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Single-crystal X-ray precession i>attcrns of several compositi(>ns in the solid solution series 

Cas(Fel-pAlp)s()20 (0 _< p ~ 0.69) 

show thai: the series is not completely isostructural. S.vstematie extinctions <)f X-ray reflections 
indicate that  the space group for compositions with the ratio p -  Al '(Al +Fc)  less than 0.30 is 
l'nma, whero~m the space grou l) for p greater than 0.33 is lmma. The cell constants vary continuously 
throughout the symmetry change. 

The crystal structure determined by Bertau| ,  Bhnn & Sagni~res (1957, 1959) for the iron end- 
member hmn the 8 Fc in two 4-fohl sites, one site octahedrally eoordinated with oxygen and one 
tctrahcdral ly coordinated with oxygen. The layers of octahedra correspond to the space group 
Imma, but  the layers of te t rahedra reduce the symmetry  to ]'nm(i. The substi tution <>f AI for Fe in 
this structure causes the tetrahedral  layer to adjust  gradually to the ]mma sym.neiry.  

St eric e<>nsiderati<)ns and relative intensities of 0~:0 reflecli,)ns for various comi)ositi(ms suggest 
that  the AI aiorns substi tute preferentially for tetrahe(h'ally-coordinatc(t ]:e atoms until about  
half the tetrahedral  cations arc AI. Then ad,titional Al (listributes itself nearly equally between 
the tetrahe(lral and oetahedral sites unt il it sa iuraies  lhe letrahe<tral sites a t  approximately p = 0.69, 
the c<>ml)osition limit for crystallization of this t)hasc from C u e  Fe.,O~ At.=,(), melts. 

In  the  t e rna ry  sys tem CaO-Fe._,()~-AI,oO~ there  exists  
a cont inuous  solid solut ion from the compound  
2CaO. Fee.03 along the  join 2CaO. FezOz-2CaO. qAl.>Oa 
(q = 1"058) to a composi t ion  wi th  the  ra t io  p - -  
A l / ( A l +  Fe) a round  0"69. This solid solut ion has been 
the  subjec t  of several  inves t iga t ions  since Han- 
sen, Brownmil ler  & Bogue (1928) first  found 
4CaO.Ale()a.  Fe2()3, now known as bro~almil ler i te ,  
and  showed the  exis tence of a cont inuous  solid 
solut ion between it and  2CaO.Fc,,O,~. F u r t h e r  s tudies  
in this  sys tem |)y MeMurdie (1937), Yamauchi  (1937), 
Swayzc (1946), Mahluori  & Cirilli (1952), and  Newkirk  
& Thwai tc  (1958) show tha t  the sol|(1 so lu t ioa  com- 
posi t ion with  the  nmximum almnim~ content  is ap- 
p rox ima te ly  6"SCaO.2"3Al.,Oa. Feo_Ou. Toropov & Boi- 
kova  (1955, 1956) suggest  tha t  this composi t ion m a y  
|)e closer to 8Ca().  3A12()3. Fe.:,()3, hut  o ther  researchers  
have not  verif ied this extens ion of the  series. 

X- ray  c rys ta l lographic  s tudies  of these calcium 
alumim)ferr i tc  solid solut ions wcrc first made  by  
Biissem (1937, 1.(t38). They  es tabl i shed  t h a i  the  crys- 
ta ls  of 4CaO.Al.:,O3.Fe.:,O.~ were o r thorhombic  with 
1he p robab le  space group Imma. Biissem pos tu la t ed  
a s t ruc ture  for brownmil lcr i tc  consist ing <)f t c t ragona l  
layers of A l e ,  oc tahedra  a l t e rna t ing  with orth<)rhombic 
layers of FcOa te t rahedra .  The calcium ions b<)ud the  
layers. Cirilli & Burdesc (1951) and  Malquori  & Cirilli 
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(1952) agreed with Imma as the probable  space group 
for tile ent ire  solid solut ion series and  added  suppor t  
to a s t ruc ture  bas ica l ly  as proposed  by  Biissem (1!}38), 
bu t  with the  Al a toms  subs t i tu ted  r a n d o m l y  for Fe  
in both t e t r ahcdra l  and  oc tahedra l  sites. The m~it-cell 
formula  in e i ther  case is Cas(Fel-vAlv)802,,. 

Dur ing  the  first  complete  de t e rmina t ion  of the  
crys ta l  s t ruc tu re  of a member  of the  solid solut ion 
series, Bcr tau t ,  Blum & Sagni~res (1957, 195.(}) 
es tabl i shed  t h a t  the  t rue  space group for the  
CasFesO_~0 end-member  is Pnma. Their  final s t ruc ture  
is ve ry  s imilar  to the  one proposed  by  Biissem (1937, 
1.()381. Because the  X- ray  pa t t e rns  indica t ing  Pnn~a 
s y m m e t r y  show weak reflections where a|)sences would 
occur if the  space group were Imma, they  assumed 
these weak reflections had  bccn missed in the  earl ier  
inves t iga t ions  and  t ha t  the  space group Puma was 
val id  for the  solid solut ion series. Based on this 
assuml)t iou,  t hey  list a tomic  coordinates  for brown- 
mil lcr i te  with the  A[ replacing the  te t rahedral l ) :  co- 
o rd ina ted  Fc. The present  inves t iga t ion  establish(.s 
t ha t  the  space group for l)rownmillcri tc is ]mma while 
tha t  of CasFes020 is def ini te ly  Puma, and, therefore,  
the two composi t ions  are not  comple te ly  i sos t ructura l .  

Malquori  & Cirilli (1952) and  Midglcy (1952, 1957, 
1958) have shown I)y X - r a y  powder  diffracti<m studies  
tha t  the  uni t  cell constants  w~ry cont immusly  with 
conq)ositiou, and  suggest t ha t  cell constants  as deter-  
mined  by  X - r a y  di f f ract ion be used as a means for 
de te rmin ing  the  AI,_,03 Fe.~0:3 ra t io  of the  alum|m)- 
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ferrite phase in por t l and  cement. This technique is 
now being used quite successfully (Copeland et al., 
1959). Malquori & Cirilli (1952) and Midgley (1952, 
1957, 1958)* show graphs for in terp lanar  spacings of 
powder lines as a funct ion of composition, not  all 
of which are linear. The curves for unit-cell dimensions 
as a funct ion of composit ion show in some eases a 
change of slope around the rat io p=0 .33 .  Recently,  
Newkirk & Thwaite  (1958) have shown tha t  there is 
a t  least a slight change of slope in the curves of all 
three unit-cell  constants  at  a rat io p very close to 0"33. 
Hansen, Brownmil ler  & Bogue (1928) have shown 
curves of optical indices of refract ion plot ted  with 
respect to composit ion wi th  a marked  change in 
curvature  around p=0 .25 .  The birefringenee, which 
is 0"()9 at  p = 0 " 0  and 0.07 at  p = 0 . 5 ,  has a mi tdmum 
of 0-02 at  this composition. 

X - r a y  d a t a  on the  so l id  s o l u t i o n  

As par t  of an invest igat ion to determine the na ture  
()f the a luminum subst i tu t ion  for iron in the solid 
solution, single crystals of several compositions were 
grown from melts. About  0.2 g. of mater ia l  of the 
desired composit ion was sealed in a p la t inum capsule. 
Several of these capsules were hung in a vertical  tube 
furnace and cooled at  the rate  of one degree per day, 
s tar t ing above the liquidus temperature .  When the 
tempera ture  fell below the solidus, the capsules were 
removed from the furnace. Prismatic  crystals up to 
1 x l x 2 ram. in size were obtained.  Sharp peaks in 
the X-ray powdcr pa t terns  of the crystallized materials 
indicate t ha t  no significant composit ional zoning is 
present.  Thus i t  may  be assumed t h a t  the composit ion 
of individual  crystals is the same as the bulk composi- 
t ion of the materials  from which they  were grown. 

Powder diffraction pa t te rns  using diffractometer  
techniques were made of all the samples using a 
single lot of Ag powder as the internal  s tandard.  
Fig. 1 shows the var ia t ions  with composit ion of the 
uni t  cell dimensions and the in terp lanar  spacings of 
two impor tan t  lines. The 141 spacing and the a axis 
(as determined from the 200 line) show linear relation- 
ships. 

The b axis (from 080) changes continuously but  with 
a dis t inct  change in slope around p = 0 . 3 3  as men- 
t ioned previously.  The c axis (from 002) and the 202 
spacing show non-linear changes also, with a curvature  
opposite to t ha t  found for the b axis. 

X-ray precession pa t te rns  of the hkO, hO1, and Okl 
zones were obtained with Zr-filtered Me K~ radia t ion 
().=0.711 A) from single crystals with p=0 .00 ,  0.06, 

* Malquori & Cirilli (1952) and Midgley (1952, 1957, 1958) 
have erroneous!y indexed the strongest line of the powder 
diffraction patterns as 200 instead of 141. Indexed patterns 
for CasFesO20 and the brown millerite composition are given 
by Bertaut, Blum & Sagni6res (1959) with the exception that 
they have interehanged the a and c axes from the usual orien- 
tation. An indexed pattern of CasF%O20 is given in the 
Appendix. 

0.26, 0.30, 0.33, 0"50, and 0.67. Crystals with a rat io p 
equal to and greater t han  0.33 showed the systematic  
absences h/c0 when h = 2 n +  l or / c = 2 n +  1, hOl when 
h + 1 = 2n + l, and Okl when k + 1 = 2n + 1. Upper level 
pa t te rns  verify tha t  extinct ions occur for hkl when 
h + k + 1 = 2n + 1. These extinct ions are characterist ic 
of the space group Imma or Im2a. Crystals with p 
less t ha n  0.33 showed only the extinct ions h/c0 when 
h = 2n + 1 and Okl when k + l =  2n + l,  corresponding 
to the space group Pnma or Pn21a. As p increases 
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Fig. l. Variation of eell constants and interplanar spacings 
with composition. The lines drawn for 14[ and 202 are 
calculated from the %, b0, and c o curves. The dotted portion 
indicates the sample used showed slight, traces of a second 
phase. 
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Fig. 2. The decrease of intensity for hOl reflections with 
h+l=2n+ 1 with inereasing A1 content. The reflection 103 
is used as a reference. 
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Fig. 3. Stereoscot)ic pair showing half the unit cell in the structure of CasFesO20 as determined by Bertaut, Blunl & SagniSre,q 
(1959) viewed approximately along the b axis. The atoms connected by the lighter lines indicate the proposed structural 
change when p_>0.33. The partial outline of the unit cell is shown: the a axis is vertical, the b axis is toward the back of the 
drawing, and the c axis slopes down to the right. The Fe and AI sites are shown as small circles, the oxygen sites as large 
circles, and the Ca sites as intermediate size circles without bonds. 

from zero to 0"33, the relative intensities of the 
reflections permi t ted  by P r i m a  or Pn21a  but  forbidden 
by I m m a  or I m 2 a  (hk0, k = 2n + 1 ; hO1, h + 1 = 2n  + l) 
decrease with respect to the other intensities in the 
respective zones. Fig. 2 i l lustrates graphical ly the 
change of relative intensities (measured by simple 
pho tomet ry  of the precession pat terns)  for several 
reflections in the bO1 zone, using the intensi ty of (103) 
as reference because its intensi ty  is about  the same as 
the observed reflections with h + 1 = 2n + l. The com- 
position range in which the space group changes 
corresponds with the change in slope of the unit-cell 
constants  shown in Fig. 1. 

Because the composition of the solid solution in 
equilibrium with a melt changes with tempera ture ,  
compositional zoning in the crystals might  be ex- 
pected. Such zoning, if present, would produce X - r a y  
pa t te rns  with the spots markedly  elongated because 
of the var ia t ion of unit  cell with changing composition. 
The reflections most  affected would be those a t  high 
angles. For precession pa t te rns  the relative change in 
spacing D, for a given relative change in the distance 
r from the center of the pa t t e rn  to the corresponding 
reflection is 

d D / D  = - dr/r  . 

For a crystal  with p = 0-33 the diameter  of the 0.20-(} 
spot is about  0.3 ram., approx imate ly  the same as 
for all other reflections on the pat tern .  For this reflec- 
tion r=58-5  ram. Assuming tha t  the spot m a y  bc 
elongated 0.1 ram. 

d D / D  = - 0.0017 . 

Thus the b axis m a y  v a r y  by  an amount  which, 
according to Fig. 1, corresponds to a compositional 
change of 5 reel.%. Thus even if this much elongation 
is present, the composition variable p depar ts  from the 

" . ~  O/ average no more than  _+ 2 ,)/o within the crystal.  

The actual  change of space group in this solid 
solution series is not discontinuous. The cell constants  
va ry  continuously with composition, and the inten- 
sities of sensitive reflections, in Fig. 2, approach 
extinction with a slope tha t  is either zero or slightly 
positive a t  the phase change. F rom the present  da ta  
it is not possible to s tate  precisely the value of p 
at  which this phase change occurs, but  this value is 
apparen t ly  between 0.30 and 0.33. 

Structural changes with composition 

The crystal  s t ructure  determined by Ber taut ,  Blum & 
Sagnibres (1957, 1959) for the iron end-member  is 
shown as a stereoscopic pair in Fig. 3. I t  consists of 
a network of layers of FeO6 octahedra a l ternat ing with 
layers of FeO4 te t rahedra  with the Ca atoms located 
interst i t ial ly between the layers. The lat ter  layers 
consist of ilffinite chains of t e t rahedra  running parallel 
on the average to the a axis but  somewhat  buckled 
in the ac plane by compression along the chain direc- 
tion. The octahedral  layers have the I m m a  sym- 
met ry ;  it is slight deviations from the ideal h n m a  
positions in the te t rahedra l  layer and for the Ca 
positions, which reduce the s y m m e t r y  to P n m a .  
Thus the subst i tut ion of AI for Fe must  cause s t rut-  
tural  changes in the te t rahedra l  layer. 

In the CasFesO_oo s t ructure  the 8Fe atoms are in 
two 4-fold positions, the 8Ca atoms in the general 
8-fold position, and the 20 oxygen atoms in two 
8-fold positions and one 4-fold position. Table 1 gives 
the atomic coordinates as determined by Ber taut ,  
Blum & Sagnibres. The only other composition in the 
series which is rigorously assignable to these positions 
is brownmillerite, in which 4A1 could occupy one of 
the 4-fold Fe positions. Other compositions would 
require either some type of superlatt ice or a statistical 
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dis t r ibut ion of the subst i tut ing ions. No evidence was 
found on any  of the X-ray  pat terns  for a superlatt ice 
in any  of the solid solutions. Crystals of all other 
compositions must  therefore have a statist ical  distribu- 
t ion of the Fe and Al atoms. Table 2 shows the Pnma 
positions and the most logical corresponding Imma 
positions and coordinates as given in the International 
Tables for X-ray Crystallography (1952). 

Table  l .  Atomic coordinates for the CasFesO20 end- 
member as determined by Bertaut, Blum & Sagni~res 

(1959) 

x y z 

Fei  in 4(a) 0.000 0.000 0.000 
FeII in 4(c) -- 0.055 0.250 -- 0.072 
Ca in 8(d) 0.480 0.112 0.028 
Oi in 8(d) 0.250 --0-015 0.250 
Oil in 8(d) 0.000 0-133 0.055 
OiII in 4(c) 0.607 0.250 --0.137 

Table 2. Probable corresponding equivalent positions 
Jbr the atoms in the space groups Pnma and Imma 

P n m a  I m n m  
AI/(AI + Fe) < 0"33 A1/(A1 + Fe) > 0.30 

Fe[ 4(a) 4(a) 

Fell(A1) 4(c) 4@) 
Ca 8(d) 8(1~) 
O I 8(d) S(g) 
OII 8(d) 8(h) 
Oin 4(c) 4(d) 

Several possibilities exist for the A1 substi tut ion.  
The A1 atoms m a y  replace the Fe atoms randomly,  
or they  m a y  subst i tute  in the octahedral  or te t rahedral  
sites preferentially.  B e c a u s e  the subst i tut ion must  
par t icular ly  affect the te t rahedral  layer, the random 
subst i tut ion is considered unlikely, as it would cause 
the structure to shrink uniformly with lit t le reason 
for a s y m m e t r y  change. If the AI replaced the octa- 
hedral ly-eoordinated Fe, the octahedral  layer should 
contract,  and the shortening of the a repeat  distance 
would cause the te t rahedral  chains to buckle even 
more than  they  a l ready have. Again no s y m m e t r y  
change would take place. However, if the te t rahedral  
Fe is replaced by AI, the te t rahedra  will shrink with 
respect to the octahedral  layer, and the chain can 
s t ra ighten to produce the higher Imma symmetry .  
The non-l inear i ty  of the optical constants with respect 
to composition also supports the belief tha t  random 
subst i tut ion is unlikelv. 

The relat ionship of the two structures is shown in 
the stereoscopic pair in Fig. 3. The environment  of 
oxygen atoms around the Ca becomes more sym- 
metrical  and the Ca atoms shifts onto the newly 
created mirror plane. The Fe,~ position must  shift 
by 0-30 A, the O,n  by  0.58 +~, and the Ca by 0-11 ~&. 

The ratio of AI to Fe at the change of space groups 
is approximate ly  one to three. If all the A1 is in the 
te t rahedral  sites, the ratio of te t rahedral  A1 to tetra- 
hedral Fe is one to one. The AI might  be expected to 
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occupy al ternate sites along the chain since this 
configuration might  lead to a low potential  energy. 
Such a regular dis t r ibut ion would change the crystal 
symmet ry  to Pmmb or Irnm2, neither of which is 
allowed by the observed X-ray  reflections. Because 
the allowable non-centrosymmetr ie  space group, 
Im2a, cannot be developed from the Ber taut  structure 
by systematic  subst i tut ion of AI, it  appears tha t  the 
space group should be the centrosymmetr ic  Imma. 
If the chains consisted of short portions of a l ternat ing 
Fe and A1 te t rahedra  occasionally shifted in phase by 
mistakes in the order, or if well-ordered individual  
chains were randomly  placed with respect to each 
other, the short range order would not be detected in 
the present study. 

Fur ther  support  for the preferential  A1 subst i tut ion 
in the te t rahedral  layers m a y  be found in the relative 
intensities of the 0k0 reflections. These reflections are 
not affected by the x and z coordinates of the atoms, 
and if the postulated structural  changes are correct, 
the y coordinates will not be changed significantly. 
Hence, the 0k0 intensities are functions of the relative 
amounts  of A1 and Fe. Fig. 4 represents the intensities 
for the 0k0 reflections assuming the A1 replaces the 
te t rahedral  Fe unti l  all te t rahedral  sites are sub- 
sti tuted. The reflections with k = 4 n  are insensitive 
to dis t r ibut ion of AI since the contr ibution from both 
sites is positive, and a continuous decrease in absolute 
in tens i ty  occurs with increasing A1 content. 

4°°r---36o ~ 1 5 0 0  

320 ~ ~ - ~ - ~ ' -  1 ooo& 
l . . ~ -  T M  

280 " 
~1 ~, 

240 =" 

° = ~ - - ~ 4 o ~ ' ~ o  o.~o o.'1o 6 
AI 

~=AI+Fe 
Fig. 4. Calculated intensities for 0/~'0 reflections assuming the 

AI subst i tu t ion  is tetra}ledl'al for I1<0.5 and octahedral  
for p > 0.5. 

The intensities of the 0k0 reflections with k = 4 n + 2  
are sensitive to the dis t r ibut ion of the A1 and Fe 
atoms because the structure ampli tudes of the two 
sites are opposite m sign. For the reflections 020, 
0.10.0, and 0.18.0 the structure factor is positive and 
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increases if the A1 goes int.() tetrahedral sites. Oeta- 
hedral substitution on the other hand would cause a 
decrease in these intensities. The structure factors for 
060 and 0.14.0 are both negative for the iron end- 
member; therefore, their intensities would decrease 
with tetrahedral substitution or inerease with octa- 
hedral substitution. The 060 intensity is so low that 
the sign of its structure factor eventually reverses. 
Substitution of equal amounts of A1 in both tetra hedral 
and oetahedral sites would cause no change in the 
intensities of the 0k0 reflections with k = 4 n + 2 .  

J 

ff 

8 ~ 

. . . . . . .  9-1_o-o_ . . . . . . . . .  

o : F o - - - ~ : ~ - - - o . s o  . . . .  . . . . .  0?4; 0.'3o o:2o o.~o - - - - - ~ -  ~ ~ ' ' ' 6 
AI 

~ = A-i'g'rie 

Fig. 5. Approximate obserw~d intensities for 0k0 reflections. 
The intensities were estimate(1 by order of magnitude, but 
not nle~u~urc(~i by means of a S(ql[e. 

The estimated relative intensity variations with 
composition arc shown in Fig. 5. The relative intensity 
changes for low AI content appear to folh)w the curves 
for purely tetrahedral substitution. With increasing 
A1 content the curves dcviate from the preferential 
substitution curves, and for p greater than about 0.3 
the)" suggest a nearly equal distribution between the 
two sites. Most indicative of this change to equal 
substitution is the relationship of 0.14.0 to 0.18-0. 
These two intensities approach each other in nmgni- 
tudc but do not become equal until the ratio p is 
greater than 0.5. 

The relative intensities of the 0k0 reflections with 
/c=4n +2  suggest that the first A[ sul)stitutes prefer- 
entially for the tetrahedrally coordinated Ft. As this 
site approaches half saturation, an increasing propor- 
tion of the AI apparently substitutes for the octahedral 
Fe. Around the comt)osition corresponding to the 
phase change, the number of AI atoms entering the 
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oetahedral sites is nearly the same as the numl)er 
entering tetrahedral sites. The nearly horizontal l)ut 
slightly converging lines for the 0.14.0 and 0.18-U 
intensities in Fig. 5 indieates that the tetrahedral 
sites are still slight ly preferred by the AI. The A] limit 
of the solid solution m a y  eorrespond to the com- 
position at which the tetrahedral sites become satu- 
rated with AI. Any further addition of A1 would have 
to go eomI)letely into the oetahedral sites, which may 
produce an unstable structure and thus limit the solid 
solution. 

If the A1 substitution does follow the above pattern, 
the Fe and A1 atoms for the composition referred to 
as })rownmillerite, CasFe4Al4020, are not distributed 
in separate crystallographic sites. Apt)roximately one- 
fou,'th of the octahedral sites and. three-fourths of 
the tetrahedral sites should contain AI. Swayze (1946) 
determined the solidus-liquidus phase relations fi)r the 
solid solution and showed that the brownmillerite 
eonq)osition melts over a range in temt)erature with 
a change in composition of the solid phase. Although 
a composition within the solid solution range near 
brownmillcrite acts as a distinct phase in the ternar.v 
system CaO-Al,,O:,-Fc2Oa, the specific eomposilion 
4CaO.AI,,O3.Fe,,Oa probably is not a defnfitc eom- 
I)ound. 

Conc lus ions  

In sunmmry the important resulis of this investigat ion 
are : 

1. The solid solutionCas(Fez-~Alp)sO,,0(0 ~ p ~ 0.69) 
is not isostruetural throughout the eniire composi- 
tion range. 

2. The en(t-mcmber CasFesO,_,0 has the space group 
Prima. The solid solution exhibits a higher-order 
phase change to the space group . lmma when |he 
ratio p -= A l ( A l + F e )  increases beyond 0-33. 

3. The AI atoms substitute in the tctrahedral sites 
first. The tctrahcdra contract with respect to the 
octahedral layer, and rotate into a position that 
conforms to i m m a  symmetry. Thc rotation of 
tetrahedra also results in a shift of the Ca atoms 
to conform with Imma  symmetry. 

4. Any A1 atoms substituting into the struclure with 
p greater than 0"33 are distributed nearly equally 
I)etwecn the octahedral and tctrahedral sites. 

5. The composition 4CaO. Al,,Oa. Fee03 is not a distinct 
compound. The AI atoms are substituting for about 
one-fourth of the octahcdrally-coordinated Fc and 
about three-fourths of the tctrahedrally-coordi- 
hated Fe. 

A P P E N D I X  
Index ing  of the p o w d e r  pattern of CasFesOz0 

To resolve the confusion in the literature on the 
indexing of the X-ray powder patterns for the compo- 
sitions Ca~(FeL-vAIv)sO,~0, the i)atlern of the CasFesO.,0 
eud-memt)er is given in Table 3, indexed on the basis 
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Table 3. Measured and calculated spacings for CasFes020 
Space group Prima 

This paper  

Indices  d(calculated) "d(measurcd) / ( p e a k  height i 

020 7.380 A 7.418 A 10 
0 l 1 5.233 5-242 4 
101 3.896 3.898 l0 

03 ! 3.695 ~ 3.696 24 
040 3.690 
131 3.054 3.056 8 
002 2-798 2.799 63 
200 2.714 2.714 48 
141 2.679 2.680 100 
051 2.610 2.609 14 

060 2-460 ~ 2.456 3 
112 2-452 
122 2.357 I 2.356 5 
151 2.352 
231 2.187 ~ 2.189 9 
240 2.186 
161 2.080 2.082 23 
202 1.948 1 .!)49 42 
152 1.902 1-903 4 
222 1"884 ] 1"884 8 
251 1"882 
062 1"847 I 1"847 o.~ 
080  1.845 j - "  
033 1.744 1.746 9 
181 1"667 ~ 1"669 5 
270 1"665 J 
252 1"626 [ 1.626 7 
331 1"625 J 
172 1.608 1.609 3 
143 1-592 1.593 15 
053 1.577 1.578 6 
341 1.560 ] .561 ] 8 
082 1.540 1-541 8 
262 1.527 ~. 1-527 10 
280 1.526 
322 1-488 ~ 1.488 5 
351 1.487 
233 1.467 1.468 7 
163 1-434 ] 1.434 5 
272 1-431 
361 1-410 1-411 7 
004 1.399 ] -400 2 

1,10,1 1.380 1.381 2 
024 1.375 1.375 4 
253 1-363 1.364 3 
400 1.357 1.357 4 
352 1.351 } 
410 1"351 1"350 2 
114 1-349 
282 1.340 1"341 10 

Midgley (1957) 
^ 

d(measurcd)  / ( p e a k  height) 

7-36 A 4 
5-23 1 
3.88 2 

3.68 4 

3.05 2 
2.78 7 
2.71 6 
2.67 l0 
2.60 2 

2.35 1 

2.20 1 
2.18 3 
2.07 5 
1.94 7 
1.90 ] 

1.SS 2 

l "84 4 

1 .74  3 

1 .66 1 

] .62 2 

1.59 4 

1.55 4 
1 "54 | 

1"52 2 

1-48 l 

] .46 1 

1.43 1 

1.38 1 

1-36 1 

1"34 4 

of the unit cell discussed in this paper. The spacings 
of all lines permitted by the space group were cal- 
culated. Those corresponding to the observed lines 
are compared in the table with values reported by 
Midgley (1957) and the diffractometer measurements 
of the author. 

The author would like to thank Dr Fred 0rdway 
for his many helpful discussions during this work. 
Thanks are also due to Mr Michael Grasso and Mr 
Robert Thwaite for the preparation of the mixes used 
in this investigation and the collection of data for 
Fig. 1. 
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Structure of Mesomorphic  Phases  

BY A. J. MABIS 

The Procter & G'amble Company, Miami  Valley Laboratories, Cincinnati 39, Ohio, U.S...I.  

(Rcceired 10 July 1961) 

The elassifi(:ation sehe, me of 7tlermann (1931) for mesomorphic phases ha.s been exlended t)y illustra- 
lions of tim possible struetui'es in both real and roeiproeal space. 'l 'he X-ray diffraction pat terns 
most likely to be obtained for monochromatic radiation are also illustrated, for both 'l)owder ' and 
"single-crystal' tyt)e specimens. By (,omparing observed diffraction pat terns of mesomort)hie l)ha~ses 
with those l)redicted, it is possibh,, in some eases at least, to identify the structure type. Several 
examples of surfimtant-watm' compositions illustrate some of the unusual diffra(:lion pat terns that 
are obtained, and the use of such information to indicate the structure of the t)hase. 

I n t r o d u c t i o n  

Mesomorphie or l iquid-crystMline phases are observcd 
far a number  of asymnmtrie,  a l ly  shaped  molecules. 
Classical cxami)lcs include molecules like ammonium 
olc`%te, p-azoxyanisole ,  and  polymer ic  tungs t ic  acid  
(Brown & Shaw, 1957). Of more pract ica l  impor tance  
are  the  mcsomorphic  phases observed with surfae tants ,  
polymers ,  l ipids (e.g. t r iglyccrides) ,  and  other  bioh)gical 
systems.  The stu(ty of the s t ruc tu re  of such phases 
is f`%eilitatcd by  a scheme for descr ip t ive  classification. 
H e r m a n n  (1931) proposed  a classif icat ion which does 
not appea r  to have received much a t ten t ion ,  `%lthough 
Bernal  & F a n k u c h e n  (1941) refer to the scheme in 
thei r  p lan t  virus work. By the  app l i ca t ion  of group 
theory  an(1 several  assumt)t ions , H e r m a n n  der ived  
eighteen s t ruc tures  between classical amorphous  a t  
one end of the scale `%nd ,% well or(lered three-d imen-  
sional c rys ta l  at  the o ther  end. I t  is the  t)urt)ose of 
this  paper  to ampl i fy  HermamVs descr ipt ion,  pitt'- 
tieul`%rly with the use of i l lus t ra t ions ,  to point  out  
the (l iffraelion t )a t terns  to be exl)eeled , and  lo show 
sonic examples  of mesomorphie  l)hases wllosc diffrae- 
l ion pa t t e rn s  have unique features  exlflained by this 
classif icat ion scheme. 

A s s u m p t i o n s  and d e f i n i t i o n s  

The reader  is referred to Hermann ' s  original descrip- 
t ion flw the  deta i ls  of his der ivat ion.  Several  t rans la-  
l ion opera t ions  are defined there,  which are means 

of bringing into congruence ' s ta t i s t ica l ly ,  t rans la-  
t i (mal ly  e q u i w d e m '  molecules or units  of s t ructure .  
The t rairs lat ion opera t ions  are briefly smnmar ized  
here, with H e r m a n n ' s  syml)ols re ta ined.  

A "stat is t ical '  t rans la t ion ,  syml)ol S, is one in which 
the ends of the t rans la t ion  vectors  fill space with 
uniform densi ty .  The t r ans la t ion  from molecule to 
molecule in a gas is an example .  

A 'recit)roeal '  t rans la t ion ,  symbol  R, is one for whi(.h 
the  locus of the  ends of tile t rans la t ion  vectors is %̀ 
set of parMlel equal ly  spaced planes. 

Ill a 'd i rec t '  t rans la t ion ,  symbol  D, the  c(tuivalent 
s t ructu, 'a l  units are equal ly  st)aeed ahmg paral lel  
s t ra igh t  lines. 

'Pseudo-d i rec t '  t rans la t ions ,  symbols  P..,, PI, an(1 P0, 
are also defined, whieh are / ) - t rans la t ions  with two, 
one or zero degrees of freedom allowed for the  diree- 
l ions of the D-t ransht t ion .  The su})scripts in(tieate the  
nullal)er of degrees of freedom. 

These t ransla t  ion types  are t aken  ill groups of three,  
one each for three  indcpen(lent  direct ions in space, 
to der ive possihle s t ructures .  Not every  l)ossil)le eom- 
t)ination of the  nine symbols  leads to a unique struc- 
ture.  Some combinat ions  are redundan t ,  and  may  he 
omi l ted .  Foul: assumpt ions  (Hermann,  1t131), based 
on logical physical  behavior  of nlolecules, allow the 
reject ion of several  addi t iona l  combinat ions .  The fi)ur 
aSSlllnptiollS al'e 


