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Abstract 

'lhe crystal structures of the three alums: NH4Al(S04 ) 2 .12~0, 
(NH3CH3)Al(S04 ) 2 .12~0 and (NH30H)Al(S04 )2 .12~0 have been determi.ned 

from three-dinensiona.l neutron diffraction data enhanced by X-ray 

diffraction when necessary. These compounds crystallize cubic in space 

group Pa3. 

The structures of the three allUllS exhibit partial occupancies of 

crystallographic sites for the NH4, (NH3c13) arrl (N130H) group atom. 

This can be explained by a quantized rotation of the three groups around 

an axis perpendicular to the f 111] direction. 

Some of the (S04)2- groups in the NH4-alum are disoroered with 

about 17% of the sulfate tetrahedra being in a reversed orientation 

around the sulfur atom. The disoroer in (NH
3
ctt

3
) arrl (NH

3
0H)-alums 

is only 4,3% arrl 3.0% respectively. 

The atoITB in the alum structures are held together by a system 

of hydrogen borxis between the water m::>lecules arrl between the water 

m::>lecules arrl the sulfate oxygen atoms. In these three structures there 

is a strong irxiication that shorter hydrogen borrls tend to be nearly 

linear. 
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1 

1. INI'RODUCTION 

'lbe goal of this thesis was the precise structure 

determina.tion of the three alums: NH4Al(S04 ) 2 .12~0, (~c13)Al(so4 >2 .12~0 
and (NH30H)Al(S04 )2 .12~0 by neutron diffraction enha.nced by X-ray 

di.f.fra.ction when necessary. Neutron diffraction is sensitive to hydrogen 

am allows therefore the precise localization of hydrogen atoms in a 

crystal. A detailed description of the goals of this thesis is given 

at the end of this section, first a general introduction to the alums 

and a short review of previous investiga.tions shall be given. 

'lbe alums forma series of double salt crystals with the 
+ 3+ + general fo:rnula M T (R04 )2 .12~0, where M represents a m:>nova.lent metal 

3+ such as Na, K, Rb, Cs or a group such as NH4, ~cH3 or NH
3
0H. T 

represents a tri valent metal such as Al, V, Cr, Fe, Ga or In and R stands 

for S, Se or Te. Be~- alums are also known. The number of possible salts 

is therefore large, but conprehensive diffraction analysis have been 

carried out for only a few of them. 

The physical properties of the alums have been extensively 

studied by a great variety of experimental methods like optical absorption 

measurements 11,21, specific heat measurements /3,4/, measurements of the 

elastic constants /5 ,6/, of piezooptical constants /7 /, of electrogyration 

effects 18,91, of dielectric properties /10-13/. A review of the physical 

properties of various chromium altmB for example has been published by 

Eisenstein /14/. 

A large number of alums l.mdergo a transtion into a 

ferroelectric phase at low temperature, first identified by Pepinsky 

et al. /15/ in (~C~) aluminium and (~CO~) chromium alums and later 

in other an11Dnium and amtDnium-substituted alums /16/. 
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A variety of spectroscopic metl'x>ds has been applied to 

study the ferroelectric transfonna.tions of the alums, specially nuclear 

magnetic resonance ard M5ssbauer spectroscopy. Proton ma.gnetic resona.rx:e 

was applied to study methylanmmium alum /17-19/ arxi others /19-21/, the 

27Al-nuclear mgnetic resonance spectroscopy for the study of NH4Al(004 ) 2 .12~0 
am KAl(S04 ) 2 .12~0 /22/ arxi of (NHfH3)Al(oo4 > 2 .12~0 /23,24/. rata for 

the quadrupol coupling constants arrl their tenperature deperxiences are 

reported in /25-30/. In the recent years a large nunt>er of electron spin 

resonance studies ha.s been published /31-36/. These studies supply important 

infornation about the position of the paramagnetic ion arrl in general on 

the tenperature beha.viour of the alums • 

The comection between the crystal structure arrl thermal 

stability of the alums is discussed by Cudy /37/. The dynamical beha.viour 

of the sulfate group within the alurm was studied by diffraction methods 

by Ledsham, Steeple arrl Huges /38/. An extensive discussion of the crystallo­

graphy of the alums is given by Hausslihl /39/. 

The crystal structure of alum has been studied first in 

the case of KAl(S04)2.12820 by Lipson arrl Beevers /40/. None of the alums 

ha.s been investigated by m:x:iern counting techniques althougti Okaya, Ahmed, 

Pepinsky arrl Varxi /41/ have studied (~C~)Al(S04 ) 2 .12~0 by photographic 

methods and refined the structure by least-squares calculations. 

By mw refinerrent of the crystal structure of a large 

number of alums ha.s been studied from X-ray or neutron diffraction data 

am quite accurate results are available for: 

Na.AJ.(S04)2.12~0 /42/, CsAl(S04)2.12~0 /43/, K,Rb am NH4Al(S04)2.12~0 /44/ 

ND4Al(S04)2.1202o /45/, (NH3CII:3)Al(S04 ) 2 .12~0 /46-50/, Na.Cr(S04 ) 2 .12~0 /51/, 

KCr(S04 )2 .12~0 1521, RbCr(S04 )2 .12~0 /53/, (~C~)Cr(S04 )2 .12~0 /54/ arxi 

CsTi(S04 )2 .12~0 /55/. 
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1.1 Basic Infonna.tion about the Alum Structure 

Alum crystals can be grown qui te easily as large single 

crystals with several nm to cm dimensions from saturated aqueous solutions. 

They have cubic syimetry at room tenperature with the space group Pa3~ 

although this syimetry can be achieved in case of a.D11Dnium and substituted 

anm:>nium alunB only statistically. The unit cell contains 4 chemical units. 

Farly X-ray measurements by Lipson and Beevers /40/ and 

by Lipson /56/ were minly made on aluminium sulfate alums. Their investi­

gations showed that the alums crystallize polyroorphous and that they can be 

classified as lt. , ß an:i Y-alums according to their structure type. The type 

of alum forned deperrls upon the size of the monovalent cation. The a -structure, 

which represents the most conm:m type, occurs if the cation is of internediate 

size. The ß-structure is observed with large cations, an:i the Y-structure with 

the sllBllest cations • A survey of a nuni:>er of different alums an:i their 

structure types is given in Ta.ble 1. The listing is arranged according to the 

increasing size of the free morovalent ion. 

Klug /58/ later investigated several alums where the 

trivalent ion was chromium. His results irrlicate that the chromium alums do not 

necessarily show the same classification scheme as their aluminium analogues. 

According to Klug the chromium alums of both rubidium and thallium belong 

to the ß -structure whereas the corresporrling aluminium altunS have the 

a-class structure. Klug; s deductions , however, are based on the evaluation 

of only a limited nunt>er of renections. In a later investigation by Ledsham 

and Steeple /53/ rubidium chromium alum and thallium chromium alum are 

classified in the a-class structure. It can be seen from Ta.ble 1, that 

there is only with sodi'Llß as mnovalent ion a difference between the structure 

of the aluminiun an:i chromium alums • In methylaDllDnium alums, too, the 

inf'luence of the trivalent ion on the structure type is visible. 'lh.e dim:>rphism 
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or the a- am 1~ -type appears mre orten in the chromium alum than in the 

aluminium. alum. 'lhus, the structure type or a gi ven alum. is determined 

minly by the size of the f'ree m:>novalent ion, and genera.lly the influence 

or the trivalent ion is not so strong as was first presuned by !J!dsham 

and Steeple /47/ 

Table 1. Reference survey on al\.U'llS 

M+ ~+ Alum Structure References type 

Na Al (S04)2.12~0 y /42/ and /56/ 

K Al (S04)2.12~0 a /40/ and /44/ 

NH4 Al (S04 ) 2 .12~0 Q /44/ 

ND4 Al (S04)2.1202o a /45/ 

Rb Al (S04)2.12~0 lt /44/ 

Tl Al cso4 ) 2 .12~0 lt /42/ 

Nl1C~ Al (S04 )2 .12~0 lt or~ /46-50/ 

Cs Al cso4)2.12120 ß /43/ and /56/ 

Na Cr (S04)2.12!-'20 lt /51/ 

K Cr (S04)2.12!-'20 lt /52/ and /57/ 

NH4 Cr Cso4 )2 .12~0 a /58/ 

Rb Cr (S04)2.12120 a /53/ 

Tl Cr (S04)2.12f'20 a /53/ and /58/ 

~CH3 Cr (S04 )2 .12~0 a orß /54/ 

Cs Cr (S04)2.12f'20 ß /51/ 

Cs Ti cso4)2.12f20 
ß /55/ 

In all all.DllS there are two crystallographically different 

water m:>lecules associated with the m:>novalent or the tri.valent cations. 

'lhe trivalent cation is surrotmded by six water m:>lecules with about 
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octahedral coordination but the orientation of the octahedron with respect 

to the cell a.xes is different in each of the three types. The nx>novalent 

cation in the a ani Y-alum, too, is surrounded by six water JOOlecules. In 

the Y-alum these water nx>lecules form a nearly regular octahedron. In a -alum 

the octahedron is conpressed along the threefold axis. The 1arge cation in 

ß-alum can acconm:xiate 12 oxygen neighbours. To attain this large coordina.tion 

n\IDber the water octahedron is conpressed along the threefold a.xis and 

stretched nonna.1 to this a.xis until it is nearly planar. 

In the Y-alum structure, { NaAl(S04 ) 2 .12~0 is the onl.y 

known representative of this type] , six water m:>lecules approach the snal.1 

sodium cation nuch nx>re closely tha.n in the a-alum structure. This mtion 

cannot take place unless the hydrogen bomi.ng system. changes. The mst 

striking result is that the sulfate group becomes oppositely oriented 

along the threefold axis. 

The reason for this my best be un:lerstood by looki~ 

at a mnovalent ion rl of varying radius. Suppose it is such that the 

a-structure is formed. As the ra.dius increases, each ~O which touches the 

mnovalent ion will mve nearer to the other groups touching each other, 

and these will terrl to alter their orientation to preserve correct distances. 

This change, however, is limi.ted, ani acconpanied by a translation of the 

(R04) group alo~ the threefold a.xis. This rmvement of the (R04) groups 

such as to decrease their distances from M+, which also is increasing in 

size. When the attraction between the two is sufficient to become a goveming 

ractor in the structure, then the (R04) group takes up a new equilibrium 

position unier the extra forces involved. The ad.dition of borrls to M+ 

will tend to change the disposition of the other borrl, presumbly the 

c~lete distribution will tend to be as unifo:nn as possible. 
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If the radius of M+ in the a -structure decreases, the 

associated water DDlecules will mve f'urther fran the other groups. The 

resulting increase in the distance ~0-0 camot be sufficiently corrected 

by translation of the (R04) groups along the threefold axis, since the 

o:xygens in the a-structure are nearly at the minim..un distance from M+. 

If the (004), however, is oppositely oriented along the threefold aJCis, the 
+ distanc& M --0 can be l'l'DJ.Ch sma.ller, an:i thus a structure can be built up 

with a sma.11 distance M+ ~O. 'Ihis is the structure of the v-class. 
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1.2 Goal of this Work 

In this work accurate X-ray and neutron diff'raction 

measurements are reported on three aluminium sulfate dodecaJ\ydrate alums: 

NH4 Al (S04 ) 2 .12~0 

(NH:ffJ> Al (S04)2 .12~0 

(NfjOH) Al (S04 )2 .12~0 

Anmmium-alum 

Methylannx:>nium-alum 

Hydroxylarrm:>nium-alum 

(AASD) 

(MASD) 

(HASD) 

The structure determination is concentrated on three nein problems: 

1) The exact localization of the atoms of the amoonium group NH4 and of 

the anm:>nium-substituted groups (NH3c13> am (~OH), specially of the 

hydrogen atoms. 

When the centro-sYJllDetric cubic space group Pa3-~ sha.11 be sustained, 

atoms of these groups trn.lSt be arranged statistically arourxi 4(b) sites. 

Table 2 lists the atomic distribution of the atoms on the crystallographic 

sites in Pa3-~ /59/. 

4 M 

Table 2. Atomic positions for ~Al cso4 ) 2 .12~0-ahms in Pa3-T~ 
1 1 1 

at(b): 2 2 2' etc. 

4 Al 

8 s 
8 05(1) 

24 0 (2) 
s 

24 0 (1) 
w 

24 0 (2) 
w 

24 H(1) 

24 H(2) 

24 H(3) 

24 H(4) 

at(a): 000, etc. 
at(c): xxx, etc. 

(one oxygen atom of the so4 group, on body diagonal) 
at(c): x'x'x', etc. 

oxygen atoms of ro4 group other than 0
5

(1) 

at(d): x
1

y
1

z
1

, etc. 

(oxygen atoms of water molecules coordina.ted to Al atoms) 

at ( d) : x
2
y 
2 

z
2 

, etc • 

(oxygen atoms of water roolecules coordinated to M groups) 

at(d): ~y3z3 , etc. 
hydrogen atoms of 0 ( 1) w 
hydrogen atoms of O (1) 

w 
hydrogen atoms of Ow ( 2) 

hydrogen atoms of Ow(2) 

at(d): x4y4z4, etc. 

at(d): x
5
y

5
z
5

, etc. 

at(d): x6y6z6, etc. 

at(d): ~y7z7 , etc. 
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2) 'lhe localization of the hydrogen atoms of the water rolecules. 

'1he accurate kn:>wledge of the hydrogen positions is of ißl)Ortance for 

the understanding of the alum structure, where hydrogen borrling plays 

an essential role. Of special interest is the linearity of 0-H • • • ·O 

links. 

3) 'lhe behaviour of the so4 groups • 

In the alum structure, the sulfate tetrahedra are arranged with the 

sulfur and one oxygen atom on the threefold axis and with three synrnetry 

related oxygen atoms in a general position arourrl this axis. For the 

oxygen atOOB , and in particular for that on the threefold axis, abnorne.lly 

high values for the tenperature factors were found in former structure 

investigations. Bacon and Gardner /57/ explained this anoma.lous behaviour 

by a rotation of the oxygen atoITE arol.md the sulfur atom. 'Ihe interpretation 

of Larson and Cromer /41/ was a structural disorder of the sulfate groups. 

Iedsham, Steeple am Hughes /38/ ana.lysed the abnormal behaviour of the 

tenperature factors of the oxygen atoITE in the so4 groups by different 

oscillations of equal probability around three axes pa.ssing through the 

sulfur atom and through each of the three oxygen atoITE in general position. 
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2. PRINCIPIES OF SINGIE CRYSTAL STRUC'ruRE ANALYSIS 

2.1 Scattering Process 

For neutron diffraction, the wave length .11. of a·neutron 

beam is described by the de Broglie relation 

_ h _ 2n"h _ 2n ..:t------
mv mv /k/ 

2.1 

where m is the mass of the neutron, v its velocity and ~ the wave vector. 

The kinetic energies of thermal neutrons are in the range of O. 002 

to 0.3 eV corresporrling to .A = 6.39 to 0.52 A
0 

and are thus comparable 

with the energies of the thermal mtion in the crystal. 'nle energy of the 

X-ray quantum on the other hand is of the order of 10
4 eV. In neutron 

diffraction experiments we observe a diffracted intensity which depends 

on the scattering vector defined by 

s = k - k - ~ - 2.2 

where 

k and k are the wave vectors of the incident and the diffracted 
.;;..;o -

beane respectively, with 

2.3 

For elastic scattering, the incident arrl diffracted beane ha.ve the sane 

energy, therefore 

1!ol=1k1 2.4 

and we have only to analyse the angular distribution of the intensity 

From Fig.1 we ha.ve 
• 1§. 1 

SlllO = 2l!o 1 2.5 

and with 2.3, we get 
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1 ~I= 4; sin e 
2n " Ir we derine the interplanar spa.cing d = 1 !f we have Bragg s law 

.:t = 2d.sin H 

Io---~--__, 
& 

Fig.1: Relation between the incident and diffra.cted beam for 

elastic scattering described by Bragg1 s law. 

2.6 

2.7 

If we treat the diffraction of X-ray or neutron through 

the interferences from the three dinensional lattice, we arri ve at the 

Laue equations, which are /60/. 

where 

s . !1 =( ! - ~ ) !:.1 = h 

s.!2=<!-~)!C?=k 

s • a3 =( .! - ~ ) ~ = 1 

~ is the vector representing the incident wave, 

s is the vector representing the renected wave, 

S is the scattering vector, 

h,k and 1 are the Miller indices of the renecting plane, 

and a~ ,~ and a3 are the basis vectors of the unit cell. 
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2.2. Four Circle Diffractometer 

2.2.1 Definition of diffractometer angles (compare /611) 

'Ihe instrunental arrangement of a four circle diffractometer 

is illustrated in Fig.2, where the instrument axis is perperrlicular to a 

horizontal plane passing through the centre of the instrunent. 'Ihe primary 

beam lies in this horizontal plane arrl is directed to the SaIJl>le which is 

Horizontal 
Plane 

Fig.2: Schenatic representation of a four circle diffractometer. 

located at the instrument centre. The cotmter also lies in the horizontal 

plane arrl rotates around the instrument axis to make an angle 2 o wi th the 

n,...;nu:a'l"V hAAm direction. The instrument angles ma.v be adjusted so that a 
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diffra.cted beam is horizontal and enters the centre of the counter. 

Moving the counter through an angle of 2 9 causes the crystal 

orienter an:i S8q)le to turn through an angle of o around the vertical axis. 

'lhe orienter may also be rotated in::lependentl.y through an additional angle <,, 

around the sane axis • In this way the X-exis which lies in the horizontal 

plane is positioned to ma.ke an angle of e +w with the primary beam direction. 

'lhe renecting-plane normal (scattering vector), which bisects the angle 

between the diffra.cted bea.m and the reverse primary beam, thus rna.kes an 

angle of w with the plane of theX-ring. 

'IheCJ'>-shaft is supported from the X-ring which permits the 

CJ')-ax:is to be set at an angle X from the vertical instrument axis • 'Ihe s8q)le 

is assumed to be rigidl.y attached to the CJ').:shaft so that it can be turned 

arotmd this axis. 

Fig.3: 'Ihe four circle diffractorneter with all angles set to zero. 

'lhe diffractometer with all angles set to zero is shown 

in Fig.3. 'lhe senses of 8 , 2 9, w an:i X are derined by Fig.2, which shows 

the four circle diffractoneter with these angles in the f'irst qua.dra.nt. 
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The zero position for <p is chosen arbitrarily, and Fig.2 shows the direction 

of rotation which increases this angle. 

The angle tfJ shown in Fig. 2 measures the rotation of 

the sasrple a:rourrl the nornal. to the reflecting plane of interest. With 

this type of four circle diffra.ctometer, t/J ootion is achieved not by the 

rotation of a single shart, but rather as a result of a combina.tion of 

changes in w , x a.rxi 'P • 

2.2.2 Coordinate tra.nsfornations 

Iet !!c be a vector in terms of the right-hand reciprocal 

lattice vectors b1 , ~ and b3• According to the transfonnations f'rom 

Patterson /62/ and Rollet /63/ this vector !c can be described in terms 

of the crystal cartesian axes using the lattice matrix B. If we choose the 

x -axis parallel to b „ , the y -axis in the plane of b1 and b..,, a.rxi the c -.i. c - -r::; 

z -axis perpemicular to that plane as sl'x>wn in Fig.4, then 
c 

h = B . h 2.8 
-c - -

where 

B = 0 2.9 

0 0 

Here the aj "s and a j ... s an:i b j "s and ßj "s are the direct and the reciprocal 

parameters, respectively. 

The orientation of the crystal with respect to the 

axes of the instrunent is unknown at the start of the experi.ment. 
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'fhe crystal is nnmted on the gonioneter head whose axis coincides with 

the cJ)-axis of the instrunent. 'lberefore we sha.11 take an:>ther system of 

coordinates, the cJ)-axis system, where the z-axis coincides with the cJ)-axis. 

/ 
/ 

/ ~'\'), 

Fig.4: 'lhe relation between the reciprocal lattice vectors b1,b2,b3, 

and the crystal cartesian axes xc,yc,zc. 

Let U be the orthogonal natrix which relates the <1)-axis 

system to the crystal cartesian system so that 

2.10 

U will be called the orientation mtrix since it depems on the way in which 

the crystal has been munted, (since the crystal can be rotated about three 

angl.es in space <(J, x an:i u 1 as shown in Fig.5), and also on the arc settings 
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ar the goniometer head. 

In a similar way we can defi.ne three mre cartesian systems 

attached to X, D and B axes, respective1Y, and coincident with the cD-axis 

system when all imtrument angles are zero. 

Fig.5: The rotation of the 0-system with respect to the 

crystal cartesian coordinates. 

'lhen we have the following relations : 

h =<l>h -x --

h =Xh 
-w --

2 .12 

2 .13 
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wbere 

coscp sincp 0 

<l> = -sincp cos cp 0 2.14 -
0 0 1 

( describing the rotation about the z-axis in the <I> -systern) 

cosx 0 sinX 

x= 0 1 0 2.15 
._ 

-sinX 0 cosX 

(describing the rotation about the y-axis in the x-systern) 

cos w sinw 0 

O= -sinw cosw 0 2 .16 

0 0 1 

( describing the rotation about the z-axis in the 0-system) 

Finally let us define a laboratory coordina.te system 

Xi, Y1 arxl z1 fixed with respect to the prima.ry beam and a 28-axis system 

attached to the comter shart. Aga.in these cartesian axes will be chosen 

to coincide with the <l> -axis system when all the instl'l.Urent angles are zero, 

then we have 

where 

B= 
cos () 

-sino 

0 

sino 
COS() 

0 

0 

0 

1 

2.17 

2.18 
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with the rotation matrix 

R = !lX<l> 2 .19 - ---
exparding equa.tion 3.19 we have: 

cosw cosx cos <p - sinw sin<p cosw cosx sin<p + sinwcos<p cosw sinx 

R= -sin<.c1cosxcos<p- coswsin<p -sinwcosxsin<p + coswcos<p -sinwsinX 

-sinxcosq> -sinxsin <p cosX 

2.20 

We will asstune in the following discussion that we have 

an ideal ditrractometer setting, i .e., a perfect diffractometer, a centered 

point sanple with no msaic spread, a.rxi a point source of mnochromatic 

radiation. The deviations :f'rom these assunptions whiah are fourrl in practice 

usually do rx>t invalidate the calcul.ations to be described. 

To observe a renection in the ideal diff'ractometer setting, 

it is necessary for fJ to satisfy the Bragg equation am the scattering vector 

S to be perpemicular to the ,X-axis, this means that the scattering vector 

lies along the positive X-axis of the f)-coordinate system and we have 

for S: 

s = 

1 

0 

0 

2.21 

where d• is the reciprocal of the interplanar spa.cing in Angstrom units 

arrl is given ror exmq;>le by the equation 

d~ = v/ch >2 
+ Ch >

2 
+ Ch >2 

!! c1 c2 c3 2.22 



h = B • h e - -

18 

sin 6 = .A • d* /2 

From equation 2.20, we can write 

S=RUBh 

From equations 2.21 ani 2.25, we have 

1 

R-i 0 d• = U B h = h 

0 

Exparxling equation 2 .26, we ha.ve 

cos w cos X cos <p - sin w sin <p 

cosw cosX sin <p + sinw cos<p 

cosw sinX 

2.23 

2.24 

2.25 

2.26 

2.27 

With a four circle diffractometer the reflecting c.ondition 

can be established in an unlimited runt>er or ways corresponding to various 

values of l/J , the angle of rotation of the sample around the scattering vector. 

2.2.3 Calculation or·the U-matrix f.rom three reflections 

When the unit cell parameters are unkrown it is still 

possible to obtain the matrix UB if the setting angles can be observed for 

at least three indepement reflections with known (or assumed) imices. 

Gi ven 2 Oi, wi, Xi alld 'Pi for reflection i, we ean conpute the scattering 
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vector in the <1>-axis system: 

2sinoi 
h1110 = ---_.,..l. ...l 

cos w
1
• cos X. cos <p • - sin w • sin <p • 

l. l. l.. l. 

cos w
1
• cos X. sin 'P. + sin w· cos <p. 

l. l. l. l. 

cos w. sin x. 
1 l. 

a.28 

For each of the three renections the natrix UB DUSt perform the following 

transformation 

2.29 

where hi_ is the vector of indices • If H<p is a matrix made up of the three 

coll.ml'l vectors ~, and !! is constructed amlogous from hi_, we have 

H =UBH= 
-<p - - -

2.30 

The refiections c:tx>sen DL1St correspon:i to the reciprocal 

lattice vectors which are not coplanar or the matrix H will be singular. 

'lhe indices s:tx>uld be assigned so that the vectors can be described with 

reference to a right-harded coordinate system, and it can be shown that the 

detenninant f ~ 1 will be positive if and only if this conii tion is f\ü.filled. 

Having obtained the matrix UB it is possible to derive 

the correspomi.ng cell parameters. !et us conpute the matrix 

(U.B)1 (U.B) = a'u'u B -- -- ---- 2.31 
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ard since u is orthogonal, then u" = u-1 and rrom equation 2.31 we ha.ve - - -
2.32 

or 

2.33 

where G is a ma.trix (see for example Patterson /59/) in the form 

a2 
1 a182cos a:3 a1~cos a 2 

G = ~82cos a 3 ~ 82afOS <l'1 2.34 

a1a
3
cos a 2 92a,cosa:1 a2 

3 

By substitution ot the lattice parameters in equation 2 .29, we ean determine 

the B natrix. 'lhen we can calculate the U-ma.trix using the relation 

U = (U B) B-1 2.35 
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2 • 3. Iata Harrlling 

2.3.1 Structure factor and teDJ)erature factor 

'Ihe unit cell of a crystal contains atons in various 

positions with various scattering powers. 'lhe diffra.cted wave is described 

by a structure factor gi.ven by the expression 

for X-rays 

L 2 . (hx ky lz.) -B. (sino /.l )
2 

n - b ni · + • „ J e J .['hkl - . e J J for neutrons 2.37 
j J 

In the case of X-rays f. is the scattering factor of the j th atom depending 
J 

on sin 6 / .t • In the case of neutrons b j is the scattering length. In the 

case of the nuclear scattering there is m dependence of b. on sin o l.t. 
J 

B. is related to the mean-square anplitude of the atomic vibration. 
J 

In general the vibra.tiom of the atonB are anisotropic. 

Then the tempera.ture factor expre6sion for each atom considered is 

or 

. . . . . . ] 
2s

13
hl.a c cosß + 2B

23
kl.b c cos a ) 

exp [- < ~1h2 + ß22it2 + ß3312 + 2ß12hk + 2f113hl + 2P23kl > ] 

2.38-a 

2.38-b 

whe B an:i a .. are the conponents of a synmetric tensor describing an 
re ij f'liJ 

ellipsoid surface. 
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2.3.2 Intensity data reduction 

The observed intensity ~kl is related to the structure 

factor anplitude 1Fhkl1 by 

2 = K" .L.P .A.E. I Fhkll 

Where I
0 

is the intensity of the incident beam, 

K" is the scale factor, 

L is the I.orentz factor, 

P is the polarization factor {in case of X-ray only), 

A is the absorption correction (~ transmi.ssion) 

E is the extinction correction. 

2.39 

The scaling K" is a constant for a gi ven data set 

depen:ling on the experimental setting, including for e:xarrple the collima.tor 

ani detector efficiency, on the crystal volume and on the wave length. It 

is mt known at the begi.ming. 

The I.orentz factor L depends on the neasurernent technique 

used, For single crystal X-ray and neutron diffraction, the Lorentz correction 

is given by 

1 
L = sin 2,o 2.40 

'Ihe polarization factor P is restricted to X-ray scattering 

ani is gi.ven by (including a mnochronator crystal with take-off angle T) 

p = 1 + cos
2
T. cos220 + 

2(1 + cos2T) 
1 + cos T. cos 28 

2(1 + cos T) 
2.41 
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'lhe absorption correction A depends upon the path length 

or the beam through the crystal and on the negnitude of the absorption 

coefficient µ of the c~und. 'lhe transm:ission factor is gi ven by 

2.42 

p am q are the path lengths of the incident and the renected beam in 

the crystal arrl V is the vollmle of the crystal. 

'lhe crystals studied here were spheres arxi in this 

case the integration ~l over all path lengths is tabulated for given 

values of µR an:l 8 , where R is the radius of the crystal /64-66/. 

'lhe extinction E considers the intensity attenuation 

of a diffra.cted beam due to two different physical processes known as 

primary and secordary extinction. Primary extinction results from an 

interference process from subsequent renections yielding finally for a 

perfect crystal a diffra.cted intensity to be proportioral to 1 F 1 ra.ther 

than 1 p2j • Secordary extinction infiuences renections of high intensities 

where an amunt of the incident beam is renected by the first planes. 

'lhe deeper planes thus receive less incident intensity arxi thus the scattered 

intensity of these planes is reduced. 'lhe secorrlary extinction for a JOOSaic 

crystal of arbitrary shape was esti.nBted by Zachariasen /67 I by the 

expression 

F =F [t+g( corr. obs 

4 -1/4 
1 + cos22 8 ) F / sin 20] 2 .43 
1 + cos 29 obs 

where g is the secoroary extinction coefficient. For all the structure 

refi.nements in this work, the expression 2.43 has been used. 
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2.3.3 Cs.lculation of the structure factor 

'lbe usual procedure in a crystal structure analysis is 

to detennine experimentally the values j F~ 1 from the measured integrated 

intensities ~ (see equ. 2. 39) for as ma.ny planes as possible. Know:ing the 

sorts arrl the n1..UTi:>er of atODB or ions in the unit cell, all the peculiarities 

or intensity distribution are next used in order to decide the nnst probable 

va.lues of x,y ,z for each atom or ion. The approxima.te values of x,y ,z so 

obtained, when substituted in equations 2.36 or 2.37, should give values 

or F~c, not too far f'rom the observed values J F:~ 1 for all observed 

renections. In other words, the values of the quantity 

R = 2: ( 1 F obs 1- l F oalo IY 2: l F obs 1 should be small ( o. 25 to o .15) • At this 

step we rray assume to have a correct nndel for the crystal structure. 

2.3.4 Fourier technique 

As a next step for the calculation of improved structure 

factors for a given electron or nuclear distribution, one perfo:rmc:; the 

inverse operation, i.e., one calculates the electron or the nuclear density 

distribution, Pcx,y ,z), by a given set of structure factors. Since a crystal 

possesses periodicity, the unit cell content can be described by Fourier 

series. For the three-dimensiona.l case, the Fourier representation is given 

by the expression 

p :!L:L:I: (x,y,z) V h k 1 
F e-2ni(hx + ky + lz) 
hkl 2.lt4 

where h,k,l are integers between -ooandoo an:i V is the unit cell volume. 

An alteITlative expression for a three-dimensiona.l Fourier 

series can be obtained by noting that the structure factor can be written 



in the fonn 

ericr 
e hkl 

25 

iahkl 
e 

where 2na~1 is the phase angle. Substituting this in equ. 2.44, we can 

write . a calc 
-2ni(hx + ky + lz) 1 hkl e e 2.45 

'lhe va.lues of 1 ~~ 1 are taken f'rom the experinent, but 

due to equation 2. 45, for the purpose of Fburier analysis the value of the 

phase angle ahkl ( or the sign + or - ) nust be known. 'Ibis quantity ahkl 

is lost during the diffraction e~riment and cannot directly be determi.ned 

from the scattering experinent (which yields Jl--values). 'Ibis phase angle 

a :ic is calculated from the structural llDdel as follows : 

with =L 
j 

r. cos 2 n (hx . + ky • + lz . ) 
J J J J 

= 2: 
j 

f. sin 2 n (hx. + ky. + lz. ) 
J J J J 

'lhe phase angle ahkl is then gi ven by the expression 

Rc~lc 
a calc = tan -1 _Dk ___ ..,.._ 

hkl ~c 

\ 

2.46 

2.47 

2.48 

2.49 

When the differences between the observed structure 

aq>litudes arxi the calculated structure ~litudes with the pha.se a :ic 

are used as coefficients in a Fburier analysis ( 1 ~~ 1 - ( F:ic j ) , then 

we have a difference Fburier synthesis • From this, the difference between 

the observed density distribution (described by ~ ) arrl the density 

distribution due to the structure nDdel (described by F:ic> should be seen. 

Based on this difference distribution, additional atoms can be localized 
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or better positions assigned than before, and then new structure factors, 

with i.nproved phases, can be calculated. 'l'his process can be repeated several 

tines until a satisfactory fit is reached. F.quations 2.47 and 2.48 are for 

the case of X-rays. For neutron diffraction we replace fj by bj. 

2.3.5 Ieast-sauares refinenent 

Once the roodel derived by difference Fourier analysis is 

correct, the best obtainable parameters can be calculated by least-squares 

nethods. The least-squares nethod in crystal structure refinenent is based 

on a ma.thenatical c~son of a given structure J1Ddel described by Jl'Odel 

structure factors F 1 with the observed values 1 F b I · By varying the ca c o s 
parameters of the function F al , the expression c c 

~ { 1 Fobs 1 - 1 K.Fcalc 1)2 2.50 

is mi.nimized • 

'lbe agreenent between the observations and calculations 

is conm:mly expressed by residual factors, like R or R , where 
w 

~ I 1 Fobs 1 - J K.Fcaicl 1
2 

R ~-----~~~~------~--~~~ 

L: 1 F 12 hkl obs 

2.51 

R _ ~ whkll 1 Fobs 1 - 1 K.Fcalcl 12 2.52 

w 2: w 1 F 12 hkl hkl obs 

whkl are the weights given to the observations, for e~le according to 

an expression given by Cruickshank /68/ 

whkl = A f F obs 1
2 

+ B ( F obs 1 + C 2.53 
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3. EXPERIMEN.rAL 

3.1 Crystal Growth 

I..arge single crystals of alums ha.d been grown from aqueous 

solution by cooling 1291, since alums show in general a fairly large positive 

coefficient of solubility in water. The crystals used in this work were 

kindly provided by Prof. Weiss, Dannstadt arrl Prof. Recker, Bom. Single 

crystals of anm:mium am methyla.nm:mium a.lurn.inium sulfate dodecahydrate 

were grown by slow cooling of saturated aqueous solution. 'Ihe rate in 

cooling .1 T/.1t was 0 .05°C/hour arrl 0 .03°C/hour in the range of te~erature 

Tmax = 4o0 c, Tmin = 25°c and Trna.x = 45°c, Tmin = 20°c in the case of 8111TDnium 

and methylanm:mium alums respectively. In the case of hydroxyl8111TDnium alum, 

the crystals were grown by evaporating water from the saturated solution 

at constant tenperature of 22°c. A care.fUl thernDstatisation of the solution 

was applied in all growth experirnents to a.void unwanted forma.tion of nuclei 

and to gain undistorted single crystals. 

3.2 X-ray Diffractometer 

'Ihe X-ray diff'raction data. were collected on an automatic 

four-circle diffractometer SYNI'EX P21 of Bom University. 'Ihe wave length 

used was r.t>-Ka radiation Cl= 0. 7107 R) in comection with a gra.phite 

roonochromator (28 = T = 12.2°). The unit cell parameters in the case of 
m 

aJT11Dnium and methylarmn::mium alums were determined by least-squares calculations 

from the adjusted angular Settings of 25 irrl.eperrlent renections. The intensity 

measurements were carried out in the e-2e scan m::>de with a 1.0° plus (a1 ,a2)­

dispersion scan range. 'Ihe scan speed was adjustable between 0.5 and 10.0° 

per minute, and the total background counting time equalled the time spent for 

the peak counting. Six starrl.ard renections, 10 0 0, 10 o O, o 10 o, o Iö o 
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o O 10 arxi O o Iö, were remea.sured a:rter every 28 renections. 

3.3 Neutron Diffractometer 

Neutron diffraction data were collected on the I?onn 

University conputer controlled neutron four circle diffracto~ter NANCY /69/ 

at the DIIX> research reactor, Kernforschungsanlage Jülich. The wave length 

used was -1= 1.2868 i taken from a Cu(111)-nnnochroma.tor. Aga.in the orien­

tation matrix and the lattice constants of each crystal were detennined by 

least-squares ana.lysis from the optimized angular positions of 12 independent 

refiections. The peak intensity measurements were ca.ITied out by step scanning 

in the e-2e scan IIDde at intervals of .1(2e) = 0.1° am at a rate of 2 .2 

degree/30 minutes. The standard reflection 3 3 3 was remeasured after every 

9 refiections. The measured scan data were processed semi-automa.tically on 

a PDP8 COnt>Uter via Tektronix video screen by calculating first a spline 

function through the data points, which was then used to calculate the 

integrated intensities arxi the backgrouni /70/. 
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4.1. X-Ray l'leasurerrents 

4.1.1 Experimental data 

'lhe X-ray diffraction data were collected from a single 

crystal of a.rnoonium aluminium sulfate dodecahydrate alum, NHltAl(S04 ) 2 .12~0 
(AASD), of spherical shape with a diameter of O .2lt nrn. Up to a naxirrum 

angle 2B = 90° a total rn.utber of !4813 renections was recorded. 

In the data reduction, the intensities were adjusted to 

the fluctuation of the sum of the stan:iard reflections. Synmetry related 

reflections were averaged resulting in a set of 905 unique reflections, of 

which lt19 were rega.rded as unobserved [ I< 2 .oa (I)] • 'lhe internal agreerrent 

index of the data based on the deviation of the j Fh,ij of equivalent 

reflections from their rreans 1 Fh 1 was: 

'lhe experirrental data are sUITllB.I'ized in Table 3. 

Ta.ble 3. Crystallographic and experirrental data for X-ray diffraction 

Crystal diameter (nm) 

Maxirrum e-angle <
0

> 
o-1 

(sinBll>max (A ) 

Scan mde 

Nuni:>er of steps/scan 

Nuni:>er of rronitor reflections 
M=>nitor re.flections interval 

La.ttice constant cR> 
Nunber of reflections recorded 

Nunt>er of unique reflections 

Nunber of unobserved renections 

µ (cm-1) ,µR 
Transmission for 2e = 0° and 20 = 60° 

0.24 

lt5 

0.995 

e-2e 
96 
6 
28 

12.242(1) 

!4813 

905 

419 

lt .36' 0 .052 

92.79%, 92.81% 
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-1 4 With an absorption coefficient or µ= 4.36 cm and a sphere or 0.02 cm 

diameter, the transmission is 92,79% for 28 = o0 and 92,81% for 20 = 60°. 

Correction for absorption can be neglected therefore. 

4.1.2 Structure refinement 

From the structure refinement of KAl(S04 ) 2 .12~0 /40/, 

the atomic positions of the skeleton Al(S04 ) 2 .12~0, neglecting the hydrogen 

atoms of the water m::>lecules, were taken as starting values for the structure 

analysis. Scattering factors for neutral atoms as given in the Interr.ationa.l 

Tables for X-ray Crystallography /71/ were used. 

From three-dimensiona.l difference Fourier ma.ps a positive 

peak was observed at the centre of synmetry, ~ ~ ~, which was attributed to 

the nitrogen atom of the amronium group. A full-ma.trix least-squares refinement 

at this stage with isotropic temperature factors was computed after adding 

the position of the nitrogen atom. Af'ter several cycles the residual R factor 

was 0.13. When the structure at this stage did not refine further, the 

nitrogen atom obviously experiences positiona.l disorder and nust be removed 

from the centre of syrrmetry at 4(b) ~ ~ ~ into the position 8(c) xxx. 'lhis 

means a statistical distribution of the nitrogen atoms over two crystallo­

graphic sites • With this m::>del refinement could be carried on to R = O .11. 

An essential :improvenent was achieved by including the 

infornation about the localization of the hydrogen atoms and of disordered 

so4 groups due to the neutron data analysis (4.2.2). 'l'he final positiona.l 

and thernal parameters are gi ven in Tab les 6a and 6b ( lower rn.mt>ers ) • A 

compari.son of observed structure arnplitudes and calculated structure factors 

is given in Table /74/. 
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4.2 Neutron ~asureIJEnts 

4.2.1 ExperiITEntal data 

For the neutron diffraction IJEasureIJEnts a single crystal 

was ground to a sphere of 3. 8 mm diameter. Up to 2 e = 65° a total of 
max 

3360 reflections in the six octants hkl, hkl, hkl, hkl, hkl and hkl was 

IJEasured. Due to the cubic symmetry relation of the space group Pa3, hkl = 

lhk = klh, each reflection has been rreasured 18 tirres. Symmetry related 

reflections were averaged resulting in a set of 190 unique reflections, of 

which 50 reflection were considered unobserved according to [ I< 2.0a (I)] 

'lhe absorption coefficient was determined experirrentally to µ = 2 .1i6 cm - 1 

and correction of absorption was considered negligible (µ R = O .1w, 
transrnission = 50 .28% for 28 = o0 and 51.20% for 2(~J = 60°, i .e., the difference 

in absorption is less tha.n 1%). The crystallographic and experiIJEntal data 

are gi ven in Table 4. 

Table 4. Crystallographic and experiIJEntal data for neutron diffraction 

Crystal diareter (rrm) 

(0) Maxinurn 2 G -angle 

Scan rn:xie 

NunDer of steps/scan 

Nurrber of nx:mitor reflections 

M:mitor reflections interval 

Iattice constant (Jt) 

Nuni:>er of reflections recorded 

Nurrber of unique reflections 

Nurnber of unobserved reflections 

µ (crn-1), µR 

0° and 2e = 60 Transmission for 2 e = 
0 

3.8 

65 

(>-)-2$ 

23 

1 

9 

12.248 

3360 

190 

50 

2.46, o.47 

50.28%, 51.20% 



4.2.2 Structure refinenent 

'l.'he positions of the heavy atorns were taken from the 

X-ray refinenent as starting values for the structure ana.lysis but without 

the nitrogen atom. Frorn a three-dinensiona.l difference Fourier nap the 

positions of the hydrogen atoms of the water rrolecules arrl all the atoms 

of the (NH4)+ group could be identified irrmediately (Fig.6). Two peaks on 

the threefold body diagonal were recognized, one positive representing N 

arrl one nega.ti ve (because of the negative scattering length of hydrogen) 

+ representing one of the four hydrogen atoms of the (NH4) group. 'l.'he other 

three hydrogen atoms of the (NH4) + group occupy a general position at 24(d). 

Owl2J 

1 t. 

Fig.6. Difference Fburier map aroun:i ! ! ! with z < o 5 2 2 2 = .. 

Additionally the hydrogen atoms of the water rnolecules are visible as 

negative naxina in the difference Fburier rna.p. Fi~.6 deoicts a sP~t:inn nf' 
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thi d ·f~ · 1 1 1 s 1 J.erence Fourier map around 2 2 2 with z:SO .5. It is clear from 

this map that the (NH4)+ group is disordered on two positions related to 

each other by inversion through the centre of s~try. In this way an 

inproved structure ItDdel could be deduced with the approxima.te hydrogen 

positions of the water mlecules arrl of the amrroniurn group and with the 

nitrogen atom lying at xxx in 8(c) with x = O .5 ! O .01. A full-matrix 

least-squa.res refinerrent based on this ItDdel and regarding isotropic 

thermal para.rreters for all atom:; resul ted in R = O . 09 3. Admi tting an­

isotropic tenperature factors for all atom:; , using the weighting scherre 

given by equation 2.53 and an isotropic extinction correction given by 

equation 2.43, the R factor reduced from 0.093 to 0.058. 

'Ihe thenna.l parameters for the sulfate oxygen atoms 

were found to be unusually large in comparison to the normal behaviour 

of the other thermal para.neters. To overcorre this, a further difference 

Fourier map was calculated yielding two relatively small positive peaks 

(Fig. 7): One peak being on the threefold axis on the opposite side of the 

sulfur atom from O (1) and the other in a general position. 'Ihese Fourier 
s 

ma.xirna. form a tetrahedral envirorurent around the sulfur atom, consequentl.v 

sorre of the sulfate groups are in a reversed orientation around the sulfur atom. 

Osf2J'' - - - - - -

tÄ 

Fig. 7. Difference Fourier ma.p arround S shows the disordered tetrahedron. 



A least-squares refinement was then calculated including 

a disord.er paraneter k (percentage of the disorder) in the list of variables. 

'lbe fraction of the reversed sulfate oxygen atons 0
8 

(1)'" and 0
8 

(2")' was set 

equal to k, the fraction of the sulfate oxygen atons 0 (1) arxi 0 (2), in the s s 
nonnal positions to (1-k). With this roodel the refinement was continued with 

anisotropic t~rature factors for all atonB arxi including the weighting 

scheme (2.53) arrl the cor.rection for isotropic extinction (2.43) resulting 

in Rw = 0 .014. Co~son of the thernal parameters and the values of the 

R factors without arxi with disorder parameter of the sulfate oxygen for the 

neutron data are given in Table 5. 

Table 5. Conparison of thernal parameters and R factors for ordered 

0 {1) 
s 

0 (2) s 

am disomered cso4) groups 

ordered (so4) 

k = 0% 

B11 7.6 

B12 o.6 

B 7.6 equ 

811 3.4 

B22 6.9 

B33 4.7 
812 2.5 

B13 1.8 

B23 3.6 

B 5.0 equ 

- 4 2 ß B.j - .a .. 
1 1J 

from neutron data 

disordered (so4) 

k = 16.9% 
5.7 
0.1 

5.7 

2.1 
5.0 
3.2 

1.8 

1.2 

2.2 

3.6 

Agreement values 
R 0.064 0.044 
R o.u. 0.046 0.025 

\ 0.028 0.015 

\.o.u. 0.026 0.014 
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'lhe final atornic positions an:l ternperature factors due to the structure 

refinernent of the neutron data are sumrerized in Tables 6a and 6b respectively 

( upper numbers) • 

Table 6a. Fractiona.1 atornic coordinates (x10
4) with e.s.d's in parentheses 

Atom 

Al 

s 

0 (1) 
s 

0 (1)„ 
s 

0 (2) 
s 

0 (2)" 
s 

N 

8N(1) 

8N(2) 

0 (1) 
w 

0 (2) 
w 

H(l) 

H(2) 

H(3) 

H(4) 

for neutron (upper nunbers) and X-ray (lower nurnbers). 

Wyckoff 
position 

4(a) 

8(c) 

8(c) 

8(c) 

24(d) 

24(d) 

8(c) 

8(c) 

24(d) 

24(d) 

24(d) 

24(d) 

24(d) 

24(d) 

24(d) 

Site Occu-
pancy 

000 1.0 

XXX 1.0 

XXX o.831 

XXX 0.169 

xyz 0.831 

xyz 0.169 

XXX 0.5 

XXX 0.5 

xyz 0.5 

xyz 1.0 

xyz 1.0 

xyz 1.0 

xyz 1.0 

xyz 1.0 

xyz 1.0 

X y 

3111(11) 
3083(1) 

2385(9) 
2401(5) 

3831(39) 
3709(33) 

3137(2) 2640(3) 
3130(2) 2652(2) 

2105(13) 3556(28) 
2098(8) 3701(11) 

5070(8) 
5082(11) 

4389(44) 

4375(7) 4969(18) 

177(2) -171(2) 
171(1) -162(1) 

442(2) 1367(2) 
454(1) 1377(1) 

275(3) 432(3) 

429(3) 9171(3) 

-42(4) 1965(3) 

1182(4) 1676(3) 

z 

4199(2) 
4199(2) 

2823(16) 
2889(8) 

5314(7) 

1530(2) 
1520(1} 

2990(2) 
2979(1) 

2059(3) 

1874(3) 

2834(4) 

2937(4) 



Table 6b. Atomic thermü parameters ft. (x104) with e.s .d 's in parentheses 
l.J 

for neutron (upper n..mi>ers) and X-ray (lower nunt>ers). Bequ is 

included for con;>arison with previous investigations. 

Atom Pi1 

Al 32(9) 
27(1) 

s 67(12) 
34(1) 

0 (1) 95(8) s 78(4) 

0
8 

(1)„ 161(70) 
149(10) 

0 (2) 45(3) 83(3) s 55(1) 84(2) 

0 (2)„ 58(21) 367(52) s 100(9) 218(17) 

N 27(4) 
48(5) 

~(1) 179(64) 

52(3) 
45(1) 

142(27) 
103(9) 

0 
0 

12(17) 
6(1) 

1(13) 
-21(5) 

-77(67) 
-62(8) 

29(4) 
30(2) 

72(28) 
142(10) 

-13(6) 
3(7) 

95(77) 

~(2) 116(9) 251(16) 37(10) -10(14) 

0 (1) 57(3) 22(3) 40(3) -10(3) w 47(1) 38(1) 27(1) 1(1) 

0 (2) 63(4) 34(3) 62(3) -5(3) w 59(1) 47(1) 55(1) 5(1) 

H(1) 56(5) 87(6) 42(5) -1(4) 

H(2) 85(5) 42(4) 37(3) 7(4) 

H(3) 90(6) 89(6) 64(5) 12(4) 

H(4) 92(6) 86(5) 132(6) 4(5) 

20(2) 36(3) 
12(2) 33(1) 

-21(17) 90(32) 
53(7) 134(10) 

1.9 
1.7 

4.o 
2.0 

5.7 
4.7 

9.7 
8.9 

3.6 
3.7 

11.3 
8.4 

1.6 
2.9 

10.7 

28(5) -54(14) 8.1 

5(2) -11(2) 2.4 
-3(1) 1(1) 2.2 

19(2) -7(3) 3.2 
-11(1) -9(7) 3.2 

-1(3) 6(4) 4.9 

-35(4) 6(3) 3.3 

-21(5) -5(4) 4.9 

-59(5) -40(5) 6.2 
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'Ihe final values for the weighting scheme w, the secondary 

extinction coefficient g, the residual R factors am the goodnes of the fit 

are gi ven in Table 7 together wi th the analogous X-ray data. A conpa.rison 

between the observed structure anplitudes am the calculated structure factors 

for neutron dif.t'raction is given in Ta.ble 174/. 

Table 7. Values of w, g, R factors am gpodnes of the fit 

for X-ray an:i neutron data in AASD alum. 

a) w [ according to (2 .53)] 

b) g [ according to (2.43)] 

c) Agreenent values 

R (all renections) 

R (observed renections) 

R (all renections) w 
R (observed renections) 
w 

d) Goodnes of fit 

X-ra.y 

2.5 

O.OOQ8fFf2 
+ 0 .011 Ff 
+ 0.002 1 Fl<SO 

2.6(1)x10-6 

0.053 

0.033 

0.024 

0.024 

0.922 

neutron 

0.35 

0.0000151Ff 2 

+ 0 .0001( FI 
+ 0 .002 1 Fl<.150 

12.1(7)x10-6 

0.044 

0.025 

0.015 

0.014 

o.885 
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4.3 Discussion of the Structure 

'lhe structure of the AASD, NH4Al(S04 ) 2 .12~0, alum is 

characteristic of the a-alum type. 'lhe character of the compound is ionic 

with positive Al3+ ions and (NH4)+ groups arrl negative (S04)2- groups. 

'lhere are 12 water DDlecules on two crystallographically different sites, 

six surrourning the aluminium ion and the other six the anrronium group. 

Ta.ble 8 lists important interatomic distarees and a.ngles. In the following, 

the details of the different groups are discussed. 

i) Six water nnlecules O (1) with H(l) and H(2) surround each aluminium w 
ion in the fonn of a regular octahedron as shown in Fig.8. 'lhe Al-Ow(1) 

distance is 1.897(2)R. 'lhe distances Ow(l)-Ow(l) are 2.693(1) and 

2 .671(5)R with a mean distance for the edges of this octahedron of 

2.682 + 0.011 • Within the water IIDlecules we find O (1)-H distances of - w 
0.989(9) arrl 0.960(4)i for H(1) and H(2) respectively arrl an angle 

H(1)-0w(1)-H (2) of 107.4(4)0
• 

Fig.8. 'Ihe regular octahedron of the six water IIDlecules surrounding the Al3+ ion 
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Table 8. Interatomic distances <~b am angles c0
) wi th e .s .d 's 

in parentheses from neutron data in AASD alum. 

distances in cR> angles in (0
) 

1) Al-60 (1) octahedron w 

Al-0 (1) w 1.897(2) 

0 (1)-0 (1) 2.693(1) 0 (1)-Al-O (1) 90.5(1) 
w w w w 

0 (1)-0 (1) 2.671(5) 0 (1)-Al-O (1) 89.5(1) 
w w w w 

<0 (1)-0 (1}> 2.682 w w 

2) (NH
4

) + group 

N-0 (2) 2.990(3) 0 (2)-N-0 (2) 115.8(2) 
w w w 

N-0 (2„) 3.065(5) 0 (2„)-N-O (2„) 111.5(3) 
w w w 

N-1\J(l) 1.15(11) ~(1)-N-~(2} 115.3(4) 

N-l\J(2) 0.91(1) ~(2}-N-~(2) 103.1(4) 

<N-0 (2)> 3.028 <0 (2}-N-0 (2)> 113.7 
w w w 

<N-1\J> 1.03 < 1\J-N-~> 109.2 

) 2-3 Order (SO 4) group 

s-o (1) 1.539(5) 0 (1}-S-0 (2) 108.2(7) 
s s s 

S-0 (2) 1.452(7) 0 (2)-S-0 (2) 110.7(7) 
s s s 

0 (1)-0 (2) 2.423(12) 0 (2)-0 (1)-0 (2) 59.1(2) 
s s s s s 

0 (2)-0 (2) 2.388(1) 0 (2)-0 (2)-0 (1) 60.5(2) 
s s s s s 

0 (2)-0 (2)-0 (2) 60.0 
s s s 

<S-0 > 1.496 <O -S-0 > 109.5 
s s s 

<O -0 > 2.406 <0-0-0 > 59.9 
s s s 

s s 



Table 8. 

distances in öb 
2-4) Disoroer cso4> group 

S-0 (1)'" 
s 

S-0 (2)'" 
s 

0 (1)'-0 (2)' 
s s 

0 (2)'"-0 (2)' 
s s 

<S-0„ > 
s 

<0„-0„ > 
s s 

5) Water mlecules 

0 (1)-H(l) w 
0 (1)-H(2) 
w 

H(1)-H(2) 

1.52(6) 

1. 39(1) 

2.47(4) 

2.18(2) 

1.46 

2.33 

0 .989(9) 

0.960(lt) 

1.571(1) 

<0 (1)-H> 0.975 w 

0 (2)-H(3) 
w 

0 (2)-H(4) 
w 

H(3)-H(4) 

< 0 (2)-H> w 

<0 -H> 
w 

<H-H> 

0.953(1) 

0.98lt(2) 

1.543(7) 

0.969 

0.972 

1.557 

40 

(Continued) 

angles in (0
) 

05(1)„ -s-os (2)' 115.5(8) 

05 (2) „ -S-05 (2 )'" 102.8(10) 

05(2)'-05(1)„-0
5

(2)' 52.3(4) 

05(2)„-0
8

(2)„-0
8

(1)' 63.9(1) 

0
8

(2)„-05(2)„-0
5
(2)„ 60.0 

<O'-S-0' > s s 109.2 

< 0'-0„-0' > s s s 58.7 

H(1)-0w(1)-H(2) 107 .4(1-1) 

H(3)-0w(2 )-H( lt) 105.6(5) 

<H~-H> 106 .5 
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ii) 'Ihe (NH4)+ group is cooroina.ted by the other six water mlecules in the 

form of a highly distorted octahedron as shown in Fig.9 (for sin:plicity, 

the reversed (NH4)+ group generated by inversion at ~ ~ ~ has been 

omitted). Here we find 0 (2)-H = 0.984(2) and 0.953(1)~ for H(3) and w 

H(4) respectively and an angle H(3)-0 (2)-H(4) of 105.6(5)0
• 'lhe nearest w 

Ow(2)-0w(2) distances are 3.303(7)~. 'Ihese six water mlecules can be 

separated into two groups H2ow(2) and ~Ow(2') of three each. 'Ihe distances 

between nitrogen and oxygen are N-0 (2) = 2.990(3)R and N-0 (2') = 3.065(5)R. w w 

Fig.9. 'lhe distorted octahedron of the six water mlecules surrounding 

the (NH
4

)+ group (only one orientation of the group is shown). 

The (NH
4

)+ group itself shows a statistical distribution 

on two positions with equal probability. Fig.10a depicts the idealized 

cont'iguration and Fig.10b shows the two orientations together. 'lhe distances in 

the (NH
4

)+ group are: N-11-J(1) = 1.15(11)~ an1 N-I\r(2) = 0.91(1)~ with 



angles ~(1)-N-IW(2) = 115.3(4)0 arrl l\i(2)-N-l\J(2) = 103.1(4)
0

• 'Ihe 

nean <N-~ > distances are 1.03~ with a mean angle < IN-N-~ > of 

0 
109,2 • 

b 
a 

Fig. 10 • The ( NH4) + group. 

a) Only one orientation. 

b) The two orientations 

Some of the cso4)2- groups are disordered, this means that the (so4)2
-

group can take two orientations around the sulfur atom in such a wFzy 

tha.t a certain percentage (k x 100) of the sulfate oxygens is in reversed 

orientation along the threefold axis. For describing this disorder we 

have introduced a disorder parameter k = O .169(11). 'Ihe two orientations 

are shown in Fig .11. 

The nonnal sulfate oxygen atoms 0
5

(1) arrl Os(2) form with 

the sulfur atom a regular tetrahedron with one oxygen O (1) arrl the S s 

atom on the threefold axis , an:i the renaining oxygen atoms O ( 2) in general s 

positions. The distances of this tetrahedron are: S-0
8

(1) = 1.539(5)~ 



an:i S-05 (2) = 1.452(7)R an:i the nean <Os -Os> distaroe is 2 .4o6R with 

a mean angle< O -s-o > of 109 5° s s .• . 

05(2} 

Fig.11. 'lhe two orientations of the (so4 )
2- group. 

'Ihe reversed oxygen ato11B Os (1)' an:i 0
5 

(2)' on the other 

harx:l form with the sulfur atom a distorted tetrahedron with S-0 (1)' = 

1.52(6)R am S-0
5

(2)' = 1.39(1)R. 'lhe nean < o;-o;> distance is 2.33i 

and the mean < O' -s-o'> angle is 109 .2°. 

'Ihe hydrogen borrl systems will be discussed later ( Chapter 9 ~ 

together with the analogous results of the other two aluns. 
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5.1. X-Ray Measurenents 

5.1.1 Experimental data 

The X-r~ diffraction data were collected from a single 

crystal of !!_ethylanm:mium ~uminium !!_ulfate dodecahydrate (MASD) alum, 

CNH3cH3)Al{S04)2.121120, of spherical shape with a diameter of 0.14 mn. 

'lhe refined cubic unit cell pa.raneter a = 12.322(3)R is in reasanable 

agreenent with 12.242(1)R reported by Kozhin and Zaitseva /50/. Up to a 

ne.x:im.un 2 f-J = 60° the total mmlber of rreasured renections was 2196. 

Symnetry related renections were averaged in a set of 877 unique renections, 

of which 385 were regaroed as unobserved according to the criterion 

[r< 2.su<I)]. 

With an absorption coefficient of µ = 4 .27 cm-1 and an assumed 

sphere of 0 .2 nrn diameter, the transmission is 94 .19% for 28 = o0 and 

94.20% for 20 = 60°. Correction for absorption can be neglected therefore. 

5.1.2 Structure refinement 

The crystal structure of MASD alum at room temperature 

has been analysed from X-ray diffraction by Lipson /46/ arrl by Fletcher 

ani Steeple / 48/. In these papers the atoms of the meth.ylanmmium group 

are considered as an entity to be located on the centre of syrmetry at 

4(b) ~ ~ ~· Okaya et al. /41/ fourrl that the rrethy1Bl11l'Dnium groups are 

statistically aITanged ani located in general position 24(d) xyz. 

The atomic positions of the skeleton Al(S04 )2 .12~0 
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of the AASD alum, neglecting the hydrogen atoms of the water rolecules and 

the disorder in the (so4) tetra.hedra (comoare Ta.ble 6a) were used as starting 

values in a full-matrix least-squares refinement. From a three-dimensiona.l 

difference Fourier ma.p three positive peaks could be observed, one at the 
1 1 1 

centre of synmetry 2 2 2, the other two on the threefold body diagonal at 

XXX with x = ! 0. 45. These three peaks were attributed to the nitrogen and 

the carbon atoms of the <NIJC~)+ group. The interpretation of further 

difference Fourier ma.ps, in order to distinguish between the locations of the 

nitrogen arxi the carbon atoms in the first difference Fourier ma.p, turned out 

to be anbiguous because nitrogen an::i carbon are nearly irrlistinguishable in 

X-ray diffraction ana.lysis with atomic numbers 7 arrl 6 respectively. 

'Ibis problem has been overcome by the refinement of the 

structure using neutron diffraction (see 5 .2 .2). This analysis revealed 

tha.t the nitrogen lies at ~ ~ ~ arrl the carbon on the threefold axis at 

! xxx. More over the accurate positions of the h.ydrogen atoms of the water 

m::>lecules and those of the (NH:fH
3
) + group could be determined only by 

the neutron data. Including the neutron diffraction informa.tion into the 

least-squares calculation, the X-ray refinement was contirued with fixed 

hydrogen positions to an R factor of 0 .10. 

The decisi ve step for further ~rovement was to rove 
1 1 1 

the nitrogen atom from the centre of syrrrretry at 4(b) 2 2 2 to the r.ore 

general position 8(c) xxx on the threefold body diagonal like in AASD alum. 

Anisotropie temperature factors were then used for all r.on hydrogen atoms 

with weighting scherne (2 .53) and an isotronic extinction correction (2 .43). 

~e final value of R was o .030. The final values of the atomic an:i thermal 
w 

parameters are given in ~able 9a and 9b respectively (lower ~u.'Tlbers). 

Observed structure anplitudes and calculated structure factors are tabulated 

in Table 174/. 
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5 .2. Neutron Measurements 

5.2.1 Experimentaldata 

For the neutron diffraction measurements a single crystal 

of MASD alum was ground to a sphere of 3 .2 nm diameter. Up to 2 ~ = 65° 

a total nwrber of 2288 renections in the four octants hkl, hkl, hkl arrl 

hki was measured resulting in a set of 194 unique renections. Due to the 

cri terion [ I < 2. 5 u ( I)] , 42 renections were considered unobserved. 

The absorption was measured on a large nat single 

crystal yielding an absorption coefficient of µ = 2 .06 cm-1 . With µR = 0 .33 

the transmission was 61.47% for 2e = o0 arrl 61,98% for 2e = 60°. Correction 

for absorption can be negl.ected therefore. 

5.2.2 Structure refinement 

For the first calculation with the neutron diffraction 

data, the positional parameters of the heavy atoms from the X-ra.v results 

were taken as starting values without the position of the nitrogen atom. 

The position of the hydrogen atoms of the water rolecules were taken from 

AASD alum as gi ven in Ta.ble 6a. From three-dimensiona.l difference Fourier 

maps, the locations of all the atoms of the (NH3c~) + group could be 

identified ilmeiiately. Three positive peaks on the threefold body diagonal 

were recognized, representing N arrl C, arrl further 12 negative peaks 

representing the hydrogen atoms of the (NH3cH
3

/ group. The positive peaks 

representing N am C are slightly elonga.ted along the threefold axis. One 

peak lies at the centre of synmetry ~ ~ ~, ani the other two positive 

peaks on the threefold body diagonal at xxx with x = :!: 0.45. 
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To differentiate between nitrogen (bN = 9 .40f) arxi 

carbon (bc = 6.64f) a secorrl three-dinensional difference Fourier ma.p was 

calculated with b = 6 .64f for both positions. The result was a stro~ 
•t• ak 1 1 1 pos1 ive pe at 2 2 2 due to the positive difference of bN-bC. With 

b = 9.40f for both positions, two strong negative peaks were observed on 

the threefold body diagonal at XXX with x = ! 0.45 due to the negative 

values of the difference bC-bN" 

From the above steps, i t is clear tha.t the nitrogen 

t i· 1 1 1 a om 1es on the centre of synmetry 2 2 2 and the carbon atom at xxx on 

the threefold axis. This rreans tha.t the carbon atom occupies the position 

8(c) with x = 0.45 which requires a statistical distribution over two 

positions each. 

The hydrogens H(N) of the meth,ylanm:mium group are 

located in the general positions 24(d) xyz with x = 0.58, y = 0.54 arrl 

Z = 0.47 and the hydrogens H(C) also in 24(d) xyz with X= 0.38, y = 0.51 

arrl z = 0.42. Thus the hydrogen atom of the methyla.rmnnium group experience 

a statistical distribution over two sites around the nitrogen an:i the 

carbon atoms. Fig 12 depicts a section of the first difference Fourier ma.p 

arround ~ ~ ~ with z < O. 5, yielding two positive and six negative peaks, 

the other peaks are found in the ma.p with z ~ 0 .5. 

With these infonnations, the structure refinement 

was carri.ed on. I.east-squares analysis with isotropic temperature factors 

was computed incltding all atorrs leading to a residual R factor of 0 .10 • 

'I'he refinement was continued by admitting the nitrogen atom to be statisticall;t1 

distributed around the centre of symnetry on the threefold axis at 8(c) 

rather than at 4(b), the R factor was reduced to 0 .09. 
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Final refinement was carried out with anisotropic temperature 

factors for all atoms and including an isotropic secorrlary extinction 

coefficient (2 .43) in the list of variables. At the last stage of refinement 

a weighting scheme (2 .53) was supplied for all observations leading to !\ = 0 .029. 

~- - ......... 

/ -- ' / r:.--,', 

X=O.S 

1 

( /,„ •• ,, 
H(CJ ( t '---'/ I \ \ ..... _ .... „ 
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__ „ --/ - ..... ....... / „ ...... - ... '~ 
I ', ,-- \ ' \ 

H (C} \ \ 1.. .... „) / / ) 

'' :/-<-< '-1 „- ...... ' I ,-,'\ \ 
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1.X 

,_, 
/ ~ .... \ 

/ 1' ,,. ..... '1 l 
lt t,~\ 

1 1 ,_; / I IH(N) 
1 \ \ / / / -...... 1 '- ...... / ' ,.,. --

Fig.12. Difference Fourier ma.p around ~ ~ ~ with z ~ 0.5. 

'lhe final atomic arrl thermal parameters taken from the 

last stage of refinement are given in Tables 9a and 9b respectively (upper 

nurrbers). 'lhe observed structure amplitudes and the calculated structure factors 

from parameters of Tables 9a arrl 9b are given in Table /74/. 
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Table 9a. Fractiona.l atomic coordina.tes (x104) with e.s.d's in parentheses 

for neutron ( upper nuni>ers) a.rrl for X-ra.y (lower numbers) • 

Atan 

Al 

s 

0
8

(1) 

0
8

(2) 

N 

H(N) 

c 

H(C) 

Ow(1) 

Ow(2) 

H(1) 

H(2) 

H(3) 

H(4) 

Wyckoff 
position 

4(a) 

8(c) 

8(c) 

24(d) 

8(c) 

24(d) 

8(c) 

24(d) 

24(d) 

24(d) 

24(d) 

24(d) 

24(d) 

24(d) 

Site 

000 

XXX 

XXX 

xyz 

XXX 

xyz 

XXX 

xyz 

xyz 

xyz 

xyz 

xyz 

xyz 

xyz 

Occu­
pancy 

1 

1 

1 

1 

1/2 

1/2 

1/2 

1/2 

1 

1 

1 

1 

1 

1 

X y z 

3022(15) 
3020(2) 

2341(10) 
2324(5) 

6911(3) 7530(5) 914(4) 
6932(2) 7523(2) 917(2) 

5156(11) 
5137(16) 

837(11) 5363(17) 275(19) 

4501(42) 
4504(12) 

3851(52) 5072(56) 4134(53) 

8521(3) 9810(3} 185(4) 
8497(1) 9803(1} 197(1) 

419(4) 1373(4) 2975(3) 
420(1) 1351(1) 2965(1) 

5423(4) 2018(5) 4728(5) 

4132(6) 1846(5) 4502(6) 

2143(5) 4941(6) 1944(6) 

2148(5) 6103(6) 1697(5) 
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Table 9b. Atomic thennal pa.rameters ßij (x104) with e.s.d's in parentheses 

for neutron (upper nurri:>ers) arrl X-ray (lower nunt>ers). Bequ is 

included for conparison with previous investigations. 

Atom 

Al 

s 

05(1) 

05(2) 

N 

H(N) 

c 

H(C) 

Ow(1) 

Ow(2) 

H(l) 

H(2) 

H(3) 

H(4) 

30(1) 
37(2) 

31(16) 
46( 4) 

80(11) 
108(5) 

57(5) 
65(1) 

44(13) 
56(14) 

12(13) 

162(31) 
109(8) 

437(74) 

22(5) 
36(1) 

53(6) 
64(2) 

14(7) 

52(7) 

66(9) 

90(9) 

~3 

118(5) 48(5) 
132(2) 7~(2) 

120(23) 175(24) 

499(72) 422(68) 

44(5) 42(5) 
51(1) 43(1) 

56(5) 35(4) 
57(2) 57(2) 

44(7) 63(7) 

41(6) 59(6) 

74(8) 63(9) 

45(8) 63(7) 

0 
0 

-15(20) 
12(2) 

6(14) 
-8(5) 

-14(5) 
-42(2) 

9(16) 
-4(15) 

10(13) 

-15(37) 
-40(10) 

-202(80) 

-3(4) 
-2(1) 

-2(5) 
-1(1) 

-18(5) 

21(6) 

-8(7) 

-5(6) 

17(4) 
18(2) 

16(14) 

49(45) 

11(4) 
4(1) 

-19(3) 
-7(1) 

-9(6) 

-19(6) 

29(6) 

13(6) 

~3 

-51(4) 
-65(2) 

17(19) 

56(68) 

2(4) 
7(1) 

-17(4) 
-4(1) 

-1(6) 

-5(6) 

23(7) 

1(7) 

1.8 
2.3 

1.9 
2.8 

4.9 
6.6 

4.5 
5.5 

2.7 
3.4 

6.2 

9.8 
6.6 

27.5 

2.2 
2.6 

2.9 
3.6 

2.5 

3.1 

4.1 

4.o 
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The final values of the weighting scheme w, the secondary 

extinction coefficient g, the R factors and the goodnes of the fit are 

given in Table 10 for X-ray and neutron data. 

Table 10. Values of w, g, R factors and goodnes of the fit 

for X-ray and neutron data in MA.SO alum. 

a) w [ according to (2 .53)] 

b) g [ accoroing to (2 .43)] 

c) Agreement values 

R (all refiections) 

R (observed renections) 

\,(all renections) 

1\.,(observed refiections) 

d) Goodnes of fit 

X-ray 

0. 21 l FI ~ 180 

o.oooooslFl 2 

+ o.0024IFI 
+ 0 .001 1FI<180 

-6 0.8(1)x10 

0.068 

0.043 

0.031 

0.030 

1.058 

neutron 

0. 41 ( FI:: 80 

o .oooo4J:FI 2 

+ 0 .00191 Fl 
+ 0 .001 ~ FI < 80 

98.1(7)x10-6 

0.064 

0.051 

0.030 

0.029 

0.880 
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5. 3 Discussion Qf the Structure 

Analogous to AASD alum, the aluminium ion is surrounded by 

six water roolecules forming a nearly regular octahedron with Al-Ow(1) distances 

of 1.851(5)~ arrl a mean <0 (1)-0 (1)> distance of 2.618R • Within the w w 
water rrr:>lecules we firrl Ow(1)-H distances of 1.007(2)~ for H(1) and 1.029(12)R 

for H(2) and an ~~e <tH(1)-0w(1)-H(2) of 106.4(5)0
• 

+ The other six water rrr:>lecules are surrounding the (NHfH
3

) 

group in the fonn of a distorted octahedron as shown in Fig.13a. These six 

water rrr:>lecules can be separated into two groups ~Ow(2) arrl ~Ow(2„) of 

three each as shown in Fig.13b and 13c respectively. The distances between 

nitrogen and oxygen are N-0 (2) = 2.994(1)5{ arrl N-0 (2„) = 3.159(1)~. 'I'he w w 

corresporrling carbon-oxygen distances are 3.481(45) arrl 2.979(7)~ respectively. 

For this secorrl group of water rrr:>lecules the 0 (2)-H distances are shorter than w 

in water rrnlecules surrounding the alurninium ion, narnelv O (2)-H(3) = 0.929(2)R 
w 

and Ow(2)-H( 4) = 0 .945(3)A and an angle et H(3)-0w(2)-H( 4) = 102 .8(5 )0
• 

a b c 

Fig.13. 'Ibe (~C~)+ group with the surrounding six water rrnlecules. 

(Only one orientation of the group is shown). 

a) 'lhe distorted octahedron. 

b) The (NH:fl-~/ group with only three water rrnlecules. 
,...\rna,.,.-/-.Tl.J,.,TT\+ ________ ~.._L..a....t __ -'-• •• . _ 



The (Nl)C"3)+ group itself shows a statistical distribution 

on an:l around the threefold axis. Nitrogen an:l carbon, both occupy two 

positions on the threefold axis at 8(c). The shirt from the centre of 

synmetry is :!: o.0166(11)i for nitrogen am :!: 0.0499(42)i for carbon. 'lhe 

h,ydrogen atoms H(N) and H(C) are consequently also distributed around 

the threefold axis over two sites each in the general positions 24(d). This 

means in fact that the (NH
3
cH

3
)+ group has two orientations related to each 

other by a centre of synmetry (Fig.14a). In Fig.14b the (NH3Cf3)+ group 

occupies one orientation in one unit cell am the other orientation (Fig.14c) 

in a secon:l unit cell. The distances within one CNf3CP5 )+ group are 1.397(84)~ 

for C-N bond with borrling angles <tH(N)-N-H(N) = 110 .4(3)0 arrl et H(C)-C-H(C) = 

112.7(11)0
• 

b c 
a 

+ (1 1 1, Fig.14. The (NH
3
ctt

3
) group centred at the centre of symnetry 2 2 2 • 

a) The observed configuration, statistical or dynamical. 

b) Only one orientation. 

c) The other orientation generated by inversion of 14b at ~ ~ ~. 

The (S0
4

)2- group forms an alm:>st perfect tetrahedron as 

shown in Fig.15 with 0
5

(1)-0
5

(2) = 2.353(21)i arrl 0
5

(2)-0
5

(2) = 2.380(1)R. 

'lbe mean distances < 0
5 
-0

5 
> are 2 .367~ • 'lbe distances S-05 (1) arrl 

S-0
3

(2) are 1.454(12) am 1.448(12)R respectively with a mean < S-05 > 



54 

distance of 1.451R • The tetrahedron angles <t05 (1)-S-Os(2) am 

c[O (2)-S-O (2) are 108.3(14) and 110.6(13)
0 

respectively with a rrean 
s s 

0 
angl.e<cf: os -s-o? or 109. 5 . 

Osf2J 

2-Fig. 15. The regular (so4) tetrahedron. 

Iarge thermal pararneters for Os atoms are observed also 

for MASD alum, nanely Bequ = 4.9R
2 

for Os(1) am Bequ = 4.5R2 for Os(2) 

rrom neutron data. Therefore a check for possible disorder has been performed. 

From a three-dirrensional difference Fourier map, however no new peaks were 

observed. The disorder positional pa.ramaters of the sulfate oxygen atom 

O (1}'" am. 0 (2)'" of MSD alum were taken to calculate a disorder structure s s 

for MASD alum. 'lhe least-squares calculations including a disorder parameter 

k, with k = 0.05, as starting value led to a disorder of only 0.043(6). 

r.t>re over, when the thermal pa.ra.rreters of these disordered atorn:; were 
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rerined as anisotropic tenperature factors, they became negative. The 4.3% 

disorder of the oxygen sulfate lies in the range of the R factor (R = 6 .4%), 

therefore there is practically no disoroer in MASD alum. The thenml 

parameters an:i the R factors without and with disorder are co~ed and 

compiled in Table 11. 

Table 11. Corrparison of thermal parameters am R factors for ordered 

a.rrl disordered (S04) groups from neutron data in MASD alum. 

ordered (S04) disordered cso,,> 
k = 0% k = 4.3% 

B11 4.9 4.3 

05(1) 812 0.3 0.2 

Bequ 4.9 4.3 

B11 3.5 3.3 

B22 7.2 6.7 

B33 2.9 2.5 

0 (2) B12 -2.6 -2.5 
s 

B13 1.0 0.9 

B23 -3.0 -2.8 

Bequ 4.5 4.2 

Agreement values 

R 0 .061~ 0.063 

R 0.051 0.049 
o.u. 

Rw 0 .030 0.029 

R 0.029 0.028 
w.o.u. 

o.u. omitting unobserved 
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6.1 Experinental Data 

For the neutron diffraction experiments, crystals of HASD 

alum, (NH30H)Al(S04 ) 2 .12~0, were ground to spheres with radii of about 

3.0 nm. From the setting of 12 irrleperoent renections the lattice constant 

was detennined by lea.st-squares methods to a = 12.328R in good agreement 

with 12.314R reported by Haussilhl /39/. Up to 2errax = 65° a total of 2288 

reflections was measured in the four octants hkl, hk1, hk1 and hki. 

Considering the cubic synmetry, thus each reflection has been measured 

12 times. Syrrmetry related renections were averag'ed resulting in a set 

of 194 unique reflections, of which 39 with [ I < 2 .Oa (I)] were considered 

unobserved. 

The absorption coefficient for this conpound was measured 

to µ = 2 .07 cm -i ( µR = 0. 31). Absorption correction was consequently 

considered negligible (transmission = 61.83% for 2e = o0 arrl 62 .32% for 

2e = 65°). 

6.2 Structure Refinerent 

Analogous to the technique adopted for the neutron 

diffraction stu:iy of MASD alum, the atomic positions of the skeleton 

Al(S04 >2 .12~0 were used as starting values for a three-dirensional 

difference Fourier nap. Three positive peaks could be recognized on the 

threefold body diagonal representing N arrl o, am further 12 ne~tive 

peaks in the near vicinity irrlicated the hydrogen positions of the (N11:30H) + 

group. One positive peak lies at the centre of synmetry ~ ~ ~' the other 
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two positive peaks on the threefold body diagonal at xxx with x = ! o.46. 

From the MASD structure refinement (5.2.2) it is verified that the nitrogen 

atom occupies the position 4(b) at ~ ~ ~ and the carbon atom the 8(c) 

position xxx. In order to prove that in HASD the oxygen atom of the 

hydroxyl group takes the position of the carbon atom of the meth.;'l group 

in MASD alum, difference Fourier ma.ps were calculated. Under the assunt>tion 

of N at xxx with x = o.46 and o at ~ ~ ~' three strong density ma.xima. were 

ob rvea · t · t 1 1 1 t · th · t · d · r~ · se , one posi 1ve a 2 2 2 represen ing e posi ive 1 .1.erence in 

the nuclear scattering amplitudes between N and 0 (bN-bO = 9.40 - 5.77 f), 

and two negative at xxx with x = ! 0.46 representing the negative difference 

(b0-bN = 5.77 - 9.40f). This means that nitrogen lies at the centre of 

synmetry and oxygen is statistically distributed on two positions on the 

threefold body diagonal. 

The h_ydrogen H(O) of the hydro:xyl group was found to 

occupy the general position 24(d) with x = 0.52, y = 0.41 and z = 0.43 

which i.n:plies statistical distribution over six positions around the 

o:xygen atom. Similarly the three h_ydrogen atoms H(N) were found at 24(d) 

with x = 0.57, y = 0.53 and z = 0.48 i.n:plying statistical distribution 

over two positions. Fig.16 depicts a section of the difference Fourier 

ma.p arourrl ~ ~ ~ with z <0.5 yielding two positive and six negative peaks. 

• . 1 ted b . . t 1 1 1 
This ma.p ha.s to be imp emen y mversion a 2 2 2. 

The co~lete crystal structure could then be refined 

by full-ma.trix least-squares analysis with isotropic temperature factors 

to a residual of R = 0.12. By admitting the nitrogen to leave the special 

} ~ ~ position in favour to the rrore general 8(c) xxx with x = 0.5 ! 0.013, 

the R factor decreased to 0.09. 
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Fig.16. Difference Fourier map around ~ ~ ~ with z <0.5. 

Final refinement was calculated with anisotropic temperature 

factors for all atons, including hydrogen, an:i using the weighting scheme (2 .53) 

with w = O. 76 for 1 FI :: 70 arrl w = O .000151FI
2 

+ O .000281 Fj + O .001 for 

l F 1 < 70. Including an isotropic extinction factor (2 .43) in the list of 

wa..riables (final g = 2 .42(8)x10-5) the F\., factor decreased to O .018. The 

final atomic and thermal parameters are listed in Tables 12a and 12b 

respectively. 'lbe observed structure amplitudes and the calculated structure 

ta.ctors rrom parameters of Tables 12a arrl 12b are tabulated in Table /74/. 
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Table 12a. Fractiona.l atomic coordina.tes (x104) with e.s.d's in 

parentheses for HASD alum. 

Atom 

Al 

s 

N 

H(N} 

0 

H(O) 

Ow(1) 

Ow(2) 

H(1) 

H(2) 

H(3) 

H(4) 

Wyckoff 
position 

4(a) 

8(c) 

8(c) 

8(c) 

24(d) 

8(c) 

24(d) 

24(d) 

24(d) 

24(d) 

24(d) 

24(d) 

24(d) 

Site 

000 

XXX 

XXX 

xyz 

XXX 

xyz 

XXX 

xyz 

xyz 

xyz 

xyz 

xyz 

xyz 

xyz 

Occu­
pancy 

1 

1 

1 

1 

112 

1/2 

1/2 

116 

1 

1 

1 

1 

1 

1 

X y z 

3022(13} 

2328(8} 

6913(3) 7526(4j 911(2} 

5130(9) 

815(9) 5287(13) 236(16) 

4533(17) 

4226(30) 5169(40) 3968(39) 

8509(2) 9796(2) 186(3) 

419(3) 1373(3) 2984(2) 

5417(3) 2011(4) 4732(4) 

4137(5) 1837(4) 4525(4) 

2138(4) 4933(5) 1958(5) 

2127(4) 6092(5) 1695(4) 
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Table 12b. Atomic thermal paraneters ßij (x104) with e.s.d's in parentheses 

B is included for con:parison with previous investigations. equ 

Atan ~1 
Al 47(13) 0 

s 52(14) 2(17) 

08(1) 107(9) 8(12) 

08(2) 72(4) 141(4) 68(4) -38(3) 

N 58(12) 1(9) 

H(N) 27(12) 127(21) 220(28) 10(12) 

0 100(13) -48(13) 

H(O) 146(25) 169(29) 170(33) -4(29) 

Ow(1) 31(3) 48(4) 53(5) -3(3) 

Ow(2) 44(4) 81(3) 48(3) 7(4) 

H(1) 36(6) 68(6) 51(6) -2(5) 

H(2) 80(7) 53(5) 60(5) 7(5) 

H(3) 93(8) 99(6) 70(7) -15(6) 

H(4) 92(7) 99(8) 77(6) 21(6) 

2.9 

3.2 

6.5 

16(3) -54(3) 5.7 

3.5 

34(16) -1(12) 7 .6 

6.1 

-44(24) 159(28) 9.8 

17(3) 4(3) 2.7 

-14(2) -3(2) 3.5 

3(5) 1(5) 3.1 

9(6) 7(5) 3.9 

28(5) 14(6) 5.3 

11(5) -4(6) 5.4 
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Separate refinement calculations were performed for the 

hkl, lhk arrl klh renection sets averaged over the 4-octants an:i in addition 

for the mean values of all measured renections. Conperative results for 

all refinements Sn! listen in Table 13. 

Table 13. Co~ison between R factors, secorxiary extinction coefficient 

an:l goodnes of the fit for < hkl> , < lhk> , < k1h > , 

< all reflections> arrl < unique renections > . 

<hkl> < lhk> < klh> 
all . < mique> 

< rene? rene. 

R 0.065 0.011 0.066 0.071 0.054 

R 0.043 0.047 0.041 0.049 0.037 o.u. 

1\, 0.021 0.025 0.022 0.031 0.019 

l\.o.u. 0.020 0.024 0.020 0.030 0.018 

g X 10-5 3.0(3) 2.6(2) 2.7(2) 2.5(2) 2.4(1) 

goodnes of fit 1.064 1.224 1.102 1.243 0.942 

o.u. omi.tting unobserved 

6 • 3 Discussion of the Structure 

The HASD al\.Bll is characteristic of the a-al\.Bll type like 

AASD am MASD aluns • A proj ection of the conplete structure with only one 

orientation of the CNf10H)+ group is depicted in Fig.17 {only one half of 

the unit cell is shown). Six water mlecules ~Ow(1) surround each 
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aluminium ion in the fonn of a regular octahedron as shown in Fig .17. The 

Al-0 (1) distances are 1.868(2)~. The 0 (1)-0 (1) distances are 2 .649(1) w w w 
an:i 2.631(5)R with a nean <0 (1)-0 (1)> distance of 2.64oR. w w 

'Ihe (~OH)+ group is coordina.ted by the other six water 

m:>lecules in the fonn of a highly distorted octahedron like in AASD an:i MASD 

all.UDS. The nearest distances of Ow(2) to Ow(2) are 3.321(1)~. These six water 

m:>lecules arourrl the (NH
3
0H)+ group can be separated into two groups of 

three each as in the other two alurrs. The distances of the nitrogen an:i 
+ oxygen atom of the (t-.~OH) group to the nearest Ow(2) atom are 2 .994(3) 

an:i 2.966(2)R respectively. The distances of the H(N) and H(O) atom to the 

nearest Ow(2) atoill3 are 2.045(20) and 1.970(24)~ respectively. 

The CNH30H)+ group itself is difficult to visualize. 

Fig.18a. depicts the idealized configuration. In Fig.18b we have applied the 

threefold rotation synmetry of [ 111), which is the line N-0. In order to 

have the true observed structure, a centre of symretry Irn.l.St be introduced 

yielding Fig.18c. The N-0 distance along [111] is 1.282(17)~. 

HIN} 

a b c 

Fig.18. The (~OH)+ group. 

a) in idea.lized configuration. 

b) with the threefold rotationa.l synmetry of [ 111] • 
c) with the centre of symretry at ~ ~ ~. 
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Fig.17. Projection on the xy-plane of the HASD alum (0.2:S z~ 0.7). 

[ For silrplicity only one orientation of the (NH30H) group is shown]. 
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Unusually large thenna.1 pa.rameters ha.ve been observed 

for the hydrogen atoms of the (N130H)+ group namely Bequ = 7 .6~2 for 

H(N) arrl B = 9.8R2 for H(O). Sirnilar values ha.ve also been observed 
equ 

in eydroxylanm:mium perchlorate, (NH
3
0H)Cl04, by Prince, Dickens and 

Rush 1121 with mean values of B for H(N) and H(O) of 7.8 and 7.0~2 equ 

respectively. 

2-The (S0
4

) group forms an alrrost perfect tetrahedron. 

'Ihe distances are S-Os(1) = 1.482(10)R and S-Os(2) = 1.452(13)~ and the 

mean < Os -Os > distances are 2 .383R. 

Large thenna.l parameters have also been found for the 

sulfate oxygen atorns na.mely B = 6.5~2 for O (1) and B = 5.7'fl.2 for equ s equ 

Os(2). An attempt has been nade to refine a disorder structure with 

additional sulfate oxygen atorns, as in the case of MASD alum, by including 

a disorder parameter k in the list of variables. The least-squares ana.lysis 

led to a disorder of only 3%. This rreans that there is practically no 

disorder in this conpmmd. The thenna.l para.rreters and R. factors without 

and with disorder are eo~ and compiled in Table 14. 
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Table 14. Con;arison of thennal parameters an:i R factors for ordered 

a.ni disordered (004) groups in HASD alum. 

ordered (so4) 
k = 0% 

disordered (S04) 
k = 3% 

B11 6.5 6.1 

08(1) B12 0.5 0.3 

Bequ 6.5 6.1 

811 4.4 4.3 

B 8.6 8.4 
22 

8
33 

4.1 3.9 

0
8 

(2) B12 .. -2 .3 -2.3 

813 1.0 0.9 

B23 -3.3 -3.2 

Bequ 5.7 5.5 

Agreerrent values 

R 0.054 0.052 

R o.u. 0.037 0.036 

R 0.019 0.018 
w 

R 0.018 0.017 
w.o.u. 

o.u. ornitting unobserved 
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7 COMPARISON OF THE RESULTS OF THE THREE ALUMS 

'lhe three AASD, MASD and HASD alums are characteristic 

of the a-alum type. As in all altmlS there are 12 water rolecules surrounding 

the m:>rovalent and the trivalent cations. 

'lhe six water rolecules ~Ow(1) around each alurninium 

ion lie on the comers of an alJTOst regular octahedron with mean distances 

ani angles from the three alums of < O (1)-0 (1)> = 2.647<A, < Al-0 (1) > = w w w 
1.872i ani<c;t0w(1)-Al-Ow(1) ;:> of 90 .5° and 89 .5°. Within the water 

m:>lecules we find< 0 (1)-H(1) > = 0 .994R, < 0 (1)-H(2) > = O .995R arrl w w 
< ~ H(1)-0w(1)-H(2) > = 107 .6° with a mean < Ow(1)-H > value of 0.994R. 

Table 15 lists a compa.rison between the distances arrl angles of this 

octahedron in the three alums. 

Table 15. Comparison between Al-6~0 octahedra in AASD, MASD am HASD alums. 

Al-0 (1) w 
0 (1)-0 (1) w w 
0 (1)-0 (1) w w 

< 0 (1)-0 (1)> w w 

Ow(1)-H(1) 
Ow(1)-H(2) 
H(1)-H(2) 

<0 (1)-H> w 

0 (1)-Al-O (1) w w 
0 (1)-Al-O (1) w w 
H(1)-0 (1)-H(2) w 

AASD 

1.897(2) 
2 .693(1) 
2.671(5) 
2.682 

0.989(9) 
0.960(4) 
1.571(1) 
0.975 

90.5(1) 
89.5(1) 

107.4(1) 

MASD HASD 

ctistances in cR> 
1.851(5) 1.868(2) 
2.634(8) 2.649(5) 
2.602(7) 2.631(5) 
2.618 2.640 

1.007(2) 0.986(9) 
1.029(12) 0.995(5) 
1.630(5) 1.612(1) 
1.018 0.991 

angles in degree 

90.7(1) 90.3(2) 
89.3(1) 89.7(2) 

106.4(5) 109.0(6) 
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'lhe other six water roolecules ~Ow(2) are surromiding 

the roonovalent cation in the form of distorted octahedron in the three 

alums. 'lhese water m:>lecules can be separated into two groups ~Ow(2) 

and ~Ow(2„) of three each. 'lhe inp)rtant distances and angles of these 

distorted octahedra are gi.ven in Table 16. 

Table 16. Conrparison between distances and angles of the M+ groups with 

the surrounding six water roolecules in AASD, MASD and HASD alum 

N-0 (2) 
w 

N-0 (2„) 
w 

C-0 (2) 
w 

C-0 (2„) 
w 

0-0 (2) 
w 

0-0 (2„) 
w 

<N-0 (2)> w 
<C-0 (2)> w 
<0-0 (2)> 

w 

Ow(2)-H(3) 
0 (2)-H(4) w 
H(3)-H(4) 

<0 (2)-H> 
w 

0 (2)-N-O (2) w w 
0 (2„)-N-O (2„) 
w w 

0 (2)-C-O (2) w w 
0 (2„)-C-O (2„) 
w w 

0 (2)-0-0 (2) w w 
0 (2„ )-0-0 (2„) 
w w 

< 0 (2 )-N-0 (2 )> w w 
<0 (2)-C-O (2)> w w 
<Ow(2)-0-0w(2)> 

H(3)-0 (2)-H(4) 
w 

AASD MASD HASD 

distances in db 
2.990(3) 2.994(1) 2.994(1) 

3.065(5) 3.159(1) 3.132(3) 
3.481(45) 
2.979(7) 

3.440(19) 
2.966(2) 

3.028 3.077 3.063 

3.230 
3.203 

0.953(1) 0.929(2) 0.950(1) 

0.984(2) 0.945(3) 0.934(4) 

1.543(7) 1.465(2) 1.465(1) 

0.969 0.937 0.942 

angles in degree 

115.8(2) 117.9(1) 117.5(2) 

111.5(3) 108.7(1) 109.6(3) 

95.0(17) 
119.0(5) 

96.2(7) 
119.3(2) 

113.7 113.3 113.6 

101.0 
107.8 

105.6(5) 102.8(5) 102.4(4) 
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'lhe nean distances between the nitrogen atorn of the 

m:>oovalent cation arrl the oxygen O (2) arrl 0 (2„) of the water nolecules w w 
are 2.993 and 3.119R respectively. 'lhe rnean of the nearest distance between 

the 0 (2) atoms is 3.319R. Here we find for the rnean values of the water 
w 

roolecules: < Ow(2)-H(3) > = o.954R and < Ow(2)-H(4) > = 0.949~ and 

< <tH(3)-0w(2)-H(4) > = 103.6° with a nean value of < Ow(2)-H> of 0.949~L 

'lhe different configurations of the nonovalent cation, 

the hydrogen borrling systern and the behaviour of the (S04) groups in the 

three alums are discussed below in Chapters 8,9 and 10 respectively. 
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'lhe structures derived in this study exhibit partial 

occupancies of crystallographic sites for NH4, (~CH3) and (NH30H) group 

atODB. 'Ibis requires further discussion and attention. 'lbree possible 

m:xiels will be discussed where finaly only one can explain all experimental 

fimings. A co~son between the distances and angles in the three 

groups is given in Table 17. 

Table 17. Cont>arison between distances am. angles of M+ groups in AASD, 

MASD and HASD alt.IDE. 

N-C 
N-0 

N-HN(1) 
N-HN(2) 
N-H(N) 
C-H(C) 
0-H(O) 

HN(1)-N-~(2) 

~(2)-N-l\J(2) 

C-N-H(N) 
0-N-H(N) 
H(N)-N-H(N) 
H(C)-C-H(C) 

H(0)-0-H(O) 

N-C-H(C) 
N-0-H(O) 

AASD MASD 
distances in (i) 

1.397(84) 

1.150(11) 
0.911(10) 

1.026(23) 
1.159(4) 

angles in degree 

115.3(4) 
103.1(14) 

108.5(3) 

110.4(3) 
112.7(11) 

106.0(14) 

HASD 

1.282(17) 

0.978(14) 

1.113(1) 

110.6(12) 
108.3(12) 

117.8(22) 

98.5(48) 
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8 .1 Donain l'ttxiel (Fig.19a) 

'lhe physical properties of these alums require centro­

synmetry which contradicts the Eigensynmetrie of the three groups. 'llie 

centrosynmetry can be reached for the whole crystal for example by 

doubling at least one axis of the unit cell arrl reversing ~ and I\J(1) 

(AASD), NH
3 

and c13 (MASD), Nf) am OH (HASD) in the second unit cell. 

'Ibis domain DDdel is depicted in Fig.19a with two axes being doubelled. 

'lbe ~ group is represented by dots arrl I\.J(1), CH3 and OH by circles. 

'Ibis m::xiel would require superstructure renections, which have not been 

observed. In fact any equal distributions A and B within one rrosaic 

block would lead to the observed structure, since only the spa.ce-average 

structure can be observed with the chosen unit cell. 'Ibis leads directly 

to the statistical rrodel. 

8.2 Statistical l'tbdel (Fig.19b) 

In this rrodel a statistical distribution was assumed 

over the roore general positions 8(c) arrl 24(d). Only one half of the 

positions of the <N13-H) am (NH3ctt3) group atom are occupied while one 

half of N,O arrl H(N) am 1/6 of the sites of H(O) in the CN130H) group are 

occupied in this picture. In this space-average picture again a single 

unit cell has no centre of synmetry in the case of HASD alum only, but 

the whole crystal exbibits centrosynmetry. Such a statistical aITa.ngenent 

has been infered for the (NH
3
0H) group from infrared data by Acha.rya 

arxl Narayanan /73/ in a study of (NH30H)Al(S04 )2 .12~0 alum. 
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Fig.19. Different configurations of the (NH
3
-H), (NH

3
cH

3
) ani (NH

3
0H) groups 

a) Donain roodel. b) Statistical roodel. c) Dynamical roodel. 

~ 
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8.3 Dynamical Model (Fig.19c) 

With elastic neutron diffra.ction, i .e., without energy 

analysis of the diffra.cted beam, a differentiation between statistical 

am. dynamical nxxiels camot take place, this neans between spa.ce arrl time-

average. ftbdels 19a and 19b are both space-average m:x:lels. A m:xiel has to 

be selected, which allows a qua.ntized rotation of the three groups arourrl 

an axis perperrlicular to [111). 'lhis m:xiel is depicted in Fig.19c. It 

gives the same observational data as the other two m:x:lels, and cannot be 

separated from the other m:xiels by elastic neutron diff'raction or X-ray 

alone. I:bwever, from the }:MR measurenents such a behaviour is to be 

favoured. 'lhis JTDdel has been proposed for exa.mple by Weiden and Weiss/30/ 

for (NH3~)Al(S04 ) 2 .12~0 alum by analysing the NMR-spectra. According 

to this nxxiel the CNH3~) + group performs a hindered or f'ree rotation 

perperrlicular to the N-N borrl with a f'requency of ~ 106 Hz (~ 10-6 sec.). 

This rotation is too fast for elastic neutron diffra.ction or X-ray arrl 

will result in a time-avera.ge picture, i.e., in agreenent with our firrlings. 

We belive the same behaviour to occure for the three alums and therefore 

+ + + we conclude that the (NH3-H) , (NH3cH
3

) arrl (NH
3
0H) group atoms have 

an ana.logous dynamical behaviour. 
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9 HYD!tOOEN BRIOOES 

The alum structure is held together by a system of h,ydrogen 

bonds between the water mlecules arrl between the water mlecules arrl the 

sulfate oxygen atorns. 'Ibis means between 0 (1) arrl 0 (2) arrl between 0 arrl w w w 

Os. A survey of the h,ydrogen bridges is depicted in Fig.20. The interatomic 

distarees arrl angles for the hydrogen borrl systan are given in Table 18. 

Hit) 

Owf1} 

Owf2J 

Hf2J 
Owf1) 

os 

Owf 2) 

Hf 4) ~i\' 
\ 

H(2) 

--H~Owl1J 
' 

) 

H(2} 

00 •H 

Fig.20. The system of the h,ydrogen borrls (broken lines). 

H/1) 

Ow/1) 

Hf2J 
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'lhe two hydrogen atoms belonging to the water molecules 

~Ow(1) coordinated to an altmrlnium ion form two unequal hydrogen bon:is, 

one H(1) to an oxygen atom 0 (2) of the water nolecules (not coordinated w 

to an aluminium), with a hydrogen bond of a mean length for the three 

alums of < O (2)-H(1) > = 1.663R and a mean angle<<J:o (1)-H(1)-0 (2) > = w w w 

175.9°. 'lhe other hydrogen atom H(2) is bonded to an oxygen atom Os(2) 

of the sulfate group with a hydrogen bond of a mean length of 1.633R with 

<<O (1)-H(2)-0 (2) > = 173.2°. 'lhe other two hydrogen atoms of an oxygen w s 

Ow(2) form two hydrogen bon:is, one H(3) to an oxygen Os(2) of the sulfate 

group with a hydrogen bond of a mean length of <Os (2)-H(3) > = 1.814<A 

and<<Ow(2)-H(3)-0s(2) > = 172.2°, the other hydrogen atom H(4) to an 

oxygen atom O (1) with a hydrogen bond of a rrean length of < O (1)-H( 4) > = s s 

1.836R with<cl:O (2)-H(4)-0 (1) > = 165.5°. Since this oxygen atom lies ' w s 
on a threefold axis, it is bonded sinn.ütaneously to three H( 4) atoms. 

In the case of AASD alum, there are additional hydrogen 

borrls, namely 0 (2#)-H(2) = 2.08(3)<A with <tO (1)-H(2)-0 (2#) = 156(1)0 
s w s 

an:i 0
8

(2#)-H(3) = 2.02(2)R with <t0 (2)-H(3)-0 (2#) = 157(1)0 • w s 

'lhe hydrogen atoms H(2), H(3) and the atoms s, O (2) 
s 

of the sulfate group are nearly coplanar, with O (2) being < 0.14~> out s 
of the plane through S, H(2) and H(3). 'lhe mean sum of the angles around 

0
8

(2) is 358°. 
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Table 18. Conparison between the h,ydrogen boming systen in AASD, MASD 

arrl HASD alums • 

h,ydrogen bridges distances in CR) angl.es in degree 

A--8• • • •C AASD MASD HASD AASD MASD HASD 

o (1)--H(1)····0 (2) w w 0 (1)-H(1)-0 (2) w w 
Ow(1)--H(1) 0.989(1) 1.007(2) 0.986(9) 
Ow(t)---0~(2) 2.616(6) 2.677(6) 2.674(8) 176.4(1) 176.3(11) 175.0(1) 
0 (2)••••H(1) 1.628(2) 1.671(9) 1.690(2) w 

Ow(1)---H(2)····0
5

(2) 

Ow(1)---H(2) 0.960(4) 1.029(12) 0.995(5) 
Ow(1)--0

8
(2) 2.593(1) 2.654(8) 2.631(5) 171.1(6) 174.3(12) 174.2(8) 

0 (2)••••H(2) 1.640(2) 1.620(3) 1.639(9) s 

0 (1)-H(2)••••Q (2)' w s 

0 (1)--0 (2)' 2.99(3) 
w s 

0
8

(2)'••••H(2) 2.08(3} 156(1) 

0 (2)--H(3)····0 (2) w s 
0 (2)--H(3) 0.953(1) 0.929(2) 0.950(1) 
w 

0 (2)--0 (2) 2.758(2} 2.749(2) 2.748(1) w s 
170.4(4) 173.1(11) 173.1(6) 

0 (2)••••H(3) 1.814(2} 1.824(1) 1.803(2) 
s 

o (2)--H(3)····o (2)' 
w s 

0 (2)-H(3)-0 (2)' w s 

0 (2)--0 (2}' 2 .92(2} w s 
0 (2)'••••H(3) 2.02(2) 
s 

157(1) 

o (2)--H(4)····o c1> w s 
0 (2)-H(4)-0 (1) w s 

0 (2)-H(4) 0.972(2) 0 .945(3) 0.934(4) 
w 

0 (2)--0 (1) 2.786(8) 2.764(7) 2.753(7) 
w s 

160.7(1) 168.9(12) 167.0(9) 

0 ( 1) • • • • H( 4) 1.838(6) 1.831(1) 1.838(1) 
s 

nean distances nean angles 

<A--B> 0 .984 0.978 0.966 

<Pr-C> 2.688 2.711 2.966 169.7 173.2 172.3 

<B„••C> 1.730 1.737 1.743 
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10 THE BEHAVIOUR OF THE SULFATE GROUPS 

Since the conpletion of alum structure investiga.tions 

by Lipson arrl Beevers /40/ and Lipson /56/, interest in the various 

properties of these double salts has continued and much attention has 

been attracted to the anoma.lous behaviour of the sulfate groups. In order 

to conform to the space group Pa3 to which the alums belong, ea.ch sulfate 

group is oriented with the sulfur and one oxygen atom Os(1) in special 

positions on the threefold a.xis and with the renaining three oxygen 0 (2) 
s 

in general positions around this a.xis. 

The oxygen atorns, arrl in particular those on the three­

fold a.xis have unusually large therrral pa.rameters. These values have been 

found previously in several of the alums which have been studied in 

sufficient detail: Bacon arrl Gardner /57/ found B = 8.0 arrl 6.9~2 in 

KCr(S04 ) 2 .12~0; Iarson arrl Crrrer /44/ fourrl B = 7.0 and 4.4~2 in 

RbAl(S04 ) 2 .12~0 and B = 13.0 and 7.0R2 in KAl(S04 ) 2 .12~0 for 0
5

(1) and 

0 (2) respectively. s 

In this study, sorre degree of disorder in the localizatior 

of the sulfate groups was introduced to explain the anonalous behaviour 

of the sulfate groups • This disorder was introduced by the inversion of 

a certain fraction of the sulfate groups along the threefold a.xis • In 

the AASD alum we found 17% of those disordered Sulfate groups , while in 

the MASD and HASD alums this disorder effect was negligible. The distances 

arrl angles of the sulfate groups are compared in Ta.ble 19 for the three alu 

Another possible explanation for the unusually large 

thermal parmmters of the Os atons in MASD arrl HASD alums may be due to 
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Table 19. Conparison between the (so4) tetra.hedra in AASD, MASD am HASD alums. 

AASD MASD HASD 

ordered group dista.rx:es in (~) 

S-0 (1) s 1.539(5) 1.454(12) 1.482(10) 
S-0 (2) 

s 1.452(7) 1.448(12) 1.452(13) 
0 (1)-0 (2) 2.423(12) 2.353(21) 2.376(18) 

s s 
0 (2)-0 (2) s s 2.388(1) 2.380(1) 2.390(8) 

<S-0 > s 1.496 1.451 1.467 

<Os-Os> 2.406 2.-Y,7 2.383 

angles in degree 

08 (1)-S-Os(2) 108.2(7) 108.3(14) 108.1(14) 
05 (2)-S-Os(2) 110.7(7) 110.6(13) 110.8(9) 

Os(2)-0s(1)-08 (2) 59 .1(2) 60.7(6) 60.4(3) 

Os(2)-0s(2)-08 (1) 60.5(2) 59.6(3) 59.8(1) 

08 (2)-0s(2)-0s(2) 60.0 60.0 60.0 

<0 -s-o > s s 109.5 109.5 109.5 

<Os-Os-0s> 59.9 60.1 60.1 

di5ordered group distances in (i) 

s-os (1)' 1.52(6) 

s-os (2)' 1.39(1) 
0

6 
(1)' -Os (2)' 2.47{4) 

Os (2)' -Os (2)' 2.18(2) 

<S-0~> 1.1&6 
<0'-0'> s s 2.33 

angles in degree 

05{1)' -S-0 5{2)' 115.5{8) 
05{2)' -S-0 8(2)' 102 .8(10) 

05(2)' -05(1)' -05(2)' 52.3(4) 

0 5(2), -05(2)' -05(1)' 63.9(1) 

0 8(2)' -0 8(2)'-0 8(2)' 60.0 

<0'-S-0" > 5 s 109.2 

<O~-O's-0'5 > 58.7 
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a sinultaneous oscillation of the S and O (1) atorns with equal probability 
s 

around any one of the three axes passing through the sulfur atom arrl each 

of the three oxygen atom O (2) in general positions as stated by Steeple . s 

et al. /38/. This study suggests roughly the same rna.gnitude of oscillation 

for all alt.um • According to our different findings for the MSD, MASD arrl 

HASD alurm we believe in a type-dependent anorna.ly of the sulfate group 

localizations • 
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