
,q [ . r I I ,qTITITTION O F  A L I J M I N U . M  F O I l  I R O N  IX I ) I ( ' A L ( ' I t : M  FI,:IIRITI.: 

Intermltimml 7"ablcs for X.ray Crystallography (1952). 
Vol. I. 1.~;ii'mingham: Kync)(.h Press. 

:~[ollrrnDm. 14. P. (10.~7)..I. I?,,.~,..Vat. R,,'. N/,,mt. Ig. 
475. (R. P. 9,~7.) 

.~IAI.QI;ORI. (;. L. & (~IRILLI, V. (19521. l'roc, l~dvr~tatim~al 
?~'ympo.s.ium ,m the ('l,~mi.stry of ('~ mcm, p. 120. Lond(m. 

.'~III)('LEY, ]1. (.1. (1.1t521. I'roc. l~drr,atiomd SYmlU;,ium o~ 
the ('bcmlstry of Cement, p. 140. l,ontt(m. 

MtDCL~.:Y, 1t. G. (1957). May. ('o,crete t&s. 9. 17. 

3,[ll),:.;l,EV, H. O. (11.1581. Maq. ('omrr~,te Res. 10, 13. 
NEWKIRK, T. l". & "I'ItXVAVI'E, R. 11. (1958)..1. l&.~. 3",tl. 

]hlr. ,Vla,Ht. 61. o:1:1. (l/. P. 2900.) 
NWA','ZE, 3I. A. (1946). Amcr. J. Sol. 244. 65. 
' l 'onopov, X. A. & BOIKOVA. A. ]. (19551. Bull. Acad. S,';. 

l'.?~'.S.R, l)iv. ('h~m. ?¢ci., i ). S87. 
Toltopov, N. A. & l~,()lKOVh, A. 1. 11956). Z. m'org, khi,,ii .  

1. 2106. 
YAMAIYt'H[, T. (1.q371. J. Japan, ('cram. ?;oc. 45. S80. 

.,t('t~t Cry.st. (1!162). 15, 1152 

Structure of Mesomorphic  Phases  
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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 
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(1) Substances containing only one kind of molecule 
are considered. 

(2) The molecules, as well as polymeric groups of 
them, are equivalent,  and in part icular ,  geomet- 
rically congruent. 

(3) When molecular centers are h)cated on families 
of planes or along straight  lines, the p lanar  or 
linear density is the same on all planes or lines. 

(4) The molecules are inpenetrable.  Molecular centers 
of gravi ty  must  therefore have a finite m i n i m u m  
separation, and possible planes or chains cannot 
intersect or arbi t rar i ly  approach each other. 

Furthermore,  the choice of the t ranslat ion types in 
two directions may  dictate the possibilitics for the 
third. 

Table 1. H e r m a n n ' s  t r a n s l a t i o n  t y p e s  

Symbol Hermann no. Fig. no. 

S S S  1 (amorphous) 
S S R  2 1 
S S D  3 2 
S S P  2 3a 3 
S S P  1 3b 4 
S S P  o 3c 5 
S S ( R D )  4 6 
S S ( R P I )  4a 7 
SS (RPo)  4b 8 
_R1)S 5 9 
R P I S  5a 10 
R P o S  5b 11 
R R D  6 12 
D D R  7 13 
DPoR  7a 14 
P1PoR 7b - -  
PoPo R 7c - -  
D R ( R D )  8 - -  
DR(R1)o) 8a --- 
(RD) (RD) (RD )  9 (crystal) 

There results a group of twenty  possible t ranslat ion 
types, enumera ted  in Table 1. The first of these, S S S ,  

is the t ru ly  amorphous structure,  and will not be 
dealt  with further.  The last, ( R D ) ( R D ) ( R D ) ,  is a 
three-dimensiofial crystal lattice, and will likewise be 
ignored in this discussion. Furthermore,  several of the 
types m a y  be t reated better as disordered crystal 
lattices, ra ther  t han  as highly  ordered mesomorphic 
structures. For this reason they  have not been illus- 
trated,  but  arc ment ioned in the discussion to follow. 

I l lustrat ions 

The drawings (Figs. 1-14) each have three parts.  
First  is an i l lustrat ion of the structure in rcal space. 
Blue balls are used to indicate molecular centers. 
No implications are made about  the actual  molecular 
shape, except tha t  an asymmetr ic  molecule is nor- 
mal ly  expected. The arrangement  of molecular centers 
in planes ('reciprocal' t ranslat ion) or along lines 
( 'direct '  or 'pseudo direct '  translations) are indicated 
t)y shaded planes and straight  lines. 

The second par t  of each drawing is an i l lustrat ion 

of reciprocal space. Actually, only the geometrical 
features of reciprocal space are considered, since the 
absence of assumptions about the shape and constitu- 
t ion of molcculcs leads to ignorance about  the structure 
factors which in any  actual case will modify the 
in tens i ty  dis t r ibut ion in reciprocal space. In  some 
examples the zero-order reciprocal lattice features 
have been omitted. 

The third part  of the diagram indicates one or more 
of the diffraction pat tcrn  types to be expected, h i  
deriving the expected diffraction pat terns two kinds 
of specimen are considered. By analogy with diffraction 
1)y crystal latticcs, these are called 'powder'  and 
'single crystal. '  By the first of these terms is meant 
a sample consisting of m a n y  small regions, each region 
being a homogeneous volume of the structure type 
under considcration, but  with the regions randomly  
oriented. By  'single crystal '  is meant  a specimen in 
which the structure is oriented in the same way 
throughout.  O1)viously, intermediate  orientations are 
being ignored, but  the expected diffraction pat terns 
m a y  be easily derived from the reciprocal space 
illustrations. The si tuation is part ia l ly  covered since 
both rotat ion and s ta t ionary 'single-crystal '  pat terns 
are discussed. Only those diffraction effects fl'om 
monochromatic  radiat ion have been considered. Laue 
pat terns  have been discussed to some degree by 
H e r m a n n  (1931). 

Descript ion of s tructures  

S S R  (Fig. 1). Molecular centers are located on a set 
of parallel, equally-spaced planes, with the packing 
in the planes completely random, and no a l ignment  
from plane to plane. The reciprocal lattice consists 
of a single row of equally-spaced points, normal to 
the real-space planes. Three possible diffraction pat- 
terns are i l lustrated. Left to r ight  they  represent 
(1) the 'powder'  pat tern,  (2) a rotat ion 'single-crystal '  
pa t te rn  with the rotation axis perpendicular  to the 
reciprocal lattice point row, and (3) a rotation 'single- 
crystal '  pa t tern  with the rotation axis inclined at an 
acute angle to the reciprocal lattice point row. An 
example of the second of these pat terns is shown in 
Fig. 18 and discussed below. 

S S D  (Fig. 2). Molecular centers are spaced at equal 
intervals along straight  parallel lines. The side packing 
of the lines is random, and the parallel displacement 
of lines is random. The reciprocal lattice consists of 
one set of parallel equally-spaced planes. A rotation 
'single-crystal '  diffraction pat tern  is i l lustrated on the 
left, with the rotat ion axis parallel to the real space 
lines. Note tha t  continuous layer lines will result. 
A 'powder'  diffraction pat tern  has a unique asvm- 
metric line shape, sharp on the h)w angle side, illus- 
t ra ted as a diffractometer tracing on the right. This 
line shape occurs for a number  of the structures,  
and is a result  of a tangential  orientat ion of phmes 
in reciprocal space. Examples,  with addit ional features, 
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are shown in Figs. 15 and 16, and are discussed below. 
SSP2 (Fig. 3). Molecular centers are again equal ly 

spaced along straight  lines, but  the two degrees of 
freedom allow the lines to take all directions. For 
each line, there is in reciprocal space a set of parallel  
planes. The whole reciprocal lattice consists of such 
sets of planes randomly  oriented, but  spaced at regular 
and  equal intervals from the origin. They are therefore 
tangent  to a set of concentric spheres (illustrated) 
whose radii  are mult iples of the reciprocal spacing. 
The diffraction pat terns  for both the 'powder'  and 
'single-crystal '  cases are alike, and consist of asym- 
metr ic  lines, whose d values are equal to and sub- 
mult iples  of the distance between molecular centers. 

SSP1 (Fig. 4). The molecular centers are again 
equal ly  spaced along s t ra ight  lines. The one degree 
of freedom restricts the line orientation to the surface 
of circular cones. The reciprocal lattice consists of 
planes spaced at regular intervals  from the origin, 
but l imited in orientat ion to being tangent  to sets of 
coaxial cones. In  a special case the real space cone 
degenerates to a plane, and the corresponding recip- 
rocal latt ice is a set of coaxial cylinders. 'Single-crystal '  
diffraction pat terns  are i l lustrated on the left for the 
case of the incident  radiat ion parallel to the cone axis, 
and  in the center for a random arrangement.  The 
'powder'  pa t te rn  will have asymmetr ica l ly  shaped 
lines, just  as in the SSP.z case. 

SSPo (Fig. 5). The molecular centers are equal ly  
spaced along straight  lines, with their  orientation 
l imited to a small  finite number  of directions. (Two are 
il lustrated.) This case differs from SSD only in that  
more than  one, bu t  still a small  number ,  of directions 
are allowed for the straight  lines. Reciprocal space 
contains a set of parallel  planes perpendicular  to each 
allowed line direction. A 'single-crystal '  diffraction 
pa t te rn  with the beam perpendicular  to one of the 
sets of real space lines will have continuous layer lines, 
plus ellipses or hyperbolas  corresponding to the inter- 
sections of the second set of reciprocal lattice planes 
with the sphere of reflections, and is i l lustrated on 
the left. On rotat ion about  an axis parallel to one of 
the real space set of lines, only the continuous layer 
lines will be seen, the remaining features becoming 
background scattering, as i l lustrated on the right. 
The 'powder'  diffraction pa t te rn  will be identical  with 
tha t  for the SSD structure.  

SS(RD) (Fig. 6). Molecular centers are not only 
equal ly  spaced along parallel s traight  lines (D transla- 
tion), trot are also on parallel  equidis tant  planes 
(R t ransla t ion in the same direction). I t  is not required 
tha t  the D t ransla t ion be perpendicular  to the R planes, 
but it cannot be parallel  to the R planes. The illustra- 
tions are for the case of a slight angle between the 
D t ransla t ion and the normal  to the R planes. In  
reciprocal space there is a set of parallel planes cor- 
responding to the D translat ion,  and a single row of 
points corresponding to the R translat ion.  The points 
will always lie on the planes in reciprocal space. 

A rotation 'single-crystal '  pa t te rn  is i l lustrated on the 
left, with the rotat ion axis parallel to the real space 
D translat ion direction. Other si tuations can be 
imagined. The 'powder'  case is an interesting one, 
for it leads to the superposition of a symmetr ic  
diffraction line on an asymmetr ic  one. If the D transla- 
tion is perpendicular  to the R planes, the two lines 
coincide at the m a x i m u m  of the asymmetr ic  line. 
If the D t ranslat ion is t i l ted with respect to the R 
planes, the symmetr ic  line will be displaced, always 
to higher angles, as i l lustrated. Both cases have been 
observed, are i l lustrated in Figs. 15 and 16, and are 
discussed below. 

SS(RP1) (Fig. 7). This structure consists of parallel 
equidis tant  R planes, with one degree of freedom 
allowed to the direction of the D translation.  As a 
result, the s traight  lines along which molecular centers 
are located are on the surface of a cone, whose axis 
must  t)e perpendicular  to the R planes. In  reciprocal 
space a set of cones as in SSP1 (Fig. 4) results, with 
the exception that  a set of points, reciprocal to the 
R planes, is located at the cone apices. Diffraction 
pat terns  similar to those for SSP1 m a y  therefore be 
expected for the 'single-crystal '  case. The 'powder'  
pa t tern  will have both a set of asymmetr ica l ly  shaped 
lines and a set of symmetr ica l ly  shaped lines, with the 
first order of the asymmetr ic  line being at  lower angle 
than  the first order of the symmetr ic  line. 

SS(RPo) (Fig. 8). This structure is very much like 
SS(RD), with one or more added D translations.  The 
i l lustrations shows two D translations.  If  the D 
translat ions all have the same intermolecular  spacing, 
as they  should for a system of one kind of molecule, 
the several D translat ions must  be t i l ted equal amounts  
to the R planes. The corresponding sets of planes in 
reciprocal space will likewise have equivalent  spacings. 
The set of points reciprocal to the R planes must  lie 
s imul taneously  on all sets of planes in reciprocal space, 
i.e. at  their intersections. The diffraction pa t te rn  on 
the left is for the 'single-crystal '  case, no rotation, 
and the beam parallel  to one of the sets of planes in 
reciprocal space. The 'powder'  pa t tern  in the center 
is identical  with tha t  for SS(RD) (Fig. 6). A 'single- 
crystal '  pa t te rn  on the r ight  would result  if the rota- 
t ion axis were parallel  to one of the real space D 
translations. 

RDS (Fig. 9). In  this case the set of parallel lines 
which are the D translat ion lie in the R planes. 
Paral lel ism of the lines is main ta ined  from plane to 
plane, while the side packing of the lines in the plane 
is random. In  reciprocal space a single row of points 
represents the R translat ion,  and a set of planes paral lel  
to this row corresponds to the D translation.  A rotat ion 
'single-crystal '  pa t te rn  i l lustrated on the left would 
be obtained when the rotat ion axis is parallel  to the 
D translation.  The equatorial  line in this case has 
discrete spots, while other layer lines are continuous. 
A 'powder'  pa t tern  will have asymmetr ica l ly  shaped 
lines for the reciprocal lattice planes, and sym- 
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metr ical ly shaped lines for the points, i l lustrated on 
the right. I t  would be expected tha t  the repeat dis- 
tances for the D and R translat ions would be different. 
For polymeric chains, for example,  a large D spacing 
corresponding to the repeat  unit  along the chain, and  
a small R spacing corresponding to side packing of 
chains, might  result. 

RP~S (Fig. 10). This structure can be derived from 
RDS by arMtrary  rotat ion of thc R planes. The cor- 
responding a rb i t ra ry  directions of the D translat ions 
from plane to plane rcsults from the one degree of 
freedom pcrlni t ted for the D translat ion.  As a result, 
in reciprocal space, the planes i l lustrated in Fig. 9 
may  now take all positions tangent  to a set of con- 
centric cylinders, which are i l lustrated in Fig. 10. 
A 'single-crystal '  diffraction pa t te rn  with the beam 
perpendicular to the R planes in real space, will con- 
sist of a set of concentric, asymmetr ica l ly  shaped rings, 
i l lustrated on thc left. On rotat ion about  an axis 
perpendicular  to the beam direction the rings will 
disappear and a set of equatorial  spots will appear, 
as i l lustrated in the ccnter. If the beam is parallel 
to the R planes in real space, a pa t te rn  like tha t  on 
the right will result,  and it does not change with 
rotation around the normal  to the R planes. The 
"powder' pa t te rn  will be just  like tha t  for RDS. 

RPoS (Fig. l 1). If  the D translat ions of RDS are 
allowed a small finite number  of directions, this RPoS 
structure results. In  reciprocal space in addi t ion to 
the row of points reciprocal to the R translat ion,  
l here will 1)c several sets of planes (two are i l lustrated) 
with equivalent  spacings, one set for each of the 
allowed D t ransla t ion directions. A 'single-crystal '  
diffraction pa t te rn  with the beam pcrpendicular  to 
the R planes in real space will show the pa t te rn  of 
intcrsecting sets of planes. An interesting case is the 
one for which the D translat ions occur in three direc- 
tions, making angles of 120 ° with each other. The 
end view of the reciprocal latt ice then  consists of 
continuous layer lines in the form of hexagons, as 
i l lustrated. The spots at the intersections of the 
corners of the hexagons are meant  to call a t tent ion 
to the fact tha t  an increase in in tens i ty  is expected 
where two or more planes intersect. The inner hexagon 
has regions of high in tens i ty  at the corners; the next  
hexagon should have continuous scattering parallel 
to the inner one, but  the regions of higher in tens i ty  
will be displaced 30 ° from the inner sct. Such a 
pa t te rn  is i l lustrated in Fig. 17, and discussed below. 
On rotation, for this orientation, the described pa t te rn  
will disappear and an cquatorial  line of discrete spots 
will appear. The 'powder'  pa t te rn  will be like tha t  
for RDS. 

RRD (Fig. 12). In  this s tructure the D translat ion 
lies along the intersections of sets of planes. Although 
two sets of R planes are i l lustrated,  more are per- 
mi t ted  for this structure. A hexagonal  arrangement ,  
for example,  is another  possibility. The requirement  
is that  all sets be parallel to the D translat ion diree- 

tion. In  reciprocal space, a set of planes corresponds 
to the D translation,  and in the zero order plane of 
this set there is a two-dimensionM lattice of points, 
corresponding to the R plancs in real space. Several 
'single-crystal '  diffraction pat terns  can be imagined. 
If the beam is parallel to the real space D translation,  
a set of rings results from the intersection of the 
reciprocal space planes with the sphere of reflection, 
as i l lustrated on the left. On rotat ion the rings dis- 
appear  and the two-dimensionM network of points 
will give discrete spots, as i l lustratcd in the center. 
If the beam is perpendicular  to the real space D 
translat ion,  continuous layer lines will be observed. 
If the specimen is then  rotated about  the D translation,  
the continuous layer lines are retained and an equa- 
torial row of spots appears. The 'powder'  pa t te rn  for 
this  structure will have a group of symmetr ica l ly  
shaped lines corresponding to the (hkO) reciprocal 
two-dimensional lattice, and a set of asymmetr ica l ly  
shaped lines corresponding to the reciprocal lattice 
planes. This structure can be derived from a three- 
dimensional  crystal  lattice by  simple random and 
parallel  displacement of all lattice rows parallel to 
a given direction. 

DDR (Fig. 13). In  this s tructure the molecular 
centers lie on R planes, but  in each plane form a 
two-dimensional  lattice. The axes defining the two- 
dimensional  lattice are parallel from plane to plane, 
but  otherwise randomly  displaced. In  other words, 
this structure m a y  be derived from a crystal lattice 
by  random displacement,  without  rotation, of all 
planes parallel  to a reference plane. The reciprocal 
lattice for this  structure has a row of points and two 
sets of planes parallel to tha t  line. The 'powder'  
diffraction pa t te rn  will have a set of symmetr ica l ly  
shaped rings arising from the points, and sets of 
asymmetr ica l ly  shaped rings corresponding to the 
planes. Two sets of continuous layer lines, as illus- 
t ra tcd on the right, will rcsult for the 'single-crystal '  
specimen if the beam is perpendicular  to the real 
space R plancs. Rotat ion about  one of the D transla- 
t ion directions as an axis will add an equatorial  row 
of discrcte spots, as i l lustrated on the left. 

DPoR (Fig. 14). The R planes in this structure have 
one D translat ion direction in common, i.e. parallel 
from plane to plane. In  addition, there is allowed a 
second D translat ion in the R planes, which m a y  take 
sevcral (small number)  directions. Two are il lustrated. 
In  reciprocal space, a row of points again passes 
through the origin, and parallel  to that  line are the 
set of planes reciprocal to the real space D translat ion,  
and several sets of planes reciprocal to the several 
P0 translations. The diffraction pat terns  will be very 
much like those for DDR. The 'powder'  pa t te rn  will 
be identical  to tha t  of DDR; the s ta t ionary 'single- 
crystal '  pat terns  will be complicated by one or more 
addit ional  sets of continuous layer lines, as i l lustrated 
on the left. On the right is i l lustrated the type of 
diffraction pat tern  which would be obtained for the 
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case of the beam perpendicular  to the real space 
R planes, but  with rotat ion about  a random axis not 
one of the D or P0 t ranslat ion directions. Note that  
this pat tern  differs from the one i l lustrated in Figs. 
6 and 8 in tha t  the continuous layer lines are missing, 
but is like tha t  of Fig. 1. 

The remaining four structures are not i l lustrated, 
for they  offer no new diffraction features. Further-  
more, they are more logically treated as disordered 
crystal lattices, and are not so likely to be encountered 
in mesomorphic phase studies. A t)rief description of 
them follows. 

PIPoR. This structure has parallel equidis tant  
planes, each containing two sets of chains; one of 
these can take any orientat ion from plane to plane, 
the other is restricted to a small  number  of directions. 
Derivation from a crystal lattice m a y  be imagined as 
follows: (l) All planes parallel to a reference lattice 
plane are arbi t rar i ly  displaced parallel to themselves;  
and (2) successive planes are then rotated randomly.  

PoPoR. This structure can be derived from a crystal 
lattice by  (1) parallel displacement of successive 
parallel planes in the lattice, and (2) rotation of the 
planes at)out their  normal to several a rb i t ra ry  posi- 
tions. The angle between the two P0 translat ions 
remains constant  from plane to plane. Reciprocal 
space then consists of the axial  row of spots, with 
two sets of planes taking several orientations, but  
always parallel to the row of spots. 

RD(RD). This structure is derived from a crystal 
lattice by random displacement,  parallel  to given line 
and without rotation, of all lattice planes which are 
parallel  to a reference plane. If the displacement  
occurs parallel to the crystallographic c-axis, then 
reciprocal space contains a set of planes parallel to 
the c*-axis, and in the zero order of this set of p lants  
there is a two-dimensional point  lattice. 

RD(RPo). This structure is very similar  to the 
previous one. In  addi t ion to its parallel displacement,  
each plane m a y  be rotated about its normal to several 
positions. 

Examples 
Several of the unusual diffraction features described 
above have been observed. In  Figs. 15 and 16 the 
combinat ion of a symmetr ica l ly  shaped diffraction 
line superimposed on an asymmetr ica l ly  shaped line 
is i l lustrated. This combinat ion was predicted for 
structures SS(RD) and SS(RPo). Fig. 15 is a copy 
of the diffractometer  pat tern  of 'neat '  phase for the 
sodium olcate-water  system, the concentration being 
approximate ly  65°6 sodium oleate. In  this case the 
D translation,  which is responsible for the one ob- 
served order of asymmetr ic  line, must  be perpendicular  
to the R planes, which are responsil)lc for the several 
orders of sharp, strong, symmetr ic  lines. In Fig. 16, 
the diffractometer  pat tern  of a 60% potassium soy- 
/)ean-oil soap called Soluble Green, which is an 
example of 'viscous neat '  phase (Rosevcar, 1954), the 

symmetr ic  line is displaced to the high angle side of 
the asymmetr ic  line. The D translat ion in this case 
is therefore t i l ted with respect to the R planes. 

/ 
j%..__. 

2 3 4 5 6 7 8 
20 

Fig. 15. Neat phase sodium oleate-HzO. 

I 2 3 /~ .5 6 
2O 

Fig. 16. Viscous-neat phase 'soluble green'.  

A very unusual  diffraction pa t te rn  is i l lustrated ill 
Fig. 17. This is an enlargement  of the central, nickel 
filtered, portion of a pa t te rn  of a surfactant-electro- 
ly tc-water  system. Specifically, the composition was 
36% sodium dodecyl-glyceryl-ether-sulfonate,  5°,/0 so- 
d ium sulfate, and o9/o water. The diffraction effects 
extend to a spacing (applying the Bragg formula) of 
approximate ly  20 •. Note the two hexagonal  arrays 
of spots, with continuous scattering from spot to spot 
in the inller row, while the continuous scattering in 
the outer ring is through the spots and parallel to the 
inner ring. This type of pat tern  is predicted for struc- 
ture RPoS. This phase has been called 'middle '  
because its optical properties are like those of other 
'middle '  phases in soap-water  systems. I ts  structure 
must  be different from tha t  found for 'middle '  soap 
by Luzzati,  Mustacchi & Skoulios (1957, 1958), since 
their  hexagonally packed cylinders of indefinite length 
would not produce this pat tern.  

An example of a single equatorial  row of spots is 
i l lustrated in Fig. 18. This pat tern  was observed for 
a dilute and fluid 'solution' containing about  14°,o 
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sodium dodecylsul fa te ,  4% lauryl  alcohol and  82% 
water .  The specimen was con ta ined  in a th in-wal led  
capi l lary ,  and  was t a k e n  wi thou t  ro ta t ion .  The 
s t ruc tu re  was therefore  no t  ' s ingle-crystal ' ,  but  was 
a s t r ic t ly  cyl indr ica l ly  or ien ted  'powder '  specimen. 
This  p a t t e r n  type  was predic ted  for s t ruc tures  SSR,  
RP1S and RPoS, and  could occur for very  special and  
mdike ly  ro ta t ions  of SSP1, SS(RD), SS( RP1), SS( RPo), 
DDR, and DPoR. 

Conc lus ions  

[t can I}e seen from the  above  examples ,  t h a t  some 
in fo rma t ion  abou t  the  s t ruc tu re  of mesomorphic  
phases can be der ived  f rom the i r  d i f f rac t ion  pa t t e rns .  
I t  is obvious  t h a t  one can be more specific abou t  the  
classif icat ion of the  s t ruc tu re  if one can prepare  bo th  
"powder'  and  ' s ingle-crystal '  specimens.  In  addi t ion ,  
s t a t i o n a r y  and  ro t a t i ng  sample t echn iques  will help 
t() d is t inguish similar  s t ructures .  I t  is somet imes  
possible to or ient  mesomorphic  sys tems by flow into  
a capi l la ry  tul)c, or by  centr i fuging in a capi l lary.  
Occasional ly  the  conta iner  itself (e.g. a capil lary)  will 
influence the  o r i en t a t i on  of the  specimen.  Since m a n y  
()f the  mcsomorphic  phases have  high viscosities, 
t ime will usual ly  aid the  o r i en ta t ion  process. 

I t  is also obvious t h a t  a comple te  d e t e r m i n a t i o n  
of the  s t ruc tu re  of a n y  phase  mus t  include s t ruc tu re  
fac tor  ca lcula t ions  so t h a t  p red ic ted  and  observed 
in tens i t ies  may  be compared.  As men t ioned  above,  
the  present  discussion comple te ly  ignores the  molec- 
u lar  s t ruc tu re  factor,  and  its inf luence on the  in tens i ty  
d i s t r ibu t ion  in reciprocal  space. 

The help and  encouragemen t  of m a n y  colleagues at 
Proc te r  and  Gamble  has been deep ly  apprec ia ted .  
Special t h a n k s  are due Mr R. E. K a m m a n n ,  wh() 
did the  a i r -brush  a r t  work, and  to Mr C. W. Hand ,  
present ly  a t  H a r v a r d  Unive r s i ty  Gradua t e  School,  
who helped wi th  m a n y  of the  drawings.  
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An X-ray Investigation of Wet Lysozyme Chloride Crystals. Prel iminary Report 
on Crystals Containing Complex Ions of Niobium and Tantalum 
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Egg-white lysozyme ehlori(te when crystallized at  pH 4.5 from solutions containing the ions 
Ta6Cll~+ and Nb6Cli~+ forms crystals containing these complex ions in the amount~ of approximately  
one ion per molecule of lysozymc. These crystals have the same space group (P4x21) and approx- 
imately the same cell (timensions as those of lysozyme ehlorMe alone. 

Tw()-dimcnsional and three-dimensional Pat terson diagrams (drain. =5  ;~k) in(ticate tha t  these 
ions occupy one set of eight-fold general positions in the unit  cell and establish the coordinates of 
the ion (:enters. There is good evi(lencc tha t  the large complex ions cruise a significant al terat ion 
in the configuration of the protein molecule. Some implications of these fin(lings are discussed with 
respect to further inv(~stigati()ns of the crystals. 

1. In troduct ion  

Egg-white  iysozyme has m a n y  proper t ies  t h a t  re- 
c o m m e n d  it as a subjec t  for X - r a y  inves t iga t ion ,  
among  t hem being its  low molecular  weight  (about  

. . . . . . . .  
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14,700), its re la t ive  s t ab i l i t y  and  homogene i ty ,  its 
a v a i l a b i l i t y  in h ighly  pur i f ied form, and  the  ease wi th  
which it  can be crystal l ized.  Crystals  of the  chloride 
grown a t  pH  4.5 are especial ly  s table  and  yie ld  X- r ay  
pho tog raphs  wi th  reflect ions ex tend ing  to a m i n i m u m  
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