


ORNL 1745

Copy No
Contract No W-Th05-eng-26

THE CRYSTAL STRUCTURES OF OXALIC ACID DIHYDRATE
AND ALPHA IODIC ACID AS DETERMIMNED BY

NEUTRON DITFRACTION

B S Garrett

DATE ISSUED

JUL 29 1954

OAK RIDGE NATIONAL LABORATORY
Operated by
CARBIDE AND CARBON CHEMICALS COMPANY
A Division of Union Carbide and Carbon Corporation
Post Office Box P
Oek Ridge, Tennessee












ABSTRACT

The crystal structures of oxalic acid dihydrate and alpha 1odic
acid were determined by neutron diffraction  Several modern tech-
niques were utilized in analyzing the data, including Fourier series,
structure factor inequalities, statistical intensity distributions,
least squares, and Fourier peak shape analysis The positions of
all the atoms, including hydrogen, were determined

The structure of oxalic acid dihydrate was found to be consistent
in its general features with that deduced from x-ray diffraction
data The oxalic acid molecule, including the hydrogen atoms 1s
planar The carbon - carbon bond length 1s that of a single bond,
the carbon - oxygen bonds are nearly equal and are of lengths
intermediate between those of single and double bonds  The
oxygen - hydrogen distance in the acid molecule was found to be 0 10
longer than i1n gaseous water The oxygen = hydrogen distances, the
oxygen bond angles and 0 - H stretching frequencies of the water
molecule in the crystal are very nearly identical with those of
gaseous water Strong evidence for libration of the carboxyl groups
about the carbon - carbon bond was found 1n the analysis of the
themal motion of the atoms The acid molecule is bound to the
water oxygen atom through the carboxyl hydroxyl group This 1s a
short and apparently strong hydrogen bond, it 1s nearly linear and
is only 2 52 A in length The oxalic acid dihydrate complexes

are bound together in a three dimensional network of weaker hydrogen



bonds between water hydrogen atoms and carbonyl oxygen atoms of
neighboring acid molecules  Two helical chains of hydrogen bonds
parallel to each diagonal of the a = ¢ plane appear to be the main
elements stabilizing the crystal.

Alpha iodic acid can be described as being composed of two
chains of pentagonal rings, tilted at a mutual angle of 25",
which are parallel to the crystallographic b axise. The banding
between iodic acid molecules within a chain is through a relatavely
short 0 ~ H = O bond and a very short intermolecular iodine - oxygen
approach. Binding between chains appears to result from close
approaches to iodine by oxygen atoms which project above and below
the chains. The earlier description of the 103 group in the
molecule as an irregular pyramid was confirmed An attempt to
correlate structural data with results of nuclear quadrupole spec=
troscopy led to consistent but not unambiguous assignment of

hybradized bonding orbitals to iodine.
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PART ONE

STRUCTURE OF OXALIC ACID DIHYDRATE







General Introduct.on

It was first suggested by Elsasserl in 1936 that neutrons could
be diffracted by solids Halban and Preiswerk? and Mitchell and
Powers3 demonstrated in the same year that neutrons were diffracted,
using radium~beryllium neutron sources However the technique of
neutron diffraction as a method of structural investigation did not
begin to develop until more intense neutron sources became available
from nuclear reactors

The properties of a neutron which are important in its use in
diffraction include 1ts size, mass, velocity, magnetic moment, lacx
of charge and interactions with nucleir Because of 1ts small size
and lack of charge 1t 1s highly penetrating, and undergoes appreciable
true absorption only 1in exceptional cases Tts diffraction behavior
may be described by the de Broglie equationy, A\ = E/hv, where A\ 18 a
wavelength associated with a neutron whose mass 1s m and velocity 1s vy
E is Planck's constant For neutrons in equilibrium with matter at
temperature T, somewhat above room temperature, the kinetic enevgy is
1/'2mv2 = kT, where k is Boltzmann's constant, and the associated wave=-
length is of the order 1 A This wavelength is 1n the range of inter-
atomic distances in crystals and also approximately the same as the
x~ray wavelengths ordinarily used 1in crystal structure determination
The magnetic moment of the neutron i1s useful in determining the magnetic
structure of crystals,h but will not be further discussed since this

investigation was not concerned with magnetic properties of matter
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Xk consequence of the fact that thermal neutrons have associated
wavelengths of the order of interatomic distances 1s that constructive
interference occurs when the Bragg condition, n\ = 2d sin 8§, is
fulfilled Since it 1s ordinarily convenient to work with essentizlly
monochromatic beams, 1t 1s necessary to select a narrow band of
wavelengths from the essentially Maxwellian distribution of wavelengths
possessed by ordinary thermal neutrons This 1s accomplished by taking
advantage of the fact that Bragg nreflectionr occurs from a plane of a
single crystal placed at an arbitrary angle to the axis of a beam of
thermal neutrons only for narrow bands of wavelengths The intensity
of reflections corresponding to high orders of n 1s attenuated by the
low probability of high values i1n the Maxwell distribution of the
incident neutron energies In practice large single crystals of retals
such as copper or lead are most frequently used as monochromators

Because of the severe intensity loss suffered 1in selecting a
narrow band out of a broad distribution of wavelengths, the dimensions
of the slits in the collimating system must be much larger than is
required for the x=ray case where only the intense radiation havirg
the characteristic energy of the target material is used The dimen=
sions of the slit system together with the reguirement of a long, well
shielded counter result in much more bulky apparatus than is needed
in x-ray diaffraction .

Since both x=rays and neutrons are scattered coherently according
to the same geometric conditions, the occurrence of diffraction maxima

does not differ in a qualitative way between the twn methods It is



rather in the quantitative ways in vbich the two types of radiation
are scattered that important differences arise and make neutron
diffraction a aseful tool 1n investigations which are difficult, if
not impossible, with other techniques In particular, the differences
arise largely from the fact that photons are scattered by the electron
cloud around each atom while neutrons are scattered by interaction
with the nuclel themselves These processes obey quite different rules
as to the amplitudes of scattering by various atoms as well as to the
dependence of the amount of coherent scattering on scattering angle
The x=ray scattering amplitudes increase smoothly ana nearly linearly
with atomic number, or the number of extra-muclear electrons Hence
the x-ray scattering from crystals containing both heavy and light
atoms 1s dominated by scattering from the heavy atoms Moreover,
elements of nearly equal atomic number are quite difficult to distin-
guish. The neutron scattering amplitudes of various elements, indeed
of various 1sotopes of the same element, are distinguished by the lack
of such large variation in magnitude with atomic size and by their
apparently random variation from elenent to element and from isotope
to isotope The magnitude and even the sign of the scattering ampli-
tude 1s related more directly to the resonance energy of the compound
nucleus comprised of the interacting neutron and atom than to the
nuclear sizes’6 For most nuclei,; the resonance energy of the
compound nucleus 1s so high relative to the neutron energy that ordin-
ary potential scattering, as 1f by an impenetrable sphere, occurs

In this case the phase of the scattered beam undergoes 180° shift in



accordance with the boundary conditior that the wave function of the
neutron should vanish at the surface of the sphere In a few important
cases, however, negative scattering amplitudes, corresponding to 0°
phase shift have been noted These are usually found to be assoclated
with known neutron scattering resonances The atomic scattering
factor for x-rays falls off rapidly with increasing scattering angle
for several reasons The large size of the electron cloud compared to
the wavelength of the radiation permts scattered radiation to be com=-
pletely coherent in only the forward direction Also, the intensity

1n the scattered beam depends on the degree of polarization, which 1is

a function of scattering angle. In contrast the dimensions of the
nucleus (Y = 10"13 cm) are small compared to the wavelength of thermal
neutrons so that nuclei scatter neutrons isotropically There 1s no
polarization factor for this interaction The above statements are
rigorous for atoms rigidly fixed in space, but in ordinary crystal
lattices the atoms are undergoing thermal vibration It has been shown
by Weinstock! that the effect of this temperature motion on
Bragg-diffracted radiation can be represented in the same way for neutrons
as for x-rays TFor this reason, the scattering of neutrons by actual
atoms does have an angular dependence of the form fg = foe’qsz, where
fg is the scattering amplitude at s = sin 8/\; f, 1s the atomic
scattering amplitude, and B = ;2787‘20 The quantity ;? 1s the mean
square amplitude of the displacement of the atom in the direction of
the scattering vector

Neutron diffraction is thus largely a complementary techniaue to



x-ray diffraction There are two main classes of problems rore suit-
able for neutron diffraction than for x-ray diffraction investigations
One of these includes structures containing elements of nearly equal
atomic number which happen to have appreciably different neutron
scattering ampl.tudes One example of such a case was the investigation
of superstructure 1n several alloys by Shull and Slegel8 The
second and more common class 1s the determination of light atom positions
ir tre presence of heavy ators The riost important division of this
class 1s the determination of hydvogen aton positions, vhich cannot
be deternined satisfactorily at present by other techniques

Both of the structures described herein fall within this second
class of invest.gation While there were other subsidiary questions
in both the oxalic acid dihydrate and 1odic acid problems, the central
question was the hydrogen atom locations The importance of hydrogen
bending in many fields of chemistry is well known, but until direcu
determinations of the hydrogen locations in a number of these bonds
have been carried out; generalizations concerning the occurrence,
strength and dimensions of hydrogen bords will remain to some extent
conjectural The variabilicy of O = H = 0 bonds described herein 1s
alone sufficient to attest the desirability of obtaining more quanti-

tative structural information about hydrogen bonds




Introdaction

Oxalic acid dihydrate has been the subject of several x=ray
diffraction investigations, beginning with that of Zachar1asen9 in
193y The various investigators agree on the general features of the
structure as originally proposed by him The czoh group has been founa
to be planar and to have a center of symmetry between the carbon atoms
Two such groups together with the four associated water molecules
make up the unit cell,; which 1s monoclinic with space group symmetry
Cgh - P21/h The crystal 1s held together by a network of hydrogen
bonds linking acid molecules to water molecules It 1s on the
details of the structure, such as bond lengths, bond angles, and
actual hydrogen arrangements, that the previous investigators have
disagreed, and 1t is with these features that this investigation has
been concerned

Zachariasen determined the dimensions of the unit cell and esti-
mated the parameters of the carbon and oxygen atoms within the unit
cell He found the C = C bond length to be 1.59 A, at that time con=
sidered to be essentially equal to that of a single bond The two
C - 0 distances within the carboxyl group were reported as both equal
101252005 & The co-planarity of the two carboxyl groups was
noted to be not immediately explicable since valence forces would not
be expected greatly to restrict rotation about a € - C single bond,
and from strictly electrostatic considerations, the carboxyl groups
would tend to be at right angles to each other. Resonance between two
Mo 0

equivalent structures like Lo c C O] was suggested to account



for the observed C = O bond angle. and distances e also proposed
the existence of the oxonium (OH%) radical in the crystal, and
suggested the name oxonium oxzlate for the compound

In 1936 Robertson and Woodward0 reinvestigated the structure
using single crystal specimens in a moving film camera wath Cu Kot
radiation (A = 1 54 A)o The structure factors obtained from the hoOl
and Okl zones were used to construct Fourier series representations
of the projections of the scattering density functions This repre-
sented one of the earliest applications of this analytical technique
to a complex structure Atomic coordinates were determined by locating
the maxima of the peaks in the scattering density function They
found the C = C distance to be probably 1 413 and not more than 1.48 A,
showing somz double bond character, hence some resistance to rotation
In support of the reasonableness of this result they pointed to the
planar nature of the mclecule and to the fact that oxalic acid is
quantitatively oxadized by potassium permanganate This latter obser-
vation was presumably 1n analogy with the oxadation of olefins They
reported C = O distances of 1 2}y A and 1 30 &, the shorter distance
being associated with the close approach (2 52 A) of the water oxygen
This carboxyl oxygen was idertified as the carbonyl oXygene

A later investigation by Brill, Hermann and Petersil y1elded
different results Using Mo X<X radiation (A = 0 707 A), they
collected the experimental aata to a larger sin 9/\ 1imit, thus
potentially increasing the resolution and the natural convergence of

the Fourier series representation of the scattering density function.
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They found the C = C distance to be 1 53 A, almost 1dent_cally that
of C = C 1n diamond (1 Sh &) They also found two distinct carboxyl
C - 0 distances; 1 17 A and 1 28 A respectively TIn this case, however,
the longer distance (1 28 A) was associated with the clocse approach
of water oxygen Accordingly, this was identified as the hydroxyl
oxygen and the other (1 17 A C - 0) distance as the carbonyl oxygen
The planarity of the oxalate radical was again noted

In an effort to resolve these obvious discrepancaes, Dunitz and
Robertsonl? reconsidered the experimental data of Robertson and
Woodward1® and also of Brill, Hermann and Petersil After trying
numerous combinations of parameters, they concluded that best agreement
between calculated and observed structure factors was obtained by come
bining the x and z parameters of Brill et al with the ¥ parameters of
Robertson and Woodward They found several other arbitrary combinations
which gave essentially equal agreement The set of parameters finally
chosen corresponded to a C = C distance of 1 46 & and two essentially
equal C = 0 distances of 1 2; A for the 0 1nvolved in the close
approach of water and 1 25 A for the other

While the present neutron diffraction nvestigation was in progress,
Ahmed and Cruickshankl3 carried out a new analysis of the two
apparently non=concordant sets of data of Robertson and W'oodward10 and
of Brill, Hermann and Petersll Their objective was to show that
concordant results could be obtained from the two sets of data, or, 1f
not, to find the source of the mcompatibility. Their procedure

consisted of analyzing each set of h0Ol data separately and analyzing
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each set of hOl data separately and analyzing a set of data obtained
by combining the h0l data into mean values In the case of the 0kl
zone, the data of Robertson and Woodward were analyzed and the results
compared with those obtained by combining their data with those of
Brill, Hermann and Peters This was necessary because the latter did
not remeasure all of the reflections common to the two sets of obser-
vations In obtaiming parameters they applied Booth'sIh method of
correcting for termination of series errors This was found to be
particularly important in obtaining correct parameters from the data
of Robertson and Woodward pecause of the poorer convergence resulting
from the smaller sin §/\ 1imt of the cbservation The wequal slopesn
method of Crulckshank15 was utilized in resolving the 0kl projection
of the carbonyl group Using statistical methods to estimate accuracy
and compatibility, they concluded that concordant results could be
obtained from the two sets of data Their final structure was generally
close to that of Brill, Hermann and Peters The molecule was found
to be planar and the C = C distance to be 1,529 A The C = 0 distances
were found to be 1 285 A for the O associated with the close water
approach and 1 187 A for the other carboxyl € = O bond They also
redetermined the unit cell dimensions by tne Straumanis techniquee.
Richards and Smith16 examined the nuclear magnetic resonance
spectrum of oxalic acid dihydrate and found the proton resonance
absorption curve to be compatible with a structure consisting of water
molecules and oxalic acid molecules. It could not be fitted with a

structure consisting of oxonium ions and oxalate ions This was



consistent with the interpretation by Mar1gnan17 of the Raman spectra
of the solid, but inconsistent with the suggestion of Zachariasen that
the compound 1s oxonium oxalate The suggestion of Brill et al that
the structure 1nvolves resonance between these two extremes and Peters
that the structure involves resonance between these two extremes seems
to require the carboxyl hydrogen to be centered between the water and
acid oxygen atoms for electronic resonance to occur, or a disordered
structure involving OHB ard H,0 groups

This neutron diffraction investigation was i1ntended to provide
direct 1nformation concerning the hydrogen locations 1n order to
answer the question of the existence of OHE and to delineate the
hydrogen bond network which has been presumed to hold the crystal
together Because of the apparent non-concordance of the results of
early x-ray workers, 1t was also hoped that imp~ovement 1n the precision
of the overall structure determination mght be achieved The recent
study by Ahmed and Crulckshank13 has 1n some measure obviated the neces=-
sity for this, but these new experimental determinations may be con-
sidered an essentially 1independent check of many of their conclusions,
wath 1n addition more extensive analysis of the thermal moticn of the
atoms and a suggestion concerning possible sources of error in the

x-ray data themselves
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Experimental Procedure

A Crystallographic Description of Oxalic Acid Dihydrate
I
Oxalic acid dihydrate has the chemical formula (COOH), 2H,0

The solid 1s a soft, colorless crystal whose morphological character-
istics have been described by Groth18 The crystal 1s monoclinic
with space group symmetry’Cgh - P21/h The asymmetric unit 1s one
half of a molecule, the molecule lying across a center of symmetry in
the crystal A descraption of the unit cell, whose dimensions were
recently redetermined by Ahmed and Crulckshankl3, 1s summarized below

The axial lengths ares ap = 6 12 &, by = 3 60 A, ¢, = 12 05 4,
the monoclinic angle, P = 106° 167 There are two molecules per unit
cell and the unit cell volume 1s 254 § A3 Tre calculated density is
1 63, compared to an observed density of 1 653

Space group absences for hOO, OkO, OO0l are h, k, or 1 # 2n and

for hOlL are h + 1 # 2n. All atoms lie in general four=fold positionss

t (x5 ¥5 2)5 : (1/2 * Xy 1/2 =Y 1/2 + 2)e



B}‘I Apparatu. and Equ.pment

1 The Neutron Spectrometer

The design of the spertrometer used 1n this investigation 1s
similar to that described by Wollan and Shu1119 The arrangement of
the comporents 1s 1llustrated 1n a schematic drawing Figure 1 and
by a photograph Plate I  The source of neutrons is the graphite reactor
of the Oak Ridge National lLaboratory  The flux available 1s approxi-
mately 3 x 1011 neutrons sec™t cn"% A beam of neutrons emerges from
a 21 x 2 in square hole 1n a 1 foot long shielding block with an
angular divergence of about 1 degree The monochromating crystal,
located on a turntable outside the pile face, 1s a single crystal of
copper with a reflecting face about 2 1n by L 1n cut nearly parallel
to the (111) plane The reflecting face 1s cut at an angle to the (111)
plane equal to about one half the Bragg angle, in the manner suggested
by Fankuchen, in order to concentrate the diffracted beam The
monochromator 1s heavily shielded with borated paraffin and lead bricks
to reduce background radiation at the spectrometer counter By
selecting the angle between the face of the monochromating crystal
and the beam from the reactor the desired wave lengths can be diffracted
The collimating slits fit 1nto a channel in a plug which bolts into
the front face of the monochromator shield This channel is fixed,
so that 1t 1s necessary to change plugs when tre wave length 1s
changed The beam defined by these sl.ts 1s 3/8 in wide by 1 1/2 1n
tall, with a neutron current of approxamately 107 neutrons per minute

The spectrometer table and counter am rotate about a vertical
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axas which intersects the center of the monochromatic beam The table
and counter are driven at relative angular velocities of one to iwo
by a three speed synchronous motor through a gear train Six angular
velocities from 1/2 to 16 degrees per hour of counter angle are avail-
able, Clutches are provaded for disengaging the table and counter
independently from the gear train

The detector of scattered neutrons i1s a proportional counter
filled with B10 enriched BF3 It has an active length of 20 1n and
1s shielded with 0 020 in Cd foil, 1/2 in boron carbide powder
surrounded by 2 in of borated paraffin, all enclosed in ar 1iron tube.
The entrance slit of the counter 1s 1/2 in wide by 1 1/2 in tall

2. Instrumentation

A block diagram of the instrumentation 1s shown in Figure 2
To minimize the effect of power fluctuations of the reactor, automatic
compensation for flux changes 1s used A thin counter inserted in t*e
monochromatic beam indicates the beam intensity on a linear count rate
meter through an associated preamplifier and amplifier The rate
meter output 1s recorded and also actuates a sem control Deviations
in flux from the level at which the servo-control 1s set cause the
servo-motor to open or close the magn831ﬁh wedges 1n the beam untal
balance 1s restored

Two records of the diffracted beam are obtained Amplified pulses
from the counter are fed to a linear count rate meter The output
of the rate meter 1s recorded so that intensity as a function of

counter angle may be measured The amplified pulses also feed into



2 GHANNEL REGORDING
RECORDER POTENTIOMETER
AR 7
/ \ |
/ \ |
J/ \ \
/ \ |
\
/ A }
LINEAR LINEAR
1COUNT RATE| |COUNT RATE| |SCALER ’POTELETS&E:TER
// METER METER
/7 A A -7
/ | P
V4 | -~
V4 | 1 -~
73 ! 1o~
A A
SERVO LINEAR LINEAR
GONTROL DC DC
AMPLIFIER AMPLIFIER
| K
! |
!
1 I
|’ i
WEDGE PRE
SERVO AMPLIFIER
MOTOR
i /
/
/
/
/
ya
BEAM PRIMARY BEAM s
ACOUNTERd - — T o
CHAMBER
MAGNESIUM GONTROL WEDGES

NEUTRON

BLOCK DIAGRAM
SPECTROMETER INSTRUMENTATION

FIG 2

PRE

UNCLASSIFIED
ODWG 21995

el



-19-

a scaler The output of the scaler operates a step=motor which 1s
geared to a precision potentiometer The gearing 1s arranged so that
the potentiometer makes a corplete revolution after 200 pulses from the
scaler TFull potential across the potentiometer corresponds to full
scale reading on a recorder, hence eacn pulse from the scaler causes a
1/2 per cent increase in recorder scale reading between 0 and 99%
of full scale The circuit opens on 99 1/2% and the potentiometer and
recorder pen returm to zero when a cycle is complete This provides a
record of the integral number of counts in any interval of angle
Because intensitles encourtered experirentally vary by a factor of
about 10"‘, several scales are provided on both the linear ccunt rate
meter and the scaler As intensity available s reduced, 1t 1s
necessary to reduce angular velocity in order to obtain reasonably
good counting statistics Because of the relatively high incoherent
scattering from hydrogenous materials, 1t 1s not usually profitable
to operate below 1/hr counter angle or 50 counts/mnute full scale
rate meter settings

3. Automatic Programmer

For automatic operation in taking data on single crystals, an
automatic programming device to be described by Levy and Peterson20
was utilized A diagram of the crystal rotator 1s shown in Figure 3
The function of the device 1s to bring successive crystal planes into
reflecting orientation 1n proper time relation as the counter scans

through 2 @ at constant angular velocity A program of twenty reflec-

tions can be run in a period of approximately twenty hours without
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attention from an operator

From the 1ist of reflections to be measured, all of whose & values
have been calculated, a set of twenty or less 1s arranged in order of
© The values of @ between corsecutive reflections must differ by
3% to ho in order that their rate meter traces will be resolved. The
angles these planes make in the crystal with some reference plane
are also calculated Since the counter scans at a constant angular
velocity, the time at which the @ of a particular reflection will be
reached can be calculated The function of the awtomtic programmer
is to rotate the crystal to compensate for the d.fferent angles at
which the various planes lie in the crystal Thas 1s accomplished by
having a battery of clocks set to provide a single electrical impulse
to the crystal rotator at the end of each reflection Stops have been
set on the crystal rotator at each of the interplanar angles which
were previously calculated These stops are located one above the
other around a central shaft in the sequence of the program of reflec-
tions. When a reflection 1s completed, a clock controlled pulse
causes a rider to rise one notch, releasing the central shaft, which
1s driven through a friction clutch, and permitting 1t to rotate untal
the stop for the next reflection engages the rider. The reflection
is scanned and the process repeats. Ordinarly, half of the reflections
are run with increasing @, and, after reversal of the spectrometer

motor by a 1lamt switch, the remainder are run with decreasing &




C Procedure

1 Preparation of Specimens

Large crystals of oxalic acid dihydrate were supplied by
Dr S5 W Peterson of the Oak Ridge National Laboratory. They were
grown from a saturated aqueous solution of oxalic acid in which seeds
of oxalic acid dihydrate were slowly moved to and fro in a thermo-
stated saturated solution The temperature of the solution was con-
timiously reduced by means of a motor=driven control on the thermostat
setting After morphological examination following Groth18 and
identification of faces and axial directions, specimens suitable for
diffraction were prepared. The crystals were sliced parallel to the
desired axis with a wet cuttyhunk string saw Abrasive paper was used
to reduce the slab to an approximatel; square column, about
5 x5 x 10 mm 1n dimensions, taking proper precautions to keep the
proper axis of the crystal accurately parallel to the long axas of
the pillar One square end of the specimen was ground to a flat surface
normal to the pillar axis The specimen was cemented to a metal pin
so that 1t could be rapadly revolved 1n a drill press. It was reduced
to cylindrical form by granding against abrasive paper, reducing the
coarseness of the abrasive as the cylinder diameter reduced Final
polishing was done with wet emery paper

Two specimens were prepared for each of the two zones under
investigation A small crystal about 1 mm in diameter and a larger
one about 3 5 mm 1n diameter, both about 10 mm long, were prepared

These were cemented to glass fibers and immersed in diluted Duco
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cement The cement coating was required to prevent spalling when

the crystals were treated to 1ncrease mosaic spread by immersion in
liquid nmitrogen The glass fiber was then cemented to a pin suitable
for mounting on a goniometer head Alignment of the zone axis of the
crystal with the rotation axis of the crystal was accomplished with an
x-ray precession camera Patterns were taken from various portions of
the crystal and the films examined for evidence of imperfections such
as twinning or polycrystallinity No such irregularities were neted

2 Standardization and Calibration

a Relationship of Experimental Intensities to Structure

Factors

The quantity measured experimentally 1s the total number of neu=-
trons scattered in a given Bragg diffraction maximum  The quantaity
desired for use in deducing the structure 1s the magnitude of the
structure factor, which 1s calculated from this experimental quantity
Intensities may be measured on single crystals or on powders, each
method has 1ts special advantages The more powerful method for
structural investigations i1s the single crystal method introduced by
Levy and Peterson®l to neutror diffraction The advantages of
this method are the complete resolution of most reflections and the
relatavely hagh ratio of Bragg scattering to background The method
suffers from the disadvantage that secondary extinction may occur
This point is discussed in some detail below The powder method has

been found to be of value for relatively simple structure determina-

tions, but of little value for complex structu-es because of insufficient



resolution It 1is still generally useful, however, in evaluating
extinction effects in single crystal measurements

In the case of single crystal meagsurements the following expression
adapted from x-ray relationships has been found to hold for an ideal
crystal

E = (IMNVF|?) / (wsin 20)

E being the number of neutrons scattered in a Bragg reflection, I, the
incident intensity, N the wave lengthy, w the angular velocity of rota-
tion of the crystal, N the number of unit cells per unit volume, V
the volume of the specimen, € the Bragg angle and F the structure
factor For an actual crystal with an appreciable absorption coeffi-
cient; a correction to the measured intensity must be made in order
to place the measured structure factors on an absolute scale
Absorption 1s defined as attenuation of the beam by processes other
than Bragg scattering Determination of the absorption correction
1s discussed below The method of evaluating the instrumental constant,
Ios 1s beyond the scope of this investigation, but I, 1s implicitly
determined by comparing all experimental measurements of integrated
intensity to measurements made under duplicate conditions on a care-
fully evaluated NaCl crystal

A sumlar relationship between integrated intensity and the square
of the structure factor holds for powders

E = [(IOX31WV "y /(8% rzulf)] [(N23|F|2) / (sin @ sin 2 9)]
Ey X5 Ios & N and F having the same meaning as before,p' being the

powder bulk density, 4 the crystal density, V the sample volume; 1,
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Wy W o, and r the height, width, angular velocity and radius of travel,
of the fen31t1ve aperture of the detector, ard j the mualtiplicity of
the plane The instrumental constants are determined as before by
comparison with a standard sample, in this case powdered nickel An
absorption correction to be discussed below must be made to the
experimental integrated intensity in the powder case also

b Methods of Estamatirg Absorption Corrections

Because cylindrical samples are used for both single crystal and
powder measurements, absorption corrections are isotropic with
respect to directions of the scattered beam normal to the cylindrical
axis The quantities necessary to determine the absorption correction
for a cylindrical sample are the linear absorpt.on coefficiert, Koo
and the radius of the sample The value of the absorption correction,
A, 1s read from a tabulation of A as a function of “l Rz2

There are several ways of determinirg e for a single crystale
The most satisfactory 1s to measure the neutron transmission directly
on the slab from which the single crystal specimens are to be cut.
The absorption coefficient follows directly from the relationshaip

Ig = Ioeaﬁiﬁg

where Ig 1s the intensity transmtted through the sample, I, the inci-
dent intensity, e the absecrption cecefficient, and t the thickness
of the slab Measurements may sometimes be made on the actual speci-
mens on which diffraction data are taken It is necessary that the
diameter of the specimen be large compared to that of the pinhole

defining the beam so that the average path length through the crystal
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can be appfoxlmated by the crystal aiameter

An al%ernatlve method of estimating the absorption coefficient is
to calculate the total cross—section per molecule corresponding to
the attenuation measured on a powder sample and to make the assumption
that the single crystal absorption correction is equal to the total
powder absorption cross-section less the total coherent cross-section
per molecule Another method sometimes used 1s to assume that the
absorption 1s altogether accounted for by the large incoherent cross-
section of hydrogen, effectively about 38 barns The absorption
coefficient by eirther method follows from the relationship

b= (CNp) /u W

where 0" is the cross-section per molecule in cm?, N 1s Avogadro’s No ,
P 1s the sample density and 4 MJ 1s the molecular weight of the
sample material

The average radius of a single crystal specimen is conveniently
calculated from the height, weight and density, all of which can be
measured with considerably greater precision than can the average radius

The absorption coefficient of a powder sample 1s calculated from
the total cross-section; measured on the powder and the bulk density
of the diffraction sample The radius of the powder sample 1s that of
the standard alumnum sample cell, 0 5 cme

¢ Secondary Extinction

Secondary extinction refers to loss of intensity in the
diffracted beam relative to that from an ideal crystal element, by

Bragg scattering For the relatioiships between intensity and siruc-
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ture factors discussed above to hold, tne whole cvystal must be bathed
in a wmaform flux ol neatrons £, however, the crystal 1s of fainite
size, Bragg scatterang will attenuate the ircident beam as 1t passes
through the crystal, so that, for intense reflections, the flux .s no
longer uniform, but 1s a function of position in the crystal and of
intensity of the reflection  The severity of the effect 1s very
sensitive to the mosaic imperfection of a particular specimen
Bacon and Lowde23 have established criteria for maximum permissible
thickness in terms of Q, the reflectivaty per centimeter thickness,
of a plane and 2+,, the mosaic spread of the crystal The mosaic
spread 1s a measure of the random misalignment of the micro-crystalline
blocks of which a2 macro-=crystal 1s composed

The problem of obtaimng single crystal specimens for neutron
daffraction which are free from extinction 1s a major one. In order
to reduce the effect of extanction, the radius of a specimen may be
reduced The ultimate practical limit in this direction 1s the
resulting low diffracted intensity In practice, at least two sizes
of specimens are needed, a small one with a radius near 1 mm on which
very 1ntense reflections are measuredy and a larger one on which the
remaining reflections are measured Alter specimens have bee