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Small but not negligible deviations from the pure anion 
vacancy model have been observed in samples of l ime zirconia 
with a lime content ranging f rom 10 to 14 mole percent lime. 
Such deviations have been discussed in terms of the subsoli-
dus equilibria occurring within this composition range. 

In order to discuss the results of dielectric constant 
measurements, which have been carried out1 on samp-
les of pure zirconia and of lime zirconia as a func-
tion of the lime content, the pycnometric density of 
samples coming from the same batches used for the 
dielectric measurements was determined. 

As a standard procedure a 25 ml pycnometer filled 
with pure benzene (sodium dried and distilled) or car-
bon tetrachloride and 2 g samples was used. Measure-
ments were carried out, after a preliminary careful 
outgassing of the samples and of the pycnometer, at 
25 °C ± 0.05. 

Density measurements on 30 — 40 g samples were 
carried out, as well, by the gas pycnometric method, 
in order to verify the possible influence of the smallest 
open porosities and of some closed porosities on the 
measurements made by the liquid pycnometric method. 

A Beckmann mod. 930 air compensation pycnometer 
(which gives a nominal accuracy of 0.05 cm3 over the 
50 cm3 volume of the sample holder) and helium as 
pycnometric gas were used, measurements being made 
after the purging of the samples under vacuum. 

Finely powdered samples were prepared by ball 
milling zirconia and lime zirconia, sintered at 1600 °C 
and furnace cooled to room temperature. 

X-ray diffraction spectra of the powdered samples 
were also recorded, showing the pattern of the cubic 
solid solution when the CaO concentration ranges be-
tween 10 and 20 mole-% 2. On the same samples X-ray 
fluorescence and chemical anlyses were used for Ca 
determination. 
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Results are given in Fig. 1, where some literature 
data 3 - 9 are also reported together with the theoretical 
plots corresponding to the "pure anion vacancy" model 
calculated from their own X-ray diffraction data by 
D I N E S S and R O Y 3 for the 1 6 0 0 ° C isotherm and by 
H U N D 4 for the 1 4 6 0 ° C isotherm. 
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Fig. 1. Plot of the pycnometric densities of stabilized zirconia 
as a function of the l ime content. Solid lines are calculated 
according to the X-ray data of DINESS and ROY 3 and HUND 4. 
O present work, l iquid pycnometry, 
G present work, helium pycnometry, 
+ H U N D ( R e f . 4 ) , 
• DINESSS and R o y (Ref . 3 , samples quenched f rom 1600 ° C ) , 
• KINGERY a n d PAPPIS ( R e f . 8 ) , 
* CARTER and ROTH (Ref . 5 , samples cooled from 1600 ° C ) , 
X HOFFMANN a n d FISCHER ( R e f . 9 ) , 
V RUFF a n d E B E R T ( R e f . 7 , t e t r a g o n a l Z r 0 2 ) , 
A PASCAL (Ref . 8 , tetragonal Z r 0 2 ) . 
T h e v a l u e b y M C C U L L O U G H a n d TRUEBLOOD ( R e f . 1 0 , m o n o -
clinic Z r 0 2 ) , not shown in diagram, is coinciding with those 

found in the present work. 

For pure zirconia the average density value (for 
samples coming from different sources, after annealing 
at 1600 °C) is 5.825 g e m - 3 which well agrees with 
the value 5.82 for baddeleyte (monoclinic zirconia) 10. 
For tetragonal zirconia the reported values are 6.10 7 

and 6.16 8. 
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From Fig. 1 it appears that our present results11 

fit fairly well the plot of the calculated results by 
Diness and Roy and only deviate in the composition 
range 10 to 14% mole. The corresponding excess den-
sities, plotted in Fig. 2, reach a maximum at about 
14 mole percent lime. Single results by C A R T E R and 
R O T H 5 and by H O F F M A N N and F I S C H E R 9 are also re-
ported in Fig. 2 to support the conclusion that the ob-
served trend is truly representative of a property of the 
system. Incidentally we remark that the sample used 
by Carter and Roth was a single crystal specimen. 
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Fig. 2. Plot of the experimental excess density values of lime 
stabilized zirconia as a function of the lime content. 

O present work, • Ref. 5 , X Ref. 9. 

It might be pointed out also that the main difference 
between our samples and those of Diness and Roy is 

in the quenching procedure. These authors claim for a 
quenching rate of 1000 °C sec - 1 , whereas our samples 
are furnace cooled (and those of Carter and Roth were 
quenched at a rate of 200 °C sec - 1 ) . The former only 
can be considered therefore as truly representative of 
the 1600 °C isotherm, while our samples (and pre-
sumably also those of Carter and Roth) reflect the 
metastabile equilibrium conditions within the broad 
range of temperatures where ordering processes 5 and 
subsolidus equilibria are sufficiently fast12. 

According to the phase diagrams reported by GAR-
VIE 2 (who also critically reviewed the earlier results in 
literature), corresponding to the isotherm of 1600 °C 
the lower limit of stability of the cubic solid solution 
is about 10% lime. At lower temperatures a tetragonal 
solid solution is reported to be stable in equilibrium 
with the cubic phase, the lower limit of stability of the 
cubic phase at 1000 °C being about 14% lime. If this 
would be the case, then the precipitation of the tetra-
gonal phase could account fairly well for the excess 
density values as well as for the maximum at about 
14% lime. 

There is, however, the contradictory evidence of the 
results by D I N E S S 1 2 , C O C C O 13 and B A R B A R I O L 14, who 
reported, on the basis of long term annealing experi-
ments, a value for the lower limit of stability of the 
cubic phase ranging between 10 and 12% lime at tem-
peratures as low as 1000 °C. The latter results, how-
ever, do not exclude that another mechanism might be 
operative, such as superlattice formation 2. 
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The all-electrons semiempirical SCF methods render 
the study of changes in the electron configuration with 
hydrogen bonding relatively easy. We wish to show 
that such methods can give valuable information about 
the magnetic properties of hydrogen bonded systems. 

Proton shielding constants (a) were calculated for 
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HF, HF2 and H2F3 using the well known expression 
b y P O P L E 1 

0 = (e2/3 m c2) ^ P ß f l - 2 N~Kr~z)A XvA 

- J iV"11 XayB Rß~5 (Rß2 day ~ 3 Rßy Rßa) • 
B*(A) 

All matrix elements were calculated with Slater orbi-
tals and with Slater £ values. The parametrization of 
the INDO method 2 was that proposed by S I C H E L and 
W H I T E H E A D 3 and the basic set consists only of Is, 2s 
and 2p atomic orbitals. 

Calculated values (Table 1) are separated into dia-
magnetic (öd) and paramagnetic (ap) parts. Though 

3 J. M. SICHEL and M. A. WHITEHEAD, Theoret. Chim. Acta 
1 1 , 2 2 0 [ 1 9 6 8 ] . 



Od Op o 

H F 1 2 . 2 4 - 4 . 8 4 7 . 4 0 

HF., - 12.02 —2.61 9.41 T a b l e L Calculated 
H,F 3 " 12.07 - 2 . 6 0 9.47 proton shielding con-

stants (ppm) . 

only the calculated value of HF can be compared with 
the measured one we believe that the results charac-
terize the hydrogen bonding in the treated systems. 
The calculated o(HF) is much smaller than the experi-
mental one 4 (27.9 ppm) but this is not too surprising 
because of the use of various approximations inherent 
in the calculation. Thus only changes of o using o(HF) 
as a standard are meaningful. The diamagnetic part 
changes only slightly and almost all of the change in o 
comes from the paramagnetic part. S C H N E I D E R et al. 4 
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were first to try to explained the change in o with the 
occurrence of the hydrogen bond. 

We can not separate o in a manner as they did but 
it is nevertheless interesting that changes in op show 
the trend predicted by them. 

Op can change to a positive value in the linear hydro-
gen bond systems and such systems were this explana-
tion seems to be the correct one have been in fact ob-
served 5. Paramagnetic parts in HF2~ and H2F3~ are 
almost equal. This can be described qualitatively as 
was done by S C H N E I D E R et al.: the anisotropy of the 
paramagnetic term is removed as a consequence of the 
non-linearity of H 2 F 3 ~ system. We believe that semi-
empirical all valence electrons SCF wave functions can 
describe changes of o with hydrogen bonding in larger 
systems and so obtained results are more reliable than 
results based on models used 6 so far. 
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Estimation of the IR-Frequencies of Sulphurdifluoride 

The theoretical IR-frequencies of sulphurdifluoride are 
computed from force constants, which are evaluated by means 
of molecules with S-F-bonds : 
r1 = 7 9 5 ± 1 0 c m - 1 , j-2 = 4 3 0 ± 5 c m " 1 , t>3 = 830 ± 10 c m " 1 . 

Bisher sind verschiedene Verfahren zur Darstellung 
und zum Nachweis von Schwefeldifluorid beschrieben 
worden. G L E M S E R , H E U S S N E R und H A A S 1 berichteten, 
Schwefeldifluorid durch Zersetzung von Dischwefel-
difluorid hergestellt zu haben und außerdem ebenso 
wie P A D M A und S A T Y A N A R A Y A N A 2 direkt bei der Sil-
berfluorid-Schwefel-Reaktion. Der Nachweis, der in bei-
den Fällen durch Elementaranalyse erfolgt ist, ist in-
zwischen mehrfach angezweifelt worden 3> 4, zumal sich 
auch die von P A D M A und S A T Y A N A R A Y A N A angegebe-
nen chemischen Reaktionen nicht reproduzieren ließen. 

Außerdem wurden von S E E L , H E I N R I C H , G O M B L E R 

und B U D E N Z 5 und von W A N C Z E K 6 massenspektrosko-
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pische Nachweise der Existenz dieser instabilen Ver-
bindung geführt. Aber das IR-Spektrum des Schwefel-
difluorids ist noch unbekannt. Wohl haben S E E L , B U -

D E N Z und W A N C Z E K 4 vermutet, daß die im IR-Spek-
trum des bei der Silberfluorid-Schwefel-Reaktion ent-
stehenden Gasgemisches aus hauptsächlich Schwefel-
tetrafluorid, Dischwefeldifluorid und 1,2-Difluordisul-
fan-l,l-difluorid zeitweise auftretende Bande bei 830 
cm - 1 dem Schwefeldifluorid zuzuordnen sei, das mit 
seinem Dimeren, dem l,2-Difluordisulfan-l,l-difluorid 
im Gleichgewicht stehen kann. Daher sind die zu er-
wartenden IR-Frequenzen des Schwefeldifluorids mit 
Hilfe der FG-Matrix-Methode nach W I L S O N , D E C I U S 

und C R O S S 7 abgeschätzt worden. 
Die Molekülstruktur des Schwefeldifluorids ist aus 

mikrowellenspektroskopischen Messungen von J O H N S O N 

und P O W E L L 8 bekannt. Die Daten sind in Tab. 1 auf-
geführt. Die zur Berechnung des MVFF (modified va-
lence force field) benötigten Kraftkonstanten /r (S-F-
Bindung), fa (Winkel-Deformation) und fTa sind gra-
phisch abgeschätzt worden, /rr wurde Null gesetzt. Als 
Beispiel ist in Abb. 1 die Abschätzung von /r darge-
stellt. Die dazu benötigten Daten einiger Moleküle mit 
S-F-Bindung sind ebenso wie der erhaltene Bereich für 
die Kraftkonstanten des Schwefeldifluorids in Tab. 1 
angegeben. 
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rS-F [A] <5FSF fr fa ha i 'SF, s »'SF. as <5SF2 

SF4 
(a) 1,646 17 186° 56 ' 1 7 4,7237 16 

SF4 (e) 1,545 101° 33' 5,1346 0,7364 16 0,1565 16 895 22 728 558 
SOF2 1,585 19 92° 49 ' 1 9 4,0388 14 0,4816 14 0,2622 14 808 23 748 530 
SSF., 1,598 18 92,5° 18 4,45 15 0,697 15 0,22 15 760 15 692 411 
FSSF 713 6 677 — 

SF6 1,58 9 90° 4,89 11 769 21 640 522 
SOOF, 1,53 12 96,1° 12 4,38 13 0,460 13 0,2814 13 848 24 885 384 
NSF 1,65 10 2,88 10 

NSF3 1,55 20 109° 5,6 20 

S2F4 820 4 678 530 
SF2 1,589 8 9 8 ° 1 6 ' 8 4 , 6 - 4 , 8 0 , 6 - 0 , 7 0 , 1 3 - 0 , 1 6 

Tab. 1. Strukturparameter einiger Moleküle mit S-F-Bindungen, die zur Abschätzung der Kraftkonstanten des Schwefeldifluorids 
benutzt worden sind. Es sind die S-F-Abstände RS-F und die FSF-Winkel <5FSF angegeben, (a) bedeutet axial, (e) äquatorial. 
Ferner sind die symmetrische Valenzschwingung rsF,s und die antisymmetrische Valenzschwingung rsF.as der S-F-Bindung 
und die Deformationsschwingung der SF2-Gruppe aufgeführt. Alle Kraftkonstanten sind in mdyn Ä — x , die Frequenzen in c m - 1 

und die Abstände in Ä . 
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-«— Abb. 1. Abhängigkeit der Kraftkonstanten / r von der Bin-
dungslänge AS-F bei Verbindungen mit S-F-Bindungen. 

M a n erhält als Bereich für die Schwingungsfrequen-
zen des Schwefe ld i f luor ids : 

^ = 7 9 5 ± 1 0 c m - 1 , 
y 2 = 4 3 0 ± 5 c m " 1 , 
v3 = 8 3 0 ± 1 0 c m - 1 . 

Die Auf f indung der IR -Banden des Schwefeldi f luor ids 
wird durch die bei der Darstel lung entstehenden Neben-
produkte sehr erschwert, wie man an den in T a b . 1 
angegebenen in Frage kommenden IR-Frequenzen se-
hen kann. Jedoch bestätigt diese Abschätzung der 
Schwingungsfrequenzen die Vermutung von SEEL, B u -
D E N Z u n d W A N C Z E K 4 , d i e d i e v e r s c h i e d e n t l i c h i m I R -
Spektrum des Reaktionsgemisches der Si lberf luorid-
Schwefel -Reaktion auftretende B a n d e bei 8 3 0 c m - 1 

dem Schwefeldi f luorid zuordnen. 
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