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Crystal Structures in the Physical Sciences
• Single-structure discoveries
• Multiple-structure discoveries
1912/1913/1914 – Crystal structures of NaCl and other substances
“The Structure of Crystals as Indicated by their Diffraction
of X-rays,” W. L. Bragg, Proceedings of the Royal Society London,
1913, A89, 248-277.

Crystal Structures in the Physical Sciences
• Single-structure discoveries
• Multiple-structure discoveries
Pauling’s Rules

Outline
• General background – some numbers.
• The importance of non-crystallographic chemistry in one major
area of structure science – macromolecular crystallography.
• An aside regarding funding.
• Why coordination chemists are so hooked on crystallography.
• An important one-structure discovery in inorganic chemistry –
the quadruple bond.
• An important multi-structure analysis in inorganic chemistry –
the delta component of the quadruple bond.
• New light in the future?
• Data bases.
• A few closing images.

Neutron Scattering

Neutron science

Where are we with structure
analyses?
In the year (2002) 2014:
The Cambridge Structural Database holds more than
(250,000) 717,895 crystal structures (> 628,684 distinct
compounds). Of these entries, 1641 have the “radiation
source: neutrons” attribute.
The Protein Data Bank has some (17,443) 103,199
macromolecular structures (as of 9 September, 2014).
The Inorganic Crystal Structure Database holds more than
(50,000) 169,800 structures.

Macromolecular crystallography

Where are we with structure
analyses?
In the year 2014:
The Protein Data Bank held some 103,199
macromolecular structures (as of 9 September, 2014).
(+155)
The Protein Data Bank held some 103,354
macromolecular structures (as of 16 September, 2014).
(+203)
The Protein Data Bank has some 103,557
macromolecular structures (as of 23 September, 2014).

Protein Components -- The Peptide Bond

Emil Fischer biography:
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1902/fischerbio.html

"He was able to establish the type of bond that would connect [amino acids] together in
chains, namely, the peptide bond, and by means of this he obtained the dipeptides and
later the tripeptides and polypeptides."

Acta Cryst. B34, 1939-1942. L-alanyl-Lserine C2-C3-N2-C4 = 177.98(2)º
J. Slowikowska & J. Lipkowski
L-seryl-L-leucine Acta Cryst. (2001).
C57, 187-189 [
doi:10.1107/S0108270100016164 ]
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Beginnings
Astbury, W. T. & Street, A. (1931). Trans. R. Soc. Lond., A230, 75-101.
"X-ray studies of the structures of hair, wool and related fibres. I. General."
Astbury, W. T. (1933). Trans. Faraday Soc., 29, 193-211. "Some Problems in the Xray Analysis of the Structure of Animal Hairs and Other Protein Fibers."
Astbury, W. T. & Woods, H. J. (1934). Trans. R. Soc. Lond., A232, 333-394. "X-ray
studies of the structures of hair, wool and related fibres. II. The molecular structure
and elastic properties of hair keratin."
Astbury, W. T. & Sisson, W. A. (1935). Proc. R. Soc. Lond., A150, 533-551. "X-ray
studies of the structures of hair, wool and related fibres. III. The configuration of
the keratin molecule and its orientation in the biological cell."

Unstretched keratin fibers had a repeat distance measured as
5.1 Å.
12

Protein crystallography: Beginnings
Macromolecular Structure: Beginnings
J. D. Bernal & D. Crowfoot (1934).
Nature 133 794-795. X-Ray
Photographs of Crystalline Pepsin.

Guy Dodson
Biogr. Mems Fell. R. Soc. 2002 48, 179219
doi: 10.1098/rsbm.2002.0011
"Dorothy has often been given the credit for this
hugely important X-ray experiment but she always
made it clear that it was Bernal who took the first
photographs and had the critical insight to keep the
crystal wet. Dorothy in her experiments with the
crystals also observed that the X-ray reflections
weakened with exposure to the radiation, a
continuing problem with macromolecular crystals
until the recent introduction of cryo-techniques.
The question arose as to whether the radiation
damage
affected
the
enzyme’s
activity.
Experiments showed that it remained active,
proving that the loss of diffraction was due to
damage to the crystal lattice, not to chemical and
structural changes in the molecule."
13

Protein crystallography: Beginnings
Macromolecular Structure: Beginnings
Diffraction photo from
pepsin

Oscillation photo from horse
met-hemoglobin, taken by Max
Perutz in the late 1930's.

from Judson
Photograph courtesy of Max Perutz

from Judson
Photograph courtesy of Max Perutz
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Protein crystallography
Macromolecular Structure: Beginnings
Crowfoot, Dorothy (1939). Proc. Roy. Soc. Lon. Series B: Biological
Sciences 127, 35-36. X-ray studies of protein crystals.
"So far, of only seven proteins -- pepsin, insulin, excelsin, lactoglobulin,
haemoglobin, chymotrypsin, and tobacco seed globulin -- have sufficient X-ray
measurements been made to cover even the first stages of crystallographic
examination, the determination of unit cell size and cell molecular weight."
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Macromolecular Structure: Beginnings
Upon being appointed Cavendish Professor at Cambridge (1937),
"Lawrence's first task was to deal with major staff changes.....
Bernal and his team of biological crystallographers left the
Cavendish.... Lawrence brought in [among others] Henry Lipson,
Egon Orowan, and Paul Ewald to continue the work in
crystallography, joining Max Perutz, who was the sole remaining
member of Bernal's group. Perutz, a refugee student from Vienna,
was working on the structure of haemoglobin protein crystals and
Lawrence obtained a grant from the Rockefeller Foundation to
enable him to continue: 'Some fortunate intuition made me feel
that this line of research must be pursued, although it seemed
absolutely hopeless to think of getting out the structure of so vast
a molecule.'" W. L. Bragg, autobiographical notes, p. 92, quoted in
John Jenkin, William and Lawrence Bragg, Father and Son. Oxford
University Press, 2008.
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Macromolecular Structure: Beginnings
Following the Second World War, "'It was a strange time at the Cavendish
because Rutherford's influence had been removed... It was as if some mighty
forest tree had fallen, and saplings hitherto starved of light and nourishment
were beginning a more normal development.... But probably the work which in
future years will be regarded as the outstanding contribution of the Cavendish
Laboratory in these after-war years was the start of the investigation of
biological molecules by X-rays.'"
...
"The Medical Research Council agreed to support the protein research, and for
a long time the results were 'very meagre indeed... Perutz at times became
quite discouraged... Why I continued to be optimistic I shall never understand.'
In 1946 John Kendrew joined the group but, having realized that a helical
structure was likely, they failed to solve the protein structure because of an
ignorance of one piece of chemistry and an erroneous assumption regarding
the helix. Lawrence never forgave himself and determined in future to seek the
best chemistry advice before publishing."
W. L. Bragg, autobiographical notes, p. 92, quoted in John Jenkin, William and
Lawrence Bragg, Father and Son. Oxford University Press, 2008.
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first concepts, beginnings
Bragg, W. Lawrence, Kendrew, J. C. & Perutz, M. F. (1950). Proceedings of the Royal
Society of London, Series A: Mathematical, Physical and Engineering
Sciences, 203, 321-357. Polypeptide chain configurations in crystalline proteins.
ABSTRACT. A systematic survey has been made of chain models which conform to
established bond lengths and angles, and which are held in a folded form by N--H...O bonds. An attempt is made to reduce the no. of possibilities by comparing
vector diagrams with Patterson projections. The evidence favors chains of the
general type proposed for α-keratin by Astbury. These chains have a dyad axis with
6 residues in a repeat distance of 10.2 A. and are composed of approx. coplanar
folds. These chains are placed in the myoglobin structure, and a comparison is
made between calcd. and observed F values for a zone parallel to the chains; the
agreement is remarkably close. The 3-dimensional Patterson of hemoglobin shows
how cautious one must be in accepting this agreement as significant. Successive
portions of the rod of high vector d. which has been supposed to represent the
chains give widely different projections and show no evidence of a dyad axis. The
evidence is still too slender for definite conclusions to be drawn. A further intensive
study of myoglobin may lead to a detn. of the chain structure.
18

Secondary structure: the alpha hélix and the beta sheet
'From the spring of 1948 through the spring of 1951.... rivalry sputtered and blazed between
Pauling's lab and Bragg's -- rivalry over protein..... Pauling was working up from the simpler
structures of components. In January 1948, he went to Oxford as a visiting professor for two
terms, to lecture on the chemical bond and on molecular structure and biological specificity.
"In Oxford, it was April, I believe, I caught cold. I went to bed, and read detective stories for a
day, and got bored, and thought why don't I have a crack at that problem of alpha keratin."
...
He knew that the peptide bond, at the carbon-to-nitrogen link, was always rigid: And this
meant that the chain could turn corners only at the alpha carbons.'
--- Judson, The Eighth Day of Creation.

Pauling, L. & Corey, R. B. (1950). J. Am. Chem. Soc. 5349

The pitch of this helix is 5.4 Å, not 5.1 Å.
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The alpha helix
Pauling, L. & Corey, R. B. (1951). Proc. Natl. Acad. Sci. 37, 282-285.

20

The alpha helix

The First Structures
Nature (8 March 1958) 181, 662-666 | doi:10.1038/181662a0
A Three-Dimensional Model of the Myoglobin Molecule Obtained by X-Ray Analysis
By Kendrew, J. C.; Bodo, G.; Dintzis, H. M.; Parrish, R. G.; Wyckoff, H.; Phillips, D. C.,
Medical Research Council Unit for Molecular Biology, Cavendish Laboratory, Cambridge,
Davy Faraday Laboratory, The Royal Institution, London
A report of the method used to obtain a 3-dimensional model of the myoglobin mol. by
x-ray analysis.
-- 6 Å resolution, ~ 600 data. MIR. Eight lengths of α-helix, 70% of the sequence.
Later 2 Å data were measured with the Arndt diffractometer at the Royal Institution.
Architecture of a protein molecule
KENDREW J. C. (1958). Nature, 182, 764-767.
The crystal structure of myoglobin. IV. A Fourier projection of sperm-whale myoglobin by
the method of isomorphous replacement
By Bluhm, M. M.; Bodo, G.; Dintzis, H. M.; Kendrew, J. C.
Proceedings of the Royal Society of London, Series A: Mathematical, Physical and
Engineering Sciences (1958), 246, 369-89. DOI:10.1098/rspa.1958.0145
By 2 methods heavy atoms are attached at specific sites (Hg or Au). An electron d.
projection is computed. The relative positions of the 2 protein mols. in the unit cell are
established.
22
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The First Structures

Nature (13 February 1960) 185, 416-422. | doi:10.1038/185416a0
Structure of hemoglobin. A three-dimensional Fourier synthesis at 5.5-A.
resolution, obtained by x-ray analysis,
Perutz, M. F.; Rossmann, M. G.; Cullis, Ann F.; Muirhead, Hilary; Will, Georg;
North, A. C. T.
Proceedings of the Royal Society of London, Series A: Mathematical, Physical and
Engineering Sciences (1961), 265, 15-38. | doi: 10.1098/rspa.1961.0220
Structure of hemoglobin. VIII. A three-dimensional Fourier synthesis at 5.5-A.
resolution: determination of the phase angles
Cullis, Ann F.; Muirhead, Hilary; Perutz, M. F.; Rossmann, M. G.; North, A. C. T.
horse oxyhemoglobin
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Elements of the technique, diffraction measurement: The four-circle
diffractometer

25

Why did so many coordination chemists adopt xray diffraction as a frequently used tool?

J. Chem. Soc. (1961), 2298-2305.

The Quadruple Bond

Kuznetzov, V. G. & Koz’min, P. A. (1963) J. Struct. Chem. 4, 49. [Zhurnal
Strukturnoi Khimii (1963) 4, 55-62].
Crystal structure of “(pyH)HReCl4”:
Twinning problems.
Charge balanced by isolated H+.
From Chemical Abstracts:
Source: Zhurnal Strukturnoi Khimii, Volume: 4, Issue: No. 1, Pages: 55-62, Journal, 1963, CODEN: ZSTKAI,
ISSN: 0136-7463
Accession Number: 1963:63273, CAN 58:63273, CAPLUS

The cryst. structure of the pyridine deriv. of the tetrachloride of bivalent Re, (pyH)HReCl4 was
detd. from 2-dimensional projections of the interat. vectors and the electron d. The space
group is D192h- Cmmm, the calcd. unit cell parameters are a 7.55 ± 0.22; b 16.31 ± 0.04, and
c 8.25 ± 0.02 kX, the observed d. = 2.69 and Z = 4. The basic structure seems to consist of
dimeric ions [Re2Cl8]4- exhibiting the form of a square prism in which, besides the 4 covalent
bonds Re-( 1 of 2.43 kX length, the bond Re-Re of 2.22 kX length exists, thereby the
coordination no. of Re is 5. The direction of the Re-Re bond is parallel to the x axis, while the
planes of the chloride squares are perpendicular to this same axis. The planes of the pyH+ ion
lay in such a way that the N atom is surrounded by 4 Cl atoms belonging to 4 different
[Re2Cl8]4- groups. The free H atoms are postulated to occupy symmetry centers between the
Cl atoms. The inferred structure accounts satisfactorily for the observed diamagnetic
character of the compd. 15 references.

Kuznetzov, V. G. & Koz’min, P. A. (1963) J. Struct. Chem. 4, 49. [Zhurnal
Strukturnoi Khimii (1963) 4, 55-62].
Crystal structure of “(pyH)HReCl4”:
Twinning problems.
Charge balanced by isolated H+.
CCDC Refcode: PYRDRE

Re---Re 2.22 Å
Diamagnetism attributed to the formation of an Re---Re bond.

The quadruple bond - K2[Re2Cl8]
F. A. Cotton, et al., Science, 1964, 145, 1305.

Science (1964). 145, 1305-1307.

Cambridge Database 2014 Author Statistics

The Crystal and Molecular Structure of Dipotassium
Octachlorodirhenate(III) Dihydrate, K2[Re2Cl8]2H2O
F. A. Cotton, C. B. Harris
Inorg. Chem. (1965). 4(3), 330–333. DOI: 10.1021/ic50025a015

The structure was solved and
developed in space group P1, after
which the correct space group was
established by examination of the
structure.

Relationship between δ bond strength and bond length.

F. A. Cotton. Centenary Lecture, delivered at a meeting of The
Chemical Society in Bristol, February 4, 1974.

The δ bond is affected by rotation

The orbital overlap for the δ component varies with cos2χ.
F. A. Cotton, P. E. Fanwick, J. W. Fitch, H. D. Glicksman & R. A.
Walton (1979). J. Am. Chem. Soc. 101, 1752-1757.

Preparation and Structure of the Bridged Form of
Mo2Cl4([CH3)2PCH2CH2P(CH3)2]2. Dependence of the Mo2 Quadruple
Bond Length on Torsional Angle
F. Albert Cotton & Gregory L. Powell (1983). Inorg. Chem. 22, 15071510.
Preparation and crystal structure of β-Mo2Cl4(dmpe)2, with
Mo---Mo bond length 2.183(3) Å and mean χ of 40.0(1)°.
This result was combined with data from the previously characterized
Mo2Cl4(dppm)2 and Mo2Br4(arphos)2.
A linear relationship was observed between the Mo---Mo distance
and cos(2χ).

Steric and Electronic Factors Influencing the Structures of Bridged (β-Type) M2CI4(LL), (M =
Mo, Re) Compounds: A Refined Correlation of Bond Length with Torsion Angle. Fred L.
Campbell, III, F. Albert Cotton,* and Gregory L. Powell (1985). Inorg. Chem. 24, 4384-4389.
New compounds: β-M2Cl4(depe)2 (M = Mo, Re)

The Whole Story of the Two-Electron Bond, with the δ Bond as a
Paradigm
F. A. Cotton and D. G. Nocera (2000). Acc. Chem. Res. 33, 483-490.

The Free Electron Laser
Citation: Discussion Meeting Issue, "Biology with free-electron X-ray
lasers," organized and edited by John C.H. Spence and Henry N.
Chapman, Philosophical Transactions of The Royal Society B July 17,
2014; 369 (1647), DOI: 10.1098/rstb.2013.0500 1471-2970.
“Serial femtosecond crystallography (SFX)”
http://www-ssrl.slac.stanford.edu/stohr/xfels.pdf
“X-Ray Free Electron Lasers: Principles, Properties and Applications”
Claudio Pellegrini, UCLA, and Joachim Stöhr, SSRL

Data Bases
http://www.ccdc.cam.ac.uk/pages/Home.aspx :

“The CCDC grew out of the activities of the crystallography group led by Dr Olga Kennard
OBE FRS in the Department of Organic, Inorganic and Theoretical Chemistry of the
University of Cambridge. From 1965, the group began to collect published bibliographic,
chemical and crystal structure data for all small molecules studied by X-ray or neutron
diffraction. With the rapid developments in computing taking place at this time, this
collection was encoded in electronic form and became known as the Cambridge Structural
Database (CSD).
The CSD was one of the first numerical scientific databases to begin operations anywhere in
the world,….”

The 21st Century
Advanced experimentation
Integration of diffraction (scattering) with other
experimental and theoretical techniques
Massive acquisition of data
“Knowledge synthesis”
Chemical and physical insight applied to
crystallographic analysis

Elements of the technique, visualization: Wire models
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William Lawrence Bragg 1915
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