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Abstract 
Largely by x-ray diffraction six crystalline 

states, I-VI,  in order of increasing melting point, 
have been identified for cocoa butter. Of these 
states II, IV, V and VI are pure and identifiable 
with previously (or presently) identified poly- 
morphs of 2-oleoylpalmitoyl stearin (POS), 
namely a-2, fl'-2, fi-3 ("V") and fl-3 ( "VI" ) ;  
V and VI representing distinct but very closely 
related crystalline structures. State I is a defi- 
nite but fleeting and not readily characterized 
sub a state and may be a phase mixture, as state 
I I I  may be also. 

Melting points, heats of fusion and dilatomet- 
tic data are reported for all states to the extent 
that their stability permits. 

The normal state of cocoa butter in chocolate 
is apparently V, certainly fl-3. While it is true 
that "bloom" has not been observed for pure u 
nor observed to exist in the absence of VI, it 
is premature to say that VI is specifically the 
phase of chocolate "bloom." 

Introduction 
LEAST FIVE P O L Y M O R P H I C  forms of cocoa butter 

are reported in the literature. In the most ex- 
haustive study by Vaeck (1), substantiation for four 
forms with melting points at approximately 35, 28, 
23 and 17C is based on microscopic studies of the 
appearance of crystals, melting point determinations, 
heating and cooling curves and dilatometric evidence. 
Duck (2) used viscosity to demonstrate two crystal- 
line fractions of cocoa butter which would form at 
29C, but only one of which was stable at 33C, thus 
indicating a possible fifth form. In another paper 
(3) Duck called the 33C melting form beta prime 
and the higher melting form beta, concluding that 
there are five forms. Few x-ray diffraction data have 
been reported. Chapman, Crossley and Davies (4) 
reported diffraction spacings for the stable form of 
cocoa butter and Lutton (5) reported diffraction 
spacings for the three forms of a "POS portion" of 
cocoa butter derived by fractional crystallization from 
acetone. 

The polymorphism of the principal glycerides of 
cocoa butter has been studied thoroughly. Malkin 
and Wilson (6') reported five forms of 2-oleoyldipal- 
mitin, including a vitreous form. Lutton and Jackson 
(7) found only four forms and disputed Malkin and 
Wilson's vitreous form and their association of melt- 
ing points and diffraction spacings for the interme- 
diate melting forms. Lutton (8) reported three forms 
for 2-oleoyldistearin, each with a triple-chain struc- 
ture. Later a sub alpha-3 form (long spacing 80 A, 
short spacings 4.22 VS and 2.82 M) was found and 
is reported in the present paper. Filer et al. (9) 
reported a beta prime-3 form for SOS obtainable only 
by crystallization from solvent. Lutton (10) reported 
five forms of 2-oleoylpalmitoyl stearin. The whole 
subject of polymorphism of glycerides has been re- 
viewed by Chapman (11,12). 

Terminology 
Nomenclature in cases of polymorphism can be a 

great difficulty, certainly if there are several com- 
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pounds showing both related and unrelated po]y- 
morphs and especially if a mixture of such compounds 
is being discussed. In the present paper, previously 
used phase designations are employed for the pure 
compounds, SOS, POP and POS, the same designa- 
tions being used for what are judged to be related 
structures. For cocoa butter the distinguishable prod- 
ucts of various treatments are referred to as products 
or states I-VI,  I and I I I  possibly being mixtures of 
phases, while II,  IV, V and VI are clearly single 
phases related to known phases of SOS and POS. 
The relationships are indicated in Table II. 

It  is pertinent to state here the bases for  phase 
designation. Beta signifies a phase with strong short 
spacing of 4.6 A; sub beta, sometimes called X-3, 
is a phase melting several degrees below beta and 
with strong spacing greater than 4.6 A, at about 4.7 
A; beta prime signifies an intermediate melting phase 
with short spacings near 4.2 A and 3.8 ~ ;  alpha sig- 
nifies a phase with a single strong spacing near 4.2 
A; sub alpha signifies a low temperature phase with 
short spacings resembling those of beta prime. The 
designation, -3, implies a long spacing corresponding 
to triple-chain-length; while -2 implies a long spacing 
of double-chain-length. Intensity of the diffraction 
spacings is indicated by S, strong; M, medium; W, 
weak; V, very;  and diff, diffused. Long spacings are 
abbreviated, L.S.; short spacings, S.S. 

Experimental 
The cocoa butter investigated in the present work 

was commercial material manufactured by the Her- 
shey Chocolate Corporation. It  had the analysis 
shown in Table I. 

A small amount of suspended solid matter in cocoa 
butter causes the melted fat to be cloudy and un- 
suitable for precise melting point determinations. This 
difficulty was overcome by slurrying about 3% of a 
mixture of bleaching earth and kieselguhr in the 
melted fat and filtering under vacuum. The clear 
filtered fat was used for substantially all of the "work 
in this investigation. 

Melting points were obtained in special thin-wall 
and commercial 1 mm glass capillaries charged with 
approximately 1 cm columns of fat. Melting points 
of the lowest melting and intermediate melting prod- 
ucts were obtained by "thrust in" technique in which 
capillaries containing the sample were plunged into 
a water bath at preadjusted temperature to find the 
smallest range at the limit of which the sample was 
observed either to melt or not melt. The midpoint 
of this range was taken as the melting point. The 
melting points of the two highest melting products 
were observed both by the "thrust  in" method and 

TABLE I 

Cocoa Butter Analysis 

Iodine value 3 6.9-3 7.5 
Fatty acids, % (gas chromatography) 

C1B:o 25.5 
Cls:o 36.5 
C~sa 35,0 
C~s :s 2.0 
Cxs:a 1.0 

ClSa trans isomer, % (infrared spectro.) 0.0 
Saponification value 194 
Free fatty acid as oleic, % 0.94 
Specific heat, liquid 35-45C, cal /g 0.494 
Specific heat, solid, stable phase 5-200,  cal/g 0.53 
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TABLE I I  

Po lymorpbs  and " S t a t e s "  of D i sa tu ra t ed  Triglyeerides  in Order of 
Decreas ing  Mel t ing  P o i n t  (or Range  of Existenee~ 

Cocoa but te r  and 
SOS (1~ POS* 0~ P O P  (~~ 0.,5% SOS, 50% 

POS, 25% SO0  

f "VI". ................................................... VI 
~-a ...................... ~-3 ~ ................. ~-3 

L " V ' .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  v 
sub ~-3 or X-3 " ................................................. 

fl'-3 ~ .................. ~'-3 
~'-2 ................... ~'-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i v  

sub fl'-2 :'2 ....... 

;::IH 
. . . . .  ? - -  

a - 3  a - 2  . . . . . . . . . . . . . . . . . . . .  a - 2  . . . . . . . . . . . .  , : : . . : : : . :  . . . . . . . . . . . . . . .  i i  
e . . .  sub a-3 c .................... sub a-3 ............. sub a-3 ..... 

....... .?  ...... 
. - i  ~ 

Apparen t ly  var iable  in shor t  spacings  bu t  regarded  as one form. 
From rap id ly  cooled solvent  only. 

c Not previous ly  reportef l :  L , S . - - 8 0  ~ ;  S . S . - - 4 , 2 2  VS, 3.82 ~vI. 
a A sub /~-3 (~" )  form has been reported only by Malk in  ere aL (6 ) .  
e Not p rev ious ly  repor ted :  L . S . - - 6 9  ~ ;  S . S . - - 4 . 1 6  u  3.80 W. 
t Long  spacings  difficult to intercept ,  

by the s tandard  technique of observing the sample 
in a water  bath as the bath t empera tu re  was increased 
slowly 0.2C per  minute  f rom a t empera tu re  some 5C 
below the expected melt ing point of the material .  

t I ea t ing  curves were obtained by observing time- 
t empera ture  changes while heating 5 g of mater ial  
in a test tube in an  air chamber while mainta ining 
a constant 5C tempera ture  differential betweeen the 
sample and the heating medium. The heat  inpu t  to 
the system was determined, and heats of fusion were 
calculated from these curves for the various prepa-  
rations. Heats  of fusion were also determined in a 
calorimeter made f rom a thermos bottle. Approxi-  
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Fro. 1. Diffractometer short spacing patterns. 

mately  100 g of cocoa but ter  in the desired state was 
dumped into 250 g of hot water  in the thermos bottle 
and tempera ture  changes were noted. Corrections 
were made for heat losses to the atmosphere, sensible 
heat changes of the  fa t  and the caloric value of the 
calorimeter. 

Solid Content  Index  (SCI)  data were obtained by 
a minor modification of the dilatometrie method de- 
scribed by Ful ton  et al. ( ]3) .  The modification of 
the method involved changes in tempera ture  manip- 
ulations necessary to make and  preserve the various 
cocoa but ter  states. 

The pr incipal  method for  elucidating the poly- 
morphism of cocoa but ter  was x-ray diffraction. Two 
different ins t ruments  were used:  one, a Norelco Dif- 
fraetometer,  employing nickel-filtered CuK~ radia- 
tion, scanned the sample held in the slot of a metal  
sample holder and recorded results on chart  pape r ;  
the other, a General  Electric XRD-1 unit  with nickel- 
filtered CuKu radiation, handled samples p repared  in 
thin-wall 1.0 mm O.D. Py rex  glass capillaries sealed 
on both ends. Diffraction pa t te rns  were recorded on 
film with a sample-to-film distance of 10 era. The 
la t ter  ins t rument  was equipped for  handl ing samples 
at controlled temperatures  as low as -30C,  but  re- 
quired several hours '  exposure time. The former  in- 
s t rmnent  had the advantage of speed, being able to 
scan a sample in a range of angles of interest  and 
to give results within a mat te r  of minutes a f te r  prep- 
aration. The problem of achieving low enough tem- 
peratures  to avoid t ransformat ions  dur ing analysis 
by the diffractometer was solved by prechill ing the 
sample-holding block and radiat ion shield of the in- 
s t rument  with crushed d ry  ice (solid COe) before 
running the samples. Duplicat ion of results by two 
operators using the different ins t ruments  was achieved. 

In  a t tempt ing  to unders tand the polymorphism of 
cocoa but ter  an effort was made to relate i t  to the 
polymorphism of (a) the major  components, POS 
and SOS, (b) a binary system of the two and (e) 
a 3-component mixture,  50% POS, 25% SOS, 25% 
SO0,  believed to approach reasonably closely to the 
reported composition of cocoa but ter  (52-57% POS, 
19-22% SOS, 12-6% SO0, 9-7.5% PO0,  e tc . ) (14) .  
These mixtures  were subjected to t reatments  corre- 
sponding to those leading to the several cocoa but ter  
states described hereiu. Af te r  t reatment ,  samples were 
examined by  melt ing point  and x-ray diffraction. 

Preparation and Detailed Examination 
of Products 

Product  I was the initial state obtained when melted 
cocoa but ter  was solidified at  0C and lower temper-  
atures. In  order to observe the melt ing point, i t  was 
necessary to prepare  the mater ia l  in small-diameter, 
thin-wall capi l lary  tubes so that  the fa t  would melt 
clear within one or two seconds af ter  being thrus t  into 
a bath at the melt ing temperature .  With  larger  sam- 
ples, heat t r ans fe r  through the material  was slow 
enough tha t  par t s  of the sample t rans formed to a 
higher melt ing state before all of the mater ial  came 
to the melt ing temperature.  Consequently, with or- 
d inary  1 m m  I.D. glass melt ing point  capillaries, for  
example, a clear, melted sample could not be observed. 

The stabil i ty of product  I was determined a t  sev- 
eral temperatures .  Thin-wall  capi l lary  samples of co- 
coa but ter  were solidified and stored in ice water  and 
in d ry  ice/acetone. Periodically, capillaries were 
taken f rom storage and plunged into a water  bath 
at 18C to de te rmine  whether or not melt ing occurred. 
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I f  the sample melted, it was proved to have been 
stable for that  length of t ime; if  it did not melt, 
t ransformat ion  was indicated. At  very  low temper-  
a tures  stabil i ty was tested by x-ray diffraction. Re- 
sults, given in Table I I I ,  show a very  low order of 
s tabil i ty for product  I. 

The possibility of a reversible t ransformat ion  be- 
tween I and I I ,  the next  higher melt ing product ,  
was investigated by  storing capi l lary samples of I I  
at --70C for times ranging  f rom 1 to 30 rain and at  
--30C for  4 hr. No evidence of t ransformat ion  f rom 
I I  to I was obtained either by mel t ing point  or x-ray 
diffraction techniques. 

X- r ay  diffraction data for  product  I are given in 
Table IV  and F igure  1. Although long spacings of 
unusual  character  were always found on film pat-  
terns, they were not always observed with the dif- 
fractometer .  Cocoa but ter  tha t  was solidified on a 
steel plate lying on d ry  ice and scanned immediately 
showed typical  short spacings but  only a smooth dif- 
f ractometer  base-line curve where long spacings nor- 
mal ly  should be observed. I f  the sample was stored 
on d ry  ice for a few minutes before scanning, long 
spacings and the usual short spacings were both ob- 
served. Possibly the crystals are, at  first, very  small 
or highly imperfect  in the "long spacing" direction, 
but  do develop with time. 

Produc t  I I  was obtained when melted cocoa but ter  
was quick-frozen and stored for several minutes to 
an hour at 0C. Amounts  of mater ial  as small as tha t  
held in a capi l lary melt ing point  tube and as large 
as 150 g were prepared.  The larger  samples were 
obtained by pour ing a thin layer  of melted cocoa 
but ter  into an a luminum pan which had been packed 
in ice and water. At tempts  to crystallize I I  direct ly 
f rom the melt  at  t empera tures  ranging  f rom 5C to 
18C invariably gave rise to higher melt ing forms. 
Prepara t ion  of I I ,  therefore, appears  to require ini- 
tial format ion of I and subsequent t ransformat ion  
to I I ,  since the former  has been demonstrated to be 
the initial state at 0C and lower temperatures ,  and 
direct  crystallization of I I  f rom the melt  could not 
be demonstrated.  

The stabili ty of product  I I  was determined by 
means of x-ray diffraction of samples tha t  had been 
stored at various temperatures .  Results are given in 
Table I I I .  At  zero and 5C, I I  t r ans formed to I I I .  
At  16C and 21C, I I  t ransformed to IV. At  25C, 
I I  melted almost completely and resolidified slowly 
in the shape of spheruli tes as ~ .  

X - r a y  diffraction spacings and thermal  data for  
product  I I  are given in Table I V  and Figures  1 and 
2. Dilatometric data  are shown in F igure  3. 

Product  I I I  was obtained by  solidification of the 
melt  at 5 to 10C or by t ransformat ion  of I I  by  stor- 
age at 5 to 10C. Material  for  test ing ordinari ly  was 
produced by storing I I  overnight  at  5C. Thermal  
and diffraction data for  the mater ia l  are given in 
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FIG. 2. Cocoa  b u t t e r  h e a t i n g  curves .  S a m p l e  t r e a t m e n t s :  
5 g s a m p l e  in  1 5 x  90 m m  t e s t  t ube .  Me l t  5 m i n  a t  55-60C.  
I I  S o l i d i f y  s a m p l e  20 nl in  in ice w a t e r .  I I I  S o l i d i f y  s a m p l e  
1 h r  in  ice w a t e r .  S to r e  24 h r  a t  5C. I V  S o l i d i f y  s a m p l e  1 
h r  in ice w a t e r .  S to re  o v e r n i g h t  a t  16C. V S o l i d i f y  s a m p l e  
15 m i n  in  ice w a t e r .  S to r e  o v e r n i g h t  a t  16C, t h r e e  d a y s  a t  
21C. V I  S o l i d i f y  s a m p l e  15 m i n  in ice w a t e r .  S to r e  two  h r  
a t  16C, 11 d a  a t  28C, o v e r n i g h t  a t  21C. P r e c h i l l  a l l  s am-  
p les  e x c e p t  I I  one  h r  in  ice w a t e r  b e f o r e  r u n n i n g  h e a t i n g  
cu rve .  :Heat  s a m p l e s  in  a i r  sp ace  m a i n t a i n i n g  5C t e m p e r a t u r e  
d i f f e r en t i a l .  

Table I V  and Figures  1 and 2. SCI data are shown 
in F igure  3. Stabil i ty at various tempera tures  is 
indicated in Table I I I .  At  10C I I I  t r ans formed di- 
rect ly to V in about 3 days. At 16C and 21C, I I I  
t ransformed to IV. At  26C, I I I  par t ia l ly  melted 
and resolidified as V within 30 rain. 

Produc t  I V  was obtained by solidification of the 
melt  at  16 to 21C or by t ransformat ion  of a lower 
melt ing state by storage at 16 to 21C. Material  for  
testing ordinar i ly  was produced by solidification of 
the melt  4 to 8 hr  at 16C. Thermal  and diffraction 
data for  product  I V  are given in Table I V  and Fig- 
ures 1 and 2. SCI  data are shown in F igure  3. Sta- 
bility at  various tempera tures  is given in Table I I I .  
Transformat ion  at every t empera tu re  was to V. 

Produc t  V was obtained by  direct solidification of 
the melt, by t ransformat ion  of lower melt ing prod- 
ucts and by crystallization f rom solvents. A prepa-  
rat ion simulat ing the temper ing  procedure used in 

TABLE I I I  

Stability of Cocoa Butter States 

Temp I I.[ I I I  IV  V VI  
C ~ b a b a. b a b a b 

--30 ~ 4  hr  
0 15 sec 15 min 5 hr 
5 ~ 2  hr  16 hr 5 da ~ 1  wk 

10 1 da 3 da c 
16 2 sec ~ 1  hr  ~ 4  hr  4 hr  2 da 2 wk ~ 1 4  wk 
21 3 hr 1 da 7 wk ~ 1 8  wk 
26 1Ylelted d ~[elted d ~1  hr  1 hr  4 da 3 wk Stable 

a Approx. t ime at which transformation begins. 
b Approx. time to complete transformation to next higher melting state. 
e Transformed in solid state directly to V. 
a Resolidified within 30 rain as V. 
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FIG. 3. Sol id  c o n t e n t  i nde x  o f  cocoa  b u t t e r .  S a m p l e  t r e a t -  
m e n t s :  2 g s am p l e .  I I  Mel t ,  chi l l  1 h r  a t  32F  ( 0 C ) .  I I I  
Mel t ,  chi l l  1 h r  a t  32E  ( 0 C ) ,  s to re  2 h r  a t  5 0 F  ( 1 0 C ) .  I V  
Mel t ,  chi l l  1 h r  a t  32F  ( 0 C ) ,  s to re  2 h r  a t  60F  ( 1 5 . 6 C ) .  V 
Mel t ,  chi l l  1 h r  a t  32E  ( 0 C ) ,  s to re  1 d a  a t  70F  ( 2 1 . 1 C ) ,  1 
d a  a t  8 0 F  ( 2 6 . 7 C ) ,  o v e r n i g h t  a t  5 0 F  ( JOC) .  V I  Mel t ,  chil l  
1 h r  a t  3 2 F  ( 0 C ) ,  s to re  1 d a y  a t  70F  ( 2 1 . 1 C ) ,  3 w k  a t  8 0 F  
( 2 6 . 7 C ) ,  o v e r n i g h t  a t  5 0 F  ( 1 0 C ) .  

processing chocolate coatings before enrobing or mold- 
ing gave V. In  this p repara t ion  cocoa but te r  was 
agi tated continuously at  25C unti l  a creamy s lur ry  
of crystals had formed in about 30 rain. The s lur ry  
was heated to 33C with agitat ion for  30 rain and 
solidified at  5C or 21C. Transformat ion  f rom lower 
melt ing states was accomplished in several ways. 
State V was obtained direct ly f rom I I  via melt ing 
at 25C, directly f rom I I I  at 10C and direct ly f rom 
I V  as previously described. Cocoa but ter  was suc- 
cessively t rans formed from I th rough  all of the in- 
termediate  states to V by storage at progressively 
higher temperatures .  In  this experiment,  melted co- 
coa but ter  was dr ipped into a beaker  immersed in ice 
to fo rm a thin layer of product  I. Af t e r  15 rain 
at 0C, I had t ransformed to I I ,  mp 23.3C. Produc t  

I I I ,  mp 25.2C, was obtained af ter  storing overnight 
at 5C. Produc t  IV, mp 27.2C, was found af ter  5 hr  
at 16C. Transformat ion  to V, mp 33.0C, was accom- 
plished within 2 days at 24C. A final modification, 
mp 36.3C, was obtained a f te r  2 months at room tem- 
pera ture  (approximate ly  24-25C). All of these trans- 
formations were confirmed by x-ray. Crystallization 
of cocoa but te r  f rom acetone and petroleum ether 
(10 par ts  so lven t : l  pa r t  fat,  - 1 3 C )  gave V, at  least 
as indicated by x-ray. Melting points (36.0 and 37.4C, 
respectively) were high, no doubt because of the un- 
avoidable f rac t ionat ing effect of the crystallizations. 

As indicated above, observation of V over a period 
of t ime showed a gradua l  increase in melt ing point  
f rom approximate ly  33-34C to 36C and some changes 
in x-ray diffraction. There were no significant changes 
in long spacings or in the beta characterizing 4.6 A 
short spacing, but  the s t rong spacing at  3.98 A be- 
came weak, the medium intensity spacing at  3.87 A 
became stronger,  and the weak, diffuse doublet at  
3.75 • and 3.67 A became a single strong spacing 
at 3.70 A as i l lustrated in Figure  1. These changes 
occurred very  slowly at 21C but were accelerated at 
higher tempera tures  as indicated in Table I I .  The 
final modification of V obtained by storage a t  25C 
and higher temperatures  below the melt ing point  was 
called Produc t  VI.  V I  was never obtained directly, 
but only by t ransformat ion  of V. I t  is the product  
of highest stability. 

We have no explanat ion for the abnormal  charac- 
ter of tha t  pa r t  of the SCI curve obtained for  state 
VI  at lower temperatures .  Substant ia l ly  identical 
values were obtained in two independent ly  t reated 
dilatometers several weeks apart .  

B i n a r y  S y s t e m  S OS -P OS  

Since the two pr incipal  glycerides in cocoa but ter  
are P 0 S  and SOS, an unders tanding of t h e  SOS- 
POS b inary  system should contribute to an under- 
s tanding of the crystall ization of cocoa butter.  I t  
it clear f rom Table V that  the stable state for  this 
system is beta-3. Metastable states obtained by  ap- 
propr ia te  procedures exhibit a systematic but  com- 
plex behavior. At  75% POS, the polymorphism is 
reasonably close to that  exhibited by cocoa butter.  
F igure  4 shows a plot of the melt ing point  data. 

Ternary M i x  2 5 %  S O 8 - - 5 0 %  P O S - - 2 5 %  SOO 

In  Table V I  it is clear tha t  t reatments  of the three- 
component system which approaches cocoa but ter  corn- 

TABLE IV 

Thermal and X-Ray Diffraction Data for Cocoa Butter  States 

I I  I I I  IV  V VI  

17.3 23.3 25.5 27.5 33.8 36.3 

20.8 26.5 29.0 33.8 35.4 
20.6 26.9 28.1 32.7 35.4 

55.1 W 49.0 VS 49.0 VS 45.0 VS 63.1 ~Yl 63.1 VS 
34.0 )5, 26.8 W 24.6 V~V 22.64 YW 32.2 VS 32.0 

16 .3S 16.35 S, 15.24 W 14.87 S 21.02 W 21.25 VW 
16.05 W 16.00 W 

13.8 W 9.6 VW (diff) 9.82 8.93 W 12.80 S 12.76 S 
10.64 IV[ 10.62 W 

9.40 VW 9.20 VW 
8.04 M 7.96 ~r 
7.10 W 7.08 )5 

64.1 63.8 
5.40 IV[ 5.43 IV[ 
5.15 W 5.15 ~V 
4.58 VS 4.59 VS 
4.23 ~ W  4.27 VW 
3.98 S 4.04 W 
3,87 M 3.86 )5 
3.75 IV[ 
3.67 W 3.70 S 
3.39 VW 3.36 VW 

Melting point, ~ G 

Heat  of fusion, cal /g at l l C  
Heat ing curve method 
Calorimeter method 

X-ray diffraction hkl 
Long spacings, ~_ 001 

2 
3 
4 
5 
6 
7 
8 
9 

Average d 
Short spacings, A 

68.5 and 54.5 49.0 49.1 45.0 
4.19 VS 4.24 VS 4.92 VW 4.35 VS 
3.70 S 4.62W 4.15 VS 

4.25 VS 3.97 )g ~ diff 
3.86 S 3.81 ]Y[ ) 
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position yield diffraction pat terns closely approaching 
those of cocoa butter.  I t  is par t icular ly  gra t i fy ing 
to find states I and I I  in the te rnary  system, I with 
its unusual long spacings and I I  with its alpha-2 
character;  although it is t rue  that  I I  for  the t e rna ry  
system shows some short spacing evidence of an ad- 
ditional form or forms. Likewise, the occurrence of 
state V and then VI on aging comports with cocoa 
butter  behavior. An appearance similar to product  
I I I  of cocoa but ter  was obtained but  with enough 
differences to make complete identification uncertain. 
Again as with the 15.24 A long spacing in cocoa 
butter  I I I ,  Table IV, there is a suggestion that  treat- 
ment to give I I I  actually results in a mixture  of I I  
(alpha-2) and some higher melting state. 

D i s c u s s i o n  
Two "Alpha" M e l t i n g  P o i n t s  

State I (sub alpha type) and state I I  (alpha type) 
each has a melting point associated with it, the "alpha" 
melting point being some 6C higher than that  of 
"sub alpha." This is unprecedented behavior and de- 
serves discussion in view of statements that  alpha 
phase, in pure triglycerides, permits little or no su- 
percooling (15). 

While alpha phase, as in tristearin, is so rapidly  
nucleated that  it appears to crystallize without super- 
cooling, when crystallized in appreciable bulk it does 
permit  supercooling in a highly subdivided state as 
shown by the data of Skoda et al. (1~) on emulsified 
samples. I t  is still believed that, for  a pure  triglyc- 
eride, no melting point lower than any proper ly  ob- 
served alpha melting point is apt to be found, al- 
though alpha may show small variations in melting 
level. Conceivably, also, a lower true glassy melting 
point, lower than that of alpha, might yet  be found 
in highly polymerized fa t ty  or long chain molecules, 
but  probably not in normal trig]ycerides. 

The evidence on cocoa but ter  shows the possibility 
of different behavior by mixtures. The I and II  melt- 
ing points of cocoa but ter  are interpreted as follows. 
On quick chilling of a cocoa butter  melt there is 
homogeneous crystallization in a low (17C) melting 
state I, with sub alpha-type short spacings and dif- 
ficulty interpretable long spacings, some of which 
suggest sub alpha-3. However, on holding chilled co- 
coa butter  at 0C some realignment of molecules re- 
sults in state II ,  a pure alpha-2 phase; moreover, on 
subsequent lowering of temperature  to the range for 
observation of I, state I I  remains as such, i.e. in the 
alpha-2 form. 

R e v e r s i b i l i t y  of  A l p h a  and sUb A l p h a  

In several examples of alpha and sub alpha occur- 
rence in glycerides the reversibility of t ransformation 
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FIG. 4. Binary system SOS-POS. 

has been established (10,17). There are analogous 
changes in hydrocarbons, and, in all probability, such 
transformations occur in most relatively nonpolar 
long-chain compounds. The point has not been thor- 
oughly explored for disaturated glycerides, but  re- 
versible alpha to sub alpha change is to be expected. 
However, when evidence has disclosed alpha-2 phase 
and sub alpha-3 phase as in the present case, al- 
pha-2 ~ sub alpha-3 reversibility is not to be ex- 
pected, and, experimentally, state I I  (alpha-2) could 
not be changed back to state I (sub alpha-3?).  

Change of V to VI  

The change from state V to VI, a real and repro- 
ducible change, must nevertheless involve only very  
minor change in the crystalline s t ructure  of cocoa 
butter,  because there is no change in long spacings 
and only minor change in short spacings. 

Af ter  the observation of a distinction between V 
and VI for cocoa butter,  a reexamination of POS 
shows this pure glyceride to be subject to very sim- 
ilar changes. Thus POS, freshly prepared in beta 
phase obtained by melting, chilling, holding 1 day 
at 21C and 2 days at 27C, shows short spacings of 
5.41 M, 5.09 W, 4.57 VS, 3.98 M, 3.86 W +,  3.73 VW, 
3.65 W +  and, af ter  6 months at room temperature,  
shows 5.41 W +,  5.15 VW, 4.59 VS, 4.24 VW, 4.05 
W+,  3.89 IV[, 3.70 S. These spacings correspond closely 
to those of cocoa but ter  states V and VI, respectively, 
as listed in Table IV, the data corresponding to u  
agreeing with data earlier reported (10) for  POS. 
We have continued in Table I I  to designate the two 
states of POS both as beta-3, realizing that  they may 
be more properly regarded as two distinct but very  
similar polymorphs. I t  is of interest that  the short 

T A B L E  V 

P h a s e  B e h a v i o r  of B i n a r y  Sys t em S O S - P O S  

% eos 
Stable a 

L.S.  c M . P f i  Temp.  
X - R a y  .~ ~ ~ 

I n t e r m e d i a t e  b Chilled, X- r ay  at  Temp.  

X-Ray L.S.  M.P. e Temp.  
~ ~ X-Ray 

Chilled, X - r a y  at  0~  

X - R a y  L.S. 
il 

M.Pfl 
~ 

0 8-3 64.7 43.5 23 
25 8-3 64.6 41.5 21.9 
50 ~-3 64.3 40.0 20.8 

75 8-3 64.2 37.0 19.4 

100 f3-3 64.0 33.5 g 17.5 

sub ~-3 70.5 37.0 17 a, sub  fl-3 ? sub  a-3 80 22.4  
~8'-3 69.5 35.0 17 a, sub  ~-3 sub  a-3 79 21.2 
fl'-3 69.0 31.0 13 a-2 ( s u b  a-2 ),  

sub  a-3 79 20.0 
~'-2 45.5 27.5 13 a-2 sub  a-2, 

( s u b  a-3)  47.5 18.4 
fl'-2 45.0 25.5 (a-2 a s s u m 3 d )  a-2 48.5 17.0 

a Melt, chill, s tore  1 day  at  21C, 2 days  at  27C. 
b Melt, hold 1 h r  a t  t e m p e r a t u r e  indica ted .  
e L o n g  spac ings .  
a Complete m e l t i n g  point .  
e Softening point w h e n  t h r u s t  in. 
f R a p i d  complete me l t ing  point .  
g Af t e r  6 m o n t h s  r o o m  t empe ra tu r e ,  m p  35,0C, 
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TABLE V I  

Phase Behavior of 25% SOS- -50% P O S - - 2 5 %  SO0 

Treatment  mp, ~ Short spacings, ~ Long Most similar s tate  
spacing, -~ of cocoa butter 

Melt, chill, --30C 16.5 4.17 S, 3.71 W 55 M, 37 W I 
Melt, chill, 0C 20.4 4.21 S, 3.74 VW 47.5 I I  (modified) 
Melt, chill, 5-10C 22.5 4.60 VW, 4.21 S, 3.82 W (diff.) 48, etc. I I I  (modified) 
Melt, chill, 1 hr  18C 25.6 4.34 S, 4.13 S, 3.76 (diff.) 44.5 IV 
Melt, chill, 1 day 21, 1 day 27C 37.0 5.45 M, 4.59 VS, 4.01 ~I, 3.89 W, 3.77 W, 3.67 M 64.5 V 
Melt, chill, 4 mo. at 25C 37.0 5.45 W, 4.59 S, 4.06 W, 3.87 W@, 3.70 M 64.5 VI  

spacings of state V of cocoa but ter  correspond also 
to those of beta-3 SOS, which has not been found 
to change to a state VI.  

The nature  of the change f rom V to u  is of par-  
t icular interest  because of implications concerning 
bloom development in chocolate coatings. The need 
for  proper  temper ing  in handl ing chocolate before 
enrobing or molding is well known in the confec- 
t ionery industry.  Normal  procedure involves warm- 
ing or holding the par t ia l ly  crystallized coating at  a 
tempera ture  sufficiently high (about 90F [32C1) to 
destroy low melt ing polymorphs,  enrobing centers 
with the chocolate or casting molded shapes, and then 
chilling the mater ial  rap id ly  to solidify the coating. 
Inevi tably  dur ing storage at  ord inary  tempera tures  
the chocolate develops bloom, which appears  to be 
a deposit of small fa t  crystals on the chocolate sur- 
face giving it  a white or g ray  over-all appearance.  

I t  is predictable f rom the present  work that  the 
initial crystalline state of cocoa but ter  in proper ly  
tempered chocolate is V, and this was confirmed by 
x-ray of f a t  f rom dark  sweet chocolate coating f rom 
which sugar  and cocoa particles were leached by ex- 
t ract ing with a suitable solvent system at room tem- 
perature.  (The solvent was 20% of a mixture  of 2 
par ts  methanol, 7 par ts  acetone and 80% water. Solid 
floating fa t  particles were skimmed f rom the solvent, 
filtered, dried and x-rayed) .  I t  is also predictable 
f rom the present  work that  dur ing storage at  60F 
(16C) change f rom V to V[  would be ext remely slow, 
but at 80F (27C) change would occur within several 
weeks. This also was confirmed in actual  coatings. 
Af te r  six and seven weeks, respectively, at  80F the 
cocoa but ters  recovered f rom two chocolate coatings 
were state VI,  while the cocoa but ters  f rom other por- 
tions of the same coatings stored at  60F continued to 
be state V. Both coatings that  had been stored at 
80F had a slight bloom, but  the 60F stored samples 
were br ight  and glossy. 

I t  is not known at this t ime whether the change 
f rom V to V I  is the cause of bloom or is just  coin- 
cidental. We have never  seen a bloomed sample "that 
was not VI,  nor  a br ight  sample tha t  was not ~7. How- 
ever, it might  well be that  bloom is s imply the growth 
of crystal  agglomerates of V I  f rom submicroscopic 
to macroscopic size brought  about by digestion, mi- 
gration and resolidifieation of fa t  molecules under  
the influence of small (or large) t empera ture  varia-  
tions, and has nothing to do with the internal  crystal  
modification which gives rise to the change in x-ray 
diffraction pa t t e rn  f rom V to VI.  

Polymorphism of Components 
Chapman (11) has reviewed several sets of data  

on disa tura ted  triglycerides.  The present  authors '  
views are summarized in Table I I  in comparison with 
the behavior of cocoa butter .  Deviations reported 
by Malkin et al. (6) are not shown, but  his repor t  

of sub beta-3, which he called beta double prime, for  
P O P  is of interest, since it remains among the pos- 
sibilities tha t  state I I I  of cocoa but ter  contains some 
sub beta-3 and since the solid glycerides of cottonseed 
oil stearin (chemically a mixtnre of POP and PLP, 
2-]inoleoyldipalmitin) obtained in the winterizing pro- 
cess is sub beta-3. 

The polymorphism of S O 0  has been recently re- 
ported (18). I t  is believed to be of little relevance 
to the cocoa but ter  problem since the small S 0 0  
(and POO) content only sl ightly modifies POS-SOS 
polymorphism. 

Asymmetry of Triglycerides 

The present  very limited evidence on na tura l ly  oc- 
curr ing tr iglycerides suggests that  some na tura l ly  
occurring asymmetr ic  glycerides are racemic and some 
are not. Schlenk (19,20) has said, on the basis of 
x-ray diffraction and piezo-electrie propert ies tha t  the 
P 0 S  of cocoa but ter  is raeemic ; Morris (21) has said, 
however, on the basis of optical activity of a deriv- 
ative, that  the d iunsatura ted  port ion of cocoa but ter  
is not racemic. (SOS, of course, is not isomeric.) 
At  this t ime there is no adequate phase data on known 
mixtures of racemic vs. nonracemic glycerides to in- 
dicate the extent to which optical isomerism affects 
polymorphism. 

The agreement  in behavior of the present (raeemic) 
3-component synthetic sample with tha t  of na tu ra l  
cocoa but te r  is ra ther  good, considering the m a n y  
difficulties in obtaining a match. The less than per-  
fect agreement  may  indeed be due to the raeemic 
character  of the synthetic S O 0 ;  ou the other hand  
it may  be due to absence of P 0 0  or lack of perfec t  
adjus tment  of POS-SOS proportions.  
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