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The crystal structures of the isomorphous hexatitanates of sodium and rubidium have been deter- 
mined by electron-density projections. Each forms a lattice of t i tanium-oxygen octahedra in an 
open framework, in which the interstitial tunnels are occupied by the alkali-metal atoms. Relation- 
ships with Iqa~TiaO ~ and Ti305 are pointed out, and there is evidence that they constitute a structural 
sequence BnTi6Olo+n(O <_ n ~ 4), B being the number of interstitial positions and not necessarily 
the number of alkali-metal atoms occupying them. The alkali-metal tetratitanates are discussed 
in terms of ordered units of both tri- and hexatitanate structures occurring in a region of variable 
composition. 

Introduction 
Several compounds which are formed by  the alkali  
metals  with t i t an ium dioxide can be represented as 
a composition series A20.nTiOe (1 _< n _< 6). We have 
examined some of these with the object of clarifying 
the relations within the system between crystal struc- 
ture and  chemical composition, and descriptions of 
K2Ti~05 and Na2Ti307 have already been published 
(Andersson & Wadsley,  I961a, 1961b). In  the present 
s tudy we a t tempted  to conclude the 'series' by  the 
structure analysis  of the remaining members,  so tha t  
the crystal  chemistry of the whole system could be 
studied, l~bgTi409 (i.e. n=4)  was reported to have a 
congruent melt ing point  and therefore was possibly 
the easiest of the te t ra t i tanates  to prepare (Schmitz- 
Dumont  & Reckhard ,  1959). Good crystals of 
l~a~Ti6018 (n= 6) were readily made, and the relation- 
ship between this and K2Ti6018, a new inorganic fibre 
of potent ial  economic importance (Berry, Aftandil ian,  
Gilbert, Meibohm & Young, 1960), was of some 
addi t ional  interest. The member  n = 5 has never been 
expressly identified. 

Experimental 

Nag Ti6018 can be made by  heat ing Na~CO8 and  TiO~ 
(anatase) in the molar ratio 1:6, f irst ly at 1000 °C. 
to drive off C02 and then at 1300 °C. Bet ter  crystals, 
in the form of colorless needles well suited to struc- 
ture analysis,  were obtained by heat ing crystall ine 
Na~Ti307 at  950 °C. in air for several days, and  were 
evident ly  formed by  the loss of some of the alkali  
meta l  and oxygen. 

* On leave from University of Stockholm, Sweden; present 
address. 

The preparat ion of the tetra- and  hexa- t i tanates  
was discussed in some considerable detail  in the paper 
by  Berry et al. (1960) which appeared when this work 
was in progress. They reported m a n y  difficulties in 
the isolation of potassium te t ra t i tana te  except from 
fluoride-containing molten salts, and then  only as a 
phase of doubtful  chemical iden t i ty  and with poor 
diffraction characteristics. Our a t tempts  to prepare 
Rb2Ti409 by  direct fusion in a closed crucible of 
Rb2C08 and Ti02 in the molar ratio ] :4 gave a fibrous 
mater ia l  of indeterminate  composition, a crystal  of 
which was found to be isomorphous with sodium 
hexat i tanate .  

Both substances were examined,  part icular  emphasis  
being given to Na~Ti6013. The crystallographic data,  
together with those for K2Ti6018 reported in brief by  
Berry et al. (1960) are given in Table 1, and the 
Guinier diffraction pa t te rn  of Na2Ti6018 in Table 2. 
The hO1 and hll  intensit ies for both compounds were 
obtained on mult iple  films by  the integrated Weissen- 

Table 1. Crystallographic data for the alkali 
metal hexatitanates 

~ymmetry: mon0clinic 

l~asTi6013 K~TisO13* l~b~Ti6013 
Unit cell | a 15.131 +_0.002 A 15.60 A 15-89 A 

dimensions / b 3-745 +_ 0.002 3.80 3.82 
c 9.159+_0-002 9.13 9.11 

fl 99-30 +_ 0.05 ° 99-6 ° 100.4 ° 

Systematic absent 
reflexions hkl with h + k ~= 2n 

Possible space groups C2/m, C2, or Cm 

Do (g.cm. -8) 3.48 ± 0.05 3.58 - -  
De (g.cm.-3), Z = 2 3.51 3.58 4-07 

* From Berry, Aftandilian, Gilbert, Meibohm & Young 
(1960). 
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Table  2. Na~Ti6018 Guinier powder pattern, 
Cu Kal radiation 

Internally calibrated with KC1 

Intensity sin 2 0 (obs.) hkl sin ~ 0 (calc.) 
s 0.01064 200 0.01064 
ms 0.01507 201 0.01506 
vw 0.04272 400 0.04256 
s 0.04495 110 0.04495 
vw 0.05361 111 0.05363 
m~ 0.06625 310 0.06623 
m8 0.06747 203 0.06746 
m8 0.06927 311 0.06923 
mw 0.07673 112 0.07683 
w 0.07773 311 0.07775 
m 0.08280 402 0.08296 
mw 0-09483 601 0-09450 
vw 0.10604 113 0.10603 
m8 0.13621 404 0-13600 
ms 0.14162 602 0-14184 
s 0-16913 020 0.16916 

berg method  using fi l tered copper radiat ion,  and  
measured by  means  of a cal ibrated fi lm strip. The 
h21 and h31 data  were also recorded. Very small  
crystals were used, and  no absorption corrections 
were considered necessary. The calculations for the 
structure factors, modified eventual ly  by  an isotropic 
tempera ture  factor B=0.6  J~-~ obtained experimen- 
ta l ly  for each substance independent ly ,  incorporated 
the ionized scattering curves used in a previous 
de terminat ion  of the structure of Na~Ti307 (Andersson 
& Wadsley,  196Ib), and  tha t  of Berghuis, Haanappel ,  
Potters,  Loopstra, MacGil lavry & Veenendaal  (1955) 
for Rb  +. 

Structure determination of Na2Ti6013 

The equal i ty  of the in tens i ty  dis t r ibut ion of the hO1 
and h21 refiexions of similar  index, and  also of the 
hll and h31 terms, favoured the centrosymmetr ical  
space group C2/m, one of the three al ternat ives  given 
by  the sys temat ica l ly  absent  refiexions (Table 1). 

The hO1 terms included several strong spots whose 
indices could be referred to a pseudocubic sub-cell. 
This is related to the real uni t  cell by  the t ransform 

cubic --> monoclinlc = 30-2/010/102. 

We have previously shown (Andersson & Wadsley,  
1961b) tha t  sub-cell geometry can be very  useful in 
helping to solve problems of the present kind. Whi ls t  
there m a y  be l i t t le or no actual  resemblance to any  
simple cubic substance, the atoms in projection form 
a more or less square network, as Harr ison (1957) 
pointed out in the analogous case of BaTi2Os. The 
mat r ix  is de termined by  the orientat ion of this grid. 

The Pat terson projection P(u, w) bore a striking 
resemblance to tha t  which could be expected of a 
perovskite structure,  AB03. If Na2Ti6Ol~ itself is 
regarded as a 'defective perovskite '  Na0.3aTiO~.17, 
with ordered defects of some kind, the solution of the 
funct ion ab initio is a mat te r  of considerable difficulty. 
The selection of t r ial  models of the structure, however, 
can be reduced to the problem of f inding the correct 
numbers  of atoms within  the uni t  cell, as the mat r ix  
determines their  average direction relat ive to one 
another.  The numbers  of oxygen atoms m a y  be made  
var iable  by  considering, whether  adjacent  octahedra 
(in this instance) have  corners, edges or even faces in 
common, and  with squared paper  a great m a n y  models 
can be rapid ly  devised and  tested with the aid of the 
Pat terson function. The only model fulfill ing these 
various conditions refined by  successive Fourier  and  
difference syntheses on to (010) unt i l  the  f inal  relia- 
b i l i ty  factor for the hO1 terms was 11.9%, non- 
observed reflexions omitted. 

Many oxide structures,  and in par t icular  those 
having an axis of s y m m e t r y  which corresponds in 
length to an  octahedral  diagonal,  give a space-group 
ambigu i ty  which it is difficult  to resolve. The l imi ted 
number  of h/cO refiexions, and  the length  of the 
c axis (9.16 J~), result ing in extensive overlap of the 
atoms, preclude the  use of addi t ional  electron-density 
projections to dist inguish between the space group 
assumed on reasonable ground to be C2/m, and the 
remaining non-centrosymmetr ical  a l ternat ive  C2, sta- 
t ist ical  methods proving to be not sufficiently definite. 
The positional parameters  x and z were combined 
wi th  y = 0 for all atoms, in accord with the space group 
C2/m al ready inferred, in a set of hll structure factors. 
These gave a re l iabi l i ty  factor of 15.9% and fur ther  
ref inement  of the y coordinates was not  considered. 

Atom 

Ti 2 
Ti 3 

Na or l~b 
Ot 
O~ 
03 
04 
05 
06 
0~ 

Point position 
4(i) 
4(i) 
4(i) 
4(i) 
2(a) 
4(i) 
4(i) 
4(i) 
4(i) 
4(i) 
4(i) 

Table 3. Fractional atomic parameters 
Space group C2/m. (0, 0, 0; ½, ½, 0)+ 

Na2Ti6013 

X Z 

0-1137 ± 0"0005 0-0895 __ 0-0009 
0" 1705 +__ 0"0004 0"4332 ± 0-0010 
0.2287 ± 0"0006 0"7726 ± 0"0010 
0"4540 ± 0"0008 0"2508 ± 0-0014 

0 0 
0.228 ±0"002 0"247 ±0.004 
0"071 +__0"001 0"291 ±0"002 
0"282 ±0"002 0"574 +__0"004 
0"124 ±0"001 0"617 ±0.002 
0"358 ±0"002 0"884 ±0"004 
0.167 ±0"001 0"927 __+0"002 

Rb~Ti6Ola 

X Z 

0.114 0.093 
0.174 0"435 
0"236 0"778 
O.456 0"250 

0 0 
0.233 0"237 
0.084 O.305 
0-273 0.577 
0.134 0.612 
0.351 0.908 
0.165 0"919 
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hkl  Fo  .Fc 

001 < 9 13 
2 23 34 

_ _  

3 38 35 
4 < 1 9  18 
5 < 24 2 
6 154 171 
7 < 29 5 
8 < 32 18 
9 69 71 

10 < 2 7  6 
2,0,10 < 25 

9 < 30 1 
8 32 34 
7 30 31 
6 152 149 
5 85 77 
4 < 2 1  

- - _  

3 45 51 
2 < 1 5  21 
1 < 1 2  0 
0 100 115 

83 104 
35 46 

173 179 
35 26 
24 41 
27 35 

< 2 7  2 
< 3 2  5 

§ 94 83 
_ _  

10 49 39 
4,0,10 < 23 12 

9 < 2 8  7 
8 44 44 
7 < 32 14 
6 < 29 14 
5 109 120 
4 66 62 
3 69 47 
2 186 199 
1 23 23 
0 36 37 

40 32 
37 43 

221 250 
41 50 
60 55 
38 18 

< 3 2  § 
< 3 1  

10 48 54 
6,0,10 < 18 1 

9 < 2 5  4 
8 95 87 

6 < 3 1  2 
5 41 42 
4 < 26 1-1 
3 < 24 18 
2 211 233 
1 28 34 
0 < 1 9  
i 113 95 

< 2 0  0 
24 26 
58 7§ 

<25 
< 2 8  14 

T H E  S T R U C T U R E S  O F  ~a~Ti60~a  A N D  l~b~Ti60~a 

T ~ b l e  4. N a ~ T i 6 0 ~ .  

C o m p a r i s o n  b e t w e e n  Fo a n d  Fc 

h k l .F o 2" c 

102 111 
< 32 17 
< 3 1  7~ 

10 27 29 
809 < 2 1  14 

8 47 41 
7 53 53 

_ _  

6 < 3 2  20 
_ _  

5 31 25 
4 51 34 
3 < 2 7  0 
2 < 2 5  22 
1 68 70 
0 46 37 

79 77 
40 33 

< 24 26 
94 115 

< 2 8  
< 2 9  11 

32 39 
< 30 23 

_ _  

10 72 69 
10,0,8 < 22 6 

7 < 2 7  8 
6 < 3 0  29 
5 32 21 
4 89 §~ 
3 30 3-6 
2 41 ~ 
1 74 6~ 
o 38 ~ 

27 1§ 
121 120 

62 56 
43 39 

- -  _ _  

5 60 59 
< 3 1  
< 31 1~ 
< 30 15 
< 2 8  

_ _  

10 < 2 2  
12,0,7 47 40 

6 < 2 5  
5 < 2 9  
4 < 3 1  23 
3 < 32 4 
2 < 32 5 
1 62 69 
0 < 30 
1 < 30 8 

53 66 
< 30 2 
< 3 1  0 

~5 53 
< 32 29 
< 3 2  6 

84 83 
< 2 4  

14,0,5 < 2 3  10 
4 38 37 
3 < 2 9  
2 31 23 
1 < 3 1  11 

_ _  

0 < 32 25 
i < 32 11 

78 82 
32 28 

hkl  2' 0 F c 

< 32 0 
< 30 20 
< 29 15 
< 2 9  11 

52 49 
§ < 1 8  5 

- - _  

16,0,4 < 19 21 
3 65 63 
2 < 25 4 
1 < 30  
0 < 2 8  
T 29 23 

< 2 9  23 
4 i  ~§ 

7~ < 28 ] ~  
3 < 26 15 

42 43 
< 2 1  0 

1,1,10 < 2 8  35 
9 58 40 

- - _  

8 36 36 
7 < 34 
6 32 44 

- - _  

5 39 31 
- - _  

4 51 49 
3 41 ~ 
2 93 77 
1 43 28 
0 118 113 
]- < 1 2  ? 

31 30 
58 61 

< 24 29 
< 2 7  0 

< 34 8 
< 35 4 

§ < 34 0 
10 < 30 26 

3,1,10 < 2 6  
9 < 32 13 
8 57 58 
7 35 49 
6 93 93 

_ _  

5 42 67 
4 < 26 11 
3 43 51 
2 39 4-6 
1 69 71 
0 146 146 

142 138 
47 50 

< 2 1  i 
< 2 4  4 

55 48 
69 89 
34 35 

< 35 ~ 
§ 59 44 

10 < 3 0  34 
5,1,10 < 2 1  8 

9 < 2 9  
8 34 33 
7 < 35 13 
6 < 35 1 
5 106 95 
4 < 2 9  
3 < 2 6  29 
2 29 3§ 

hkl  .F o Fc  

1 21 25 
0 < 20 9 
]- < 20 i]- 
2 < 2 1  

52 ~ 
148 162 

< 29 35 
6 < 32 0 

< 34 5 
< 35 20 

§ 34 48 
. . . .  

10 69 80 
_ _  

719 < 25 22 
8 44 40 
7 < 35 12 
6 < 36 20 

- - _  

5 35 44 
4 32 47 
3 47 57 
2 180 180 

_ _  

1 48 65 
0 < 2 5  0 
1 < 25 14 

< 2 5  
37 26 

149 15---0 
44 64 

< 3 3  l l  
61 40 

< 35 2 
< 3 3  9 

10 34 40 
918 51 65 

7 59 59 
6 < 35 22 
5 < 3 6  17 
4 < 35 15 
3 < 3 3  
2 59 88 
1 86 l l 0  
0 51 63 
T 82 68 

8o ~ 
< 30 22 

32 41 
< 33 17 

35 2---8 
71 71 
73 85 

< 31 29 
_ _  

10 < 2 5  11 
11,1,7 62 69 

6 < 30  
5 < 3 3  0 
4 79 67 
3 < 3 6  
2 35 25 
1 < 34 22 
0 < 33 18 
T < 33 15 

145 148 
< 33 20 

34 29 
61 35 

< 3 6  
< 34 25 

64 72 
< 2 s  ¥ 
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hlcl 
13,1,6 

5 
4 
3 
2 
1 
0 

V, 

15,1,4 
3 

Til-O 1 
Til-O 2 
Til-O a 
Til-O~ 
Til-O~ I 
O1--O 7 
Ov-O 2 
0 2 - 0  ~ 
0 1 - - 0 3  
0~-06  ~ 
O~-Os ~ 
0~-06 ~ 
0 3 - 0 6  ~ 
Ti2-O 2 
Ti2-O a 
Ti2-O 4 
Tie-O5 
Ti2-O41 
02-03 
0 2 - - 0 4  
04-05 
03-0~ 

Til-O 1 
Til-O ~ 
Til-O a 
Til-Ov 
Til-O61 
O1-O7 
O7-O 2 
0 2 - 0  ~ 
O1-O ~ 
O1-O61 
O~-O6 ~ 
Oe-O6 ~ 
O3-O61 
Ti2-O 2 
Ti2-O a 
Tie-O 4 
Ti2-O ~ 
Ti2-O41 
0 2 - 0  ~ 
02-04 
04-05 
03-0 ~ 

Fo 

<23 
<29 
110 
34 

<35 
66 
50 

< 36 
75 
36 
35 
81 

<33 
<31 
<27 
<21 
<24 

40 

Tab le  4 (cont.) 

F o 

6 
24 

112 
41 --_ 
31 --_ 
33 
27 

88 
54 
39 
6O 
26 

5 
11 

49 

hkl Fo Fc 
2 < 31 24 
1 51 41 
0 58 57 

34 36 
48 ~ 

< 33 7 
<33 i 

5 44 40 
57 65 
40 40 

17,1,2 <21 1 
1 < 2 4  9 
0 79 76 
T <27 3 

<28 9 
60 ~ 

<26 
<23 

Table 5. 

N o .  

1 
1 
1 
1 
2 
1 
1 
I 
1 
2 
2 
2 
2 
1 
1 
1 
1 
2 
1 
I 
1 
1 

1~0. 

1 
1 
1 
1 
2 
1 
1 
1 
1 
2 
2 
2 
2 
1 
1 
I 
1 
2 
1 
1 
1 
1 

I n t e r a t o m i c  d i s tances  

Na2Ti6013 
Length 
1.81A 
2-02 
1.97 
1.88 
1.93 
2-71 
2-93 
2-42 
2.70 
2.92 
2.62 
2.47 
2.79 
2.04 
1-83 
1.95 
1.93 
2.01 
2.42 
2.97 
2.48 
2.97 

Rb2Ti6013 
Length 
1.86 A 
2.10 
2.07 
1.90 
2.10 
2.85 
2.90 
2.55 
2.86 
3.04 
2.46 
2-56 
3-03 
2.I8 
1.69 
1.84 
1.84 
2.10 
2.55 
3.05 
2.29 
2.77 

No. Length 
O~-O41 2 2.51 A 
O8-O41 2 3.02 
04-041 2 2.43 
O5-O41 2 3.06 
Ti3-O 4 1 2.11 
Ti3-O 5 1 1.95 
Tia-O 6 1 2.05 
Ti3-O 7 1 1.82 
Ti3-O21 2 2.00 
O4-O 5 1 2-48 
O4-O 6 1 2-89 
O6-O~ 1 2.98 
O5-O ~ 1 2-80 
O4-O21 2 2.51 
O6-O21 2 2-47 
O~-O~. 1 2 3.07 
O~-O21 2 3.03 
Na-O 3 2 2.56 
Na-O 5 2 2.59 
Na-O~ 2 2"92 
Na-O 1 2 3" 13 

No. Length 
02-041 2 2.57 
O3-O41 2 3.01 
04-041 2 2.40 
05-041 2 3.12 
Tis-O 4 1 2-02 
Ti3-O 5 1 2-00 
Tis-O 6 1 1.99 
Tia-O 7 1 1.85 
Ti3-O21 2 1-98 
O4-O 5 1 2-29 
O4-O 6 1 3.05 
O6-O~ 1 2-97 
O5-O 7 1 2.75 
04-021 2 2.57 
06-021 2 2.56 
O~-O21 2 3.00 
O5-O21 2 2-99 
Rb-O 3 2 2.77 
Rb-O 5 2 2.82 
Rb-O7 2 2.94 
Rb-O 1 2 3.14 

For  our  purposes,  the  s t ruc tu re  can never the less  be 
descr ibed in  t e rms  of C 2 / m .  Some of the  l igh te r  a t oms  
could  pe rhaps  be sh i f ted  s l igh t ly  f rom the  mi r ro r  
p lanes  in  which  t h e y  are a s sumed  to  lie; t he  effects 
of these  d i sp lacements  will be to  a l te r  the  i n t e r a tomic  
d is tances  by  smal l  amoun t s ,  bu t  will no t  concern  the  
s t ruc tu re  as a whole.  

The  s t a n d a r d  dev ia t ions  were e s t ima t ed  by  t he  
m e t h o d  ou t l ined  by  e q u a t i o n  308 .4  in  L ipson  & 
Cochran  (1953, p. 308). The  cen t ra l  cu rva tu re  for 
each a t o m  was o b t a i n e d  f rom the  Gauss ian  el l ipsoid 
a p p r o x i m a t i o n  (Dawson,  1961) on the  peaks  of the  
f inal  Fo synthes is ,  a n d  the  r .m.s,  values  of slopes 
para l le l  to  a a n d  c in the  f ina l  hO1 difference synthes is  
were e s t ima t ed  in  the  regions of the  m a p  in which  
a toms  do no t  occur. L ipson  & Cochran  po in t  out  t h a t  
th i s  m a y  resul t  in  a s l ight  unde res t ima te .  

The  a tomic  pa r ame te r s  and  the i r  s t a n d a r d  devia-  
t ions  are g iven  in Tab le  3, t he  observed  and  ca lcu la ted  
s t ruc tu re  fac tors  in Tab le  4, a n d  the  i n t e r a t o m i c  
d is tances  in  Tab le  5. The  s t a n d a r d  devia t ions ,  averaged  
for con tac t s  of the  same kind ,  are _+ 0.030 A for T i -O ,  
Jr 0.045 /~ for :Na-O, a n d  + 0.055 A for O - 0 .  

T h e  s t r u c t u r e  o f  t h e  r u b i d i u m  c o m p o u n d  

Whi l s t  we h a d  i n t e n d e d  to  p repare  the  t e t r a t i t a n a t e  
Rb2Ti409, t he  re la t ionsh ip  wi th  Na2Ti6018 which  
appea red  when  the  space-group d a t a  were assembled  
suggested t h a t  b o t h  compounds  m i g h t  be i somorphous  
a n d  wi th  the  same exac t  chemica l  composi t ion .  On 
the  o ther  hand ,  t he  Debye-Scher re r  ev idence  p resen ted  
by  S c h m i t z - D u m o n t  & R e c k h a r d  (1959) f rom the i r  
phase  equi l ibr ia  s tudies  made  i t  appea r  l ike ly  t h a t  
one or more  of the  t i t an i a - r i ch  phases  in  the  sys tems  
wi th  the  a lka l i  me ta l s  could pe rhaps  have  an  e x t e n d e d  
h o m o g e n e i t y  range.  This  poss ib i l i ty  was examined .  

A t r ia l  s t ruc tu re  v e r y  s imilar  to  t h a t  of NaeTi6013 
b u t  w i th  the  compos i t ion  l~b2Ti409 can be cons t ruc ted  
ve ry  p laus ib ly  a n d  s imply.  The  r educ t ion  of s y m m e t r y  
to  the  space group  C2 pe rmi t s  add i t i ona l  me ta l  a toms  
to  be i n t roduced  in to  the  2(b) pos i t ions  (0, y, ½), 
(½, ½+y,  ½) wi th  y a p p r o x i m a t e l y  equa l  to  ½, as well  
as an  add i t i ona l  oxygen  s ta t i s t i ca l ly  d i s t r i bu t ed  over  
a n o t h e r  pa i r  of t he  same sites for which  the  y p a r a m e t e r  
is a p p r o x i m a t e l y  zero. I n  th is  way  reasonab le  in ter-  
a tomic  d is tances  can  be ob t a ined  in a un i t  cell of 
the  same size as the  h e x a t i t a n a t e ,  bu t  con ta in ing  
Rb6Ti19027 (i.e. 3 × Rb2Ti4Og). Because of the  f ibrous 
n a t u r e  of the  crystals ,  re l iable  dens i ty  measurement s ,  
which  would  have  been of considerable  help  a t  th is  
stage, could  no t  be made ,  a n d  a chemica l  ana lys i s  
was indecisive.  The  i n t e r p r e t a t i o n  of the  P a t t e r s o n  
func t i on  P ( u ,  w) was weigh ted  w i th  th i s  mode l  in  
mind ,  b u t  a t t e m p t e d  r e f inemen t  p roved  i t  to  be wrong.  

The  a lka l i  t i t a n a t e s  have  a t e n d e n c y  to  lose b o t h  
a lka l i  me t a l  a n d  oxygen  when  t h e y  are hea ted ,  and  
the  a t t e m p t e d  p r e p a r a t i o n  of Rb2Ti409 a t  1350 ° m a y  
have  resu l ted  in  the  pa r t i a l  f o r m a t i o n  of Rb2Ti60~8 
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instead. On this assumption the refinement of the hO1 
data by Fourier and difference syntheses, based upon 
a model isomorphous with Na2Ti601~ and with the 
same unit-cell contents, proceeded slowly until a 
reliability factor of 14.9% was reached. Considerable 
anisotropic spread of several of the atoms was seen, 
but since this could have been due to stacking dis- 
orders, which are discussed below, as well as to 
thermal motions, it was not considered expedient to 
proceed further with this analysis. The atomic coor- 
dinates and the interatomic distances, without estima- 
tions of errors, are given in Tables 3 and 5, again 
assuming the space group to be C2/m. The table 
comparing Fo with Fo is omitted. 

4(b)), resulting in an open octahedral framework 
enclosing tunnels, or continuous rows of interstitial 
positions, in which the sodium ions are situated. 

Description of Na2Ti60~s 

The structure of the alkali-metal hexatitanate is a 
framework of titanium and oxygen atoms which 
enclosed the alkali-metal ions (Figs. 1 and 4(b)). 
Each titanium has six oxygen neighbours at the corners 
of a distorted octahedron. The Ti-O distances vary 
from 1.82 /~ to 2.11 A, and unlike Na2Ti307 (Anders- 
son & Wadsley, 1961b) there appears to be no tendency 
towards five coordination which occurs unambiguously 
in K~.Ti205 (Andersson & Wadsley, 1961a). There is 
some variation in the 0 - 0  distances, with the shortest, 
ranging from 2.42 ~ to 2.51 ~, corresponding to pairs 
which are common to two adjacent titanium atoms, 
a familiar feature of oxide structures. 

.? C 

, % 

Fig. 1. Structure of Na~Ti6Ols projected on to (010). Small 
circles are t i tanium, medium are sodium, and the largest, 
oxygen. The atoms in heavier outline are at y= 0 and the 
lighter at y----½. 

The octahedra share edges at one level in linear 
groups of three. Each is joined above and below to 
similar groups by further edge sharing, and form a 
zig-zag ribbon extending in the y direction (Fig. 3). The 
hexatitanate structure consists of these ribbons sharing 
all the terminal corners with identical ribbons (Fig. 

Fig. 2. Perspective drawing of the immediate oxygen 
environment of a sodium ion (black). 

Fig. 3. Clinographic projection of a treble octahedral ribbon 
(upper) and as viewed down the axis of elongation (lower). 

There are three approximately cubic positions 
within a unit tunnel, and if these are designated by 
the letter B, the structure can be given a 'formula' 
BsTi6018, ~he sJgI~lcance o~ which is discussed below. 
The sodium ions occupy only two B positions, and 
are displaced towards the central unoccupied site, 
forming four short bonds to oxygen of 2-58/~, and four 
longer ones averaging 3.02 A (Fig. 2). The displace- 
ment of titanium atoms of the host lattice from the 
octahedral centres is in the general direction of the 
tunnels, and this could possibly influence the positions 
adopted by sodium. 

The a and b axes of the alkali metal hexatitanates 
increase in the order l~a-~ K-~ Rb as would be 
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expected, bu t  the c axial  lengths show a corresponding 
decrease (Table 1). For purposes of general description 
the structures of the sodium and rub id ium compounds 
are identical,  and the small  parameter  differences and 
the variat ions of in tera tomic distance noted in Tables 
3 and  5 s imply  reflect the read jus tment  of the host 
f ramework to accommodate  the larger rub id ium ions. 
We can imagine this elongation along the a axis to 
result  from a compressive force or squeeze applied 
parallel  to the c axis. Whils t  this has li t t le significant 
effect upon the T i - 0  and 0 - 0  distances averaged over 
the whole of each compound, some indiv idual  contacts 
are considerably changed by  the need to enlarge the 
tunnels.  05 is the atom most affected, and  the distance 
04-05 is reduced from 2.48 A in Nag Ti~013 to 2.29 A 
in Rb2Ti6018. 

Structural relationship of the alkali titanates 

For purposes of this discussion the somewhat  idealized 
inter layer  or interst i t ia l  positions which m a y  be called 
'cubic '  B sites are considered equivalent  to one another.  

The similarit ies between Na2Ti60~8 and  Nag Ti307 
are quite striking. The t r i - t i tanate  (Fig. 4(a)) is con- 
s tructed of layers of the composition (Ti807) 2- held 
together by  sodium ions occupying all of the 'cubic '  
sites, and  it  has the formula BdTi60~4 (Andersson & 
Wadsley,  1961b). Each layer  consists of zig-zag 
r ibbons of the k ind  shown in Fig. 3 joined by  corners. 
If  one layer is t rans la ted  relat ive to another  along 
the c direction by  a distance roughly equal  to an 
octahedral  edge, and also moved upwards  (out of the 
plane of the paper) by  b/2, half  an octahedral  diagonal,  
the corners indicated by  arrows will coincide. This, 
then, is the f ramework of the hexa t i t ana te  (Fig. 4(b)). 
The number  of 'cubic '  inters t i t ia l  positions is reduced 
from four to three, and  only two of these are occupied. 
In  view of these similarities, it  is not altogether 
surprising tha t  prolonged heat ing of a crystal  of 

Fig. 4(b). Na~Ti6Ola in projection. The corners join adjacent 
sheets to form a framework enclosing tunnels. Two sodium 
ions (circles) are present in a unit tunnel which contains 
three pseudocubie positions. 

. . . .  ~ 0  k - O  / 

Fig. 4(c). Additional condensation of trititanate sheets give a 
hypothetical substance B~TisOle (idealized). One of the 
octahedral ribbons is hatched. Half the unit cell is drawn 
asin brokencircles, lines, and the interstitial positions B are drawn 

, 

Fig. 4(a). Na2TiaO ~ consists of ribbons of octahedra (as in 
Fig. 3) joined by corners to form isolated sheets held 
together by the alkali metal ion (circles) occupying all the Fig. 4(d). The low temperature form of TisO 5 (idealized). 
pseudoeubie interstitial positions. The arrows indicate the Two ribbons are hatched, and there are no interstitial 
corners which are shared in the hexatitanate, positions. The unit cell is shown. 
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Unit cell { a 
Dimensions b 

C 

Table 6. Crystallographic constants 
Symmetry: monoclinic 

Na2Ti30 ~ Na2Ti6Ola TiaO5 

8.571 ~ 15.131 A 9.752 A 
3.804 3.745 3.802 
9" 135 9" 159 9. 442 

101.57 ° 99.30 ° 91.55 ° 

K2Ti409-xF2x 
^ 

Crystal 1 Crystal 2 

12.74 A 12.1 A 
3.80 3.80 
8.94 8-82 

104 ° 99 ° 

Na2Ti3OT, with the inevitable loss of some sodium and 
oxygen, will result in the t ransformat ion  to a crystal  
of Na2Ti6018. 

I t  might  be supposed tha t  the sheets occurring in 
these two substances could be present  in other t i tana tes  
as well. An addit ional  t rans la t ion along c of one sheet 
with respect to another  gives the s t ructure  shown in 
Fig. 4(c). Some edges are now shared by the adjacent  
sheets and the 'cubic'  sites reduced to two. This 
hypothet ical  compound of formula B2Ti601,. (B again 
being the  number  of intersti t ial  positions) would have 
a uni t  cell 

a = 1 4 . 1 ,  b=3.8, c=8 .7  A;  f l=119"8 °, 

space group C2/m, the lengths calculated upon the 
assumpt ion of an average 0 - O  distance of 2.75 A. 
I t  might  occur either as an alkali-free form of Ti02 
of new structure,  or else as a substance in which the 
net  valency of the t i t an ium was less t han  four. This 
could be a bronze. A t t empt s  to prepare  it  by  the 
reduct ion a t  950 °C. in hydrogen of Na2TisO7 did, 
in fact,  give a new bronze, bu t  of a different kind 
(Wadsley & Andersson, 1961); perhaps it could be 
prepared  under  different conditions. 

Two addit ional  t ranslat ions of one (Ti807) 2- sheet 
with respect to another  are still possible. The first, 
having two edges of each octahedral  r ibbon in common 
with two from the next  sheet, gives B~Ti601~ with one 
'cubic'  position; the second, with all three edges 
shared, is Ti6010 with none (Fig. 4(d)). This is the 
structure of the low-temperature form of TiaO5 
(~sbrink & Magn61i, 1959), shown here in idealized 
form. 

In the introduction to this paper the a]kali titanates 
were wri t ten conveniently as a composition series, 
A20.nTi09..  I f  the  structures,  real and imaginary ,  
which are discussed here are to be represented as a 
sequence, a general formula should be based upon 
geometrical  features common to them all. This will 
be B~Ti6010+~ or B4-,Ti6014-n (0 _< n _< 4) where B, 
as above, is the number  of sites and not  the  alkali  
meta l  actual ly  present  in them. Since t i t an ium is 
f ive-coordinated in the d i t i t ana te  K2Tie05, it does not  
conform. 

T h e  a lka l i  m e t a l  t e t r a t i t a n a t e s  

Table 6, which summarizes the latt ice dimensions of 
the  three known members  of the s t ructura l  series, 
includes measurements  made  by  Berry  et al. (1960) 

on two forms of imperfect ly crystallized potass ium 
te t ra t i t ana te ,  KeTi409-xFex, prepared from fluoride 
melts. The c dimension corresponds to the repeat  
distance of the (TisOT) 2- sheets, which evidently form 
the basic unit  of the t e t r a t i t ana te  as well. F rom 
melts of different composition, it was shown by  these 
authors  tha t  the t e t r a t i t ana te  s t ructure  developed at  
the expense of the hexa t i t ana te  through a region of 
crystalline disorder. This is in agreement  with the da t a  
of Schmitz-Dumont  & Reckhard  (1959). 

Since both tri- and hexa t i tana tes  contain the same 
sheets having vir tual ly  identical in teratomic distances, 
it might  be expected t ha t  overgrowth of one s t ructure  
upon the other could occur on a unit-cell scale, sub- 
stances of in termediate  composition containing the  
elements of both. Insert ion in the hexa t i t ana te  
s t ructure  of discrete (Ti307) 2- sheets, bonded through 

t 

© O 

Fig. 5. The hypothetical substance Na~0TilsOai which resembles 
the alkali tetratitanate in many respects. It  consists of single 
(TiaO~) 2- sheets alternating with (Ti6013) 2- sheets, bonded 
by means of sodium ions (circles). The as3nnmetrie unit is 
outlined. This demonstrates a possible mechanism by means 
of which a transition from the hexa- to the trititanate 
could take place. 
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sodium ions and having none of the terminal oxygen 
atoms in common, will give a simple alternative 
method by which both the sodium and the oxygen 
content can be made variable, and if they are present 
at random will undoubtedly provide evidence of 
disorder. Ordering will most likely occur at inter- 
mediate points where the ratio of the two kinds of 
unit are simple whole numbers. 

Such a one (Fig. 5) comprises single units of the 
sodium tri- and hexatitanates alternating with one 
another. In one orientation the dimensions of the unit 
cell are 

a=46.8,  b=3.8, c=8.7 A; fl=105.1 °, 

space group C2/m (the average 0 - 0  distance again 
assumed to be 2.75 A), and with the formula of the 
asymmetric unit Na10Ti18041, reducing to Na2.~Ti4094. 
The agreement with the figures in Table 6 for one 
form of poorly crystallized potassium tetratitanate is 
quite striking, except for a which is four times greater; 
a large axis and the likelihood of disorder, however, 
create difficult problems of identification in single- 
crystal diffraction films. The formula would approach 
that  of a tetratitanate more closely if some (Ti307) 2- 
layers were missing, and this would be accompanied 
by increased disorder and dimensional changes. 

Berry et al. (1960) provided convincing evidence 
that  potassium hexatitanate is fibrous, and whilst it 

is undoubtedly isomorphous with the corresponding 
sodium and rubidium compounds, the crystal struc- 
tures of these two give no clear explanation of why 
this should be so except in terms of the closely coor- 
dinated octahedral tunnels. The fibrous property of 
these compounds may perhaps be related to their 
composition. Any additional (Ti307) 2- sheets present 
would be expected to improve cleavages, in one direc- 
tion at least. 
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Na~Ti4Os, an Alkal i  Metal T i tan ium Diox ide  Bronze 
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A chemically inert ternary oxide :NaxTi408 (x approximately 0"8), prepared by the reduction in 
hydrogen of l~a2Ti30 ~ at 950 °C., is monoclinic, space group C2/m, with unit-cell dimensions 

a=12.146, b=3.862, c=6.451/~;  fl=106.85 °. 

It has a new kind of AX2 host lattice with very distorted cubic interstitial positions partly occupied 
by sodium ions, and is a bronze, a non-stoichiometric oxide with some of the properties of a metal. 
The host structure is the end member of an homologous series Me2nOsn-2, n being here equal to two. 

Introduction 
In a recent discussion of the crystal chemistry of the 
alkali metal titanates (Andersson & Wadsley, 1962) 
we noted the existence of a sequence of structures 

* On leave from University of Stockholm; present address. 

with the general formula BnTi6010+n (0 _< n < 4), 
B representing an interstitial position which could hold 
an alkali-metal ion. The three known members, the 
low temperature form of Ti3 05 (n = 0), Na2Ti6 013 
(n=3) and Na2Ti307 (n=4), all contained common 
structural features, and the likely existence of addi- 


