
ON THE CRYSTAL STRUCTURE OF A1C13 

By 

K.  SASVXRI 
CENTRAL CHEMICAL RESEARCH INSTITUTE OF THE HUNGARIAN ACADEMY OF SCIENCES, BUDAPEST 

(Presented by Z. Gyulay --  Received : XII.  18. 1957) 

The crystal lattice of A1CI 3 has been derived on the basis of crystal-geometrical con- 
siderations starting frorn the dimension of the unir cell and from the fact that  in the crystal 
lattice, according to the electric conductivity measurement of BILTZ and VOIGT, there should 
be ionic bonds. The crystal lattice derived in this way proved to be the same as that  given 
by KETEL&AR and bis collaborators in 1947. Therfore the statement seems to be justified that 
there cannot be AI~CI~ molecules in the solid phase of AICI3, as has been suggested by G•RDING 
and SMXT on the basis of investigations of Raman spectra. In the lattice a graphic picture is 
given for the mechanism of transition of the crystal lattice to the A12C16 molecules of the 
liquid or vapour phase, and also for the mechanism of transition in the reversed direction. 

KETELAAR [1] in  1935 was  t h e  f i r s t  t o  d e t e r m i n e  t h e  c r y s t a l  s t r u e t u r e  

o f  A1C13. I n  th i s  t h e  c u b i c  c l o s e - p a c k e d  a r r a n g e m e n t  o f  t h e  C1 a t o m s  p r o v e d  

l a t e r  to  be  co r rec t .  T h e  h e x a g o n a l  cel l  a s s i g n a b l e  in  t h e  a n i o n  f r a m e  is 

aH = 5,92 _&, (1) 

cu = 18,22 ~ .  

T h e  Al  ions  are  p l a c e d  in  t h e  holes  o f  t h e  g i v e n  f r a m e  so t h a t  a m o n o c l i n i c  

s y m m e t r y  s h o u l d  t a k e  p l ace .  T h e  axis  c o f  t h e  m o n o c l i n i c  un i t  cel l  is one  t h i r d  

o f  t h e  s m a l l e r  b o d y  d i a g o n a l  o f  t h e  h e x a g o n a l  cell ,  t h e r e f o r e  d a t a  o f  t h i s  a re  

a = 5,92 A,  

b z 1 0 , 2 2 A ,  fl--~ 180 o -  a r c t g / ~ "  I 108~ 

c = 6,16 A.  
I , �91 ! 

KETELAAR p l a c e d  t h e  Al  ions  o r i g i n a l l y  in  pa i r s  i n to  each  o c t a h e d r o n ,  

in  w h i c h  case  t h e  d i s t a n c e  b e t w e e n  such  t w o  A l  ions  w o u l d  be  0,64 A.  Such  

a close a r r a n g e m e n t  o f  t h e  Al  ions  is e n t i r e l y  i m p o s s i b l e  th i s ,  h o w e v e r ,  c a n n o t  

be  d i s c o v e r e d  in  t h e  X - r a y  d i a g r a m ,  s ince  t h e  s c a t t e r i n g  o f  t h e  A l  ions  

m a k e s  o n l y  a s m a l l  c o n t r i b u t i o n  to  t h e  i n t e n s i t y  o f  t h e  r e f l e x i o n s .  

I n  t h e  f i r s t  s t r u c t u r e  g i v e n  b y  KETELAAR A12C1 s mo lecu l e s  were  p r e s e n t .  

PALMER a n d  ELLIOT [2] s h o w e d  b y  t h e  e l e c t r o n  d i f f r a c t i o n  m e t h o d ,  t h a t  in  

t h e  s a t u r a t e d  s t e a m  o f  A1C13 such  m o l e c u l e s  a r e  p r e s e n t  w h i c h  cons i s t  s t ruc -  
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196 K. SASV�93 

tu ra l ly  of two A1C14 t e t r ahed ra  with a common edge. GERDI•r and SMIT [3] 
also give an account  of the existence of AI~C1 s molecules on the basis of Raman-  
spectroscopical  invest igat ions carried out  with l iquid and solid A1C13. 

KETELAAR and coworkers [4] in 1947 have  shown tha t  the  rceasured 
intensit ies of the X- ray  reflexions can be approached much be t t e r  by  calcu- 
la t ion if, in place of the t e t r ahed ra l  molecule a r rangment ,  the Al ions are 
placed in individual  oc tahedra l  cavities. They  abandoned  existence of  the  
A12C16 molecule in the solid phase and a t ta ined  the  layer  lat t ice given b y  
them reeent ly  which is in contradic t ion to the s t a t emen t  of GERDINr and 
SMIT. Pa r t l y ,  however,  owing to the be t t e r  agreement  of the intensities and 
pa r t l y  because of the fact  t ha t  the  Raman  spectra ob ta ined  in solid and l iquid 
phase do not  agree as well as those obta ined in the  case of A1Br 3 and A1Ja 
(GERDINC and SMIT) the conclusion m a y  be drawn t h a t  the existence of A12CI 6 
molecules in the solid s ta te  m a y  not  be considered as established. Therefore  
KETELAAR's newest s t ruc ture  must  be t aken  as correct .  

In  the  present  paper  the  au thor  wants  to show th a t  the s t ructure ,  given 
recent ly  by  KETELAAR, can be a t ta ined  on the basis of the close packing in 
the ionic crystals,  which has been t rea ted  elsewhere [5, 6]. 

Le t  us s tar t  from the  da ta  of the uni t  cell, considering tha t  the conduc- 
t iv i ty  measurements  of BILTZ and VOmT [7] indicate the presence of an ionic 
bond in the  crystal .  

F r o m  the da ta  of the uni t  cell the volume Vct ~ 29,7 ~3 for one C1 ion 
is essential ly smaller t han  t h a t  of C1 ions with radii  of  1,81 ~ in closest packing 
(35,5 ~) .  KETELAAR therefore  was led to the s t a t emen t  t h a t  the s t ruc ture  is 
based on the closest packing of the C1 ions. 

In  a regular  close-packed anionic plane the two axes of the assignable 
o r thorhombic  cell are 

a ~ (~r, V~ ~ 
b = 3 .  a ' ,  

if  a' is the  distance between two adjacent  ions. I f  these two axes are ident i f ied  
with those of the  monoclinic cell a and b given b y  KETELAAR [2] we obta in  
f rom bo th  equat ions similarly 

a' : 3,42 A. (3) 

This does evident ly  mean  t h a t  in the anionic planes the C1 ions are a r ranged  
regular ly  bu t  are closer to each other  t han  the dis tance (3,62 A) calculated 
f rom the  ionic radius of  the  C1 ion. 

The  cations are placed in the  spatial  cavities of  the close-packed anionic 
f rame in such an a r rangement  tha t  the monoclinic s y m m e t r y  should be ob- 
ta ined.  
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For  the  t e t r a h e d r a l  cavit ies of  a regular  close-packed anionic f rame 

3 1  

r~ § r x - a ' / / 3  = 2,22 &, (4) 
1 -  

i f  a '  ~-- 3,62 A. This is small  compared  with  r c l +  rAi = 1,81 + 0,57 = 2,38 ~ ,  
thus  the  la t t ice  has to  be ex tended  if  the  Al ions should f ind  room in the  
t e t r ahed ra l  cavities.  On the o ther  hand,  however ,  the  la t t ice  is con t rac ted  
aceording to the  va lue  a '  = 3,42 A. This is the  reason why  the  t e t r ahedra l  

a r r a n g e m e n t  of  the  Al ions has to be re jected.  

Fig. 1. Hexagonal close-packed anion frame perpendicular to the close-packed planes. One 
third of the octahedral cavities are filled with Al ions and build columns perpendicular to the 

planes 

We can assume t h a t  the Al ions occupy  oc tahedra l  cavit ies.  The n u m b e r  
of  the  oc tahedra l  cavi t ies  in the  close-packed anionic f r ame  is here  thr ice  the  
n u m b e r  of  the Al ions. I f  we wan t  to place the  Al ions in these,  considering 
Paul ing ' s  coordinat ion principle,  then  eve ry  comer  of  the  oc t ahedra  filled b y  
Al ions has to be c o m m o n  with  ano ther  oc tahedron .  

Assuming a hexagona l  close pack ing  of  the anions, a real izat ion of this 
could be ob ta ined  in such a w a y  t h a t  a th i rd  of  the oc tahedra l  columns with 
c o m m o n  sides are filled up b y  Al ions (Fig. 1). This cat ion d is t r ibut ion  is 
unreal izable  because the  i den t i t y  in the direct ion c would then  be a s ixth of  
the value found.  Since, however ,  the i den t i t y  c is equal  to the  dis tance of  
seven successive c lose-packed anionic planes we mus t  re ject  the  possibi l i ty  
of  a hexagonal  close pack ing  of anions. There  remains  for the anions the  pos- 
sibi l i ty of  a cubic close packing.  In  this the  oc tahedra  are connec ted  to each 
o ther  only  b y  edges or corners and Pau l ing ' s  coordinat ion principle can only 
be sat isf ied when 2/3 of  the  oc tahedra l  cavi t ies  within the plane in terva ls  a te  
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filled up by Al ions. In this way only every second plane interval can be occupied 
by Al ions and in the direction of the axis cu merely every fourth of these 
occupied layers will be identical with the first which is just in accordance 
with the identity measured in the direction cH. 

Accordingly, the A1C1 a can only be a layer lattice with layers known 
in CrC1 a and Al(OH)3. All subsequent layers can be only geometrically identi- 
cal, but considering their relative position, two different cases can be 
distinguished. 

Piacing the cation arrangement, as above described, in every second 
plane interval of the cubic close-packed anion frame layers are obtained 
between which every two adjacent layers can be transferred into each other 
by a parallel displacement. This displacement of the given cationic arran- 
gement, is always parallel to the smaller body diagonal of one of the hexagonal 
unit cells, which can be set up in the cubic close-packed anionic frame. As 
this hexagonal unit cell can be chosen in three different ways, differing by 
120 o, the position of the adjacent layers can also be of three different kinds. 
The cationic arrangement of the subsequent layers within a crystal lattice 
can be selected so that  either each of the three directions of the displacement 
is playing a part or, throughout the whole lattice the neighbouring layers 
are transferred one into the other by a shift in the identical direction. By 
these two possibilities two different crystal lattices can be obtained. 

Carrying on in the cubic close-packed anionic frame the cationic arran- 
gement of a starting layer in the subsequent layers so that  each of the three 
kinds of displacements takes place in some order, the subsequent layers, 
dependent upon the order of the displacement, can be transferred into each 
other by a right- or left-handed threefold screw axis (31 or 32). Fig. 2 represents 
schematically the sequence of layers. The cation distribution of layers is 
easily recognizable on the right in the Fig. Here the horizontal lines signify 
the close-packed anionic planes in a projection parallel to the layers -- the 
three different positions of the close-packed anionic planes succeeding each 
other in the manner of cubic close-packing are represented by three different 
notations -- the circles show the notation of the three cation distributions 
following one another between the anionic plane-pairs. In Fig. 2 the basis 
of the three different hexagonal cells is marked and the numbered arrows 
signify the projection perpendicularly to the layers, of the threefold sliding 
direction. The order of slidings is given by the numbers beside the arrows. 
The displacements of the starting layer given here result in a crystal lattice 
of hexagonal symmetry the unit cell of which is identical with that  mentioned 
above. This case is found in the structure of CrC13. 

I f  the subseqnent layers are shifted into each other throughout the 
whole crystal lattice, always in one direction (Fig. 3), and it is taken into 
consideration that  the mentioned displacement of the eationie arrangement 
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l e a d s  a l w a y s  to  a n  a n i o n i c  e n v i r o n m e n t  i d e n t i c a l  w i t h  t h e  f o r m e r ,  t h e n  1/3 

o f  t h e  b o d y  d i a g o n a l  o f  t h e  h e x a g o n a l  cell  t h e  l e n g t h  o f  one d i s p l a c e m e n t  - -  

~~- ~,~~O~~o.~~X ~.- i - - i  -~  

i 
~ ~ ~ s ~ ~  ooo~, .~ 

Fig. 2. Ionie arrangement of CrC13. The right side of Fig. 2 shows the sequenee of the anion 
planes and cation arrangement 

. . . . . . . . .  C" 

0�91 
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Fig. 3. Ionic arrangement of A1CI, perpendicular to the close-packed anion planes. The right 
side of Fig. 3 shows the sequence of the anion planes and cation arrangement 

is  t h e  i d e n t i t y .  Th is  wi l l  be  t h e  r ea l  ax is  c o f  t h e  u n i t  cel l  a n d  i n s t e a d  o f  t h e  

h e x a g o n a l  cel l  we a t t a i n  a m o n o c l i n i c  cell .  Th i s  is t h e  case  w i t h  A1C13. 
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The dimension of the unit cell and the ion coordinates in the latt ice 
deduced in such a way can only be given approximately.  Exact  numericaI 
values of the coordinates have to be determined from reflexion intensities, 
but  this causes no essential change in the lattice structure.  

Mete geometrical considerations lead therefore to the structure of A1CI~~ 
which --  as has been mentioned -- has recently been determined by KETE- 
LAAR [1] on the basis of X-ray diffractions. Accordingly, AI2C16 molecules do 
not exist in the solid phase and this is the reason why it has not been possible 
to gire a convincing proof of the existence of molecules in the solid phase 
even by Raman spectra [3]. 

We are able now to picture the mechanism of the A12C16 molecule for- 
mation which follows when the solid phase ceases to exist. 

When by an increase of temperature solid A1C1 a melts, breakdown of the 
crystal lattice can be imagined in the following way : first the loose bonds 
between the layers are interrupted and afterwards the layers fall apart owing 
to a re-arrangement of the Al ions which takes place within the loosened 
layers from octahedral to tetrahedral  cavities and so A12C1 s molecules ate 
formed. The mechanism of this re-arrangement of cations and the formation 
of molecules is shown in Fig. 4 in which one layer of the A1CI a crystal lat t ice 
is represented schematically in the projection perpendicularly to the layer.  
The Al ions are shifted during the re-arrangement in the direction of the arrows 
into the adjacent tetrahedral  cavities and the formation of A12C16 molecules 
given by  PALMER and ELHOT [2] occurs practically without a change of the  
position of the anions in the layer. The A12Cls molecules formed in the layers 
in this way are in the Fig. separated from each other by dotted lines. It  may  
be imagined that  the layers cease to exist only after the formation of the  
molecules, as soon as the bonding force between them ceases to exist. 

From the fact that  A1C13 is easily sublimable and at a slow precipitation 
small crystal plates appear the conclusion may be drawn that  some insignifi- 
cant bonding force between the molecules must be present, and the layer 
only falls apart when the bonding energy is outbalanced by the heat motion. 
On the other hand, at precipitation with diminuation of the heat motion the 
small forces between the molecules are prevailing and the molecules will 
occupy their places beside each other corresponding to the former layer~. 
And, by  the inversion of the above mechanism the layers will be formed 
during the temperature decreasing when the Al ions are transferred again 
to octahedral cavities. This kind of layers placed one under another leads 

to macroscopic crystalline plates. 
The mechanism given in Fig. 4 is a reversible one, which means tha t  

the mostly ionic bonding of the solid phase occurs prevalently in covalent 
bonds when during the increase of temperature AI~C16 molecules are formed 
and, on the other hand, the prevalently ionic bond returns during the decrease 
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of temperature, when the Al ions occupy again the octahedral cavities. This 
p h e n o m e n o n  is on ly  t h e n  comprehens ib l e ,  i r  we a s sume  t h a t  t he  i n t e r a c t i o n  

wh ich  Al a n d  C1 a t o m s  p roduce  u p o n  each o the r  becomes  a p p a r e n t  i n  t h e  

a l t e r a t i o n  of the  e l ec t ron  c o n f i g u r a t i o n ,  b u t  this  effect  changes  w i t h  the  

i n f l uence  of t e m p e r a t u r e  so t h a t  t he  p a r t i a l  a tomic  b o n d  t u r n s  i n t o  a poor- 

~ . ~ ~  

(....t, ... �9 

f ~ 

Fig. 4. A layer of the crystal lattice of A1C13. The dotted circles represent the cation arrange- 
ment in the crystal lattice ; the circles in full line give the re-arranged cation distribution 
after building A12C16 molecules at the temperature of sublimation. The manner of cation 

re-arrangement is outlined by arrows 

a t o m i c  b o n d  a n d  vice versa .  U n f o r t u n a t e l y  we are n o t  ye t  sure of  t he  ex i s t ence  

of  such  ah effect,  however ,  b y  l a t t i c e - s t r u c t u r a l  cons ide ra t i ons  i t  b e c o m e s  

obv ious  t h a t  fac tors  of  th is  k i n d  are p l a y i n g  a role in  the  f o r m a t i o n  of  l a t t i c e  

g e o m e t r y  a n d  i ts  a h e r a t i o n .  
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0 KPHCTAfl .YIHqECKOI~I  C T P V K T Y P E  AICI3 

1~. IJJAIJJBA PH 

P e 3 m M e  

PeLUeTKa AlCl a Bbme~eHa Ha 0CHOBe KpHcTan~0-1"e0MeTpHqecKHx coo£241 ncxo; l~  
H3 pa3Mep0B 3neMeHTapH0fi ~qe¡  H H3 qbaKTa, qT0 C0r~aCH0 U3MepeHH~M 3~eKTpnqecKo~ np0 -  
B0~HM0CTH, Hp0H3BejleHHbIM BHnbUeM n qb0~FTOM, nMeeTca n HOHHaFI CB~3b. PetueTKa, Bbme- 

~~eHHan 3THM cnoco60M, otr H~leHTHqH0¡ C BbIBe]IeHH0¡ I~eT3Jlap H C0Tp. pemeTtr252 n 
1947 ro~ly. 3T0, Kanr nO~TBepm~iaeT, qT0 B TBep~0¡ qba3e A1C13 HeT Mo3etr AI~CI6, tr 
npe ;~na rann  F e p n n u r  n CMHT, Ha 0CHOBe nccnenoBannf i  cneKT0p0B KOM£ paccen -  
HHn. ~IaHa HarJm~Han KapTnHa MexaHn3Ma n e p e x o a a  pemeTKn B MOneKynbI AI~CI6, x a p a K -  

-xepHsymnme  ~<n;1Kym n n a p o B y ~  Oa3b~. 


