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Crys tal li za tion of co coa but ter is the crit i cal step in mak ing
choc o late and con fec tion er ies. Poorly crys tal lized choc o -
late may re sult in the for ma tion of fat bloom, a grey -
ish-white film at the choc o late sur face. Co coa but ter has
been sub ject to re search for many years re sult ing in at least

six dif fer ent poly morphs, in di cated by Greek let ters g, a, b‘ 

and b. In good qual ity choc o late pre dom i nantly the b(V)-

polymorph is pres ent, but may be also the b(VI)-phase.
X-ray pow der dif frac tion (XRD) is a very use ful tech -

nique to iden tify the fin ger print re gion (d = 3.0 - 6.0 C) of
the co coa but ter poly morphs, which are dif fer ent for all. In
fat re search XRD has the ad van tage over DSC of giv ing
un am big u ous phase in for ma tion. Time-re solved XRD
(trXRD) is a very suit able tool for study ing the phase trans -
for ma tions of the sys tem as well as for fol low ing melt ing
and so lid i fi ca tion pro cesses. It is be ing used ex ten sively in
our re search and may be pre sented in mov ies. 

Also full XRD pat terns, in clud ing peaks at long d-spac -
ing val ues, are be ing used to char ac ter ize the var i ous co -
coa-but ter phases. Fur ther more, the com po nents of co coa
but ter, the triacylglyceroles (TAG, see fig ure), are sub ject
to struc ture de ter mi na tion stud ies us ing High-Res o lu tion
Syn chro tron data. This even tu ally will lead to more suit -
able mo lec u lar mod els for co coa but ter to un der stand its
crystallisation and phase trans for ma tion. Both sin gle crys -
tal and pow der meth ods are be ing used, but, re mark ably,
the lat ter meth ods are more suc cess ful as it is very dif fi cult
to ob tain suit able sin gle crys tals and to han dle them. In or -
der to un ravel the mech a nism of fat bloom, we re cently

took up the crys tal struc ture so lu tion of the b(V)-
polymorph of cocoabutter and we expect to be able to
report on this research at the meeting.

Crys tal li za tion of co coa but ter in the b phase di rectly
from the melt un der static con di tions is only pos si ble em -
ploy ing the mem ory ef fect of co coa but ter [1]. When

b-phase co coa but ter is heated be low a max i mum tem per a -
ture and above the melt ing end point, it re-crys tal lizes in

the b-phase at crys tal li za tion tem per a tures. The in flu ence
of the max i mum and crys tal li za tion tem per a tures on the
re-crys tal li za tion be hav iour has been in ves ti gated for co -
coa but ter from Bahia (Brazil). Re-crys tal li za tion into the

b(VI)-phase ap pears to be faster than into the b(V)-phase.
Struc tural in for ma tion on the seed ma te rial ini ti at ing the
re-crys tal li za tion pro cess has been col lected through
Small-An gle X-ray Scat ter ing. High-melt ing SOS-rich
seeds in tri ple chain-length pack ing ini ti ate the rapid-start -
ing re-crys tal li za tion. The seed crys tals ini ti at ing the

slow-start ing re-crys tal li za tion re sult ing in the b(V)-phase

are dif fer ent from those re sult ing in the b(VI)-phase. 
As a spin-off of our ba sic re search a new, pat ented, way 

of choc o late mak ing [2] has been tested suc cess fully at in -
dus trial scale. The man u fac tur ing is based on a new and
rev o lu tion ary tem per ing pro cess, us ing seed crys tals in the
liq uid phase and driven by a feed back sys tem. A re search
ma chine has been de vel oped at the me chanic lab o ra tory of
Duyvis Ma chine Fac tory [3] and pro duces on de mand from 
100 to 1000 kg of well-tem pered choc o late in a con tin ues
pro cess. A 3-ton pro to type is cur rently be ing designed and
first results may be reported. 
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Fig. 1. Di a gram of a triacylglycerole. The three fatty acid res i -
dues may have dif fer ent lengths in di cated by p, q, and r. Nat u ral
fats as co coa but ter are mix tures of dif fer ent TAG’s in which also
un sat u rated fatty acid res i dues may be pres ent.
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Co op er a tive ef fects are sig nif i cant in the for ma tion of
ex tended pat terns of hy dro gen bonds in amino ac ids, spe -
cially when the sta bi li za tion is achieved by po lar iza tion
and charge trans fer ef fects [1,2]. On the other hand, the wa -
ter mol e cule is unique, since it has the pos si bil ity of act ing
as a dou ble do na tor and dou ble ac cep tor of hy dro gen
bonds, play ing an im por tant role in bi o log i cal pro cesses
such as fold ing and hydration of pro teins [3,4]. It also helps 
to pre serve their three-di men sional struc tures. If it is pres -
ent in the crys tal struc ture of small aminoacids, it can play
an im por tant role in the hy dro gen-bond ing pat terns
through co op er a tive ef fects, or re side in void spaces in the
struc ture form ing weak aminoacid-sol vent in ter ac tions. In
the hope of un der stand ing the role played by the wa ter mol -
e cules in sim ple bi o log i cal sys tems, we have un der tak ing
an in ves ti ga tion on the en er getic and struc ture of hy dro -
gen-bond ing pat terns of two struc tur ally re lated
aminoacids, 4-piperidine carboxylic acid and cis-4-
aminocyclohexane carboxylic acid (Fig ure 1). The first has 
the po ten tial to do nate two hy dro gen at oms for hy dro gen
bond ing, while the sec ond, hav ing the animo group as a
substituent of the cyc lo hex ane ring, is able to do nate three

hy dro gen at oms. Dif fer en tial Scan ning Cal o rim e try and
Thermogravimetric Anal y sis were per formed to in ves ti -
gate the de hy dra tion pro cess and any ad di tional phase
changes upon heat ing. Struc tural changes were fol lowed
by means of vari able tem per a ture X-ray pow der dif frac tion 
ex per i ments us ing beamlines BM16 and ID31, ESRF,
France. Fig ure 2 shows a three-di men sional di a gram for
4-piperidine carboxylic acid, in which three dif fer ent crys -
tal line phases are seen. In the case of cis-4-
aminocyclohexane carboxylic acid only two phases were
no ticed. The dif fer ent struc tures were solved by sim u lated
an neal ing and re fined us ing the Rietveld Method. In the

4-piperidine carboxylic acid, the mo tifs were ex tended
chains in two crys tal lo graphic di rec tions, while in the
cis-4-aminocyclohexane carboxylic acid sand wich struc -
tures, formed by two amino acid units linked by
head-to-tail hy dro gen bonds, are the ba sic mo tif. These
sand wich struc tures then form ex tended helicoidal chains.
A de tailed dis cus sion of the hy dro gen-bond ing pat terns of
the hy drated, de hy drated and high tem per a ture forms of the 
amino ac ids is pre sented, and com pared with semi-em pir i -
cal the o ret i cal cal cu la tions per formed in these sys tems.
From our investigations we conclude that the water
molecule has the additional role of completing the acceptor
capacity of the carboxylate group of the amino acids, which 
is equal to four in the cases investigated here.
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a) b)

Fig ure 1. (a) 4-piperidine carboxylic acid (b) cis-4- aminocyclo
hexancarboxilic acid.

Fig ure 2. 3D Tem per a ture de pend ent X-ray dif frac tion plot
for 4-piperidinecarboxylic acid.
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In tro duc tion

While the ma jor ity of crys tal struc tures of or ganic mol e -
cules have been de ter mined at nor mal pres sure con di tions,
there is a great de mand for the ob ser va tions of struc tural
changes that oc cur in or ganic sol ids in re sponse to high
pres sure.

Among mo lec u lar or ganic crys tals, those of amino ac -
ids at tract spe cial at ten tion – as biomimetics, as solid drugs, 
as ma te ri als for mo lec u lar elec tron ics, as sys tems im por -
tant for geo- and cosmochemistry.

The hot top ics of the re search are:
- the search of high-pres sure poly morphs of amino
 ac ids,
- the stud ies of the ani so tropy of pres sure-in duced
 struc tural dis tor tion not ac com pa nied by a phase 
tran si tion.

Ex per i men tal
X-ray pow der dif frac tion pat terns were mea sured in trans -
mis sion mode. A monochromatized syn chro tron ra di a tion
source of the Swiss-Nor we gian Beam Line at ESRF was

used (l = 0.71950 C) for de tailed stud ies, since glycine is a
poor diffractor (hav ing only light N, O, C and H at oms).
Dif frac tion pat terns were reg is tered with a MAR345 im age 
plate de tec tor (pixel size 0.15 mm, 2300 x 2300 pix els in

im age, max i mum res o lu tion 1.105 C, max i mum 2q =
36.942 deg.). The frames were mea sured with ex pos ing

time equal to 900 - 3600 sec onds, with Df = 0.03 de grees.
The dis tance crys tal-de tec tor, the beam cen ter po si tion, the
tilt an gle and the tilt plane ro ta tion an gle were re fined us ing 
a Si stan dard put at a di a mond an vil (DAC). A meth a -
nol-eth a nol mix ture was used as a pres sure-trans mit ting
me dium [1]. It was spe cially dried to have no traces of wa -
ter, be cause even traces of wa ter are known to in flu ence on
the poly mor phic trans for ma tions in glycine. The sam ple in
the DAC was cen tered with re spect to the beam very care -
fully, so that no re flec tions from steel gas ket could be ob -
served in the mea sured dif frac tion pat tern.

Fit2D pro gram [2] was used for pro cess ing dif frac tion
data mea sured with the syn chro tron source (cal i bra tion,
mask ing, in te gra tion).

The unit cell di men sions were de ter mined with the in -
dex ing pro gram TREOR [3] with M19= 22, F19 = 48
(0.009163, 44) us ing the first 19 peak po si tions. The struc -
ture was solved by the grid search pro ce dure [4] and re -
fined with the use of bond re straints by the MRIA pro gram
[5]. The strength of re straints was a func tion of in ter atomic
sep a ra tion and for intramolecular bond lengths cor re -
sponds to an r.m.s. de vi a tion of 0.03 C. H at oms were
placed in geo met ri cally cal cu lated po si tions and al lowed to 
re fine us ing bond re straints with a com mon iso tro pic dis -
place ment pa ram e ter Uiso fixed to 0.05 C2.

PowderCell [6] was used for struc ture anal y sis and
graphic rep re sen ta tion.

Re sults and dis cus sion
At 2.74 GPa the re flec tions of a new phase could be ob -

served, al though g-polymorph was still the ma jor com po -
nent at this pres sure. The new high-pres sure phase was
pres ent as the main com po nent in the pres sure range 4.17 –
7.85 GPa, but even at 7.85 GPa the peaks of the low-pres -

sure phase (g-glycine) were still pres ent in the dif frac tion
pat terns.

The struc ture of a new high-pres sure polymorph was
solved in the Pn (No 7) space group (a = 5.379(1) C, b =

5.557(1) C, c=4.780(1) C, b = 118.25(1)o, V = 125.86(4)
C3, Z = 4). The pack ing of zwitter-ions in the high-pres sure 
polymorph turned out to be es sen tially dif fer ent from that

in the orig i nal g-polymorph (P31), but sim i lar in many re -
spects to pack ing of zwitters-ions in the other two pre vi -

ously known poly morphs of glycine – a- (P21/n) and b-

(P21) forms. [7]. In the g-polymorph zwitter-ions are linked 
via hy dro gen bonds in a three-di men sional net work based
on he li cal chains. In the new high-pres sure polymorph the
zwitter-ions are re ar ranged to give spe cific lay ers.

The struc ture of an in di vid ual layer in the high-pres sure 
polymorph is sim i lar in many re spects to the struc tures of

in di vid ual lay ers in the a- and b- forms, but the way how
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the lay ers are stacked is es sen tially dif fer ent: the lay ers in

the high-pres sure polymorph are dou ble, as in the a-form,
but the in di vid ual lay ers in the dou ble layer are re lated not

by in ver sion, as in the b-form, but by a glide plane. The

pres sure-in duced poly mor phic trans for ma tion in the

g-polymorph can be com pared to a change in the sec ond ary
struc ture of a polypeptide chain from a he lix into a layer.

A high res o lu tion, syn chro tron X-ray pat tern of the
glycine high-pres sure mod i fi ca tion and a dif fer ence be -
tween the mea sured and cal cu lated pro files are shown on
Fig ure 1. Atomic co or di nates and iso tro pic dis place ment
pa ram e ters are in the Table 1.

On de com pres sion, the high-pres sure phase did not dis -
ap pear com pletely even at am bi ent pres sure. At 3.27 GPa

the amount of the ini tial g-polymorph in creased con sid er -
ably. Be sides, some ad di tional lines ap peared that could
not be as signed ei ther to the new high-pres sure polymorph, 

or to the orig i nal g-form.
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Fig ure 1

atom x y z Uiso (C2)

O1 0.9533 0.806(2) 0.2824 0.018(1)

O2 0.308(2) 0.6525(14) 0.767(2) 0.018(1)

N1 0.780(3) 0.724(2) 0.734(2) 0.018(1)

C1 0.224(3) 0.763(3) 0.519(2) 0.018(1)

C2 0.484(3) 0.853(2) 0.496(3) 0.018(1)

H1 0.516 0.022 0.549 0.051

H2 0.433 0.825 0.294 0.051

H3 0.753 0.560 0.690 0.051

H4 0.945 0.782 0.708 0.051

H5 0.850 0.756 0.943 0.051

Ta ble 1

http://www.bam.de/a_v/v_1/powder/e_cell.html
http://www.bam.de/a_v/v_1/powder/e_cell.html


B2 - O4
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The bi nary sys tem Ni-Sn con tains a se ries of non-
stoichiometric phases Ni1+dSn with Ni2In/NiAs type struc -
tures: a NiAs type sub-struc ture is formed by Ni(1)Sn (Sn
tak ing the place of As) with ad di tional Ni(2) at oms oc cu py -
ing par tially the cen tres of the trigonal-bipyramids formed
by five Sn at oms. In the hex ag o nal high-tem per a ture (HT)

phase with ca. 0.27 £ d £ 0.65 these  Ni(2) at oms show no
long-range or der. Oc cu pa tional or der ing of Ni(2) is ex hib -
ited, how ever, by the three dif fer ent but struc tur ally sim i lar 
orthorhombic low-tem per a ture phases (LT, LT’, LT’’
[1-5]). The or der-dis or der phase-tran si tion tem per a ture is
strongly com po si tion de pend ent, e.g. the dis or dered
HT-Ni1.50Sn trans forms to the or dered LT phase be low 782
K, whereas for Ni1.35Sn the LT’ phase forms be low 686 K.
The equi lib rium phase tran si tions oc cur dis con tin u ously,
i.e. by a first or der tran si tion [2]. States of (dis)or der can be
re tained at am bi ent tem per a tures by quench ing the al loys in 
wa ter.

The pres ent pa per re ports X-ray pow der dif frac tion in -
ves ti ga tions on non-equi lib rium states of Ni1+dSn ob tained
by var i ous heat treat ment pro ce dures, pro vid ing in sight
into the mech a nism of the dif fer ent ob served pro cesses.
For that three al loys were equil i brated at dif fer ent an neal -
ing tem per a tures T1 and sub se quently quenched:

HT-Ni1.50Sn quenched from T1 = 1023 K
HT-Ni1.35Sn quenched from T1 = 1023 K
LT’-Ni1.35Sn quenched from T1 = 683 K.
These sam ples were af ter wards an nealed at var i ous

tem per a tures T2 < 600 K for cer tain pe ri ods of time,
quenched and then char ac ter ised by X-ray pow der dif frac -
tion. The grad ual changes from the equi lib rium state
quenched from T1 to the new equi lib rium state (of ten fi -
nally reached only af ter long times) at T2 can be traced by
mea sur ing lat tice pa ram e ters, in te gral re flec tion in ten si ties

and dif frac tion-line broad en ing as a func tion of the an neal -
ing time.

An neal ing of HT-Ni1.50Sn and HT-Ni1.35Sn at T2 gen er -
ates new long-range or der lead ing fi nally to the LT/LT’
phases in equi lib rium at T2. This or der for ma tion oc curs in
a two-step fash ion, which in volves firstly for ma tion of
long-range or der in small do mains, and sec ondly coars en -
ing of the or dered do mains as ex hib ited by a nar row ing of
the su per struc ture re flec tions (Fig ure 1).

The LT’-Ni1.35Sn sam ple equil i brated at and quenched
from T1 = 683 K shows long-range or der with sharp su per -
struc ture re flec tions. How ever, the de gree of long-range
or der as ob tained from the in ten si ties of the su per struc ture
re flec tions is dis tinctly lower than for sam ples equil i brated
at lower tem per a tures. In this case an neal ing at var i ous
tem per a tures T2 now re veals sim ply a grad ual in crease of
the al ready pres ent long-range or der (Fig ure 2), in con trast
with the two-stage or der-for ma tion pro cess ex hib ited by
the sam ples equil i brated at T1 = 1023 K.

The X-ray pow der dif frac tion data were used to eval u -
ate the ki net ics of the ob served pro cesses. Par tic u larly, the
ac ti va tion en er gies were de ter mined. Meth ods for such
anal y ses were de vel oped. The con tri bu tion of the ac ti va -
tion-en ergy val ues to the un der stand ing of the trans for ma -
tion mech a nisms is dis cussed. 
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Fig ure 1: Coars en ing of small-do main LT-Ni1.50Sn pro -
duced by an neal ing HT-Ni1.50Sn as ob served by an eval u a -
tion of Scherrer-type broad en ing of the su per struc ture
re flec tions (stage 2 of or der formation).
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Fig ure 2 Evo lu tion of the ‘orthorhombic dis tor tion’ used as
a mea sure for the de gree of long-range or der in LT’-Ni1.35Sn
equil i brated at T1 = 683 K and an nealed sub se quently for
var i ous times at var i ous tem per a tures T2.


