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The intermetallic compound formerly designated as ThCo3 has been identified as Th2C07. This com- 
pound occurs in two allotropic forms: ~-ThzCo7 is hexagonal (Ce2Ni7 type); fl-Th2Co7 is rhombohedral 
(GdECo7 type). Both forms usually occur together. There is some indication of a martensitic type of 
transformation between the ~ and fl forms. The influence of a varying Co concentration is discussed. 
Lattice parameters are presented for isostructural rare-earth compounds of the type R2Co7. 

Introduction 

The existence of a phase ThCo2-3 was reported to 
have been detected by X-ray diffraction by Florio, 
Baenziger & Rundle (1965). From a study of the 
thorium--cobalt system over the whole range of com- 
position Thomson (1966) concluded that the phase 
formerly designated as ThCo2-3 occurs actually at 
76 + 1 at. % cobalt, which is close to ThCo3. In agree- 
ment with. the results of Florio et al. Thomson indexed 
the X-ray pattern of this phase on the assumption of 
a hexagonal unit-cell with lattice constants a=5.038 
and c=24.64 A. In both investigations, however, the 
above indexing could not account for all of the observed 
X-ray reflexions. 

In the present work we have investigated the crystal 
structure and composition of compounds occurring 
in the Th-Co system for cobalt concentrations be- 
tween 60 and 80 at. %. We observed only one com- 
pound in this concentration region, which has now 
been identified as ThzCo7. This compound occurs in 
two allotropic forms. 

Experimental methods and results 

The samples were prepared by arc-melting thorium 
(99.9% purity) and cobalt (99.9% purity) under a 
purified argon atmosphere. The alloy buttons were 
turned over and remelted three times; the loss in 
weight was negligibly small. The alloy buttons were 
vacuum annealed for 4 weeks in sintered A1203 cru- 
cibles at 950-1000°C. The X-ray diagrams were ob- 
tained from powders of as-cast and annealed samples 
with a Philips X-ray diffractometer PW 1050/30. Cu 
Ka radiation was employed together with an X-ray 
monochromator AMR3-202. 

For the microscopic examination of the samples 
standard techniques were used. The Co concentration 
of the samples that were studied in this investigation 
was between 60 and 80 at. % Co. Single-phase samples 
could only be obtained by vacuum annealing with 
those alloy buttons that contained approximately 77.8 
a t .% Co; this corresponds to a compound of the 
formula ThzCo7. 

The X-ray powder diagram of the annealed sample 
ThECo7 was found to consist of two sets of reflexions 
that could be indexed respectively on the basis of a 
hexagonal lattice with a =  5.03, c=  24.62 A and on the 
basis of a rhombohedral lattice for which in the hexa- 
gonal description a = 5.03, c = 36.91 .~. 

These results suggest that the compound Th2Co7 
occurs in two allotropic forms whose crystal struc- 
tures are closely related. Attempts to obtain one of 
these forms free from the other one by employing 
various heat treatments including quenching from high 
temperatures proved unsuccessful. A sample consisting 
almost exclusively of the hexagonal form (0~-ThzCo7) 
was obtained by using a slight excess of cobalt so that 
formally only a few per cent of the adjacent compound 
ThCo5 would be present after annealing, which, in 
most cases is beyond its detectability by X-ray diffrac- 
tion. By applying various amounts of Th in excess we 
were able to obtain a sample in which the rhombo- 
hedral form (fl-Th2Co7) is dominant but in which it is 
nevertheless accompanied by large amounts of the 
hexagonal form. In samples in which both allotropic 
forms are present, especially in the stoichiometric alloy 
Th2Co7, some of the X-ray reflexion lines exhibited an 
exceptional broadening. For the reflexions from a- 
Th2Co7 this was observed if l was odd, while in the case 
of fl-Th2Co7 broadening was observed for reflexions 
where l was not a multiple of 3. 

The crystal s t ruc tu re  of oc-Th2C07 
A powder diffraction diagram was obtained from 

a sample which, after vacuum annealing at 950°C for 
4 weeks, contained negligible amounts of the phase 
ThCo5 in addition to the main phase, i.e. the hexagonal 
allotropic form of the compound Th2CoT. The lattice 
constants were a = 5.030 + 0"005 and c = 24.62 + 0-02 A. 
The reflexions 00/, hhl and hkl with h-k = 3n, were ob- 
served to be absent for odd values of l. Possible space 
groups are therefore P63/mmc and P62c. 

The results described above strongly suggest that 
the crystal structure of 0c-ThzCo7 is isotropic with. the 
crystal structure of CeaNi7 described by Cromer & 
Larson (1959). For calculating the intensities of the 
X-ray reflexions the positions of space group P63/mmc 
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were therefore  used, as l isted in Table  1. A tomic  
scat ter ing factors  wi th  real  d ispers ion  correc t ions  as 
l isted in International Tables for X-ray Crystallography 
(1962) were employed .  The  Loren tz -po la r i za t ion  factor  
(Lp) was a d a p t e d  to the use o f  an  X- ray  m o n o c h r o m a -  
tor.  The  values for  the ca lcula ted  intensi t ies  Ic were 
ob ta ined  us ing the fo rmula  Ic=AFZ.M.Lp.O in 
which  A, F and  M represent  respect ively the scal ing 
factor ,  the s t ructure  fac tor  and  the mul t ip l ic i ty .  F o r  
the  t empera tu re  fac tor  0 the value 0 . 6 0 x  10 -16 cm 2 
was used for  all lat t ice posi t ions.  The  ca lcula ted  a n d  
observed  intensi t ies  are c o m p a r e d  in Table  2. The  re- 
l iabi l i ty  fac tor  is R = ~l Io -  Ie[/Yle = O" 13. 

Table  1. Atomic positions used in calculating 
intensities 

Number and position 
of atoms x z 

2 Co in (a) 0 0 
4 Co in (e) 0 0.167 
4 Co in (f) 0.333 0-833 
6 Co in (h) 0.833 0.250 

12 Co in (k) 0.833 0.083 
4 Th in (f) 0.333 0.030 
4 Th in (f)  0.333 0.167 

The structure of fl-Th2C07 
F r o m  a sample  r icher  in Th  t h a n  cor responds  to 

ThzCo7, which  had  been v a c u u m  annea led  at  950 ° for 
4 weeks,  the fo l lowing latt ice cons tan t s  were obta ined"  
a = 5 . 0 3 0 + 0 . 0 0 8 ,  c = 3 6 . 9 1 + 0 . 0 2  ~ .  In  this  sample  
fl-ThzCo7 was the m a i n  phase ;  in add i t ion  to small  
a m o u n t s  of  the T h C o  phase  large quant i t ies  o f  the 
c¢-Th2Co7 phase  were present .  I t  was therefore  impos-  
sible to ob ta in  accura te  values for  the intensi t ies  o f  the 
X-ray  reflexions of  the phase  fl-ThzCo7. A compar i son  
with an X-ray  d i a g r a m  ob ta ined  f rom a spla t -cooled 
sample  of  the c o m p o u n d  GdzCo7 showed,  however , -  
t ha t  fl-ThzCo7 and  fl-GdzCo7 are isotypic.  The  struc- 
ture of  fl-QdzCo7 has  been  descr ibed by Bertaut ,  Le- 
mai re  & Schweizer  (1965). 

D i s c u s s i o n  

F r o m  the descr ip t ion  of  the s t ructure  types Ce2Ni7 
(Cromer  & Larson ,  1959) and  fl-GdzCo7 (Ber taut  et 
al., 1965) it fol lows tha t  the s t ructures  o f  ~- a n d  
fl-ThzCo7 are closely related.  Bo th  s t ructures  can  be 
der ived f rom an  ordered  subs t i tu t ion  of  Th  a toms  in 
the twofo ld  Co pos i t ion  in ThCos  (CaCu5 type).  This  

Tab le  2. Comparison of  observed and calculated intensities for the compound Th2Cov 

Cu K~ radiation, 2 = 1.54178 A. 

h k l 
1 0 0 
1 0 1 
0 0 6 
1 0 2 
1 0 3 
1 0 4 
0 0 8 
1 0 6 
1 . 0  7 
1 0 8 
1 1 0 
0 0 10 
1 1 2 
1 0 9 
1 1 4 
2 0 1 
1 0 10 
1 1 6 
2 0 2 
2 0 2 
0 0 12 

2 0 4 
1 011  
2 0 5 
1 1 8 
1 0 12 
2 0 7 
0 0 14 
1 1 10 
1 0 13 
2 1 1 
1 0 14 
2 0 10 
2 1 2 
2 1 3 
1 1 12 
2 1 4 

sin2 0 Ic Io h k l sin z 0 Ic Io 
0.03132 14.6 14.5 0 0 16 0.25037 2"9 1-0 
0-03230 22.3 22.3 2 0 12 0.26611 35-1 34.9 
0-03521 14.3 17.1 2 1 7 0.26715 
0.03523 1 0 16 0.28169 18.8 19.1 
0.04012 9-8 2.0 3 0 0 0-28186 
0.04697 0.1 0.1 1 1 14 0.28565 14.3 21.4 
0.06259 3.2 6-3 3 0 2 0.28577 
0.06653 19-2 11.8 2 0 13 0.29056 17.5 18.2 
0"07924 98.1 98.2 2 1 9 0.29844 9-9 7.0 
0-09391 79.6 76.7 3 0 4 0.29751 
0.09395 2 0 14 0.31696 33.8 33.3 
0.09780 6.4 5.8 2 1 10 0.31703 
0.09786 3 0 6 0.31707 
0.11054 22.5 11.6 2 1 11 0.33756 1-6 1.4 
0.10960 2 1 5 0.24367 1.5 4-9 
0.12625 39.8 51.3 3 0 8 0.34445 
0.12912 126.3 126.6 2 1 12 0.36006 0.5 4.4 
0.12916 2 0 16 0.37565 28-3 28.4 
0.12918 2 2 0 0-37581 
0.13407 12-1 12.7 3 0 10 0.37966 3-3 4.1 
0.14084 14.6 14.6 2 2 2 0-37972 
0.14092 2 1 13 0.38451 6"i 6.2 
0"14966 15.1 15.5 2 2 4 0.39146 0.1 2-7 
0.14972 2 0 17 0.40792 1.8 1.8 
0"15655 5.1 10.0 3 1 1 0.40811 
0.17215 7.2 7.2 3 1 2 0-41104 3.0 5.2 
0.17319 2 2 6 0.41102 
0.19169 13.0 17"4 2 1 14 0.41092 3.8 3.6 
0-19176 2 1 15 0.43928 2.6 2-3 
0.19660 8-0 8.2 3 1 6 0.44234 
0.22020 4.1 5"5 3 1 7 0.45505 14.8 14.4 
0.22301 7.2 8.2 1 0 21 0.46263 0.9 3.2 
0.22307 0 0 22 0.47337 9-1 15.4 
0.22313 3 0 14 0.47355 
0.22803 2.0 2.9 2 2 10 0.47361 
0.23479 3.1 1.0 
0-23487 
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substitution occurs in every third layer of ThC05 unit- 
cells (stacked in the c direction) and is accompanied 
by a shift of the layers. These layer shifts can give rise 
to either a hexagonal or a rhombohedral stacking se- 
quence. A schematic representation of the hexagonal 
and rhombohedral structures is given in Fig. 1. 

In the Experimental section we mentioned that some 
of the reflexions of both the e- and /?-structure in 
Th2C07 and also in samples containing a moderate 
excess of Th exhibit a very distinct broadening. The 
condition for sharp lines for the reflexions hkl of 
~-Th2Co7 and fi-Th2C07, i.e. l=2n and l=3n respec- 
tively, is seen to be closely related to the mode of 
layer stacking (see Fig. 1). Line broadening involving 
the above conditions is in fact expected if the layer 
shifts occur more or less at random, so that instead of 
a succession of either rhombohedral or hexagonal 
stacking sequences we have a random mixture of both. 
It should be emphasized that no significant difference 
in the line broadening was apparent in samples that 
had been given a high temperature anneal and those 
that had not. Evidently the difference in stability of 
the hexagonal and the rhombohedral stacking is neg- 
ligibly small. It seems unlikely that the effect of a 
varying Co concentration will result in a preferential 
stabilization of one of the modifications. In that case 
we would expect a region in the Th2C07 range over 
which the limiting lattice dimensions would be different, 
in that there would be a marked deviation from the 
relations a(oO=a(fl ) and c(oO=-}c(//). It is possible, 
however, that the relative amounts of the phases pres- 
ent in the sample depend on the corresponding nuc- 
leation or growth rates, which in turn may be strongly 
influenced by the nature of the primary phase sepa- 
rating from the melt. For high Co concentrations this 
is clearly the phase ThCo5 (Thomson, 1966) but a de- 
crease of the Co concentration employed leads even- 
tually to a suppression of ThCo5 as the primary crys- 
tals separating from the melt. 
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Fig. 1. Schematic representation of the crystal structures of 
~-ThzC07 (a) and fl-Th2Co7 (b). The repeat distances in the e 
direction are indicated as c(hex) and c(rhomb). 

Instead of assuming a random mixture of both. types 
of stacking sequence the observed broadening of the 
X-ray reflexions could be equally well explained by 
a microstructure of the sample in which the dimensions 
of the regions of the ~- and fl-phases are extremely 
small in the e direction. Microscopic investigations 
support this view: it can be seen in Fig.2 that the 
microstructure of annealed Th2Co7 consists of heavily 
faulted regions with a high density of lamellae. 
These lamellae occur in what seem to be the orig- 
inal grains and are strongly reminicent of a mar- 
tensitic type of transformation as observed, for in- 
stance, in elementary cobalt (Votava, 1961). A mar- 
tensitic type of transformation in Th2Co7, involving a 
large thermal hysteresis over the transformation tem- 
perature, can account also for the fact that no change 
in the relative amounts of the 0~- and//-phase is brought 
about by annealing or quenching. The presence of a 
large hysteresis in the transformation is furthermore 
shown by X-ray diffraction studies at low temperatures. 
At 80°K the relative amount of the//-modification is 
increased but the relative amounts of both phases are 
restored when the sample is brought to room tempe- 
rature again. When the sample is cooled to 5°K the 
increase in the amount of the /?-phase persists after 
bringing the sample back to room temperature. 

The assumption of a martensitic type of transfor- 
mation in Th2Co7 is also consistent with the observa- 
tion that the preferential formation of either the 0~- or 
//-phase, as a result of the presence of excess cobalt 
or thorium, still increases within the two-phase regions 
ThzCov-ThC05 and ThCo-Th2Co7 respectively. The 
mechanical properties of samples corresponding to 
these regions are different and vary continuously with 
the composition and can therefore strongly influence 
the martensitic transformation. 

A situation similar to the one described above, 
though somewhat less concentration-dependent, is also 
encountered with the compounds R2C07 in which R 
represents a medium-sized rare-earth element, such. as 
Gd or Sm. The metallic radius of the other rare-earth 
elements is sufficiently smaller or larger for there to 
be differentiation between the stability of the hexa- 
gonal and rhombohedral stacking: for the heavy rare- 
earth elements we observed the rhombohedral stacking 

Table 3. Lattice constants for compounds of the type 
R2Co7 

Compound a c(rhomb) c(hex) 
Th2Co7 5.030 ,~ 36.91 ,~ 24.62 A 
La2Co7 5.101 36.69 24.51 
Ce2Co7 4.940 36.52 24.46 
Pr2Co7 5.060 36.52 24.43 
Nd2Co7 5.059 36.43 24.39 
Sm2Co7 5.041 36.31 24.33 
Gd2Co7 5.022 36.24 24.19 
Tb2Co7 5.008 36.18 present 
Dy2Co7 4.992 36.13 not observed 
Ho2Co7 4.977 36.10 not observed 
ErzCo7 4.960 36.07 not observed 

A C 26B - 1" 
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Fig. 2. Microstructure of a sample Th2Co7, obtained after etching with dilute HNO3. ( × 2070) 

[To face p. 1391 
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to be stable, while for the light rare-earth elements the 
hexagonal stacking is stable. In the latter case the 
rhombohedral form seems to occur as a high tempe- 
rature modification, which is a situation exactly op- 
posite to that encountered with the two ThzCo7 mo- 
difications. A survey of the structures occurring and 
the corresponding lattice constants is given in Table 3. 
Our values for the rhombohedral form are substantially 
in agreement with those given by Bertaut et al. (1965). 

The author is greatly indebted to Dr  J. H. N'. van 
Vucht for advice and discussions and wants to thank 
Miss C. Kortleve and Mr A. S. van der Goot for their 

assistance in the intensity calculations and the X-ray 
diffraction experiments. 
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Solid State Structure and Chemistry of the Choline Halides 
and their Analogues. Redetermination of the Betaine Hydrochloride Structure, 

[(CH3)3NCH2COOH] +CI- 
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(Received 1 August 1969) 

The crystal structure of betaine hydrochloride, [(CH3)3NCHzCOOH]+C1 -, has been redetermined by 
X-ray diffraction from the intensities of 782 independent reflections collected on a scanning counter 
diffractometer. The crystals are monoclinic, space group P21/c, with cell parameters a=7.428, b= 
9"108, c= 11.550/~, and fl= 96-71 o. The positions of the hydrogen atoms have been found, and the con- 
ventional R value has been reduced to 0.026. Final atomic positions differ from those given by Clastre 
by as much as 0-16/~. The mean C-N bond length is 1-499 + 0-004/~ (uncorrected for thermal motion). 
The cation assumes a completely staggered conformation with the acidic hydrogen atom as far away as 
possible fromihe nitrogen atom. The hydrogen bonding from the carboxyl group to the chloride ion is 
relatively strong compared with the hydrogen bonding in choline chloride. 

The structures of choline [(CH3)3NCH2CH2OH] + X-  
and betaine [(CH3)3NCH2COOH] + X-  compounds are 
of  interest because of both the unusual radiation sensi- 
tivity of choline chloride (Tolbert, Adams, Bennett, 
Hughes, Kirk, Lemmon, Noller, Ostwald & Calvin, 
1953) and the frequent occurrence of these compounds 
in biological systems. They are components of complex 
lipids, and they can act as transmethylating agents. The 
related acetylcholine is essential to nerve impulse trans- 
fer. 

Related structures which have been determined pre- 
viously include choline chloride (Senko & Templeton, 
1960), muscarine iodide (Jellinek, 1957) and acetylchol- 
ine bromide (Canepa, Pauling & SSrum, 1966). Clastre 
(1964) has published a preliminary structure report for 
betaine hydrochloride, in which he refined the R value 
for two of the two-dimensional projections down to 
0.18. Bond distances which we calculated from his pub- 

fished atomic coordinates implied that the C - N  bond 
lengths ranged from 1.49 to 1-63/~ in length. We under- 
took tiffs structure investigation to provide an accurate 
structure, to locate the positions of the hydrogen atoms, 
and to investigate the packing. 

Experimental 

Small colorless crystals of betaine hydrochloride were 
kindly supplied to us by Dr R. M. Lemmon. These were 
then recrystallized in the form of colorless needles by 
the evaporation of a water-methanol solution to dry- 
ness at room temperature. The unit-cell dimensions 
were obtained from careful measurements of the Bragg 
scattering angles for the h00, 0k0, and 00l reflections, as 
measured on a manually operated General Electric 
XRD-5 diffractometer. The ~ doublet (2 = 1.5405 ~ for 
Cu K~a) was resolved for those reflections of highest 


