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1,4,7,10-TETRAAZACYCLODODECANE-10-METHYL-1,4,7-TRIS(METHYLENEPHENYL

PHOSPHINIC) ACID 
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De part ment of In or ganic Chem is try, Fac ulty of Sci ence, Charles Uni ver sity, Hlavova 2030, Prague 2, 128 43, 
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Co or di na tion chem is try of lanthanide ions and yt trium with 
N,O-macrocyclic lig ands is widely in ves ti gated be cause of
the im por tance of their me dic i nal and bio chem i cal use,
such as Gd3+ com plexes as con trast agents (CA) in mag -
netic res o nance im ag ing (MRI) [1,2], 90Y com plexes in
radioimmunotherapy [2] and luminiscent Eu3+ and Tb3+

com pounds as probes [2,3]. Pre vi ously, we pub lished [4]
an in ter est ing set of struc tures of com plexes of
1,4,7,10-tetraazacyclododecane-10-methyl-1,4,7-tris(met
hylenephenylphosphinic) acid (H3L, see Fig ure 1). This
acid forms neu tral dimeric com plexes [LnL(H2O)n]2. x
H2O. y MeOH with Ln3+ ions, where n = 0 or 1, x = 5-7 and
y = 0-2, for dif fer ent Ln3+ [4]. All com pounds are
isostructural and crys tal lise in space group P21/c (no. 14)
with sim i lar val ues of lat tice pa ram e ters and sim i lar po si -
tion of the lanthanide ion in the unit cell.

How ever, the com pound [PrL(H2O)n]2. x H2O does not
be long to the pre vi ously pub lished isostructural set. The
struc ture in ves ti ga tion of [PrL(H2O)n]2. x H2O has re sulted
in an in ter est ing con clu sion [5]. The suc cess ful mod el ling
of dis or ders in this case gave us a pic ture of “frozen so lu -
tion” with sam ples of iso meric spe cies pres ent. Three
chem i cally and four crys tal lo graphi cally dif fer ent com -
plexes were iden ti fied and struc tur ally char ac ter ised:
[Pr{L(R,S)}]2 with co or di na tion num ber (CN) 8,
[Pr{L(R,R)}(H2O)]2 with CN 9 and two spe cies
[Pr{L(R,S)}(H2O)]2 also with CN 9, but with a lit tle dif fer -
ent geo met ri cal pa ram e ters (the sym bols L(R,R) and
L(R,S) mean the dif fer ent chirality on phos pho rus atom of
the ligand la belled P2 in the re sult ing com plex, re spec -
tively). There fore, the ti tle com pound should be writ ten as

0.67 [Pr{L(R,R)}(H2O)]2 . 0.33 [Pr{L(R,S)}(H2O)]2 . 0.67
[Pr{L(R,S)}]2 . 0.33 [Pr{L(R,S)}(H2O)]2 . 27.5 H2O. 

In our opin ion, it il lus trates that dis or der can rep re sent
not only a nui sance in struc ture solv ing and re fine ment; it
may bring use ful chem i cal in for ma tion as well.
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Fig 1. The for mula of H3L.
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STRUCTURE OF MONTMORILLONITE INTERCALATED WITH METHYLENE BLUE.
MOLECULAR SIMULATIONS AND EXPERIMENT
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Struc ture anal y sis us ing com bi na tion of ex per i men tal
(X-ray pow der dif frac tion, in fra red spec tros copy, flu o res -
cence, etc.) and the o ret i cal (mo lec u lar sim u la tions) meth -
ods is pow er ful tool for solv ing dis or dered struc tures. In
this work the struc tures of two dif fer ent types of
montmorillonites (MMT) in ter ca lated with meth y lene blue
cat ions are solved. Crystallochemical for mula of Wy o ming 
MMT is Na0.41K0.14Ca0.07 (Al3.01Mg0.48Fe3+

0.49) [Si7.81Al0.17

Ti0.02]O20(OH)4 and Ca-Cheto MMT: Na0.10K0.04Ca0.50

(Al2.80Mg1.00Fe3+
0.20)[Si7.86Al0.14]O20(OH)4. The fully in ter -

ca lated sam ples of Wy o ming and Cheto MMT with meth y -
lene blue cat ions were pre pared re peated in ter ca la tion by
meth y lene blue so lu tions. The con cen tra tion of meth y lene
blue in so lu tions was de ter mined by pho tom e try method
(UV-VIS spectrophotometer – Lambda 25, Perkin Elmer).
X-ray pow der dif frac tion (XRPD) mea sure ments were car -
ried out in INEL X-ray pow der dif fract me ter. Flu o res -
cence was ex cited us ing a He-Cd la ser at 325 nm.
Mo lec u lar sim u la tions were car ried out in Cerius2 mod el -
ling en vi ron ment [1] to de scribe the struc ture char ac ter iza -
tion ob tained from XRPD. Ini tial model of
mont mo ril lo nite: space group C2/m, the unit cell pa ram e -
ters: a = 5.208 C and b = 9.020 C [2]. To cre ate the
supercell of rea son able size for cal cu la tions, the struc tural
for mula de ter mined from chem i cal anal y sis was slightly
mod i fied. That means for Wy o ming MMT the supercell 3a

´ 2b ´ 1c with the layer com po si tion (Al18Mg3Fe3+
3)

(Si47Al1)O120(OH)24 was built with the to tal neg a tive layer

charge (-4) and for Cheto MMT the supercell 3a ´ 2b ´ 1c
with the layer com po si tion (Al17Mg6Fe3+

1) (Si47Al1)
O120(OH)24 was built with the to tal neg a tive layer charge
(-7).  The po ten tial en ergy was de scribed with Uni ver sal
force field [3], charges were cal cu lated by Charge equil i -
bra tion [4] and minimization was done in Min i mizer mod -

ule with fix cell pa ram e ters: a, b, g. Quench mo lec u lar
dy nam ics sim u la tions in NVT en sem ble was done for min i -
mized mod els. Tem per a ture was T = 300 K and kept con -
stant us ing Berendsen ther mo stat [5], sil i cate lay ers were
fixed dur ing dy namic sim u la tion.

The amount of MB in ter ca lated into MMT in crease
with in creas ing MB con cen tra tion in the in ter ca la tion so lu -
tion. Dif fer ent amount of MB cat ions was placed in the
interlayer space of MMT to built mod els for fully and par -
tially ex changed MB-MMT. Op ti mized struc tures for the
fully ex changed MB-Wy o ming MMT (4 MB+ cat ions per
supercell) led to the basal spac ing 1.77 nm and for par tially
ex changed MB-Wy o ming MMT (2 MB+ and 2 Na+ cat ions
per supercell) ex hibit the basal spac ing in the range 1.51 –
1.53 nm. The ar range ment of MB guests is monolayer with
MB planes slightly tilted and the long axis al most par al lel
with the sil i cate lay ers. Mod el ing of MB-Cheto MMT led

to the sim i lar re sults. Mod els of fully ex changed
MB-Cheto MMT (7 MB+ cat ions per supercell) led to the
basal spac ing 2.03 nm and where MB+ cat ions cre ate
bilayer ar range ment of MB dim mers with the tilt ing an gles
higher than in case of MB-Wy o ming MMT. Op ti mized
struc ture of the par tially ex changed MB-Cheto MMT (4
MB+ and 3 Na+ cat ions per supercell) ex hib its the basal
spac ing 1.77 nm. Com par i son of cal cu lated basal spac ing
with the ex per i men tal val ues con firmed the con clu sion,
that the sam ples of Wy o ming and Cheto MMT were sat u -
rated but not fully ex changed. Ac cord ing to mo lec u lar
mod el ling the basal spac ing cal cu lated for the fully ex -
changed Cheto MMT was 2.03 nm, which means that the
sam ples MB-Cheto MMT with ex per i men tally mea sured
basal spac ing 1.71 nm and 1.86 nm were fully not fully ex -
changed. 

Flu o res cence mea sure ments for MB-Wy o ming MMT
show very sim i lar band pro file cov er ing a wide wave length 
range for all in ves ti gated sam ples. In op po site of this the
flu o res cence in ten sity is very low nearly neg li gi ble for
MB-Cheto. The high layer charge in Cheto MMT re quires
the high MB+ con cen tra tion in the interlayer. MB+ cat ions
in ter act with neg a tively charged sil i cate layer, with neigh -
bour ing guests and also with the rest of ex change able cat -
ions in the interlayer space. Con se quently the charge
trans fer be tween MB+ cat ions and their en vi ron ment is en -
hanced and the flu o res cence in ten sity de creased. 

Struc ture anal y sis us ing com bi na tion of dif frac tion data 
with mo lec u lar mod el ling re vealed the dif fer ences in the
interlayer ar range ment of MB + guests in Wy o ming and
Cheto MMT. More over flu o res cence mea sure ments
showed the strong ef fect of the sil i cate layer charge on the
spec tro scopic be hav iour of MB+ guests in ter ca lated in
MMT. Meth y lene blue ex hib its the strong lu mi nes cence in
Wy o ming MMT and al most no lu mi nes cence in Cheto
MMT.  
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In tro ducti on

Anal y sis of pig ment phases is one of stan dard op er a tions in 
many ma te rial fields as well as in the fo ren sic sci ence
sphere. It is re quired for ex pert ex am i na tion of a whole
range of ev i dence (car paints, abra sion of lac quer sys tems
of tools and in stru ments, frag ments of in te rior and ex te rior
paints and plas ter coats, paint ing pig ments etc. – ex haus -
tive list ing could be very lengthy). The ex ist ing an a lyt i cal
prac tice, re quir ing the sam ple to be di vided for in di vid ual
in stru men tal meth ods, was be gin ning to prove un sat is fac -
tory be cause in a num ber of cases stated above it is nec es -
sary to study ev ery sin gle layer sep a rately and the re sults of 
stra tig ra phy stud ies can con trib ute to ex pres sion or dis -
missal of the ge neric match pos si bil ity in com par i sons.
Fur ther more, con sid er ing the sam ple inhomogenity, it was
of ten pos si ble to ar rive at mis lead ing in for ma tion.  

Metho do lo gy

There fore, the In sti tute of Criminalistics Prague in co op er -
a tion with the In sti tute of In or ganic Chem is try of the
ASCR and Acad emy of Fine Arts in Prague ver i fied in
prac tice the meth od ol ogy of a com plex tech nique that
would al low max i mum num ber of de ter mi na tions from a
sin gle sam ple/frag ment, or from its ex actly de fined ar eas.
The method is based on pol ished sec tions and thin
microtome sec tions, on which meth ods of op ti cal mi cros -
copy and flu o res cence, SEM/EDS, FTIR, m-XRD etc. are
ap plied. In di vid ual meth ods are work ing on the very same
spots, or ar eas of strati graphic set lay ers.  

The role of pow der microdiffraction, which in most
cases al lows di rect ex act phases iden ti fi ca tion, is im por tant 
in this com plex meth od ol ogy. Mea sure ments were made
on an X’PertPRo diffractometer made by a Dutch com pany 
PANalytical. It is a com bi na tion of a com mon X-ray tube, a 
cap il lary, which fo cuses the X-ray beam into the di am e ter
of 0.1 mm, and a po si tion-sen si tive de tec tor. The set en -
ables phase anal y sis from the area of hun dreds of square
mi crom e ters in hours. 

It was es tab lished that suc cess ful mea sure ment of raw
sam ples is pos si ble, e.g. art work frag ments, lay ers ap plied
on mats of var i ous shapes (glass slide, thin wire etc.) or
pow ders. At the same time it is pos si ble to mea sure sam ples 
fixed in the filler and pol ished in their cross sec tion, or
microtome sec tions from these filled sam ples. Only such
pol ished sec tion al lows mea sure ment of each layer in tech -
no log i cal se quence. With raw frag ments it is some times
very dif fi cult to find the mea sur ing area, so that in the area
of low an gles there is no shad ing caused by sur face un -
even ness. In the case of pol ished sec tions, prob lem atic are

fill ers most com monly on the ba sis of poly es ter resin,
which causes dif frac tion lines wid en ing and wors ens back -
ground noise. The same ef fect ap plies to gen er ally pres ent
or ganic bind ers in sam ples of col our lay ers in paint ings or
polychromy. For sam ple ad just ment, a thin sil i cone
non-diffractive mat proved use ful. It is made of
monocrystalline sil i cone drawn in the di rec tion (100). The
in got was then cut into slices of 0.3 mm in such a way, that
the cut was con ducted in the an gle of 7 de grees to the plane
per pen dic u lar to growth di rec tion (100). Thus, the dif frac -
tion phe nom e non does not oc cur in the mat ma te rial. These
mats can be used uni ver sally and apart from XRD anal y sis,
also trans mis sion FTIR and SEM/EDS can be per formed
from one cut ad just ment. With SEM/EDS it is in some
cases nec es sary to lower the op er at ing volt age with
ultrathin sec tions).

Per fectly pol ished sec tion in clear filler, which does not 
dem on strate UV lu mi nes cence, is op ti mal for the pur poses
of op ti cal mi cros copy, SEM/EDS and colorimetry. Mi cro -
scopic meth ods are re al ized first; there fore the pol ish ing
step can not be left out. How ever, for the pur poses of pow -
der X-ray microdiffraction it is nec es sary to roughen the
pol ished sec tion sur face or cut it – to get rid of the filler
traces, which con tam i nate it dur ing pol ish ing. For IR
microspectrometry both the filler and rough sur face bring
com pli ca tions – there fore the best sur face treat ment is
microtome cut ting or the prep a ra tion of a microtome sec -
tion for trans mis sion mea sur ing.

Mea sur ing ge om e try of pow der X-ray microdiffraction
can be changed for sam ples of var i ous heights. It is nec es -
sary to elim i nate as much as pos si ble the con tri bu tion of the 

Fig. 1. Mi cro pho to graph of the paint ing sam ple sec tion with in di -
cated mea sur ing points.
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filler into the whole an a lyt i cal sig nal of pol ished and
microtome sec tions mea sure ment. Al though this con tri bu -
tion does not dis able the mea sure ment it self, the in ter pre ta -
tion of the con se quent diffractogram is in flu enced in the
area of low an gles in case of all types of fill ers. It is nec es -
sary to take into ac count that the de tec tion limit of phase
de ter mi na tion with light elements is ca. 5 mass %. 

Fig. 1 il lus trates the ap pli ca tion on a real sam ple micro -
tome sec tion of a paint ing in Bylapox resin. The sam ple is
com posed of three ba sic lay ers – the underlayer, un -
der-paint ing and paint ing. Re sults of the anal y sis are pre -
sented in fig. 2 and 3.
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In tro ducti on

The ma jor ity of anal y ses in fo ren sic field deals with de ter -
mi na tion and com par i sons of var i ous ev i dence and ma te ri -
als. Of ten there is lit tle or noth ing known about them and in 
a crime lab one can meet very broad spec trum of var i ous
ma te ri als. Here lies the fun da men tal dif fer ence as com -
pared with other an a lyt i cal labs and in sti tutes that are usu -
ally spe cial ized more or less in cer tain ma te rial group.
From this point of view the ben e fit of XRD meth ods is very 
sig nif i cant, be cause they usu ally en able di rect phase anal y -
sis (if the ma te rial to be ex am ined is of crys tal struc ture).
Of course, not even XRD meth ods are om nip o tent and are
usu ally used in com bi na tion with other meth ods (mainly
SEM-EDS/WDS, op ti cal mi cros copy, XRF, FTIR etc.).

Re cently there has been a trend in the fo ren sic field to
de ter mine the phases by min i mum of two in de pend ent
meth ods. The con clu sions of ex pert opin ions are the ba sis
for de ci sions made by bod ies re spon si ble for pe nal pro -
ceed ings, i.e. de cid ing about guilt and pun ish ment, and

there fore the re sults must be of the high est level of cred i bil -
ity. Here the role of XRD method is re place able only with
dif fi culty be cause it en ables the per for mance of phase anal -
y sis on phys i cally dif fer ent prin ci ple than the ma jor ity of
stan dard an a lyt i cal meth ods for both in or ganic and or ganic
ba sis.

Metho do lo gy

In fo ren sic sci ence prac tice XRD meth ods can be used
namely for anal y ses of min eral phases in soils, in or ganic
and or ganic phases in pig ments and coat ing com po si tions,
gemologic ob jects, in or ganic and or ganic phases of
post-blast res i dues, ex plo sives com po nents and py ro tech -
nic com po si tions, drug anal y sis (in clud ing semi-quan ti ta -
tive anal y sis) and other phar ma ceu ti cal and cos metic
prod ucts, build ing ma te ri als and their rel ics – abra sions,
microparticles, met als and al loys (in clud ing abra sions),
plas tics and poly mers, fill ers and ad di tives in pa pers and

Fig. 2.  Pow der dif frac tion pat tern  of the sam ple sec tion brown
underlayer in point 2.

Fig. 3. Pow der dif frac tion pat tern of the sam ple sec tion yel low
col our layer in point 3.
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other prod ucts, and last but not least also in com pletely
“un known” sam ples (pow ders in ex tor tion let ters etc.). 

Ad van tages of XRD meth ods in the fo ren sic field lie in
their com plex ity, in the pos si bil ity to an a lyze rel a tively
small-vol ume sam ples, in their rel a tive non-de struc tive -
ness, pres er va tion of ma te rial af ter the anal y sis for pro -
spec tive fur ther ex am i na tions or re vi sions, and a rel a tively
pre cise semi-quan ti ta tive phase anal y sis in a mix ture.

Quite im por tant are ap pli ca tions of XRD meth ods in
the sphere of ex plo sives and blast er agents anal y ses. Other
meth ods can have prob lems with un am big u ous phase anal -
y sis (e.g. azides or ful mi nates of heavy met als), pos si bly
also with the spec i men prep a ra tion for anal y sis of high ex -
plo sive ma te ri als. Fig. 1 il lus trates the iden ti fi ca tion of sil -
ver azide pre sented as un known ma te rial from do mi cil i ary
search.

Re cently, X-ray pow der microdiffraction has started to
gain ground. The term XRD microdiffraction ap peared at
the end of the 1990s. The microbeam in this case means

syn chro tron ra di a tion or ra di a tion fo cused by polycapillary 
pri mary op tics, which gives suf fi cient strength for dif frac -
tion data col lec tion from a small area in reasonable time. 

Test mea sure ments for fo ren sic ap pli ca tion are made
on an X’PertPRo diffractometer made by a Dutch com pany 
PANalytical. It is a com bi na tion of a com mon X-ray tube, a 
cap il lary, which fo cuses the X-ray beam into the di am e ter
of 0.1 mm, and a po si tion-sen si tive de tec tor. The ap pli ca -
tion of microdiffraction in fo ren sic field is of great im por -
tance be cause for the first time the size of the an a lyzed area
is get ting to the level com pa ra ble to other mi cro scopic
iden ti fi ca tion meth ods, and fur ther it is pos si ble to an a lyze
com mon sam ples with out any ad just ment or change. Fig 2
shows the ex am ple of a bul let ad just ment with abra sion rel -
ics of met als in the X’PertPRo diffractometer. The re sult of
a con ven tional Bragg-Brentan method mea sure ment (fig. 3 
– lower curve), where the X-ray tube moves by the omega
an gle and the de tec tor by theta an gle on con di tion that w =
q, showed that the most in ten sive dif frac tion line of alu -
minium (111) over laps with b line from the most in ten sive

Fig. 1. The iden ti fi ca tion of sil ver azide pre sented as un known ma te rial from do mi cil i ary search (left SEM pic ture, right EDS spectra).

Fig. 2. Ex am ple of a bul let ad just ment with abra sion rel ics of
met als in the X’PertPRo diffractometer. 

Fig. 3. Pow der dif frac tion pat terns  of abra sions on the sur faces
of 9 mm bul lets Fe-tombac cladded.
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line of tombac (111). Fur ther more, well no tice able are dif -
frac tion lines of fer rit ic steel from bul let core clad ding. The 
dif frac tion line (211) of fer rite, which lies approx. next to
100 de grees 2theta, has sig nif i cantly higher in ten sity than
would be ap pro pri ate to the struc ture. This can be ex -
plained by the ma te rial stress of the rolled bul let jacket.

An other op er at ing prac tice was cho sen for the sec ond
mea sure ment of the same spot to in crease the con tri bu tion
of sur face lay ers to the whole an a lyt i cal sig nal. In this case
the in ci dence an gle be tween the X-ray tube and the sam ple
sur face be ing mea sured was con stant (w = 7°) and only the
de tec tor was mov ing. This method of mea sure ment re sults
in a drop of pen e tra tion depth of X-ra di a tion into the sam -
ple (with more sig nif i cant con tri bu tion of sur face lay ers of

the sam ple). With low (and con stant) an gle of in ci dence
there is at the same time larger sam ple area ra di ated (fig. 3 – 
up per curve). In crease in Al con tri bu tion is no tice able and
it is pos si ble to dis tin guish clearly be tween alu minium line
(111) and a tombac beta line (111). At the same time the
diffraction lines of ferrite practically disappeared.
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Amor phous chalcogenide films (amor phous chalcogenides 
of Ge, As, Sb, Te, Ag, In and other el e ments, with bi nary or 
multi-com po nent com po si tions) have many potentional
and cur rent ap pli ca tions in microoptics, photonic crys tals
and op ti cal mem o ries. Op ti cally or elec tri cally re corded
mem o ries are cur rently ‘hot’ sci en tific topic. The re cord ing 
mech a nism is an op ti cally or elec tri cally in duced re vers ible 
phase tran si tion be tween amor phous and crys tal line states
or re vers ible lo cal change in the films com po si tion. 

Amor phous films of dif fer ent com po si tion (Agx(Sb0.33

S0.67)100-x, where x was be tween 0 and 25 at.% Ag, resp.

Agx(As0.33 S0.67)100-x, where x was be tween 0 and 35 at.%
Ag), were pre pared by pulsed la ser de po si tion and op ti -
cally in duced sil ver dis so lu tion into the bi nary
chalcogenides de pos ited by vac uum evap o ra tion tech -
niques. Op ti cally in duced crys tal li za tion was dem on strated 
in films and the ki net ics of the crys tal li za tion were stud ied
by pow der X-ray microdiffraction (mi cro-pXRD). A
microdiffractometer with monocapillary pri mary op tics
and x, y, z-stage en ables anal y sis from spot with a di am e ter
of 0.15 mm.


