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de retournements moléculaires y est supprimée, mais
qu’il subsiste encore une forte agitation anisotrope.
L’analyse structurale de la forme III et des trainées
de diffusion de la forme II en voie de transformation
II — III nous fourniront des informations sur le mécan-
isme de cette transition.
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The Positions of Protons around Mn?+ in Lay(Mg,Mn)3(NO3)12.24H,0
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The coordinates of protons in the complex [Mn(H,0)s]** in La,Mg3(NO;);,.24H,0 doped with a
small amount of Mn?* have been measured by means of electron nuclear double resonance (ENDOR)
at T=20K. The accuracy of the method is significantly higher than that of an X-ray diffraction anal-

ysis applied to the same type of salt hydrate.

Introduction

The determination of hydrogen atom positions in in-
organic crystals by means of X-ray diffraction is not
very precise since the scattering power for
X-rays of the hydrogen atom is low with respect
to that of heavy atoms (Baur, 1972). This is demonstia-
ted clearly in the case of Ce,Mgy(NOs),,.24H,0 (Zal-
kin, Forrester & Templeton, 1963). Despite the high
accuracy of the structure analysis the standard devia-
tion of the hydrogen coordinates was about 0-2 A.
Also, the average intramolecular OH distance was
found to be only roy=0-72 A and the average intra-
molecular HH distance only ry =118 A, while these
values usually are a few tenths of an A higher in most
crystalline hydrates (Reeves, 1969).

A method to improve hydrogen positions obtained
by X-ray diffraction has been given by El Saffar (1966).
In this method the lengths and the directions of the
HH vectors with respect to the crystal axes are deter-
mined with proton magnetic resonance. Each of these
vectors is then to be assigned to the proper water-
oxygen atom in the crystal. This is done by establishing
a probable hydrogen-bonding scheme and comparing
the resulting HH vectors with those found by means of
the magnetic-resonance measurements. The arrange-
ment which gives the best agreement is selected. The
shape of the water molecules is fixed by assuming an
OH distance of 0-987 A. Finally the plane in which a
water molecule is lying is determined by minimizing
the sum of the squares of the distances of the two
protons to their respective acceptor atoms.

A crystal of the isomorphic diamagnetic salt
La,Mg;(NOs),,.24H,0 has been investigated by
proton magnetic resonance (Serra, Lajzérowicz-Bon-
neteau, Cohen-Addad & Ducros, 1966). For one of
the four groups of water molecules [W'1 according to
the nomenclature of Zalkin et al. (1963)] present in the
lattice ryy Was found to be 1-58 + 0-02 A, while the cor-
responding distances in the three remaining groups
were near this value. No El Saffar type of analysis was
applied however.

In the present study an alternative magnetic-reso-
nance method was used to determine nuclear coor-
dinates, namely that of electron nuclear double reso-
nance (ENDOR) (Baker, Davies & Reddy, 1972; van
Ormondt, de Beer, Brouha & de Groot, 1969). It is
applicable to diamagnetic substances that can be doped
with a small amount of substitutional paramagnetic
impurity ions. The substance we investigated was
La,Mg;(NO;),,.24H,0, doped with manganous ions
at the magnesium sites. In this salt each manganous
ion is surrounded by six water molecules. The internal
magnetic field caused by the magnetic moment of a
manganous ion strongly affects the energy levels of
nearby protons. From the observed shifts of the proton
resonance lines one can determine the MnH vector,
using a formula for the dipolar interaction similar to
that applied in the method of El Saffar. As the posi-
tion of the manganous ion in the crystal is known, that
of the proton follows immediately. In this way the
coordinates of the protons in the two non-equivalent
complexes [Mn(H,0)¢]** which occur in the double
nitrate salt, could be determined. The protons of the
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water molecules that do not belong to a mctal-water
complex [W4 according to the nomenclature of Zal-
kinetal. (1963)] have not been investigated in the present
study. However, this would have been feasible since
the signals of these protons are clearly visible in the
ENDOR spectra (van Ormondt & Visser, 1968).

A complication in the method was that the magnetic
interaction bztween the manganous ion and a proton
in the complex is influenced by the intermixing of the
manganese and water wave functions. However, it was
found that this intermixing could effectively be taken
into account by transferring some unpaircd electron
density from the manganous ion to the oxygen atoms
of the neighbouring water molecules. The exact amount
of transferred spin density could be inferrcd from the
degree of deviation from cylindrical symmetry of the
proton hyperfine tensor. For this correction the posi-
tion of the oxygen atom lying between the manganous
ion and the proton had to be known, of course. In con-
nexion with this another complication arose because of
the difference in the size of the magnesium ard the
manganous ion, the ionic radius of the latter being ap-
proximately 0-15 A bigger (Pauling, 1960). A transla-
tion of the oxygen atom by 0-15 A from its original
position was assumed in the calculations. As an indica-
tion of the reliability of the method we mention that the
HIH distance in the same water molecule as investigated
by Serra, Lajzérowicz-Bonneteau, Cohen-Addad &
Ducros (1966) was found to be 1-57 A which agrees
well with the value mentioned above.

The proton coordinates determined in this investiga-
tion have recently been used by Andriessen (1972) in a
Hartree-Fock self-consistent field study of the com-
plex [Mn(H,0)]**. The experimentally observed
dependence of the isotropic magnetic hyperfine inter-
action between the manganous ion and the protons on
the orientation of the water molecule in the complex
could be qualitatively explained by this author.

Theory

The primitive cell of the double nitrate
La,Mgs(NO;),,.24H,0 contains one formula unit
which is built up from five complexes, three
[Mg(H,0)¢]** and two [La(NO;)J~, and six water
molecules which do not belong to a particular cation.
The manganous ions present as an impurity in the
crystal occupy the magnesium sites. In this section the
computational method for obtaining the positions of
the protons of a complex [Mn(H,0)¢)** in the crystal
is treated.

The manganous ion has five unpaired electrons in
the 3d shell, which is thus half filled. Consequently,
the spatial distribution of the unpaired electrons is
spherically symmetric and the values of the resultant
spin S and the resultant orbital angular momentum L
are 3 and O respectively. The electric potential at the
manganese site in the double nitrate crystal is not suf-
ficiently strong to alter this situation. As far as the
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magnetic interaction between the manganous ion and
the surrounding protons is concerned we may then
treat the unpaired electron cloud as a magnetic point
dipole, —gfiS, located at the poasition of the manganese
nucleus (Laurance, Mclrvine & Lambe, 1962). Transfer
of unpaired electrons from the manganous ion to the
ligands (Andriessen, 1972) slightly invalidates this
simple picture, but nevertheless it serves well as a
starting point for the calculations. Corrections neces-
sary to take the electron transfer into account will be
considered later in this section.

As with El Saffar’s n.m.r. method the calculation of
nuclear positions is based on the classical formula for
the interaction between two magnetic point dipoles p,
and p, at positions r, and r, respectively

(g - 1) (my . 1py)

where r;;=r,—r;. In the casc considered here p, is the
magnetic moment of the manganous ion, —gfS, and
u, that of the proton, g,8,I. If the z axis coincides with
the line connecting the manganese nucleus and the
proton, (1) becomes, in tensor form,

K= - .| =3
12 dnpgr, 1!11 H—>
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where ry, is replaced by the symbol ry,yy. Note that the
trace of the tensor A, is zero and that two principal
values are equal, the latter property being duc to the
cylindrical symmetry with respect to the manganese-
proton line. The tensor is reduced to diagonal form
since the proton is lying on the = axis.

In general the experimentally determined tensor is
r.ot diagonal. After reducing it to this form the manga-
nese to proton distance can be calculated from equa-

tion (2):
1/3
I 6

where A,; is the greatest of the three principal values
Aa. Ags and Ay, of A,. Further, the direction cosines
of the manganese-proton linc are equal to those of the
principal axis of 4,; which is known from the diagona-
lization process. The proton coordinates obtained in
this way must then be corrected for the effect of inter-
mixing of the orbitals of the manganous ion and the
surrounding water molecules. The mixing coefficients
have been calculated by Andriessen (1972) for the
complex [Mn(H,0).]** with a restricted self-consistent
Hartree-Fock procedure. These calculations were car-
ried out for three geometric configurations of the
complex. One was the so-called symmetric configura-
tion where the overull symmetry is T, (Griffith, 1964;
Nakagawa & Shimanouchi, 1964) (see Fig. 4). The

P { 8Pgobx
MnH 271194 44
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other two configurations were those occurring in the
double-nitrate salt. Symbolically the delocalization of
the unpaired electrons can be represented by the fol-
lowing wave function:

Q//l\l/ln:N(!//Mn—*_)'l//Hzo) H (4)

where A is a (small) admixture coefficient and N a
normalizing constant. The symbol yy,c stands for the

various symme.try orbitals of the water molecule, each *

having a different value of A. As the water orbitals
contain hydrogen functions the unpaired electrons now
have a finite density at the protons. Qualitatively the
effects of the mixing are the following: first ,the trace
of the tensor is no longer zero, second the proton is
no longer lying on the principal axis of A, third the
cylindrical symmetry of the tensor is destroyed. The
non-zero trace originates from the usual isotropic
Fermi contact term (Abragam & Bleaney, 1970)

5
He= 3 2 gl puori—ras .1, ©®)
i=13mu,
where the summation is over the five unpaired elec-
trons, J is the Dirac delta function, r; the position of
unpaired electron 7, and ry the position of the consid-
ered proton. It can be shown (Owen & Thornley, 1966;
de Beer, 1971) that in the case of an S-state ion, like
Mn?*, the Fermi contact term gives rise to an iso-
tropic tensor, Ay, the magnitude of which is propor-
tional to A2. The experimentally determined tensor is
the sum of Ay and A,. The other two effects are due to

Fig. 1. Rotation of the principal axes z and y about the x axis
through an angle ¢ due to the transfer of magnetic moment
from the manganous ion to the oxygen atom.
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the fact that the distribution of the electronic magnetic
moment is no longer spherically symmetric. As a con-
sequence of this the manganous ion can no longer be
trcated as a point dipole located at the position of its
nucleus. In fact, the elements of the dipolar tensor must
now be averaged over the orbital part of the extended
wave function represented by equation (4).

In the present paper our aim is to determine proton
coordinates from the experimental hyperfine tensor.
A possible way to do this is to reconstruct the original
simple tensor [see equation (2)] which is valid if the
electronic magnetic moment is contracted towards the
manganese nucleus. In principle the three effects just
mentioned should then be evaluated, using appropriate
wave functions for the manganese-water complex.
However, in view of the complexity of the calculations
involved such a proccdure would be very time-con-
suming. Therefore, we have devised a simple alterna-
tive method that treats the transfer in a classical way
(van Ormondt, de Beer, Brouha & de Groot, 1969).*
In this model a small amount of magnetic moment
—(gpS) x 0 was placed on each of the six oxygen atoms
in the complex, while the magnetic moment on the
manganous ion was reduced by six times this amount.
All moments were treated as point dipoles located at
the nuclei of the atoms involved. Fig. 1 shows the situa-
tion for a manganous ion and one water molecule of
the complex. A reference frame is chosen such that the
manganese nuclcus lies at the origin, the proton of
hydrogen atom H(l) on the z axis and the oxygen
nucleus in the yz plane. The water molecule and the
manganous ion need not be coplanar. Ignoring the
magnetic moments of the five oxygen atoms not shown
in the Figure the tensor of the dipolar interaction is

-1 00
gdz_g@fN_[( 0—1 0)x(l—6§) )
Ao Fipnn 0O 0 2

3 —1 0 0
+ (-».MJ"” )( 0 3(1—3cos20) —3sin26 )x& ,
Fou | 0 —3sin20 I(1+3cos20)

where 0 is the MnH'O angle and roy the distance be-
tween the considered proton and the oxygen nucleus.
It follows from formula (6) that the original dipolar
tensor is extended with two small tensors, one being
proportional to 66 and the other to (ryau/Fon)® % 6. As
Fmon =~ 3ron the latter tensor is the more important of
the two. It can be shown that it causes a rotation of the
principal axis of A, about the x axis, away from the
oxygen atom, the new axis being denoted by z'. For
small values of ¢ the angle of rotation g is easily found
to be

3
<ﬂ=(rM") sin 6 cos x5 . (7

Ton

* The reference frame used in this paper for presenting
the coordinates is rotated through 90° about the z axis with
respect to that used in the present paper.
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Also, the contributions of the second extra tensor to
Ay and A, are different. If 6 is small one finds in first
order

_8Bg,Py sin” 6

A= A0 =

% 30. ®)
Equations (7) and (8) are the basic formulae used for
separating the original dipolar tensor from the dia-
gonalized experimental tensor which is expressed in the
primed reference frame drawn in Fig. 1. Before car-
rying out the calculation the isotropic part is removed
by subtracting one third of the trace from each of the
principal values. An iterative procedure is then fol-
lowed, starting with ¢ and ¢ equal to zero which
amounts to assuming that the proton is lying on the
principal axis of Ay. First ry,y is calculated from
equation (3), which yields approximate proton coor-
dinates and values for roy and 6. From the latter
quantities one obtains J using equation (8) and then ¢
using equation (7). The unprimed z axis in Fig. 1 on
which the proton is lying is now known and a new
value for ry,y can be calculated, this time using equa-
tion (6). After this a second iteration cycle is made,
which is usually sufficient.

The spin Hamiltonian required for interpreting the
ENDOR data was (van Ormondt, de Beer, Brouha &
de Groot, 1969).

H=—g,pH.1+S. A . I+gfH.S+S.D.S
+S-AJ-J9 (9)

where the first two terms, representing the Zeeman
interaction of a proton with the applied magnetic field
and the hyperfine interaction with the manganese
electrons respectively, are the most important ones
(for the ENDOR). The axis of quantization of the
electronic magnetic moment is determined mainly by
the third term which is the electronic Zeeman interac-
tion. The fourth term represents the interaction of the
electrons with the axially symmetric crystal field and
the fifth term is the hyperfine interaction between the
electrons and the manganese nucleus. The effect of the
last two terms is to intermix the electronic spin func-
tions | M) which in turn affects the expectation value
of S in the second term. The method of dealing with
these effects has been described by van Ormondt, de
Beer, Brouha & de Groot (1969).

Experimental

Crystals of La,Mgy(NO3),.24H,0 doped with man-
ganese were grown at room temperature from an
aqueous solution. The crystals have the shape of a flat
hexagonal plate, and are colourless. The ratio of the
numbers of manganous ions and magnesium ions in
the solution was made equal to 1:3000 by adding the
proper amount of manganous nitrate. The manufac-
turers of the salts used in the solution were: American
Potash & Chemical Corp. U.S.A., for La(NO;);.6H,0,
code 549; Merck, Germany, for Mg(NO;),.6H,0,
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p.a.; Noury-Baker, The Netherlands, for a 581 wt %
aqueous solution of Mn(NOj),.

During the ENDOR measurements the temperature
of the samples was maintained at about 20 K° by a
cold-helium gas-flow system. The data were collected
from many different samples in order to improve the
accuracy. Details about the X-band ENDOR spec-
trometer are given by van Ormondt, de Beer, Brouha &
de Groot (1969), and de Beer (1971).

Results and discussion

There are three magnesium sites in the primitive cell
of the double nitrate crystal. One site, denoted by I,
has Cy; symmetry. The remaining two are of the same
type and are therefore both denoted by II; they have
only C; symmetry. Each magnesium ion is surrounded
by six water molecules, the oxygen atoms of which lie
on the corners of a nearly regular octahedron. Owing
to the symmetries just mentioned, there are only two
different types of proton in the metal-water complex
at site I, H'(W1) and H”"(W 1), and four in a complex
at site I, H'(W2), H'(W?2), H'(W3) and H"'(W3). The
symbols used by Zalkin, Forrester & Templeton (1963)
for these hydrogen atoms are H(1W1), H2W1),
H(1W?2), H2W?2), H(1W3) and H(2W 3) respectively.
Table 1 shows the principal values and direction
cosines of the principal axes of the hyperfine interaction
of the manganous ion with these protons. The contri-
butions to the dipolar part A, and the Fermi contact
part Ap have been separated. The signs of the non-
diagonal tensor elements in the laboratory reference
frame were obtained from comparison with the point
dipolar tensor calculated from Zalkin’s coordinates.
The crystal reference frame used in Table 1 and in
succeeding Tables is Cartesian, the length of the unit
vector being 1 A. The x, y and z coordinates in this
crystal frame are related to those of Zalkin, Forrester
& Templeton (1963) (here denoted by x, ¥, and z,) by
the transformation

y=(—%xz+yza, (10)

z=2z,c,

where a (=11-004 A) and ¢ (=36-592 A) are the lengths
of the axes of the hexagonal unit cell of
Ce,Mgi(NO;),.24H,0 at room temperature. As
expected the ratio of the principal values of A, is
approximately —1:—1: 2, the deviation from this
idealized relation being less than 10% (see Table 1).
This result indicates that the point dipolar approxi-
mation is a reasonable starting point in the calcula-
tion, but that corrections are necessary afterwards.
The manganese-to-proton distances calculated from
formula (3) are shown in the first column of
Table 2. Assuming that the protons are lying on the
principal axis of 4,; one then finds approximate coor-
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Table 1. Principal values (MHz) of the anisotropic part
of the proton hyperfine tensor and corresponding direc-
tion cosines ny, n, and n, of the principal axes expressed
in the crysial reference frame defined by equations (10)

Also given are the values of the isotropic proton hyperfine
interaction. The standard deviations are given in parentheses.
T=20°K.

Ny ny Rz
H'(W1)
An  —3606(8)  0782(6)  0329(9) —0-530 (3)
A —3300(8) —0572(9)  0714(6) —0-403 (4)
Ass 6906 (2) 0246 (5)  0:618(2) 0746 (0)
Ar 0-890 (2) — — =
H'(W1)
Ay —3730(8) —0998 (22) —0-023 (27)  0-064 (86)
A —3470 (11)  0-068 (90) —0-298 (47)  0-952 (9)
Aus 7:200 (4) —0-002(8)  0:955(1)  0-298 (1)
Af 0-890 (3) — — —
H'(W2)
Ay —3704(12) 0603 (15) 0-703 (13)  0-377 (9)
A —3387(9)  0511(12) —0-704 (17)  0-494 (6)
Ag 7091 (9)  0-612(1) —0-105(6) —0-784 (0)
Ar 0-931 (6) — — —
H(W2)
Ay —3985(22) —0609(52) 0-039 (52) —0-792 (23)
An  —3650(25) 0524 (42) 0770 (42) —0-362 (52)
Ags 7-635 (16)  0-595(6) —0-637 (6) —0-490 (1)
Ar 0648 (13)  — — —
H/(W3)
Ay —3850 (61) —0-144(50) 0912 (74) —0-384 (144)
A —3549 (61) —0-316(52) 0326 (147) 0-891 (27)
Aus 7399 (21) 0938 (3) 0250 (9)  0-241 (3)
Af 0661 (16)  — — —
H(W3)
An  —3340 (24) —0-221 (71) —0-628 (82)  0-746 (23)
An  —3190 (11) 0788 (62) —0-566 (59) —0-242 (65)
Aus 6:530 (24) 0574 (6)  0-535(6) 0620 (1)
Af 11199 (15)  — — —

dinates. The intramolecular proton—proton distances
evaluated from these coordinates are listed in the third
column of Table 2. It can be seen that at this stage of
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the calculation the protons in a water molecule are too
far apart, considering the n.m.r. result, ryy=1-58 +
0-02 A for W1, mentioned in the Introduction. The
situation can be improved by allowing for transfer of
some magnetic moment from the manganous ion to
the oxygen atom, which brings about a rotation of the
principal axis of 4,3, as was shown earlier. In order to
carry out this procedure the oxygen positions must be
known, since values for the MnHO angle 6 and the
oxygen to hydrogen distance roy (see Fig. 1) are needed
in equations (7) and (8). The ionic radius of Mn?*
exceeding that of Mg?* by about 0:15 A (Pauling, 1960),
one then has to take a local distortion around the
manganous ion into account. As it is difficult to predict
in which direction the oxygen atoms will be displaced
we simply applied a radial translation, thereby in-
creasing the metal-oxygen distance from about 2-06
to 220 A. [For comparison we mention that in
MnCl,.4H,0 the average value of the MnO distance
is 2:206 A (Zalkin, Forrester & Templeton, 1964)].
The amount of transferred magnetic moment J and the
resulting rotation ¢ of the principal axis of A4,; calcu-
lated with the corrected oxygen position are listed in
columns 8 and 9 respectively of Table 2. Although J
is seen to vary considerably within a water molecule,
the average value for each molecule appears to be
almost the same. This result is not very surprising since
the covalency is not expected to vary much from one
manganese-water complex to another (Andriessen,
1972). The angles ¢ were calculated from the average
values of 4.

The final values of ry;, ro;; and angle HOH obtained
after several iteration cycles (as described in the theo-
retical section) are listed in columns 4, 6 and 10 respec-
tively. As a result of the transfer of magnetic moment,
run Of W1 has now been reduced to the n.m.r. value to
within experimental accuracy. The shape of water
molecule 13 turned out to be rather asymmetric. This
may indicate that on substituting Mn?* for Mg?* the
oxygen atom of this molecule is displaced not only

Table 2. The interatomic distances (A) of Faoy, Fun and oy, and the HOH angles in the complex
[Mn(H,0)g]** in La,(Mg,Mn);(NO;),,.24H,0 at T=20°K

The values in columns 5, 7 and 11 are for [Mg(H,0)s]** in Ce;Mgs(NOj3),,.24H,0 at room temperature, as determined by neutron
diffraction (Hamilton, 1972). The quantities d and ¢ in columns 8 and 9 are the amount of transferred magnetic moment and
the resulting rotation of two of the eigenvectors respectively. The standard deviations are given in parentheses.

Favinn™ FaonT run* runt rund
H'(W1) 2-84 2-844 (1)
H"(W1) 2-80 2-:808 (1)
Wit 2-82 2-826 1-73 1-57 (2) 1-57
H'(W?2) 2:81 2:818 (2)
H”"(W?2) 275 2-741 (4)
W2t 2:78 2-780 1-69 1-55 (3) 1-49
H'(W3) 2:77 2:767 (6)
H"”(W3) 2-89 2:928 (8)
W3t 2-83 2-848 1-70 1-56 (4) 1-47

rout roul é [ /HOH /HOHS§

0-95 (1) 0-97 0-0027 (2) 1-8 (2)°

0-96 (1) 0-91 0-0021 (2) 1-7(D)

0-96 0-94 0-0024 1-8 112° 113°
0-99 (2) 0-97 0-0028 (3) 199 (2)

096 (4) 0-90 0-0023 (6) 1-6 (5)

0:98 094 0-0025 1-8 106 105
1-12 (6) 1-05 0-0031 (9) 1-4 (5)

0-86 (5) 0-83 0-0019 (13) 1-8 (1-0)

0-99 0-99 0-0025 1-6 104 103

* Before correction for transfer of magnetic moment.

t After correction for transfer of magnetic moment.

1 Average value for the two protons, except in columns 3, 4, 5, 10 and 11.

§ Neutron-diffraction resuits for Ce,Mg3(NOs),,.24H,0 at room temperature.

AC29B -8
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radially, but also laterally. On the other hand, asym-
metric water molecules do occur in crystalline hydrates
(see for instance Verbist, Hamilton, Koetzle & Leh-
mann, 1972), and therefore it seems impossible to im-
prove on our original cstimate of the distortion using
the difference between the two values for ro, in a
water molecule as a criterion. Moreover, preliminary
results obtained by Hamilton (1972) from neutron-
diffraction measurements with Ce,Mg;(NO;),,.24H,0
(at room temperature) show the same trend with regard
to the shape of the water molecules.® Values for ryy,
ron and angle HOH calculated from Hamilton’s coor-
dinates are listed in columns 5, 7 and 11 respectively
of Table 2. It follows from the neutron diffraction
results that molecule W3 is already rather distorted
before Mg?* is replaced by Mn?*.

The coordinates of the individual protons determined
by means of ENDOR and X-ray diffraction are given
in Table 3. The relation between the reference frame
used for this table and that used by Zalkin et al. (1963)
is given by equations (10). When reading the Table it
should be kept in mind that the coordinates determined
in this work are for protons near an impurity ion that
causes local distortion. We have not ventured to esti-
mate the displacement of the protons as we did for the
oxygen atom, because the lateral component of the dis-
placement of the protons is probably more significant
than that of the oxygen atoms. However, we have been
able to identify in the ENDOR spectrum of site I the
lines of a proton H'(W?2') belonging to a nearby
complex [Mg(H,0)¢]**. (The lines of many other ‘far’
protons are visible in the spectra. However, the spectra
are so complicated that a complete analysis would be
very time-consuming.) Therefore it was possible to
determine the position of a proton in an undistorted
complex. The accuracy of such a calculation is, of
course, not very high since the appropriate vector con-
necting site I and the particular site Il to which
H'(W2%) belongs must be known precisely for 7=20°K.
In order to be able to determine the wanted vector we
assumed that the atomic coordinates in

* These results are preliminary and will be refined by means
of computer analysis later. The errors in the protein coordinates
are +005 A,
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La,Mg;(NO,),,.24H,0 are exactly equal to those in
Ce,Mg;3(NO;);,.24H,0. Also we assumed that the
coefficients of thermal expansion, parallel and per-
pendicular to the ¢ axis of the double nitrate crystal
(Lebesque, 1973), can be used for calculating the
distance between two metal sites as a function of the
temperature. A favourable circumstance was the
absence of covalency effects, the measured hyperfine
tensor having the same properties as that in equation
(1) within experimental accuracy. The result of the cal-
culation is given in Table 4. In view of the assumptions
required to obtain these coordinates an estimate of the
accuracy is very difficult and therefore no errors are
given. For comparison the coordinates of the same
type of proton near Mn’* are also listed. It can be seen
that the magnitude of the displacement of the proton
due to the greater radius of the manganous ion as
measured with ENDOR, 15 essentially correct.

Fig. 2. One of the six water molecules W1 near Mn?* at site 1
in La,(Mg,Mn);(NO;),,.24H,0. The reference frame is
chosen such that the ¢ axis is paraliel to the {111} direction.
Also shown are the oxygen atoms which are involved in the
hydrogen-bonding scheme, with their projections on the
x"y” plane (indicated with dashed lines). The positions of the
other water molecules in the complex follow from rotation
about the ¢ axis through +129° and an inversion.

Table 3. Proton coordinates (A) in La,(Mg, Mn);(NO,),,.24H,0 as determined by ENDOR at T~20°K,
and in Ce,Mgy(NO,),,.24H,0 as determined by X-ray diffraction (Zalkin et al., 1963) at room temperature

The crystal referance frame is defined by equations (10). The standard deviations are given in parentheses.

ENDOR

Proton X y

H/(WDH* 0-65 (2) 1-82 (1)
H'(W1)* 0-00 (3) 2:65 (1)
H'(W2)T 1-77 (D) —0-36 (2)
H"(W2)t 1-67 (2) —1-69 (3)
H'(W3)t 2:57 (1) 0-71 (3)
H”(W3)t 1-75 (4) 1-51 (4)

X-rays

z X y z

2:08 (0) 0-53 1-85 1-81
092 (1) —0-06 2:31 0-96
—2-16 (1) 1-68 —0-42 —1-61
—1:37 (D) 1-57 —1-50 —1-05
073 (2) 223 0-89 0-94
1:79 (2) 1-35 1-28 1-57

* z coordinates with respect to site I.
1 z coordinates with respect to site I1.
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Table 4. Coordinates (A) of a ‘far’ proton, H'(W?2') in
[Mg(H,0)]** determined by ENDOR

The coordinates of the same type of proton in a manganese
complex are also given for comparison.

H'(W2%) x y z r

Mg?* complex 1-70 —-0-29 —1-96 2-61

Mn?* complex 1-77 —0-36 -2-16 2-82

Figs. 2 and 3 show the positions of the protons in the
crystal. The positions of the atoms outside the complex
[Mn(H,O)s]>* were assumed to be insensitive to the
presence of the impurity. The reference frames were
chosen such that the situations resemble that in Fig. 4,
which shows the geometry of a free complex possessing
T, symmetry (Griffith, 1964; Nakagawa & Shimanou-

Fig. 3. One water molecule W2 and one water molecule W3
near Mn?* at site Il in La;(Mg, Mn)3(NO3;),, 24H,0. The
reference frame is chosen such that the c axis is parallel to
the [T11] direction. Also shown are the oxygen atoms which
are involved in the hydrogen bonding scheme, with their
projections on the x”y” plane (indicated with dashed lines).
The positions of the other water molecules in the complex
follow from rotations about the ¢ axis through + 120°.

A C29B - 8*
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Fig. 4. The geometry of a free [Mn(H,0)s]** complex. One of
four different trigonal symmetry axes is indicated.

chi, 1964). Especially in the case of site I one can see
clearly that the water molecule has been twisted by the
hydrogen bords. Without the forces excercised by
these bonds the HH vector would have been parallel to
either the x or the y axis.

In conclusion we remark that the ENDOR method
can be successfully applied to the measurement of the
coordinates of a magnetic nucleus lying in the neigh-
bourhood of a paramagnetic impurity ion in a single
crystal. In the present case it was possible to correct
for the effects of the spreading of the electronic mag-
netic moment over the ligands of the impurity ion due
to covalency and overlap.
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A structural analysis based on three-dimensional X-ray data has been carried out for BaSnS,. The space
group is P2,/c, a=6-0848 (3), b=12-1396 (8), c=6-2356 (2) A, B=97-058 (4)°. The least-squares refine-
ment of the parameters gave R=0-0574 for 1049 intensities. The structure is a distortion of the NaCl
structure and can be considered as a composite of the BaS and SnS structures, both of which are based
on the NaCl motif. Ba is in sixfold coordination in a slightly distorted octahedron. Sn is in a distorted
octahedral void but is very close to a triangular face of S ions so that it is bonded to 3 sulfur atoms only.
In this polar arrangement Sn can be considered to have a tetrahedral environment in which a lone pair of
electrons occupies one vertex. The cations are ordered so that Ba layers alternate with Sn layers in the

overall NaCl type architecture.

Introduction

Several ternary sulfides containing Ba and Sn have
been recently reported (Hervieu, Perez & Hagenmuller,
1967; Susa & Steinfink, 1971 ; Yamaoka & Okai, 1970;
Jumas, Ribes, Philippot & Maurin, 1971). As a result
of an attempt to prepare substitutional solid solutions
in the Ba—Fe-Sn-S system, we became interested in the
crystal structure of one of the possible end members of
the series, BaSnS,. BaSnS, has been prepared by
Hervieu, Perez & Hagenmuller (1967), hereafter re-
ferred to as HPH. They found the compound to be a
black powder with an orange-red color upon grinding.
The powder pattern (reported also on card 20-150 of
the Joint Committee on Powder Diffraction Standards)
was indexed in terms of an orthorhombic lattice with
parameters a=12-000 (4), b=28:381 (8), c=4-606 (10) A
with systematic absences compatible with the space

* Research sponsored by the Robert A. Welch Foundation,
Houston, Texas.

t Present address: Departmento Fisica del Solido, Uni-
versidad Autonoma, Bilbao, Spain.

groups Pnma and Pn2,a. No indication is given as to
how the standard deviations of the lattice parameters
were estimated but it is unusual that the ¢ axis, which
is the shortest, has the greatest standard deviation, a
result not common when least-squares refinement of
parameters is employed.

Experimental

Since HPH report that the same powder pattern is
obtained for BaSnS, prepared at 800°C or at 650°C,
and that long annealing at 650°C failed to indicate any
low-temperature modification, we prepared the material
from a 1:1 mixture of BaS and SnS fired at 750°C for
two weeks, cooling it by cutting off power to the
furnace. The material appeared as yellow-orange plate-
like crystals with some metallic luster. The main peaks
in the powder pattern approximately matched those in
the pattern reported by HPH. Several single crystals
were selected and oscillation, zero and upper-level
Weissenberg and zero-level precession photographs
were taken. The diffraction symmetry observed was
2/m and the systematic absences were 40/, /=2n+1



