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The elements of the hyperfine interaction (h.f.i.) between the manganese ion and the protons
in the complex [Mn(H,0)4]*" in one of the two possible sites in La, (Mg, Mn) 3 (NO;) ;524 H,O
have been measured with ENDOR at 15 to 20 K. The six water molecules in the complex at the

chosen site are equivalent for reasons of symmetry.

One principal direction of the h.f.i. tensor of each proton is found to be perpendicular to the
Mn, O line. With the assumption that each proton is located in the plane of the other two principal
directions of its interaction tensor the positions of the protons are evaluated from the anisotropic
parts of the h.f.i. tensors. In this calculation the effect of covalency on the anisotropic h.f.i. is ac-

counted for with the aid of a simple model.

The isotropic h.f.i.’s with the two protons of a water molecule appear to be very nearly equal
(+0.890 MHz for both). This latter result is remarkable in view of the fact that one proton is
distinctly nearer to the manganese ion than the other.

The covalent character of the bonds between the
manganese ion and the surrounding water molecules
in the complex [Mn(Hy0)4]*" has been studied by
various authors with optical methods?! 2. By con-
sidering the energy of the *A;, and the *E, levels of
the manganese ion with respect to its ground level an
intermixing of the manganese and water orbitals
by an amount of 5 to 10% could be estimated.
Additional evidence for the existence of covalency
in a complex can be obtained from the magnetic
hyperfine interaction (h.f.i.) between the para-
magnetic ion and the nuclei of the ligands?. If the
metal to ligand bond in the complex [Mn(H,0)¢]**
would be completely ionic the isotropic part of the
h.f.i. would be weak (of the order of 1kHz, see
section III). Furthermore the manganese ion would
behave as a magnetic point dipole located at the
position of its nucleus as far as the anisotropic
h.f.i. with the protons is concerned* (point dipole
model). However, if covalency is present the un-
paired manganese electrons are spread over the
complex which results in an enhancement of the
isotropic h.f.i. and also makes the point dipole
model just mentioned invalid. Thus the fact that
the isotropic h.f.i. between the manganese ion and
the protons in the complex [Mn(H,0)4]*" — in an
aqueous solution — is as high as 0.79 £0.03 MHz ®
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supports the conclusion drawn from the optical
data. The figure just mentioned has been determined
by SPRINZ® from proton relaxation measurements
with protons in water contaminated with manganese
ions. Details about the anisotropic h.f.i. and the sign
of the isotropic h.f.i. could not be obtained with
this method.

The present paper concerns the determination
and the discussion of the complete tensors of the
h.f.i. between the manganese ion and the protons in
the complex [Mn(H;0)¢]*", incorporated in a
single crystal of La,Mgg(NOj3) 4524 HyO. The mea-
surements were carried out with the ENDOR tech-
nique in the temperature region of 15 to 20 K. An
advantage of using a solid host is that a possible
dependence of the covalency effects on the orienta-
tion of the water molecules can be determined by
choosing various types of crystals. So far we have
investigated one complex having six equivalent water
molecules so that only the difference between the
isotropic h.f.i.’s with the two protons within a water
molecule could be studied. As the coordinates of the
protons in our crystal were not known precisely,
they had to be evaluated from the ENDOR data.
For this purpose we introduced a simple model that
enabled us to correct the anisotropic part for the
invalidity of the point dipole model.

3 J. OweN and J. H. M. THORNLEY, Rep. Prog. Phys. 29,
675 [1967].

4 N. LAuraNcE, E. C. McIrvINg, and J. LAMBE, J. Phys.
Chem. Solids 23, 515 [1962].

5 H. SpriNz, Ann. Phys. Leipzig 20, 168 [1967].

@NOIS)

Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher

Nutzungsformen zu erméglichen.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



LIGAND HYPERFINE INTERACTION IN THE COMPLEX [Mn(H,0)4]**

In the next sections the following subjects are
treated. Details about the mounting of the sample
and the accuracy of the orientation of the crystal
axes with respect to the magnetic field are given in
section I. In section II various aspects of the evalua-
tion of the ENDOR data are dealt with. The princi-
pal values of the tensors are given, along with the
direction cosines of the principal axes. The isotropic
h.f.i. constants of the two protons in a water mole-
cule appear to be equal within experimental accu-
racy, while the principle values of the anisotropic
part of the h.f.i. indicate that the point dipole model
is not quite correct. In section III the coordinates of
the protons are calculated and the result is used for
a discussion of the isotropic h.f.i.

I. Experimental

The measurements were carried out with the aid
of a home made X-band ENDOR spectrometer. The
frequency range of the RF oscillator and power
amplifier is 4 to 28 MHz; ENDOR lines outside this
range were ignored. The temperature of the sample
was adjusted to the region of 15 to 20 K, by passing
cold helium gas through the cavity. Details about
the method of producing the ENDOR signals have
been published elsewhere 7 and are therefore not
treated here. As host crystal for the complex
[Mn (H,0)¢]*" we used La,Mgs(NO;) 4,24 H,0.
In this substance the manganese ions can occupy
the magnesium sites. There are two different sites
denoted by I and II, each one being surrounded by
six water molecules that form a complex with the
metal ion. Site I possesses trigonal as well as inver-
sion symmetry, site-Il has only trigonal symmetry;
the trigonal symmetry axes of the sites coincide
with that of the crystal. In this paper we consider
only site I which has but two inequivalent protons,
H1W1 and H2W18. The ratio of the numbers of
manganese and magnesium ions in the solution from
which the crystals were grown was 1: 3000.

The samples were glued to a quartz rod that
could be rotated during the measurements. In all
measurements the trigonal (c) axis was either par-
allel or perpendicular to the applied static magnetic

6 D. vaN OrRMONDT and H. Visser, Phys. Letters 26 A, 343
[1968].

7 D. vAN OrMONDT and H. Visser, Proc. XVth Coll. Am-
pere, North Holland Publ. Co., Amsterdam 1969, p. 475.
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field H. The appropriate orientation of the sample
with respect to the quartz rod could be adjusted to
within +0.3° with the aid of a polarization micro-
scope.

In the cases where the ¢ axis was parallel to H
the remaining misorientation could be eliminated by
fine adjustment of the direction of the axis of the
quartz rod. A criterion for the right orientation was
the coincidence of three ENDOR peaks because of
the trigonal symmetry. In the perpendicular cases
(c L H) the effect of a misorientation was eliminated
by averaging the ENDOR frequencies measured at
the six equivalent (due to trigonal and inversion
symmetry) positions of the sample with respect
to H. This procedure also enabled us to determine
the actual misorientation of the sample with respect
to the rotation axis and the angle between this axis
and a plane perpendicular to H. A typical value of
the latter angle is 0.10 to 0.15 degrees.

For each proton the measurements with ¢ L H
were carried out:at two different values of the angle
between the a axis of the crystal and H. These
positions were 15° and 105° away from the angle
where the ENDOR frequency was maximal for the
electronic spin (S=5/2) in the state M = —3/2. As
mentioned earlier the ENDOR frequencies at angles
which follow from the above ones by adding mul-
tiples of 60° were also measured. Overlapping
ENDOR lines were not used as a rule.

II. Evaluation of the h.f.i. Tensors

The Hamiltonian used for the interpretation of

the ENDOR data is:

H=gBS-H+SD-S (1)

+8A4;d—g, fpI'H+S-4-1,

in which the five terms are the electron Zeeman
interaction, the interaction with the axial crystal
field, the h.fi. with the manganese nucleus, the
proton Zeeman interaction and the h.f.i. with a
ligand proton respectively (S=5/2, J=5/2, I=
1/2). The principal elements of D und 4, expressed
in units of 107*cm™?! are (1/3, 1/3, —2/3) x 220
and (—90.2, —90.2, —90.4) respectively, while
g =2.001°. The last two terms are of the same order

8 A. ZaLkiN, J. D. FORRESTER, and D. H. TEMPLETON, J.
Chem. Phys. 39, 2881 [1963].

% D. vaAN OrRMONDT, T. THALHAMMER, J. HOLLAND, and B.
M. M. BrANDT, Proc. XIVth Coll. Ampére, North Holland
Publ. Co., Amsterdam 1967, p. 272.
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of magnitude if the proton belongs to a nearest
neighbour of the manganese ion; they are three
orders of magnitude smaller than the electron
Zeeman interaction. The proton h.f.i. tensor 4 was
supposed to be symmetric.

For the three orientations of the crystal mentioned
in section I the electron spin S is quantized along
H. In the first step of the calculation all parts of
the Hamiltonian containing S, and S,, the compo-
nents of S perpendicular to H, were ignored. With
this simplification the ENDOR frequency is equal to

v=h"1g, B, {H—-MH)2+M?H" }", (2)

where
H)= Azz/gp ﬂp ’H2 = (Agz + A12/z) /(gp ﬂp) !

M is the electronic magnetic quantum number and
the z axis is directed along H. Conversely, H| and
H? can be evaluated from the two ENDOR fre-
quencies ¥; and v,, belonging to M; and M, and
measured at H = H; and H = H, respectively:

0 1 h® (M2 Vliz_sz 1’22)77
Hj= 2 M, MZ[MZ H +M H,— 9o B (M, H,— M, Hz)jl
(3a)
and
9 -1
Hi=7 M2EMz? [(Ml H,—M,H,)?
<» _khz(M22 1'1%f_‘”12 vy?) ) 2}
gp® fp®(My H,— M, H,) )

LA A SEW..

gp? Bp? (2 M2 *3 Mf) ’ (3b)

After this the ignored components containing S,
and S, in the second and third term of H were
considered. These operators mix the eigenstates | M)
of the simplified Hamiltonian which results in a
small change of the quantities M, and M, mentioned
above. The correct eigenstates were determined by

diagonalization of the Hamiltonian consisting of
the first three terms (S, and S, included) in (1).
Then M; and M, were reevaluated by calculating
the expectation values of S, in the new eigenstates,
and the result was substituted again in the Eqs. (3 a)
and (3b). With this procedure the effect of the
state of the manganese nucleus appeared to be
effectively accounted for.

Subsequently approximate values of the tensor
elements were determined from the quantities H
and H? thus obtained for the three mutually
perpendicular orientations of the crystal mentioned
in section I. The signs of the nondiagonal elements
followed from a comparison with the tensor calcu-
lated on the basis of the point dipole model using
approximate proton positions.

Finally the ignored components of the fifth term
in H containing S, and S, were accounted for.
Using the approximate values obtained in the pre-
ceeding stage the shift of the theoretical ENDOR
frequency due to these components was evaluated
with a second order perturbation calculation (S,
and S, containing components in the second and
third term in H excluded). This shift amounted to
10kHz at most, the magnitude being smallest for
the maximum value of | M |. The measured ENDOR
frequency was corrected for this effect and again
substituted into (3 a) and (3b) together with the
expectation values mentioned above.

Summarizing, the final values of H| and Hg;
were obtained from Egs. (3a) and (3b) after
replacing M; and M, by the proper expectation
values of S, and substracting a second order shift
from the measured ENDOR frequencies »; and », .

The final diagonalized h.f.i. tensors for HIW1
and H2W1 are listed in Table 1, along with the
direction cosines of the principal axes, expressed in

ng’ Ny Ny
H1WI1

Ay — 2.716 4+ 0.012 + 0.329 + 0.014 — 0.782 + 0.007 — 0.530 + 0.003

As — 2411 4+ 0.012 + 0.714 + 0.011 + 0.572 + 0.013 — 0.403 4 0.005

As + 7.796 + 0.004 + 0.618 4+ 0.003 — 0.246 4- 0.006 -+ 0.746 4 0.001
H2W1

Ay — 2.840 + 0.013 — 0.023 + 0.046 -+ 0.998 4 0.017 -+ 0.064 4 0.126

As — 2.580 + 0.019 — 0.298 + 0.015 — 0.068 - 0.127 + 0.952 + 0.013

As -+ 8.089 -+ 0.008 + 0.955 + 0.001 + 0.002 + 0.010 -+ 0.298 -+ 0.002

Table 1. Principal values expressed in MHz and direction cosines of the principal axes of the h.f.i. tensors of two protons in
the same water molecule in the complex [Mn (H,0)4]** at site I in La, (Mg,Mn)3(NOy) 4»-24 H,O. The 2" and z” axes concide
with the a axis and ¢ axis respectively. The y” axis is perpendicular to these axes such that a right-handed reference frame
is formed.
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a crystal reference frame. The 2" and z" axes are
parallel to the ¢ axis and a axis respectively; the y’
axis is directed such that an orthogonal right-handed
reference frame is formed. The isotropic interactions
are

A;= + (0.890 £ 0.002) MHz for HIW1,
and A4;= + (0.890%0.003) MHz for H2W1.

For ¢| H about sixty different pairs of ENDOR
lines were used for each proton; for ¢ | H this
number was about 25 per direction. The pairs were
always chosen such that | M, H,—M; H,|>1kOe
and the fraction between the parentheses in Eq. (3 a)
smaller than about 2kOe, in order to increase the
accuracy of the results. The errors were calculated
directly from the standard deviations of H|| and H 2.

III. Discussion

In this section the positions of the protons in the
complex are derived from the h.f.i. tensors and
then the isotropic part of the h.f.i. is considered.
The positions of the ions in the isomorphic salt
Ce,Mg;(NO;) 15°24 H,O have been determined at
room temperature by means of X-ray diffraction®.
Since the coordinates of the protons are not very
accurate, they had to be evaluated from the ENDOR
data. In this calculation the positions of the protons
with respect to the oxygen ion had to be known in
order to account for a small covalency effect (see
below). However, since the manganese ion is
greater than the magnesium ion by about 0.15 A 1°
the oxygen coordinates of the complex at site I could
not be taken from ref.® without applying a correc-
tion. In our model the distance from the centre of
the complex to the oxygen ion was increased along
the original Mg,0 vector as given in ref.8 to ry=

2.20 A (see below).

The angles between the Mn,0 vector and the
principal axes are listed in Table 2. As a first
approximation we assumed each proton to be located
on the principal axis belonging to the highest eigen-
value (A43;) of the tensor. It followed then that for
each proton two principal axes lie approximately
in the corresponding Mn,O,H plane, the third one
being nearly perpendicular to it. This is what one

10 T,. PAULING, The Nature of the Chemical Bond, Cornell
University Press, Ithaka 1960, p. 518.

11 H. PFEIFER, Z. Naturforsch. 17 a, 279 [1962].

12 R. Hausser and F. Noack, Z. Phys. 182, 93 [1964].
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would have expected on the basis of an elementary
physical consideration. As the acute angle between
the two 4, axes is 35° the manganese ion does not
lie in the plane of the water molecule.

A As As
H1W1 90°+1° 72° + 1° 17.8° 4+ 0.5°
H2W1  92°42° 71° £ 2° 18.9° 4 0.4°

Table 2. Angles between the principal axes of the h.f.i. ten-
sors of two protons in the same water molecule in the com-
plex [Mn(H,0),]** and the Mn, O vector at site I in
La, (Mg,Mn) 5(NOy) 4o+ 24 H,0.

If we ignore momentarily that the difference
between the A4; and A, principal values indicates
that the point dipole model is not quite correct, the
manganese — proton distances rg can be derived
with the formula

rh =98 g Bo/ (27 py 43), (1)

where ¢ and g, are the electronic and nuclear g fac-
tors (proton) and S and f, the Bohr and the nu-
clear magnetons respectively. This procedure yields
ru=2.84 A for HIW1 and rg=2.81 A for H2W1,
which is a reasonable result when compared with
rg= (2.80%0.07) A found by PFEIFER 1! from pro-
ton relaxation in water contaminated with man-
ganese ions. According to HAusser and Noack
ry is equal to 2.90 A 12 in an aqueous solution.

The proton-proton distance I, following from the
above values of rg and the angle between the 43 axes
is 1.73 A. When compared with [, = (1.58 = 0.02) A
found by SERRA et al. 13 for La,Mgg(NO3),,°24 H,0
by means of NMR at room temperature, this value
seems to be somewhat high. However, if we intro-
duce a simple model to account for the effect of co-
valency on the anisotropic h.f.i. a better value is
found. The essence of the model is that the magnetic
point dipole originally located at the manganese ion
(in the point dipole model) is partly transferred to
the positions of the six oxygen nuclei. The situation
is given in Fig. 1. Only one water molecule is drawn,
the Mn, O, H, plane coinciding with the y”, z”" plane.
We consider now the proton located on the 27 axis.
The anisotropic h.f.i. tensor A4, expressed in the

’’ 44 144 .
2”,y"”, 2" reference frame is

13 A. SERRA, J. LajzEROWICZ-BONNETEAU, J. P. COHEN-AD-
DAD, and P. Ducros, Acta Cryst. 21, 676 [1966].
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where 0 is the amount of magnetism transferred to
the oxygen ion, ¥ the angle between the z” axis and
the O, H, vector and rog the oxygen-proton distance.
(The effect of the magnetism transferred to the other
five oxygen ions was ignored.)

In the purely ionic model (6 =0) the 4, 4, and
Aj axes coincide with the 2”7, y”" and 2" axes respec-
tively. If 040 and positive the A3 axis is rotated
about the «”" axis, away from the oxygen ion. It
follows then that if 0 has the proper sign, the pro-
ton-proton distance derived from the ENDOR data
can be reduced by taking this covalency effect into
account. The magnitude and sign of 0 can be ob-
tained by diagonalizing Eq. (2) and then equating
it to the experimental tensors in Table 1. The man-
ganese to oxygen distance ro required for this cal-
culation was assumed to be equal to 2.20 A, as fol-
lows from the Pauling radii of the two ions. A
consequence of the model is of course that the values
of 0 obtained via the h.f.i.’s with the two protons
‘n the same water molecule should be equal. This
condition did not come true exactly, 0 being equal
to +0.27 x 1072 for HIW1 and +0.21 x 1072 for
H2W1. This difference was not considered to be
serious since the effect of the experimental errors is
of the same order of magnitude and, moreover, the
oxygen coordinates used by us may not be quite
correct. Using the average value 0 = +0.24 x 1072
and separating the experimental tensor into two
parts according to Eq. (2), the proton coordinates
given in Table 3 could finally be evaluated. The
total amount of transferred magnetism following
from the model is 6 6= +1.4x 1072, while the
angle between the Mn, H vectors is decreased by
about 3.6 resulting in a corrected proton-proton
distance of 1.58 A. The original “ionic” values of
ri were hardly affected in this model.

Summarizing the situation, the proton coordina-
tes have been determined with the assumption that

’ ’ ’

Y z
H1WI1 1.82 — 0.65 2.08
H2W1 2.65 0.00 0.92

Table 3. Coordinates expressed in A of the protons HIW1

and H2W1 in the complex [Mn(H,0)4]"" at site I in

La, (Mg,Mn) 3(NOj3) 1524 H,0. See Table 1 for a description
of the reference frame.
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Fig. 1. The 4, and Aj principal h.f.i. axes of the proton on
the z”” axis do not coincide with the y”" and z”” axes respecti-
vely when unpaired electrons are transferred from the man-
ganese ion towards the oxygen ion.

two axes of the h.f.i. tensor of each proton lie in
the Mn, O, H plane. The effect of a small transfer of
magnetism from the manganese ion to the oxygen
ions due to covalency was taken into account by
means of Eq. (2).

The orientation of one of the water molecules in
the complex is illustrated in Fig. 2, the (—1,1,1)
direction in the chosen reference frame coinciding
with the ¢ axis of the crystal.

The positions of the other five water molecules
follow from rotation about the ¢ axis over 120° and
240° and inversion. According to ZALKIN et al.®
H1W1 forms a hydrogen bond with a nearby water
oxygen atom (OW4, not belonging to the complex)
and H2W1 with a nitrate oxygen atom (ON12). It
can be seen that the hydrogen atoms are drawn to-
wards the ligands just mentioned (Fig.2). In fact,
the angle between the planes of OW1, HIW1, H2W1
and OW1, OW4, ON12 is only 13°. As a result of
these interactions H2W1 is nearer to the manganese
ion than HIW1 by about 0.03 A, indicating a dis-
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Fig. 2. Detail of the complex [Mn(H,0)¢]**
in La,(Mg,Mn)4(NOs),-24 H;O and two
nearby oxygen ions with which hydrogen
bonds are formed. The proton coordinates
were determined with ENDOR. The other
coordinates were taken from ref. 8 with a
correction for OW1 for the greater size of
Mn** with respect to Mg**. Also indicated,
as dashed lines, are the projections of
H1W1, H2W1, OW4 and ON12 on the z”,
y’” plane. Distances are expressed in A.

c-axis

tinct dissimilarity between the two protons. In the
free complex the water molecule would lie in the
", 2" plane with the proton-proton vector parallel
to the 2" axis 14716,

Next we consider the isotropic h.f.i.. Using WAT-
SON’s wave functions 17 for the free manganese ion
the theoretical magnitude of A4; for a proton at a
distance of 2.80 A is found to be of the order of
1 kHz. It follows from this' that the magnitude of
the experimental value of 4; (of the order of 1 MHz)
indicates a partly covalent character of the bonds
between the manganese ion and the water molecule.
If we mix the manganese 3d orbitals with the water
orbital that -extends most towards the centre of the
complex, namely @ (3a,) 1® 19, and set the covalency
parameter V2 /% equal to 0.09 2 the theoretical value
of A; is found to be + 0.4 MHz, which is much
nearer to reality.

However it follows from the remaining discre-
pancy that the situation is more complicated. In fact

14 J. S. GrIfrITH, The Theory of Transition-Metal Ions, Cam-
bridge University Press, London 1964, p. 144.

15 1. NAKAGAWA and T. SHIMANOUCHI, Spectrochim. Acta 20,
429 [1964].

16 C. E. SCHAFFER, Structure & Bonding 5, 68 [1968].

17 R. E. WaTsoN, Phys. Rev. 118, 1036 [1960].

18 F, 0. ELLisoN and H. SHurL, J. Chem. Phys. 23, 2348
[1955].

19 J. ANDRIESSEN, Chem. Phys. Letters 3, 257 [1969].

many more wave functions !® should be involved in
the mixing. Moreover, the difference between our
value (+0.89 MHz) and that of SpriNz (0.79 MHz)
for the complex in an aqueous solution suggests that
the environment of the complex and presumably
also the orientation of the water molecule with re-
spect to the axes of the complex influence the
strength of the isotropic h.f.i..

It should be noted that although one proton of
the water molecule is distinctly nearer to the man-
ganese ion than the other, the isotropic interactions
with the two protons are very nearly equal. We
might conclude from this fact that in this particular
case the water molecule has retained its mirror sym-
metry so that equal amounts of each hydrogen wave
function are mixed with the manganese wave func-
tion regardless of the orientation of the water mole-
cule. Unfortunately our determination of the proton
coordinates with respect to those of the oxygen nu-
cleus, which are not very precise themselves, is not
accurate enough to consider this point any further.
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