Lecture 4: Visualizing Crystal Structures; Pauling’s Rules

When the bonding in a crystal is principally ionic, the crystal structure is fairly simple because the ions may
be regarded as rigid spheres. The geometry of these rigid spheres is governed by Pauling’s rules.

Pauling’s Rules for Ionic Structures

Rule 1: Interatomic distances and coordination

The distance between a cation and anion is the sum of their radii. The coordination of an ion is determined
by the radius ratio rule.

In detail—

An ion in a crystal structure tends to gather as many oppositely charged ions around itself as its size
permits. The number of surrounding ions is called the coordination number (CN) of the central ion. Large
ions have high coordination numbers because of their large surface areas and small anions have low
coordination numbers.

Since ions tend to surround themselves with as many oppositely charged ions as possible, predicting
coordination numbers requires using only the relative size of ions. The relative size of ions is expressed as
a radius ratio.

Radius ratio=R¢ /R 5
Rc is the radius of the cation. R , is the radius of the anion.

As shown in the chart below, ranges of radius ratios correspond to certain coordination numbers. Overlap
and uncertainty arise because treating ions as rigid spheres with constant radii is not a perfectly valid
assumption. lons are not spherical and their radii change slightly with different coordination numbers.

The geometry of ions about a central ion is visualized as a coordination polyhedron. In mineralogy, these
polyhedra are usually constructed from the arrangement of anions; cations sit at the center of the polyhedra,
or may be absent altogether. Coordination polyhedra are constrained by coordination numbers, but only
uniquely determined by radius ratios and the type of bonding in a mineral.

Radius Coordination | Ionic Polyhedra Covalent Polyhedra
Ratio Number
0-o00 2 | Line
0.155 - 3 | Triangle
0.225 - © 4 | Tetrahedron
0.414 - 4 Square
0.414 - © 5 Tetrahedral Pyramid
0414 - 6 | Octahedron
0.529 - 6 Trigonal Prism
0.625 - 8 Square Antiprism
0.732 - © 8 | Cube
1.00 - o0 12 Cuboctahedron
1.00 - o0 12 Disheptahedron

Aside on Hexagonal Closest Packing and Cubic Closest Packing

In native metals, the atoms are the same size, the coordination number is 12, and the coordination
polyhedra are either cuboctahedrons or disheptahedrons. These coordination polyhedra are not easy to



visualize. Playing with layers of identical closest-packed spheres gives a more intuitive feel for their
shapes.

One layer of closest-packed spheres has hexagonal symmetry and triangular depressions.

Putting another layer on top covers half of the triangular depressions with the bottoms of spheres. The
remaining depressions are overlain by other triangular depressions.

There are two choices about where to put the third layer. It can be stacked so that it superimposes the first
layer to form the sequence ABABAB, making an arrangement called hexagonal closest packing (HCP).
The coodination polyhedra for HCP are disheptahedra.




Alternatively, the third layer can be stacked so that it does not superimpose the first layer. This
arrangement forms the sequence ABCABC and is called cubic closest packing (CCB). The coordination
polyhedra for CCP are cuboctahedra.

Rule 2: Electrostatic valency principle

In a stable crystal structure, the total strength of the bonds from coordinating ions that reaches the central
ion is equal to the charge of the central ion.
The strength of an ion’s bond may be expressed as the ratio of its charge (z) to its coordination (CN):

Bond strength =z / CN
In other words, ions with high charges that are bonded to few neighboring ions have the high bond
strengths. Pauling’s second rule says that summing the bond strengths of all the ions coordinated around a
central ion equals the charge of the central ion. It expresses local charge balance in a crystal.
Consider rutile (TiO,) for example. In rutile, Ti*" is in octahedral coordination, so its bond strength is

4+/6=2/3+

** Rule 2 also limits the number of polyhedra that can meet at a point. In silicate minerals, for example, Si
is found in tetrahedral coordination and its bond strength is 1+. Since oxygen has a charge of 27, only two

tetrahedra can meet at a single oxygen.

5i=-0-5i

NG

Rule 3: Sharing polyhedra 1

The stability of a crystal is decreased when polyhedra share edges. It is decreased even more when they
share faces.

Anion polyhedra that share edges or faces reduce the stability of a crystal because they bring cations closer
together. The closer cations experience more electrostatic repulsion.



Rule 4: Sharing polyhedra 11

Cations with high valency and low coordination numbers tend to not share their coordinating polyhedra.

Pauling’s fourth rule says that highly charged cations will tend to be as far apart as possible to minimize
electrostatic repulsion.

Rule 5: Parsimony

The number of different kinds of constituents in a crystal tends to be small.

“Constituents” refers to cystallographic sites (ie, coordination polyhedra) and not types of ions.
Amphibole, for example, can contain as many as thirteen different anions, but has only five distinct
crystallographic sites. The number of crystallographic sites is limited because the types of polyhedra that
can be stacked together while maintaining crystal symmetry is limited.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


