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Refinement of the Structure of p-Tartaric Acid by X-ray and Neutron Diffraction*

By Y.OkAYA AND N.R.STEMPLE
IBM Watson Research Center, Yorktown Heights, New York, U.S.A.

AND M.I.KAY
Puerto Rico Nuclear Center, Mayaguez, Puerto Rico

(Received 9 February 1965 and in revised form 27 December 1965)

The crystal structure of D-tartaric acid determined by Stern & Beevers [Acta Cryst. 3, 341 (1950)]
was refined by using three-dimensional intensity data (Cu Ka) collected on a computer-controlled dif-
fractometer operated by an IBM 1620 machine under a stored data collection program. The crystal-
lographic data are: a=7-715+ 0003, b= 6004+ 0-003, c=6-23; +0-003 A, #=100-1+0-1°, with space
group P2:. The parameters were refined by using a full-matrix least-squares program; all the hydrogen
atoms were located by a difference Fourier synthesis and refined by the least-squares method. The re-
sults of this refinement are compared with a similar result obtained from neutron diffraction data.

The molecule is made of two —C*H . OH . COOH parts, each part consisting of a planar carboxyl
group and a tetrahedral asymmetric carbon atom; the a-hydroxyl oxygen atom is also situated close
to the carboxyl plane. There is a slight but interesting difference in the overall shape of these two parts;
the angle between the planes of the carboxyl groups in these two parts is 54-6°.

The molecules are held in the structure by a three-dimensional network of O-H. .. O hydrogen bonds
of usual strength. The hydrogen bond scheme in the crystal was unequivocally determined by the

present analysis.

Introduction and experimental

The crystal structure of D-tartaric acid was determined
some fifteen years ago by Stern & Beevers (1950) by
elegant deconvolution of the Patterson function. Al-
though their results revealed an interesting network of
O-H... O hydrogen bonds and the general shape of
the molecule, no attempt was made to refine the struc-
ture enough for the bond lengths and angles of this
important oxyacid to be discussed with confidence. The
present paperf deals with the refinement of the struc-
ture based on three-dimensional X-ray intensity data
obtained by counter measurement on CCXD, a com-
puter-controlled diffractometer (Cole, Okaya & Cham-
bers, 1963) and on two projections of neutron diffrac-
tion data.

A single crystal of D-tartaric acid was ground into
a sphere of approximately 0-5 mm in diameter and
mounted on a General Electric Goniostat; the b axis
of the crystal was set almost parallel to the ¢ axis of
the Goniostat. Full three-dimensional intensity data
within the range of sin #<0-96 for Cu K« (Ni-filtered)
were then recorded by CCXD operated under a stored
data-collection program in an IBM 1620 computer
(Okaya, 1964). For each reflection, the crystal setting
and the accuracy of the equipment were first tested by
step-scanning around the w and y axes and then the

* Work supported in part by AFCRL 19(628)-2469. Neutron
diffraction work carried out under the auspices of the United
States Atomic Energy Commission.

t A short account of this work was given at the 1964 annual
meeting of the American Crystallographic Association (Boze-
man, Montana).

integrated intensity data were recorded by (6-20) step
scanning. While the w setting was studied, the maxi-
mum and minimum counts were recorded and if the
difference between them did not exceed the statistical
fluctuation, the reflection was then treated as non-
observed. Out of 647 reflections recorded by the dif-
fractometer there were fewer than five such reflections.
The intervals between the steps were so chosen that
the first three and the last three out of the total of
twenty-four 6-20 steps for each reflection could be
taken to represent the background at the 26 value of
the reflection; they are 0-09° for 26 less than 70°, 0-11°
for 70° <26 < 140° and 0-13° thereafter. The integrated
intensity data were calculated from data on the 26 step
scan as a time-shared program on the IBM 1620 com-
puter. The observed F values were corrected for the
absorption effect (ur=0-8). The crystal belongs to the
monoclinic system with space group P2,, and the cell
dimensions measured on the diffractometer are a=
7715+ 0-003, b=6-00,+0-003, c=6-23; +0-003 A, f=
100:1 +0-1°; these values agree well with the values
given in the previous paper.

Starting from the atomic coordinates given by Stern
& Beevers the refinement of the structure was made in
the usual manner by using a full-matrix least-squares
program on an IBM 7094 computer. After several cycles
of refinement with only the contribution of the non-
hydrogen atoms, the positions of the hydrogen atoms
were obtained by an F,— F(c,0) synthesis. The atomic
coordinates thus obtained for the hydrogen atoms were
then subjected to the least-squares treatment; only iso-
tropic temperature factors were used for the hydrogen
atoms. The atomic coordinates, their standard devi-
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Table 1(a). Atomic coordinates in fractions of cell edges and their estimated standard deviations
Standard deviations are in units of 10-4 A for C and O, and 10-3 A for H atoms.

Atoms x o(x) y o(y) z o(z)
o(l) 0-3382 26 0-0343 25 0-5102 21
0(2) 0-4296 27 —0-0325 27 —0-0219 23
0Q3) 0-6084 24 0-0050 26 0-3005 22
04 0-3063 25 0-4173 25 0-2335 22
o(s) —0-0765 28 0-0792 32 0-1790 28
o(6) —0-0217 27 0-4072 33 0-3496 29
C@) 0-2941 33 0-0159 34 0-2832 30
C(2) 0-4640 34 —0-0068 35 0-1911 31
C@3) 0-2003 32 0-2273 33 0-1811 29
C4 0-0219 35 0-2528 35 0-2496 31
H(1) 0-241 36 —-0-116 36 0-236 29
H(2) 0-182 33 0-207 35 0:028 31
H(@3) 0-253 93 0-037 85 0-555 72
H(4) 0-515 81 —0-046 69 —0-090 57
H(5) 0-342 54 0-438 64 0-367 56
H(6) —0-182 85 0:049 67 0-203 54
Neutron diffraction results
H®1) 0-2101 21 —~0-1385 28 0-2256 34
H(2) 0-1699 15 0-1993 45 0-0032 18
H(@3) 0-2359 14 —0-0177 35 0-5724 19
H@® 0-5360 15 —0-0427 26 —0-0931 23
H(5) 0-3470 21 0-4329 46 0-3900 22
H(6) —0-1928 12 0-0725 27 0-2315 24

Table 1(b). Anisotropic temperature factors
The f’s are used in the expression exp { — (B1142+ B22k? + B3312+ P12k + Brshi+ Baskl)}

B2 B3 B2
—0-00006 0-00568 0-00578
0-00372 0-00814 —0-00598
0-00233 0-00606 0-00881
—0-00400 0-00343 0-00116
—0-00763 0-01023 —0-01724
—0-00004 0-01310 —0-01773
0-00222 0-00388 0-00336
—0-00024 0-00557 0-00333
—0-00009 0-00284 0-00067
0-00164 0-00052 —0-00043

Isotropic temperature factors for hydrogen atoms, in 10-16 cm?2

Bu B B33

o) 0-00695 0-02355 0-01149
0(2) 0-00725 0-02713 0-01412
0Q@3) 0-00578 0-02374 001634
0«) 0-00648 0-01708 0-01018
0O(5) 0-00640 0-02688 0-02362
0(6) 0-00920 0-02641 0-02492
CcQ) 0-00510 0-01411 0-01266
C(2) 0-00665 0-01161 0-01502
C@3) 0-00442 0-01532 0-00954
C@4) 0-00496 0-01802 0-01203

H() H(2) H@A3)

—-1-3 —1-2 6-4

ations and thermal parameters after five cycles of
further refinement are shown in Table 1. The final
conventional error index R=2X |[Fo|—|Fc||/Z |Fol is
0-043 including unobserved reflections (as F,=0). Com-
parison between the observed and calculated structure
factors is shown in Table 2(a). The atomic scattering

factors used in the computation were those values
listed in International Tables for X-ray Crystallography
(1962). The parameter shifts at the last stage were
negligible in comparison with the standard deviations.
The weighting scheme used in the refinement procedure
was: w=1-0 for Fops < 10-0, yw=10-0/Fops for Fops>
10-0, and zero weight for unobserved reflections. As
shown in Table 1, the isotropic temperature factors
of two hydrogen atoms have become negative; although
it is doubtful that any real significance can be attributed
to such a result, one notices that these two hydrogen
atoms are those bonded to the carbon atoms.

H4) H(5) H(6)
44 1-8 5-3

Table 1(c). Anisotropic temperature factors
Jrom neutron diffraction*

B Jizy3 B33 b2 P13
o) 0-0082 0-0157 0-0054 0-0021 0-0039
0Q) 0-0055 0-0164 0-0083 0-0037 —0-0009
0(3) 0-0060 0-0174 0-0178 0-0017 0-0048
0O(4) 0-0047 0-0121 0-0142 —0-:0019 0-0045
Oo(5) 00049 00214 00277 -0-0012 0-0028
0(6) 0-0058 0-0182 0-0252 0-0037 0-0056
C() 0-0034 0-0137 0-0057 0-0112 0-0005
C(2) 0-0043 0-0090 0-0094 —0-0013 0-0001
C(@3) 0-0049 0-0113 0-0046 0-0013 0-0009
C4) 0-0021 0-0157 0-0096 0-0000 0-0020
H(1) 0-0136 0-0142 0-0232 —0-0022 0-0100
H(2) 0-0089 0-0288 0-0125 —0-0033 0-0001
HQ@A) 0-0080 0-0298 0-0225 —0-0004 0-0023
H(4) 0-0079 0-0146 0-0308 —0-0016 0-0085
H(5) 0-0192 0-0377 0-0155 0-0014 0-0008
H(6) 0-0068 0-0230 0-0343 0-0014 —0-0019

* Since only A0/ and hk0 data were used, no B,3; was cal-
culated.
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Table 2(b). Observed and calculated structure factors from neutron diffraction (x 100)

n,x,0 1,051
b k Fo Fe h k Fo Fe h A ro Ie
0 2 3 39 5 & 262 o7 [ Y [ 1
o b 53 M2 S s Wy 18 0 2 509 Sl
0 6 126 130 S 6 126 127 0 3 15v
0 &t an 203 507 125 1A [T
1 0 [ ] 5 & 1 R o 3 o 55
1 1 200 20 6 0 o 39 o & 26 am
1 2 3 W 6 1 3% 309 o 7 0 45
1 3 200 20 6 2 167 18 0 &5 & %
1 & 208 198 6 3 W7 WS 0 9 198 205
105 2 a% 6 & B 70 1 0 51 A2
1 3 38 30 6 5 35 1 1 295 305
17 o 30 6 6 109 106 1 2 88 21
1 0 1 ™ 6 1 B/ BT 1 3 220 19
1 9 6 & 6 6 1N 1y 1A 1\
2 0 3% 6 T 0 26 26 105 12 1w
2 1 26 28 T 1 My My 1 6 /0 166
2 2 100 105 7 2 > 3% 1 o 35
2 3 19T 20 103 3™ 3 1 & o &
2 & LK -] T 8 1R M 19 [
2 5 m 10k 75 23 ™ 2 0 39 36
2 6 & B 7T 6 13 109 2 1 o 5
2 1 6 & 17 123 1R 2 2 o 32
2 b 12 u3 & 0 200 2m 2 3 o0 M
2 3 9% & & 1 &0 6 2 & o 3
3 0 sSo7 sk3 8 2 115 1% 2 6 0 b
3 1 29 55 6 3 106 5 2 & 0 15
3 2 1% e € & oua n3 3 0 516 sk
3 3 3% M 8 5 200 16 3 1 29 29
306 N TR 8 6 [ 3 2 1% 156
3 5 29 2ah b 7 o k3 3 3 205 205
3 6 111 1D 9 0 0 W 3 6 1€ 165
3 1 &% %0 9 1 155 1K 3 9 o 10
3 6 150 1% 9 2 10 M9 ¥ 0o ndb %
3 9 6 6 9 3 13 WS ¥ 1 0 7
Lo % % 9 & A A 2 130 10
b1 o122 15 9 5 12 210 k'3 193 2a
L o2 21 2k 9 & & 65 VoL %7 39
4 3 0o 5 10 0 22 232 A6 1 9%
4ok o162 155 10 1 K6 159 A5 8 106
4 5 15 1@ 10 2 0 6 s 0 0 17
& 6 126 125 10 3 0o W 5 1 0o 59
L 7 258 260 10 b oarr %y 5 2 av 207
L & o 10 5 0 13 5 5 0 2
5 0 100 T/ n o o 17 6 o o 39
5 1 15 1% n 1 23 27 6 2 & 2260
5 2 36 329 0 2 0 6 6 3 b5 3k
5 5 1 3% L 3 105 0% 6 & “gr
2 0 12 19 6 6 13 W
7 0 22 A
7 o 8

To confirm and refine the hydrogen positions, two
(h0/ and hkO) zones of neutron diffraction data were
taken by the (6-26) scan method. Because of an ac-
cident, the A0/ data had to be collected on two different
crystals.

Refinement with the neutron data was carried out
by means of least-squares analysis, starting with the
X-ray parameter set. The carbon and oxygen positional
parameters (as given in Table 1) were held constant.
Refinement was carried out on all the hydrogen param-
eters, the carbon and oxygen temperature parameters
and three scale factors. The refinement proceeded with
isotropic temperature factors, followed by six rounds
of least squares with anisotropic temperature factors.
The weights are w=1/(c(F)+0-025F) where o(F) is

H(4)
085
(2) 0(3)
%*.005/
cl2) 120, £.00¢
1.52,£.00;
0.9
H(1)—C(1) 140, %006
0.84 \
H(5) — O(4)—__ 1542007 0.(1)—H(3)
I.4ost.006 \H(a) -6
095
5igt.007
c(4)
1.319%.00,
00
06) 119007 0(s)
] 08,
H(6)

Fig. 1. Bond distances from X-ray diffraction.

E & Fo Te L & Fo Te h & Po Te
5 0 200 20 1003 0 W w 2 0 2
& 2 o 3 n o1 X7 3 ©~ 3 0 &
& & 0 3 n 2 26 206 6 b ] 13
3 6 0 5 n 3 o uo 4 5 w5 ©
9 0 0 U -l 1 1 160 4 6 0 %
9 3 m 9 a2 0 50 £ 7 191 1%
10 0 233 2% 13 2 29 4t 0 90
10 2 235 a2 DU 4 9 0 15
0 8 0 <15 o0 & <7 1 355 6
n o [ <1 6 196 A5 -7 2 0 9
2 0 W9 129 217 2 6 -3 152 W7
0 2 553 515 -1, 8 160 a3k 7k 0 &
0 3 LY 2o 2'9 o m -7 5 W a7
o & 355 362 2 1 o 10 16 = 2
0o 6 2/ 27 2 2 18 17 0 0%
11 317 305 2 3 256 308 i b 23 29
1 2 2 22 2 b 255 WS 79 o 1
2 5 266 W 2 5 w6 350 © 1 0 27
2 1 ¥ 103 2 6 o 2 % 2 o 67
2 9 ur w 2 7 B T % 3 o 63
3 3 20 205 2 8 o ur 4 & o 2
3 A M8 AP <2 9 0 2w b 5 [
3 5 B/ X <3 1 AT AT < 6 165 161
31 0 15 3 2 120 & £ 1T m Ze
38 3 M2 S 03 13 18 % 56 0 U
3 4 368 399 3 8 3% 9 1 0 9
A5 260 M <3 5 3% 320 9 2 1 22
A 7 20 W S 6 2 1a 9 3 10 %
5 3 a9 22 3 7 14 150 9 b o 32
5 & 0 [ -3 8 1t 1B 9 5 283 26
5 6 1% 10 309 o & 9 6 206 190
5 1 6 17 A1 0o % 9 7 o 12
5 & '] 1 42 0 3 -9 8 1/ 127
6 1 1% 0 4 3 0 105 <0 1 0 &
6 5 0 159 A L ks AL <10 2 193 W9
6 & Wb 18b A 5 516 550 a0 3 0 12
6 7 o VY <4 6 160 13 <10 & o 1
7T 1 W3 A3 4 7 269 20 -0 5 o 56
7T 2 295 &3 A 5 o 1% <10 6 o 162
T 3 69 660 A9 18 1N -8 7 0 &
s Z9 268 S 1 B0 7 -0 1 216 29
5 0 &7 5 2 o = a2 0 by
7 6 2w 253 5 3 1 % -n 3 38 3%
b 1 11 nsé <5 8 3% 379 -n k297 57
8 53 b 222 5 05 W % -5 269 27
5 5 2 267 5 6 0 &9 <11 6 170 13
9 1 w1 57 [ 7 €12 1 o &
9 2 o 6 5 &6 0 70 a2 2 23 27
9 & 0 170 S5 9 0 2 3 161
9 5 a 66 S 1wy osa
18
125.5

108

<108> AV

125.2

Fig.2. Bond angles from X-ray diffraction.
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PLANE OF CARBOXYL I
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0(3)--26551.005-0(|)} ~.064
-0 [

C{2)—~+——C(1).004
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H(4)—0(()2°) ’\ AN
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Fig.3. The conformation of the molecule. C(3) is above the
plane of carboxyl I by 1-323 A. The deviations (A) of atoms
from the group plane are also shown for each part. Note the
difference between the O(1)-O(3) and O(4)-O(6) distances.
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based on counting statistics. Non-observed reflections
were given zero weight. The resultant parameters are
given in Table 1. The final R was 0-059 (omitting un-
observed reflections). The observed and calculated
structure factors (multiplied by 100) are given in Table
2(b). Both X-ray and neutron least squares minimized
Zw(Fo— Fe)2.
Discussion

Bond distances and angles have been calculated from
the X-ray atomic coordinates in Table 1(a); they are
shown in Figs.1 and 2 respectively. Around C(1) and
C(2), only the average of the three angles involving
the hydrogen atom is shown for each atom. The results
of the hydrogen determination by neutron diffraction
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are given in Table 4 for comparison. The molecule
consists of two —C*H . OH . COOH parts, each part
containing a planar carboxyl group and a tetrahedral
—C*H . OH — configuration. In each of the two parts,
the a-hydroxyl oxygen atom stays close to the carboxyl
plane; it is interesting to note that a similar situation
also exists in the mesotartaricion (Kroon, Peerdeman &
Bijvoet, 1965). It may be seen from the Figures that
although these two parts are similar in over-all shape,
there exist slight differences. The carboxyl group of
part I, C(1), C(2), O(2), and O(3), is less planar than
that of part II and the O(1)-O(3) distance is much
shorter than the corresponding O(4)-O(6) distance in
part IT; this is mainly due to the large C(4)-C(3)-O(4)
angle. It is interesting to notice that such seemingly

Table 3. Hydrogen-bond system in the D-tartaric acid crystal

The second values for H-O, H - - - O and angles around hydrogen atoms are those obtained by the neutron study

Bonds A C D
From O(1) 04) 0(2) 0O(5)
to 0(6) 0(3) 04) 0Q3)
of (—x» _'12'+ys 1—2) (1_x9 é'+ya 1—2) (l_x’ ~%+y1 —Z) (~1+X’ s Z)
Hydrogen involved  H(3) H(5) H(4) H(6)
Distances (A) 2-839 2:909 2633 2-707
O-H 0-8, 0-98 0-8, 0-97 09, 1-00 09, 1-00
H...O 2:1, 1-86 21, 1-95 1-8, 1-64 149, 1-71
Angles around
hydrogen atoms 157°, 171° 172°, 169° 176°, 172° 152°, 168°
Separations
listed by Stern & 0O(1)-0(10) O(7)-0(5) 04)-0(7) 0(5)-0(9)

Beevers (1950)

Fig.4. Projection of the structure along the a axis. Hydrogen bonds are shown by chain lines. For the four hydrogen bonds, 4
to D, see Table 3. *Bond D is formed from O(5) to O(3) of the tartrate ion which is one unit cell below in the a direction.
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equivalent groups start to take slightly different con-
figurations. It is difficult to decide whether this asym-
metry of the molecule is due only to differences in the
hydrogen-bond formation or is inherent in the tartrate
ion itself. The question might be answered by accurate
crystal structure analyses of various crystals with tar-
taric as well as mesotartaric ions. The planes of the
two parts make an angle of 54-6° (Fig.3). In these two
carboxyl groups, which retain their protons, there are
two distinct C-C-O angles; a C-C-OH angle of around
110° and a wider C-C=0 angle of about 125°. The
differences between the C-O and C=O0 distances are
about 0-1 A for the two groups. This situation is found
in many crystal structures of molecules with carboxyl
groups; when a carboxyl group loses its proton, the
two C-C-O angles become almost equivalent and are
about 118°. The dependence of the shape of carboxyl
groups upon the state of ionization has been exhibited
by various acid salts of dicarboxylic acids, e.g. am-
monium hydrogen D-tartrate (Bommel & Bijvoet,
1958), dipotassium ethylenetetracarboxylate (Kumra &
Darlow, 1965), potassium acid phthalate (Okaya,
1965) and others.

The structure consists of a complicated network of
O-H - - - O hydrogen bonds. Figs.4 and 5 are the struc-
tures projected down the a and b axes, showing the
hydrogen-bond scheme which is essentially the same
as that given by Stern & Beevers (1950); the fifth con-
tact given in their paper is ruled out as a hydrogen
bond. Donohue (1952) discussed the hydrogen-bond
system in the crystal and proposed two possible
schemes; the difference between these two schemes is

REFINEMENT OF THE STRUCTURE OF bp-TARTARIC ACID

based on the position of the proton on carboxyl I, i.e.
the choice between O(2) and O(3) for the hydroxyl
oxygen of this group. The difference in the two C-C-O
angles given by Stern & Beevers indicates conclusively
the position of the proton without locating its position;
therefore, the hydrogen-bond system could have
uniquely been assigned (Scheme A of Donohue) if the
relation between the shape of carboxyl groups and
proton positions had been fully understood at that

Table 4.

(@) Bond distances involving hydrogen atoms from coordi-
nates determined by the neutron study

O(1)-H@3) 0-98+0-02 A
O(2)-H(4) 1-00 + 0-02
O(4)-H(5) 0-97 +0-02
O(5)-H(6) 1-00 +0-02
C(1)-H(1) 1-15+0-03
C(3)-H(2) 1-14+0-02
(b) Bond angles
around oxygen atoms
C(1)-O(1)-H(3) 108 + 3¢
C(2)-0(2)-H(4) 115+3
C(3)-0(4)-H(5) 112+3
C(4)-O(5)-H(6) 115+4
around C(1)
H(1)-C(1)-0(1) 114+3
H(1)-C(1)-C(2) 107+3
H(1)-C(1)-C(3) 110+3
around C(2)
H(2)-C(3)-0(4) 111+4
H(2)-C(3)-C(1) 107+4
H(2)-C(3)-C(4) 105+4

Fig.5. Projection of the structure along the b axis showing the hydrogen bond scheme. Figs.4 and 5 have been drawn on an
IBM 1627 X—Y plotter based on calculation done on an IBM 7094 machine (Okaya, 1966).
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time. As is evident from the Figures and Table 3, the
two carboxyl groups do not have identical surround-
ings ; possible implications of the situation in relation to
the asymmetry of the tartrate ion have been discussed
in the previous paragraph.

The neutron diffraction data confirm the hydrogen-
bonding scheme deduced from the X-ray data. As has
been noted in previously determined compounds, the
values of the O-H and C-H bond distances (Table 4)
from neutron data are about 0-15 A longer than those
determined from X-ray data (Fig.3). This discrepancy
is due to an inadequate description of the X-ray scat-
tering from a bound hydrogen atom (for form factors
of bonded hydrogen atoms, see Stewart, Davidson &
Simpson, 1965). The bond distances derived from the
neutron diffraction data are closer to accepted values.
In addition, the two O-H-O hydrogen bond angles
(Table 3) which were found to be less than 160° by
X-rays are shown to be closer to 170°. We note that
the expected inverse relationship between O-H and
0-0 distance in hydrogen bonds seems to hold in this
compound, although the accuracy of the determination
is not really high enough to be certain about it.

Acta Cryst. (1966). 21, 243

We would like to thank Dr W.C.Hamilton, of the
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X-ray Diffraction Study of Cold-worked o-Culn and a-CuSn Alloys
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X-ray diffraction line profiles from filings of copper-indium and copper-tin alloys in the solid solution
range were recorded by a Geiger counter X-ray diffractometer. Information regarding stacking fault
densities « and 8 was obtained from peak-position and peak-asymmetry measurements and both param-
eters were found to increase with increasing solute concentration. The same general behaviour of the
stacking-fault parameter « with respect to solute concentration was observed in the two systems and
« increases in the order Cu-In, Cu-Sn. The broadening of the powder peaks was studied by Fourier
analysis of line shapes, and the anisotropic values of the effective particle sizes [De]u and the root
mean squared strains [{e2 )]i2 were obtained in all cases. The measured effective particle sizes are
primarily a consequence of deformation and twin faulting. A fair agreement was observed for the

compound fault probability (1-5«+ 8) obtained by two different methods.

1. Introduction

Cold working or plastic deformation of metals and
alloys has been found to produce appreciable changes
in the intensity distribution of diffracted X-rays. The
changes in position, shape and width of X-ray powder
diffraction line profiles from cold-worked metals and
alloys are evidences of microstructural changes in the
materials. The earlier X-ray studies in this field were
usually confined to measurements of line-widths and
it was suggested that line broadening is produced either
by lattice strains or by lattice strains and small particle
size simultaneously (Greenough, 1952). It was Barrett
(1950), who first suggested that plastic deformation of

face-centred cubic metals may introduce stacking
faults on the (111) planes. Subsequently, Paterson
(1952), Warren & Warekois (1955), and Wagner
(1957a, b) developed the effects of deformation and
twin stacking faults on the diffraction profiles of f.c.c.
structures. If the normal stacking sequence of (111)
planes is ABCABC, then a deformation fault is a
break in this sequence ABC’'BCABC where the prime
indicates the fault plane. A reversal in the sequence
ABCACBA represents a twin fault. Deformation faults
give rise to a symmetrical broadening and peak-shift,
while twin faults produce an asymmetrical broadening
and a negligibly small peak-shift. In addition to the
broadening due to faulting, the peaks of cold-worked



