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A5 - Struc ture So lu tion from Pow der Diffraction Data - Ap pli ca tions I

A5 - O1

MOLECULAR CRYSTAL STRUCTURES FROM POWDER X-RAY DIFFRACTION
TECHNIQUES

Eugene Y. Cheung, Andrew J. Hanson, Scott Habershon, Fang Guo, and 
Kenneth D.M. Harris

School of Chem is try, Car diff Uni ver sity, PO Box 912, Car diff CF10 3TB, UK
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With the ad vances of di rect space strat e gies for struc ture
so lu tion from pow der X-ray data [1,2], and in par tic u lar the 
suc cess of the Ge netic Al go rithm method [3,4], struc tural
prob lems in a va ri ety of fields are be ing tack led us ing in -
for ma tion from pow der data.  Struc tural prob lems which
have the com plex ity of more than one mol e cule in the
asym met ric unit pres ent new chal lenges to pow der X-ray
dif frac tion [5], and strat e gies to im prove the prob a bil ity of
suc cess in solv ing crys tal struc tures are ex plored.  Re cent
de vel op ments in the struc ture so lu tion of com pli cated
struc tures us ing pow der dif frac tion tech niques will also be
high lighted.[6]  
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Lac tose, a milk sugar, fixes the mol e cules of wa ter,
which per mits to in crease the du ra tion of pres er va tion of a
prod uct. Con se quently, lac tose is of great in ter est for food

and phar ma ceu ti cal in dus tries. Lac tose (4-O-b-D-galacto -
pyranosyl-D-glucopyranose), is a ‘mixed’ disaccharide
con tain ing a galactose and a glu cose unit linked through a

b–1,4 link age. It ex hib its two anomers (a–lac tose and

b–lac tose) which dif fer in the con fig u ra tion of the ter mi nal

hydroxyl group of the glu cose unit. For the a–anomer,
three crys tal line forms have been char ac ter ised [1] : the

a–lac tose monohydrate (here af ter named aL-H2O), the hy -

gro scopic an hy drous a–lac tose (aLH) and the sta ble an hy -

drous a–lac tose (aLS). The b–anomer has only one

crys tal line form (bL); mixed com pounds a-b-lac tose have

also been iden ti fied with dif fer ent stoechiometries (a/bL)

[2], [3]. The crys tal line struc tures of the aL-H2O form [4],

[5], [6] and bL form [7] were solved from sin gle crys tal
sam ples with an au to matic X-ray diffractometer. 

The aim of this ab stract is to ex plain the ab in itio struc -

ture de ter mi na tion of two an hy drous forms of a-lac tose by

pow der X-ray dif frac tion: the aLH form and the sta ble an -

hy drous phase of a–lac tose. The rea son why we did it on
pow der is given for each phase in the next parts. We have
fol lowed the same pro ce dure for the two phases: 

1) The data were col lected on the lab o ra tory
diffractometer equipped with an INEL curved sen si tive de -
tec tor CPS120. A bent quartz mono chro ma tor al lows to se -

lect the Ka1 wave length of a Cu X-ray tube (l = 1.54056
C). The pow der was in tro duced in a Lindemann glass cap -
il lary (di am e ter = 0.7mm), mounted on the axis of the
diffractometer. It was ro tated dur ing the ex per i ment in or -
der to re duce the ef fect of pos si ble pref er en tial ori en ta -
tions.

2) The pro files of n re flec tions were in di vid u ally re -
fined with the pro gram Winplotr [8] in or der to ob tain their

ex act 2q po si tions. We used then the pro gram TREOR [9]
to in dex the re flec tions. A part of the X-ray dif frac tion pat -
tern was re fined with the cell found by TREOR and us ing
the “pro file match ing” op tion [10] of the pro gram FullProf
[11], in or der to de ter mine the space group.  

3) Lat tice and pro file pa ram e ters, zero point and in ter -
po lated back ground cal cu lated with the pre vi ous re fine -
ments were in tro duced in the pro gram F.O.X. [12] in or der
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to get a start ing struc tural model. The “par al lel tem per ing”
al go rithm of this pro gram was used.

4) The fi nal struc ture was ob tained through Rietveld re -
fine ments with soft re straints on in ter atomic bond lengths
and bond an gles (pro gram Fullprof [11]) and crys tal line
en ergy mini mi sa tion to lo cate the H at oms of the hydroxyl
groups. 

The re sults are the fol low ing : 

1. the hy gro scopic an hy drous phase of a–lac tose 

a-lac tose monohydrate an nealed at 135°C al lowed to
get a mix ture of this com pound with hy gro scopic an hy -

drous a–lac tose. A pow der X-ray dif frac tion pat tern of this 
mix ture was re corded at room tem per a ture. To de ter mine

the lat tice pa ram e ters of the phases, the pro files of the 58

re flec tions with a 2q an gle lower than 40° were re fined
with the pro gram Winplotr. Among the 58, 44 re flec tions

were at trib uted to the aL-H2O form but 14 of them rang ing
from 9 to 33° do not be long, un am big u ously, to the

aL-H2O phase. Hav ing iso lated the aLH phase, we could
con tinue the pro ce dure as de scribed be fore hand. We have
found a monoclinic sym me try, a space group P21 with 2
mol e cules per cell (Z’ = 1), and the fol low ing lat tice pa ram -
e ters: a = 7.7795 (3), b = 19.6931 (7), c = 4.9064 (1) C, 

b = 103.691 (2)°, V = 730.32 (4) C3. The fi nal Rietveld plot 
is given on fig ure 1a (Rp = 0.0657, Rwp = 0.0733, Rexp =

0.0222, c2 = 10.9). The crys tal line co he sion is achieved by
net works of O–H···O hy dro gen bonds (fig ure 1b). The

Fig ure 1: (a) Fi nal Rietveld plot of the hy gro scopic phase of a-lac tose. Ob served data points are in di cated by dots, the
best-fit pro file (up per trace) and the dif fer ence pat tern (lower trace) are solid lines. The ver ti cal bars cor re spond to the po si -

tion of Bragg peaks: up per bars for aLH, lower bars for aL-H2O. (b) Pro jec tion of the unit cell of the hy gro scopic a-lac tose
along c*. Dashed lines cor re spond to H bonds.

Fig ure 2: (a) Fi nal Rietveld plot of the sta ble an hy drous phase of a–lac tose. Ob -
served data points are in di cated by dots, the best fit pro file (up per trace) and the dif -
fer ence pat tern (lower trace) are solid lines. The ver ti cal bars cor re spond to the
po si tion of Bragg peaks. (b) Pro jec tion along c* of the unit cell of the sta ble an hy -

drous form of a-lac tose. Dashed lines cor re spond to H bonds.
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width of the Bragg peaks is in ter preted by a
phenomenological microstructural ap proach in terms of
iso tro pic size ef fects and anisotropic strain ef fects. 

2. the sta ble an hy drous phase of a–lac tose

The sta ble an hy drous a–lac tose (aLS) form, not com -

mer cially avail able, can be ob tained from aL-H2O ei ther
by heat ing at about 140°C or by de hy dra tion in an hy gro -
scopic sol vent such as meth a nol [13], which we have used.
To get sin gle crys tals to per form X-ray ex per i ments with

an au to matic diffractometer, the aLS pow der must be dis -
solved in a sol vent and, then, crys tals grow ei ther by tem -
per a ture low er ing or by evap o ra tion. In so lu tion, the

mol e cule of lac tose can un dergo hydration to form aL-H2O 

or mutarotation to form bL. For this rea son, the struc ture of

the aLS form was solved ab in itio from pow der X-ray pat -
tern us ing the Rietveld method. We have found a triclinic
sym me try, a space group P1 with 2 mol e cules per cell, and
the fol low ing lat tice pa ram e ters: a = 7.6522 (2), b =

19.8637 (5), c = 4.9877 (1) C, a = 92.028 (1)°, b = 106.261

(1)°, g = 97.153 (1)°, V = 720.18 (4) C3. The fi nal Rietveld
plot is given on fig ure 2a. (Rp = 0.0555, Rwp = 0.0624, Rexp = 

0.0159, c2 = 15.5). The crys tal line co he sion is achieved by
net works of O–H···O hy dro gen bonds dif fer ent to those of

the aL-H2O and aLH phases (figure2b). The broad en ing of
the Bragg re flec tions is in ter preted in terms of size of the
crys tal lites and of strain of the lat tice.
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CRYSTAL STRUCTURE OF GUAIFENESIN,
3-(2-METHOXYPHENOXY)-1,2-PROPANEDIOL
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The crys tal struc ture of the com mon ex pec to rant
guaifenesin, 3-(2-methoxyphenoxy)-1,2-propanediol
(C10H14O4) was solved by ap ply ing Monte Carlo sim u lated
an neal ing tech niques to syn chro tron pow der data, and re -
fined us ing the Rietveld method.  Ini tial struc ture so lu tions
yielded an un rea son able con for ma tion, and an un ac cept -
able re fine ment.  Quan tum chem i cal ge om e try
optimizations were used to iden tify the cor rect con for ma -
tion.  Guaifenesin crys tal lizes in the orthorhombic space
group P212121 (#19), with a = 7.65705(7), 
b = 25.67020(24),  c = 4.97966(4) C,  V = 978.79(2) C3,

and Z = 4.  Both hydroxyl groups act as hy dro gen bond do -
nors and ac cep tors, re sult ing in the for ma tion of a 2-di men -
sional net work of strong hy dro gen bonds in the ac plane. 
The solid state con for ma tion is ~4 kcal/mole higher in en -
ergy than the min i mum-en ergy con for ma tion of an iso lated 
mol e cule, but the for ma tion of the hy dro gen bonds re sults
in an en ergy gain of ~100 kcal/mole.  Knowl edge of the
crys tal struc ture per mits quan ti ta tive phase anal y sis of
guaifenesin-con tain ing pharmaceuticals (such as Duratuss
GP 120-1200) by the Rietveld method.
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DIFFRACTION, SOLID STATE NMR AND AB INITIO CALCULATIONS

V. Brodski1, D. J. A. De Ridder1, R. Peschar1, H. Schenk1, A. Brinkmann2, E. R. H. van Eck2,
A. P. M. Kentgens2, B. Coussens3 and Ad Braam3
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In ter est in mel a mine phos phates is high be cause they are
at trac tive en vi ron men tal-friendly al ter na tives to halo -
gen-con tain ing flame-re tar dants [1]. By com bin ing in for -
ma tion from three dif fer ent tech niques, X-ray pow der
dif frac tion, solid-state NMR and ab in itio cal cu la tions,
crys tal struc tures of three mel a mine phos phates have been
es tab lished: mel a mine orthophosphate [2], mel a mine
pyrophosphate [3], and poly mer ized mel a mine phos phate
[4]. The lat ter two arise as the re sult of de hy dra tion pro -
cesses that take place at el e vated tem per a tures.

Crys tal struc ture mod els were ob tained on the ba sis of
X-ray pow der dif frac tion ex per i ment us ing a newly de vel -
oped Monte-Carlo ap proach [5]. The pre cise pro ton-bond -
ing net works, cru cial in the for ma tion of the struc tures and
the de hy dra tion mech a nism, are sup ported by ab in itio en -
ergy minimizations and cor rob o rated ex per i men tally by
solid-state NMR data.

The pack ing in the in ves ti gated com pounds con sists of
in fi nite rib bons of melaminium cat ions crosslinked by
chains of phos phate an ions. Within the cat ion rib bons, ad -
ja cent melaminium moi eties are linked by means of
side-by-side pairs of N-H…N hy dro gen bonds. 

An anal y sis of the struc tural dif fer ences be tween the
three mel a mine phos phates pro vides a first un der stand ing
of the un der ly ing (de)hydration pro cesses that are ex pected 
to play an im por tant  role in the flame-re tar dant ac tiv ity of
these ma te ri als.
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STRUCTURE AND STRUCTURE-RELATED ELECTROCHEMICAL PROPERTIES OF
LiXMn2-XTiXO4 (0.2 £ X £1.5) SPINELS
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Se ries of lith ium man ga nese ti ta nium spinel-like ox ides

LiMn2-xTixO4 (0.2 < x £ 1.5) were syn the sized and char ac -
ter ized by X-ray pow der diffractometry, ther mal anal y sis, 
EPR spec tros copy and elec tro chem i cal meth ods. Com -
pounds whose com po si tion falls within the in ter val 0.2 < x

£ 1.0 crys tal lize in the space group Fd3m, whereas those
hav ing x > 1.0 crys tal lize in the space group F4332. In some 
ear lier stud ies it was claimed that the 8a sites in LiMnTiO4

have mixed oc cu pan cies (Li0.75Ti0.25) [1, 2]. Data from
XRD Rietveld struc tural re fine ment re vealed that, in the
whole compositional in ter val stud ied, the tet ra he dral sites
of the spinel-like struc ture are shared by Li+ and Mn2+, the
par tial oc cu pancy of the lat ter in creas ing from 0.017 to
0.495 with in creas ing x from 0.2 to 1.5. The end mem ber
LiMn0.5Ti1.5O4, syn the sized in ar gon at mo sphere, is re -
ported for the first time. It crys tal lizes (see Ta ble 1 and Ta -
ble 2) in the cu bic space group F4332, a = 8.437 C.

The re fined po si tional pa ram e ters for LiMn0.5Ti1.5O4

are in a good agree ment with those re ported ear lier for sev -
eral iso-struc tural spinel-like ox ides with a gen eral for mula 

Li1-yMy[(LiyM0.5-y) M'1.5]O4, (M = Mg, Co, Zn; M' = Ti; y »

0.5) and (M = Co, Zn; M' = Ge; y » 0.5). Re fined site oc cu -
pan cies in di cate clearly that Li and Mn at oms share the 8c
tet ra he dral sites with al most equal prob a bil ity. Prac ti cally
com plete 1:3 or der ing is ob served in the oc ta he dral (4b and 
12d) sites, oc cu pied by Li and Ti, re spec tively. The ob -
served av er age metal-ox y gen bond lengths are in ex cel lent
agree ment with those cal cu lated additively from the cor re -
spond ing Shan non ionic ra dii. The val ues of the cal cu lated
BVS prove un am big u ously that 4b and 12d sites are oc cu -

pied ex clu sively by Li+ and Ti4+, cor re spond ingly, sup port -
ing con vinc ingly the  va lid ity of the re fined struc tural
model. The elec tro chem i cal per for mance in the 4 V re gion
of the com pounds used as cath ode ma te ri als in lith ium cells 
has been stud ied as a func tion of com po si tion. 

A grad ual loss of ca pac ity with in creas ing x from 0.2 to
0.8, fol lowed by an abrupt fall at x = 1.0 was ob served for
the first charge. Charged sam ples undergo an ir re vers ible
phase trans for ma tion from spinel to de fect rock-salt type
struc ture, which ex plains the ob served poor cy cling be hav -
iour af ter the first charge. Elec tro chem i cal data about
charge/dis charge ca pac i ties in the 3 V and 4V re gion have
been used to es ti mate the Mn3+ con tent in the for mula unit
of the pris tine cath ode ma te ri als.
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Mn2+ 8c 0.0014(2) 0.0014(2) 0.0014(2) 0.65(5) 0.495(4) Rwp = 0.131

Li+ 8c 0.0014(2) 0.0014(2) 0.0014(2) 0.65(5) 0.505(4) Rp = 0.095

Ti4+ 12d 0.125* 0.3698(2) 0.8802(2) 0.66(3) 1.00 Rexp = 0.113

Mn3+,Mn4+ 4b 0.625 0.625 0.625 0.77(4) 0.010(4) ×2 = 1.38

Li+ 4b 0.625 0.625 0.625 0.77(4) 0.990(4) GOF = 1.17

O2-(1) 8c 0.3892(4) 0.3892(4) 0.3892(4) 1.13(7) 1.0 RF = 0.027

O2-(2) 24e 0.1032(5) 0.1266(5) 0.3909(5) 1.23(7) 1.0 RB=0.038

Ta ble 1. Struc tural pa ram e ters of LiMn0.5Ti1.5O4, space group P4332, a = 8.4369(1) C
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STRUCTURE DETERMINATION AND REFINEMENT OF THREE NOVEL TERNARY
PHASES IN THE Bi-Te-Ti-OXIDE SYSTEM
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2”Jozef Stefan” In sti tute, Jamova 39, Si-1000, Ljubljana, Slovenia

The ter nary phase di a gram of Bi2O3 – TeO2 – TiO2 was
ex plored in or der to lo cate pos si ble can di dates for use in
the mi cro wave wire less com mu ni ca tion tech nol ogy. Along 
with the de sired mi cro wave char ac ter is tics (ap pro pri ate di -
elec tric con stant, low di elec tric loss, neg li gi ble tem per a -
ture de pend ence of the res o nant fre quency), the pos si bil ity
of sintering these ma te ri als at low tem per a tures was ex -
pected. This fea ture makes pos si ble the use of the LTCC
(Low Tem per a ture Cofired Ce ram ics) tech nol ogy where
the whole mod ule con sist ing of dif fer ent ce ramic elec tric
el e ments (re sis tors, ca pac i tors, con duct ing paths…) to -
gether with sil ver elec trodes is as sem bled in green (pressed 
pow der) state and sintered only once at the end.

All the phases of the cor re spond ing bi nary sys tems, sta -
ble at room tem per a ture in an ox y gen at mo sphere, were al -
ready known (four in Bi2O3 – TeO2, four in Bi2O3 – TiO2

and one in TeO2 – TiO2). This was, how ever, not the case
for three ter nary sin gle phase ma te ri als with the ex pected
com po si tions of 1Bi2O3-1TeO2-1TiO2 (phase 1), 1Bi2O3-
1TeO2-3TiO2 (phase 2) and 2.5Bi2O3-1TeO2- 4TiO2 (phase 
3) as de ter mined by elec tron mi cros copy and X-ray pow der 
dif frac tion. For none of them it was pos si ble to find any
struc ture with sim i lar pow der dif frac tion pat tern in the
PDF-2, so they were con sid ered new struc ture types and
sub jected to an ab-intio SDPD.

In dex ing with CRYSFIRE suite was suc cess ful in all
three cases and even tu ally helped to sub se quently pu rify
the phase 1 (elim i nate unindexed peaks). The unit cells

were: monoclinic a = 13.1 C, b = 5.00 C, c = 5.25 C and b 
= 108 o for phase 1, trigonal or hex ag o nal a = 5.17 C and c
= 4.95 C for phase 2 and cu bic a = 9.40 C for phase 3.

At this point it was found by other meth ods, that dur ing
the syn the sis in air, Te4+ was ox i dized to Te6+, so that TeO3

should be ex pected in the above com po si tions. This means
more ox y gen and smaller Te6+ ion which can share the
crys tal lo graphic sites with Ti4+. This idea was used to put

(Te,Ti)O6 octahedra (Te : Ti ra tio de fined from the com po -
si tion) and free Bi at oms into FOX. The num ber of each
was var ied to main tain the ex pected com po si tions, en able
the oc cu pa tion of spe cial po si tions and sat isfy the ex pected
den sity (unit cell con tents) for a se lected space group. Sev -
eral space groups were tested in each case and FOX gave
rea son able so lu tions for all three phases. Af ter the com par -
i son of dif fer ent so lu tions, the mod els in space groups
P21/a, P-3 and Pn3 for phases 1, 2 and 3 re spec tively, were
se lected for the re fine ment.

Rietveld re fine ment us ing TOPAS was rather straight -
for ward giv ing Rwp val ues be tween 10 and 12 % on the data 

from Bruker D4 diffractometer, Bragg-Brentano, CuKa up 

to 2q of 140 o. In ter atomic dis tances and coordinations
were rea son able with out us ing re straints. In all three cases
it was con firmed that the Te and Ti at oms oc cupy the same
sites and the re fined pop u la tion pa ram e ters were very close 
to the ones ex pected from the com po si tion. The num ber of
ox y gen at oms in the struc tural mod els con firms the ox i da -
tion of Te4+ to Te6+ with out doubt in the phases 1 and 2,
which are oc ta he dral frame works con sist ing of edge-shar -
ing BiO6 (larger) and (Te,Ti)O6 (smaller) octahedra. In the
phase 3 there re main some doubts about the co or di na tion
around Bi, which is larger than 6, rather ir reg u lar and in -
cludes ox y gen at oms which are not part of the oc ta he dral
frame work. The num ber and po si tions of these ex -
tra-frame work ox y gen at oms and the cat ion com po si tion
(in the cur rent model it dif fers from the pro posed one) will
have to be clar i fied in fu ture (X-ray sin gle crys tal and neu -
tron pow der dif frac tion are pos si ble al ter na tives). 

All three phases are “small” struc tures, but de spite that,
show a range of dif fi culty from a rou tine (phase 2) through
mod er ate (phase 1) to chal leng ing (phase 3) and show the
role of crys tal lo graphic think ing and use of com pli men tary
tech niques in the pro cess of SDPD.
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x
LA– O(1)

   (8c)

LA– O(2)

   (8c)

  <LA>

    (8c)

LB – O(2)

   (4b)

LB – O(1)

   (12d)

LB – O(2)

   (12d)

LB –O(2)

   (12d)
<LB>)  

1.2 2.054(4) 1.996(3)´ 3 2.010 2.069(3) 2.010(3) ´ 2 1.936(3) ´ 2 1.985(3)  ´ 2 1.977

1.3 2.048(2) 2.002(2) ´ 3 2.014 2.104(2) 2.022(2) ´ 2 1.909(2) ´ 2 1.983(2)  ´ 2 1.971

1.5 2.040(4) 2.010(4) ´ 3 2.018 2.139(2) 2.041(2)  ´ 2 1.884(3) ´ 2 1.984(2)  ´ 2 1.970

Ta ble 2. Se lected tet ra he dral (LA)8c, av er age tet ra he dral  <LA> ,  oc ta he dral (LB)4b, oc ta he dral  (LB)12d  and av er age oc ta he dral - <LB> 
bond lengths for LiMn2-xTixO4 (1.2 < x < 1.5), space group P4332.


