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T e c h n i c a l  !:~i : 

• Thermal and Compositional Properties of Cocoa  Butter 
During Static Cwstallization 
Paul S. Dimlck* and Douglas M. Mannlng I 
Food Science Department, The Pennsylvania State University, University Park, PA 16802 

Studies  were  conducted  us ing  di f ferent ia l  scan-  
n i n g  ca lor imetry  (DSC) and h igh  performance  liq- 
uid c h r o m a t o g r a p h y  (HPLC) to de termine  the  
thermal  propert ies  and glyceride  compos i t ion  o f  
cocoa  butter crysta ls  formed under  stat ic  condi-  
t ions .  In addi t ion  to these  studies ,  v i sua l  charac-  
t er i za t ion  o f  the  crysta l l i tes  w a s  obta ined  w i t h  
polar ized  l ight  microscopy  (PLM). Crystals  were  
formed under  contro l l ed  static  or mot ion l e s s  con-  
d i t ions  at format ion  temperatures  of  26.0,  28.0,  
30.0,  32 .0  and 33 .0  C. Prepara tory  t echn iques  
w e r e  d e v e l o p e d  u s i n g  l a m i n a t e d  p o l y e t h y l e n e  
w i t h  plast ic  h o o p s  in order  to g r o w  the  crys ta l s  
for i s o l a t i o n  and v i sua l  ident i f i ca t ion  by PLM 
prior to DSC assay .  Cocoa  butter was  also crystal-  
l ized from l iquid oi l  d irect ly  in the  DSC pans  prior 
to thermal  assay .  At each crysta l  format ion  tem- 
perature  (26-33 C), var ious  crysta l l i te  types  grew,  
each w i t h  v a r y i n g  tr ig lycer ide  compos i t ion  (PLiP, 
POO, PLiS,  POP,  SOO, SLiS, POS, SOS, SOA). As 
an example ,  the  'feather'  and ' individual'  crysta ls  
formed at 26.0  C exhibi ted  s ign i f i cant  increases  in 
SOS and s ign i f i cant  decreases  in POP compared 
to the  or ig ina l  butter. It w a s  determined that  the  
or ig ina l  amount  o f  SOS s ign i f i cant ly  increased  in 
the  cocoa  butter crysta l l i te  as the  incubat ion  tem- 
perature increased  from 26-32  C. 

The  confec t ionery  indus t ry  has  long been in teres ted  
in def in ing  the  n u m b e r  and  types  of c rys ta ls  p resen t  
in cocoa butter .  The  r ea son  for this  is the impac t  
cocoa but ter  c rys ta ls  can  exert  on the  overal l  charac-  
ter is t ics  of a confec t ionery  product .  In  the confection- 
ery indus t ry ,  t emper ing  is a process  used to assure  
the  proper  c rys ta l l ine  form in the  resu l t ing  product .  
The  m e c h a n i s m s  involved in this  process are not  
comple te ly  unders tood.  I f  t emper ing  is not  proper ly  
conducted,  undes i rab le  c rys ta l  forms m a y  be pro- 
duced and  will resul t  in a surface  appea rance  prob- 
lem called ' fa t  bloom.'  The  problem of bloom manif-  
ests i tself  by  a spot ted whi te  swir l ing a p p e a r a n c e  on 
the  surface  and  in the  inter ior  of the molded chocolate  
bar.  Addi t iona l  s y m p t o m s  of improper  c rys ta l  forma- 
t ion include poor  texture ,  lack of  cont rac t ion ,  and  
poor surface  gloss. 

Cha rac t e r i s t i c s  and  mel t ing  poin ts  of  c rys ta l s  are  
af fec ted  by  the composi t ion  of  the  fat .  Cocoa but te r  is 
a re la t ive ly  simple fat  when  compared  with o ther  fats  
of mult iple  f a t t y  acid composi t ion (1). Cocoa but ter  is 
made  up p r imar i ly  of three  f a t ty  acids, oleic, s tear ic  
and  palmit ic ,  wi th  minor  a m o u n t s  of l inoleic and  
arachidic .  

*To whom correspondence should be addressed at 116 Borland 
Laboratory, Food Science Department, Pennsylvania State 
University, University Park, PA 16802. 
1Now with M & M Mars, Brown Street, Elizabethtown, PA 
17022. 

TABLE 1. 

Classification and Temperature (°C) of Cocoa Butter 
Crystalline Forms 

Willie & Lovegren Davis & 
Vaeck Duck Lutton et. al. Dimick 
(1960) (1964)  (1966) (1976) (1986) 

~/ 17 y 18.0 I 17.3 VI 13.0 I 13.1a/17.6 b 
21-24 a 23.5 II 23.3 V 20.0 II 17.7/19.9 

III 25.5 IV 23.0 III 22.4/24.5 
fl' 28 B" 28.0 IV 27.3 III 25.0 IV 26.4/27.9 

/3' 33.0 V 33.8 lI 30.0 V 30.7/34.4 
34-35 fl 34.4 VI 36.3 I 33.5 VI 33.8/34.1 

aOnset or transition temperature determined by DSC. 
bMaximum peak temperature determined by DSC. 

One of the most  cont rovers ia l  a reas  in confect ion 
science is the d i sc repancy  of da t a  found in the litera- 
ture used to c lass i fy  cocoa but ter  c rys ta l  po lymorphs .  
Since the discovery of polymorphism,  numerous  scien- 
t ists have  repor ted dif ferent  numbers  of po lymorphs  
and  confl ic t ing mel t ing  points  for the var ious  crystal-  
l ine forms found in cocoa butter.  Present ly ,  invest iga-  
tors  repor t  (Table  1) be tween four and  six polymor-  
phic  s ta tes  of cocoa but ter  (2-6). Th e  var ious  nomen- 
c la tures  ass igned  to each c lass i f icat ion compound  
the problem due to a lack of cons is tency.  The  precise 
mel t ing  charac te r i s t i c s  of cocoa but ter  h a v e  received 
cons iderable  r e sea rch  a t t en t ion  in recent  years .  The  
techn iques  previous ly  used in c ry s t a l l og raphy  stu- 
dies include d i l a tomet ry  (7), X-ray di f f ract ion (8) and  
dif ferent ia l  s c a n n i n g  ca lor imet ry  (DSC) (8-10). Even  
with these  sophis t ica ted  i n s t ru me n t s  the abi l i ty  to 
c lear ly  define the desired s table  c rys ta l  has  not  been 
resolved.  In  processing,  the  cocoa but te r  in a choco- 
late fo rmula  will seed dur ing  the d y n a m i c  t emper ing  
process.  After  seed fo rmat ion  occurs the chocolate  is 
molded and  permi t ted  to crystal l ize  in a mot ionless  or 
s ta t ic  state.  Th is  research  deals wi th  those crys ta ls  
formed under  s ta t ic  condi t ions  at  t empera tu res  nea r  
prac t ica l  t emper ing  condit ions.  The  major  objective 
of this  work is to shed new u n d e r s t a n d i n g  on the  
morphological ,  t h e rma l  and  composi t ional  character-  
istics of  pure Ivory  Coas t  cocoa but ter  crystals .  

EXPERIMENTAL 

Bris tol ine  Bris tolscope polar ized l ight  microscope 
(PLM) and  an  In t e rn a t i o n a l  Scientif ic I n s t r u m e n t s  
(ISI) Model-60 s c a n n i n g  electron microscope (SEM) 
were used for microscopic  techniques.  In  conjunct ion  
wi th  the polar ized l ight  microscope,  a Leitz tempera-  
ture  va r i a t ion  s tage  was used to control  the sample  
t empera tu re  dur ing  examina t ion .  

For  PLM and  SEM studies,  pure Ivory  Coas t  cocoa 
but ter  was hea ted  to 60 C for at  least  six hr. Aliquots  
for polar ized l ight  microscopy were r emoved  from the 
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liquid cocoa butter and placed on glass slides with 
cover slips that  were tempered to the preset incuba- 
tion temperature. SEM stubs were tempered to the 
desired incubation temperature, and ca. 50 ~l of cocoa 
butter was placed on the stub surface. After incuba- 
tion, the stubs were placed in the ISI PS-2 coating 
unit, cooled for 5 min with wet ice water  bath at 0-5 C 
and immediately coated with 280 A of gold. SEM 
micrographs were taken with Polaroid Type 55 film. 
PLM micrographs were taken with a 35mm Leica 
camera which fit directly into the eye piece barrel of 
the Bristoline microscope. Kodak 125 plus pan film 
was used to record crystalline structure. 

At 3-day intervals for 30 days, liquid cocoa butter 
was placed in aluminum DSC pans and the sample 
weight recorded. Photography was not possible with 
these samples due to their enclosure within DSC 
pans. After prescribed incubation periods, the melt- 
ing behavior was determined with the DSC according 
to the procedures described previously (9). 

A second sampling technique for the static crystal- 
lization study involved placing small aliquots of 
cocoa butter between two polyethylene layers. This 
sandwich structure containing the cocoa butter was 
then stretched over a plastic hoop and incubated at 
various temperatures. Sample preparation was con- 
ducted at 5-day intervals for 30 days. 

Crystal  formation temperatures were set at 26.0, 
28.0, 30.0, 32.0 and 33.0 C. After 30 days, the incuba- 
tor contained 50 to 60 samples which differed in time 
of incubation. Prior to thermal analysis, the polyeth- 
ylene hoops with crystalline butter were examined by 
PLM. The different crystals were photographed, iso- 
lated with a plug cutter and placed into an aluminum 
DSC pan after one layer of polyethylene was removed. 
This procedure permitted comparison of morphologi- 
cal and thermal characteristics of the same sample. 

Thermal analysis was conducted on a Perkin Elmer 
DSC-2 with an at tached Thermal Analysis Data Sta- 
tion (TADS). Pure gallium (99.9999%) was weighed in 
duplicate and used as a melting point s tandard (29.78 
C; 19.35 cal/g). The melting point of the gallium 
s tandard was determined by the intersection of the 
onset slope with the baseline. Cocoa butter melting 
points were determined by superimposing the sample 
endotherm over the gallium s tandard endotherm (9). 
All melting points are expressed as onset tempera- 
tures. A heating rate of 20 C/min  was used through a 
range from 15 to 45 C. 

Samples for the triglyceride analysis were prepared 
using the static polyethylene hoop technique. After 
the prescribed incubation, crystals were identified 
with PLM and removed from the hoop with a plug 
cutter. The solid fat crystals were then solubilized in 
chloroform and filtered with a 0.45 millipore type HA 
filter. Triglyceride determinations were conducted 
using a Waters HPLC pump and differential refrac- 
tometer. An acetonitrile-chloroform 6:4, v /v  mobile 
phase was pumped at 0.7 ml /min through an Alltech 
Associates C-18, 5-~ reversed phase column. 

The weight percent of POP, POS and SOS was 
determined in each crystal sample, and statistical 
analyses were conducted. The triglycerides PLiP, 
POO, PLiS, SO0,  SLiS and SOA were not analyzed 

statistically because they comprised less than 10% of 
the total triglyceride composition. 

Standard triglycerides (POO, SO0, POP, POS, SOS) 
were used to determine the identity and weight per- 
centages of the various triglycerides present in cocoa 
butter and the isolated crystal samples. The identity 
of POO, SOO, POP, POS and SOS was determined by 
spiking a pure cocoa butter sample with a standard. 
The remaining triglycerides PLiP, PLiS, SLiS and 
SOA were tentatively identified by interpreting the 
fat ty acid data  of the pure Ivory Coast  cocoa butter 
and also the triglyceride chromatographic data ob- 
tained by Shukla (12) on cocoa butter. 

RESULTS 

Thermal and morphological differences observed indi- 
cated numerous crystalline forms present at 26.0, 
28.0, 30.0, 32.0 and 33.0 C. Due to the obvious morpho- 
logical differences, the nomenclature used to desig- 
nate a particular crystal was based on gross visual 
differences as observed by microscopy (11). 

The three crystals formed at 26.0 C were designated 
'temper,' ' individual' and 'feather' crystal (13). As 
incubation time elapsed the 'temper' crystal melting 
point increased from 31.5 to 33.4 C (Fig. 1). After two 
days at 26.0 C, the 'individual' crystal formed and 
exhibited a 29.7 C melting point (Fig. 2). The thermal 
and morphological characteristics of the 'individual' 
crystal remained constant  through a 20-day incuba- 
tion period. However, after approximately 30 days the 
'individual' crystal underwent a slow transition to 
another less distinct crystal type which was labelled a 
'blade' crystal structure. In addition, a 'feather' crys- 
tal structure formed after two days at 26.0 C on the 
periphery of the 'temper' crystal. The 'feather' crystal 
possesses a 32.4 melting point (Fig. 3). 

As the incubation temperature increased to 28.0 C, 
small 'spiney' crystals and large 'feather' crystals 
formed. The 'spiney' crystals were very small and 
fragile; thus, isolation and identification prior to 
thermal analysis  were difficult. The melting point of 
these crystals was 36.8 C. The 'feather' crystal formed 
at 28.0 C had a melting point of 34.4 C, which is two 
degrees higher than the melting point of the 'feather' 
crystal formed at 26.0 C. 

Incubations of cocoa butter at 30.0 C produced the 
'spiney' and 'feather' crystals. The initial crystal 
formation at 30.0 C occurred in the form of a 'bowtie' 
crystal previously described (11). As time elapsed the 
'bowtie' form enlarged in the distal area while the 
central area of the crystal remained in a constricted 
form. Eventually,  more crystals add to the structure, 
resulting in the distinct morphology characteristics 
of 'feather' crystals. The 'feather' crystal formed dur- 
ing the 30.0 C incubation exhibited a 35.1 C melting 
point (Fig. 4). As before, the 'spiney' crystals could 
not be analyzed thermally using the hoop technique 
due to their extremely small and fragile structure. 

However, a 36.8 C melting point endotherm was 
observed on numerous occasions using the aluminum 
DSC pan preparations technique. 

At 32.0 C incubation, a mixture of 'feather' and 
'irregular' crystals predominate. The 'spiney' crystal 
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FIG. 1. D S C  m e l t i n g  curve  o f  the  ' temper'  crys ta l  af ter  10 days  at 26 .0  C. The  PLM micro-  
graph i l lus trates  the  crys ta l s  that  produced the  endotherm.  
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FIG. 2. DSC e n d o t h e r m  o f  the  ' indiv idual '  crys ta l  f o r m e d  at 26 .0  C. The  ' individual '  crys ta l s  
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was also observed at 32.0 C, but occurred so sparsely 
tha t  no analysis  could be performed. After 10 days at 
32.0 C, the ' irregular-feather '  crystal mixture had a 
melting point of 36.2 C. As the crystals matured at 
32.0 C, an increase in melting point to 37.2 C was 
observed. 

At an incubation temperature of 33.0 C, ' irregular '  
and 'feather '  crystals solidified from the cocoa butter. 
The melting point of these crystals was ca. 37.7 C 
(Fig. 5). A second characterist ic of the higher melting 
point crystals was the observation of 'bowtie' crystal 
formations within the morphological matr ix  of the 
' feather '  crystal. Isolation of the 'bowtie' crystal was 
difficult due to its fragile structure. To isolate the 
'bowtie' shown in Figure 6, Photo A, the polyethylene 
hoop containing the crystals was removed from the 
incubator and cooled to room temperature (18 C). 
Unstable crystals then formed by seeding off the two 
'bowtie' crystals  (Fig. 6, Photo B). Isolation of the 
'bowtie' was accomplished by removing the unstable 
mass with the 'bowtie' crystals. The endotherm pro- 
duced by this mass illustrated the melting of the 
unstable crystals at alJproximately 29 C and the melt- 
ing of the 'bowtie' crystals at  39.4 C (Fig. 6). Based on 
the pure triglyceride data  it appeared that  the 'bow- 
tie' crystals are made up of an SOS-rich fraction 
which exhibits a high melting point. The pure tri- 
glycerides POP and POS both possess Form I melting 
points below 39.4 C. These Form I melting points are 
37.4 and 38.3 C, respectively (Table 2). 

During static crystall ization a trend evolved which 
showed an increase in melting point as the incuba- 
tion temperature was increased from 26.0 to 33.0 C. In 
all cases, with the exception of the 33.0 C incubation, 
the large 'feather '  crystal formations were accompan- 
ied by much smaller yet distinct solitary 'spiney'  
crystals. Furthermore,  as the incubation temperature 
was increased, the gross morphology of the crystals 
varied as il lustrated by polarized light and scanning 
electron microscopy. 

The composition of each crystal was defined to 
determine the role each triglyceride assumes in the 
crystal formation process. Triglyceride composition 
of the ' temper'  crystal formed at 26.0 C exhibited no 
significant difference in percent of POP, POS and 
SOS when compared to the pure Ivory Coast cocoa 
butter from which it was crystallized (Table 3). The 
' feather '  and ' individual '  crystals formed at 26.0 C 

TABLE 2. 

P o l y m o r p h i c  Forms and Melt ing Po int s  o f  
Three  Pure  Tr ig lycer ides  Found in Cocoa Butter 

Triglyceride Melting Points (°C) 

Polymorph POP a POS b SOS b 

IV b (a-2) a 18.1 18.2 22.8 
III (Sub/3'-2) 26.5 24.5 30.0 
II (/3'-2) 33.5 33.0 37.7 
I (fl'-3) 38.3 37.4 42.8 

aLutton and Jackson, 1950 (15). 
bLandman et al., 1960 (16). 

T A B L E 3 .  

Percent  Concentra t ion  of  the  Tr ig lycer ides  POP, POS 
and SOS in Pure Ivory  Coast  Cocoa Butter and Three  
V i s u a l l y  Di f ferent  Crystals  Formed at 26.0 C a 

Trigly- Ivory Coast Crystal types 
ceride cocoa 
type butter c Temper b Feathe rc Individualc 

POP 14.8±0.3A 15.1±0.1A 
POS 45.4_+0.5AB 48.0±1.7A 
SOS 28.8±0.2A 27.5±0.2A 

12.9±0.8B II.9±0.5B 
45.8±2.0A 42.9±1.2B 
32.6±1.9B 36.3±1.4C 

aMeans in a row with the same capital letter are not signifi- 
cantly different at the .05 alpha level. 
bMean of two determinations ± standard deviation. 
cMean of four determinations ± standard deviation. 

exhibited significant increases in SOS and concur- 
rent  s ignificant  decreases in POP when compared to 
pure Ivory Coast cocoa butter. The SOS rich 'individ- 
ual' crystal  formed at 26.0 C has  a low melting point 
of 29.6, possibly due to the SOS solidifying in the less 
stable Form III polymorph (Table 2) which has a 
melting point of 30.0 C (16). There was no significant 
difference in POS in any of the three isolated crystals 
when compared to pury Ivory Coast cocoa butter. At 
28.0 C incubation, the SOS was thought  to solidify 
into the Form II polymorph (37.7 C) which compares 
well with the 37.0 C melting point of the 'spiney'  crys- 
tal. The increase in SOS was offset, to a degree, by a 
decrease in POP, PLiP, POO, PLiS, SOO, SLiS, and 
SOA. 

A second set of analyses  was conducted on the 
' feather '  crystals solidified at 26.0, 28.0, 30.0 and 32.0 
C. The weight percent SOS in the 'feather '  crystals 
increased significantly with each two-degree increase 
in incubation temperature.  A large increase in the 
SOS concen t ra t ion  was observed with a general  
decrease in most of the remaining triglycerides. The 
weight percent  of SOS in the ' feather '  crystal  in- 
creased from 32.6% to 46.4% after the incubation 
temperature was increased from 26.0 to 32.0 C. In 
each case a large increase in percent SOS occurred 
with a concurrent  decrease in percent POP, PLiP, 

T A B L E 4 .  

Percent  Concentra t ion  o f  the  Tr ig lycer ides  POP, POS 
and SOS in Pure  Ivory Coast  Cocoa Butter and 'Feather  
Crystals '  formed at 26.0,  28.0,  30.0 and 32.0 C a 

Triglyceride types 

Sample POP POS SOS 

pure butter 14.8 ± 0.3A 45.4 ± 0.5A 28.8 ± 0.2A 
26.0 C 12.9 ± 0.8B 45.8 +_ 2.0A 32.6 ± 1.9B 
28.0 C 10.2 ± 0.3C 45.4 ± 1.6A 39.0 ± 0.2C 
30.0 C 8.4 i 0.6D 43.3 ± 0.4A 43.2 ± 1.3D 
32.0 C 8.3 ± 0.5D 37.8 ± I.IB 46.4 ± 0.6E 

,Means in a column with the same capital letter are not signifi- 
cantly different at the .05 alpha level. Means are of four deter- 
minations ± standard deviation. 
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POO,  PLiS  a n d  S O 0  w h e n  c o m p a r e d  to pure  I v o r y  
Coas t  cocoa but ter .  For  the  cocoa but te r  c rys t a l s  
g rown  a t  the  va r ious  incuba t ion  t empera tu re s ,  the  
we igh t  pe rcen t  POS was  not  s ign i f i can t ly  di f ferent  
for the  ' f e a t h e r '  c rys ta ls ;  however ,  a t  32.0 C a signifi- 
c a n t  decrease  w a s  observed.  T h e  we i gh t  pe rcen t  of 
P O P  in the  ' f e a t h e r '  c ry s t a l  s ign i f i can t ly  decreased  
f rom 12.9% to 8.3% as the  f o r m a t i o n  t e m p e r a t u r e  was  
inc reased  f rom 26.0 C to 32.0 C. 

T h e r m a l  a n a l y s e s  in these  s tudies  i l lus t ra ted  t h a t  
as the  f o r m a t i o n  t e m p e r a t u r e  inc reased  the  me l t i ng  
po in t s  of  c ry s t a l s  increased.  C o m p o s i t i o n a l  d a t a  ex- 
h ib i ted  s ign i f i can t  i nc reases  of  SOS in the  h ighe r  
m e l t i n g  c rys ta l s .  In  genera l ,  it is safe  to specu la te  
a n d  s t a t e  t h a t  the  va r i ous  cocoa  bu t te r  t r ig lycer ides  
act  in a m a n n e r  cha rac te r i s t i c  of  f r ac t iona l  crystal l i -  
za t ion.  In  addi t ion,  it m u s t  be e m p h a s i z e d  t h a t  struc- 
t u r a l l y  s y m m e t r i c a l  t r ig lycer ides  like SOS will be 
more  sui ted to sol idify wi th  those  t r ig lycer ides  t h a t  
possess  s im i l a r  cha in  l eng t h s  and  s y m m e t r y .  Th i s  
h a s  been  i l lus t ra ted  wi th  the  compa t ib i l i t y  of SOS 
a n d  POS,  whi le  POP,  c o n t a i n i n g  four  less ca rbons ,  
w a s  not  as  compat ib le .  The  r e m a i n i n g  t r ig lycer ides  
of  lesser  concen t r a t i on  were  no t  as compa t ib l e  due to 
l a rge r  d i f ferences  in cha in  l eng th  s y m m e t r y  a n d  
degree  of unsa tu r a t i on .  
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