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On Phase Transitions between the MnP and NiAs Type

Structures

KARI SELTE and ARNE KJEKSHUS

Kjemisk Institutt, Universitetet i Oslo, Blindern, Oslo 3, Norway

High and low temperature X-ray diffraction studies of TiAs,
TiSh, VP, VAs, CrP, CrAs, Cr Fe,;As, Mng Fe,,As, Mn,, Fe,,As,
CoP, CoAs, NiAs, and RhSb show that continuous phase transitions
between the MnP and NiAs type structures take place in CrAs
(1173 £ 20 K), Mn,Fe,,As (5563 +50 K), and CoAs (1248 +20 K).
The results are discussed mainly in terms of a geometrical model for
the relationship between the two structure types.

Considering the amount of effort which has been devoted to studies of the
physical and chemical properties of the phases with the NiAs and MnP
type structures (cf., e.g., surveys in Refs. 1—3) surprisingly little attention
has been paid to the phase transitions between these structure types (see
Refs. 4—16). However, for so closely related structure types as NiAs and
MnP, fundamental information concerning the factors which lead to prefer-
ence for one of them in the particular case must be hidden in the transforma-
tion characteristics with temperature, pressure, composition, efc. as the
variables. For this reason, a low and high temperature X-ray study of carefully
selected phases with NiAs or MnP type structure was carried out as a part
of a protracted research programme on such phases.

EXPERIMENTAL

Samples of VP, VAs, CrP, CrAs, and CoAs were prepared and characterized by
Guinier photographic X-ray data as described previously.”-* Samples of TiAs, TiSb,
CoP, NiAs, RhSb, Cr, Fe,,As, Mn,,Fe, As, and Mn,, Fe, As were prepared simi-
larly at 850°C, crushed, subjected to 2—3 further annealings at the same temperature
(with intermediate crushings), and finally cooled slowly to room temperature. The
ternary samples were made from appropriate mixtures of the binary compounds.

The experimental details concerning the low and high temperature X-ray diffraction
measurements are described by Furuseth et al.*
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Frig. 1. Unit cell dimensions of (a) VAs, (b) CrP, (c) CrAs, (d) Cr, ;Fe, ;As, (e) Mn, ;Fe, ,As,
(f) Mn,,Fe,As, (g) CoP, (h) CoAs, and (i) RhSb as functions of temperature. Broken
curves in (c) indicate changes in unit cell dimensions induced at the first order magnetic
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3198 SELTE AND KJEKSHTUS

RESULTS

Prior to this work, transformations from the MnP to the NiAs type
structure had been detected above room temperature in MnAs,46-813
MnAs, 4Py 4,91 Cr;—Mn,As,’ and CoAs.® These observations together with
thermodynamic considerations based on the symmetries of the coordination
polyhedra in the two structure types, suggest that other phases with MnP
type structure may show the same behaviour. As clearly evinced by data for,
e.g., FeAs,? phases with MnP type structure do not necessarily transform to
NiAs type before the melting point is reached.

A representative selection of binary and a few ternary pnictides (VAs,
CrP, CrAs, Cry;Fe,;As, Mng Fey,As, Mn,;Fejq;As, CoP, CoAs, and RhSb)
with the MnP type structure at room temperature have been subjected to
a high temperature X-ray study. The temperature dependences of the unit
cell dimensions are shown in Fig. la—i.

In the same way that phases which possess the MnP type structure at
room temperature may transform to the NiAs type at higher temperatures,
those with the latter type at room temperature may transform to the MnP
type at lower temperatures. Thus, a few potential candidates for such a trans-
formation, wiz. TiAs, TiSb, VP, and NiAs, were examined down to liquid
helium temperature. However, none of the X-ray diagrams gave indication
of transformation. It should be emphasized that the occurrence of additional

1941 crp \
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Fig. 2. Temperature dependence of axial ratios (¢/b)y,p. Heavy lines indicate phases
which transform from MnP to NiAs type structure.
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PHASE TRANSITION 3199

reflections and the splitting of those which would be characteristic of the MnP
type cell are difficult to detect at the onset of the transformation.

The results of the high temperature study are conveniently divided into
three categories:

(1) VAs, CrP, and RhSb show no sign of a beginning transformation up
to ~1300 K.

(2) Judging from the close approach of c¢/b to /3, Mn,;Fe,s:As and
FeAs are probably in an intermediate state (see Discussion) near the melting
points of 1293420 and 1343 + 20 K, respectively. Cr,;Fe,;As and CoP are
in a similar situation at the highest temperature of investigation (~ 1300 K).

(3) CrAs, Mn,. Fe,,As, and CoAs transform, as seen from Fig. le, e, and
h, at temperatures of 1173 + 20, 553 + 50, and 1248 + 20 K, respectively.

The most important experimental inference of points (1) — (3) is illustrated
in Fig. 2, which gives the temperature dependence of the axial ratios (¢/b)yp-

In common with the results for MnAs, MnAs,oP,;, and Cr;_.MnAs
quoted above, the data in Figs. 1 and 2 show that the unit cell dimensions
vary continuously in the region of transformation, which accordingly must be
of second or higher order.

A comparison of the curves in Fig. la—i reveals a large degree of in-
dividuality in the thermal expansion of the various substances. Due to differ-
ences in presentation of the expansion curves the mutual variations are larger
than apparent at first sight. In order to elucidate this fact, the relative ex-
pansion coefficients (x,=(ap—a )/az0(T—T'), and analogously for «, and
«,) of the various phases have been calculated and listed in Table 1. Apart

Table 1. Relative expansion coefficients (a,, oy, and «,) for phases with MnP type
crystal structure.

Phase oy X 10% (K1) o x 10% (K1) o, x 10® (K1) Temp. range (K)
VAs 12.2 20.8 7.7 300— 1200
CrP 15(av.) 21(av.) 12.1 300—1200
CrAs 29(av.) 51(av.) 18(av.) 300 — 1000
Cr, sFe, As 8(av.) 37(av.) 13(av.) 300 — 1000
Mn, ;Fe, ,As 80(av.) 110(av.) 75(av.) 300— 550
Mn, ,;Fe, 5;As 11(av.) 37.4 20.8 300 — 1200
FeAs® 11(av.) 44(av.) 22(av.) 500 — 1200
CoP 7.7 8.8 20.7 300—1200
CoAs —3.5 19(av.) 41.3 300 — 1000
RhSb 5(av.) 7.0 16.9 300 —1000

4 Extracted from Ref. 22.

from the small negative value of «, for CoAs, the most extreme values in Table 1
are associated with the expansion coefficients for Mn, jFe,,As. The generally
much larger values for «,, «,, and o, for Mn-rich samples of the Mn;_;Fe;As
and other Mn,_,T" As phases can almost certainly be associated with variations
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3200 SELTE AND KJEKSHTUS

in electronic band structure (viz. number of “localized’” unpaired electrons) as
a function of temperature.?® Among the remainder of the phases in Table 1,
the values for «, of CrAs, «, of CrAs, Cr,;Fe,;As, Mny,,Fe,As, and FeAs,
and «, for CoAs are notably larger than the other expansion coefficients.
Comparison of the data in Fig. 1 and Table 1 shows that a larger expansion
coefficient for one or two of the axes is always balanced by a smaller coefficient
for the others, giving rise to an approximately constant volume expansion.
There is no distinction between the categories (1) — (3) in this respect.

The transformation process between the NiAs and the completely de-
formed MnP type structure takes place over a temperature interval which
varies from ~50 K in CoAs to ~300 K in Mn,4Fe,,As. Since Mn, Fe,,As,
moreover, has a relatively low transformation temperature, this phase has
been selected for a careful examination of both unit cell dimensions and
positional parameters as a function of temperature.

DISCUSSION

A schematic presentation of the relationship between the NiAs and MnP
type structures is shown in Fig. 3. The illustration is clearly rather simplified
and does not, for example, convey the information that the hexagonal NiAs
type structure belongs to space group P6;/mmc and the orthorhombic MnP
type to Pnma. The setting of the orthohexagonal NiAs unit cell is in accordance
with the latter space group. The projection shows the positions of metal and
non-metal atoms in the NiAs arrangement, whereas the lengths and directions
of the arrows give their main displacements in the MnP type cell.

Important supplementary information for binary 7’X phases (7': 3d metal;
X: P, As, or Sb) with MnP and/or NiAs type structure is given in Table 2.
As immediately evident from the table the NiAs type structure has only one
structural degree of freedom, (c/@)yjas==(@/b)yups In addition to the com-
positional variable ¢ according to the formula 7, X. All carefully examined
binary compounds with the MnP type structure exhibit a stoichiometric 1:1
composition, whereas the nominal number of structural variables are in-
creased considerably. The real number of structural variables are smaller.
Firstly, only two of the axial ratios are free variables. Secondly, Table 2
shows that the following empirical constraints are obeyed for most compounds
with MnP type structure: (c/a)y,p=1.10, 2;=0, 2,=~xx=0.20 and zx="7/12.
It is perhaps noteworthy that (a/b)y,.p, varies less than (c/a)y;,, in accordance
with the fact that relative sizes of the components are more restricted for
the MnP type structure (vide infra).

Table 2 comprises representatives with (c/b)y,p both larger and smaller
than 4/3, which is the criterion distinguishing between the two sub-classes
within the MnP type structure according to Pfisterer and Schubert.3* As seen
from the table, no such distinction is manifested in the positional parameters
which satisfy the above approximate constraints equally well regardless of the
value of (¢/b)y,p- Even on a more detailed level such a classification is ob-
scure as may be evidenced by comparisons of the corresponding interatomic
distances and angles in FeAs and CoAs,8,22,2%800r perhaps even more clearly

‘Acta Chem. Scand. 27 (1973) No. 9
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3202 SELTE AND KJEKSHUS

seen in CrAs above and below the Néel temperature of 261 —272 K.17 As
pointed out by, e.g., Rundqvist,?* there is a degree of correlation between
(¢/b)ymp and the total number of “valence” electrons per formula unit,
although this may be a reflection of a consistent trend in the size of the 7T
component rather than the cause of the distinction.

As a reflection of the empirical constraints on the positional parameters,
the center of gravity of the six X atoms surrounding each 7' is shifted in the
direction opposite to that of the ‘‘central” 7' atom, and as seen from Fig. 3

V3apias; Cune "
> &

2
4

Crias, Qmnp

Fig. 3. Relationship between the NiAs
and MnP type structures. Filled and open
circles represent metal and non-metal
atoms, respectively, in the NiAs arrange-
ment. Lengths and directions of arrows
give their main displacements in the

12
a, % MnP type cell.

these shifts are of approximately equal magnitude. The most important
consequence of this rearrangement is the production of four roughly equal
T — T contacts in the MnP type structure as opposed to generally * two in the
NiAs type (vide infra). This happens on the expense of the symmetry of the
TX, coordination octahedron, the six equal 7—X bonds in the NiAs type
structure being splitted into four non-equivalent (2+2+ 1+ 1) bond lengths
in the MnP type according to Pnma. The immediate implication of this non-
equivalence is that no single “radius” can be attributed to 7' or X in the MnP
type structure (vide infra).

On account of the experimental facts for compounds with the MnP and
NiAs type structures it is possible to formulate a set of postulates or hypotheses
which geometrically governs the occurrence of one or the other of the structure
types concerned. Among the most natural and obvious set of such geometrical
conditions, some prove to be dependent on others, and the object of the follow-
ing analysis is to sort them in the two categories. Three unambiguously in-
dependent postulates are:

(1) Using the NiAs type structure as the starting point no essential change
in the coordination number and symmetry of the 6X around 7, and wice
versa, is permitted.

(2) An approximately equal size of 7' and X is required in the MnP type
structure.

* In the NiAs type structure of (say) VP there are 2+ 6 approximately equal 7— T con-
tacts.?0

Acta Chem. Scand. 27 (1973) No. 9



PHASE TRANSITION 3203

(3) The number of 7'—7T contacts are two and four in the NiAs and MnP
type structures, respectively.

An additional requirement which is closely associated with (1) can be
formulated as:

(4) The average 7— X bond length is maintained in the transformation
from the NiAs to the MnP type structure, with a minimum scatter in these
distances for the latter type.

Symmetry considerations on the basis of (1) and (3) show that the dis-
placements of the 7' atoms must be perpendicular to cy;,,, and are most
efficient, alternately, along +bys (= £4/3aya= +Cyyp). The resulting
unit cell must consequently be of orthorhombic symmetry. Postulate (2)
enters into the considerations as a selection criterion for possible candidates
for the MnP type structure. In terms of the unit cell in Fig. 3, the above
deduction is summarized as:

(5) The positional parameters of the 7' atoms in the MnP type structure
are restrained by z;=0 (and y,=0, according to Pn2,a, or yr=0, according
to Pnma) whereas z;+1/4.

As a consequence of these metal displacements, symmetry considerations
based on the hypotheses (1)—(4) show that the non-metal atoms must be
shifted mainly along =+ cyas (= * Qypnp), V2.

(6) The positional parameters of the X atoms in the MnP type structures
are xx=+1/4, with the constraint(s) zx=7/12 (and y;=0 or y;=0, according
to Pn2,a or Pnma).

In order to establish semi-theoretical values for z; and xx it is convenient first to
present some partly incorrect results based only on hypotheses (2) and (3) and simple
geometrical considerations. Assuming that 7' and X are rigid spheres of equal radii
which make 6 T'— X and 2 T'— T contacts in the NiAs type structure, a value of 4/3 is
obtained for (c/a)y,as- Presuming, moreover, that the axial ratios are maintained in
the transformation from the NiAs to a MnP type arrangement together with hypothesis
(3) it is found that z;=0.157. Provided the unit cell dimensions are kept constant this
gives rise to a 15 % increase in T — 7. This paradoxical conclusion implies that either
the first or the latter assumption of this sequence is erroneous. On more careful examina-
tion it is seen that already the starting point is incorrect in that the 7" and X atoms cannot
be of spherical shape (and, moreover, 7'— T in phosphides and arsenides with the MnP
type structure appears to be some 10-—-20 9, larger than 7'— X). As one may expect,
an extension of the above speculations to the non-metal atoms turns out to be even
less realistic.

In order to obtain further progress it is necessary to take experimental
facts into account as additional hypotheses:

(7) Compounds with the MnP type structure satisfy the empirical
constraint(s) (¢/@)y,p=1.10 (and 1.63 < (¢/b)ynp < 1.93). As a direct con-
sequence potential candidates for a continuous transformation from the
NiAs to the MnP type structure must fulfil the requirement, (¢/@)y;as=1.6.

(8) The shortest interatomic X — X distances in the MnP type structure
are caused by the geometry of the atomic arrangement, and are consequently
non-bonding. This condition acts as the limiting factor for the magnitude of
the deformation of the NiAs arrangement.

Equating the two sets of bonding 7' — T distances in an idealized MnP type
arrangement based on hypotheses (1), (3), and (5):

Acta Chem. Scand. 27 (1973) No. 9
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R FORE |

it follows that

c2

b2 a?
i (1+4-9)

Taking advantage of hypothesis (7) one finds that
0.181 <27 <0.195

(Compared with an NiAs type arrangement of the same unit cell dimensions
[(c/a)nias=1.6] this means <4 9, increase in 7'—7T distance, which is con-
sistent with postulate (3) as well as with the observed data.)

Since the deduced range for z; is in remarkable accordance with the values
listed in Table 2, it is worthwhile to present the results of a similar derivation
for xx. This deduction is based on hypotheses (2), (6), and (8), using a 20 9,
increased average (r.m.s.) T'—X bond distance as the limiting value for the
shortest permissible X — X distance. (Although the figure of 20 9, appears to
be somewhat arbitrary at first sight, this criterion is based on experience from
a large number of transition metal compounds.) The calculations show that

5 ¢

Thus, the above deductions fully match the experimental facts in Table 2
and this gives rise to a further more precise specification of (5) and (6):

(9) The geometrical constraints on the positional parameters of the MnP
type structure are x;=0, 2, =~2x=0.20, and zx=7/12 (according to Pnma).

The fact that the displacements of 7' and X relative to the idealized NiAs
type arrangement must be of the same magnitude, follows in an intuitive
manner directly from Fig. 3, bearing in mind that the two kinds of atoms are
of approximately equal size.

Towards the end of the geometrical considerations it is tempting to
formulate, as a separate point, the conditions governing the volume, although
the content of which follows immediately from (1) and (4):

(10) The volume per formula unit is maintained during the continuous
MnP=NiAs type phase transition, provided the size of 7' remains virtually
constant.

The limitation on (10) applies to the situation in MnAs and ternary Mn-
rich phases of the type Mn;_,T"As, where the size of Mn is sensitive to the
number of unpaired electrons. The latter fact provides a natural explanation
as to why phase transitions (NiAs->MnP) can be induced in these phases on
the application of high pressures.

In summarizing the above discussion the most important geometrical
condition which governs the preference of the MnP type structure in relation
to the NiAs type is the approximately equal size of 7' and X which in turn
permits an increase from two to four 7'—7 contacts in the former structure

type.
Acta Chem. Scand. 27 (1973) No. 9



PHASE TRANSITION 3205

NiP breaks the pattern formed by pnictides of the 3d series in that it adopts a unique
crystal structure, which according to Larsson 32 is closely related to both the NiAs and
MnP types. The NiP type atomic arrangement can in a somewhat superficial way be said
to be intermediate between the NiAs and MnP types in that each 7T’ obtains three close
T — T contacts. For this reason it is tempting to apply a geometrical reasoning for the
hypothetical transition from NiAs to NiP type structure. Without going into details,
the T' atoms are shifted (from their positions in the NiAs type cell) perpendicular to
cnias and mainly, in an alternating manner, along the plus and minus directions of the
two hexagonal axes. This corresponds to one of the most efficient ways to produce 3
T — T contacts from an NiAs type arrangement. The resulting unit cell is of orthorhombic
symmetry, and in the case of NiP it has a four times larger volume than the NiAs type
cell. As a consequence of the displacements of the 7" atoms, the X atoms in NiP are shifted
mainly along +cnjas (= +bygp), and in a manner which gives rise to five T'— X bond
distances of approximately equal length, whereas, as a compromise, the sixth necessarily
has to be considerably elongated. A characteristic feature of the deformation in the NiP
type structure is the rather short X — X distance [2.430(1) A, 4.e. only 10 %, larger than
the expectation value for the P —P single bond length #]. In line with the above geo-
metrical considerations for the relationship between the NiAs and MnP type structures
it is suggested that the condition that rules the occurrence of the NiP type structure is
the 3 T'— T contacts per T atom. The limiting factor is once more the shortest X — X
distances, which can be regarded as non-bonding. Contrary to the suggestions of
Larsson,’ we propose therefore that each 7' is coordinated to 6 X and 3 7'. The choice
between the MnP and NiP type structures cannot be governed by & size factor, since
the average Ni—P distance is comparable with the average Co—P distance in CoP
with MnP type structure.

The geometrical considerations on the relationship between the NiAs and
MnP type structures have necessarily been limited to the initial and final
stages of the transition. Since the transitions in all known cases are con-
tinuous of second or higher order, more information is at hand. However,
the problem is how to utilize this information. Although no experimental
evidence concerning the lattice modes of vibration is available, it is probably
possible to describe the dynamical mechanism of the NiAseMnP type transi-
tion in terms of the ““soft modes’ formalism.3* The most fundamental question
in this connection appears to be how the transition is initiated in the high
temperature phase. In order to approach this problem further it is necessary
to get some insight into the nature and implications of the T'—7 contacts.
The two T'— T contacts in the NiAs type structure and the four in the MnP
type unquestionably reflect bonding interaction between the atoms concerned,
but the degree of localization and kinds of orbitals involved in these bonds
represent a hitherto unsolved problem. Carter 35,36 has, for example, recently
advanced a ‘“‘quasi free electron” model for the 7'—7T interactions in com-
pounds with the NiAs type structure. Provided such a model conveys a
reasonable degree of correctness about the nature of these bonds, it is tempting
to suggest that the relation between the Fermi surface and the Brillouin zone
faces may release the transformation. The increase from two to four 7'—T
contacts is in any case definitely associated with a decrease in the number of
“localized” unpaired electrons, and may possibly result from splitting of
electronic bands. Without distinguishing between bonding, non-bonding,
and possibly anti-bonding bands the experimental evidences show that the
MnP type structure occurs at a valence electron concentration of 10— 14 per
TX unit. This provides an ‘“‘explanation” as to why TiSb does not obtain
a MnP type arrangement despite the fact that its unit cell proportions should
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be favourable. The monochalcogenides of the 3d metals appear to prefer the
NiAs type structure which permits a larger number of unpaired electrons and
variable compositions.

DO —

[T —
[V

ot
> W

Pttt
OOt

DO hO DO DO bO b b bD = =
NSO W~ O ©

00 00 €9 0O OO D b
AW~ O©®

w W
S >

REFERENCES

. Kjekshus, A. and Pearson, W. B. Progr. Solid State Chem. 1 (1964) 83.
. Pearson, W. B. A Handbook of Lattice Spacings and Structures of Metals and Alloys,

Pergamon, Oxford-London-Edinburgh-New York-Toronto-Braunschweig 1967, Vol.
II

. H{xlliger, F. Struct. Bonding (Berlin) 4 (1968) 83.
. Willis, B. T. M. and Rooksby, H. P. Proc. Phys. Soc. B 67 (1954) 290.
. Heyding, R. D. and Calvert, L. D. Can. J. Chem. 35 (1957) 449.

Kornelsen, R. O. Can. J. Phys. 39 (1961) 1728.
Kornelsen, R. O. Thesis, University of Ottawa 1964.

. Wilson, R. H. and Kasper, J. S. Acta Cryst. 17 (1964) 95.

. Ido, H. J. Phys. Soc. Japan 25 (1968) 1543.

. Sobezak, R., Boller, H. and Bittner, H. Monatsh. 99 (1968) 2227.

. Sobezak, R., Boller, H. and Nowotny, H. Third International Conference on Solid

Compounds of Transition Elements, Oslo 1969, p. 154.

. Menyuk, N., Kafalas, J. A., Dwight, K. and Goodenough, J. B. Phys. Rev. 177

(1969) 942.

. Grenvold, F., Snildal, S. and Westrum, E. ¥. Acta Chem. Scand. 24 (1970) 285.
. Hall, E. L., Schwartz, L. H., Felcher, G. P. and Ridgley, D. H. J. Appl. Phys. 41

(1970) 939.

. Kazama, N. and Watanabe, H. J. Phys. Soc. Japan 30 (1971) 1319.
. Kjekshus, A. and Jamison, W. E. Acta Chem. Scand. 25 (1971) 1715.
. Selte, K., Kjekshus, A., Jamison, W. E., Andresen, A. F. and Engebretsen, J. E.

Acta Chem. Scand. 25 (1971) 1703.

. Selte, K. and Kjekshus, A. Acta Chem. Scand. 25 (1971) 3277.

. Selte, K., Kjekshus, A. and Andresen, A. F. Acta Chem. Scand. 26 (1972) 4188.

. Selte, K., Kjekshus, A. and Andresen, A. F. Acta Chem. Scand. 26 (1972) 4057.

. Furuseth, S., Kjekshus, A. and Andresen, A. F. Acta Chem. Scand. 23 (1969) 2325.
. Selte, K., Kjekshus, A. and Andresen, A. F. Acta Chem. Scand. 26 (1972) 3101.

. Selte, K., Kjekshus, A. and Andresen, A. F. Acta Chem. Scand. 27 (1973). In press.
. Rundqvist, S. Acta Chem. Scand. 16 (1962) 287.

. Rundqvist, S. and Nawapong, P. C. Acta Chem. Scand. 19 (1965) 1006.

. Kjekshus, A. and Walseth, K. P. Acta Chem. Scand. 23 (1969) 2621.

. Bouwma, J., van Bruggen, C. F., Haas, C. and van Laar, B. J. Phys. (Paris) C 32

(1971) 78.

. Selte, K. and Kjekshus, A. Acta Chem. Scand. 26 (1972) 1276.
. Selte, K. and Kjekshus, A. Acta Chem. Scand. 23 (1969) 2047.

Selte, K. and Kjekshus, A. Acta Chem. Scand. 27 (1973) 1448.

. Pfisterer, H. and Schubert, K. Z. Metallk. 41 (1950) 358.

. Larsson, E. Arkiv Kemi 23 (1965) 335.

. Furuseth, 8., Selte, K. and Kjekshus, A. Acta Chem. Scand. 19 (1965) 735.

. Samuelsen, E. J., Andersen, E. and Feder, J. Structural Phase Transitions and Soft

Modes, Universitetsforlaget, Oslo-Bergen-Tromsg, 1971.

. Carter, F. L. In Bennett, L. H., Ed., Electronic Density of States (NBS Spec. Publ.

No. 323) Washington 1971, p. 385.

. Carter, F. L. Fourth International Conference on Solid Compounds of Transition

Elements, Geneva 1973, p. 11.
Received May 21, 1973.

Acta Chem. Scand. 27 (1973) No. 9



