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Precision Neutron Diffraction Structure Determination of Protein and Nucleic Acid
Components. VI. The Crystal and Molecular Structure of the Amino Acid L-Asparagine
Monohydrate*
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Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973, U.S.A.

(Received 2 February 1972 and in revised form 8 March 1972)

A neutron diffraction study of L-asparagine monohydrate, C;HgN,O;.H,O0, has been carried out. The
structure is orthorhombic, space group P2,2,2, with Z=4. Cell parameters are a= 5-593 (5), b=9-827(10)
and ¢=11-808 (11) A. Least-squares refinements based on 1787 reflections led to a final conventional
R value of 0-026. The molecule is in the zwitterion form, and bond lengths involving hydrogen have
been determined with an average precision of 0-002 A. The molecules are linked together by seven
distinct hydrogen bonds to form a three-dimensional network. Quantititative estimates are made of
the effects of hydrogen bonding on the thermal motion of the NH; and NH, grours in the molecule.
A comparison is made with an independent neutron diffraction study (preceding paper) and with the

unpublished X-ray results of Kartha.

An X-ray diffraction structure determination of L-
asparagine monohydrate, C,HgN,O;.H,0, has been
reported by Kartha & de Vries (1961). A neutron
diffraction refinement has been carried out by Ra-
manadham, Sikka & Chidambaram (1972). Being un-
aware of the latter work until recently, we have carried
out an independent neutron-diffraction refinement.

Experimental
Crystal data

Colorless crystals of L-asparagine monohydrate
with well developed faces were easily obtained by
slow cooling of an aqueous solution. A sample with
a volume of 15-6 mm? and with 14 bounding planes
(see Fig. 1) was mounted with the crystallographic a
axis near the principal axis of a goniometer head. X-ray
diffraction patterns indicated the space group to be
P2,2,2,. The orthorhombic cell dimensions were re-
fined by a least-squares technique, using the setting
angles of 25 reflections automatically centered on a
four-circle neutron diffractometer [A=1-013 (1) A]:||

* Research performed under the auspices of the U.S.
Atomic Energy Commission, Part V is ‘The Crystal and Mo-
lecular Structure of the Amino Acid L-Arginine Dihydrate’
by Lehmann, Verbist, Koetzle & Hamilton, (J. Chem. Soc.
(Perkin 1I), in the press).
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mark, and supported in part by a grant from Statens Natur-
videnskabelige Forskningsrdd, Copenhagen, Denmark.
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|| Numbers in parentheses here and throughout this paper
are estimated standard deviations in units of the last digit.

a= 5593 (5 A
b= 9-827 (10)
c=11-808 (11)
M.W.=150-14

0.=1:536 g.cm™3, g,,=1-543 g.cm~3 (Kartha &
de Vries, 1961)
Z=4.

Data collection

The intensities of the Bragg reflections were mea-
sured at the Brookhaven National Laboratory High
Flux Beam Reactor, using a four-circle diffractometer
under the Multi-Spectrometer Control System (Beau-
cage, Kelley, Ophir, Rankowitz, Spinrad & van Nor-
ton, 1966). The 6-28 step-scan technique was used
with a scan range 420=1-0° (1 +8 tan #) and the step
sizes were varied to obtain about 40 points in each
scan. Data were collected for 2101 Ak/ and hk! reflec-
tions having d*<1-4 A-!, and two standard intensi-
ties were monitored every 60 measurements. There
was no significant change in the intensity of the stan-
dard reflections throughout the data collection.

Background corrections were made by use of a
method which divides peak and background in such
a way that ¢(J)/] is minimized. [ is the integrated
intensity, and (/) its standard deviation based on
counting statistics (Lehmann, Hamilton & Larsen,
1972). Squared observed structure factors, obtained as
F2=1sin 20, were then corrected for absorption using
a Gaussian numerical integration. The incoherent
scattering cross section for hydrogen was assumed to be
40 barns, and mass-absorption coefficients for the
other elements were taken from International Tables
Jor X-ray Crystallography (1962), leading to a linear
absorption coefficient #=2:773 cm~!. Transmission
coefficients ranged from 0-54 to 0-66. Finally, the two
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symmetry-related forms were averaged, giving 1003
unique reflections, with a correlation factor R.=
SIF2~F?/SF2=0-039, where F? is the mean of the
symmetry-related reflections.

Structure refinement

The starting parameters for the least-squares refine-
ment were the final refined coordinates (Kartha, 1971)
from the X-ray structure analysis including hydrogen
atoms. Neutron-scattering lengths were taken to be:
bo=0-575, by=0-940, bo=0-6626, and b, = —0-3723
(all x 107 ¢m). The function minimized was
Sw|F2—|F**; weights were chosen as w=1/g*(F?)
with 0%(F2) = 02,0 (F2)+(0-04 F2)? (0%, is based on
counting statistics). A total of 937 reflections with
F2>30.0un (F2) were included in the refinement, the
final cycles of which determined the positional and
anisotropic thermal parameters for all atoms.

The crystal showed severe extinction, and extinction
parameters were therefore refined, first isotropically,
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and in the last cycle anisotropically as Type I defined
by Zachariasen (1967), and adapted by Coppens &
Hamilton (1970)
TE2 3 4 —1/4
Ee [1 + 2TF2gA*x 10 ]

© V?sin20

E multiplies the calculated structure factor, g is the
extinction parameter, T the average beam path length
in the crystal for a reflection with Bragg angle 6, V the
uni-tcell volume, F, the calculated structure factor on
an absolute scale, and A the wavelength. For aniso-
tropic extinction, g=(D'ZD)"?, where D is a unit
vector which is perpendicular to the plane which con-
tains the incident and diffracted beams, and Z is a
symmetric tensor describing the mosaic spread in the
crystal. The lowest value of E was 0-45 for the 020
reflection. (Agreement almost as good was achieved
with an isotropic extinction parameter.) The refine-
ment including anisotropic extinction used the full
unaveraged data set of 1787 reflections with F2>
30coun: (F2). The refined atomic parameters are given

Fig. 1. Stereoscopic drawing of the crystal prepared by ORTEP. Reciprocal axes are given.

Table 1. Fractional coordinates and temperature parameters

The form of the anisotropic thermal ellipsoid is exp — [B1142+ B22k2+ B3312+ 2812kk + 2B13h1 4 2f23k1]. The first column contains
the atom names used in this paper, the second column contains the names used by Ramanadham et al. (1972). All parameters
are multiplied by 105.

x y z Bu B2z P33 b2 B3 B2
C C() —12464 (17) —5761 (9) 3565 (7) 1201 (25) 420 (8) 269 (5) 25 (13) 91 (9) —17 (5)
Cc* C(2) — 30746 (16) —2779 (8) 12969 (7) 1002 (23) 411 (8) 262 (5) 102 (11) 17 (10) —35(5)
C? C(3) —20917 (18) 5669 (9) 22714 (7) 1218 (25) 411 (8) 325 (6) 94 (13) 2 (10) —98 (5)
Cr C4) 1639 (16) —207(9) 27919 (7) 1055 (23) 431 (8) 303 (5 —26(13) 2(10) —46 (5)
N N(1) —-41654 (12) —15658 (7) 17162 (5) 1161 (19) 490 (6) 322 (4) —60 (9) 60 (7) —46 (4)
N N(2) 10503 (14) 6418 (8) 36819 (6) 1766 (23) 683 (8) 380 (4) —46 (12) —152(7) —128 (5)
o o() — 548 (23) 4283 (11) 66 (9) 2058 (37) 526 (11) 456 (8) —168 (18) 329 (14) 41 (7)
o' 02 — 11881 (23) —17472 (11) —=397 (8) 1878 (35) 492 (10) 379 (1) 47 (16) 213 (14) —112(7)
0% 0(3) 11071 (20) —10563 (12) 23908 (10) 1278 (32) 570 (11) 478 (8) 235 (18) —98 (14) —141(8)
or  0(4) 30224 (30) 23018 (15) 11214 (11) 2771 (47) 811 (14) 478 (9) —178 (25) —121 (18) 29 (9)
H=' H(1) 18750 (54) 17421 (29) 7322 (21) 2993 (85) 1053 (27) 761 (18) —225(47) —116(36) —59 (20)
H»? H(2) 35037 (52) 30200 (25) 6242 (21) 3387 (91) 872(26) 706 (17) — 60 (45) —8(33) 100 (18)
H? H®) —31349 (43) —20295(22) 23230 (18) 2510 (66) 731 (21) 581 (14) —79(35) -—214(28) 132 (14)
H! H®® — 44533 (45) —22465(20) 10559 (17) 2893 (70) 615 (18) 515 (14) —76 (34) 59 (25) —125(3)
H3® H(®5) —58270 (40) —13703 (23) 20737 (18) 1759 (60) 847 (23) 636 (14) —166(32) 329 (27) —83 (15)
H% H(6) 25300 (43) 2680 (24) 40911 (17) 2229 (72) 995 (27) 519 (13) —-60 (37) —232(26) —69 (14)
H%2 H(7) 2581 (52) 14962 (25) 39715 (17) 3282 (87) 935(24) 564 (14) 201 (43) —130(28) —258(16)
H* H(8) — 45189 (40) 3151 (21) 9010 (17) 1832(59) 783 (21) 545 (13) 373 (30) -—161(23) 23 (13)
H8' H(9) ~— 16955 (50) 15909 (21) 19777 (20) 3476 (89) 467 (18) 787 (17) —73(35) —267(33) —14 (14)
HA? H(10) —34394 (40) 6827 (26) 29325 (17) 2034 (64) 1200 (27) 536 (14) 233 (38) 195 (25) —299 (17)
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in Table 1. The final values for the structure amplitudes
are shown in Table 2 as 100 x F2, 100 x ¢(F2) and
100 x | F,|? for those reflections used in the refinement.

The Z tensor used to calculate anisotropic extinction
corrections has the following components: z,, = 15:3 (7);
22y=11-9(10); z33=29-7 (15); z;, =42 (7); zy3= — 0-8(6)

STRUCTURE OF PROTEIN AND NUCLEIC ACID COMPONENTS. VI

zy3=—15-8 (10). These extinction parameters corre-
spond to a mosaic spread along the a, b, and ¢ axes of
1-49, 1-69 and 1-07 seconds of arc respectively. Rama-
nadham ef al. (1972) found for their crystal a value for
g of 0-23 corresponding to a mosaic spread of 25 sec-
onds of arc. This difference in mosaic spread can be

Table 2. Observed and calculated structure amplitudes
The quantities given are 100 x Fo2, 100 x 6(F»2), 100 x [ Fc2|. The extinction correction is applied to F,2.
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attributed to the fact that they dipped their crystal in
liquid nitrogen prior to the experiment whereas that
was not the case in this study.

The agreement between observed and calculated
squared structure amplitudes is: R=[J|Fz—|F*l/
2F2=0-045. The corresponding weighted value is
R, ={[>w|F2—|F|**/>wF2}/*=0-062; while the con-
ventional R index is R=[J|F,—|F.|[)/>F,=0-026.

Description of the structure

The molecular structure

The molecular structure of L-asparagine is illus-
trated in Fig. 2. The thermal ellipsoids are shown on
a 50 % probability scale, and are typically small for an
extensively hydrogen-bonded system containing only
one hydrophobic CH, group. The molecule is in the
zwitterion form.

The bond lengths and angles are listed in Tables 3
and 4. The hydrogen atom coordinates obtained from
from the X-ray data (Kartha, 1971) by difference
Fourier syntheses are qualitatively correct. The torsion
angles, according to the TUPAC-IUB conventions
(1970), are given in Table 5. The torsional angles w!
and y? are within 10° of the values for a planar con-
figuration of the group N-C*~C-0!-0? The ammo-
nium group is rotated in such a way as to place H! and
O! near an eclipsed conformation. The distance be-
tween H! and O'is 2-291 (3) A with the angle N-H!. - -
O! equal to 99-3°, so that we could characterize this
contact as a close van der Waals contact between the
negative O! and the positive H! atoms. Such contacts
between the a-amino hydrogen atoms and the car-
boxyl group are not uncommon in amino acids, and,
as we have discussed previously (Koetzle, Hamilton &
Parthasarathy, 1972), the utility of calling such con-
tacts hydrogen bonds is questionable. The group
C?, C¥, O%, N2, H?'?2 and H®? is nearly planar; the
only significant deviations observed from the least-
squares plane through the five atoms are 0-039 (2) A
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for H2' and 0022 (3) A for H*?, corresponding
mainly to a twisting of the NH, group about the
C’-N®2 axis as shown by the torsion angles y* %! and
422 (Table 5),

Table 3. Molecular bond distances

Corrected
for thermal

Neutron motion X-ray
c—oO! 1-243 (1) A 1-246 A 1-243 A
Cc—0? 1-261 (1) 1-264 1-258
c—cC* 1-538 (1) 1-542 1-540
C*—H-* 1-100 (2) 0-88
C*—N 1-490 (1) 1-494 1-493
Ce——C# 1-522 (1) 1-525 1-517
N—H! 1-040 (2) 1-053 0-88
N—H? 1-030 (2) 1-044 0-90
N—H3 1-039 (2) 1-053 0-87
Ch——H# 1-087 (2) 1-099 0-97
CP—HP? 1-091 (2) 1-103 0-90
CP—CY 1-518 (1) 1-522 1-525
Cc—0% 1-240 (1) 1-244 1-239
C'—N©%2 1-332 (1) 1-334 1-329
No2_H%2 1-026 (2) 1-033 0-78
Né2_H 22 1-009 (3) 1-015 0-93
Ow_Hw! 0-962 (3) 0-969 0-80
O»—Hw? 0-957 (3) 0-963 0-78

Hydrogen bonding

There are seven hydrogen bonds, involving the
seven H atoms bonded to nitrogen or oxygen, per
asymmetric unit of the crystal. The complete hydrogen
bonding network is drawn in Fig. 3, which displays
the packing in one unit cell. Hydrogen-bond distances
and angles are summarized in Table 6.

The NHj group is hydrogen bonded to O!, O%,
and O¥. Only the second of these bonds is not bent,
according to Baur’s (1965) definition. The amide ni-
trogen donates hydrogen atoms to the carboxyl oxygen
atoms O! and O?; the second of these bonds is very
bent (the N-H- - - O angle is 138:0°). The five N-H- - -O
bonds are distributed over five different neighboring
molecules, resulting in a complicated three-dimensional

Fig. 2. Stereoscopic drawing of the molecule, with 50 %-probability vibrational ellipsoids.
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Table 4. Molecular bond angles

Neutron X-ray
o'—C—C? 126-0 (1)° 126-1°
o!'—C—C* 117-8 (1) 117-8
0*—C—C* 1160 (1) 1159
H'—N—C* 111-2 (1) 113-1
HZ—N—C* 112-3 (1) 109-8
H3>*—N-—C* 110-1 (1) 109-3
H!'-—N—H? 109-1 (2) 110-2
H'—N—H? 106-6 (2) 104-0
H?>—N—H? 107-3 (2) 110-1
Cc—C*—C* 114-2 (1) 114-5
N C*—C* 111-1 (1) 110-9
H*—C*—C* 107-3 (1) 110-3
C C*—N 110:5 (1) 110-2
C—C*—H* 106-4 (1) 1035
N C*—H* 1069 (1) 106-9
c+—CPl—C 113-5 (1) 1134
HA—_CP—C 108-2 (2) 104-4
HA_CP—CY 1089 (2) 102-9
C*—CP—H" 109-7 (2) 109-0
C*—CP—HP? 110-4 (2) 116-0
HA'—CP—HP? 105-8 (2) 110-3
CP—Cr—0% 120-7 (1) 120-7
CP-—Cr—N? 1163 (1) 1159
0% __C'—N? 123:0 (1) 1233
CP—N_Ho% 119-8 (2) 120-8
C?—N22_H%2 120:7 (2) 119-2
H%2t _N%_H%22 119:5 (2) 1198
H¥!'-O» -Hw? 108-4 (2) 107-0

network of hydrogen bonds. There is no evidence for
any intramolecular hydrogen bond, although O! is
involved in a close contact with H!, as mentioned
above. O! accepts two hydrogen bonds, O!- - -H! and
O!...H°2, The shortest of these bonds, O!---H!, is
nearly parallel to C-O! and N-H!, and favors the near

STRUCTURE OF PROTEIN AND NUCLEIC ACID COMPONENTS. VI

Table 5. Torsion angles

IUPAC-IUB
Designation Atoms involved Angle
p! C—C*-N—H! —38-1(2)°
@2 C——C*-N—H? 84-5 (2)
@3 C—C*-N—H? —156-0 (2)
w! 0o!'—C-C*—-N 10-8 (1)
w2 0?—C -C*—N —174-0 (1)
x! N——C*-Cf—C 72:2 (1)
x2:3:1 C*—-CP-C*—0%! 34()
x2:3:2 C*——CP-C?—N?#2 —177-1 (1)
13‘2 1 Oﬁl_cy_Néz_Hézx —-32 (2)
x32:2 O%_Cr-No2_p 522 1783 (2)

eclipse of O! and H! mentioned above. At the same
time, however, we observe a twisting of the N-C*~C-O"*
group, so that the total effect of the hydrogen bonding
on the molecule is a breakdown of the ideal configura-
tion of the carboxyl and the ammonium group. The
water hydrogen atoms contribute to the hydrogen bond
network by linking O? atoms from two different L-
asparagine molecules. These bonds are quite linear. The
system of three hydrogen bonds around OY is not
planar; the H*'-O"...H? angle is 131:6 (2)°, and the
angle H*2-O¥...H?is 108-6 (2)°.

Thermal motion

In order to obtain the best geometrical parameters,
the nonhydrogen atoms of the molecular framework
were assumed to behave as a rigid body whose motion
was described in terms of the T, L and S tensors
(Schomaker & Trueblood, 1968). The r.m.s. difference
between observed and calculated thermal parameters
u, is 0-0019 A2, which compares well with the average

Table 6. Hydrogen bond-distances and angles

A-H---B-C A---B
N-H!---0'-C 2-819 (1) A
N-H?---O% 2858 (2)
N-H3: - -0%_CY 2:806 (1)
Né2_H%2t . ..0-C 2:927 (1)
No2H%2...0!-C 3-026 (1)
Ow-Hw»!---02-C 2843 (2)
Ow-Hu?...0*-C 2:812 (2)

H B LA-H B LH--B-C
1-833 (2) A 1569 (2)° 1395 (2)°
1:946 (3) 1458 (2)
1782 (3) 1681 (2) 129-2 2)
1:906 (3) 1733 (2) 1073 (2)
2:200 (3) 1380 (2) 1211 (2)
1-888 (3) 1715 (3) 1335 (3)
1-879 (3) 1643 (3) 122:6 (3)
c
q
B R

Fig. 3. Stereoscopic view of one unit cell. Molecular bonds, heavy lines; hydrogen bonds, thin lines.
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standard deviation for u;; of 0-0005 A?, when we take
into consideration that the molecule is suspended in a
strong hydrogen-bonded system. The effective screw
translations were found to be negligible and the largest
mean square translation and rotations are 0-023 (1) A2
and 0-0045 (7) rad? respectively. The corrected bond
distances are given in Table 3.

Correction of the N-H and C-H distances for ther-
mal motion was carried out by treating the appro-
priate groups as independent units in the following
way. For the NH; group the contribution of the rigid
body motion of the non-hydrogen framework was
subtracted from the vibration tensors of the atoms
H!, H?, H3, and these three atoms were then assumed
to behave as a rigid body with site symmetry 3m and
principal axis along the C*-N axis. The r.m.s. good-
ness-of-fit for the residual u,; is, in this case, 0-004 A2
and the only component of the T, L and S tensors which
differs by more than two estimated standard deviations
from zero is the rotation around the principal axis, with
a mean square amplitude of 0-023 (4) rad? This value is
somewhat larger than that for the ammonium group
in alanine (Lehmann, Koetzle & Hamilton, 1972)
which is 0-0106 (13) rad?, indicating that the hydrogen
bond system surrounding the ammonium group in
asparagine is weaker than that in alanine. The H---O
distances in alanine range from 1-78 to 1-86 A with an
average of 1-82 A, while in asparagine the average
H.--O distance is 1-85 A. The respective average
N-H- - -O angles in the two compounds are 164 and
157°, but there are still too few examples in the liter-
ature to decide whether the hydrogen bonding param-
eters offer a sufficient explanation of the differences
in NHi libration between asparagine and alanine. If
we assume the potential function for the ammonium
group to be V(a)=3%V,(1—cos 3a)x%V,3%?* where «
is the angle of rotation around the principal axis, and
if we use the expressions for the harmonic oscillator,
we find in asparagine a barrier to rotation, ¥,, of
7(1) kcal.mole™!. This is larger than the values of
about 3-5 kcal.mole™* found for compounds like
ethane and propane from ab initio LCAO SCF MO
calculations (Radom & Pople, 1970), thus indicating
that the hydrogen bonding has a considerable effect
on the barrier height.

For the CH, and the NH, groups we followed a
modification of the procedure described by Kamb,
Hamilton, La Placa & Prakash (1972) in their treat-
ment of the rigid-body motions in Ice 1X. The two
groups were described in orthogonal coordinate
systems with the first axis parallel to the H- - -H vector
and the second axis orthogonal to the plane of the
group. We assumed the S tensors to be identically
zero and the origins were chosen at the heavy atom.
The components of the T tensor, L,y, L5, L3, Lys and
a linear function of L,; and L;; can then be deter-
mined.

All the components of L were set to zero except for
L,,, which is usually referred to as the rocking com-
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ponent of the group. This description seems justified
by the good agreement between observed and calculated
uy;; the goodness-of-fit for u;; is 0-005 A2 for both the
CH, and the NH, groups. The L,,component is 0-035 (6)
and 0-017 (6) rad? for CH, and NH, respectively,
showing that the rocking motion is less for hydrogen
bonded groups. For the NH, group, most of the motion
can be described by the translation. A calculation in-
volving only the T tensor gave a goodness-of-fit of
0-006 A? indicating that the correction for thermal
motion will be small.

The water molecule was treated similarly to the CH,
and NH, groups. The r.m.s. goodness-of-fit was 0-002
A2 and the translation was nearly isotropic with an
average mean square value of 0-042 (5) A% The L,,
component was 0-021 (3) rad? in good agreement
with the value given above for the hydrogen-bonded
NH, group.

Corrected distances for the three groups are given
in Table 3. The C#~H*! and CP-H"? distances compare
well with the standard value of 1:096 A. A calculation
of the angles in the molecular framework after correc-
tion for thermal motion showed only small differences
from the uncorrected case, so no special list is given
for these quantities.

Inter-experimental comparison

The availability of the other neutron data set (Ra-
manadham, Sikka & Chidambaram, 1972) and the
rather precise X-ray data set (Kartha & de Vries, 1961)
has provided us with a splendid opportunity for inter-
experimental comparison. We have analyzed the differ-
ences between the parameters for the three data sets,
both by preparing half-normal probability plots (Abra-
hams & Keve, 1971) and by the use of x> tests as we
have previously discussed (Hamilton, 1969). For com-
parison with the X-ray data, we have considered only
the heavy atom parameters, as there are known
systematic differences between hydrogen atoms refined
by neutrons and by the usual X-ray techniques. The
three sets of parameters considered in the analysis
were identified in the following way:

BNL results of the present refinement;
BHA the refinement of Ramanadham et al.;
XRAY the X-ray parameters of Kartha & de

Vries as further refined by Kartha.

In order to err on the conservative side in assessing the
differences, we have used, with the BHA parameters,
some slightly larger standard deviations which arose
from our refinement of the Bhabha data (not reported
here).

Half-normal probability plots of the parameter dif-

ferences
|4p:/a(p)l
were prepared for each pair of parameter sets. A few

examples are shown in Fig. 4. In all but one case (the
BNL-XRAY comparison for positional parameters)
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Fig. 4. Half-normal probability plots for parameter comparisons. The straight lines would be expected for normal populations
with unit variance and zero mean. (@) BNL vs BHA thermal parameters. (b) BNL s BHA position parameters. (¢) BNL »s
X-ray thermal parameters. (d) BNL vs X-ray position parameters. The other plots were all very similar to (a), (8), (¢) with the
slopes indicated in Table 7. Only plot (<) indicates significant deviations from non-normality.
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pooled standard deviation for the difference defined
by o=(o}+02)"? cannot, of course, be divided a
priori between the two experiments. However, since
the BHA standard deviations are generally much
larger than those for BNL and XRAY, for any com-
parisons involving these data sets the pooled standard
deviation arises almost entirely from the BHA data
set. Thus it seems fair to state that the underestimation
of the ¢’s is about 1-3-1-6 for the parameters derived
from the Bhabha data. For the BNL-XRAY compar-
isons, the standard deviations are of the same order of
magnitude, and the best assumption seems to be that
there are equal underestimates of error in both experi-
ments, namely by a ratio of less than 1-3.

Table 7. Summary of statistical comparisons
among the three parameter sets

BNL-BHA BNL-XRAY BHA-XRAY

Normal probability plot slopes
Position 1-6 1-0-1-3 1-6
Thermal 1-6 1-0 1-8

Parameter types for which there are significant values of x2
for a=0-01

X, 2, P11, B33 x z, B11, B33,
12, Bi3 B2, B13
Largest values of mean 4/o
~8-96 (B11) 2:75 (B33) 5-58 (Bu1)
—6-70 (B33) 8:39 (f33)

Although the normal probability plots give a good
overall picture of the error distributions, other inter-
esting facts are revealed only by a detailed examination
of various parameter classes. The sum of the squares of
the deviations for all the x parameters, for example,
may be tested as y?, with the number of degrees of
freedom being equal to the number of atoms. Param-
eters for which there are significant values of »? at
the 0-01 probability level are also indicated in Table 7.
Two facts emerge from this comparison: the BNL and
XRAY results agree well except for the x parameters.
Secondly, the large parameter differences are for
essentially the same classes of parameters for the
BHA-XRAY and BHA-BNL comparisons. This
strongly suggests that in addition to an underestimate
of error in all data sets, there is some systematic
difference between the BHA data set onthe one hand and
the BNL and XRAY data sets on the other hand.

More revealing yet is the examination of the mean
values for the parameters. If we look at the mean
values of the differences of the various parameters,
e.g. [B(1)—pB,1(2)] averaged over all atoms, we can
see, for example, whether the f;, for parameter set 1 are
in general larger than those for parameter set 2. Again
in Table 7 we have listed the parameter types for which
the mean value divided by o is unusually large. The
principal offenders are §;, and fs; for comparisons be-
tween the BHA data and the XRAY or BNL data.
The indication is that the values of f,; and fs; are
systematically high in the Bhabha as compared with
the BNL and XRAY sets. This suggests some system-
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atic error in these parameters in the Bhabha data.

These comparisons are instructive in that they in-
dicate the value of comparing two sets of data by
normal probability plots, by y? tests, and by tests on
mean parameters to reveal systematic error.

Finally, we suggest that the considerably smaller
standard deviations for the BNL parameters as com-
pared to the Bhabha parameters and the good agree-
ment between the BNL and X-ray parameters for the
heavy atoms imply that the BNL structural parameters
are the most definitive available for L-asparagine mono-
hydrate, but that to be on the conservative side, the
standard deviations recorded in our tables should be
multiplied by 1-3.

Computer programs

All calculations were performed on a CDC 6600
computer using programs from the Brookhaven Crys-
tallographic Computing Library. A brief description
of these programs has been given by Schlemper, Ham-
ilton & La Placa (1971).

We are indebted to Dr G. Kartha for supplying us
with unpublished results on L-asparagine.H,0 and to
R. Chidambaram for his comments and his patience
in awaiting our analysis of the difference between the
various refinements.
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