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The crystal structure of a wmodel-system  clinopyrovene of wpproximide
T2 mole %, diopside-28 mote 9 CaTiAl Oy solid solution was refined. The s,
group 4z C2ie, cell parameters w = 9.781(5), b = $.856(4}, ¢ = 5
109 1y, 3 106.06 (3)". The problem of 'I't* + location was solved by the i
squares vefiienent and difference Fowricr syatheses to e Re-vedwe 6.1,
The TV preswmadly oveupy the M1 gite but o seall part of "Nt 4s placed
in the tetraiedrely coordinaled positiois. 'hese results arve confirmed by the
increase of 1-02 interafomic disance. With respect to crygstallisation of cust
busalt products, TiOy 4y not swidable ws o nneleation cdmizture becanse of ils
“solubididy’™ (i clivopyrocenes.

INTRODUCTION

Possibility or hmpossibility of isomorphous replacenient, 1VSidt — IVEF) iy
silicates have been frequently discussed in literature. As a result from these works,
the tetrahedraly coordinated titanium in silicates has been found (1], [2] but at the
same tinme its presence is considered to be improbable [3]. In the studies dealing with
erystal structire refinements of synthetie diopside containing 2,33 wt. 94 of Ti and
diopside (Di in the following) - titanotschermakite (CaliAlOg; Tilsch) solid
solution respectively, Schrépfer [4], [5] stated the possibility of titaniwmn to be in
clinopyroxenes tetrahedraly coordinated. His conclusions were made on the basis
of refined site occupancy factors.

Tnan effort to find the influence of TiO; admixture upon the erystallisation of cast
basalt products and to verify Schripfer’s conclusions, another crystal structure
refinement. of a member Di-TiTsch solid solution was carried out.

EXPERIMENTAL

Starting material suitable for X-ray worle was kindly supplied by Dr.J. Voldan, CSc.
(State Glass esearch Institute, Hradee Krddové), 1t was prepared from the stoichio-
nmetric mixture of Ti0;, Si0,, AHOH);, CaCO, and dolomite, supposing theorctical
chemical  composition 70 mwole %, Di — 30 mole % Til'seh.  Tlectron  microprobe
analysis gave the chemieal composition slightly different from the theoretical one:
36.26 9, S10;, 9.449, TiO,, 253990 Ca0, 12.409% MeO and 16.03 9% ALO; (total
sum of oxides 89.52 wt. ).

Unit eell dimensions were obtained by least-squares refinement on the basis
of silicon-catibrated powder diffraction data. The refined values are a = 9.781(3),
b == 8.856(4), ¢ == 5.331(3) 10719 m, f# = 106.06(5)°.

) Roman numervads indiedte the eoordination nwmber of o eation.
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Svstematic absences of hkl-type reflections for & -+ &k = 20 4- 1 and ROL for
[ = 2n -~ 1 obtained from Weissenberg photographs indicated space group C2/c
or Ce. Refinement of the structure confirmed the centrosymetric C2/¢ spaee group,
common for the majority of clinopyroxene structures.

The intensity data were collected from an irregular, prismatic-like ervstal fragment
of dimensions approximately 0.53<X0.16X0.125 mm. in a Weissenberg geometry
semiautomatic  diffractometer STOE using monochromatised (graphite mono-
chromator) Mo radiation and the om-scan teelmique. The 2798 independent reflections
(up 20 == 100%) of Lkl and KLl type were obtained (332 reflections with “zero”
intensities). All data were corrected for ahsorption (= 34.14 em-1) and Lorentz-
polarisation factor. Absorption correction was earried out using the modified version

of Burnham’s program GNABS [6] taking iiito account the erystal shape approxim-
ated for this purpose by § i

ses. Unobserved reflections were assigned the intengity
values cqual to Tmin/3 [7]. where Fnin is the minimum observable intensity for
a reflection.

efinement of the structure

From the ervstallochemical point of view, three following models of the structure
were possible:
1. With isomorphous replacement in the Ml site Mg2+ — Ti4* and in the T site
Si4t — Al3+ characterised by the erystallochemical formula unit
< . . v
(.,«’,l (;\Ig(l_;z;,'g)'.i.‘l(x//g_)) I_Sl(ZA,.;II)"\].??()DL
2. Isomorphous replacement in the Ml site Mg2+ — AP and Sitt - T4+ in the site
2. Isomorpl eplac 1t in the Ml site Mgt \]3 1S o T4 in t] t
T with corresponding crystallochemical formula unit
1 s ) (o A
(.111(1_,z)(““g(1_~:;z~)“\]2.1:) [S'(im.z-f'leoal-
This model was improbable hecause of vacancy in the M2 site Gmpossible in clino
pyroxene structures) and restriction of miscibility Di-TiTsch 1o 25 moie ) of T Tsch.
which is in contradiction with previous work [8].
3. Intermediate model with both Mgt — Ti+ Al5+ substitutions in the M1 site
and Si4+ - A3+ T4 in the T site (ratio WALVIAL = 3 and YIAYVIT == 1) as
proposed by Schropfer [5]. Cryvstallochemical formula unit of this model has the forin

C:I,()‘Tg( ] _x)Ti (72) Al (x/2)) IS! (2-27) TiemAl (33/2) Os].

2-2

efinement of the structure was carried out using the full-matrix least-squares
program: OR FLS [9]. The atomic scattering factors were those of Cromer and
Waber [10] for neutral atoms. The weighting scheme was defined asw =2 1/g (o values
established on the basis of the counting statistics [6]). No restrictions of “zero”
intensities have been made.

Refinement has heen initialised on the basis of Schropfer’s [5] atomic coordinates
and anisotropic temperature factors. Occupancy factors (for one formula unit) were
set for the third model as follows from the microprobe analysis:

site M1 amg = 0.656 site T ag; = 1.368
apy == 0.172 LN 0.554
ary = 0.172 ari = 0.090

according to the Schrépfer proposed proportions of VIAl and VITi (1 : 1) in the site.
MI. Starting from R-factor 19.6 %, with the whole data collection after several cycles..

8 Silik4ty &.1, 1882



The Role Tivvy in the Crystal Structure. ..

of atomic coordinates and anisotropic temperature factor refinement®), R-factor
dropped rapidly to 12.6 9. No occupancy factor refinement has heen made at this
stage. On this level of R- hlctor the second model of the structure has been excluded
(hased on no significant changes of a¢,). Opening of a; and calculation of difference
Fourier syntheses (program FESYNT [11]) were on this level of precision usecless.
Results of weighting scheme inspection showed the increase of R-values due to
diffractions lying in the region of sin®/4 over 0.772 (260 ~ 60°). Into this region
falls the majority of week and | zero® diffractions. Consequently, the rejection of
data for the range mentioned above resulted in a decrease of the R-factor to 6.4 %,.
We would like to note that heeause of similarity of scattering factor curves for Ti,
St and Ti, Mg respectively. reflections lving into region with sin®/2 greaer thon
0.6 are not uscful for «; verification or refinement. Final atomie coordinates are
listed in Table 1.

Table I

Final atomic coordinates compared with values for pure diopside
[14] (2nd line). Standard deviations in parentheses, nomenclature
of positions according to [13]

| ¢ Yy | z
| !
M2 0.00000 0.90597(20) | 0.25000
0.00000 0.90823(9) 0.25000
M1 L 0.00000 0.30596(9) 0.25000
L 0.00000 0.30154(5) 0.25000
TAL L 0.28752(11) 0.09328(12)
Lo 0.28623(5) 0.09331(5)
Ol1Al 0.11194(21) 0.08699(13)
L 0.1156(1) 0.()873([)
0241 | 0.36208(24) 0.31968(; *l))
’E 0.3611(1) 0.3180(3)
03A1 | 0.35301(21) 0.01958(24) - 0.00829(38)
0.3505(1) 0.0176(1) —0.0047(2)
Difference Fo — Fe Fourier syntheses computed on R = 6.4 %, clearly showed

a deficit of electrons in the T site, e.g. confirmed the presence of tetrahedraly coordi-
nated titanium. Further refinement of anisotropic temperature factors (positions
treated as occupied by one atom with scattering curves proportional to atomic
fractions in the site) minimised the residue to 6.19% (5.9%, for “non zero** diffract-
ions) connected with disappearance of local minimum ih the site T. Final values
of By are listed in Table II. List of observed and calculated structure factors can
be obtained upon request from the author.

*) Because of statistically occupied positions.the dependent parametershave been constrained
using-the subprograms RESETX and RESETB of the OR FLS least-squares program. On this
level of refinement the M1 and T positions have been treated formally as three atoms.
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Table 11

Cocfficients of the anisotropic temperature factor®). Standard deviations in parentheses, nomen-
clature of positions according to [13]

x /[}ll /}22 [])1,3 ) /};2 /))13 /;2‘;
‘ | |
PM2 0.0017(1) 0.0017(1) 0.0051(3) | 0.0003(2)
LM 0.0004(1) 0.0015(2) 0.0034(5) | —— 0.0004(2) .
TAN 0.0002(1) 0.0011(1) 0.0043(3) 1 0.0001(1) 0.0008(2) --W(').U(N) 3(2) |
L 01l 0.0009(3) 0.0022(4) 0.0063(9)  0.0002(2) 0.0009(5) -~~—().l)()()}(5) |
L0241 0.0023(3) | 0.0028(4) 0.0061(9) | 0.0002(2) 0.0016(5) ~0.0001(5)
L 031 0.0009(3) 0.0031(4) 0.0086(10) © 0.0001(3) 0.0002(5) | — 0.0019(5)

|

*) anisotropic temperature factor defined as exp {— > > lh;fij)
) jae ]

Discussion of int,(n'ztt()mic distances

Interatomic distances were co‘nlmiul using the OR IFIFE program [ 12] and are
listed with corresponding bond angles in T\ able 111 Nomenclature of equivalent
positions (Ifig. 1) is that, proposed in [13]. For all interatomic distances the standard
deviations are considerably higher than for those, published for pure diopside [14].
It is due to the positional uncertainity of statistically occupied positions and con-
sequently of 1111(:(311:111111‘\ of oxygen coordinates.

‘42( O
Q1A2 . / /\\1m
/‘m © ” T2V Ti»
O’AI § S OZM
a 55@/3 O3A2 b 7 é)}m
i MZ(.)H

b o

Fig. 1. Nomenclatwre of equivalent positions in clinopyroxene structures according to [13].

Octahedron M1, There are no great differencies between interatomic distances
in our sample and those of dmpsul(‘ Because of similar jonic radii of VIMg2+ (0.72)
and YITi4 (0.605)%) the interatomic distances Ml—O are unaffected by the Mg — T

*) Tonic mdn taken from-the work of Shannon :md Prewitt [ 15], values i 10710 m!
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Table [[]

Bond lenghts [10-10 m] and bond angles [“]. Standard deviations
theses, nomenclature of positions according to [13]

in paren-

bond lenght

MLIO-1A1, Bl
O-1A2, B2
O-2¢1, D1

mean of §

OLA1-01B1

02¢1-02D1

(2)OTAL1-02¢1
(H)OLAL-O1TA2
(2)O1A1-02¢1
(2)O1A2-02D1
(2)O1A1-01B2

mean of 12

MM

MIL-TAL

MIL-TA2

T-0O1

T-02
mean, non brg,
T-O3AL

T O3:A2
mean, bre.
mean of 4
OL-02
O1-03A1
O1-03A2
02-03A1
02-03A2
O3A1-03A2
mean of 6
1T-TAZ

M2-01A1, OB
-0202, 0202
03¢, 03D
-03€2, 0302

mean of 6

mean of 8

O3C1-Q3D1

2)OLAL-021D)2

OLAL-O3C2

0202-03C1
2-03D2

)03 -030'2

Q3C1-03D2

|

!\‘r (39 ?J oLt

:,::,;:.;i;l:.l:.lc./;:.\;lblalc—léle

LIS IS I U ML 1 = — o — = — —
1S &~ ~ b

bond angle
Octahedron M
124(4) OlA2-01132 176.6(1)
079(23) (2)OLAL-02D1 L LGY.()
993(4) OLAL-01BI S1.9(2)
065 020¢1-02D1 96.4(2)
784(11) (2)O1AL-02C"] 01.4(2)
972(9) (2)OTAT-O1A2 95.2(2)
947(5) (2)OIA1-01'B2 82.5(2)
081(3) (2)O1A2-02C) 90.4(3)
866(5) (2)O1A2-02D1 91.8(3)
55(10) T-OLAL-MI 121.3(2)
31 T-O1TA2-AT] 120.9(5)
: T-O200-M1 144.6(1)
1:£2(8)
300(2)
225(20)
Tetrahedron T
652(6) OL-T-02 117.5(2)
O1-T-031 110.4(4)
O1-T-03A2 109.9(4)
02-T-03A1 109.9(2)
0277-03A2 103.5(4)
O3AL-T-03A2 104.8(1)
mean of 6 109.3
T30 135.4(2)
O3A2-03AT-03A2 165.1(3)
M2
OLAL-O1131 7L.1(2)
020:2-02152 145.8(1) i
03C1H-03D1 85.5(4) *
O3(:22-03D2 109.9(3)
OlAL1-0202 S3.1(2)
OLAL-03C1 120.9(2)
0202-03C1 6:4.5(3)
020208012 112.9(2)
O3CL-03¢2 63.7(2)
OLA1-02D2 o 6T.(2)
OLAT-O3D1 134.3(1)
OTAL-0O31>2 159.9(1)
0202.03D2. S4.7(2)
03C¢1-O3D2 66.8(1)
20202.03D1 ..« J41.3(2)

-

(2)-multiplicity of bond lenght and bond angle respectively, brg. = bridging

. 1, 1982

11



P. Fejdi:

substitution. Taking into account the linear relationship of Al-content in this posi-
tion versus mean bond lenght M1--O [14] the proportions of VIAI3* estimated from
the strueture refinement and interpolated between mean diopside (2.077)%) and
jadeite (1.928, [15]) MI—O distance are in good agrcement.

Polyhedron M2. M2—O distances for hoth diopside and our sample are very similar
and mean M2—O0 distances are identical within the standard deviation limit.

Tetrahedron T'. The most affected coordination hody by the substitution Si - Al
Ti is the TO, tetrahedron. All T—-0 distances are — relative to pure diopside —
higher, but significantly increased (grenter than three times of its standard devia-
tion) T—02 distance only. Clark et al. [14] have pointed out a linear relationship

hetween the lenght of T—O02 distance and AB* content in the T site. Results of
interpolation between T-—02 distances r(‘])or(’(\d for diopside - 1.5385 (1009, of

Sin T osite), fassaite — 1.629 (259 AL, 759 Si; [16]) and tschermakite — 1.665
[17] indicated for our sample (1. ()1)) the 0(’(‘11])(111(*\ of T position hy 37.59%, of Al
and 62.5 %, of Si. As follows from the microprobe analvsis the Si content in the T site
is 68 %,. Supposing the rest to be occupied by Al only, the theoretical T—O02 distance
should be 1.635. Consequently, the increasing of T—O02 distance to 1.645 must be
due to a cation with ionic radius greater than those for IVSi4t and IVABR+ In our
case only the titanium is the suitable cation with the corresponding ionic radius.

CONCLUSIONS

Crystal structure refinement of a member Di-TiTsch solid solution confirmed
the Schropfer’s [5] hypothesis of the presence of tetrahedraly coordinated titaninm
with final occupancy factors for M1 and T positions (standard deviations given
in parentheses):

site M1 ayg = 0.656(4) site T agi == 1.368(4)
Ay 0.172(G) (1A] = ()»)51((3)
ag = 0.172(3) ari = 0.090(7)

The presence of tetrahedraly coordinated titanium is confirmed by difference Fourier
syntheses and changes of T-02 distance related to other end-member clinopyroxenes.
With respect to erystallisation of cast basalt produects, TiO, is not suitable as a nucle-
ation admixture heeause of its “solubility** in clinopyroxenes.
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POSTAVENIE Tit* V KRYSTALOVES STRUKTURE [ZOMORFNEHO
RADU DIOPSID (CaMgii;Og)— CaTiAl,Og

Pavel Fejdi

Katedra mineraldgic a krystalografie PI'UK, Bratislave

Roéntgenovou $truktarnou analyzou pyroxénového izomorfného radu diopsid -~ CaliAl20O¢
(priestorovd grupa C2fc, « = 9.781(5), b = 8.856(4), ¢ = 5.331(3) 10-19m, f = 106.06(5)";
4 vzoreové jednotky v zdkladnej bunke) sa zistilo, ze Ti*# - ako je to u silikdtovyeh Struktir

beZzné — prednostne obsadzuje poziciu M1 v koordindeii 6. Jeho tast sa v3ak podiela i na obsadzo-
vani tetraddricky koordinovanyceh pozicii, izomortfne v nich nahradzujie Sit+. Uvedeny izomortny
rad predstavoval modelovy systém pri overovani procesu nukledcic cadidovej taveniny pomocou
T102. Vysledky price ukdzali, Ze T10; tvori tuhy roztok s pyroxénmi, tvoriacich podstatni éast
cadicovych vyrobkov a preto sa nehodi ako nukleaéné ¢inidlo.

@Obr. 1. Nomenklatira elvivalentngch pozicii v kryStdlovych Strultérach monoklinickych pyroxénov
podla [13].

HOBHIMS Tit B KPUCTAIJIHUECKRONR CTPYKTYPE
H3OMOP®HOIO PHIA JIMOIIICHI{ (CaMgSi06)—CaTiAl:Os

ITapes. Meliu

Kagiedpa sunepaaozuw w xpucmaaavepagivu LDV K, I5pamucaasa

Ha ocHoBaMiit PCHTICHOBCKOIO CTPYKTYPHOI'O aHalM3a IIMPOKCEHOBOIO H30MOPEIOLO
psiita muoncuit — CaTiAl,Og (npocrpancrsennasn rpyuna C2fc, ¢ = 9.781 [5], b = 8.856 [4],
¢ = 5.331 [3] 10-w g, B = 106.06 [5]°; & moueryst B asueMeHrTapuoil suciike) Oni0 ycra-
nosieno, uro Titt — ranr v1o ObIBACT Y CHIMRATHBIX CTPYKTYD — LPCHJUC BCEIO 3aHiMaeT
nosunio M1 B xoopaumaipnr 6. OJHAKO ero YacTh 3aHHMACT LasKe TCTPadpHUYECKH KO-
OPAUILIPOBAHILIC O3, HBOMOPQIO 3aMellast B mux Si+ llpusojurMbii usosmop@ubrit
DAL PeCTaBIsICT c000I MOAEILILYIO CHCTEMY 1P HPOBEPKC IpoLecca 00pasoBaHis 3apo-
Apiel 0asaanToBo pacuiaBa 1oMopio TiO,. llomyuennpie pesysbraTel HOKASHIBAIOT, YTO
TiO2 oOpasyer rTBepiplil pacTBOP ¢ HMPOKCCHAMM, COCTABIISLIONMMI CYNIECTBEHHYIO YacTd
0A3AIHTHLIN MBI 3 LO3TOMY OKASKIBACTCS HEIPUIOLHOIL ISl UPHMCHCHHSI B KadyecTBe
HYKJICAIOHHOI0 PCAKTHBA.

Puc. 1. Hosmenpaamypa areUSAACHMHBLE NOBUYWLIL € EPUCIAAAUNCCKUT CMPYRMYPAL MOHO-
EAUHUNECKUZ nuporcenos cozaucto |13].
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