing isotopes

« Studying magnetic structures

* Applications in battery research, hydrogen storage materials, and magnetic materials

Strengths and Limitations of Diffraction Techniques

Advantages and Disadvantages of X-ray Diffraction

* Excels in determining atomic positions of heavy elements

» Widely accessible and can be performed in laboratory settings

« Limitations in distinguishing light elements and neighboring elements in the periodic table
+ Challenges with highly absorbing or fluorescent materials

* Provides good resolution for overall crystal structures

* Limited penetration depth in some materials

Electron Diffraction Characteristics

* Provides high spatial resolution down to atomic scale
« Useful for studying nanomaterials and thin films

« Suffers from multiple scattering effects
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» Complicates quantitative analysis

* Limited penetration depth

* Primarily surface-sensitive technique

+ Can provide both structural and chemical information

* When combined with spectroscopic techniques (EELS, EDS)
* Requires very small sample volumes

» Advantageous for limited or precious samples

Neutron Diffraction Features

« Superior for locating light elements (hydrogen, lithium)

» Capabile of distinguishing isotopes

« Useful in studying isotope effects in materials

* Excellent for studying magnetic structures

* Spin-dependent scattering

* Requires large sample volumes compared to X-ray and electron diffraction
* Lower resolution compared to X-ray and electron diffraction

* Non-destructive and can penetrate deeply into materials

« Suitable for studying bulk properties

* Enables in-situ experiments (high pressure, high temperature)

Choosing the Right Diffraction Technique

Material Composition Considerations

* Consider elemental composition of the material

» X-rays more suitable for heavy elements (iron, gold)

» Neutrons better for light elements (hydrogen, lithium) and isotope differentiation
+ Evaluate sample size and availability

« Electron diffraction requires very small samples (nanograms)

« X-ray diffraction works with moderate amounts (milligrams)

* Neutron diffraction typically needs larger volumes (grams)

* Assess need for spatial resolution

« Electron diffraction offers highest resolution for nanostructures (angstrom scale)
« X-ray diffraction provides good resolution for bulk crystals (nanometer scale)

+ Neutron diffraction has lower spatial resolution but probes bulk properties
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Specific Structural Information Needs

* Determine if magnetic structure information required

+ Neutron diffraction primary choice for magnetic materials (ferromagnets, antiferromagnets)
* Consider time resolution needed for dynamic studies

» Synchrotron X-ray sources provide high temporal resolution (picoseconds)

* Pulsed neutron sources offer good time resolution (microseconds)

+ Evaluate need for bulk vs. surface structural information

» X-rays and neutrons probe bulk properties

* Electrons more surface-sensitive (nanometers depth)

* Assess requirement for in-situ or operando studies

* Neutron diffraction advantageous due to penetrating power

* Allows studies under extreme conditions (high pressure, high temperature)

Analyzing Complementary Diffraction Data

Combining X-ray and Neutron Diffraction

* Integrate X-ray and neutron diffraction data to accurately determine both heavy and light atom
positions

 X-rays locate heavy atoms (metal centers)

* Neutrons pinpoint light atoms (hydrogen bonding networks)

» Combine X-ray and neutron powder diffraction results

* Resolve structural ambiguities

* Improve overall structural model accuracy

» Use X-ray and neutron pair distribution function (PDF) analysis together
* Probe short-range and long-range order

* Applicable to both crystalline and amorphous materials

Integrating Electron Diffraction with Other Techniques

« Utilize electron diffraction to supplement X-ray or neutron data

* Provide high-resolution information on local structure and defects

* Correlate single-crystal X-ray diffraction with electron diffraction tomography
* Bridge gap between atomic and nanoscale structural features

» Combine electron diffraction with spectroscopic methods

* Electron energy loss spectroscopy (EELS) for elemental mapping
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 Energy-dispersive X-ray spectroscopy (EDS) for chemical composition

Multi-technique Approach for Comprehensive Analysis

» Combine neutron diffraction data with X-ray or electron diffraction
+ Simultaneously analyze nuclear and magnetic structures

* Integrate information from multiple diffraction techniques

+ Validate and refine structural models

* Ensure consistency across different length scales

* Provide comprehensive view from atomic to bulk properties

» Use complementary techniques to overcome individual limitations
« X-ray diffraction for overall structure

* Neutron diffraction for light elements and magnetism

« Electron diffraction for local structure and nanofeatures
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Unit 10 — Defects and Disorder in Crystals

10.1 Point defects (vacancies, interstitials, substitutional)

Point defects are tiny imperfections in crystal structures that can have big impacts. These include
vacancies (missing atoms), interstitials (extra atoms between lattice sites), and substitutional defects
(different atoms replacing regular ones).

These defects mess with the perfect order of crystals, changing their properties. They affect things like
strength, electrical behavior, and how easily atoms move around. Understanding point defects is key to

tweaking materials for specific uses.

Point Defects in Crystals

Types of Point Defects
* Point defects disrupt periodic atom arrangement in crystal structures at single lattice points
* Vacancies create empty spaces where atoms are missing from regular lattice sites
* Interstitial defects occur when extra atoms occupy spaces between regular lattice sites
« Substitutional defects arise when different element atoms replace host atoms at regular lattice sites
+ Defect atom size and charge relative to host atoms influence defect type and stability
« Intrinsic defects occur in pure materials while extrinsic defects involve foreign atoms or impurities

* Point defect concentration and distribution impact crystal's physical, chemical, and electrical
properties

Characteristics of Specific Defects
+ Schottky defects form paired cation and anion vacancies in ionic crystals (sodium chloride)
* Frenkel defects occur when atoms move from lattice sites to interstitial positions (silver chloride)
+ Vacancy diffusion mechanism involves atoms moving into neighboring vacant lattice sites
* Interstitial diffusion occurs when small atoms move between lattice sites (carbon in iron)

« Substitutional defects can create donor or acceptor states in semiconductors (phosphorus in silicon)

Effects of Point Defects

Structural and Mechanical Effects
* Point defects introduce local lattice distortions affecting atomic packing density and structural stability
+ Vacancies and interstitials alter mechanical properties by influencing dislocation movement
* Increased hardness due to dislocation pinning
» Enhanced ductility through vacancy-assisted dislocation climb
* Defects act as stress concentration points potentially initiating crack formation
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* Point defects can contribute to solid solution strengthening in alloys (copper in gold)

Electronic and Optical Effects

+ Point defects modify electronic band structure of semiconductors affecting electrical conductivity

« Substitutional defects introduce new energy levels within band gap creating donor or acceptor states
* N-type doping with phosphorus in silicon

* P-type doping with boron in silicon

+ Defects act as scattering centers for electrons and phonons impacting thermal and electrical
conductivity

* Optical properties like color and luminescence altered by specific point defects
* F-centers in alkali halides causing coloration

« Activator ions in phosphors enabling luminescence (europium in yttrium oxide)

Chemical Reactivity and Mass Transport

* Point defects enhance chemical reactivity by serving as active sites for catalysis
* Defects provide pathways for enhanced diffusion and mass transport

+ Vacancy-assisted diffusion in metals (self-diffusion in copper)

* Interstitial diffusion of small atoms (hydrogen in palladium)

« Surface defects can act as nucleation sites for chemical reactions or phase transformations

Formation and Equilibrium of Point Defects

Defect Formation Mechanisms

* Thermal activation enables atoms to overcome energy barrier for defect formation

+ Schottky defects maintain charge neutrality in ionic crystals through paired vacancies

* Frenkel defects create vacancy-interstitial pairs when atoms move to interstitial positions
+ External factors influence defect formation

» Radiation damage creating vacancy-interstitial pairs

» Mechanical stress inducing dislocation formation and point defect generation

» Chemical environment affecting surface defect concentrations

Equilibrium Concentrations and Energetics

* Equilibrium defect concentration depends on temperature described by Arrhenius equation
n = Nexp(—E¢/kT) Where n is defect concentration, N is number of lattice sites, E_f is formation
energy, k is Boltzmann constant, and T is temperature

« Entropy considerations partially offset energy cost of creating defects

+ Defect formation energy varies with crystal structure and bonding type
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* Lower formation energies in metals (0.5-1 eV)

+ Higher formation energies in ceramics (2-5 eV)

« Stoichiometry deviation in compound semiconductors affects native point defect formation
* Gallium vacancies in gallium-deficient gallium arsenide

* Arsenic interstitials in arsenic-rich gallium arsenide

Role of Point Defects in Diffusion and Conductivity

Diffusion Mechanisms
+ Vacancies and interstitials enable atomic diffusion through vacancy and interstitial mechanisms

« Activation energy for diffusion relates to defect formation and migration energies
D = Doexp(—Q/RT) Where D is diffusion coefficient, D_0 is pre-exponential factor, Q is activation
energy, R is gas constant, and T is temperature

« Kirkendall effect demonstrates vacancy-mediated diffusion in binary systems (copper-zinc diffusion
couple)

« Interstitial diffusion typically faster than substitutional diffusion (carbon in iron vs. nickel in copper)

lonic Conductivity
* Point defects mediate ionic conductivity through defect movement in crystal structure

« Defect concentration and mobility directly influence diffusion coefficient and ionic conductivity
0 = NgH Where g is ionic conductivity, n is charge carrier concentration, g is charge, and p is mobility

 Schottky and Frenkel defects crucial for ion transport in ionic crystals

+ Sodium ion conduction in sodium chloride via cation vacancies

« Silver ion conduction in silver iodide via interstitial silver ions

* Aliovalent substitutional defects create charge compensating vacancies or interstitials
* Yttrium doping in zirconia creating oxygen vacancies for oxygen ion conduction

« Controlling point defect concentrations essential for tailoring ionic conductivity

+ Optimizing lithium ion conductivity in solid electrolytes for batteries

» Enhancing oxygen ion transport in solid oxide fuel cell electrolytes

10.2 Line defects (dislocations) and planar defects (stacking faults, grain
boundaries)

Crystals aren't perfect. They've got flaws running through them like lines and planes. These defects, called
dislocations and planar defects, mess with how crystals behave. They're the reason metals can bend
without breaking and why some materials are stronger than others.

Think of dislocations as tiny mistakes in how atoms stack up. Planar defects are like flat errors, messing up
whole layers of atoms. These flaws might seem bad, but they're actually super important. They're why we
can shape metals and make strong alloys for everything from cars to smartphones.
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Line defects in crystals

Structure and types of dislocations

* Line defects extend along a line in the crystal structure as one-dimensional imperfections
+ Edge dislocations insert an extra half-plane of atoms into the crystal lattice causing localized distortion

+ Screw dislocations create a helical path of atoms around the dislocation line resembling a spiral
staircase

« Burgers vector quantifies lattice distortion associated with a dislocation defining its magnitude and
direction

» Mixed dislocations combine edge and screw characteristics with the dislocation line neither
perpendicular nor parallel to the Burgers vector

* Dislocation density measures the extent of line defects present in a crystalline material (length per unit
volume)

Dislocation formation and motion

* Dislocations form during crystal growth, plastic deformation, or thermal stresses

* Dislocation motion occurs through glide (conservative motion) and climb (non-conservative motion)
« Critical resolved shear stress initiates dislocation motion on a specific slip system

* Dislocation interactions contribute to work hardening in metals

* Pile-ups occur when dislocations accumulate at obstacles

* Entanglements form when dislocations intersect and become immobilized

+ Frank-Read sources multiply dislocations during plastic deformation

* Increase dislocation density

* Involve bowing and pinning of existing dislocations

Dislocations and mechanical properties

Influence on material strength

« Dislocations significantly impact yield strength, ductility, and fracture toughness
* Grain boundaries obstruct dislocation motion

+ Contribute to grain boundary strengthening (Hall-Petch effect)

* Finer grain sizes generally lead to higher strength

* Precipitates impede dislocation movement

+ Enable precipitation hardening in alloys (age hardening)

* Examples include aluminum alloys used in aerospace applications
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Dislocation-based strengthening mechanisms

» Work hardening increases material strength through dislocation multiplication and interactions
« Commonly observed in cold-worked metals (copper wiring)

* Solid solution strengthening introduces solute atoms to impede dislocation motion

* Interstitial solutes (carbon in steel)

« Substitutional solutes (nickel in copper alloys)

+ Dispersion strengthening utilizes fine particles to obstruct dislocations

» Oxide-dispersion strengthened (ODS) alloys for high-temperature applications

Planar defects in crystals

Stacking faults
« Stacking faults disrupt the normal stacking sequence of atomic planes in close-packed structures
« Intrinsic stacking faults remove a plane of atoms from the normal sequence
« Extrinsic stacking faults insert an extra plane into the normal stacking sequence
« Stacking fault energy influences cross-slip and work hardening behavior in metals
* Low stacking fault energy materials (austenitic stainless steel) exhibit planar slip

* High stacking fault energy materials (aluminum) show wavy slip

Grain boundaries and interfaces

« Grain boundaries separate crystals of the same phase with different crystallographic orientations

» Low-angle grain boundaries have misorientation angles less than 10-15° and consist of dislocation
arrays

+ High-angle grain boundaries possess larger misorientation angles and more complex atomic
structures

» Twin boundaries exhibit specific symmetry relationships between adjoining crystals
* Annealing twins in face-centered cubic (FCC) metals

 Deformation twins in hexagonal close-packed (HCP) metals

+ Coincidence site lattice (CSL) model classifies grain boundary structures

+ 23 boundaries in FCC metals (coherent twin boundaries)

+ 25 boundaries in body-centered cubic (BCC) metals

Effects of planar defects on properties

Influence on physical and chemical properties

« Stacking faults alter the electronic band structure of semiconductors
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« Affect optical properties (light emission in LEDs)

 Impact electrical conductivity in silicon-based devices

* Grain boundaries serve as preferential sites for new phase nucleation during transformations
* Facilitate precipitation in alloys (strengthening precipitates in aluminum alloys)

» Enable solid-state phase changes (austenite to ferrite transformation in steels)

* Planar defects act as short-circuit diffusion paths

* Accelerate oxidation in high-temperature alloys

» Enhance corrosion susceptibility along grain boundaries (intergranular corrosion)

* Contribute to creep deformation in metals at elevated temperatures

Impact on mechanical behavior

+ Grain boundaries strengthen materials through the Hall-Petch relationship

* Finer grain sizes increase yield strength

» Nanocrystalline materials exhibit ultra-high strength

* Grain boundary engineering optimizes boundary distributions to enhance properties
 Improve creep resistance in nickel-based superalloys

» Enhance fracture toughness in ceramics

* Planar defects influence recrystallization kinetics and grain growth

« Affect texture development during thermomechanical processing

« Control final grain size and distribution in heat-treated materials

+ Stacking faults impact deformation behavior

» Twinning-induced plasticity (TWIP) steels utilize deformation twinning for enhanced ductility

» Shape memory alloys rely on twinning for their unique properties (nitinol in medical devices)

10.3 Disorder in crystals (thermal vibrations, occupational disorder)

Thermal vibrations in crystals

Crystals are never truly static. Even in a "perfect" crystal, atoms constantly oscillate around their
equilibrium positions because of thermal energy. These vibrations have real consequences: they blur
diffraction data, drive thermal expansion, and influence mechanical and electrical properties.
Understanding them is central to interpreting crystallographic results accurately.

Atomic oscillations and displacement

Every atom in a crystal lattice vibrates around its ideal position. The amplitude of these vibrations
increases with temperature and decreases with stronger bonding and heavier atomic mass. Over time,
each atom occupies a smeared-out cloud of positions rather than a single point, which is why
crystallographic models report a mean square displacement rather than a fixed coordinate.
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This smearing directly affects diffraction experiments. The Debye-Waller factor quantifies how much
thermal motion reduces the intensity of scattered X-rays or neutrons:

[=lge M

Here, /o is the intensity you'd measure from perfectly stationary atoms, and M is the Debye-Waller factor
(which itself depends on the mean square displacement and the scattering vector). As temperature rises,
M increases and measured Bragg peak intensities drop.

On a macroscopic level, thermal vibrations increase the apparent size of atoms and drive thermal
expansion of the lattice. For example, copper expands by about 1.7% in volume when heated from 0°C to
100°C.

Effects on diffraction and crystal properties
Thermal vibrations show up in diffraction data in two main ways:

* Reduced Bragg peak intensities, especially at high scattering angles where the Debye-Waller factor
has the largest effect

* Increased diffuse scattering between Bragg peaks, caused by correlated and uncorrelated atomic
displacements

Beyond diffraction, vibrations affect bulk properties:

» Thermal conductivity generally decreases at higher temperatures because increased phonon-phonon
scattering shortens the mean free path of heat-carrying phonons.

« Electrical resistivity in metals rises with temperature as lattice vibrations scatter conduction electrons
more frequently.

« Elastic constants soften with heating. The Young's modulus of most metals drops measurably as
temperature increases, meaning the material becomes easier to deform.

Temperature dependence of vibrations

Vibration amplitude and quantum effects

At high temperatures (above the Debye temperature, €p), vibration amplitude increases roughly linearly
with temperature, and classical statistical mechanics describes the lattice well. The Debye temperature
marks the crossover between classical and quantum regimes. It varies by material: for aluminum,

6p = 428K; for diamond, it's around 2230 K.

Below Op, quantum effects dominate. Vibrations are quantized into phonons, and not all vibrational modes
are thermally accessible. A key consequence is zero-point motion: even at absolute zero, atoms still
vibrate with a minimum energy of

E=1hv

per mode, where h is Planck's constant and V is the mode frequency. This means no crystal is ever
perfectly "still."

Impact on material properties

* Thermal expansion arises because real interatomic potentials are anharmonic (asymmetric). Atoms
vibrating in an anharmonic well shift their average position outward as amplitude grows. The linear
thermal expansion coefficient for steel is roughly 11-13 x 10~¢°C~!.
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» Debye-Waller factor grows with temperature, so Bragg peak intensities systematically decrease on
heating. Crystallographers must account for this during structure refinement.

* Phase transitions can be triggered when vibrations become large enough to destabilize a structure.
The @-B transition in quartz at 573°C, for instance, involves a cooperative change in Si-O-Si bond
angles driven partly by increasing thermal motion.

+ Heat capacity reflects how vibrational energy is stored. At high temperatures, heat capacity
approaches the Dulong-Petit limit of 3R per mole of atoms (about 25 J/mol-K), where all vibrational
modes are fully excited. At low temperatures, heat capacity drops sharply as quantum effects freeze out
higher-energy modes.

Occupational disorder in crystals

Occupational disorder is a fundamentally different kind of imperfection from thermal vibrations. Instead of
atoms moving around their correct positions, occupational disorder means different atomic species (or
vacancies) are randomly distributed over crystallographically equivalent sites. The long-range periodicity of
the lattice is preserved, but which atom sits at a given site varies from unit cell to unit cell.

Where occupational disorder occurs

Solid solutions are the most common example. In the mineral olivine, (Mg, F€)25/04, magnesium and
iron randomly share the same metal sites. Any given site might hold Mg or Fe, with probabilities set by the
overall composition. The crystal structure is the same either way; only the site occupancy changes.

Other important cases:

* Intermetallic alloys: In brass (Cu-Zn), copper and zinc atoms share lattice sites at high temperatures.
Cu-Au alloys similarly become disordered above their order-disorder transition temperature.

« Ceramic electrolytes: In yttria-stabilized zirconia (YSZ), Y3+ substitutes for Zr% * on cation sites, and
charge-compensating oxygen vacancies are distributed randomly across anion sites.

+ Nonstoichiometric compounds: Transition metal oxides like WO3 - x have oxygen vacancies randomly
distributed over oxygen sites.

Types of occupational disorder

« Substitutional disorder: Different atomic species occupy the same type of lattice site. This is the
classic case in alloys and mineral solid solutions.

+ Vacancy disorder: Some sites are randomly unoccupied, as in the oxygen sublattice of YSZ or in
nonstoichiometric oxides.

* Interstitial disorder: Atoms occupy sites that are normally empty in the ideal structure. Carbon atoms in
austenitic steel, for example, sit in octahedral interstitial sites within the FCC iron lattice.

* Orientational disorder: In molecular crystals, the molecule's position is fixed but its orientation varies
randomly from site to site. Plastic crystals like cyclohexane near room temperature are a classic
example: the molecules tumble freely on their lattice sites.
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Effects of occupational disorder

Structural and physical property changes

Because each site has a different local atomic environment, occupational disorder introduces local
variations in bonding. These local differences average out over the whole crystal but have measurable
effects:

* Melting points tend to decrease. Disordered Cu-Au alloys melt at lower temperatures than their
ordered counterparts because the mixed bonding environments weaken the average cohesive energy.

» Thermal conductivity is reduced by the mass and force-constant disorder that scatters phonons.

+ Electronic properties change significantly. In semiconductors, disorder can create localized energy
states within the band gap, affecting conductivity and optical absorption.

« lonic conductivity can be dramatically enhanced. YSZ is used as a solid electrolyte in fuel cells
precisely because the oxygen vacancies introduced by yttria doping allow rapid oxygen ion transport
through the lattice.

Mechanical and chemical impacts

* Solid solution strengthening is one of the most practically important effects. Atoms of different sizes on
the same lattice sites create local strain fields that impede dislocation motion, making the alloy harder
and stronger than either pure component.

» Chemical reactivity and catalytic behavior change because disorder creates sites with unusual
coordination or bonding. Defect sites in zeolites, for instance, serve as active catalytic centers with
enhanced reactivity compared to the perfect framework.

Effects on diffraction

Occupational disorder complicates crystallographic analysis in specific ways:

* Bragg peak intensities change because the average scattering factor at each site is now a weighted
average of the occupying species.

« Diffuse scattering appears between Bragg peaks if the disorder has any short-range correlations (e.g.,
unlike neighbors preferred over like neighbors).

« Structure refinement becomes harder because you need to refine site occupancy factors alongside
positions and displacement parameters. Distinguishing between partial occupancy and high thermal
motion requires careful analysis, often combining X-ray and neutron data.

Phase stability

Occupational disorder influences which phases are stable at a given temperature. Entropy favors disorder,
so many ordered phases become disordered on heating (like Cu-Au alloys above ~390°C). Conversely,
cooling can drive ordering transitions. In shape memory alloys like NiTi, the interplay between ordered and
disordered phases underlies the martensitic transformations responsible for the shape memory effect.
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Unit 11 — Crystallography in Materials
Science

11.1 Structure-property relationships in materials

Crystal structures shape material properties. Atomic arrangements determine density, strength, and
conductivity. Understanding these relationships helps engineers design materials with specific qualities.

Defects in crystal lattices also impact material behavior. Point defects affect diffusion, while dislocations
influence strength. Manipulating defects through processing allows fine-tuning of material properties for
various applications.

Crystal Structure and Material Properties

Atomic Arrangement and Physical Properties

* Crystal structure defines three-dimensional arrangement of atoms, ions, or molecules in crystalline
materials directly impacting physical and chemical properties

« Crystal structure type (cubic, hexagonal, tetragonal) determines atomic packing efficiency affecting:
* Density

* Melting point

* Mechanical strength

* Interatomic spacing and coordination number in crystal structures influence:

* Bonding strength

* Thermal expansion

* Electrical conductivity

» Chemical reactivity

* Polymorphism allows materials to exist in multiple crystal structures leading to property variations
between forms of the same substance (graphite vs diamond)

Crystallographic Planes and Material Behavior
* Presence and distribution of crystallographic planes within structure affect:
* Cleavage patterns
« Slip systems for plastic deformation
« Surface reactivity for catalysis and adsorption
* Crystal structure determines electronic band structure influencing:
* Electrical properties (conductors, semiconductors, insulators)

+ Optical properties (transparency, color, refractive index)
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* Anisotropic properties arise from directional nature of crystal structures:
» Mechanical strength variations along different crystal axes

» Thermal conductivity differences in different crystallographic directions
Lattice Defects and Material Properties

Point and Line Defects

« Lattice defects categorized as point defects, line defects, planar defects, and volume defects
* Point defects (vacancies, interstitials, substitutional atoms) affect:

« Diffusion rates in solids

* Electrical conductivity in semiconductors

* Optical properties (color centers in gemstones)

* Dislocations (line defects) crucial for:

* Plastic deformation behavior

* Yield strength and work hardening

* Creep resistance at high temperatures

» Concentration and distribution of lattice defects manipulated through:
* Heat treatment processes (annealing, quenching)

» Mechanical working (cold rolling, forging)

* Irradiation (neutron bombardment in nuclear materials)

Planar and Volume Defects

* Grain boundaries (planar defects) influence:

» Mechanical strength (Hall-Petch strengthening)

« Corrosion resistance (intergranular corrosion)

* Electrical properties (grain boundary scattering)

« Stacking faults and twin boundaries impact:

» Mechanical properties in close-packed structures (FCC metals)
» Magnetic domain wall motion in ferromagnetic materials

* Volume defects (voids, inclusions) affect:

* Fracture toughness

« Fatigue life

» Radiation resistance in nuclear materials
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Crystal Symmetry and Anisotropy

Symmetry Elements and Material Properties

* Crystal symmetry describes repeating patterns of atomic arrangements using:

« 32 crystallographic point groups

» 230 space groups

* Anisotropy varies material properties with direction resulting from crystal symmetry elements
* Degree of anisotropy in physical properties correlates with symmetry level:

+ Elastic modulus variations in different crystallographic directions

» Thermal expansion coefficients in anisotropic materials (graphite)

* Refractive index changes in birefringent crystals (calcite)

* Highly symmetric structures (cubic systems) exhibit more isotropic behavior

» Lower symmetry structures show pronounced anisotropy (hexagonal, monoclinic)

Applications of Crystal Symmetry
* Crystal symmetry influences directionality of:
* Cleavage planes in minerals (mica, calcite)
« Slip systems for plastic deformation in metals
 Growth rates during crystal formation and processing
 Understanding crystal symmetry and anisotropy crucial for:
* Designing optical components (polarizers, wave plates)
+ Optimizing electronic materials (piezoelectric crystals)

« Developing structural components with directional properties (fiber-reinforced composites)

Atomic Bonding and Material Properties

Primary Bonding Types
+ Atomic bonding classified as ionic, covalent, metallic, and van der Waals bonds
* lonic bonding characterized by electrostatic attraction between oppositely charged ions results in:
* High melting points (sodium chloride)
* Brittleness
* Good electrical insulation
 Covalent bonding involving shared electrons between atoms leads to:
* High strength and hardness (diamond)

» Thermal stability (silicon carbide)
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» Semiconductor properties (silicon, germanium)

+ Metallic bonding featuring delocalized electrons contributes to:
* High electrical conductivity (copper, silver)

» Thermal conductivity (aluminum)

* Ductility and malleability (gold)

Secondary Bonding and Complex Materials

» Secondary bonding forces significantly affect properties in molecular crystals and polymers:
» Hydrogen bonding in water influencing its unique properties

* Van der Waals forces in polymer chain interactions

* Mixed bonding types in complex materials result in unique property combinations:

» Ceramic-metal composites combining hardness and toughness

* Organic-inorganic hybrid materials for advanced electronics

* Tailoring atomic bonding allows design of advanced functional materials:

» Shape memory alloys with reversible deformation (nitinol)

* High-temperature superconductors with complex crystal structures

* Multiferroic materials exhibiting coupled magnetic and electric properties

11.2 Crystallographic texture and its influence on material properties

Crystallographic texture shapes how materials behave. It's all about how tiny crystals line up in a material,
affecting its strength, conductivity, and more. This alignment isn't random - it's influenced by how the
material is made and processed.

Understanding texture helps engineers design better products. By controlling how crystals orient
themselves, we can make stronger airplane parts, more efficient electronics, and even improve how metals
bend and shape. It's a key concept in making materials work better for us.

Crystallographic Texture in Materials Science

Fundamentals of Crystallographic Texture

+ Crystallographic texture describes preferred orientation of crystallites in polycrystalline materials
where grains align in specific crystallographic directions

+ Quantified by orientation distribution function (ODF) showing probability of finding grains with
particular orientations

* Leads to anisotropic material properties varying response to external stimuli depending on application
direction

* Influences mechanical, electrical, magnetic, and thermal properties affecting material performance in
various applications (structural components, electronic devices)

* Crucial for optimizing material properties in engineering applications
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 Improves strength in structural materials (aircraft components)

» Enhances conductivity in electronic components (copper wiring)

Significance in Materials Science

+ Enables tailoring of material properties for specific applications

* Increases formability in sheet metals for automotive industry

» Optimizes magnetic properties in electrical steels for transformer cores
« Affects material processing and manufacturing techniques

* Influences deformation behavior during metal forming operations (rolling, extrusion)
* Impacts recrystallization kinetics during heat treatment

* Plays role in material failure mechanisms

« Affects crack propagation paths in fatigue loading

* Influences stress corrosion cracking susceptibility

* Critical in thin film technology and semiconductor industry

» Determines epitaxial growth quality in semiconductor devices

« Affects optical and electronic properties of thin film coatings

Measuring and Representing Texture

Texture Measurement Techniques

« X-ray diffraction (XRD) utilizes Bragg diffraction principle to determine crystallite orientations
* Provides statistical information on bulk texture

* Allows for non-destructive analysis of samples

« Electron backscatter diffraction (EBSD) offers high-resolution texture analysis
* Provides information on local texture and grain orientations

» Enables mapping of orientation gradients within individual grains

* Neutron diffraction employed for bulk texture analysis

* Useful for large samples or materials with high penetration depths

* Allows for in-situ texture measurements during deformation or heat treatment
* Transmission electron microscopy (TEM) techniques

« Kikuchi diffraction patterns for precise orientation determination

+ Useful for analyzing texture in nanoscale materials and thin films

Texture Representation Methods

* Pole figures display distribution of specific crystallographic planes in stereographic projection
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* Represent texture in two-dimensional format

« Commonly used for visualizing fiber textures and sheet textures

* Inverse pole figures show distribution of sample direction with respect to crystal coordinate system

* Useful for representing axisymmetric textures (wires, fibers)

» Complementary to pole figures for comprehensive texture analysis

+ Orientation distribution function (ODF) provides complete three-dimensional representation of texture
« Expressed in terms of Euler angles (91, ®, $2)

* Allows for quantitative comparison of textures between different samples

* Texture index serves as scalar measure of degree of preferred orientation

* Higher values indicate stronger texture (random texture = 1, perfect single crystal = infinity)

+ Useful for quick comparison of overall texture strength between samples

Texture's Impact on Material Properties

Mechanical Property Influences

* Elastic modulus and yield strength vary directionally due to texture

« Affects stiffness and strength anisotropy in structural components (aircraft wings)

* Plastic anisotropy ratio (r-value) in sheet metals directly related to crystallographic texture

* Influences formability in manufacturing processes (automotive body panels)

* Texture impacts fracture toughness and fatigue resistance

« Affects crack propagation paths and fatigue life in cyclically loaded components (turbine blades)
* Creep resistance influenced by texture

+ Grain boundary sliding and dislocation motion affected by crystallographic orientations

Electrical and Magnetic Property Effects
* Texture affects conductivity and resistivity of electrical materials
« Certain orientations promote or hinder electron flow (copper interconnects in microelectronics)
» Magnetization behavior of ferromagnetic materials strongly influenced by texture
+ Affects magnetic permeability and coercivity (electrical steels in transformer cores)
* Piezoelectric response in materials determined by texture

* Magnitude and direction of piezoelectric effect crucial for sensor and actuator applications (ultrasound
transducers)

Thermal and Optical Property Impacts

» Thermal expansion coefficients vary with crystallographic direction
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* Leads to anisotropic thermal behavior in textured materials (thermal barrier coatings)
* Texture influences thermal conductivity

« Affects heat dissipation in electronic components (heat sinks)

* Optical properties affected by texture in transparent materials

« Birefringence in textured polymers and ceramics (optical filters)

Mechanisms of Texture Development

Deformation-Induced Texture

* Rolling, extrusion, and drawing induce texture through grain rotation

» Accommodates applied stresses during plastic deformation

* Results in characteristic textures (copper-type, brass-type in FCC metals)

* Severe plastic deformation processes generate unique textures

» Equal channel angular pressing (ECAP) creates complex deformation paths

* High-pressure torsion (HPT) produces strong shear textures

Recrystallization and Grain Growth Textures

* Recrystallization texture develops during annealing of deformed materials

* Influenced by stored energy distribution and oriented nucleation

+ Can lead to retention or alteration of deformation texture

+ Grain growth modifies existing textures

* Preferential growth of grains with certain orientations (abnormal grain growth)

* Influenced by grain boundary energy and mobility

Processing-Induced Textures

« Solidification texture forms during casting or welding processes

* Influenced by thermal gradients and growth kinetics of crystallites

* Results in columnar or equiaxed grain structures with preferred orientations

* Phase transformations lead to texture development

* Preferential nucleation and growth of new phases with specific orientation relationships
» Martensitic transformations in steels create transformation textures

* Thin film deposition techniques produce highly textured materials

« Sputtering or epitaxial growth influenced by substrate interactions and growth conditions

+ Resulting textures affect functional properties of thin film devices (solar cells)
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11.3 Phase identification and quantification using diffraction techniques

X-ray diffraction techniques are crucial for identifying and quantifying crystalline phases in materials. By
analyzing unique diffraction patterns, scientists can determine the structure and composition of complex
samples, from powders to thin films.

Quantitative phase analysis takes this further, using peak intensities to calculate the relative amounts of
each phase present. Advanced methods like Rietveld refinement and whole pattern fitting improve
accuracy, but challenges remain in dealing with preferred orientation and microabsorption effects.

Phase Identification in Multi-Component Materials

X-ray Diffraction Techniques

« X-ray diffraction (XRD) identifies crystalline phases in multi-component materials based on unique
diffraction patterns produced by different crystal structures

» Powder diffraction methods (Debye-Scherrer technique) analyze polycrystalline samples and mixtures
of different phases

* Process involves comparing experimental diffraction patterns with standard patterns from
crystallographic databases (Powder Diffraction File)

+ Peak positions determined by crystal structure and lattice parameters of each phase
+ Peak intensities influenced by atomic scattering factors and multiplicity

» Advanced techniques provide higher resolution and sensitivity:

» Synchrotron X-ray diffraction

* Neutron diffraction

« Electron diffraction techniques (selected area electron diffraction in transmission electron microscopy)
identify phases on a local scale in heterogeneous materials

Software and Analysis Tools

+ Automated phase identification software packages (DIFFRAC.EVA, JADE) utilize pattern-matching
algorithms and database searches

« Software assists in interpreting complex diffraction data
* Features of analysis software:

* Peak matching

+ Phase identification

 Quantitative analysis capabilities

+ Databases used in conjunction with software:

* International Centre for Diffraction Data (ICDD)

* Crystallography Open Database (COD)
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Factors Affecting Diffraction Patterns

« Sample preparation influences diffraction pattern quality:
« Particle size

* Preferred orientation

» Sample homogeneity

* Instrumental factors impact diffraction data:

* X-ray source (wavelength, intensity)

* Detector type and configuration

* Beam optics

» Environmental conditions affect diffraction measurements:
» Temperature

* Pressure

* Humidity
Quantitative Phase Analysis with Diffraction

Principles and Methods

+ Quantitative phase analysis based on proportionality between diffraction peak intensity and phase
volume fraction

» Reference Intensity Ratio (RIR) method compares characteristic peak intensity of a phase to standard
reference material (corundum)

* Rietveld refinement fits entire diffraction pattern using structural models for all present phases

* Direct comparison method utilizes integrated intensities of non-overlapping peaks to determine
relative abundances

* Absorption effects influence relative intensities of diffraction peaks from different phases

* Internal standard methods add known amount of reference material to improve accuracy and correct
for sample-related effects

Factors Influencing Accuracy

» Sample preparation impacts quantitative analysis accuracy:
« Particle size distribution

* Mixing homogeneity

+ Surface flatness

« Data quality affects quantitative results:

« Signal-to-noise ratio
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* Peak resolution

+ Counting statistics

« Availability of accurate structural models for all phases crucial for reliable quantification
 Absorption contrast between phases can lead to systematic errors:

« Correction methods (Brindley correction)

* Matrix flushing techniques

Advanced Quantification Techniques
» Whole pattern fitting methods:
* PONKCS (Partial or No Known Crystal Structure)
* WPPF (Whole Powder Pattern Fitting)
» Combination of techniques for improved accuracy:
* XRD with X-ray fluorescence (XRF)
* Neutron diffraction for light elements or similar atomic number elements
* In-situ quantitative phase analysis:
* High-temperature XRD

» Reaction chambers for dynamic studies

Limitations of Phase Quantification

Sample-related Limitations

* Preferred orientation effects distort peak intensities:

* Problematic for materials with anisotropic crystal structures (graphite)

« Affects plate-like morphologies (clay minerals)

» Microabsorption effects occur with significantly different linear absorption coefficients:
 Causes systematic errors in intensity measurements

* Particularly problematic for heavy elements in light matrices

* Peak overlap in complex multi-phase systems challenges accurate intensity determination:
« Affects minor phases identification (below 5 wt%)

» Complicates analysis of similar crystal structures (polymorphs)

* Amorphous or poorly crystalline phases may be underestimated:

» Require specialized techniques (pair distribution function analysis)

» Can be combined with other methods (thermal analysis, spectroscopy)
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Instrumental and Analytical Limitations

* Detection limits for minor phases vary:

* Typically range from 0.1-5 wt% for conventional XRD

* Influenced by instrument resolution and counting statistics

* Inaccuracies in structural models propagate errors in Rietveld refinement:
« Affects complex or distorted crystal structures

* Requires careful model selection and refinement strategies

» Sample preparation issues introduce systematic errors:

* Particle size effects (broadening, intensity changes)

* Inhomogeneity (non-representative sampling)

« Surface roughness (affects low-angle peaks)

Data Interpretation Challenges

* Texture effects complicate quantitative analysis:

* Require texture correction methods (March-Dollase function)

* May necessitate sample rotation techniques

» Background determination affects peak intensity measurements:

* Crucial for accurate integration of peak areas

* Challenging for samples with high amorphous content

» Peak shape modeling influences quantification accuracy:

« Selection of appropriate profile functions (Gaussian, Lorentzian, Pseudo-Voigt)

+ Accounting for instrumental and sample-related broadening

Phase Identification and Quantification in Complex Systems

Multi-technique Approach

 Systematic analysis of peak positions, intensities, and shapes identifies all phases in complex material
systems

* Multiple diffraction techniques provide complementary information:

* XRD for bulk analysis

* Neutron diffraction for light elements and magnetic structures

« Electron diffraction for nanoscale phase identification

» Advanced pattern decomposition methods resolve overlapping peaks:

* Whole pattern fitting
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* Full-profile analysis
+ Consideration of material's composition and processing history guides interpretation:
» Phase diagrams predict expected phases

* Processing conditions influence phase formation (rapid solidification, high-pressure synthesis)

Texture and Microstructure Analysis

* Texture analysis accounts for preferred orientation effects:

* Pole figure measurements

+ Orientation distribution function (ODF) calculations

* Incorporation of microstructural information improves quantification:
* Line profile analysis for crystallite size and strain

» Warren-Averbach method for dislocation density estimation

* Microdiffraction techniques for spatially resolved phase analysis:

* Micro-XRD

* Transmission electron microscopy (TEM) diffraction

Integration with Complementary Techniques

« X-ray fluorescence (XRF) provides elemental information:

* Supports phase identification

* Constrains quantitative analysis by element ratios

* Energy-dispersive X-ray spectroscopy (EDS) offers local compositional data:
+ Useful for multi-phase particles

* Helps identify unknown phases in complex mixtures

* Spectroscopic methods complement diffraction analysis:

* Raman spectroscopy for molecular structure information

« Infrared spectroscopy for functional group identification

» Thermal analysis techniques aid in phase identification:

« Differential scanning calorimetry (DSC) for phase transitions

» Thermogravimetric analysis (TGA) for decomposition reactions
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Unit 12 — Crystallography in Biology and
Drug Design

12.1 Protein crystallography and structure determination

Protein crystallography is a powerful technique for determining the 3D structure of proteins at atomic
resolution. It involves growing protein crystals, exposing them to X-rays, and analyzing diffraction patterns
to reconstruct the structure.

This method is crucial in biology and pharmaceuticals, allowing scientists to understand protein function,
design drugs, and study disease mechanisms. It combines physics, chemistry, and biology to unlock the
secrets of life's molecular machinery.

Protein Crystallography Principles
Fundamentals of X-ray Crystallography

* Protein crystallography determines three-dimensional protein structures at atomic resolution using
X-ray diffraction

* Process involves growing protein crystals, exposing them to X-ray beams, and analyzing diffraction
patterns to reconstruct structure

* Bragg's law (nA = 2dsin0) relates X-ray wavelength to crystal plane spacing and diffraction angle

+ Phase information crucial for structure determination lost during data collection leads to "phase
problem"

» Methods to solve phase problem include molecular replacement, isomorphous replacement, and
anomalous dispersion techniques

» Molecular replacement uses known structures of similar proteins
* Isomorphous replacement introduces heavy atoms into the crystal

» Anomalous dispersion exploits anomalous scattering of certain atoms

Advanced Techniques and Instrumentation

» Synchrotron radiation sources provide high-intensity X-ray beams

« Allow faster data collection and higher resolution structures (up to ~1 A)

» Examples include Advanced Photon Source (USA) and Diamond Light Source (UK)
* Cryo-crystallography techniques reduce radiation damage and improve data quality
* Involve flash-freezing crystals in liquid nitrogen (temperature ~100 K)

* Cryoprotectants (glycerol, ethylene glycol) prevent ice formation

* Free-electron lasers enable serial femtosecond crystallography

+ Allow study of radiation-sensitive proteins and time-resolved experiments
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Growing Protein Crystals

Protein Purification and Preparation

* High-purity protein crucial for crystal growth obtained through chromatography techniques
» Examples include affinity chromatography, ion exchange, and size exclusion

* Assess protein purity using methods like SDS-PAGE and mass spectrometry

* Crystallization occurs when protein solution reaches supersaturated state

* Achieved through controlled precipitation methods

» Balance between protein-protein and protein-solvent interactions

Crystallization Techniques and Optimization

» Common crystallization techniques include vapor diffusion, batch crystallization, and dialysis
* Vapor diffusion methods (hanging drop, sitting drop) most widely used

« Screen crystallization conditions by varying parameters

* Protein concentration (typically 5-20 mg/mL)

* pH (range 4-9)

» Temperature (4°C, 20°C common)

* Precipitants (PEG, ammonium sulfate, MPD)

+ Seeding techniques promote crystal growth or improve quality

* Microseeding introduces small crystal fragments

* Macroseeding uses larger, pre-existing crystals

* Assess crystal quality based on size, shape, and diffraction properties

« Larger, single crystals generally more suitable for X-ray diffraction

+ Ideal crystal size ranges from 0.1-0.5 mm

* Post-crystallization treatments improve diffraction quality or facilitate structure determination
* Dehydration can tighten crystal packing

+ Soaking with heavy atoms aids phase determination

+ Ligand soaking allows study of protein-ligand complexes
Analyzing Diffraction Data

Data Collection and Processing

* Record diffraction patterns at various crystal orientations using rotating crystal method

* Integrate diffraction spots and scale intensities to obtain complete dataset of structure factor
amplitudes
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« Patterson function derived from squared structure factor amplitudes
+ Used in molecular replacement and heavy atom methods for phase determination
* Calculate electron density maps using amplitudes and phases of structure factors

« Initial maps often improved through density modification techniques (solvent flattening, histogram
matching)

Model Building and Refinement

* Fit amino acid residues into electron density map using specialized software (Coot, Phenix)
* Refine model iteratively by adjusting atomic positions

* Improve agreement between observed and calculated structure factors

* Minimize R-factor and R-free values

« Validate final model through multiple assessments

« Stereochemistry (bond lengths, angles)

* Ramachandran plot analysis for backbone conformations

« Evaluation of fit to electron density (real-space correlation coefficient)

Structure and Function Relationship

Structural Hierarchy Analysis

* Primary structure (amino acid sequence) determines protein folding

» Analyze secondary structure elements (a-helices, B-sheets) for contribution to overall architecture
* a-helices typically 3.6 residues per turn, stabilized by hydrogen bonds

* B-sheets formed by hydrogen bonding between adjacent strands

» Examine tertiary structure for spatial arrangement of secondary elements

* Analyze interactions stabilizing fold (hydrophobic core, salt bridges, disulfide bonds)

« Study quaternary structure to understand subunit interactions

« Implications for protein function (allosteric regulation, cooperativity)

Functional Interpretation of Structure

« Identify and characterize active sites and binding pockets

» Based on three-dimensional structure and chemical properties

« Often found in clefts or cavities on protein surface

« Infer structure-function relationships by comparing to known functional motifs
 Analyze conservation of structural features across homologous proteins

* Examples include zinc finger motifs in DNA-binding proteins, catalytic triads in enzymes
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» Use molecular dynamics simulations to predict protein flexibility
+ Reveal potential conformational changes relevant to function

+ Timescales range from picoseconds to microseconds

* Apply computational methods for function prediction

* Docking simulations for protein-ligand interactions

» Machine learning approaches for functional annotation

12.2 Nucleic acid and virus crystallography

Nucleic acid crystallography uncovers the intricate structures of DNA and RNA, revealing their roles in
biological processes. Challenges like flexibility and weak diffraction are overcome with advanced
techniques, providing insights crucial for understanding gene regulation and developing therapies.

Virus crystallography combines X-ray methods with cryo-EM to tackle large, complex structures. These
studies unveil viral architecture, assembly mechanisms, and host interactions, paving the way for antiviral
drug design and vaccine development.

Challenges of Nucleic Acid Crystallography

Structural Complexities and Experimental Considerations

+ High flexibility and conformational variability of DNA and RNA molecules present unique challenges

» Negatively charged phosphate backbone requires careful crystal packing and solvent condition
management

» Weak diffraction patterns typically observed necessitate use of synchrotron radiation sources
* Cryocrystallography techniques minimize radiation damage and improve data quality

* Involves flash-freezing crystals in liquid nitrogen

» Reduces thermal motion and extends crystal lifetime during data collection

* Heavy atom derivatization techniques solve the phase problem

» Osmium tetroxide modification

* Bromination of thymine bases (5-bromouracil)

* Allows determination of initial phase information

Advanced Methods for Structure Determination

* Molecular replacement employs known structural motifs as search models
» A-form or B-form helices serve as common starting points

* Helps determine initial phases for unknown structures

» Refinement techniques crucial for accurate structure determination

« Stereochemical restraints maintain proper bond lengths and angles

* Non-crystallographic symmetry improves electron density maps
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» Advanced synchrotron beamlines enable high-resolution data collection
* Microfocus beamlines allow use of smaller crystals

* Increased flux and improved detectors enhance data quality

Importance of Nucleic Acid Structures

Fundamental Biological Processes

* Provide crucial insights into DNA replication, transcription, and translation mechanisms

* Reveal enzyme binding sites and catalytic centers

* Elucidate structural changes during these processes

« Structural information on DNA-protein and RNA-protein complexes illuminates gene regulation
* Transcription factor binding sites (TATA box, enhancers)

* Ribosome structure and function in translation

* Three-dimensional structures of ribozymes and aptamers reveal catalytic and ligand-binding
capabilities

* Group | introns demonstrate RNA's catalytic potential

« Aptamers (theophylline-binding RNA) showcase specific molecular recognition

Medical and Therapeutic Applications

« Essential for rational drug design targeting specific DNA or RNA sequences

« Anticancer drugs (cisplatin, doxorubicin)

* Antiviral therapies (HIV reverse transcriptase inhibitors)

« Structural basis of DNA damage and repair mechanisms advances cancer research
* Nucleotide excision repair complexes

+ Base excision repair enzymes

* RNA structure determination contributes to RNA-based therapeutics development
+ siRNA design for gene silencing

» mRNA vaccine optimization (COVID-19 vaccines)

* Telomere architecture insights play a role in aging research

» G-quadruplex structures in telomeric DNA

» Telomerase enzyme structure and function
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Methods in Virus Crystallography
Integrated Structural Biology Approaches

* Cryo-electron microscopy (cryo-EM) combined with X-ray crystallography overcomes challenges of
large viral particles

* Cryo-EM provides overall shape and symmetry information

 X-ray crystallography offers high-resolution atomic details

« Single-particle analysis reconstructs 3D virus structures from 2D cryo-EM images
* Involves aligning and averaging thousands of particle images

* Utilizes symmetry to improve resolution

* Hybrid methods elucidate complete virus structures

* Integrates X-ray crystallography, cryo-EM, and computational modeling

* Reveals both protein and nucleic acid components

Advanced Crystallographic Techniques
* Phase extension methods improve resolution of virus structures
* Non-crystallographic symmetry averaging exploits viral symmetry
* Molecular replacement using known structural components
» Time-resolved crystallography studies dynamic processes
* Captures viral assembly and maturation intermediates
« Utilizes pump-probe experiments with laser excitation
* Micro-electron diffraction (MicroED) determines high-resolution structures from nanocrystals
» Enables study of small viral proteins or fragments
» Overcomes size limitations of traditional crystallography
 X-ray free-electron lasers (XFELSs) facilitate native state studies
« Serial femtosecond crystallography captures diffraction before radiation damage

+ Allows room-temperature data collection on sensitive viral samples

Structural Features of Nucleic Acids and Viruses

Nucleic Acid Structural Insights
* DNA helical structure revealed through crystallography
* Major and minor grooves (potential drug binding sites)
« Base stacking and hydrogen bonding patterns

« Various conformations: A-DNA, B-DNA, Z-DNA
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* RNA structures exhibit complex tertiary interactions
* Pseudoknots (telomerase RNA)
+ Kissing loops (HIV dimerization initiation site)

* Ribose zippers (group | intron)

Viral Architecture and Function

« Viral capsid structures provide insights into assembly and stability
* Icosahedral symmetry (adenovirus)

* Helical arrangement (tobacco mosaic virus)

» Genomic material arrangement within viral particles elucidated

* Ordering of nucleic acids in helical viruses (influenza)
 Packaging of dsDNA in bacteriophages (phi29)

* Virus-receptor complexes reveal molecular basis of host specificity
* Influenza hemagglutinin binding to sialic acid

* HIV gp120 interaction with CD4 receptor

» Conformational changes in viral proteins observed

* Fusion proteins (influenza hemagglutinin, HIV gp41)

» Genome packaging motors (bacteriophage portal proteins)

» Comparative analysis highlights conserved structural motifs

« Jelly-roll fold in many viral capsid proteins

+ Evolutionary relationships between virus families (picornavirus superfamily)

12.3 Polymorphism and its importance in pharmaceutical industry

Polymorphism in crystalline materials is a crucial concept in pharmaceutical development. It refers to a
substance's ability to exist in multiple crystal structures, each with unique properties. This phenomenon
significantly impacts drug efficacy, stability, and manufacturing processes.

Understanding polymorphism is essential for drug developers and regulators. It affects everything from
patent strategies to formulation choices, playing a key role in drug bioavailability and shelf life. Proper
polymorph control can make or break a drug's success in the market.

Polymorphism in Crystalline Materials
Defining Polymorphism

» Polymorphism enables solid materials to exist in multiple crystalline forms with different molecular
arrangements in the crystal lattice

» Polymorphs possess identical chemical compositions but exhibit varying physical properties due to
crystal structure differences
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» Organic compounds, including pharmaceuticals, commonly display polymorphism, significantly
impacting material properties

» Thermodynamic stability varies among polymorphs, with one form typically being most stable under
specific conditions

« Kinetic factors can produce metastable polymorphs, persisting for extended periods despite
thermodynamic unfavorability

* Polymorphism holds critical implications for industries (pharmaceuticals, agrochemicals, materials
science)

Thermodynamic and Kinetic Considerations

* Energy differences between polymorphs determine their relative stability
* Gibbs free energy governs the thermodynamic stability of polymorphs
* Kinetic factors influence polymorph formation and transformation rates

* Ostwald's rule of stages describes the tendency for metastable forms to appear first during
crystallization

* Polymorphic transitions can occur through solid-state transformations or solution-mediated processes

» Temperature and pressure changes can induce polymorphic transitions (enantiotropic systems)

Industrial Significance

» Polymorphism affects material properties crucial for various applications (mechanical strength,
solubility, optical properties)

» Pharmaceutical industry relies on polymorph control for drug efficacy and stability

* Food industry utilizes polymorphism to manipulate texture and mouthfeel of products (chocolate,
margarine)

+ Materials science exploits polymorphism to develop advanced functional materials (piezoelectric
crystals, semiconductors)

» Agrochemical sector considers polymorphism in pesticide and fertilizer formulations for optimal
performance

* Understanding polymorphism aids in quality control and regulatory compliance across industries

Polymorphism's Impact on Drugs

Drug Stability and Shelf Life

» Thermodynamic stability of polymorphs influences drug shelf life and long-term storage stability

» Metastable polymorphs may convert to more stable forms over time, potentially altering drug efficacy
and safety profiles

» Humidity and temperature fluctuations can trigger polymorphic transitions during storage
» Packaging design and storage conditions must account for polymorphic stability

* Accelerated stability testing helps predict long-term polymorph behavior
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« Stability differences between polymorphs can impact drug expiration dates and storage requirements

Solubility and Bioavailability

« Different polymorphs exhibit varying dissolution rates, directly affecting drug solubility and
bioavailability

« Solubility differences between polymorphs impact drug absorption rate and overall bioavailability in
the body

» Metastable forms often display higher solubility and dissolution rates compared to stable polymorphs

« Bioavailability enhancement strategies may involve selecting specific polymorphs or creating
amorphous forms

* Dissolution testing of different polymorphs aids in predicting in vivo drug performance

+ Polymorphic transitions during dissolution can lead to complex release profiles and altered
bioavailability

Manufacturing and Formulation Considerations

* Crystal packing arrangements in polymorphs affect mechanical properties (compressibility, flow
characteristics)

* Polymorphic transitions during manufacturing can lead to changes in drug performance
* Formulation strategies must account for polymorph stability and potential transitions
+ Excipient selection can influence polymorph stability and prevent unwanted transitions

* Processing conditions (milling, compression, wet granulation) may induce polymorphic
transformations

+ Quality control measures must ensure consistent polymorph production throughout manufacturing

Identifying Polymorphic Forms

Diffraction Techniques

« X-ray diffraction (XRD) techniques serve as primary tools for identifying and characterizing polymorph
crystal structures

« Single-crystal XRD provides detailed structural information for large, high-quality crystals
» Powder XRD allows analysis of polycrystalline samples and quantification of polymorph mixtures
» Synchrotron radiation sources enable high-resolution XRD studies of challenging samples

+ Neutron diffraction complements X-ray methods for locating hydrogen atoms and studying magnetic
structures

« Electron diffraction techniques (TEM, electron crystallography) analyze nanoscale crystalline materials

Thermal and Spectroscopic Methods

« Differential scanning calorimetry (DSC) reveals phase transitions and thermal stability of polymorphs
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» Thermogravimetric analysis (TGA) measures weight changes associated with polymorphic transitions
or desolvation

* Raman spectroscopy provides information on molecular vibrations and crystal lattice modes

* Infrared (IR) spectroscopy detects differences in hydrogen bonding and molecular conformations
between polymorphs

* Solid-state NMR spectroscopy offers insights into local molecular environments and dynamics in
crystal structures

« Terahertz spectroscopy probes low-frequency vibrations sensitive to crystal packing arrangements

Microscopy and Other Analytical Techniques

* Optical microscopy allows visual examination of crystal habits and morphologies

+ Scanning electron microscopy (SEM) provides high-resolution imaging of crystal surfaces and particle
characteristics

* Hot-stage microscopy enables real-time observation of thermal events and polymorphic transitions

» Dynamic vapor sorption (DVS) studies hygroscopicity and hydrate formation tendencies of different
polymorphs

« High-performance liquid chromatography (HPLC) quantifies relative amounts of polymorphs in
mixtures

+ Atomic force microscopy (AFM) analyzes surface properties and growth mechanisms of crystal faces

Polymorphism's Intellectual Property

Patent Strategies and Challenges

» Polymorphs of drugs can be patented separately from original compound, potentially extending
market exclusivity

* Discovery of new, more stable or bioavailable polymorphs leads to improved formulations and patent
opportunities

« Patent challenges arise when competitors develop alternative polymorphic forms of existing drugs
« "Obvious to try" concept in patent law impacts patentability of newly discovered polymorphs
» Polymorph screening strategies crucial for comprehensive patent protection

* Defensive patenting of potential polymorphs prevents competitors from exploiting alternative forms

Regulatory Considerations

» Regulatory agencies require thorough characterization and control of polymorphic forms in drug
applications

» New drug applications (NDAs) must include polymorph screening data and stability information
» Changes in polymorphic form during development may necessitate additional regulatory filings

« Control strategies for ensuring consistent polymorph production must be demonstrated to regulators
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» Pharmacopoeial monographs may specify acceptable polymorphic forms for drug substances

+ Post-approval changes in polymorphic form require regulatory notification and potential re-approval

Freedom to Operate and Market Exclusivity

* Polymorphism affects freedom to operate in drug development, as different polymorphs may have
separate patents

« Strategic polymorph selection can provide competitive advantages and market differentiation
* Licensing agreements may be necessary to access patented polymorphic forms
* Patent term extensions based on new polymorph discoveries can prolong market exclusivity

* Generic drug manufacturers must navigate polymorph patents when developing bioequivalent
products

« Patent litigation involving polymorphs can significantly impact market entry timelines for competitors

Crystallography in Drug Development

Structure-Based Drug Design

* Crystallography determines three-dimensional structures of drug molecules and target proteins
* Protein-ligand co-crystal structures reveal binding modes and inform drug optimization strategies

» Fragment-based drug discovery utilizes crystallography to identify and elaborate on small molecule
binders

« Structure-activity relationships (SAR) guided by crystallographic data enhance drug potency and
selectivity

» Computational docking studies benefit from high-resolution crystal structures of drug targets

* Crystallography aids in understanding drug resistance mechanisms through analysis of mutant protein

structures

Formulation and Manufacturing Insights

» Crystal packing and intermolecular interactions predict and control specific polymorph formation

* Crystallographic data on active pharmaceutical ingredients (APIs) and excipients inform formulation

strategies
+ Co-crystallization techniques, studied through crystallography, improve drug solubility and stability

« Isomorphic solvates and hydrates, identified by crystallography, impact drug bioavailability and
manufacturing

* Crystal engineering principles guide the design of improved solid forms (salts, cocrystals) with
enhanced properties

+ Crystallographic analysis of excipient interactions helps optimize tablet formulations and prevent
incompatibilities
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Advanced Crystallographic Methods

« High-throughput crystallization screening accelerates discovery and characterization of novel
polymorphs

« Serial crystallography at X-ray free-electron lasers enables structure determination of challenging drug
targets

* Cryo-electron microscopy (cryo-EM) complements X-ray crystallography for large protein complexes
and membrane proteins

* Neutron crystallography provides insights into hydrogen bonding networks crucial for drug-target
interactions

« Pair distribution function (PDF) analysis allows characterization of local structure in amorphous and
nanocrystalline materials

* In situ crystallization studies reveal crystal nucleation and growth mechanisms relevant to drug
manufacturing processes
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Unit 13 — Advanced Topics and Emerging
Techniques

13.1 Synchrotron radiation and its applications in crystallography

Synchrotron radiation has revolutionized crystallography, offering powerful X-rays to study challenging
samples. With high intensity, tunable wavelengths, and pulsed nature, it enables researchers to probe
structures at atomic resolution and capture dynamic processes in real-time.

This advanced technique fits into the broader landscape of cutting-edge crystallography methods. It's
opened new frontiers in structural biology, materials science, and drug discovery, pushing the boundaries
of what we can see and understand at the molecular level.

Synchrotron Radiation Principles

Generation and Characteristics
« Synchrotron radiation results from charged particles moving at relativistic speeds in curved trajectories
* Large-scale facilities called synchrotrons generate this radiation
* Consist of electron storage rings and specialized insertion devices
* Electrons accelerate to nearly light speed, guided by magnetic fields in a circular path
* Electromagnetic radiation emits tangentially as electrons change direction in the storage ring
* Insertion devices produce and enhance synchrotron radiation
* Bending magnets
» Wigglers
* Undulators

* Spectral range spans from infrared to hard X-rays with high intensity and brightness

Key Properties
* High flux enables study of weakly diffracting or very small crystals
« Brilliance improves signal-to-noise ratios and increases resolution
* Collimation reduces beam divergence for more precise measurements
* Polarization allows for specialized experiments (magnetic structure studies)
* Pulsed time structure facilitates time-resolved crystallography
» Tunable wavelength optimizes experimental conditions

» Enables anomalous scattering experiments for phase determination
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Advantages of Synchrotron Radiation in Crystallography
Enhanced Data Quality

* High-intensity X-rays allow examination of challenging samples
» Weakly diffracting crystals

* Microcrystals (less than 10 micrometers in size)

» Tunable wavelength optimizes experimental conditions

* Anomalous scattering experiments for phase determination

* Element-specific studies

* High brilliance and low divergence improve data quality

* Better signal-to-noise ratios

* Higher resolution data collection (sub-angstrom level)

* Reduced exposure times minimize radiation damage

« Particularly important for sensitive biological samples (proteins)

Advanced Experimental Capabilities

* Pulsed nature enables time-resolved crystallography

« Study dynamic processes (enzyme catalysis)

» Capture intermediate states in chemical reactions

* Specialized beamlines offer advanced optics and detectors

* Micro-focus beamlines for studying small crystals

+ High-speed detectors for rapid data collection

* In situ and non-ambient condition studies expand research possibilities
* High-pressure experiments (diamond anvil cells)

* Variable temperature studies (cryogenic to high temperature)

Techniques and Applications of Synchrotron Radiation

Diffraction Techniques

« Single-crystal X-ray diffraction determines high-resolution structures
* Proteins (ribosomes)

» Small molecules (pharmaceutical compounds)

» Complex materials (metal-organic frameworks)

» Powder diffraction analyzes polycrystalline materials

* Phase identification in complex mixtures

Fiveable archived study guides Page 128



« Structural refinement of materials difficult to crystallize

* In situ studies of chemical reactions and phase transitions

» Macromolecular crystallography reveals 3D structures of biological macromolecules
* Protein-ligand complexes for drug discovery

* Large molecular assemblies (viruses)

Scattering and Spectroscopy Methods
» Small-angle X-ray scattering (SAXS) probes molecular characteristics
» Shape and size of proteins in solution
» Nanoparticle interactions and assemblies
» X-ray absorption spectroscopy (XAS) investigates atomic properties
* XANES (X-ray Absorption Near Edge Structure) for electronic states
* EXAFS (Extended X-ray Absorption Fine Structure) for local atomic arrangements
* Micro- and nano-focus beamlines enable spatially resolved experiments
* Mapping chemical composition in heterogeneous materials

+ Single-cell imaging in biological samples
Time-Resolved and Advanced Techniques

» Time-resolved crystallography captures structural dynamics

* Enzyme mechanisms during catalysis

* Photochemical reactions in crystals (light-sensitive proteins)

« Serial crystallography collects data from many small crystals

+ Suitable for radiation-sensitive samples

» Enables room-temperature studies of proteins

 Coherent diffractive imaging reconstructs 3D structures without crystals
* Applicable to non-crystalline biological samples (cells)

* Nanomaterial characterization

Impact of Synchrotron Radiation on Crystallography

Advancements in Structural Biology
* Revolutionized protein structure determination
* Enabled solving structures of challenging targets (membrane proteins)
* Accelerated drug discovery through structure-based design

» Pushed resolution boundaries for more accurate atomic models
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» Sub-angstrom resolution now possible for well-diffracting crystals
* Revealed previously unseen details in molecular structures

* Facilitated study of large macromolecular assemblies

* Ribosome structures led to insights into protein synthesis

* Virus capsid structures inform vaccine development

Technological and Methodological Progress

* Driven advancements in detector technology

+ Pixel array detectors enable faster data collection

* Increased sensitivity allows for shorter exposure times
 Improved data collection strategies

 Multi-crystal data merging for radiation-sensitive samples
+ Helical scanning for elongated crystals

» Enhanced data processing methods

» Automated pipelines for structure solution and refinement
» Machine learning approaches for data analysis

* Fostered interdisciplinary collaborations

» Materials scientists, chemists, and biologists working together

* Led to breakthroughs in fields like structural genomics

Expanding Research Horizons

» Enabled new experimental approaches

* In situ crystallization studies

« High-throughput screening of crystallization conditions

* Accelerated pace of scientific discovery

+ Rapid structure determination of COVID-19 proteins

+ Real-time monitoring of catalytic processes in materials science
 Continuous improvement of synchrotron sources

* Fourth-generation sources (free-electron lasers) push boundaries further

» Enable femtosecond time-resolution studies
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13.2 Electron crystallography and structure determination of
nanomaterials

Electron crystallography uses electron waves to determine atomic structures of tiny crystals and
nanomaterials. It's especially useful for small or delicate samples that X-rays can't handle, offering higher
resolution and stronger interactions with matter.

This technique combines diffraction patterns and high-res imaging to reveal crystal structures, symmetry,
and atomic positions. It's great for studying nanoparticles, graphene, and other cutting-edge materials, but
faces challenges like radiation damage and multiple scattering effects.

Principles of Electron Crystallography

Fundamental Concepts and Instrumentation

« Electron crystallography determines atomic structure of crystalline materials using wave-like
properties of electrons

* Particularly useful for small crystal sizes or beam-sensitive samples
« Diffraction of electrons by periodic arrangement of atoms in crystal lattice follows Bragg's law

* Primary instruments include transmission electron microscopes (TEM) and scanning transmission
electron microscopes (STEM)

« Electron diffraction patterns reveal crystal structure information
* Unit cell parameters
* Symmetry

» Atomic positions

Techniques and Data Collection
« Selected area electron diffraction (SAED) obtains diffraction patterns from specific regions
» Convergent beam electron diffraction (CBED) provides three-dimensional structural information
* Precession electron diffraction (PED) reduces dynamical scattering effects
« Data collection involves recording diffraction patterns and high-resolution images
* Processed and analyzed to determine crystal structure
« Structure solution methods adapted from X-ray crystallography
* Direct methods
+ Patterson methods

+ Charge flipping algorithms
Electron Crystallography vs Diffraction Methods
Advantages of Electron Crystallography

* Higher spatial resolution compared to X-ray and neutron diffraction
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» Enables study of nanoscale materials and local structural features

« Stronger interaction of electrons with matter than X-rays or neutrons
+ Allows analysis of very small crystals or single molecules

* Direct imaging of crystal structure through high-resolution TEM

* Not possible with X-ray or neutron diffraction alone

Differences in Data Collection and Processing

« Electron diffraction patterns produce two-dimensional projections of reciprocal lattice
+ X-ray and neutron diffraction typically yield three-dimensional data sets

 Multiple scattering effects more pronounced in electron diffraction

» Complicates structure determination

* Requires specialized data processing techniques

» Sample preparation often more complex for electron crystallography

* May involve focused ion beam (FIB) milling or ultramicrotomy

Limitations and Considerations

» Radiation damage more significant in electron crystallography
« Particularly affects organic and biological samples
» Two-dimensional nature of electron diffraction data can limit structural information

* Requires specialized techniques to obtain three-dimensional information

Structure Determination of Nanomaterials

Techniques for Nanostructure Analysis

» Combines electron diffraction data with high-resolution TEM imaging

* Provides both reciprocal and real-space information

+ Electron tomography reconstructs three-dimensional structure of nanomaterials
» Combines multiple two-dimensional projections at different tilt angles

* Precession electron diffraction (PED) reduces dynamical scattering effects

* Improves quality of diffraction data from nanocrystalline materials

» Automated diffraction tomography (ADT) and rotation electron diffraction (RED) collect
three-dimensional electron diffraction data from nanocrystals

Applications to Specific Nanomaterials

* Analyzes defects, interfaces, and surface structures in nanomaterials

» Combines diffraction, imaging, and spectroscopy techniques
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« Studies atomic arrangement and bonding in novel nanomaterials
» Graphene

+ Carbon nanotubes

» Two-dimensional transition metal dichalcogenides

* Investigates nanoparticle structure and morphology

+ Determines size, shape, and internal structure of nanoparticles

Challenges of Electron Crystallography

Multiple Scattering and Data Interpretation

« Strong electron-matter interaction leads to multiple scattering effects
» Complicates interpretation of diffraction patterns

« Limits accuracy of structure determination

» Dynamical scattering effects violate kinematical approximation

* Requires development of specialized data processing techniques

» Necessitates advanced structure refinement methods

Radiation Damage and Sample Limitations

* Electron beam can alter crystal structure during data collection

« Particularly problematic for beam-sensitive materials (organic compounds, biomolecules)
+ Limited penetration depth of electrons restricts sample thickness

* Requires specialized sample preparation techniques

* May introduce artifacts

Data Completeness and Quantitative Analysis

« Limited tilt range in electron microscopes (typically £70°) results in missing wedges of information
+ Affects completeness and accuracy of three-dimensional reconstructions

» Quantitative analysis of electron diffraction intensities challenging

« Affected by multiple scattering, inelastic scattering, and sample thickness variations

« Impacts reliability of atomic position and occupancy determinations

» Small sample volume increases sensitivity to crystal imperfections and surface effects

* May not accurately represent bulk material properties
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13.3 In-situ and time-resolved diffraction studies

In-situ and time-resolved diffraction studies let us watch materials change in real-time. By applying stimuli
like heat or pressure, we can see how structures evolve during reactions or phase transitions, revealing
hidden steps and mechanisms.

These techniques use advanced X-ray sources and fast detectors to capture structural changes from
femtoseconds to seconds. They're crucial for understanding material behavior, improving chemical
processes, and developing new technologies across various fields.

In-situ and Time-resolved Diffraction

Fundamentals of In-situ and Time-resolved Studies

« In-situ diffraction studies collect data while subjecting samples to external stimuli (temperature,
pressure, chemical environment changes)

* Time-resolved diffraction studies capture structural changes in materials over time (femtoseconds to
seconds)

« Directly observe structural changes during chemical reactions, phase transitions, or dynamic
processes

* Reveal intermediate states and transition mechanisms not obtainable through static diffraction
methods

« Provide crucial information about kinetics and dynamics of structural changes

» Advanced synchrotron and X-ray free-electron laser (XFEL) facilities enhance capabilities with
unprecedented temporal and spatial resolution

Experimental Considerations

« Select appropriate radiation sources based on required time resolution and sample characteristics
(synchrotron, XFEL, laboratory X-ray sources)

* Develop sample environments for controlled application of external stimuli while maintaining diffraction
geometry

* Integrate fast detectors and data acquisition systems to capture rapid structural changes
* Implement pump-probe techniques for ultrafast processes

* Apply stimulus (pump) followed by precisely timed probe pulse

+ Consider sample-specific factors when designing protocols

» Radiation damage

« Sample homogeneity

* Required data quality

* Incorporate complementary techniques for comprehensive characterization (spectroscopy,
calorimetry)

* Develop data collection strategies balancing time resolution, data quality, and total experiment
duration

Fiveable archived study guides Page 134



Designing Diffraction Experiments

Sample Environment and Stimuli Control

* Create specialized sample holders for applying controlled stimuli

» Temperature-controlled stages (cryostats, furnaces)

* Pressure cells (diamond anvil cells)

* Design gas flow systems for controlled atmosphere experiments

* Develop in-situ reaction chambers for studying chemical processes
* Implement electrochemical cells for studying battery materials

* Construct tensile/compression stages for mechanical deformation studies

Temporal Resolution and Data Acquisition

* Select appropriate X-ray sources based on required time resolution
 Synchrotron facilities for microsecond to second timescales

» XFELs for femtosecond to picosecond timescales

« Utilize fast detectors with high frame rates (pixel array detectors)

* Implement sophisticated triggering systems for precise timing control

* Develop data streaming and storage solutions for handling large datasets
» Optimize exposure times and data collection strategies

+ Balance between time resolution and data quality

* Consider radiation damage effects

Experimental Geometry and Sample Considerations

» Choose appropriate diffraction geometry (transmission, reflection)

 Optimize sample thickness for sufficient diffraction signal and minimal absorption
 Consider sample homogeneity and grain size effects

* Implement sample rotation or translation for improved powder averaging

* Design experiments to minimize beam-induced sample changes

* Incorporate in-situ sample characterization techniques (optical microscopy, spectroscopy)

Interpreting Diffraction Data

Data Processing and Analysis Techniques

* Analyze diffraction pattern evolution over time or as a function of applied stimuli

 Apply advanced data processing techniques
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« Singular value decomposition (SVD)

* Principal component analysis (PCA)

« Utilize difference Fourier methods to highlight structural changes between time points or conditions
» Implement kinetic modeling to extract rate constants and activation energies

« Correlate observed structural changes with macroscopic properties or material behavior

« Evaluate data quality and potential artifacts from experimental conditions or sample environment

* Integrate results from complementary techniques for comprehensive understanding

Structural Evolution and Phase Transitions

« Identify changes in peak positions, intensities, and shapes

* Detect appearance or disappearance of diffraction peaks indicating phase transitions

* Analyze peak broadening effects related to strain or particle size changes

» Quantify changes in lattice parameters and unit cell volumes

+ Perform Rietveld refinement on time-resolved data to extract detailed structural information

« Utilize pair distribution function (PDF) analysis for local structure changes

Kinetics and Reaction Mechanisms

« Extract reaction rates and rate constants from time-dependent data

» Determine activation energies using Arrhenius plots

« Identify and characterize intermediate phases or structures

* Develop reaction mechanism models based on observed structural changes
* Analyze nucleation and growth processes in phase transformations

« Correlate structural changes with reaction progress variables

Applications of Diffraction Studies

Materials Science and Engineering
* Investigate phase transitions and crystallization processes
« Study structural evolution during materials processing (annealing, quenching)
+ Analyze material behavior under extreme conditions (high pressure, temperature)
* Characterize shape memory alloys and phase change materials
* Examine self-healing mechanisms in advanced materials

* Investigate radiation damage effects in nuclear materials

Chemistry and Catalysis

* Elucidate reaction mechanisms and intermediate states
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« Study catalytic processes in heterogeneous catalysis

* Investigate electrochemical reactions in fuel cells and batteries
» Analyze gas adsorption and desorption in porous materials

» Examine solid-state polymerization reactions

« Study solvation effects and ion transport in electrolytes

Biology and Pharmaceuticals

+ Analyze protein dynamics and conformational changes

* Study enzyme catalysis mechanisms

* Investigate drug polymorphism and stability

» Examine biomineralization processes (bone formation, shell growth)
* Analyze protein crystallization kinetics

« Study drug delivery systems and controlled release mechanisms
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