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CHAPÎER T

THE ALT]IMNOFTUORTDE MTNERALS

the natural ah:mi¡ofluorid.es compri-se tlrelve rare minerals, the

commonest of utrich is cryollter NarAlF6. Þccept for fluellÍte ¡rith

cor4position Æfr.HZO, these nj:reral-s are a}:minofluorides of Na, Ca,

ti, and Sr, sometj-nes rnlttr Mg and 0H sr¡bstituting for A1 and F

respectlvely; several members contain HrO. ftre ùrelve ahminofl-uorid.e

mÍnerals are set forth ín Table ï, p. 3. In addttion to these natural
/ a}m:-uofluoríd.es, some that d.o not occ¡rr in nature are also ls¡own.

Strtrctr:ral ClassificatÍon. The crystal structures of about half
a dozen aatr:ra1 and ar¡ equal nunber of s¡mthetic a}:nj-nofluorides have

been deterrnined. In all of them there has been for:nd a conmon structur-

al r:nit, the A1F5 octahedron--six F i-ons arranged. i¡ octatredraL

coordination around one 41. These octatredra perwade each structure,

ar¡d Bross eL (L9l+2) tras suggested that they apparently pÞ. y the same role

in the aIu¡rinofluorj.des as d.o the SiO¡ tetratredra i:c the silicates.

Thus, the A1F5 octatredra nay exÍ-st Ín a given structure as separate uruits¡

chaÍ:rs, sheets, or 3-diTnensional frameworkse arid the A1:F ratio j¡ the

chernical formula varies accordingly. Sj¡ree no one had. previ-ously

suggested a classifi-catj-on of the alunrinoffuorídes based on the A1F,

structural unit, R. B. Ferguson dld so in April, 19hS irr a private

corununication to Dr. Clifford trbondel of Hanrard. Un1versity. frris was



sent to Dn. trþondel as a possible aid in his conpilation of Voh¡ne If
of ttre Sevent'tr Eôltion of Da¡rats Syste¡n of Mineralory; this volune is

to include t'he aluminofluorides. This co¡nnnnication came into the

hands of Dr. ÂdoIph Pabst of the Ïlniversi.ty of California (Berkeley),

at that ti-ne a guest in Dr. trþondelrs J-aboratorXrr and Dn. Pabst used

it as t'he basis for a corplete sumåJTr, íncluding tùre structr¡ral

cl-assification, of the ahminofluoride n:ineraLs (Pabst, L95O). Table

I lists the alu¡ninofluoride n:inerals as classified origínaJ-ly by

Ibrgu,son and Íncluðing some of Pabstrs noùifications.

Occurrence. ALL the alrmi¡rofluoride rninerals are rare a¡¡d occur

in onþ a few isolated deposi.ts throughout the wor1d. the nost import-

ant locality is lvigtut, Greenland, uhere cryolite Ís abr¡ndant and ¡rost

of the other a}¡rui¡ofluorides incluèing thonsenolite occr¡r Ía snall

a¡nount. ltronsenolite has also been described frcan PiJ<ets Peak¡

Colorado; Tellowstone Park, Ifyoning; Aragon, Spain; and t]re ÏLnen

Mountal¡rs jn Bussia. The thonsenolite crystals used for tÌ¡e present

investigation are from Ivigtut.

Physical Descripüion of Thomsenol-ite. For reasons wtrich are

given later¡ ttre alrmÍ¡offuoride chosen for tfre present stnrctural

study was thomsenolite, one of the dimorph3 of NaCaA1F6.ä20; the other

is pachnolite. Thomsenolite ocer¡rs as ari alteration product of cryolite

as well-deve1oped., colorless, nhite, or light auber crystals of mono-

clinic symtetry ln rnrgs ín the cryoI:lter and as massive whiter BraÍr

r::::!!.::
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TABI,E I
UTE ATUM]NOFLTTORÐE NMNERJ,IS AN-D TIJETR STRUCTURAL CTASSTFTCATTON

Ulíneral Composition Formu.l-a Strrrcture
þpe Tþe

Cr7.olite Na3A1F6

Cryolithionite NarLirAlrF*

Elpasou.te \Naa1F6 (arr6¡3- 
::rrä3ff"

Tkromsenolitex NaCaAlF6.H2O

Pachnolitex NaCaAlF5.H2O

Gearksutite* caAl(Fron )g.aro (err5 )2 chaj:rs

Chiol-ite Na5A13F1¡ (A13F'L)5- ïnternrpted. sheets

ProsopiteË caAlz (FroH)6 (am¡)- Sheets

Trleberíte Na2lnsarr7 (MsAlFZ ) 
2- 

ffH#H;"u
Ralstonite rykjþ.*a}2=*) - (m+rr6¡- f grochlore

(I.'OH)ã.HãO* framework

Eluellftex a1F3.H2o A1F3 
ffH"r;::_"

Jarlite Disproven as Unlcrorrwr
NaSr^Âl^F-,:
stillltktffirn

5t^,--Structures not published; classífied aecording to the structure
type lvhich seems most likely fronr the Al:F ratio.

J-rrlris forrnula t¡rpe results if x = I and all anions are F in the
ralstonite fomuJ.a; i.n the mineral x-)/8.

'.:=,¡
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or bluish coatÍ-ngs on t'he cryolite, lhe crystals are frequently

eoated with a brounish stai-n of iron oxlde. In sj-ze they nay be ræ

to l+ - $ w,. in thickrress and I - fO m. in length. They are

t'¡pically columnar witÀ elongated n(ffO), proninent p(ttl), ana

usr:alþ v'¡it¡r c(001). l}romsenolite has a perfect (001) cleavage wittr

a pearly lustre, a fair (ffO) cleavage, and. a nearly sqr¡are crossCL

osection (mmt =

3 .0.

90 ZlÈr). fts hardness ís 2 and its specific gravity



CI{APTEB TT

EXPERilflENTAt ]JTORK

X-Ray_ Photographs anÈ tlnit C-elI Data. Since thomsenolite is
monocri¡ic with a coq)arativeþ large untt ceIl¡ an x-ray powder

photograph is not sr¡fficiently definitive for a structure d.eterrulnation,

and. single-crystaI photographs mr¡st be taken. The prÍsmatic habit and.

the perfect basal cleSvage of the crystals nake it easy to cLeave off
üabular fragments suitable for single-crystal x-ray photographs. Brree

cleavage fragnents of t'his kind, all about o.zl rm,. or less in cross

sectionr were obtained from the same crystaI of thornsenolite a¡rd ¡rounted

for rotatj.on about alrool, ¡ torol , and c [oor] . Rotati oÌl.2 2êro-' first-,
and second-Iayer i4reissenberg photographs were taken about each of the

three arces using cu radlation, r:nfiltered for the rotation photographs

and filtered t'hrough Ni- foil for the l{Ieissenbergs.

Fþon üÏrese tlrelve photographs, values of the ee1l dimensi-ons

Ín Ãngströn units were obtained.. These ôlffer a small arnount from those

pr:blished by Ferguson (f9h6):

Lþcß
Ferguson (19h6) | 5.58 5.5r 1ó.13 A g60z7,

Fergnson a¡rd. Clark (tf¡is paper) | 5.5g 5.,56 ir6.15 A, g6oZ7t

Tlre ceLl dimensions are beli.eved to be accurate rrithÍn ?¿4, ed the angle

withÍn $r. I?te second. values of the celI dimensions were used. for all

:.:::::
rf;::::
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ealeulations j:r thi-s investigati-on. As stated. in Ferguson (19,I+6),

the cell di-nensions conbine with the specific gravity of ru 3.0 to
give the eeLL content of hfmacalfr..Heo]e i.e. Z - !+.

Ttre systematically missing reflections from the Trleissenberg

photographs agreed w1th those of Ferguson (l_9116) and confirrned. the

urique space-group as pzy'c Ç c12fi.

T¡tensiûy Measurenents. rn order to neasure the relative
intensities 9f the qpots on the ïIeissenberg photographs, an intensity
scale consistj¡rg of a series of spots of lmown relative intensities
was nade jn the following nanner. A smalJ- cleavage rhomb of Iceland.

Spar about I m. i¡¡ cross section (the sane sj.ze as the thonsenolite

crystals photographed) was mounted. for rotation about a cleavage edge,

and then a{iusted on the x-ray gonioneter so as to oscillate throrrgþ

about 5o oo either side of the angle necessarãr to give the strong 2oo

(or 2022) reflectíon of carcite. si.nce d(200) of calcite is 3.ozg ]kN.,

the glancing angle O is f¡o¡Zt for CuK , raùi-ation. This crystal rras

oscillated. in the T-ray beam for vari-abIe, controlled periods, to give

a row of spofs of lmown relative inténsities on one fil¡t. In this way

the intensity scale rvas made on which are 12 spots È c¡n. apart whose

relati-ve intensities are Ir Zr 3, l+r 6, B, J:Z, 3:6r ZOr Z)+, ZB,32. By

superimposing this scalar film on any one of the Weissenberg photographs

of thomsenoliter and translati.rng the seale until there is sr:bstar¡tial
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visual agreement between the j¡tensity of a spot on it and. one on gre

Tlieissenbergs a good objective value for the i-otensi-ty of the latter
nay be read off. ltru"s a set of relative intensity values was compiled.

for all spots on each of the Weissenberg photographs of thomsenolíte.

Since no atterpt had been nade, horrrever, to standarù1ze tJre

photographic conditions, fncludÍng e:g)osure, of ttre d.ifferent Wei-ssen-

berg photographsr intensity relationships had to be established betnreen

these d:lfferent photographs in order trrat all fntensities could, be

redueed to the same standard. Because certain reflections appear on

trro or more trVeissenbergs, such reflections car¡ be used. to work out a¡o

futensity factor ntrich relates all spots on bottr films. thus, the 001

reflections appear on both the zero layer-line Ïlleissenberg about a and

tt¡at about b, and t'tre íntensi-t'ies of these reflLections from bott¡ fiLns

mlIl reLate the intensit'ies of all spots on both. gr workÍng out such

factors between pai^rs of photographs .with some reflections i:r comon,

a large set of intensities all relaùed to the same standard was obtained.

lhese intensitÍes appear in Table II wit'h the spaeings calcrrlated fron

the ad,opted. cell *i:nensions.

a=5.59t b=5.56, c = 16.3.J Ae /3 = 96oZ7t

usÍng ttre forsu:la

1 = h2 , k2 12 z}.rcos ß[z @*F*W-"
wtrich relates t'he spacing d to the monoclinic cell úimensj-ons.
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TÀBIE ÏT

THOI\{SENOLTTE: RETATTVE TNTENSTTTES trtsOM I{IETSSENBERG PHOTOGNAPHS AND

CA],CUTATED SPAC]NC.S

d(A) d(A) d(A)

002

00h

006

008

0.o.10

0.0.12

o.o.1h

0.o.16

o.0.18

0.o.20

020

0h0

060

100

200

300

l+00

110

B.o2h

l+.012

2.675

2.006

a.æ5

1.337

1.1h6

1.003

o.Bg2

0.802,,

2.78o

1.390

o.927

5.555

2.777

r.852

t.389

3.930

r.390

I.292

r.2o5

1.128

1.060

1. Bl+1

1.80ó

T,75]-

T.682

r.65

r.523

1.I+l+f

I.36t

r.285

1.385

r.370

t.3b5

1.313

zoh

2o6

ãoe

loz

lotr

106

[oz

ho¡¿

h06

111

112

113

11J+

u5

116

tz]-

].:22

].23

2.hlh

2.Ohí

I.72I

1.850

t.758

r.æg

t.395

t.36I

r.293

3.Tbg

3.h23

3.O53

2.7A2

2.39b

2.]-3]r+

2 -h3B

2.3h2
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2

t6

0

I+2

3

1

<+

0
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0
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1
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3
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031 1

o3z o
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o3l+ < È

o35 1

016 0

o37 <*

o3B <+

o3e +

ohl 3+

OL+z 0

0l+3 1

ohlr <+

l+

3

7+

3

2+

1

3+

0

I

2

5

"1)2

5
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1
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TABIE II (Continued)

hkl r d(A) hkI r d(A) hkl r ¿(¿)

1.2O 3

130 2

ll+o 1å

r5o 1*

210 1

22O W

230 <å

2I+o 1

310 1å

32o (å
011 1

012 <È

013 I
011+ 3

or5 1

016 0

017 1

018 7

019 1

0.1.10 L

2.lt96

I.758

1.3h8

1'o9o

2¿bBí

1.965

I.5l+2

I.2l+3

t.757

1.51+1

5.25b

I+.57o

3.855

3.252

2.78O

2.h10

2.l]-;g

1. BB?

t.6g8

1.5b2

obí ,È

0l+6 o

ol+7 1

ol+B o

ol$ 1

ro2 2

10h 3

106 5

lo8 5

2O2 3

zoh 16

206 6

3o2 r+

3oh +

306 0

308 t
3.0.10 6

l+02 2t

l+01+ 0

ho6 +

1.276

r.233

1.189

1.'l h3

r.096

l+.]+52

3.O92

2.3!l

I.822

2.538

2.226

t.827

r.76]-

1.6f1+

1.hl+B

l.z9o

1.150

1.3h3

t.269

!.179

2.067

r.g]g

r.932

1.B7lr

L.799

1.712

1.679

t.527

3.889

3.6b,

3.291+

2.926

2.589

2.298

2.h76

2.\Og

2.299

2.!62

2.Or5

1.868

tâl+

l'25
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22h
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ïre

ï13

ru+
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Tzt

îzz

Tzs
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T25

T26

^1JE

<+

6

1å

al-¿ã

È

1,
2

1ìt

l+

1

5

T7

1

<å

11,L2

I

10

3

T2

<È

l:::jr.ì'i-- I.



10

ÎABLE II (Continued)

::::i.l

d(A) d(a) d(A)

0.1.11

0.1.12

02L

o22

o23

o2h

o25

026

o27

o28

o2g

1.1+11

1.300

2.739
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2.101
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1.769

r.626

1.501
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62

ïoe
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l.oBh
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r.958
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1å 2 Jl+5

1 2.27h
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1
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0
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7
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0
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225
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Intensity Caleulati.ons. Once a reasonable structr:re of the

crystal has been postulated, a set of intensi-ties must be calculated

from the proposed parameters (vrnicn define the atonrii positions) and

corapared with t'he obsenred j¡rtensities. ft is onJ-y when there is

substar¡tial agreement'bètween the rel¿tive i¡rtensities calculated for a

proposed structure and those obsen¡ed for a J-arge number of reflectj.ons

that the proposed structure may be considered the correct one.

Each spot on a síngle-erystal X-ray dlffraction photograph may

be regarded as the rrreflectionrr of the X-ray beam by one set of parallel

lattice planes. The intensity of each reflectj-on ís deternTi¡red by

several factors: tJ:e d:iffracting povrers of the atorns, the relative

positions of the atoms i.n space (the rrstructure factortr), üu Bragg or

glancing angle at -,,vtrich refleetion occurs, the number of crystallograph-

icalIy equ:ivalent planes contributing toluards the total intensity of

the spot (the rra¿ltiplicityrr), the arrrplitud.e of the::maI vibration of

each aton (affctwe¿ for by a temperature factor), and the absorption of

the ï-rays by the specianen. For zero-layer TV'eissenberg reflections the

above mentioned. factors are so related that the following equation

holds:

r¿fpl 1+"o"22e1 TA
'--ìãæ-'

where I = j¡tensity of reflection,

F = ttre structure factor,



f' 1't':' '

L2

. p = the multÍp1i-ci_ty,

O = the glancing angle,
:.:.,:

T = the teuperature factor, and. i;:i,.:

A = ttre absorlption factor.

lhe nultiplicity p is the nuûrber of equivalent Iaütice planes 
,l

contributi¡g to any one reflectíon and it usr:all¡r di-ffers for different ,il',,;

t¡4pes of planes in powd.er and. rotation photographs. rhe natr:re of 
f-:::r: 

'

:.:r.,i,-
ïfeissenberg photographse however, is such ttrat arry spot on the fi]m ::i'"' ::

results fron the reflection from one set of lattice planes onþ. lhus

the nultÍplicity need not be considered (or it is always r:nity) n?ren

Weissenberg photographs are used.

The expression I + cos22g, knovwr as the angle factor, takes

-iïZÕ-account of i) the inereasi.ng polarizati-on of the l-rays vclth increasing

glanci.ng anglee the intensity of arry reflection being reduced. by this
effect to the fraction 1 + cos22û *d ii) trre relative ti:ne arry crystal

T
plane spends rÉthin the narrow angrrlar range over wt¡Ích reflection occurs.

this latt'er angle factor, larown as the Lorentz factor, i-s proportional

to 1 . trl the rrDCS (1935), p. 567, is a table givi-ng values of the
sin2O

above angular expression for dlfferent values of 0.

The structure factor F takes account of i) the ùiffractíng pwer

and ii) ttre position of each atom or ion. lbe &iffractÍng power f is
d.ete¡'mi¡red by the ntmber of eleetrons surround,Íng the nucleus, i.e. by
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the atonic nr:mber of t'he element, a¡rd it varies with the i:rterplanar

spacing in suctr a way that f is a fi¡nction of å¿ (= si-nô,/¡, ). ¿. table

of the diffracti¡g ponlers of all atoms for a range of values of si-nO/À

is given in the ITDCS (fÐí)t p.5T]-. It is conveníent tn plot graphs

of f against sine/f for all atoms or ions present j¡ a stnrcture r¡nder

investigation in order to be able to read off accurate values of f for

any value of sfuO/À. Such graphs were drawn up during tl¡is i¡ovestigation

for Nfr c^2* , 413*, r-, a¡d o2- (:¡, place of H2o). These are reproduced.

in Figrrre 1, p. il+.

RegardÍng the position of each atome the ITDCS (f%Ð gives

the stnrctr¡re factor for each space group; this is an etqpression for the

contribution to the structure aøplitude of all structr:rally equivalent

atoms in ttre general position. This e4pression includes the diffracting

power f of the atom w?rose contribution is being calcuIated.. In the case

of the spaee group PTa/et the i¡tensÍty contrÍbution to the plane hkl

of four'structurally equivalent atoms of diffracting power f and ín a

general position wittr para.neters x y z is, for the origin at a s¡arnetr¡r

eentre,

hfcos2rr(hx + 1z + k + l)cosztr(W -
-1+

The total structure amFlitude for arry plane hk1 is of cor:rse the srm

of the structure anplitud.es of all atoms, that ís

k + 1).T

Fhkl - ã hfcos2n'rhx + 1z t k + l.)cos2nlky - k + 11..' --li-z \- n-i
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tre terçerature and t'he absorption are difficr¡lt to correct
I

forr and their respecùive factors, I and. Ao tend. to cancel each other.

For t'hese reasons ar¡d beca¡rse neither effect is consid.ered. seri-ous i-n

the case of thomsenolite wtrich has a mod.erate neltíng point (probably

about hooo c) and is weakly absorbing, both factors were negleeted in

türe present i.¡nvestigation.

trn this study of thomsenolite t'hen, ttre intensity relationship

was sinplified to

I *frl + cos22or.'-rãzõ-'
stmcture .amplitude charts. The s:bmctr:re amplitud.e of arry

refl-ection from one of the three principal zones, hko, hol., okI, depends

r4lon only trrro parameters of each atomr and thus it is possible to draw

rp charts wttich can be used for rea$r evaluation of the structure aryli-
tude of particular planes in a given zone. These charts were suggested.

by Bragg & Lipson (11936) and are also described jr¡ Bunn (IgL$, pp. 261+ -
27I). T¡r ttre present case, t'hat of space-groq P21/ct the structr¡re

eqFlitude of all atoms in, for example, ttre h01 zone, is

l+fcos2r(hx + 1z + I)cos2r(- 1),IE
and for particular h01 planes, i.e. for specific values of h and 1, this

ercpressi-on may be evaluated for variable values of x a¡rd z and. the results

plotted to fonn a ehart. Such charts wtrich are lj.ke those j-Ilustrated.

in Br:¡rr (r9l+5t figures f,6ït ]:69) were drawne during the investigation
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of thonsenolite, for all the simpler combj-nations of pernrissible i¡rd:ices

in each of the three principal zones. Abouü 15 charts were made and.o

because of the interchangeabílity of índices, these 15 charts enabled

the reading off of ùÏre structr¡re factors for about 35 *tfferent lattice
planes. Tlrese valuable charts v¡ere of great assista¡rce in evaluatiag

the structure ânFi-itudes of these 35 pranes in thonsenolite.

Heating Þperj¡rent on ttre Dehydratign of Thonseno].ite. I¡o his

textbook Stnrctr¡ral Inorganic Chenistry, litlells (I9h5t p. 36b) briefly
sr:nmarizes the different effects of dehydration on different hydrated

corupou:ds:

rrYfe see therefore t'hat there are different effeets on d.ehydration,
from the co4plete breakdolcn of th'e crysta1 in the case of a salt
hydrate through the jntermed:iate exarrples such as clay minerals
and certain proteins, uhere removal of u¡-ater merely brings t*re
structural- r¡nits closer together with contj¡ruous changes-in one
or more of the ceIl ùi:nensions, to the rfraneworkr crystal which
rnay be reversibly hydrated. mithout appreciabl-e alteration of the
structure of the anlrydrous crystal.0

Although the authors strongly suBpected. tÏ¡at thomsenolite was sinrFly a

salt hydrater the heating e:qperiment was carried out to check this id.ea,

to deterni-r¡e the dehydration telrperatl¡re and., if possible, to identify
the dehydration product(s).

Two sanples of cleavage fragnents of thomsdnolite, one weighing

about t/3 gn.¡ the ottrer about Z/3 gn., ïrere independently heated j¡ a

controlled electric furnace equipped. with a mercìtrlr ttrernrometer an¿ a

sÍrnpIe apparatus for condensing and. catching any water vapour given
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off. The two sanples were heated j:r stages and urere held. at the fj¡oal

stage until the residues ï¡ere of constant vreight, The experÍment

resulted. j-n ttre following obse:¡rations and conclusions: ,.,,;.,'l ,'.,,',,

(1) Clear crystals of thonsenolite are apparently little affected by

te¡peratures below about 30OoC.

(2) At that temperatr:re, J00oC, the crystals were heated. to a constant ,--,,::,;,,,,.,,,,:
l-:. .:.. .:ir:::a:

weight in about t hor¡rs with an acconpan¡ring breakdolv:r of the, structure , I , ',.ta,- : - ::.,..,: -.1,.::.. :

ß) The loss Ín weight after t hor¡rsr heating at,3OOoC uas B.0l¡l aI- ,,'11:,:..''".,'

tlrough the water collected constituted only 6..3l.+16 of the origi-:raI saq>Ie.

Part of this difference is 1íkely d.ue to eTerÍ:nental eruor j-n the water

detert:ination. The tbeoretical water content of thomsenolite is B.IL$.

Ttre condensate gave an acid. reaction with litmus and, alühough Ít gave

anegativereactionforFTnithCaC12so1ution¡itd1detcTrt,,heg1ass

trrbing inilicating that some F'rras present in the r¡vater. 
,

(l+)1?reprevious1yc1earco1or:r1esscJ.eavagefragmentsbeca¡ne,atJ00oC,

mi4çy and crxrptocrystalüne' Attempts to take si'ngIe-crystal Ji-ray 
,i¡1.,:jì,iì.,ìr,il

pictures of some of tlre fragnents failed. but a pouder picture was taken t'..i_, 
'¡t,.'

'.t,,::-:.,..,.,:t -.t.'
ar¡d the obserrred data for it appear in Table IIf. A microscopie exanÌ-na- ,., :,',, ,,:,,',,'

tion of the fragnents confiraed their cr¡rptocrysta1Ii.:ne character¡ and

yield.ed the refractive i¡rdex nru!.3flLt.

$) ïne X-ray powder pfcture referred. to in (l+) is different fro¡a that l i,*ì.
of any lsrorivn alurainoffuoride n:j¡¡eral or combínation of ninerals, arrd. 

i::i"":r i:Íir:'. i

the ref?active index 1.35b d.oes not agree witkr arry knorivn alr¡ninofLuoride.

i 
-; riì'lì.:' i:'.
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fhus it is concluded t'hat the disj-ntegration product of thomsenolite

heated to 30OoC for t hours is no existing aI¡¡rinofluoride. The evidence

in (3) suggests that the residue may have the composition NaCaAlF6 but

this is by no means convincing. ltre resid.ue was not analysed. cheni-cal1y.

ltre prj.ncipal contribution of ttre heating e:qperi:nert to ttre
i-mredlate problem rrras'to prove that the water fonns an essential featlre
of the strueture, i.e. thomsenolite is a tnre salt hydrate and d.oes

not rthydro-structurallytt resemble either ttre clay minerals or the

zeolítes o

1. . -... .. ,

, : .. ..::t

à,.:i.\¡,
':rì.i.::.:
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TABÏE IIT

OBSERVÐ X-RAT PO'trDER DATA OF RESTDUE OF THOMSENOLITE HEATED TO 3OOOC

FOR 9 HOIIBS

I (cu) 0(cu)

2

l+

L
2

10

I
1ã

5

1
2

!
D

L

1õ

t

I

h

9.g50

10.6

11.h5

12.1

J3'.2

r:5.25

L6.O5

a7.95

T8.95

rg.6

20.8

2!.6

22.r5

23.2

h.l¡5 ¿

h.1B

3.87

3.67

3.37

2.92

2.79

2.b9

2.37

2,29'

2.16

2.Ag

2.ol+

T.957

23.850

2l+.6

25.2

26.t5

26.e5

27.55

28.6

30.0

3r.2

33.25

3l+.?5

36.3

38.2

li+.2

1,901

1. BtrZ

1.805

L.7lù

t.696

r.662

1.606

r.537

1.h8lr

1.lro2

t.366

l.2gg

I.2l+3

r..103

3

l+

3

1
2

t
t

1

1

2

L

L
?

1
2

1
9

1
2

1
2

; -:.t. .:.:.:-l. 'ì:':. ... "
i _ .-::jir:::1:r_
1...,t.



CHAPTER ITT

CONSTDERTTTONS TN POSTU],ATTNG A STRUCTURE OF THO}fSENOITTE

Tlrere are severaL reasons wt¡y the authors'eLected. to jrrvestigate

the structr:re of thonsenolite rather than that of one of the other

alur¡-inofluorides whose structr¡res are also unlmov¡n: thomsenolite shovr¡s

good crystals suitable for single-crystal work; it has a r:nique space-

grolæi and perhaps of most Smportance thomsenolite is closely related

to cryolite,

Simllarity_ gL Thonsenolite to, Cg¡ol-ite_. Ttromsenolj_te which is
an alteration product of cryolite, r,vhose strrrcture is lcrown, resembles

it in at, least four respects: chemi-cal formula, norpholory, ceIl dj¡ren_

sions, and space-group. The formura of crxrolite is Na3AlF6r and of

thonsenolite Nacaa1F6.H20. If tlso Na* ions of cryolite are replaced.
2+

by one ca and one HrO, the fornula of thomsenolite is obtained.

Mozphologically both ninerals are monoclinic þut pseudocubic through

the development of fonns (001) ana (110). paralLel to these planes

cryolite has poor cleavage (or partings) a¡rd thomsenoli-te one perfect

cleavage (001) and one.poor cleavage (110). the cell ôimensions and.

space-groups of the tnro minerals are cl-osely related:

Cryol_ite

(iváray-sza¡6 a Sawári, 1938)

thonsenolite

(this paper)

b = 5.56 ta = 5.1+6 ¿
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Çryou-!g Itro¡nsenol-ite

b=5.61 A a=i.i9A.
c = /.80 $c = B.0B

f=goottt f=g6oz|t
Sp. gr. Pzy'n Sp. gr. Zzy'c

Z=2 Z-h.
These sj:nilarities suggested strongly to the authors that the

crystal structure of thomsenolite must be r.elated i¡r some fairly slmple

way to that of cryolite.

ry 
Size- a{51 Coordination. The effective ionic rad.ii of alL

ttre conmoner ions have, through nÌ:¡nerous structure d.etenulnations, been

.lleJ-l establishedr and 'li sts of such rad:ii are availabl-e in serreral

works' One suctr list of i-onic radli proposed by parrling appears i-n

Trlells (Jt9hít p,93) utrere the following values in Ångströ¡r nnits are

given for the ions in ttromsenolite:
CL

ca'' o.9g

F- r.36

Ttrese values were assuroed. during thj-s investigation of the structure of

thomsenolite. The water molecules present' a special problem ul'rich is
described below.

Ttre slgnificance of the ionj-c radii is, of eourse, that sr:ffic-

ient qpace must be allotted each ion in any structure proposed.

tr\:rthermorer in ionic crystals such as thomsenolite, the relative size

Na + o.95

¿L3+ o.5o

, :r::r:¡llì:r,ì
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of adjacent anions and cations usually deternjnes the eooròi¡ration of

the larger anions (n- i" tJromsenolite) eror-rnd. the smaller netallic catr

i-ons (Nr+, C^2*, arid A13t j¡¡ thomsenolite). The usual coord.ination

numbers of the conmon ani-ons (o2-, oH-, I¡) around. the connron cations

(i-ncl-uèi.ng the three j¡r thomsenolite) have, U&e ionic radii, been well

established by nurerous structure detenninations. Thuse j¡l thomsenolite

we would e:qpect all the three ¡retallic cations Na+, Ca2+r a¡ld .0'13* to

be octahedrally coordinated by tr-. Since A13t has ttre highest charge

and the snallest size of the three cations, its octahedral coordination

nay be expected to be the nost regular and the best-defined. In fact,

as mentioned ín Chapter I¡ the oetahedral coordi-natíon of tr- aror:nd 413*

is so persi-stent in the aluminofluorides 'i:hat, the A1F5 octatredra may

be regarded as structr:ral units su-1table for both describj¡rg and class-

ifling those structures. Erqrerience has shoi¡rnr that the octatredral eoordina-

tion of I- around Cazl is not as regular as j-n the case of ¿13f an¿

this was kept Ín mind. rn?ren proposing a structrrre for thomsenolite.

PossÐIe Arrangements of 'bhe A1F6 OctaheCra. To deterrnine ttre

possible octahedral arrangements for thomsenolite, it is heþful to
look brj-efIy at the structure of cryolite wl"rich is described and

ilLustrated in the original paper by Náray-Szabí & Sasvári (1938)r

a¡rd in the Strr:kturbçr'icir-L (1938). The unit cel1 of cryolite has ttre

centre of one A1F6 octaLredral group (i.e, one A1 ioni at each corner

ar¡d anotlrer at the boff centre; the octatredra are just slightly dlstorted.
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TLre orientation of each corner octahedron is such tbat its a, axis is

roughly vertical, and its a, and. a2 arces are roughly at l+5o 1o the a and.

b axes of the ce11, i.e. the horizontal edges of each octahedron are

roughly para11el to the horj-zontal axes of the crystal. The departure

from true parallelism of these quasi-paralle1 directions rÞy be conven-

íehtIy expressed in t'err¿s of the doisnward tilt of ttre equatori-aI plane

of an AIF6 octatredron, a tilt whieh may be eitirer positive or negative

along a and,/or b.

In cryoIite, then, at each corner of the eeLL ís one A1F6 octa-

hedron, and it is tilted dorun slightly in both the positive a and the

positive b directions; at the body-centre is i,he only other oetahedront

tilting the same anounts along positive a, but along negative b sinee,

as the space-group symretry Pzy/n demands, tJris body-centred. octatredron

1s related to ttre corner octahedra by a¡¡ n-glide across (01O) and by a

21 screw around. LOfO]. The relationship of ttre a and b cell dimensions

to the size and. orientation of the four AIF6 octahedra at the lor¡¡er

cell corners is such tlrat there is just ipace for one Na at the base-

centre of the celI. lhe other Na ions wtrich are not of i:r¡nediate concern

are approxirnately jrr the vertical edges and faces of the ce1l.

Because of ttre near-equlvalence of the a and b rl'imensions j-n

thor¿senolíte w:ith the b and a dj.:nensj-ons i-n cryolite, it was assumed.

that tïre arraï]gement of the four octahedra at the basal corners of the

uni-t celI is approxi.matel¡r the sarne in both crystals. The ion at the

: -.:..: :::
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base-centre whi.ch is Na in cryolite nay be either Na or Ca in thomseno-

lite sínce these two íons have practically the same rad.i-i. ï¡iì

anticipation of 'w?rat is to fol-low it rnay be said tt¡at because ttre '. ,', 
:

space-group of thonsenol-ite Íncludes a c-gIide plane, the authors

envisaged for thonsenolite a rrr¡it celI rese¡nbling two unlt celLs of

cryolitee one stacked. upon the other; tno such upper and. lower halves .,.i,,, :,

of the thomsenolite cel1 would. be related to each other by the c-glid.e 
¡':'""':''

_1 ,.,.,:,:...a:.t.
t.:'.1::: ...-.:
''::.,. - : -7p1ane.

Starting uith t'he assr:rqption ttrat the four lower corners of gre

unit cell of thomsenolite are occupied by A1F6 octatredra as in cryolite,
and assr:ning for the moment a snall tilt al-ong posltive b onþ, ttre

next step is to note the various ïrays in r{¡hich the space-group s¡æmretry

elenentg (zy'") can reproduce these octahedra. Consid.erlng first ttre

possible positi-ons of the 2, screw axes and their effects, it can be

show¡ t'hat for an origin at the centre of a basal octatredron (i.e. at :

an.Ll ion), only the six followjng positions of the screïr ¿xis are

reasonable: ' l'1',,1''1,,

(i)oyo (íi)Vhyo (iii) ovt/B ,,:,'.r,.¡,i,,.1.,

(iv) r/h y r/B (v) o y r/h þi) t/b y t/t+.

ïf a screw axis were in position (i), o y 0, it wou].d. reproduce another

octahedron at the middle of the b edge (0 å o) rryhere there is not ,, : , ;,

sufficient space for it. Consequently ttrís position for a screw a^:ris is
impossible. Sirnilar reason:ing r1les out positions (ii)r (v), and (vi)
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as wel-1 as (i), al: of vrhich need. not be considered fi¡rther. The only

two possible positlons are (iii) an¿ (iv). rf a screïr axis is in
position (iii) , o y r/Bt it would reproduce an octatredron at o t +,

the centre of the lolrer half of the a face of the ce1I (Figr:re 2a).

It is because there is space there for an octa^b.edron that position (iii)
is one of the possibilities. rf a serew axis is Ín posiüion (ív), rn+

y r/8, it would reproduce an octatrecron at + + i, the body-centre of the

lcn¡ver half-ceLl (Figure 2b). Again, it is because there is sr¡fficj.ent

space for this octahedron that posítion (iv) is ahother (trre other)

possibility.

considerj¡g noÌr the possible positions of the c-glide plane

and their effects, again it nay be shovun that there is a lj¡nited. nrmber

of reasonable positions, only two in this case, xe z and. x I z. Of

the turo of these, only t'he first will. conbi¡e mith the tnro possible

screw a.:ci.s positions to give spatially permissible arrangements of the

octahedra. The'existanee of the c-gIide plane at x 0 z simpþ repeats

the npper hatf of the u¡rit cell as the nj-rrror image of ttre Iower. For

trris reason, only the lower t "tv"" of the r¡nit cells are shown in

Figure 2.

1o stmmarize this section, if one assumes for thomsenolite for.¡r

A1F6 octatredra at the four lormer corners of the ceIl as in cryo1ite,

space and s¡zmetry consideratj-ons reduce to t¡ryo the nr.urber of possible

posS-tions of the two space-group symetry elements 21 and c, and henee
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onLy ü,vo amangements of the octahedra are likewise possible. Tlittr

the origin at the eentre of one of the basal octat¡edra, the two possible

symetry positions are:

(1)2f zn}yI/8¡ ci¡rx0z (Fieureea)

(2) 2t in fr y t/B; c in x 0 z (Eigr¡re 2b).

As FÍgure 2 shows, the second. of these conbinations rather than the

first gives rise to an amangement of the octahedra wtrich resembles

that of eryolite, and this ís the principal reason the authors chose the

second arrangement for more detailed analysis.

choice of 0rigins i¡ proposed structures. rn the previous

section, the origin was arbj-trarily located, for convenience, at the

centre of one of the basal octahedrar and the screw axes and. glid.e planes

have been located. relative to this origin. However, by convention (as

in the rrDcs (1935) and for convenience i¡ calsulati¡g stnrctr:re

arylitudes as expl-ained Ín Chapter rr, the origin is chosen at a centre

of s¡rnnetry if the space-group has one, as has pzy/c. Ttre positions of

the s¡rnnetry centres are of course determined by the posi-tions in space

of the other synnetry elements and are fixed Ín relation to them. For

the two possible arrangements of t'he octahedra arrived. at for thonsenolite

1n the last section, the authorsr ori-gins at an octatredral centre are

not s¡metry centres in the space-group. Transformations fron the

authorsr origins to the conventional are as follows:

Position (ii:.) (1st octahedral amangement): x, T + *t z + l/B

Position (iv) (2nd octatredral arrangement): x + *, T + tt z + l/8.
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Coordination and Size of lVatel Mtolecules. Tn the discussi-on

of ionic size and coordination on p. 21-, it was poi-nted out that the 
. :.,:.::

water molecuJ-es present a special problem. The rol-e of water i-n the ,.' . ,,'..i

strtrctures of salt hydrates is discussed by"lTells (19b5) on pages J6l¿

to 381, and another subject which seems perti'ent to the present 
, ,,.,, ,:,problem, t'he hydrogen bond, is discussed in the same text on pages :.,',,¡,,.,'",

' .r --.:

219-266. The relevant concl-usions from these discussions are first, 
,,,..,. .,.

that in maïly crystallj¡le hydrates the HrO molecule behaves as if there '':':''':"''"1

were a tetrahedral distribution of tw'o positive and two negative charges,

and thus the nolecuJ-e is attached on the one síde to two anions a¡rd on 
l

the other to two u¡rivalent cations or to one divalent cati-on. The

second conclusÍon j-s that in salt hydrates vrhere the anion is strongly

electronegative (as is I-), H bonds are usuaLly forned betneen each

water ¡nolecu1e and. its two a{acent anions. lhese H bonds are

characterized by abnonnally short interatomíc distances. fn the Þter ; 
,

:

structr:res whi-ch were proposed for thomsenol-ite, structr.rral featr¡res . .,.:, :
l_,.,.,,,,rj,., rr-

vuhich lncorporated. these id.eas were assuned. Ttre only neighbourÍng ,...,,i,,
,.: ,,, 'r,'::r; ,., ,

cations possible for the water molecul-es i¡r thomsenolite are Nat and. 
".,".'.=':''"

C^Zt.. No reasonable structure coul-d. be found'uhich wouLd. permit two

Nat ions to be jn contact i¡rith one H2O and so the equally reasonable

situation vras assuned in which one Ca2* is in contact with each HrO.

Projections of the proposed st¡rrctr¡res and cork ball models of thenr

showed that the uhole structure is too close-packed to pezrnit only two
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¡- ions to closery approach each lfro, and for this reason i¡ t*re

prq:osed structures each Ilr0 has several trr neighbor:rs (as well as one

c"2*).

Íhe lengths of the ff bond.s between various electronegative ions

have been established. b¡r previ.ous ,structure d.eterm-i¡rations, but this is
not the case rryith the presumed O-H-F bond. i¡ thomsenolite sj¡ce ttris ;:...,,:,.:'

::' .'. .

aspect of a hydrated ah¡ninofluorid.e crystal has not previously been 
i.,,,,,.::

studied.. Ttre fol-lowing interato¡oic êistanees through H bonds are ' ;';;;:'.:"

averages taken from the values surnmarÍ-"ed in yfells (r9h5, p. zll)t
bond lenet!
F-H-F 2.2g a.

o-H-o 2.67 L

the arithneti-c mean of these two averages is probably reasonably cl-ose

to the O-H-F bond. lengt,ti, and so approximately the following bond length

was assumed in this present work:

o-H-F 2.hB A

For an assr.med. trr raùlus of 1.3ó A, this,means the assrmed. effective

radius of H20 through H is 1.12 a. The effecùive radius of H2o not

through H has been establ-ished as about l.3B A.

Possible PositioE of þg, Na, and. ca Relative to 4flb Octahedra.

rt has been poi.nted. out that, of tkre two possj-bIe an4rgenents of the

octahedra, the second. is more sirn.ilar to the cryolite structure than is
the first because both the second and. the cryolite strrrctures have an
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octahedron centred. at the bod¡r-centre (of the half-cells of thomseno-

lite). tr'or this reason, and. because the 3 Na¡s j-n the cryolite forzrula

nay be said to have their eqgivalents j-n the Na, Ca, and. H2O in the

thomsenolite for¡iul-a, it ís usef\:-l to consider how a thomsenol1te

structure m:ight be derived from the cryolite by suitable replacements of

Na ions l¡ the l-atter. For this discussion only the lower half-cell of

thomsenolite will be consid.ered., and the assunption will be mad.e, even

though ít cannot be strietly accurate, that the octa}¡edral arrangement

irr the lower half-cell of thomsenolite j-s the sâme as that jn the (fu11)

un:it cell of cryoli-te. All parameters refer to an origi.:r at the centre

of a corner octahedron--the conventional origin i:r cryolite.

consldering now the possible positions for H20 j¡l the cryolite

structr¡re, the base-centre (å $ o) occupíed by the snaller Na is

virtually ruled out' because the space at that, si-te is not large enor:gh

to acco¡modate Hr0. ï¡a both the cryolite and. the proposed. si¡rilar

thomsenolite celIs, the positions half\ruay along the vertical cell ed.ges,

0S, are strueturally equlvalent to the base-centre. There is sr¡fficient

space however, for the Hro rnolecules to occupy the other Na sites in

cryoIite, approximately 0 å å (i" the lovr¡er part of the a and B faces),

as well as the approxi:nate positions i-n the comesponding upper parts

of these faces, O È l/U (equlvalent to 0 t i t" cryolite but not in

thomsenolite). The only other principal positions in cryolite vririch

are apparently sufficiently large to acco¡nmodate H20 are the A and. B

¡j..':1Jii.'¡
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face centres, but, these positions are ruled out because they wouLd be

repeated by the s¡nnnetry at a horÍzontal ceII edge where there is not

sr¡fficient space for them. Thus, the only approxj:nate positions ìarge

enough to acconmodate H20 in a cryolite-Ilke octahedral arzangenent

are 0 È t *a o t ilr+ a¡rd. their structr:ralþ equivalent posÍtions,

to*and+o3/b.
$r sinri.lar reasoning one can reduce to the folløning and. theír

equivalents all the approxi¡nate sites possíble for the equal-sized. Na

a¡rd ca ions in a cryolite-Iike arrangement! å å o (base-centre)r o þ f,,
and. o t l/h (the two possible water sites). s¡race considerations may

nake 0$O anaåO O (and the equivalenüA and.B face-centres) possibili-
ties as wel1, but these are doubtful.

Tttich of these various possible sites is most liJcely occrrpied

by wttich atom was decided upon by the authors on the basis of the Þrger

size of H20; on intensity calculations, especially for interchanges of

the differently ùiffractj-ng Na and ca¡ and l¿ter j-n the stud¡r, on the

fact that one Ca and one H20 are 1ike1y i,n contact.

ctrapter sur¡marîr. rn the previous sections of this chapter, two

of t'he primary consj-derations in postuJ-ating a structure for thomsenolite

have been described fn detail. These are surmarized below and. two other

considerations are d.escribed. in brief.

(i) Arrangenents of the 4ff6 octatredra. By assuming that

regular or nearly regular A1F6 octatredra exist as separate entities Ín



32

the structure, and by considering how the space-groìæ sy:rrnetry can re-
produce these in a r.:nit celI the sÍze of that of ühomsenolite, we

reduced to tlro the m:mber of possible arrangenents of these octahedra.

(¡'igures 2a, 2b, p.27). The second. of these is more like cryolite than

the first.
(:-i) ftre possible positions of þQr Na, a¡d. Ca. Because

of their relatively large síze, tlre H20 molecules can only occr¡py

approxf:nately o È * o, o È l/b (ana equivalent sites) in the cryolite-
lilce octatredral amangement. The snaller Na and. ca (of about eqr:al

size) may occì4)y the two possible rrater posi-tj.ons ot + + 0, or perhaps

O å O or $ O O. To provid.e H2O rv:ith a likely envirorulent, in the l¿ter

d.etailed arraJrgements one ca was brought in contact, ïrith H2o.

(ii1) The doi¡rrnward. tilt of the A1F6 octatredra along a and þ.
I?re similarity in cell dj¡nensions of tho¡rsenolite nrith cryolite suggests

that the tilts in thomsenolite are about the sa¡ne amounts as in eryolite,

but the sense of the tilts (d.o¡mn positive or negative a and. b) can be

established only by intensÍty calculatj-ons. The directi-on of tilt is
ùnportant because it detennines the manner in which each Ca ion ca¡r

trleaverr its approxinate special site to come i-n contact ïrith Hzo.

(iv) Departr¡re of AIFó octatredron fion ttre origin. About

the nid-point of tlre i.mrestigation, intensity calculatj-ons showed that

the AIF5 octahedron centred at the authorst origin i.n the above discus-

sions cannot be exactly there but must be slightly removed paraIlel to
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the c aJËLs. Ttre amount of this slight departure of the z parameters

of t'he A1 near the authorst origi.:n and its sr:normdi¡rg Fts was ar¡other

variable of uhích account had to be taken.



CHAPTER TY

POSIUI,A.TÐ STRUCTURES AND TNTENS]TT COMPAR]SONS

Procedr¡re. The nethod employed in this structure determi¡a-

ti-on, as previ.ously inrf i cated, was that of trial and error. TLre atoms

were mo\red about independently until the best possible agreemenü was

obtained between the caler¡J-ated. ar¡d obser:ved intensities of x-ray re-

flections fþom a wide range of planes. The proof of the correctness of

the fi¡al stnrctr¡re is this agreement.

The transformation of origin from the authorsr to ttre conven-

tional position mentioned in Ctrapter III has the effect of placing all
the atoms in the l+-rol¿ general position, x y z. rn e21/c the oürer

tt¡ree positions of xy z areîîî, ïå*yå-2, and xþyþ+2.
For each proposed structure paraneters Trere deter"m:ined for each aüom,

i.e. the position of one atom in eaeh non-equivalent position ïras ex-

pressed by three pararnetersr x ¡r z, which are j-ts coordinates with re-

spect to the r¡nít ceII ed.ges, ãt bt and c, expressed. as fractions of

the lengths of these edges, FÞom these paraneters f vatues ruere ca1-

cr:lated in the marrner discussed. in Chapter fI. These calculated f
values were then compared to obsen¡e¿ f values. The obser¡¡ed tr¿ vafues

were anived at by inserting the obsen¡ed intensities of lab1e II¡ p. B-

10, for nlrr in the expression gÍven on p. 15, and. erbracti¡rg F2. Such

values are directly coruparable to the calculat,eA f values.

| -,:.r-.:
::. 1:
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Ttris present chapter lmilI d.eal s-ith the *ifferent strrrctures

which were considered as possible and probable structures for thomsen-

o1ite.

ï¡n t'he last chapter two possible s¡an'netry posi-tions were des-

cribed whieh led to two arrangements of the octahedra. Tt¡ese arrarige-

ments along utth the different positions of the Na, ca, and HrO will
no¡r be d:iscussed in detail.

First Octahedral Amange¡nent. the first arrangement, resulting

fron the positions 21 in o y r/B and c in x o z, wirl be dealt ruith

initially. As shown Í.n Figure 2a, p.27t the octahedra oceur at, the four

lower corners of tJre ce1L, at the middle of the lonrer harf of the A

face, and half way up the verticar cell edges; the r4pper half of the cell
sjqly repeats the lower j.:a n:irror image. The corner octahedra tilt
dorrn positive a a¡d dowo positive b.

Position 1. various placenents of t'Ïre Na and Ca ions and the Hro nole-

cules were attempted, the first having the Na ions one-half way along

the b edges and one-quarter ruay rrp the c edges; the Ca ions ín the

niddle of the B face at height one-quarter and. at tJle base centre;

and the H20 molecules in the middle of the B face at height 1rl8. Ttre

parameters, referred to the conventional origin, for this position I are:

X¿?

h lua :¡r O.O0 o.Z5 OJTS

l+ Ca j:r o.5o o.z5 o JT5
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hA1 irr

l+ U2O :n

hryin
h F11 in

h rrtt in
h r¡y in

Iroin
l+ n't in

Table rv gives a congrarison of the calcur¿ted f values usjag

the above paralreters and. the observe¿ f. Ttre arbitrarily chosen ï
scale of table TI is such that t^tre observed and calcul¿ted. É values

are appröximately comparable when the observed. values have been mul-

tiplied by 100. Obviously t'tre agreement betiryeen t*re two is poor. For

example, t*re ÏoB reflection, nÈrÍ-ch should be very strong, calcr:lates to

the low value of 1.01+.

Position 2. A second position was exa¡ijned jn rvhich the ca ions

were moved to the niddle of ùhe B face at, lnej,gtl )/8. The new ca

para.neters became

I ca in o.5o 0.25 o.50.

All other parameters renained r:nchanged. The results of the calculatfons

S.nvolving tÌ¡i-s moðlfication are shorvn ín table V. Once again the agree-

nent between obserwed and calculated É values is poor. The positions

X1r
L

o.oo o.25

o.5o o.25

0,060 0.3ilr

o.161 -O.o3h

0.281 o .397

-0.060 0.186

-0.161 o.53Lt

-0.281 0.103

Zt

o.r25

o.25

0.23I

o.r3g

o.096

0.o19

0.111

0.15h

,.:ì1

,:':.{
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of the Na and ca ions were i¡rterchanged j-:l an effort to i-rryrove the

agreement but with Iittle success as the last columl of the table

i.ndicates.

Position 3. The next step was the jnterchange of the positions of the

Ca ions and the HrO nolecules, with the remai¡¡der as in position 1.

The Ca and H20 parameters becane

l+ Ca :¡ o.5o o.25 o.25

l+ tt2o in o.50 o.25 0.50.

Table VI lists the calculate¿ F2 values whieh agaS-n are laeking in good.

agreenent with the obsersred. values. tri. ad.d:ition the table sfro¡¡s ¡2

values for the i¡rterchar¡ge of the Na and Ca ions j¡¡ tåis Last position.

Fjnalþr as no sati-sfactorTr agreemsrt could be reached betrrreen

the obserwe¿ É values and those calcul¿ted. for structures based on thi-s

first octahedral arrangenent, and as the arrangement is r¡nlike that i¡

cryolite, the authors decided. to abar¡don it, realízilg however, ttrat they

have not entirely disproved it as a possibility.

Second Octahedral Amangemenü. The second octahedral arrange-

ment originates from the s¡nnmetry elements ín the following positions:

2t h *V l/5, c j¡r x O z. As was stated previously¡ nlorê d.etaj-led work

was done on this arrangement because it closely resenbles the octahedral

anangement in the cryolite structure. lhe s¡rm,etry elements are so

located that octahedra occur at the four lower corners of the uni-t ceIl,

aù the centre of the lower half cellr and then repeat above in mirror
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rABIE

OBSERVED AND CALC'IT,A.T'O 
'2 'S,

rV

aRRANGmmNT T, PoSrTIO¡I ï.

hkl Q¡s, 12 Calc. F2

oo2

100

Toz

ro2

o0L

ï01+

10h

200

zo2

202

ï06

ro6

2Ol+

ïog

108

0.19

0

0

o36

3.19

o.72

0.82

6,h8

0

1.03

o

L.g5

?.Ih'

10.il+

2.7t

77.11b

278.22

6t.78

58.83

1666.27

2.I0

30.58

B36.gb

3l+.57

30.80

30.Bo

::26.63

L6.10

I.0l+

256.oo

..: 
'i
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TABIE V

oBsERrrED AND cArcur,A.TED ¡¿rs; ARRANGmmNT ï, pOsïTïoN 2.

hk1 Obs.¡2 oalc. f carc; rP (Na arid
Ca intercbanged)

oo2

100

ïoz

]-:o2

00lr

îoz

202

ï06

10ó

20|4

ïoB

108

0.19

o

0

o.36

3.r9

0

1.03

0

r.95

7.ilr

10.11r

2.71

72.25

278.22

78.A5

78.68

70.56

7l+.00

72.25

72.25

vr.06

]-Ïo8.22

1.Ol+

256.0o

0.81

990.99

2.53

2.89

5o2.66

635

7.O2

7.O2

7.Bh

l+16.8¡

131.33

68r.2t
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TABIE

oBSEmTED AND cArcuI¿,TED ¡?'s;

VI

ARRANGF,UENT I, PoSITTON 3.

hkl_ obs. F2 calc. f Ca1c. É (Na and
Ca interchanged)

oo2

100

Ío2

]:02

00h

2oz

202

lþ6

106

20h

ToB

108

o.lg

0

o

o"36

3.lg

o

1.03

o

t.g5

7.ilr

10.Ih

2.7r

0.81

99o.99

2.53

2.Bg

5o2.66

6.35

7.O2

7.O2

7.Bl+

hl6.B¡

13t.33

68r.zt

72.2,

278.00

78.t5

78.68

70.56

7J+.,+B

72.25

72.25

7r.06

ItoB.22

1.Oh

256.OO
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i:nage to conplete the ceII (Eigure Zb, þ. 2T).

Numerous positions were trj-ed for the Na, ca, and. H2o but only

the nai¡ arrangements irill be described. here.

Position 1. lhe first position examined. was patterned after the

cryolite structure, havS:rg one-third of the Na posítions filred by the

ca ions, and one-third filled by the water rnolecules, (eigure 3, p. )+2).

Parameters for this arrangenent were!

huain
hca:n
l+ A1 in

h ttro :n

hrrin
h rtr :-:r

l+ frr, :n -O.03 0.ho

0.185lr rt in

l+ rU :n

l+ rnt :n

Table VII gives a comparison of the calcr:lated and obser¡ed. I .rralues.

Particularly bad were the results for the reflections 108 and ÏOB.

The forrer should be fairly strong and the latter very strong but both

calculate to zero. The discrepaneies i¡ these values and. others such

as t'hose for 1o[ and I0l+ ]ed. to the rejection of this arrangement.

T

o.25

o.25

o.25

o.25

o.l8g

¿,

o.75

o.25

o.25

0 "75

o.315

?

o.50

o.375

o.t25

o.25

o.232

0.il+

o.0g6

o.o1B

0.11

0.15L

0.09 -o.oh

0.311

0.J+1 0.5tr

o.53 0.10

lsit'Y
-.-iér-è

Þ'
,l& ,,Ø.

,/)/)/*t:.+'',//."1\ s

.^#
.trYr

@Ës



.1;i1.,.,,1. ¡:.,¡i.i :¡:i:.:,i:lÌ;: ii: jìì:i:i::

FIGURE 3

POSITIOII 1¡ {RRANGEì,ffi{T ITr STRUCTLIFE PROJECTED oN (010).

:a1e: 12! €m. - I A.

:ights are etcpressed
; fractions of b ?

:om the authors r-

:igin,

Convenüi

I

I
I

c
F-

I

I

I

t"i -o.t I
I I

;

I

I

I

I
I

I

Icao
I

I

I

I

I

Hzo -o.t
F10.r)65

\ _,
I

Ftt -0.29

Authors I Iorigin/ I

\.z-
F,rr -0.Ì9= -'vr --":'-'

Ca.--r - --9
I -r

_t_
-l-JA

Fil
-Ò.065

l-c

vrelüiona1 Oorr-grn -O.25



L8

Position 2. Ttre origin rìras raised fron .LZS below the authors r

origÍn to .100 below it. T?re effect of th-i_s is to r¿ise the screw

axls (in order to keep it at height { as convention denand.s) and. t}rus

separate.the octahedron at the half-cell bod¡r centre from the four

octafredra at the corners of the base of the ceII. The positions of alL

the ions and molecuLes remai¡red the sa¡ne as in position l. Their

parameters became:

h iva :n
r^4Ua].n

h ¿,r in

h ttro in

h n'- :n

h rr- :.n

h rr-t in -o.03

h F¡y in

hruin
h not :.n

o.3lr 0.185

5

o.25

o.25

o.25

o.25

0.189

0.09

v

o,75

o.25

o.25

o.75

o.3L5

-0.01r

o.h0

o.ur,

o.35

0.10

o.25

o.2o7

0.115

o'071

-o.007

0.085

o.129

0.hl

o.53

o.5h

0.10

Results are tabulated in table vrrr. tre 008 reflection, which has

the strongest observed intensity, calcul¿tes to a fairly low value and

ruj¡ror changes in the paraneters failed. to i¡rcrease ttre value sufficiently
to '¡rarrar¡t further work on this parti-cular positj-on.

Position å. Next' an attenpt.was made to provid.e a probable coordj.nation



hlr

for the water molecules. rû chapter rrr it was pointed out ttrat part

of t'he tetrahedrally distributed charge on the water molecule may be

satisfied by the attachment,, on one síde, of a divalent ca ion.

Accordi:rg1y, in the next structure, each ca íon was brought in contact

rith a ¡rater moleeule (Eigure l+, p. h5). All other ions were left as

i.n position 1 (Figr:re 3r p. [2), and tTre origin was moved back to .12!

below the authors t origin. fhe parameters of the Ca and iI20 for this

new position J ïrere3

i l+ Ca i¡r o.zol+ o.A5 0.338n!- 
r

j: 
'!'tJ'\ ,1i a

í.¡,' t. L.',' . i l+ tirO in O.2O2 O.75 O .Z2B
,1 + l-:;.d:1'': .'" +it- ô' I Table IX gives ttre tr* val-ues for these new parâmeters. Variations i¡r

,.] "'

the Na, Ca, and HtO posì tions failed to i-qrove ttre agreenent, for this

arrangement.

Posj-tion l+. f¡n an effort to rectifþ tt¡e discrepancies in results, the

origin'n¡as moved rrywards again fron its previous position, that is, it
'n¡'as moved closer to t'he autåorst original origJn. .A,s a result the

sereïr axis and the octahedron at the half-celI bo$r centre were raised..

lransforuation from the authors I first origÍrr to ttris new orÍgin is
x + .25, ï * .25t z + .1O.. As before the Ca ions and. the H20 moleeules

were touching. The parameters of the various ions Trere:

zv-x

T

o.32

¿

o.75

4

o.53h l{a :¡r
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I[.2
l¡ Ca in O.lB o.25 O.3lr

I+ ¿r in o.z5 o.Z5 o.1o

h Rro :_n o.zo o.T5 o.zl+

F para:neters were the same as in position 2.

Table x compares the É values for this structure. The 0oB reflec-

ti-on, which has the strongest observed value of al-l the planes,

calculated. to a very low value. r¡nterchange of Na and ca positions

as well as sli-ght changes of position of the metaLs and the water

failed to i¡crease the structure amplitude value of 008 and this

anangement had to be abandoned.

Tilt of the 0ctahedra. After all the above changes in the posi-

tj-ons of the Na¡ Ca, and H20 had beea exa¡rì¡ed and calculations had. been

made usi¡rg the resulting pai'anreters, attention was focussed on the tilt
of the octatredra. Up to thj-s point it had been assu.med. that the

octahedral tilt was the sane in thonsenolite as in cryoIite. However,

it was felt that changes in the tilt should be exanined j-n an effort to
arrive at a better proposed structr¡re. The octahedra rrere tilted., i.lo

turnr down positive and negative a and dovnr positive a¡rd negative b.

Different amounts of tilt were tried in eaeh d:irection. The final tilt
decided. upon as the best is described in the nerb section.
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OBSERVE,D AT{D CALTUIATÐ

vil
ARRANGEMENT Ir, POSTÎI0N 1.

TABI,E

¡2ts;

Obs. f Calc. F2

oo2

100

011

ïoz

012

ro2

oo¡+

110

ïrr
013

111

ïoL

rt?

ïr3

oil+

10lr

113

oo6

008

108

ïoB

o.1g

0

0.15

0

0

oJ6

3.19

3.20

o.B3

o.2t

o.h)-r

o"72

1.21

1.26

o.77

0. 82

o.96

o

19. 81

2.7t

10.ilr

0.81

0

l.il+

3.Bo

1.30

6.25

I+62,25

370.95

r5.52

1.30

33.52

0

h.h5

h.oh

0

0

I+3.o3

6.25

26rr.2t

0

0
I .l

t'
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ÏÄBI,E VÏTT

OBSERVFÐ JI}ID CATCTLA.TÐ ¡2'S; ARRANE¡E¡ÆNI TÏ, POST?TON 2.

hk1 o¡s. f Calc. F2

002

ooó

108

ï08

101+

ïol+

100

102

Íoz

001+

008

0.19

0

2-71

10.il+

0.82

o.72

0

o.36

0

3.r9

19.81

97.6

17.h

B2B.O

].;920.o

, ],6.3

37.5

o

6.1+5

11.15

207.0

300.0
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TABIE TX

'BSER\'ED ^ND 
cAtcuLATED 

"',r, 
¿,RRANG*I'NT fï, posïTroN 3.

ous. f calc. Ê ous. f calc. I

oo2

100

OIL

Toz

o1:2

].:o2

00L

110

ïrr
013

111

lþl+

rtz

t:.3

0il+

10h

o.rg

0

o.Lt

0

o

o.36

3.r9

3.20

0.83

o.2t

o.ùl+

o.72

T.2T

1.26

o.77

0.82

I+2,6b

52.85

r.511

h.0h

o.62

l.2h.77

25B.Bg

357.e7

t5.52

1.30

33.52

58.68

2O2.bg

h.ol+

25r.86

88.55

006

008

108

ïoe

200

2oz

202

ï06

Zol+

106

20b

206

206

z0B

208

0

19.81

2.71

10.11+

6.1+B

o

1.03

0

1.h7

r.g5

7.tù

r.37

3.Zh

h.3g

0

3l+7.08

ro35.55

202.78

250.59

625.oo

].,8,66

55.65

35.65

651+.85

,6.25

1:o7.r2

]:53.26

306.95

3t2.5O

86.t2
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TABI,E N

oBSEBVED AND cAtcur,aTnD F2ts, ARRANGmTnIT rï, posmtoirt h.

hk1 Clbs. F2 QaIc. F2

002 0.19

006 0

1OB 2.7r

ÏoB 10.1h

101+ 0.82

Ï0¡+ o.72

100 0

ro2 o 36

îoz o

001+ 3.I9

008 19.81

200

2oz

202

6.hB

0

1.03

68.o

8.8

238.0

gho.o

3Bo.o

th8.o

30.0

hl7.o

12.0

2@.O

90.0

310.0

l+.h

u3.0

r ._'r::i.
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1?re Present Structure. TL¡e structure descríbed belor is a

product of all the different structures exanjned and is that wtrich to

date (May, I95O) gives the best agreement befureen ealcul¿ted and ob-

served values.

(i) Parameters and tr:tensities. All ttre atoms in üre cel]. are in the

Il-rota general positions, xyz. These rsrz paraneters of each of t}re
ten atoms relative to the conventional origin are:

h tta :¡r

l¡ Ca Íl

h*rin
l+ tt2O :n

l+Frtu

o,29 O.35

x

0.3h

0.19

o.25

0.20

o.25

0.10

o.25

o.h0

o.5l+

v_

o.75

o.25

0.82

o.3t5

0.185

o.5h

0.10

4

o.l+95

0.11

o.23

o.2?

0.10

0.00

0.09

0.12

lr rrr tu
l+ n't-t in

lr ryo in

hnuin
l+ Fy1 in

-O.OL 0.11+

-o.oh 0.h0

,.i .,: i: .-:- -

Table XI gives, for 89 reflections wi-th the simplest i¡dices, the ob-

serued F2 values and. the F and F2 values carcul¿ted. for the above

parameters in the manner described jn chapter rr. as before, the ob-

served and. caleulated f valu"" are comparabl-e when the observed values

have been nultiplied by 1O0. An x has been placed after those

::jii..ll:..¡



l:

calculated values that are in very poor agreement, with the obsenred..

(ii) Description of the structr:re; Fi-gure 5, p.53 shov¡s a projection

of the structure on (OfO). The authors r r:¡rit cell with origi¡ near

one corner Al is more conveni-ent for descriptive pu.ræoses than one wittr

tl¡e conventional- origin, and. is shourn in d.otted. Ii¡es. Ttle conventional-

origirr j-s shorn¡ at -.25, -.25, -.11. r}re F atoms of only one of t?re

A1F6 octahedra are shown but aIL the octahedra i¡r the projected plane

of the celI and those at height $t at the rrhalf-body-centrestr have been

outlined.. Note t'hat both ttre upper and lower half-cells are si-r¿ilar to

the unit ceIl of cryolite in that, there is one A1F6 octahedron at each

corner and another at the body-centre. TLte body-centre octahedron in
the lovrer half-celI is, as i-n cryolite, in gli-de rel-ationshÍ-p across

(oro) and i-n 21 screw relati-onship aroun¿ Lorol to the octahedron at

the origin. Each octahedron centred half-way along a vertical edge Í-n

thomsenolite corresponds to one at an upper corner in cryoIite, but

differs fron it in that it is i.:: c-gIide relationship to the octahedron

at the origin. This results ín the doubled c axis of thomsenolite.

lhe corner octatredra tilt a small a¡nount d.oiwr positive b and. enough

down negative a to make them veri;i-cal in the ac plane.

The Na, Ca, and H20 occupy very approximately the positi-ons of

the three Na ions in cryolite. Ttre chief. departure from the cryolite

positions resul-ts fro¡n the bringlng together of the 0a and H20 as

shovun in Figure 5, p. 53. The Na Í-on, like its counterpart in the

52
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cryolite structure, is irregularly coord.inated. by Frs. Ca is surrounded.

by six Fts and one H20; three of the Fts (8, L, and M ín the Figure)
1.:.:.r::..,..'

are farther from Ca than its other F neighbours. ïnteratonlc d.istances ::-':.:i

were not calculated for Na and Ca and. their neighborrs. HrO is in con-

tact s¡ith one ca, and it has el-even Frs as neighbours. These inter-
atonic d.istances are given below. ,,tt,a

rnteratomic Distances_. rr a monocu¡ic crystaI, the distance D

bet¡reen arry two ato¡ns with parameters xl yr z1 and. x2 yz z2 ís given

by the relationshi-p

Ð = {(x1asin 4' x2asinf)z * a2$1-r2 )z + (rac - xaacosf - zzc + x2acosf)z

Ïn the structure of thomsenolite -whose parameters are given above, the

interatoni-c d.lstances were calculated. for å.1 and. íts sjx neighboriring

F ions, and. for H20 and. íts tlrelve closest neighbours uhich are one Ca

and eleven F¡s. The distances in Ångström units are:

FI Fn Fr11 FW Fy Fvl

A1 i l.Bl 1.90 1.81 1.81 1.86 1.81 ,,i,,i ,

üa F,q(rrr) re(v) Fc(r) Fo(r) Fn(rr) ,,,,ìi,
Hzo z.Ltt 3.gg 3.06 2,77 2.73 3.hB 

1::::

Fr(rrr) Fc(r) Fu(vr) F,i(v) Fir(rr) rl,(vr)
Hzo 3.03 3.Og 2,g6 3.68 3.1h 3.t5 : :::

. - -l '.1'

These interato¡n:lc distances are ùiscussed. i¡ the nerb chapter. :"'';".r'
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TABT,E TT

oBSER.'¡ED ¡Zts mo cArÍïru.TED Frs er¡ ¡Zts

hkI øs.É calc.F calc.F2 ïn very poor agreement

100

200

3oo

o2o

oh0

060

oo2

001+

006

008

]:O2

10h

106

108

202

20b

206

302

to2

ïotr

ï06

Ioe

0

6'Le

0,27

3-.39

1.19

2.O3

o.1g

3.r9

0

19. 81

o.36

0.82

r.e5

2'Tt

1.03

7.rh

3.2b

0.85

0

o.72

0

10.lh

3.73

-26.25

- 7.39

-26.76

1l+.91+

- 7.a5

)+.0

-19.93

6.o3

35.92

-r2.7r

-11.h

- 3.28

23.3b

!2.O9

-10.11

-15.Ih

l_8.38

- 6.rg

- 5.o3

9.27

-28,57

]-3.9

689.t

5h.6

7]-:6.r

223-2

5:-.t

Ló.0

397.2

36.1+

1290.2

t6:-.5

130.0

10.8

5l+1.0

]..l'46.2

1o2.2

229.2

337.8

38.3

25.3

85.g

8]:6.z

x

x

x

x

x
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TABLE XI (Continued.)

hkl øs.É Calc.F ca,lc.f In very poor agreement

i-':.:.a ,ì'.1 i, ,

zo2 o -2.2I h.g

ãot+ r.l+l -18.3? 337.5

206 r37 - 8.77 76.9

3oz 1.58 12.57 158.0

3oh r.hz 11.86 il+o.Z

' 1f0 3.2a -20.39 ,+r5,0

12o L.aT - t.22 L.5

130 f .il+ L9.2 368,6

2ro o,.35 -8.75 189.1

22O 8.21 15.69 1273.8

310 o.B5 27.b ?50.S

011 o.t5 3.65 r3.3

012 o -r.57 2.b6

o13 0.2r - 7 .t6 5r.3

01h o .77 -13.91+ l9l+.3

otí 0.31 7 .57 57 .3

016 o 0.21 o.oh

oI7 o.l+3 2o.o7 l-¡oz.B

o1B 3.57 2o.2h bo9.7

021 r.73 15.38 46.5

022 o o.$ o.h

O23 0 -6.35 I+0.3

:t

x
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TABIE Xf (Continued.)

hkl øs.f calc.F calc.f Trr very poor agreement

ozb 1.78 -L2.65 1óo.o

azt h.hz - t.o? t.tlr
026 1.oo -15.55 2h1.8

o27 2.81 - o.o2 o

03r O .53 -10.16 !o3.2

o32 o -2.5t 6.1

o33 0 o.37 o.il+

111 0.1+h 2.97 B.B2

Il:2 1.21 l_1.06 122.3

113 0.96 o.9h o.BB

llh r.59 9.2r Bh.B

115 o 3.67 Bf
11ó 1.o5 - g.r' 83.7

117 0 0.7r o.5

r2r 2.oo 6.78 h6.o

L22 0 -a.g6 0.g2

u3 0.a1 B.BZ 191.0

Tzb L.5B B.B2 77.8

725 o -3.32 LL.o

t26 0 rc.59 112.1

22t 2.97 -12 .83 r6b.6

Í

x t:t-:t :

X

x
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TABIE II (Continued)

hkI chs.É cal-c.F calc.f I:n very poor agreement

222

223

ïrr
ïra

ï3
nù

ii5
n6

ïer

îzz

Tz3

r2b

Í25

T26

n]-
Ztz

n3

ZJJ+

ztí
n6

o.78

1.37

0.83

o.22

t.z6

5.o

0.3h

0

o.5tr

o.3B

3.92

1.28

5.tt
o

1.h1

1.09

o.5T

0.1+1

o.b5

2.00

- 5.h3

7.60

- 1.71

1.91

- 5.o5

-23.ilt

2.83

3.23

22.TT

9.7t

17.95

L.39

- B.l+2

o.63

6.r3

2.93

10.83

2.6r

- l-.lh
tg.o7

29.5

5r.a

2.9

3.6

25.5

535.5

8.0

10.1+

l+88.9

eb.3

322.2

t.9

70.9

o.l+

37.6

8.6

]..r7.3

6.8

1.3

363.7

x
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TABLE Xf (Continued)

'.:
othkI 0bs.trÉ calc.F care.f T.n very poor agreement

Tzt g.66 - 8.33 6g.l+ x

2zz r.97 ?.BB 6z.L

2zl o z.t3 b.5

Z2l+ 1.oB -n.37 5b6.2 x

l :.: :t,i!

': r ..t. :



CHAPTER V

DTSCUSSTON AND COTTCLüSTONS

ï¡rteratornic Distances. flre Al-F di.stances for the fi¡ral struc-

t'nre are about the same as those in cryolite where they are l.7g +,o

1.83 Ar and. they are also in good agreement with the val-ue 1.86 A,

given by the accepted ionic radi-i mentioned in chapter rrr. The diff-
erence in interato¡nic distances to F11 and Fy from the others Ís a

measure of the slight departure of the A1FU octahedra from perfectly

regular octahedral coord.i¡ration.

Ttre interatomic distance HrO-Ca is 2.h1 A and agrees wel-I with

the sun of the corresponding radiit 2.37 A. The H20-F distar¡ces do not

fu11y bear out the suggestion put forth earlier that the H20 nolecules

fo¡rn two short O-II-F bonds opposite Ga. The eff'ective radius of water,

I.Lz At proposed for such a bond wor:ld. give an O-H-F distance of Z.hg a.,

whereas the shortest distance (to FD) in the structure descríbed here is
2.73 L. This coruesponds to an effective radius of H2O of 1.3?.{., the

no:mal rad:ius. trt view of the discrepancies betnreen many of the calcu-

lated and obsewe¿ tr¿ rs noted i¡r Table lf, however¡ it may well be

that a refj¡rement of the atonic positions, especially those of H20 and

its neighbouri.ng Ftsr will show'that such short i-r¡teratonic d1stances

d.o in fact exist. More work on the structr¡re is also r.ecessary to prove

with certaÍnty which two F ions fo¡r the presurned H bonds rrnith If20.

' ¡lll-.i,.:Ìi
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ï¡r the present strrrcture, the shortest HrO distances are those frorn

Hzo to the F ions labetled Fa and fp fu Figure 5, bú the latter
is close to ca and hence is not a likely one to foru an H bond.. More

likely F ions for H bond formation from the point of vier,¡ of position

are F, and F with the latter favoured by the present interato¡ric ùis-

tances.

tnt""siti"s. lnrom table xrr pp. 55-59 it may be seen 1i,}la1' 26 
,:,t

of the 89 calculated. F2rs are i-n very poor agreement with obsezved

values. Despite this ntrmber, it is felt that the much larger percentage ,

whicharej-ngoodagreementj:rdicaiedthatthegenera1structura1scheme

is correct and that refi¡ements of the present structure ilrill lead to

a fully acceptable orre. Alt'hough more work was done on the h01 zone 
;thanoneitheroftheothertwoprÍncipa1zones,theagreementhere(ó

ouü of 2b zn very poor agreenent) is ¡ust slightly better than the ovêr-

all. 0f the six hl<O reflections, half are poor. of the three sets of

pinakoidal reflections, the OkO are generally in less good agreenent than ,",

ìì,the h00 and 001. These observations suggest that the y para.neter" 
,.,

of certaj¡ atoms must be changed. more than the x and- z paraareters, but

some of the latter r¡ndoubtedly require some change as well.

Cleavage. The perfect (OOf) cleavage of thomsenolite has a

possible e4planation j¡r the present structure, and. the trace of the

nost l-ikely plgne of the cleavage is shown as a chained line Í:r Figr:re !.

.''.''
'.'!: )':
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The alF, octatredra adjoining this plane have no.strong electrostatic

forces llnking then together. the charge of the univalent Na ion is
dissipated anong nearly a dozen neighbouring F ions at variable d.is-

tances fron it and hence it acts as no strong binding force in this
plane. The only other cation (exclud:ing A1) near thÍ-s plane is Ga,

Much of its charge is e4pended. i-n satisfying tåe H2o, and. its remain-

ing charge must be distributed among six Frs¡ the furthest removed

from the ca being the one across the proposed cleavage p]ane. Thus

i-t appears that ca too provj-ded no strong bindÍ¡g force across this
plane. trr contrast, the eryolite Na next thi-s ca position is right
on the vertical edge, is of course next no H2o, and is about equally

close to all six neighbouring Frs. Thus it provides the force--

lacking in thomsenolite--to hold together the A1F6 octahedra across

this plane.

No slmple e4pIanàùion of the poor (il0) cleavage of thomseno-

lite ís offered by the present structure.

Conclusions. The results of this investigatj-on have led to tt¡e
follou:ing conclusions :

(1) 0f the two possible arrangenents ín thomsenolit,e of the

A1FU octahedra peryitted by the space-grorrp s¡i:n'rmetry and the size of

the ce11, the cryolite-like (body-centred) seens much the more probable

although t'he other (ttre ¡,-face centre¿) is not entirely ruled out.

: i:: :i
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The fi-naI structr¡re described here is based. on the cryolite-Iike
arrangernent"

(z) The present structure d.escribed. in chapter ïv, p. 5r ,',".

j-s essentially the correct one, and small movements of certain of the

atoms from their positions j-n that strueture vrill describe the true

strnrcture accurately. A comparison of calculated F2ls with obserrred ,l',,,r,
,''',,.'.' -',suggeststhaùcertainypara^netersrequiremorechanget'trarrthexandz.
l,t;,tt,::;

ß) Ttre HrO is coordi-nated. appro¡rJrnately corectly rnrith one :'1'¡'::,",'

ca t'ouching it on one side and probably two Frs Llirked by H bonds to

itontheother.TLleH2o-Finteratomicdistancesj:rthestrtrcturedo

not establish either the O-II-F bond length or the partieular Frs which :

ê,re strongly bonded to HrO. I\.rrt*rer refinements of tl¡e atonic posj-tions

rill be required to clari-fþ these features of the structure. Ihe d.e- 
,

.hydration ex¡leriment prorred that the water is, as in any true saLt 
,

hydraten an essential part of the structure; iù is not interchangeable

as is water in the zeolites and. the elay ninerals. 
,,.,.r:.,:;:j

(l+) lhe present structure offers a reasonable explanation of ,tt'
the perfect (001) cleavage of thomsenolite as described abwe, but it :',',¡.:.,

offers no si-rple explanatj-on of the poor (110) cleavage.

,r.+r-nr ìi
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