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A CRYSTALLCGRAFPHIC STUDY OF MAGNESIUM AMMONIUM SULFATE HEXAHYDRATE
by
Thomas N. Margulis
Department of Chemistry and Lawrence Radiation Laboratory
University of California,.Berkeley, California

' July 1962

ABSTRACT

The structure of Mg(NHL)2(SOh)2-6H2O has been redetermined in
order to assign the hydrogen bonds. The crystals are mbnoclinic, space
group PZl/é; with a = 9.32l, b = 12,597, ¢ = 6,211 R, and B = 107.1&0.
The structure previously reported by Hofmann has nearl& correct coor-
dinates for the Mz, S; and N atoms, but incorrect coordinates for the
oxygen atoms. Three-dimensional x—fay diffraction déta»were taken
with the General Electric goniostat, ‘The structure,,inoluding hydrogen
atoms, was determined by Foufier and least-squares méthods, The mag-
nesium atom is éurrounded by an octahedron of water molecules, each
forming two hydrogen bonds to oxygen atoms of the sulfate ions. Three
hydrogen atons of each ammonium jon are bonded to sulfate oxygeﬁ atoms,
but the fourth is equidistant from two sulfate oxygen atoms with the
geometry which previous authors have called a '"bifurcated hydrogen
bond", Average interatomic distances (uncorrected for thermal motion)
are: lig-0 = 2,07, S-0 = 1.47, 0-0 (hydrogen bonded) = 2.77, N-O (hydrogen
bonded) = 2,90, and N-0 (bifurcated bond) = 3.08 A. The average S-O
bond length after correction for thermal motion is 1.49 A.

An attempted calculation of the distfibution of electrons in the

sulfate ion was unsucessful. Possible reasons for this are discusscd.
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CRYSTAL STRUCTURE AND HYDROGEN BONDING

Introduction

Magnesium ammonium sulfate hexahydrate, Mg(NHh)Z(SOh)2°6H20’ is
one of a large number of isomorphous compou,nds:L called Tutton's salts.2
Due to £he ease of crystallization these érystals have been studied
extensively by paramagnetic resonance (Bowers and Owen, 1955) and other
techniques. The crystal structure has been reported by Hofmann (1931)
who studied a limited amount of x-ray diffraction data on a number of
“isomorphs. Upon examiﬁation of Hofmann's struéture it was found to be
impossible to ﬁake a reasonable assignment of the.hydrogen bonds. For
this reason it was decided to attempt to refine the structure using
accurate three-dimensional data. Thé magnesium salt was sélected from
among the many available isomorphous compounds since it contains rel-
étively-light atoms.énd thefefore is well suited for the determination
of.hydrogen étom positions. | |

| It has been found that Hofmannfs coordinates for the magnesiun,
nitrogen, and sulfur atoms are'essentially correct, but that his oxygen
positions (for which he claimed little accurac&) aré quite poof. The
final structure for the oxygen atoms found in this work leads to a
satisfactory aseignment of hydrogen bonds which is confirmed by evideﬁce

of the hydrogen atom positions from the diffraction intensity date. After

+
lAmong the divalent ions that can be substituted for Ng+ are Mn++ s
Fe++, Co++, Ni++, Cu++, Zn++, ard ¢d"". The monovalent ions that can
be substituted for NHg are K+, Rb+, Cs+, and T1". Many of the corresponding

selenates are also known.

2The mineral Mng(SOb)2-6H20 is known as schonite.
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these calculations were completed, it was learned that Montgomery and
‘Lingafelter (1962) had redetermined the structure of Zn(NHh)2(SOh)2.6H20

with results in general agreement with this wofk.3

Experimental

A General Electric XRD-5 diffractometer equipped ﬁith single crystal
orienter and scintillation counter was used for the collection of three-
dimensiqnal intensity data and for the measurement of the cell dimensions.
Al]l measurements were made on a crystal with dimensions of approximately
0.06 x 0.06 x 0.13 mm. A total of 90 independent reflections including
about 120 too weak to be observed were measured with MoKa x-~rays
(A = 0.7207 A). Weissenberg films were also taken in order to have é
photographic record éf the data. The measured_ intensities .were converted
to struétﬁre factors in the usual way on the IBM 7090 computer using
~a program written by Dr. Allan Zalkin., The largest dimension of the
crystal corresponds to r R = 0,06, ard therefore absorption effects

- were neglected.

Unit Cell and Space Group

The cell dimensions of the monoclinic unit cell at room temperature

are:

a= 9.32, ¥ .007 &
b = 12,597 £ ,009 &
¢c'= 6.211 £ 005 &
B =107.24° = .02°

L

These values are in good agreement with those of Hofmann whiqh are:

3At fhis writing, the final refinement of the zinc salt has not been

completed.
L

Converted from kx units to angstroms.



a= 9.30 % .02k

b =12.60 2 .025 A

c= 6.21%.015 4 )
8 = 107.20°

[l

With two molecules in the unit cell the calculated density is 1.718

g/cc which agrees well with the observed value of 1.72 g/cc (Lange, 1949).
Systematié absences of reflections indicate a probable space group of
P21/é in agreement with Hofmann's choice. The sucessful determination

of the structure confirms this choice.

Structure Determination

Thé space group requires -that tﬁe magnesium atom be located on a
center of symmetry which was chosen at 0,0,0; 1/2 1/2, 0. All other
atoms are’ in general p051t10nb with coordinates -(x, y, Zy X + 1/2
ﬁy + 1/2, z) |

After several attempts to refine Aofnann's structure by the method
.of least squares proved frultless it was dec1ded to attack the problem
from scratch. YA two~dimen$iona1 Fourier synthesis ﬁés caicuiated using
16 hkO reflections whose signs were.determined.by Hofmann by ﬁhe isomorphous
‘,replacemeﬁt method. The first Fourier map showed the sulfur aﬁom and
magnesium atom with coordinates about the same as Hofmann's. Two more
cycles of two-dimensional.Fourier refinement led to a trial structure
which had the magnesiﬁﬁ, sulfur, and nitrogen atoms with about the same
x and y coordinates as Hofmann's, but with quite different values for the
coordinates of the oxygen atoms. From the two-~dimensional structure e
and Hofﬁann's values for the z coordinates of the sulfur and nitrogen atoms,
it was possiblé to'deduce z coordinates for the oxygen atoms which

subsequently proved to be nearly correct.
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Refinement of the Structure

The trial structure was refined by full matrix least squares
calculations on the IBM 7090 computer using a program written by
Gantzel, Sparks, and Trueblood. Atomic scattering factors obtained
from JTbers (1962) were used for neutral nitrogen, oxygen, sulfur, and
hydrogen, énd divalent magnesium. A1l reflections, including those too
weak to be observed, were given equal weighting factors. The function

minimized was fZ:(lFol - IFCI)Q/ :E:lFolz. After about four cycles of

- refinement of the sulfur, nitrogen,.and'oxygen coordinates and isotropic

temperatufe factors, the conventional R factor was 0.088.
A difference Fourier synthesis éalchlated at this point indicated
that a fefinement,using anisotropic temperature factors would be necessary

in order to locate the hydrogen atoms. Four more cycles of least squares

using individual anisotropic temperature factors in the form exp( - (ﬁllh2

2 2
* Bk * Bygt

a value of 0.075. A difference Fourier calculated after the anisotropy

+ 2B ohk + 2B 3he + 28,5ke) ), improved R slightly to

had been accounted for had its eight largest peaks in reasohable positions
for hydrogen atoms. Peaks corresponding tpithe'two other hydrogén atoms
were found but were not as large as the other eight peaks. A possible
reason for this is discussed below.

The structure, including all ten hydrogen atoms (witﬁ isotropic
temperature parameters arbitrarily‘fixed at 4.0 32), was then refined
to a final R factor of 0.061. The final R factor of the non zero
reflections is about 0.04. The observed and calculated structure factors
are listed in Table 1. The final atomic coordinates and their standard
deviavions are given in Table 2, and the final anisotropic temperature

parameters are in Table 3.
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Atomic Coordinates and their Standard Deviations

Table 2,

Atcen b
Kgl 0
S, 20953
03 —.ohés
o, .2185
Og <1165
0 20951
0, 01603
Og «1685
Oy -.0017
N 1321
Hli .21
B, .02
Hyg .26
By, .06
Hig .15
Hig .21
Hl? 17
Y Lo
B9 +23

H 09

Z

<36

31

10
s

" Sigma (x)

0002
.0005
.0CoL
.0005
.0005
.0C0S5
0005
.0005

«0007

.01
.01

01

Sigira (y)

-

.0001 -
»000L
.0003
.0003
0003
000
000
.0003
.0005
.008
.008
.007
.007
.008
.008
.008
.007
.008

008

Sipra (z)

™

002
.0008
0007
.0C07
«0007
0007
.0008
.0007

L0011

01
.02

(2 ’



Table 3. Anisotropic temperature parameters and their standard deviations.

By . Bap Poy 2, 2Byg 2Py o(B1)  o(Byy) 0(633) o(28, ;) 0(5813)' o(28,3)
Mg, 0.0056 .0032 .0129 -0.0008 .0043 - .0CO2 .0OOk .0002 . 0008 . 0004 .0008 - .0005
s2 .0056  .0036 .0160 .0007 .0056 .0009 .0002 .0001 .0005 . 0002 .0005 .0003
o3 .0077  .0071 .033 - .0015 .005 .005  .0006 . 0004 .002 - . 0008 .002 .00l
0, .0071  .00k0 . .022 .0037 .006 .003  .0006 . 0003 .001 .0007 .001 .00L
o5 .0105  .0043 .016 .0018  .010 .003 _ .0006 .0003 .001 .~ .0007 .002 . .00l
Og .0130  .0043 .020 .002%  .010 - .002 .0007 .0003 .001 .0008 .00z .00L
o7 .0059  .0035 .024 .0011. .006 .002  .0006 .0003  .002 . 0007 .002 001
Og .0079  .0049 .016 - .0031 .004 - .002  .0006 .0003 . 001 .0007 .001 .001
09 .0080  .003% .017 .0006  .008 .002  .0006 .0003 .00l .0007 .001 .001
I .0100 - .0054 .o022 - .0006 .012 - .001  .0009 . 0005 .002 .001 .002 .002

10

..'[“[—.
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Results and Discussion

Accuracy

The standard deviations given in the tables are calculated by the
least squares method with“the ass;mption of random errors in the
intensity data. They are probably-reasonable for the atomic coordinates
and for bond distances and angles; The temperature parameters are
subject to many non-random errors and should therefore be lboked upon
with caution. For a discussién of the uncertainties in anisotropic
temperature paramaters.see Lonsdale and Milledge (1961).7
Description of thQVStrucigre ;' |

Interatonic distancéé and angles are lisfed in Tableés L and 5. All
water molecules afe cdbrdihateﬁ to-magnesium ions, sixlto'eégh one. The
- erystal structure (Fig. l)vcoﬁsists of a ﬁacking of these octahedrally
hydrated hagnesium'ions apd uhﬁydrated ammonium ions among the tetrahedral
sulfate ions. Hofmann found fhese same features 6f the‘sfructure except
that he had a different ofientation fgr both the sulfate tetrahedron and
the water octahedfon. The orientétioﬁs which we found\pérmit satisfactory
hydrogen bonding which is gbnfirmed by;thgllocations found for the
hydfogen atoms, | |
The Sulfate Ion

The shabe oftﬁher§ulfate_ionfis close’ to that of a regular tetrahedron.
The 0-S5-0 angles fangé from lOB.hovto 110.70 with standard deviations of
0.30. The S-0 disfance, before cgrrectionzfor thermal motion, range
from 1.L59 to 1.481 & with standard deviations of 0.005 A; the average

is 1.473 A.



Table 4. Interatomic distances
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and their standard deviations in A

#

SOE- tetrahedron:

805 1.459 *
8-0, , 1474 +
8-0; ' 1.481 +
5-0p 1.476 +
05-04 o - 2.387 +
Mg(H20)2+ octahedron:

Mg-0, 2.083 +
Mg-Og 2,073 =+
M;—O9" o 2.051 +
0,-0g : 2.945 +
004 2.93%2 +
HQO hydrogen bonding

0,-0, | | 2.722 +
0.-0g 2.756 *
0g-0, 2.792 *
08'05_ 2.84k #
09—04 2.777 £
0g-0g ‘ 2.713 *
O -H, 1.0 +
O7j315 ‘ 0.9 #
Og-H, ; 0.8
NHZ hydrogen bonding

N0, | 3.102 +
N_04‘ S 2.837 *
N-05 2.916 =
N-Og 2.949 +
N-0f ~ 3.057 £
N-Hy) o ' 1.0 -+
N-H, 0.9 #

* ' _
Uncorrected for thermal motion.

.005
.005
.005
.005
.006

.005
.005
.005 .
.007
.007

o . O O O O

.006
.006
.006
.006
.006
.006-

o O O O O 0 O O ©

.009
.008
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0.1

0.1

o O O O

o O O
\OI
=8
—
o]

\Nl
m
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N
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Table 5. Bond angles in degrees.

0-5-0 Angles

5 s - 108.9 O%'S;OS ;09.7
04-58-0; 110.7 0,-5-0g 108.4
ofs-oO 109.k d5-5-06 109.6
O—Mg—d Angles
0.~ Mg-0g v9o.3. '08-Mg-o9 91.5
0, ~¥ig-Og 90.0 |
HEO Hydrogen.bond aﬁgles:

05-07-05 101.2 o.j'-o7-Hl.j 8
0,-0g-0g 115.3 05-07-H15': 2
04'09;06 102.9 41 1 0y,-Og-H, 1 7
d15—07—Hl5 119 05-08—H19 5
Iarbgﬁg 111 0,-04-Hy g 6
ng-og;HlB 106 0g-0g-Hy 5 6
NHZ Hydrogen bvond anglesi.

05—V;O; .82{1 06—N-Oé 102.7
04-N-0g 115.7 H) ,-N-0y, 6
0,110 1. oy 2
QB-N{oé - 45.8 H, ,~N-0g 1k
0,-N-0 107.1 HpgmN-0y 27
0,-N-0g 106.7 HQO;N—Oé 19
0, -N-0% 122.6 S—Hgo-N | 171
Os’N'O6 155.2' QBTH20-Oé 60
05—N-Oé 82.7

+#

Standard deviations are 0.50 for bond angles not involving hydrogen
atams. For bond angles involving hydrogen, the standard deviations are
10~ or less. '
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00000000

F1g 1. Crystal structure of Mg(NHy); (SOy4),° 6HO:

. The numbers inside the sulfur and nitrogen atoms
indicate their z coordinates. The numbers beside
some of the oxygen atoms correspond to the numbering

of Table 2.
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The thermal motion of the oxygzen atoms exceeds that of the sulfur
atom. As a result, the time average of an S-0 distance is larger than
the distance between the average positions which is determined by the
x-ray method. The extent of this effect depends on ﬁhe details of the
motion which was analyzed by the program ovausing and Levy (1959). The
rms amplitudes in thezprinéipal vibration directions calcﬁlated from the
anisotropic thermal parameters are listed in Téble 6. The sulfur atom
moves almost isotropically with the amplitﬁde 0.16. &. The amplitudes
of the oxygen atoms in the directions of minimum’mbtion ére very similar
to this value. Thg directions of ihis minimum motion are at angles 21°,

Oo, 170, and llo-to‘the corresponding S-0 bondé for atoms O3 to 06‘ The
larger amplitudes of these oxyzen atoms are approximately perpendicular
to the S-0 bonds, Thus the'thermal'parameters are cOnsistent with the
model of a figid sulfate ion which vibrates with some angular oscillation
(libration). For-this_modél of the motion, the correction to the distance
is calculated with the two atoms moving in phase (oxygen "riding on" sulfur).
The results (Table 7) show a spreéd in the four values of only 0.010 i,
compared with é spread of 0.022 R in the uncorrected distances.

The correction assuming in-phase moﬁion is the smallest that can
be applied. Any out~of-phase motion transverse to thevbond increases
the effect. With random phases, one calculates distanceé of about 1.52 &
(Table 7) for the S-0 bonds. For a tlphtly bound ion such as sulfate
it seems likely that the motlon W111 be largely in-phase, and therefore
l 49 & is reportcd as the most llkely 1nterpretatlon of the results for
the 5-0 bond distance in sulfate.

The Hydrated Magnesium Ion

The Mg-0 distances range from 2.051 to 2,003 A, each = 0.005 A (Table 8),

L)
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Table 7. Comparison of sulfur-oxygen bond lengths with and without thermal

. *
motion corrections

Uncorrected Bond length with Bond length with
Atoms bond lehgth - in-phase cqrreCtion random-phase correction
5-0, 1.459 & | o181 4 - 1.518 &
S'OM _l.%?& ‘ v 1.482 : S 1.520
8-05 1.481 3 1.490 - o 1.525
8-0g vl.476 1.491 1.525

N _
Standard deviations are all 0.005 A.

Table 8. Comparison of magnesium-oxygen interatomic distances with and

- *
- without thermal motion corrections

_ Uncorrected Distance with - Distance with
Atoms distance in-phase correction  Prandom-phase correction
Mg-0 2.083 A 2.089 A - 2.110 &
Mg-0g 2.073 2.080 , . 2.10k
Mg-O9 2.051 2.055 2.078

* .
Standard deviations are all 0.005 A.



before correcction for thermal motion. The motion of the magnesium atom
is:practically isotropic with aﬁ amplitude equal fo the minimum amplitude
for the water molecules. The water molecules have their largest motion
apprdximately transverse to the bonds to magnesium, but the motion is
not as aniéotropic as that of the sulfate .oxjgen‘atoms. The directions
" of minimum mdtioﬁ'areﬂqt aﬁgleé 26°, 180, and 18o to ﬁhe_corresponding
Mg~0 bondé.- These paraﬁéters are approximately consistent wiiﬁ rigid-.
molecule 1ibfation, 'The'amplitude_of'tﬁis librationlis less than in the
case of the sulfate ion, Thé correction of the Mg-0O distance for thermal
motion has been made with both in-phase and randém-phase assumptions (Table 8).
As in the case of thé‘sulfaté ion; the "in-phase Eérrection is considered
to be the best ihterprétation of‘the'aata; but there is less basis for
this choice here than for the sulfate. |

The.octahedron of water molecu}eé is slightly distorted from regular.
‘The Mg=-0 distances'differ by up to 0.03 ﬁ, independeﬁt of how the thermal
correction is applied, while each has é standard.deviation of 0.005 &.
One of the oeﬁg-o angléslis 91.5 : 0.30. These small distortions are
attributed to the lack of symmeﬁry of the neighbors to which the water
molecules are hydrogen bonded. | |
Hydrogen Bonding

One can assign each hydrogen atom of the water molecules to a hydrogen
bond on the basis that each near oxygen neighbor’éf the water molecule,
‘unless it is coordinated to the same magnesiﬁm’ioh,‘is hydrogen bonded.
This procedure gives a configuration (Fig. 2) in which the hydrogen bonds
all involﬁe oxygen étoms of neighboring sulfate ions. This configuration
is confirmed by the hydrogen positions which were calculated in the

refinement of the structure; the O-H vectors mak: angles of 2° to
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MU-27069

o F1g 2. JHydrogen bonding of the water molecules: The
' central atom is- Mg at 1/2, 1/2, 0. The numbering
corresponds to that of Table 2. ~ The projection is

" the‘same as that of Figure 1.

i Do s



8° with the éorresponding 0-0 vectors, Furthermore, the H-0-H angles
and 0-H distances are reasonable for water molecules when the experimental
accuracy is considered. The O-H bonds of the water molecules make angles
of 208° to 121° with the respective 0-Mg vc_éct‘ors. It is of interest to
noté that ng, the hydrogen aﬁom ip the longest of thése‘hydrogen,bonds,
was one of ihe two hydrogen atoms tﬁat were difficult to locate‘in
the_diffefence Fourier. It is possible that this hydrogen bond is
weake: than the others and thus Hi9 has more freedom of theimal motion.,

.  The hydrogen bonding of'the.NHz ion is shown in Fig. 3. The nitrogen
atom—hés'five sulfate oxygen ngighbors within 3,102 A. The closest

neighbbf of Oh at 2.837 A. Atom.Hl7‘is placed such that the H17-N-Oh

- angle is 60, thus forming a fairly strong hydrogen bond, Two other

oxXygen neighbors, 05 and Og s are at 2,916 and 2.949 & respectively from

v . v N e 0 o
the nitrogen atom.. The anglgs th N O5 and HlévN\Oé are 127 and 14

respectively. ?hese'are still reasonable hydrogen bonds although somewhat
1onger.and weaker-thaﬁ the N-0) bond.

Oxygen atoms 03 and Oé which belong to the same sulfate ion are
still further away from the nitrogen atom at 3.102 and 3.057 & |
respectively, forming a bifurcated hydrogen bond. The hydrogen atom,

H20 ; invol#ed in this interactioﬁ is pointed‘almostly directly at the
sulfur atom, with an N-HZO—S angle of 171°. The least squares refinement

leads to an N-H,. bond length of about 0.8 A and H,,~0 distances of 2.l

20

3
Héo was the other hydrogen atom which was difficult to find in the

difference map. Therefore this bifurcéted configuration may involve little

o ' _
and 2,3 A for O, and 06 respectively. It is interesting to note that

bonding and permit greater thermal motion. It is encouraging that all

of the H~-N=-H bond angles are within 5° of the expected tetrahedral angles.
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Fig. 3. Hydrogen bonding of the NH4+A ion: Projected
: down [100]. ' : ’
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ATTEMPTED CALCUIATION OF THE ELECTRON DISTRIBUTION OF THE SULFATE ION

"IN MAGNESIUM AMYONIUM SULFATE HEXAHYDRATE

Intrcduction .

'  With the hope of contributing to a better understanding of the chemical

. bonding in the sulfate ion, an attempt was made to calcuiate the electron

distributibn of this ion as it exists in Mg(NHh) (SOh) -6H 0. To accomplish
this a computer program.was written to integrate the electron density of

a crybtal as determined by x—ray dlffractlon methods.

Method of Calculation

The well-knoﬁn fbrmula for the electron density ét'any'point X, ¥, 2, in

- the unit cell of a crystal is given by

exb’z . W2 2 > FrﬁceexP(“%i(hi + ky ¢ 2)) (1)

h‘:,.Od k=00 fmaco

where V is the volume of the cell,_Ehk& is the structure factor of a plane

in the crystal specified by hQ,k,‘&,,the Miller indices. ' To obtain the

_ number of electrons, E, in a given volume, v, this Fourier series must be

1ntegrated over that volume g1v1ng

[G L - | (@)

ﬂ’Ca:rying‘out the integration over a sphere of radius R, with origin at

_ X,lY, Z, E is obtained as a summation of terms

409  +too  too

VE'=Z Z Z .Ehks | . - (3)

h=_°.°_ Kkzwoo fmeco

in whlch each term E is glven by

hke

, E' '= QRFhke/lhl [ﬁ§3§é%%+él- Cos(2n|h|R)| exp(-2ni(hx + ky + ¢z)) (L)

where |h| = 1/d = 25in6/A.
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- To reduce series termination errors the calculation was made using
¥\ 1g» the difference between the observed and calculated structure factors,

in place of F The summation using Zthkg‘is called E'. If E' is

hke®
a positive number when calculated in a sphere corresponding to a given atom,
then the atomic scattering factor assumed for that atom is too small, In
other words the atom was assumed to have too few electrons. 'Altéfnatively

if E' i5 a negative number the atom was éssumed‘to'have fob;many electrons.

A computer program called COUNT Qas'writtén'for the'IBMV7O9O to cal-
culate E' in space group P21/a. The program requires as input the output
tape of the UCLA least_squares program (LAZSI). E' can be evaluated for
any number of atoms in,sphefés Qf any sﬁecifieq radii. ,

Three calculations were made using the data for»Mg(NHh)z(SQh)2-6H20,
described above. In each case the structure was first refined by full matrix
least squafes ﬁsing énisotropic teﬁperaturevfaétors for all atoms as
"descfiﬁed abBQe.ﬂ The;only difference between the three refinements was the
atomic sCaftering facfors used for sulfur and oxygeﬁ.“Caée A considers
sulfur and oxygen to be both neutral, Case B uses S+6 aﬁd'O-z;"and Case C

/2 he neutral atom scattering factors were

6 1/2

uses neutral sulfur and 0

~.’from James and Brindley (1931), and O

by averging Ibers' values for 0° and oL,

obtained from Ibers (1962), s

After réfinément, E!' was calculated‘taking the refined coordinates of
the sulfur and sulfate oxygeh atoms Sucessivély"és'origin‘of thé sphere.
The calculation was made for a number 5f different radii around each atom,
E' was also evaluated arbﬁﬁd the Mg++ ion in the hope that this would

provide a check of consistancy between different calculations.
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Results and Discussion

Table 8 shows théﬁpartial results. of the threce least squares refinemehts.

Table 9 lists selected values of'Ef in spheres of radius R around the

‘magnesium, sulfur, and oxygen atoms after each refinement.

Thébresultskof the three cases are in direct conflict! The result

f‘o:c CaseiA around sulfur indicétes that the sulfur atom is ve}y nearly

neutrdl but Case B 1nd10ates ‘that 1t is about‘+6 The Qalues obtained

around oxygen are always small (under O. h) o matter if oxygen is put in

o =2 1/21

as 07, 0.°, or-0 . In cases B_and C, Qh andkOS have negative values of

E' whereas 0, and 06 have.positive values.

3

" The reason’ for the failure of this calculation is probably the
effectiveness of the least squareo method in finding a good fit betueen
the observedvand calculated ructure factors when glven enough paramzters

+6 -2

to vary; The dlearly  ridicu1ous case of S and 0 (Case B) still gives

an R factor of .068,-not so mich worse than that of 0.060 obtained in

- Case C where sulfur and oxygen are both neﬁtral.-,The least'squares program

has thus ménaged to adjust the écale factor, atomic coordinates, and an-
isotropic temperature factors to give a reasonable fit to the data.

One possible methoa of solving this dlfflculty might be to carry
out a comolete neutron dlffractlon/€§u%%e structure. Since the scattering
factors for neutrons are less'complex than those fof x—réys; it might be
possible to obtain morg reliaﬁle anisotropicvtemperature factors from such a
study. These temperature factors could then be held fixed in the refine-
ent of the x~-ray data and. thus, hopefully, a Eetter scale factor could be

obtained. Another possible experiment is that of taklng low temperature

x-ray diffrzction data to reduce the temnerature facturg to small values.



Partial results of the least squares refinements, Standard

Table 8

are the same as those given in Part I.

deviations

Atom Cése X .Y Z Bll _ 922. p33 2ﬁ12 2@13 2ﬁ23
S A 00953 -.3605 .2575 ,0056 .0035 .0160 ,0007 ,0057  .0COY
S B L0953 -.3605 .257h .0059 .0038 L0171 L0006 L0060 0008
S €  .0953 -.3605 .2575 .0053 .003L .0156 .0007 .0055  .00OB
0y A -.0468 -.a7h .2116 .0077 .007L .033 =.0015 .005  .005
0y B =-.0h47 -.l166 .2123 .CO8L .0068 .031 = -.0002 .005  .005
03 © '-.oh67 -7y .2115 .0095 .0079- .036 ~-.0016 ,007  .0OL

 oh A .2185 -.4328 L3716 L0071 .00LO .022  .0037 .C06 .03
0, B 2170 -.4321 .3707 .0072 .0038 .031  .0025° ,007°  .002
ob' c 218l -.4327 .3715 .0086 .0049 .026  .0038 .008 .03

0g A L1185 -.3211 .0MS6 L0105 .0OL3 .06 L0018 010  .003
Oy B .1183 -.3215 .0483 .0097 .0038 .017  .0020 .007  .002
Oy C L1185 =-.3210 .OLS9 .0122 0051 .020  .CO21 .01l  .003
Og A 091 -.2702 .L089 .0130 .00L3 .020  .0024 .0lO  =-.002
Of B .0950 =-.271k .LO7L .01L7 .0OhL .0L9  .002k .009  .00O1
Oy C ..0951 =-.2703 .4089 .0150 .0052 .02k 0025 .011 ~-.002
Mg A 0 0 0 .0056 .0032 .013 ~-.0008 .CO4 =.GOO2
¥g B 0 0 0 .0069 .0039 .016 -.0009 .CO6 -.0002
Mz G 0 0 0o .0054 .0031 .012 =-.C008 .00L =-.COO3
R Factor-Case A .060 Scale Factor-Case & 5.590
R Factor-Case B .068 cale Factor-Case B 5.232
R Faeter-Case C 061 Scale Factor-Cass C  5.667



‘ Table'9

Selected Values of E!

R in 3_
Atom Case :

6 .7 8 1.0 1.1

A -0k -.06. -1 15 -.20 -.25

B .19 29 | ke .57 .72 .88

C Nox! -.02 -.05 .09 -.15 -.23

A .09 1k .20 26 .30 .31

B .06 .09 .13 16 .20 .23

c .05 .08 .12 .15 .18 ! .18

0, .03 .06 .09 .12 .16 .20
o, B .006 -.011 -.012 .005 .017 .05h

0, c ,012 -.018 -.019 .009 .016 .05

o5 A .03 .05 .08 A1 L1k .15
05 B .0007 | -.0006 | +.001 .005 .01k .28
0 c 016 | -.021 -.021 .016 -.003 +.012
O A .06 .09 13 .15 .16 .16
o6 B .03 .0k .06 .07 .08 .09
Og c 017 018 | .015 010 .003 -.004

Mg A .07 -.10 -.13
o B .23 -.33 | -.he
,029 -.033 | -.038
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