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ABSTRACT: Neutron diffraction techniques have been used to determine
the low temperature crystal structure and to shed light on the magnetic
behavior of the [Mnj(suc),(ina),], (suc = succinate and ina = iso-
nicotinate) complex. The ferromagnetic signal observed below T, ~ S K
in this compound is due to a noncompensation of homometallic spins in
the 3D framework. The Mn(II) magnetic moments obtained from neutron
diffraction refinements are slightly lower than those observed for isolated
Mn(II) ions; this can be due to covalent spin delocalization or geometrical
magnetic fluctuations. A small discrepancy between the value of the
magnetic moments of each Mn(II) site is also observed [Mn(1) 4.1(2)
s and the Mn(2) 3.9(1) ug]. These differences between the theoretical
and observed manganese magnetic moments are not unexpected in this
large spin metal complex, and qualitatively reasonable given the synergistic

interaction between the metal ions through oxo-bridge. The competition among different interactions, principally those covalent

through organic ligands and dipolar interaction, drive to a final 3D ferrimagnetic order.

B INTRODUCTION

The research on ferrimagnetic systems of metal complexes
built up from heterospin systems is well represented by numerous
compounds in the field of molecular magnetic materials." These
systems are usually synthesized using the well-known chemistry of
Schiff base ligands.” For such compounds, the long-range ferri-
magnetic order arises from the noncompensation of the anti-
ferromagnetically coupled spin moments. The number of three-
dimensional (3D) homometallic complexes with ferrimagnetic
behaviors previously reported is scarce because only one kind of
spin is present, and therefore the noncompensation of the
individual spin moments must be achieved through geometric
and/or symmetry restrictions.” The ordering in these systems
typically indicates higher-dimensionality, that is, interchain or
interlayer interactions. The role of the weak interactions, as
dipolar and next nearest neighbor interactions, and single ion
anisotropy, are extremely important to reach a long-range mag-
netic order. The control of these interactions is the major hurdle
for most material architectures. Therefore, an in depth structural
and magnetic study is required to understand the physical and
chemical factors that govern the exchange coupling between
homometallic paramagnetic centers and, as consequence, pro-
duce long-range homometallic molecular ferrimagnets.

A compound which presents this interesting magnetic behavior,
built up from self-assembly procedure, is the previously reported
[Mn;(suc),(ina),], (with suc = succinate and ina = isonicotinate,
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Scheme 1

see Scheme 1, left and right, respectively).* The structure of this
compound was determined by single crystal X-ray diffraction at
room temperature (RT),* showing that it crystallizes in the PT
space group with lattice parameters a = 7.649(3) A, b=8.916(3) A,
c =9472(3) A, o = 68.858(5), B = 85.627(5), and y =
67.227(5)°.* It can be described with two crystallographically
independent Mn(II) centers, forming a regular chain along the
b-axis, involving u-oxo bridges from succinate ligands and two
syn-syn carboxylate bridges, from succinante and isonicotinate
ligands. Each chain is linked by two adjacent neighbor-chains
through anti-syn and anti-anti carboxylate bridges, giving rise to a
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Figure 1. Neutron diffraction pattern of [Mn;(suc),(ina),], compound collected at 25 K using the D1A instrument with A = 1.90761 A (left) and
observed vs calculated square structure factors plot for D15 instrument (right). The refinement has been done in the space group P1 with the associated
cell parameters a = 7.5948(4) A, b= 8.8661(4) A, c = 9.4481(4) A, a. = 67.764(3)°, B = 84.773(4)°, and y = 67.282(3)°, with the following statistics y* =

0.83 and Rp= 7.51% for D1A and Rg = 8.12% for D15.

[Mnj;(suc),],”" rigid layer parallel to the ab-plane (Supporting
Information, Figure 1S left). The 3D structure is reached through
the skeleton of the ina ligand, which drives to a pillared system
with a AA packing mode along the ¢ direction with the interlayer
distances of about 9.47 A, (between Mn(1) and Mn(1)* (a) = x, y,
—1+z; see Supporting Information, Figure 18 right).

The previous magnetic measurements reveal,® at RT, a AmT
value (11.85 cm® mol ™' K) which corresponds to an effective
magnetic moment feg [= (8 ¥T)"/?] of 5.56 up/Mn(Il), con-
sistent with the value of 5.92 yup/Mn(Il) expected for a magne-
tically isolated high-spin Mn(II) (S = 5/2) ion with g = 2.00. The
ymT values decrease with the temperature down to a minimum
(5.94 cm® mol ' K) at 20 K. Below this temperature, yyT
increases rapidly up to a very high value of 47.14 cm® mol " K at
4.5 K. Upon further cooling, T decreases again reaching a value
0f29.60 cm® mol ' K at 2 K. The sudden increase of T at 20 K
indicates the presence of ferromagnetic (F) interaction due to the
noncancellation of all homometallic spins. The magnetic order
was confirmed by the alternating current (ac) magnetic suscep-
tibility and the field-cooled (FC) and zero-field-cooled (ZFC)
magnetization measurements which are coincident in the pre-
sence of a ferromagnetic phase transition at S K. This striking
result shows the magnetic order as a consequence of a noncom-
pensated antiferromagnetic (AF) coupling, and therefore a ferri-
magnetic behavior is possible. An alternating chain with two
interactions, J; and J,, between different exchange couplings was
modeled,* according with the previous report by Abu-Youssef
et al,> where J; represents the interaction between Mn(1) and
Mn(2) and J, between two Mn(2) ions. To take into account the
interchain interaction, an extra zJ' parameter was included in the
data refinement. It deserves to be noted that a more realistic 3D
model is not available. The two different Mn- - - Mn intrachain
distances are 3.708 and 3.530 A from Mn(1) - - - Mn(2) and from
Mn(2)-+-Mn(2)? [(b) =1 —x,3 — 9, 1 — z], respectively, and
the angles Mn(1)—O—Mn(2) and Mn(2)—O—Mn(2)® are
113.5 and 103.6°, respectively. The shortest Mn- - -Mn inter-
chain distance involves a succinic carboxylate bridge with a
distance of 4.292(2) A. Therefore, based on the previous result,

a competition between F and AF interaction is possible, but even
with these results it is not difficult to draw a model where the
global exchange coupling gives rise to a strictly AF system.

In the present paper, we report powder and single crystal
neutron diffraction studies on [Mn;(suc),(ina),], compound
aiming to refine the crystal structure at low temperature and to
determine the magnetic structure in the ordered phase which will
shed light on the magnetic conformation that produces a
noncompensation of the individual spin moments in this homo-
metallic system.

B EXPERIMENTAL SECTION

Materials. Single crystal and powder samples of [Mn;(suc),(ina),],,
were prepared following the procedure described by Zeng et al*
Reagents and solvents used in the syntheses were purchased from
commercial sources and used without further purification. The organic
ligands were used without deuteration.

Neutron Diffraction Experiments. Neutron powder diffraction
experiments were performed using the D1A, D20, and D1B instruments
at the Institut Laue-Langevin, (Grenoble, France) working, respectively,
at1.911 A,2.405 A, and 2.521 Awavelength. Graphite filters between the
monochromator and the sample significantly reduce higher-order
wavelength contamination in D20 and D1B diffractometers.

The sample was contained in a @ 6 mm cylindrical vanadium-can
inside an Orange Cryostat (vanadium-tailed). The high resolution
neutron pattern (D1A) was collected at 25 K in an angular range of
0 < 26 < 157.95 by merging the data obtained by step scans (A26 =
0.05°) of the block of 25 high efficiency counters separated 6.0°. The
high-flux neutron patterns (D20) were collected at 2 and 25 K. A
neutron thermodiffractogram between 2 and 300 K, with a heating rate
of 2 K/min, was also measured using the high-flux D1B diffractometer.

The data reduction (including the application of some basic opera-
tions as those related with the addition of several patterns or detector
efficiency corrections) was done with the LAMP software.®

The single crystal neutron diffraction experiments were carried out at
D1S instrument at Institut Laue Langevin on a non deuterated single
crystal of S X 3 X 2 mm dimensions. The instrument, provided with a
closed-cycle cryostat, was used in the four-circle configuration with a
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wavelength of 1.173 A. The COLLS program’ was used to integrate the
-scans and to correct them from the Lorentz factor. The absorption
corrections were done using the DATAP program,® using an estimated
total neutron absorption coefficient of 1.72 cm ™!, essentially due to the
large incoherent scattering of the hydrogen atoms. The integrated
intensities were collected at 25 K (above T.), where only nuclear
scattering was present, and at 2 K (below T.) where also a magnetic
contribution, due to the ordered magnetic moments, was present.

Nuclear and magnetic structures were refined using a multipattern
approach based on the simultaneous Rietveld and Integrated Intensities
refinements, for powder and single crystal data, respectively, implemen-
ted in the FullProf suite of programs.” The nuclear structure at low
temperature was refined from an initial model derived from single crystal
X-ray diffraction data collected at RT.*

B RESULTS

Nuclear Structure at 25 K. With the main objective of
obtaining an accurate structural model, a high resolution neutron
diffractogram was recorded at 25 K at the D1A instrument and
analyzed together with 1084 independent Bragg reflections
collected on D15 at the same temperature through a multipattern
procedure [see Figure 1]. The determination of the cell para-
meters at 25 K, as well as the atomic position refinement, was
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Figure 2. Neutron powder patterns of [Mn;(suc),(ina), ], compound,
collected at 2 and 25 K using D20 powder diffractometer, in blue and
red, respectively. The difference diffraction pattern with some charac-
teristic reflections is represented in green. The difference between both
diffraction patters is due to the contribution of magnetic phase.

carried out without any restriction. Because of the possible
bonding effects, special care was taken with the C—H bond
distances, considering the well-known difference in hydrogen
positions observed by X-ray and neutron scattering. To not over
parameterize the model, the thermal parameters were considered
isotropic (Biso) for all atoms, except for the hydrogen atoms
which were refined with an anisotropic model. A total of 163
parameters were refined, of which 146 parameters affect the
integrated intensities. The best refinements to the experimental
data at 25K are shown at Figure 1 (* = 0.83 and Rg = 7.51% for
D1A and Ry = 8.12% for D15). The refined structure is closely
similar to that observed in X-ray measurements at RT. A small
compression of the cell parameters together with a reorganization
of the organic ligand, both effects due to the low temperature, and
in particular the correct positioning of H atoms, because of the use
of neutrons, are the principal differences observed. Supporting
Information, Figure 2S and Table 1S show and list, respectively,
the small structural changes and the structural parameters.

Magnetic Structure at 2 K. On the basis of the results of
magnetic susceptibility and magnetization studies of the homo-
metallic ferrimagnetic compounds [Mns(suc),(ina),],," elastic
neutron scattering experiments were undertaken at low temperature
with the goal of revealing the magnetic structure of the ferrimagnetic
phase (T. &~ SK) of this specific Mn(II) homometallic system.

The neutron thermodiffractogram taken at D1B shows an
increase of intensity below T only in some nuclear Bragg peaks
which is a fingerprint of the appearance of some magnetic order
below 5.5 K. The difference between 2 Kand 25 K diffraction patterns
taken at D20 presents similar behavior as can be observed in Figure 2.
The temperature dependence of the integrated intensity for the (011)
and (012) reflections collected at the D15 instrument is depicted in
Supporting Information, Figure 3S. All these magnetic contributions
to the diffractograms observed at low temperature in D1B, D20, and
D15 can be indexed with a magnetic propagation vector k = (0 0 0).

The change in the intensity of some nuclear reflections
observed in the paramagnetic phase (25—300 K) could be
related with small thermal-reorientations of the organic ligands
(see Figure 3 and Supporting Information, Figure 4S).

The unit cell parameters, determined from a profile matching
of powder neutron diffraction patterns, are in good agreement
with those parameters determined by the single-crystal diffrac-
tion employing X-ray and neutron measurements.
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Figure 3. Mesh plot of [Mn;(suc),(ina),], compound collected at D1B in the temperature range of 2—25 K, showing the increase of intensity at T
(ca. 5.5 K) because of the occurrence of magnetic order (left). Mesh plot of [Mn;(suc),(ina),],, compound collected at D1B in the temperature range of
2—300 K for two selected reflections, showing the regularity of the nuclear phase as a function of the temperature (right). The slight displacement of the
nuclear reflections is due to cell parameter contraction (dashed lines are drawn to guide the eyes).
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To determine the possible magnetic structures compatible
with the symmetry of the crystal structure of [Mn;(suc),(ina), ],
we have used the representational analysis techniques described
by Bertaut."

The propagation vector group Gy (little group) coincides with
the space group P1. The two 1-dimensional irreducible repre-
sentations (irreps) of the group Gy, I'; and I';, and a set of basis
vectors for each irrep are trivial, and we verified the calculations
using the program BASIREPS (included in the FullProf Suite).""
The irreducible representations and basis vectors are shown in
Table 1. The magnetic representation I'y; for each magnetic site
[Wyckoff position 1f for Mn(1) and 2i for Mn(2)] can be
decomposed as direct sum of irreps by applying the great
orthogonality theorem. Each irrep I'; and I, appears 3 times
for the site 2i whereas for the site 1f only I'; is present

rlf = 3F1 (1)

rzi - 3r1 @ 3F2 (2)

Table 1. Irreducible Representations (irreps) I' of the Little
Group G, = P1*

irreps E =l
T, 1 1
I, 1 —1
basis vectors %)z == =%

I, Mn(1)  {(100), (010), (001)}

Mn(2i)  {(100), (010), (001)}  {(100), (010), (001)}
I, Mn(1f)  {(100), (010), (001)}
Mn(2))  {(100), (010), (001)}  {(—100), (0—10), (00—1)}

? Basis vectors of the 2 irreducible representations for the sites Mn(1f) =
0.5, 0, 0.5 and Mn(2i) = 0.2970, 0.4535, 0.4938.

Irrep I'; is related with an independent ferromagnetic config-
uration of spins at site 1f and 2i whereas I', represents an
antiferromagnetic order for the 2i site. The symmetry analysis
cannot give information about the phase existing between both
magnetic sublattices.

The magnetic moment for site 1fis obtained from the basis
vectors as m¢= (u,v,w) and the magnetic moments of the two
sublattices of site 2i as m,; (1) = (p, q,r) and m,; (2) = (p, q, 1)
for irrep I'; and as my; (1) = (p, q, r) and my; (2) = (—p, —q, —1)
for irrep I',. In both cases there are six degrees of freedom
(u, v, w, p, q, r) for the magnetic structure. The Shubnikov
group corresponding to I'; is P1 and that corresponding to
I',is PT.

If we consider that both sublattices are ordered, the magnetic
structure can only be described by irrep I';. This is because I'; is
not contained in I'y; If the site 2i was ordered according to I’
necessarily the site 1f would be disordered or the center of
symmetry would disappear by a symmetry breaking to PI.
The relative orientation of the magnetic moments of the
sites 2i and 1fis not fixed by symmetry and should be determined
by refining the neutron diffraction patterns. The general
result will correspond to a noncollinear structure if m;y is not
parallel to my;.

The multipattern magnetic refinements at 2 K were carried out
with the powder neutron diffraction pattern collected at D20
diffractometer, operated in a medium resolution configuration,
combined with 77 low Bragg angle reflections collected at the
same temperature on D15. The solid line in Figure 4, left
represents the calculated fit for the best refinements (3> = 9.56
and Rg= 5.34% for D20 and Rg = 3.56% for D15) of the
diffractograms taken at 2 K in D20 and corresponding with the
first model explained above. The Figure 4, right represents the
observed and calculated squared structure factors obtained from
the D15 measurement.

The magnetic moments of the Mn(II) ions determined by the
refinement of the D20—D1S5 data at 2 K are Mn(1f) =4.1(2) up
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Figure 4. Neutron diffraction patterns collected at 2 K at D20 (left) and observed vs calculated square structure factors plot collected at D15 (right).
The data refinement with the irreducible representations I'; gives rise to the following agreement factors %% = 9.56 and Ry = 5.34% for D20 and

R = 3.56% for D18.
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and Mn(2i) = 3.9(1) ug and are listed in Table 2. The spin
moment of the Mn(1f) atoms is pointing nearly to a vertex of the
octahedral environment corresponding with Mn(1)—O(6)
bond. It deserves to be noted that Mn(1f) atoms show a slightly
distorted octahedral environment, while the Mn(2i) environ-
ment is far from being a perfect octahedron. The magnetic
moment of Mn(2i) is nearly contained in a distorted equatorial
plane, built up from the carboxylate oxygen atoms [O(3), O(S),
0(4)“ and O(5)" with (c) = —x, 3 — y, 1 — z][see Figure 5].
The uncompensated ferrimagnetic moment (i) of the Mn(II)
sublattices, calculated as vector sum of the magnetic moments
obtained from the neutron measurement at 2K, is 4.78 ug (see
Figure Sc). This value is similar to that observed at the saturation
value, with 50000 Oe applied field, in the magnetization versus
magnetic field isotherms at 2K (ca. 5.2 up obtained for three
Mn(1I)). Comparing the theoretical value of 5.00 ug (for Mn(1I)
ion § = 5/2 and Landé factor g = 2.00) with that obtained in our

Table 2. Magnetic Moment Components Determined for
Each Mn(II) Site”

M, M, M, Miotal
Mn(1f) 3.7(2) 0.2(4) 1.5(2) 4.1(2)
Mn(2i) —3.3(2) —1.3(3) 0.8(2) 3.9(1)

“The components (in up) are given with respect to the unit vectors

along a, b and c.

experiment, we observe an about 18% and 22% of reduction, for
Mn(1f) and Mn(2i), respectively. These reductions of magnetic
moment could be interpreted as a result of the geometrical
distortion present in this system (larger in the case of 2i sites)
which could induce some magnetic anisotropy or because of
covalent delocalization of the magnetic moment along the non-
magnetic ligands surrounding each Mn(1I) ion."” It deserves to be
noted that the present neutron diffraction experiments give only
information about the magnetic moment resident on the Mn(II)
sites and not out of them.

l DISCUSSION

From a magnetic point of view a topological exchange
coupling model can be sketched taking into account the different
bridges present in [Mnj(suc),(ina),],. Six different exchange
couplings between manganese ions can be drawn. The principal
ones are those two within the inorganic chain J; between Mn(1f)
and Mn(2i) and ], between Mn(2i) ions (see Figure Sa). Two
different Mn---Mn interchain interactons J; from Mn-
(2i)+ - *Mn(1)* [with (d) = =1 + &, 1 + y, z] and J, from
Mn(2i) -+ - Mn(2i)° are also present with a distance of 6.170(2)
and 4.292(2) A, respectively, giving rise to a layer motif extended
along the ab-plane. The last interactions J5 and J4 are through the
skeleton of the ina ligand from Mn(1f)- - -Mn(2i)* and Mn-
(2i)++ +Mn(2i)* [with (a) = x, y, —1 + z ], with the shorter
interlayer distances of about 9.4 A, and producing the final 3D

Figure S. (a) View along the b-axis of a fragment of the crystal structure together with the magnetic moment of each Mn(1I) site. (b) Perspective view
along the c-axis of the inorganic layer together with the magnetic moment of each magnetic site. For clarity only the carboxylate groups of suc and ina
ligands have been drawn in (a) and (b). (c) Perspective view of [Mn;(suc),(ina),], compound together with a vector representing the total magnetic
moment (dark red) as result of the magnetic coupling between different Mn(II) atoms. The total magnetization per molecular unit is calculated as M =
(mys+ 2my;) ~ (=29, —2.4, 3.1). The hydrogen atoms of the suc and ina ligands have been omitted for clarity. The different exchange couplings
mentioned in the text (J,—Js) have been represented as black sticks for a better understanding of the text.
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motif. An interpretation of the magnetic properties as a function
of the different bridges present in the crystal structure can be
derived from the magnetic model obtained from neutron diffrac-
tion. The schematic magnetic interactions within the chain
present the alternating sequence F-AF-AF-F (with F and AF as
ferromagnetic and antiferromagnetic interactions, respectively),
F between Mn(2i) ions (J,) and AF between Mn(1f) and Mn(2i)
ions (J;). The AF coupling between Mn(1f) - - - Mn(2i) involves
three different bridges; one y-oxo with an angle of 113.5(1)°,
which is predicted to be AF,"> and two syn-syn carboxylate
bridges, that would cause an AF coupling, as supported by a
large number of magneto-structural studies.'* Nevertheless, the
presence of different bridges can add or counterbalance their
effects. This problem was treated by Nishida et al."> and McKee
et al.'® These two situations are referred to as orbital comple-
mentarity and counter-complementarity, respectively. On the
other hand, the coupling between Mn(2i) ions through the
double y-oxo bridges has been characterized as ferromagnetic.
The superexchange angle Mn(2i)—O(S5)—Mn(2i) is 103.6(6)°
and the distance between two adjacent Mn(2i) is 3.5303(13) A.

The interchain coupling through 1,3-carboxylate bridges
promotes the parallel spin configuration when this bridge acts
in anti-syn manner (J;) [Mn(2{)-OCO-Mn(2i)] while it pro-
motes antiparallel spin configuration when acting in anti-anti
conformation (J3) [Mn(1f)-OCO-Mn(2i)]. The interlayer cou-
pling, through the ina li%ands, is expected to promote a weak AF
interaction (J5 and Jg)."” The possibility of a two-dimensional
ordering was discarded based on the neutron diffraction mea-
surements below the order temperature.

The 3D magnetic ordering could come from the competition
between the covalent bridge exchange interaction, which could be
enhanced by a possible spin delocalization,'* and the dipolar
interaction between the adjacent lazers separated by ina ligands
over a distance of about 9.4 A.'® The dipolar interaction is
proportional to R, R being the distance between the magnetic
centers, while the covalent bridge exchange interaction through
bonds is expected to be negligible as it follows a R~ '° dependence.'®
If the moments are large enough, the dipolar interaction could
become more important in the molecular magnet at a large distance,
and although it might be rather weak, it may be strong enough to
induce 3D magnetic ordering like this which has been observed
previously in clusters,* chains,”' and layers.lgf22

The above neutron diffraction results, therefore, confirm the
3D magnetic structure which shows a regular staking in an AA
sequence and the fact that ferrimagnetic behavior is promoted by
noncompensation of the magnetic moment of the different
magnetic ions present in the crystal.

Bl CONCLUSION

In this work we have refined the crystal structure of
[Mn;(suc),(ina),], compound from neutron diffraction data
at 25 K. It shows slight differences in the ligand conformation
compared with those data obtained with X-ray at RT and has
allowed the localization of hydrogen atoms. The 25 K structural
model has been used as starting point for the refinement of the
magnetic structure. On the basis of a symmetry analysis, only the
I'; irreducible representation is possible for the magnetic order-
ing. This representation is that effectively found for both sites
simultaneously. It fits very well the experimental data. The
magnetic interactions give rise to a noncollinear ferrimagnetic
structure. The ferrimagnetic behavior is the result of a competition

between the different exchange coupling interactions, principally
the intrachain ones. The 3D magnetic ordering might come from
the competition between the covalent bridge exchange interac-
tion and the dipolar interaction between inorganic layers sepa-
rated by ina ligands.

The difference of magnetic moment determined for each
Mn(Il) site compared with those observed in the pure ionic
configuration can be due to a combination of geometrical
distortion and/or strong covalence effects.
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© Supporting Information. Further details are given in
Table 1S and Figures 1S—4S. This material is available free of
charge via the Internet at http://pubs.acs.org.
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