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The crystal structure of ThB?C was determined using single-crystal X-ray and powder neutron diffrac- 
tion data. ThB2C crystallizes in the rhombohedral space group R&I with a = 0.66761(23), c = 
1.13760(3 I) nm, c/a = 1.704, V = 0.4391 nm3, Z = 9. X-ray intensity data were obtained from a four- 
circle diffractometer; the structure was solved by Patterson methods and refined by full-matrix least- 
squares calculation. R = C~AF~LZ~F,~ = 0.034 for an asymmetric set of 219 independent reflections 
(IF,1 > 2o(F,)). Precise nonmetal atom parameters and bond distances have been derived from room- 
temperature neutron powder diffraction data employing the Rietveld-Young profile analysis method. 
The reliability value of the neutron refinement was RI= 0.067. The crystal structure of ThB*C is a new 
structure type with slightly puckered 63-Th-metal layers alternating with nonmetal layers each com- 
posed of hexagons of boron atoms, the hexagons being linked by carbon atoms. Boron atoms are in a 
triangular prismatic metal surrounding of a tetrakaidekahedral coordination ITh6B2C,/B, whereas car- 
bon atoms occupy the center points of quadratic bipyramids /ThlBtlC. The crysta1 structure of ThB,C 
derives from the AlB*-type structure with carbon atoms entering the boron nets to form a 2 - (6B) . 
(6B(3C))* layer. 6 1989 Academic Press, Inc. 

1. Introduction 

Early investigations (1, 2) of the thermo- 
dynamic phase equilibria in the actinoid- 
boron-carbon systems Th(U)-B-C re- 
ported on the formation of a variety of 
ternary compounds. Most of the phase 
equilibria and compounds were confirmed 
in the meantime and their crystal structures 
were established by X-ray single-crystal 
techniques (3-5). A recent reinvestigation 
of the uranium-boron-carbon system (6), 
however, revealed the existence of a hith- 

erto unknown compound with the approxi- 
mate formula UBzC and with a striking sim- 
ilarity of its X-ray powder pattern with the 
aforementioned ThBzC (I). In a prelimi- 
nary structural chemical study (I), the 
ThB& X-ray data were indexed on the ba- 
sis of a simple hexagonal cell with a0 = 
0.3868, co = 0.3810 at the carbon-rich phase 
boundary and a0 = 0.3860, co = 0.3793 at 
the carbon-poor end (1). The small hexago- 
nal cell derived required a statistical occu- 
pation of B,C-atoms, therefore a super- 
structure (ao, 3~0) introducing an ordered 
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B,C-kagome net between the Th-layers was 
suggested by Toth et al. (I). Complete in- 
dexing (6) of the powder pattern of UBzC, 
however, disclosed an even larger (rhom- 
bohedral) cell (ahex = aoti, chex = 34 

which also applied for the ThB*C phase, 
Based on this information a detailed study 
of the crystal structure of ThB2C became 
the subject of the present work. 

2. Experimental 

Two samples-one for X-ray diffraction 
and one containing the “B-isotope for the 
neutron experiments-each of a total 
amount of ca. 15 g were prepared by arc 
melting the elements together on a water- 
cooled copper hearth using a nonconsum- 
able thoriated tungsten electrode in a Zr- 
gettered high-purity argon atmosphere. The 
starting materials were: thorium in the form 
of arc-melted buttons prepared from pow- 
der as obtained from Cerac Inc. with a 
claimed purity of 99.8%; carbon, reactor 
grade, impurities cl.4 ppm, Carbonne Lor- 
raine, France; boron, 98.15% “B-enriched 
isotope, AERE Harwell, UK, impurities 
~6000 ppm; and solid pieces of crystallized 
boron from H. C. Starck, Goslar, BRD, 
99.8%. 

To ensure homogeneity, the alloy but- 
tons were turned over and remelted several 
times; weight losses were checked to be 
within 2% of the original weight. For an- 
nealing at 1600°C the alloys contained in 
cylindrical Knudsen-type carbon crucibles 
were heated for 48 hr in a tungsten sheet 
metal high-vacuum furnace at lop4 Pa. 
Starting from a nominal composition 25 at% 
Th, 50% B, and 25% C virtually single- 
phase and well-crystallized products were 
obtained in all cases. Only minor amounts 
of ThBC (less than about 10%) were ob- 
served for the “B-isotope containing alloy. 

Precise lattice parameters and standard 
deviations were obtained by a least-squares 
refinement of room-temperature Guinier- 

Huber X-ray powder data, using mono- 
chromatic Cu Z&i radiation with an internal 
standard of 99.9999% pure Ge (uGe = 
0.5657906 nm). A small but significant vari- 
ation was observed for the lattice parame- 
ters of the new compound confirming the 
existence of a small homogeneity region in 
agreement with earlier observations by (1). 

2. I. Neutron Powder Diffraction 

Neutron powder diffraction was per- 
formed at the Seibersdorf ASTRA-reactor, 
Austria, using the TKSN-410 triple-axis 
spectrometer. Preferred orientation effects 
were minimized by powdering the sample 
to a grain size smaller than 30 pm. Further 
details concerning the experiment are sum- 
marized in Table I. As indicated above, 
weak reflections of ThBC (see Ref. (3)) as a 
secondary phase were present for which a 
model profile was calculated according to 
the crystal data given in (3); the model pro- 
file was then substracted from the sample 
profile employing a conversion factor for 
8% of ThBC. The observed and corrected 
powder spectrum as used in the refinement 
is finally shown in Fig. 1. 

Precise atom parameters, occupation 
numbers, individual thermal factors, and 
profile parameters were derived from a 
least-squares powder profile refinement 
procedure (7) including simultaneous re- 
finement of the background (8). Neutron 
scattering lengths were taken from a recent 
compilation by Sears (9). A series of relia- 
bility measures was calculated, which are 
defined in detail in Table I. 

2.2. Single-Crystal X-Ray Diffraction 
A small single-crystal specimen suitable 

for X-ray diffraction was obtained by me- 
chanical fragmentation of the arc-melted 
and annealed alloy. A first inspection of 
Weissenberg and precession photographs 
(axis [OO. I]) revealed a hexagonal (rhombo- 
hedral) lattice geometry and the existence 
of a center of symmetry was displayed from 



TABLE I 

EXPERIMENTALDATAFOR ThBzC (NEUTRONPOWDERDIFFRACTION) 

Sample container Vanadium cylinder, R= 8 mm 
Temperature (K) 298 K 
Radiation, wavelength (nm) Neutrons, A = 0.120 (1) 
Absorption correction - 
Reactor ASTRA, A-Seibersdorf 
Monochromator Zinc single crystal 
20-Range (28) 5.0 to 95.4 
Step-scan increment (26) 0.08 
Coherent scattering lengths (fm) Th 9.84 

B[ll] 6.65 
C 6.65 

Number of contributing reflections 201 
Background Background refinement (six parameters) 
Preferred orientation Wll 
Number of variables 20 
Largest element of carrel. matrix 0.7 
Maximal A/u co.01 
R values: 
Rl = C]Z,(obs) - ( l/c)Zi(calc)]/XZi(obs) 
RF = Zl[Zi(ObS)l’” - [Zi(CalC)]“21/C[Z~Obs)]“Z 
Rp = Z]Y(obs) - (l/c)Yi(calc)]/XYi(obs) 
R wp = [Cw,l Yj(obs) - (l/c) Y,(cal~)]~ZXw~l Y(obs)]2]“2 
R, = {(N - P + C)IZwiY:(obs)}‘” 
X2 = I&P~R~}~ 

Zi Integrated intensity of reflection i 
wi Weighting function 
Y, Number of counts (background corrected) at 26 
c Scale factor 

- ohs 
-----. o*,. 

- dill 

40 50 60 

a-Theta (Degrees) 

FIG. 1. Observed (solid line) and calculated (broken line) neutron powder diffraction profile of 
ThB*C (0.120 nm) at 298 K. 
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statistical tests. The only set of systematic 
extinctions found was (hkl) for -h + k + 1 
# 3n; this observation is essentially consis- 
tent with the obverse setting of a rhombo- 
hedral unit cell with the unit cell dimen- 
sions aheX = @Ifi Chex = 3c0 and is 
furthermore compatible -with the followi;g 
types of space groups: R3m, R3m, R32, R3, 
and R3. It might be interesting to note that 
in an earlier experiment (6) a superstruc- 
ture according to 2 aok’?, 3~ was indicated 
by a set of faint reflections of a heavily ex- 
posed Weissenberg photograph (6); sym- 
metry deviations, however, proved to be 
too small to be refined. Therefore a series 
of single-crystal fragments were tested with 
respect to the possible formation of a super- 
structure but none of the presently investi- 

gated specimens revealed any significant 
deviations. 

Integrated intensities were measured 
with graphite monochromatized MoKcv ra- 
diation on a STOE automatic four-circle 
diffractometer. A total of 1528 reflections 
were recorded up to a limit of sin 8th = 7.6 
nm. A set of 220 symmetry independent re- 
flections was obtained by averaging “cen- 
tered reflections” only, and all observed in- 
tensities (219 for ( F’o( > 2o) were used in the 
refinement. An empirical absorption cor- 
rection was applied using IJ (psi) scans of 
three independent reflections. Cell parame- 
ters were determined from a least-squares 
refinement of high angle 28 values of 18 re- 
flections. The crystallographic data are 
listed in Table II. 

TABLE II 

CRYSTALLOGRAPHIC DATA FOR ThBrC (ThBrC-Type) 

Space group, Rjrn - DGdr No. 166, Z = 9; origin at center. 
The expression for the individual isotropic temperature factor is T = expl-B(sin @/A)*1 = 

expj-2m21/,,,(sin B/#. 
Anisotropic thermal factors are expressed as T = expl-2rr2(CIi1h2a** + Uzzk2b*Z + UzJ2c*2 

+ 2U,2hka*b* + 2U,,hla*c* + 2&klb*c*l lo-*. By symmetry Ull = l& and U,, = Uz, 

= 0. The standard deviations are in parentheses. 

Atom Site x Y Z B (nmz) lo2 Ulj (U&) u22 r/,3 u12 

(A) Neutron powder diffraction at 298 K for Tht1B2C 
Th(1) 3a 0 0 0 0.07( 7) 
Th(2) 6c 0 0 0.3142(4) 0.07( 7) 
C 9d 4 0 B 0.28(10) 
“B 18g 0.2767( 5) 0 t 0.59( 8) 
a = 0.66761(23), c = 1.13760(31) nm, c/a = 1.704, V = 0.4391 nm3; the calculated density is: 

pr = 9.054 Mg3. 
Reliability factors: R, = 0.067, RF = 0.046, Rp = 0.095, RWP = 0.126, R, = 0.083, x2 = 2.30 

(for details see Table I). 

(B) X-ray single crystal data (sample melted and slowy cooled to RT) 
Th(1) 3a 0 0 0 0.84( 3) 0.84(3) 0.05(S) 0.42(2) 
Th(2) 6c 0 0 0.3156(l) 0.75( 3) 0.75(3) 0.05(4) 0.37(l) 
C 9d : 0 i 0.74(26) - - - 
B 18g 0.2762(18) 0 f 0.76(19) - - - 
a = 0.66995(41), c = 1.14467(48) nm, c/a = 1.709, V = 0.4450 nm3; p1 = 8.923 Mg-‘, 

~(MoKcu) = 71.8 mm-‘. 
Correction for isotropic secondary extinction was 1.3(2) X 10m6. 
Reliability factors: RF = 0.034, R, = 0.030. 
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3. Results and Discussion 

3.1. Structure Determination from X-Ray 
Single-Crystal Data 

Nine formula units of ThB& were de- 
rived from a comparison of the atomic vol- 
umes with the volume of the unit cell as- 
suming a space filling of 70%. The 
prominent peaks of a three-dimensional 
Patterson map P(u, u, w) were all found to 
be consistent with 3Th(l) in 3a and 6Th(2) 
in 6c (z - 0.31)of the highest symmetrical 
space group R3m. A difference Fourier 
map F0 - Fri, clearly resolved the nonmetal 
atom sites: 9C in 9d and 18B in 18g. This 
structure model was refined using the 
STRUCSY full-matrix least-squares pro- 
gram system (STOE & Cie., Darmstadt, 
FRG). The weights used were based upon 
counting statistics wi = II(o(Fi))2, and 
structure factors were furthermore cor- 
rected for isotropic secondary extinction; 
different weighting schemes were of no sig- 
nificant influence of the R value obtained. 
Refinement of the occupancies of the metal 
atoms did not result in a significant devia- 
tion from full occupation. The final R value 
calculated with anisotropic thermal param- 
eters for the metal atoms was R = 0.034 (R, 
= 0.030). At this point a difference map F, 
- F, was featureless: The final positional 

TABLE III 

INTERATOMIC DISTANCES FOR ThBZC 
(NEUTRON DIFFRACTION) 

Th(l)- 6Th(2) 0.3861(l) Th(2)-lTh(2) 0.4227(14) 
- 2Th(2) 0.3574(7) -3Th(2) 0.3879( 2) 
-12B 0.3087(3) -3Th(l) 0.3861( 1) 
- 6C 0.2704(l) -lTh(l) 0.3574( 7) 

-6B 0.2959( 5) 
-6B 0.2807( 6) 
-3c 0.2556( 5) 

B- 2Th(l) 0.3087(3) C-ZTh(1) 0.2704( 1) 
- 2Th(2) 0.2959(5) -2Th(2) 0.2556( 5) 
- 2Th(2) 0.2807(6) -2B 0.1491( 5) 
- 2B 0.1847(5) 
- 1c 0.1491(5) 

and thermal parameters are given in Table 
II; for interatomic distances see Section 3.2 
and Table III. A listing of F, and Fc values 
can be obtained on request. 

3.2. Neutron Powder Diffraction 

Because of the small X-ray scattering 
power of the B,C-nonmetal atoms, precise 
information about the atom parameters and 
the occupational mode in ThB2C were ob- 
tained from the neutron powder diffraction 
data. The final structural and profile param- 
eters as well as the reliability values ob- 
tained from the least-squares refinement 
are presented in Table II, including simulta- 
neous refinement of the background (8); 
atomic distances are shown in Table III, 
The occupancies of all atom sites have been 
refined; however, no significant deviation 
from a full occupation was revealed. As 
seen from Fig. 1 observed and calculated 
neutron diffraction intensities are in excel- 
lent agreement thereby confirming the atom 
arrangement as obtained from the X-ray 
single-crystal data refinement. 

3.3. Structural Chemistry 

The crystal structure of ThB2C (see Fig. 
2) is a new representative of the nonmetal 
layer-type borocarbides as typical for a 
boron-to-metal ratio B/M - 2 (for a classifi- 
cation of ternary metalborides and borocar- 
bides see Ref. (10)). Slightly puckered 63- 
layers of thorium atoms alternate with 
planar layers composed of regular hexa- 
gons of boron atoms with a bridging carbon 
atom between each two B-atoms of two 
neighboring Bs-hexagons; the two-dimen- 
sional nonmetal layer is thus simply de- 
scribed as a planar 6B * (6B(3C))2-net (for 
details see Fig. 1). Boron atoms occupy the 
center points of a triangular metal prism 
[TbB]; with two additional boron and one 
carbon atoms an overall tetrakaidekahedral 
coordination figure is formed [TbB2CI]B. 
The carbon atoms are at the centers of a 
planar metal coordination [ThJC, com- 
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FIG. 2. The crystal structure of ThBzC as seen in a 
projection along 10011. The boron carbon nets and the 
heights of the Th atoms in the projection are outlined; 
the BC net in z = t is shown in detail. 

pleted by two additional boron atoms at the 
vertices of a quadratic bipyramid [ThdBX. 
There are no direct carbon-carbon contacts 
in the structure. The formal substitution of 
a boron atom in the octahedral metal-car- 
bon coordination [T& as typical for most 
transition metal carbides was earlier ob- 
served in the monoborocarbides of the acti- 
noid elements where a [An5B]C-bipyramide 
is formed (3-5). Carbon-thorium bond dis- 
tances (average 0.2630 nm; see Table III) 
are close to the sum of radii and correspond 
to the average distances in ThBC (0.2639 
nm) and in Th3B2C3 (0.2627 nm for the C2 
atoms). With an increasing number of 
bonds formed to boron atoms at the ex- 
pense of carbon-metal bonds, the carbon- 
boron bonds lengths tend to decrease: 
0.1553 nm in Th3B2C3, 0.1541 nm in ThBC, 
and 0.1491 nm in ThBzC. 

The boron hexagons are centered above 
and below by thorium atoms in close resem- 
blance to the AlB*-type of structure and the 
boron-boron bond lengths of 0.1847 nm are 
in good agreement with B-B distances in 
the AIBz-type diborides of the larger rare- 
earth metals; i.e., B-B = 0.1916 nm for the 

high-temperature compound GdB2. The 
similar alloying behavior of thorium and of 
the larger RE metals (Nd, Sm) in ternary 
boride phases has been mentioned earlier 
(10) and is partly based on a comparable 
atom size. With increasing ratio RWIRRE the 
stability of AlB*-type phases is decreasing 
and SmB2 is only obtained from high-pres- 
sure synthesis at elevated temperature; no 
ThB2 is formed in thermodynamic equilib- 
rium. The crystal structure of ThB2C can 
thus be seen as a stabilization of an AlBz- 
type derivative by carbon modifying the 
boron nets to adapt for the larger thorium 
atoms. 

Boron-carbon net-type borocarbides are 
well known from the structure types of 
rare-earth compounds such as: ScBZCZ 
(11), LaB2C2 (12), and YB2C (23). Whereas 
the structure type of ThB& is found with 
all the light actinoid metals Th,U (6) and Pu 
(24), CeBX (15) so far has been the only 
isostructural rare-earth compound-the 
borocarbides of the smaller rare-earth 
members (SC, Y, Gd -+ Lu)B& adopt the 
YBK-type which directly derives from bi- 
nary UB4 (YB#Xl). 

Depending on the boron and carbon con- 
tent of samples near ThB2C, a significant 
variation of the unit cell dimensions was 
observed, whereby the lower volume corre- 
sponded with the boron-poor phase bound- 
ary. Because of the generally larger size of 
the boron atoms with respect to carbon at- 
oms (RBIRc - 1.14) boron/carbon substitu- 
tion is therefore inferred at off-stoichio- 
metric concentrations Th(B 1 -.C,)2C, with 
carbon atoms now entering the Bn-hexa- 
gons. 

Although carbon-net formation is rarely 
observed in transition-metal carbides, there 
is a significant tendency for carbon atoms 
to substitute for boron in typical boron ag- 
gregations such as, i.e., in the 2 boron net- 
works of EuB6-,C, (Be-octahedra) (16, 17)) 
and in the 2 boron nets of ErBz-,C, (Be- 
hexagons, AlB*-type ( 18)). 
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3.4. Melting Point Data, Magnetism, and 
Superconductivity of ThB& 

The melting temperature of ThBzC was 
measured in a crucible-free Pirani furnace; 
design details of the apparatus used, of 
sample form required, and of calibration 
procedures applied were described earlier 
(29). Three samples with a total weight of 
ca. 5 g each were prepared as powder com- 
pacts from the prereacted single-phase ma- 
terial used for the X-ray single-crystal 
study. The bar-shaped specimens were first 
degassed at lower temperatures in vacuum 
and subsequently preequilibrated at sub- 
solidus temperatures under 1.2 x lo5 Pa of 
high-purity argon. Calibration was made 
against an electron beam melted rod of 
99.99% van-Arkel hafnium with a measured 
melting point of 2228 + 12°C. Accordingly 
the melting point of congruently melting 
ThB& as determined from three indepen- 
dent measurements was 2040 & 15°C. 

Magnetic susceptibilities measured in the 
range from 1.5 to 1100 K revealed ThB2C to 
be weakly paramagnetic (20), and no super- 
conductivity has been observed down to 
1.5 K. 
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