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ABSTRACT: A new highly anisotropic coordination hetero-
bimetallic polymer [Mn"!(Schiff-base)];[Re’V(CN),] was
synthesized and characterized structurally and magnetically.
The single crystal X-ray analysis has revealed that this is the
first framework among the complexes composed of homoleptic
cyanometallate and Mn'™ complex of the tetradentate Schiff
base ligand. A formation of 3D assembly is possible due to
both the pentagonal bipyrimidal geometry of the cyanome-
tallate unit and suitable size of constituents: [Re(CN),]*~ and
[Mn"(acacen)]*, where acacen = N,N’-ethylenebis-
(acetylacetoneiminato). The powder and crystal magnetic
studies show that the compound undergoes an antiferromag-
netic ordering of a complicated character below Neel
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temperature of 13 K, and exhibits a metamagnetic behavior and strong magnetic anisotropy similar to those observed in
related 3D Mn"—[Mo(CN),]*" systems. Unusual magnetic properties of [Mn'"(acacen)];[Re'"(CN),] (1) originate from an
interplay of Re—Mn anisotropic spin coupling and ZFS effect of Mn' ions with a noncollinear orientation of the local magnetic
axes in the cyano-bridged 3D network. A theoretical model of anisotropic spin coupling between orbitally degenerate
[Re™(CN),]*" complexes and Mn™ ions is developed, and specific microscopic mechanisms of highly anisotropic spin coupling
in Re™—CN—Mn"" linkages in complex 1 are analyzed in detail.

B INTRODUCTION

A great deal of activity involving the magnetic properties of
transition metal polynuclear complexes has been observed in
the past two decades: fascinating results have been obtained
including spin crossover,' photomagnetism,® and single
molecule magnetism.> The field of molecular magnetism
(MM) has expanded into numerous new scientific and
technological areas related to nanomagnetism and medicine,
due to the perspective of using the above systems as
constituents in spintronics, in quantum computers,4
new theragnostic agents in medicine.’ Single molecular
magnetism, a significant domain of MM, covers the design
and study of well-isolated paramagnetic molecules or one-
dimensional polymers comprising magnetic tectons, named
single-molecule magnets (SMMs)® and single-chain magnets
(SCMs),” respectively. These systems can be blocked at low
temperature in a well-defined magnetic state due to high
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anisotropy barriers. A great challenge is to design SMMs and
SCMs with higher blocking temperatures (Tj). An important
strategy to achieve this goal is to increase the magnetic
anisotropy® that originates from both single-ion zero field
splitting (ZFS) anisotropy of high-spin magnetic centers having
S > 1 and anisotropic pair-spin coupling. Magnetic anisotropy
of SMMs based on 3d metal ions is normally associated with
the ZFS energy of individual high-spin magnetic centers. Since
ZFS is only a second-order effect with respect to spin—orbit
coupling (SOC), it generally leads to a small magnetic
anisotropy.” Larger magnetic anisotropy could be obtained by
using magnetic centers with unquenched orbital momentum
(first-order effect), such as lanthanide ions and orbitally
degenerate transition metal ions. In recent years, lanthanide-
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based SMMs and SCMs have attracted considerable
interest.'°~"? Very strong single-ion magnetic anisotropy and
large magnetic momentum of lanthanide (Ln) ions are very
efficient in increasing the molecular magnetic anisotropy of spin
clusters and spin chains. Some of the lanthanide SMMs exhibit
unusually high spin-reversal barriers and blocking temper-
ature.'’ Recently it has been shown that the N, radical bridge
can strongly couple two anisotropic Ln ions (Dy" and Tb™)
resulting in small dinuclear lanthanide SMMs with a record
blocking temperature.'> However, Ln ions have a disadvantage
of very weak spin coupling with other spin carriers due to
extremely localized character of 4f electrons.'®”'* From this
viewpoint, the use of orbitally degenerate 4d and 5d complexes
with unquenched orbital momentum provides an attractive
alternative way in engineering of exchange-coupled 8polynuclear
complexes with slow relaxation of magnetization. WhOlt It s
important to point out that in these systems the origin of
magnetic anisotropy is distinct from that in SMMs based on
high-spin 3d ions since the low-spin (S = '/,) 4d or 5d
magnetic centers have no ZFS effect requiring S > '/,. This
means that the overall magnetic anisotropy originates largely
from anisotropic pair-spin coupling rather than from single-
center ZFS effect. High energy and diffuse 4d and 5d magnetic
orbitals provide stronger exchange coupling to nei§hboring ions
required for high T,. Theoretical expectations, Wb recently
confirmed by experimental studies,"*”'® predict that orbitally
degenerate cyanometallates of 4d (Mo™, Ru™) and 5d (Re",
Os™) are the most promising systems to obtain effective and
highly anisotropic magnetic exchange interactions between spin
carriers in molecular clusters.

In the past few years a series of SMMs and SCMs'®™*" based
on some of these highly anisotropic complex ions were
synthesized and studied. Among them, SMMs based on
orbitally degenerate [Re'(CN),]*~ and [Mo™(CN),]*"
pentagonal bipyramidal complexes are of particular interest,
namely, a pentanuclear cross-like [(PY5Me,),MnRe(CN),]*
complex (Re™Mn'",)'"* and a linear trinuclear [Mn(Lysy.)-
(H,0)],[MoCN),]-6H,0 complex (Mn"—Mo™-Mn" or
MoMn,)."® Despite the absence of single-ion ZFS anisotropy
on the Mn", Re", and Mo™ metal ions, these compounds
exhibit a distinct SMM behavior with high values of energy
barrier, largest among cyano-bridged SMMs, 33 and 40.5 cm™!
for ReMn, and in MoMn,, respectively. Moreover, SMM
characteristics of a small (only trinuclear) MoMn, cluster with a
small ground-state spin S = °/, (Ug = 40.5 cm™" and T}, = 3.2
K) are the same as those of the well-known Mn;,Ac cluster
(Ut =4S cm™ and T}, = 3 K) with 12 magnetic ions and S =
10 ground-state spin.'® These findings evidence the efficiency
of orbitally degenerate 4d and 5d building blocks in designing
high-temperature SMMs. In addition, two SMM compounds
involving [Ru™(CN)¢]*~ and [Os™(CN)4]*>~ orbitally degen-
erate complexes with formula (NEt,)[Mn,(5-Brsalen),-
(MeOH), M(CN),] display slow magnetization relaxation;
they are part of a family of cyanide-bridged trinuclear
clusters.”'*™* All of these molecular clusters include Schiff
base (SB) complexes of anisotropic 3d metal ion, Mn", a
binuclear homometallic compound of the last possessing itself a
SMM behavior.”* Combination of two different types of
anisotropic complexes has proven to be a successful approach
for the design of SMMs*'*~® and SCMs.>'8

In this Article we have intended to extend this synthetic
approach by incorporation of magnetically anisotropic, orbitally
degenerate [Mo"™(CN),]*" and [Re"(CN),]*" anions as

metalloligands for [Mn"'SB]* cations with the aim to obtain
new heterobimetallic low-dimensional materials with high
magnetic anisotropy. However, if during the synthesis of
heterobimetallic compounds comprising Mo™ and Mn", a
reduction® of [Mo(CN),]*~ by Mn" ion was not observed;
then, in the case of rhenium the same reactions led to a 3D
framework [fac-Mn(H,0);][cis-Mn(H,0),][Re(CN),]-
3H,0%* in which the cyanometallate had spontaneously
reduced to a diamagnetic species [Re'(CN),]*". Moreover,
the oxidation properties of [Re(CN),]*~ have to be considered
when a complex of Mn" with pentacoordinated polypyridyl
ligands is used as a partner.'”* Thus, we propose the use of
Mn™ complexes to enhance the stability of the final bimetallic
compounds and to avoid a reduction process of Re'. In
consideration of all forenamed features, the complex of SB,
N,N’-ethylenebis(acetylacetoneimine) (H,acacen),
[Mn™(acacen)]*, was chosen as a partner for [Re(CN),]*~
(see Scheme 1). It is worth noting that, by a combination of
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[Mn(acacen)]* with an iron cyanometallate, a row of
heterobimetallic coordination compounds of different dimen-
sionality (0D, 1D, and 2D) were obtained earlier, just varying
the solvents and heating regirne.25 Unfortunately, all our
attempts to obtain molecular or chain Re—Mn complexes
failed, since, despite all synthetic condition variations, a neutral
framework, [Mn(acacen)];[Re(CN),] (1), was the only
crystalline product. This compound is remarkable since it is a
unique 3D coordination polymer among the Mn''SB
complexes linked by homoleptic cyanometallates.

In this Article, we present the synthesis, crystal structure, and
a magnetic study of both on powder and a single crystal of
compound 1. Some theoretical insight into the origin of
magnetic anisotropy of 1 is also provided. We demonstrate that
its unusual magnetic behavior results from a complicated
interplay of Re—Mn anisotropic spin coupling and ZFS effect of
Mn" ions with a noncollinear orientation of the local magnetic
axes in the 3D cyano-bridged network. A theoretical model of
anisotropic spin coupling between orbitally degenerate
[Re™(CN),]*>~ complexes and attached Mn™ ions is developed,
and specific microscopic mechanisms of highly anisotropic spin
coupling in Re™—CN—Mn"" linkages in 1 are analyzed in
detail.

B EXPERIMENTAL SECTION

Materials. All chemicals and solvents employed for the syntheses
were of analytical grade and used as received without further
purification. (Bu,N);[Re(CN),]** and [Mn(acacen)Cl]* were
synthesized according to literature procedures. Hyacacen was obtained
by direct condensation of the molecular components.

Synthesis of [Mn(acacen)];[Re(CN),], 1. A solution of (Bu,N);-
[Re(CN),] (45.6 mg, 0.0416 mmol) in 1.5 mL of methanol was added
to a solution of [Mn(acacen)Cl] (39.5 mg, 0.1248 mmol) in 1.5 mL of
CH;0H. The black polycrystalline material was formed after reducing
the reaction mixture volume up to 1 mL by heating. The solid was
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Figure 1. Unit cell of 1 projected on the bc plane. The apical axes of [Re(CN),]*~ complexes (slightly distorted pentagonal bipyramids) are mainly
oriented along the b axis, suggesting that b is the easy magnetic axis (see in the text).

separated by filtration, washed with 2 mL of CH,Cl, 2 mL of 2-
propanol, and twice by 1 mL of ether, and dried in air. Yield 42.5 mg
(90%). Anal. Caled (%) for C,;Hg,MnsN;;O04Re (M =1200.01 g/
mol): C, 42.99; H, 4.53; N, 15.17. Found: C, 43.07; H, 4.48; N, 15.21.
FT-IR bands (KBr, cm™): v(C=N) 2128s, 2090.5s, 2045sh, v(C=
N) 1597, v(C—OPhenolic) 1516.

Physical Measurements. The Fourier transform infrared spectra
were recorded in the range 4000—370 cm™' on a Scimitar FTS 2000
IR spectrophotometer with solid KBr pellets. C, H, and N
microanalyses were carried out with a Euro-Vector 3000 elemental
analyzer. Magnetic susceptibility data for bulk powder sample (17.0S
mg) in Teflon homemade sample holder were collected over a 2—300
K temperature range using a MPMS SQUID magnetometer. The raw
data were corrected for the sample holder and for the diamagnetic
contributions of the constituents by using diamagnetic corrections and
Pascal’s constants.>”

Low-temperature (below 2 K) magnetic measurements and ac
susceptibility were performed on a powder and single crystal sample of
1 with SQUID magnetometers equipped with dilution refrigerators
developed at the Institut Néel-CNRS, France.

Crystallographic Data Collection and Structure Refinement.
Diffraction data for 1 were collected on a Bruker X8Apex CCD
diffractometer with Mo Ka radiation (4 = 0.710 73 A) using 7 and @
scans of narrow (0.5°) frames. Data collection, frame integration, and
data processing were performed with the use of the APEX2 and
SAINT program packages.zm3 The absorption correction (¢ = 3.309
mm™') was applied on the basis of the intensities of equivalent
reflections with the use of the SADABS program.”®"
solved by direct methods and refined anisotropically (except for the
hydrogens atoms) by the full-matrix least-squares method using the
SHELX-97 program package.”®* Hydrogen atoms were refined in

The structure was

geometrically calculated positions. Single crystals of 1 were obtained
by slow diffusion of Et,O in CH,Cl, solution, C4;3Hs,Mn;N 304Re,
crystal size 0.73 X 0.12 X 0.03 mm?® (dark plate), monoclinic, space
group P2,/n, a = 10.6492(3) A, b = 21.8027(5) A, ¢ = 41.839(1) A,
=92.570(1)°, V= 9704.5(4) A% d_, = 1.643 g/cm® R1 = 0.0564, wR2
=0.0996 Z = 8, T = 150 K. Powder diffraction investigations were
performed at room temperature using an Expert-Pro powder
diffractometer with Cu Ko radiation.

B RESULTS

Synthesis of [Mn(acacen)];[Re(CN);], 1. Heating of the
methanol solution containing a Schiff base complex [Mn-
(acacen)Cl] and n-tetrabutylammonium heptacyanorhenate-
(IV) results in a precipitation of the polycrystalline 3D
coordination framework 1. In its IR spectrum (Figure S1 in
the Supporting Information (SI)) a very strong vcy band
composed of two partially resolved peaks with frequencies of
2128, 2090.8 cm™" and a shoulder at 2045 cm™" appear for 1,
differing substantially from 2114 and 2073.5 cm™" characteristic
for (n-Bu,N);[Re(CN),].** Note that the lower frequency
peaks are close to 2097 and 2031 cm™, the values found for
those in [(PY Me,),Mn,Re(CN),] (PF,S)SJOHZO,WEl pentanu-
clear molecule containing four bridging and three terminal CN™~
groups. The presence of a third higher frequency peak can be
explained by less symmetric arrangement of bridging cyano
groups around the rhenium center compared to those in Re—
Mn pentanuclear molecule.'*All attempts to obtain low-
dimensional heterobimetallic coordination compounds failed
despite a variation of ingredient proportions, solvents, and
reaction conditions. In contrast to a combination of [Mn-
(acacen)]™ with [Fe(CN);NOJ]*" recently described,” in all
cases the rectangular dark crystals of 1 were obtained, the
highest yield being achieved with the Mn:Re ratio of 3:1.

Crystal Structure. The X-ray crystal structure of 1 revealed
a three-dimensional, charge-neutral network composed of
[Mn(acacen)]" cations and [Re(CN)7]3_ anions (Figures 1
and 2), a crystallographically independent unit containing six
manganese and two rhenium centers. Each Mn®* ion has a
distorted octahedral environment composed of two O and two
N atoms of one tetradentate acacen® ligand in equatorial plane,
and two N atoms of CN bridges from [Re(CN),]*” ions in
axial positions. The Mn—O and Mn—Ngj distances are in the
range 1.891(4)—1.915(4) A (average 1.904(8) A) and
1.955(5)—1.987(5) A (average 1.974(9) A) correspondingly.
The Mn—N¢y distances being in the range 2.297(5)—2.388(5)
A are typical for Jahn—Teller distorted Mn™ complexes. Each
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Figure 2. Schematic presentation of the 3D network with distorted
cubic topology in 1.

Re ion coordinates seven C atoms of CN ligands in a distorted
pentagonal bipyramid. In fact, [Re(CN),]*” is much less
distorted than its isoelectronic counterpart, [Mo(CN),]*~.*
The Re—C distances are in the range 2.061(5)—2.144(5) A,
average 2.106(19) A, comparable to those observed for
(Bu,N);[Re(CN),]** (2.064(10)-2.123(11) A). Six CN
ligands of [Re(CN),]*” ion connect to six [Mn(acacen)]"
units forming a 3D network with distorted cubic topology
(Figure 2). It should be noted that such framework
organization of 1 is a unique example of 3D coordination
heterobimetallic polymer constructed from a [Mn'"'SB]*
complex and a homoleptic cyanometallate. It could be
explained by a combination of the compactness of the
[Mn(acacen)]" ion in contrast with manganese(IH) complexes
of salen-type ligands, and a larger size of the 5d metal cyanide
complex comparatively with 3d metal cyanides as well as
elongated Mn—N¢y distances due to Jahn—Teller distortion. It
is also probable that pentagonal bipyramidal arrangement of the
metalloligand [Re(CN),]*" is favorable for the formation of 3D
polymer; in any case there are not published examples of
related bimetallic compounds based on octahedral cyanome-
tallates.

For further interpretation of the magnetic properties it is
important to note that a powder XRD spectrum corresponds
perfectly to one calculated from SCXRD data, Supporting
Information Figure S2. Practically all single crystals of 1 have
the same form (rectangular plate, see Supporting Information
Figure S3).

Magnetic Properties of Powder Sample. In this section
we report experimental magnetic data of 1 followed by minor
preliminary comments. More detailed discussion of magnetic
behavior is provided below, after a theoretical section, in which
highly anisotropic spin coupling between Re™ and Mn™ ions is
analyzed in terms of a microscopic model. The high-
temperature dc susceptibility of a powder sample was measured
in an applied field of 5 kOe, shown in Figure 3 as yT versus T
and 1/y versus T plots. At 300 K, the observed yT value 9.5S is
very close to 9.51 cm® K mol™ exgected for three Mn™ (S =2)
and one Re" (S =1/, g= 2.33)2 noninteracting spin carriers.
Starting from room temperature, yT at first decreases slightly,
and reaches a shallow minimum of 9 cm® K mol™ at 80 K
(Figure 3, down inset). This behavior of yT is characteristic of
antiferromagnetic interactions between the Mn'" and Re" jons;
the origin of a minimum is discussed below more quantitatively
in terms of a theoretical model. The analysis of the 1/y versus T
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Figure 3. Temperature dependence of yT (black, solid line guides for
eyes) and y ' (blue) for 1 at H = 5 kOe.

curve shows that, from 300 to 100 K, y obeys a Curie—Weiss
law with ® = —9.8 K and C = 9.86 cm’® K mol™" (Figure 3,
upper inset), confirming the antiferromagnetic character of
exchange couplings in this compound. Below 50 K, yT
increases and finally reaches a sharp maximum at 13 K
suggesting a magnetic phase transition in a 3D network. A
similar behavior has earlier been observed in related Mn"—
[Mo"(CN),] frameworks, containing the isoelectronic pentag-
onal bipyramidal [Mo™(CN),]* unit.*** Even if such a
behavior is reminiscent of that of ferromagnetic compounds,
the underlying reason is much more complicated and will be
discussed later.

The ac susceptibility of the sample taken in a field of 1 Oe for
various frequencies in the vicinity of the maximum is shown in
Figure 4. There is no frequency dependence in the ac data. In
addition, the imaginary part of the susceptibility y” is very
small, and shows only a small onset like anomaly just at the
peak in y’. This behavior suggests a sharp phase transition at 13
K. The dc susceptibility taken in a field of 100 Oe is also shown
in the figure. The value of susceptibility is very large at the
maximum, but no spontaneous moment was detected below

% | emu/mol

Figure 4. Direct current susceptibility M/H taken in a field of 100 Oe
and the real and imaginary part of the ac susceptibility taken in a field
of 1 Oe at 0.57, 5.7, and 57 Hz vs temperature for a powder sample.
There is almost no dispersion in y, and the imaginary part shows only
a very small onset like anomaly at the peak, indicating the presence of
a phase transition.
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the transition since the initial slope of the M versus H curves is
not constant below the peak in the susceptibility as would be
expected for a ferromagnetic transition. In fact the slope
decreases as can be seen in Figure 5. Thus, we can rule out a
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Figure S. M vs H at various constant temperatures near Ty measured
on a powder sample. The behavior of M below 13 K is reminiscent of a
metamagnetic transition from an antiferromagnetic state to a polarized
state.

ferromagnetic transition. Supporting Information Figure S4
indicates that at 2 K a metamagnetic transition occurs in the
field about 5 kOe. This behavior appears at temperatures below
the maximum in susceptibility shown in Figure 4, as evidenced
by M versus H curves measured at various constant
temperatures in Figure 5. These results indicate that the
maximum of susceptibility can be identified as the Néel
temperature Ty= 13 K, below which the system exhibits a
metamagnetic behavior with some field-induced magnetic
transitions.

Notwithstanding the lack of ferromagnetic order, hysteresis
was observed at low temperatures measured on a powder
sample at 200 mK, Figure 6. The blue data points are the initial

T=200mK

M/uy

-8
H/T

Figure 6. Hysteresis cycle measured on a powder sample at 200 mK.
The blue data points are the initial magnetization from the zero field
cooled state.

magnetization curve after first zero field cooling the sample
from above the transition temperature. As can be seen, the
magnetization jumps, or avalanches when the field reaches a
critical value near 1.3 T. Another smaller jump occurs near 2 T
(20 kOe), and the hysteresis is closed only when the field is
greater than 4 T (40 kOe). The full hysteresis cycle shows a
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very large coercive field of approximately 1 T or 10 kOe,
attesting to a very large anisotropy in this sample. Furthermore,
the sample does not saturate at 200 mK even in fields up to 8 T
(80 kOe), and exhibits a linear dependence at high field which
is typical for strongly anisotropic systems. The maximum value
of M obtained is approximately 8.8 yy far from the theoretical
expectation (13 pyp for ferromagnetic coupling between the
Mn" and Re' ions, and 11 py for antiferromagnetic coupling).
Note also that, at H = 0, the magnetization does not reach l,
of the saturation value, as might be expected for a powder
sample with a simple uniaxial anisotropy, but is significantly
smaller, approximately 3.6 yp. This could imply that the spins
are canted.

In summary, this powder study shows that in 1 there is an
antiferromagnetic ordering occurring at a Néel temperature of
13 K. In addition, a strong anisotropy is present, and the
analysis of the M versus H curves indicates that the ordered
magnetic structure may be canted. This suggests a complicated
magnetic structure, which is analyzed in more detail later in
terms of a competition between Re—Mn anisotropic anti-
ferromagnetic spin coupling and single-ion magnetic anisotropy
of Mn" ions in a low-symmetry bimetallic 3D network of 1
(see the Discussion section).

Magnetic Properties of a Single Crystal. In order to get
insight into the expected anisotropic behavior of the material, a
preliminary study was performed on a single crystal. All crystals
of 1 have a form of rectangular plate with a long dimension
perpendicular to the (100) plane and corresponding to the ¢
axis, the medium dimension along b axis (L(010) plane), and
the shortest dimension along a axis perpendicular to the surface
of the plate (001), see Supporting Information Figure S3. For
the measurements we have chosen the largest crystal of mass
0.000 07 + 0.000 03 g with dimensions approximately 1 X 0.7
X 0.03 mm® thick along the three crystallographic directions.
Unfortunately due to the large uncertainties in measuring of the
sample mass (related to difficulties gluing the sample on a small
Cu holder), we present the data in arbitrary units, and focus on
the relative measurements between the different directions of
the crystal.

In Figure 7 we present a plot of the dc susceptibility,
measured along the three principle directions of the crystal.

20 | i B

M/H /arbitrary units

15
T/K

25

Figure 7. M vs H measured along the three different crystallographic
directions. The red indicates b direction 1(010), and the field was 100
Oe. The green curve along with a axis L(001) was measured in a 500
Oe field, and the blue shows c axis 1(100) plane direction measured in
a 1000 Oe field.
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The easy magnetization axis is along the b direction (L010),
and the susceptibility is more than an order of magnitude larger
than along the other two directions. In Figure 8 we show
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Figure 8. Hysteresis loops measured along the 010 axis (red) and
along the 100 axis (green) and the initial magnetization along the 100
axis (blue). The data were taken at 160 mK.

hysteresis loops measured at 160 mK along b (1010) and ¢
(L100) directions, as well the initial magnetization curve for
the ¢ direction. For the initial magnetization curve two fields
may be identified with changes in the magnetization at 4 and 6
T, which are rather large. On the other hand, for the b (L010)
direction, a sharp jump in the magnetization occurs at 1 T. The
easy axis of magnetization, b, corresponds to the preferable
orientation of the apical axes of the pentagonal bipyramids of
[Re(CN),]*" (Figures 1 and 2), while the second direction is in
the equatorial plane (a or c), Supporting Information Figure
S3a. Note that, even along the easy axis, the magnetization still
has not saturated at 8 T (80 kOe) and 160 mK, indicating that

the spins are not perfectly aligned along this direction, and
provide further evidence that they may be canting.

In summary, the magnetic study shows that 1 undergoes an
antiferromagnetic ordering of a complicated character below
Néel temperature of 13 K. This system exhibits a metamagnetic
behavior and strong magnetic anisotropy similar to those
observed in related 3D polymer Mn"—[Mo(CN),]* systems.
Below we show that these unusual magnetic properties are due
to an extremely sophisticated interplay of anisotropic spin
coupling of Mn"™—CN—Re" linkages and single-ion ZFS
anisotropy of [Mn"SB]* complexes in the 3D network of 1.

Bl THEORY

Analysis of Anisotropic Spin Coupling of Re—CN—Mn
Linkages in 1. In this section we develop a microscopic theory
describing anisotropic spin coupling between orbitally degen-
erate [Re'(CN),]*>~ complexes and high-spin Mn" ions in
cyano-bridged 3D network of 1. We provide a theoretical
insight into the origin of anisotropic spin coupling in Re—CN—
Mn linkages with real (distorted) structure of 1 (Figures 1 and
2). As has been previously shown in terms of the superexchange
theory for the isoelectronic [Mo™(CN),]*~ complex with
idealized pentagonal bipyramidal structure, anisotropic spin
coupling between [Mo™(CN),]*~ and high-spin Mn" ions (S =
%/,) connected via cyano groups is described by a pure Ising-
type spin Hamiltonian — ],S5;,S5;, for the apical Mo™—CN—
Mn'" pairs and by —J,,(SiaShio + SKinShio) — JoSimShor @ uniaxial
anisotropic spin coupling for the equatorial pairs.*> Herein we
show that for the regular (Ds; symmetry) or slightly distorted
pentagonal bipyramidal structure of the [Re(CN),]*” unit the
spin coupling in low-symmetry (bent and distorted) Re—CN—
Mn fragmentes in 1 (both apical and equatorial) is also
described by — J.,(S\Ske + SkinSke) — JoSimSker an uniaxial
anisotropic spin Hamiltonian, irrespective of the actual local
symmetry of linked [Mn™SB]* ions. This implies that the
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Figure 9. Orbital splitting energy & and SOC energy of the ground orbital doublet >®(L = +1) of pentagonal-pyramidal [Re(CN),]*>" units for Rel
and Re2 sites in 1. In the regular pentagonal symmetry (Dg;,) of [Re(CN),]*7, the ground orbital doublet *®(L = +1) is strictly degenerate.
Distortions split the 2@ (L = +1) doublet into two orbital components by the energy 6. SOC of Re (with (.= 2400 cm™) further splits the orbital
doublet *®(L = +1) into two magnetically anisotropic Kramers doublets, the ground ¢(+'/,) and excited y(+'/,) Kramers doublet; calculated
anisotropic g-tensor components of the Rel and Re2 sites are indicated. The & is much smaller than the spin—orbit splitting energy (see Supporting
Information for detail). This implies that the ground-state orbital momentum of Rel and Re2 sites remains unquenched. Selected Re—C distances

(in A) and bonds angles of distorted [Re(CN),]*" anions are indicated.
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symmetry lowering of the Re—CN—Mn groups does not
destroy the uniaxial symmetry of the spin Hamiltonian as long
as the [Re(CN),]*>~ pentagonal bipyramid remains undistorted
or slightly distorted. Then we perform numerical microscopic
calculations of anisotropic exchange parameters J, and J,, for all
Re—CN—Mn linkages in the real low-symmetry structure of 1
in terms of a many-electron superexchange theory.
Electronic Structure of [Re(CN),]*". First we outline the
electronic structure and single-center magnetic characteristics
of the orbitally degenerate [Re(CN),]*” units in 1 (Figure 9).
For a Re" ion in the regular pentagonal-bipyramidal (Ds;)
polyhedron, the ground state is orbitally degenerate: when
spin—orbit coupling is neglected, the ground energy level is
represented by a low-spin orbital doublet *®, = *®(L= +1),
whose two =+ components correspond to the M; = =+l
projection of the unquenched orbital momentum L on the
polar z-axis of the [Re(CN),]*~ bipyramid. These components
are described by the degenerate ground electronic config-
urations (d,;)*(d_;)" and (d_,)*(d,;)" involving complex d
orbitals d,; = (d,, + id,)//2 with definite values of the
projection of L (m; = £1) on the z axis of the pentagonal
bipyramid. Alternatively, they can also be described as two real
components represented by the configurations (dxz)z(dyz)1 and
(d,.)*(d,,)". SOC of Re" splits the orbital doublet *®, into the
ground @(+'/,) and excited y(+'/,) Kramers doublets. Two
components of the ground Kramers doublet ¢(+'/,) are well-
described by the electronic configurations (d,;)*(d_;)1 and
(d_)*(d,);* admixture of excited 5d* ligand-field (LF) states
is very small due to a very large energy gap between the ground
state @, and first excited LF state (around 20000 cm™', as
estimated from LF calculations). The ground Kramers doublet
@(£'/,) has a highly anisotropic Ising-like g-tensor (such as g,

= 3.66 and g, = g, =1. 59)** and exhibits strongly anisotropic
spin coupling with Mn™ ions bounded via CN™ groups (see
below).

For a slightly distorted [Re(CN),]*” bipyramid, as is the case
in 1, this situation changes insignificantly: the orbital
momentum of [Re(CN),]*~ remains unquenched, and the
ground-state wave functions are nearly the same as those in the
regular Dg;, polyhedron as long as the splitting energy of *®, is
much less than the spin—orbit splitting energy ~2400 cm™'
(see Supporting Information for more detail). Therefore, the
use of the idealized Dy, geometry of [Re(CN),]*” is a good
model approach in theoretical analysis of anisotropic spin
coupling in compound 1.

Origin of Strong Exchange Anisotropy in Re—CN—Mn
Pairs. A Microscopy Theory. In order to elucidate in detail
the origin of strong exchange anisotropy in bent Re—CN—Mn
exchange-coupled pairs involving the orbitally degenerate
[Re(CN),]*" complex, we first neglect SOC of the Re" center.
This allows us to relate anisotropic exchange parameters J,, and
J. associated with the ground Kramers doublet ¢(+'/,) with
the orbital exchange parameters J; and ]2 associated with two
individual orbital components *®,, and (D of the orbitally
degenerate ground state *®_ of [Re(CN) 1*~. With zero SOC
for 5d electrons, the true total spin Sy, = '/, of [Re(CN),]?
decoupled with the unquenched orbital momentum L
(represented by two projections M; = =1 on the polar z-axis
of the [Re(CN),]*” bipyramid), so the spin Sy, = '/, becomes
a good quantum number. In this case, the exchange spin
Hamiltonian ~Fdescribes isotropic orbitally dependent spin
coupling between the *®, orbital doublet of Re'" and the spin

Sy = 2 of the Mn™ center. In the general case, it can be written
as

ﬁ =A+ RsResMn (1)

where S, and Sy, are spin operators of Re and Mn; A and R
are, respectively, spin independent and spin dependent orbital
operators acting on the orbital variables only. In the basis set of
two wave functions of the orbital doublet *®, the A and R
orbital operators are written as a 2 X 2 matrix

(All AIZ) ]11 ]12
A= andR =
AZl A22 ]21 ]22 (2)

For the undistorted or slightly distorted [Re(CN),]*~
polyhedron, the R matrix can be always reduced to a diagonal
form by a canonical transformation of two wave functions *®,
and *@_ corresponding to a rotation of the coordinate frame
(xyz) around the z-axis by certain angle . Omitting the spin-
independent operator A (which has no influence on further
calculations) we obtain

A= b O Sp.S
- 0 ]2 Re“Mn (3)

where the orbital exchange parameters ], and ], refer,
respectlvely, to the real wave functions *®,, = ( (d)!
and ‘O, (d.)*(d,.)! (more detailed calculations and
comments are presented in Supporting Information).

Then, the SOC on Re! is switched on, and the effective spin
Hamiltonian H,g describing amsotroplc spin coupling between
the ground Kramers doublet @(+'/,) (corresponding to a
fiction spin Sg.(eff) = '/,) is obtained by projection of the
Hamiltonian in eq 3 onto the space of wave functions Im, Mg) =
@(m) X 1Sy, M), where m = +'/, is a projection of Sg.(eff) on
the polar z-axis of the bipyramid, IS, M) is the wave function
of Mn™ with the spin projection M, and X stands for
antisymmetrized product. The effective spin Hamiltonian H,g is
obtained in first-order perturbation theory by equating the
matrix elements of H. and RSp.Sy, in the space of wave
functions Im ,M), (m, MdH.gm', M{') = (m, MRSy Syl
My'). In terms of the Re and Mn spin operators, this set of
matrix elements corresponds to a spin Hamiltonian

I:Ieff = _ny(sf\c/[nsl:e + Sl\y/[nsl{e) - ]Zslf/lnslie (4)

where J, = (J; + ,)/2, ], = (Jy = J,)/2, and IJ}| > I],]; note that
J. and ], have the same sign. This spin Hamiltonian exhibits
several interesting features. Importantly, H always has an
uniaxial symmetry with the anisotropy z-axis parallel to the
polar axis of the [Re(CN),]*" anion, regardless of the C—N—
Mn bending angle and specific orientation of the connected
Mn™ center with respect to the central [Re(CN),]*” unit,
Figures 10—13. Note that this feature is a general property of
undistorted orbitally degenerate [Re(CN),]*” complex origi-
nating exclusively from the Dg;, symmetry and transformational
properties of wave functions of the ground orbital doublet,
regardless of the specific microscopic mechanism of Re—Mn
anisotropic spin coupling.

The relation between the J, and J,, anisotropic exchange
parameters in eq 4is different for the apical and equatorial
positions of bound [Mn™acacen]® units. For the apical
positions both orbital exchange parameters are antiferromag-
netic, J; < 0 and J, < 0; thus, according to the relations J, = (J; +
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Figure 10. Calculated variation of exchange parameters vs the bending
angle 180° — 0 for the apical Re—CN—Mn pair: (a) variation of orbital
parameters J; and J, in the orbitally dependent spin Hamiltonian in eq
3, (b) variation of anisotropic exchange parameters J,, J.y in the spin
Hamiltonian in eq 4. Spin quantization axes ¥, y, and z are indicated.
The MnN,O, polyhedron (tetragonally elongated octahedron, D,
symmetry; for simplicity, the difference between O and N atoms in
MnN,O, is not shown) rotates as a whole in the vertical zx plane
around marked nitrogen atom. With the increasing bending angle,
both the anisotropic exchange parameters J,, J,, increase, but the
difference J, — J,, remains nearly constant.

J,)/2 and J,, = (J; — J,)/2, we have a z-character (Ising-like) of
the exchange anisotropy, J, < 0, J, < 0, and I > I],,| (because |
Ji + Jol > IJ;— J,! for the same sign of the exchange parameters
Ji and J,). Pure Ising-type —J,Si.Sis, occurs only for a linear
apical Re—CN—Mn pair, where J;= J, is due to axial symmetry
condition for the apical pair (Figure 9), just as obtained from
earlier microscopic calculations for Mo™'—CN—Mn" pairs in
terms of the superexchange theory.®® Thus, any symmetry
lowering of the apical Re—CN—Mn groups results only in the
appearance of the transverse component J,, in eq 4, but does
not destroy the uniaxial symmetry of the anisotropic spin
Hamiltonian in eq 4.

For the equatorial positions J; is antiferromagnetic (J; < 0),
but J, is weakly ferromagnetic (J, > 0) due to orthogonality of
the dez(Re) magnetic orbital with respect to all 3d(Mn)
orbitals; thus for equatorial Re—CN—Mn fragments we have an
xy-character of the anisotropic spin coupling (eq 4) with IJ,| < |
]xyl. In the next section the anisotropic exchange parameters are
analyzed in much more detail in terms of numerical
superexchange calculations.

Calculation of Anisotropic Exchange Parameters. With
this theoretical background, we now evaluate anisotropic
exchange parameters J, and J,, for the Re—CN—Mn
exchange-coupled pairs in 1. We analyze the dependence of
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Figure 11. Exchange parameters vs bending angle 180° — 6
dependence, calculated for the equatorial Re—CN—Mn pair: (a)
variation of orbital exchange parameters J, and J,, parameter ], is
weakly ferromagnetic and nearly constant; (b) variation of anisotropic
exchange parameters ], and J,,. Spin quantization axes x, y, and z are
indicated. The MnN,O, polyhedron rotates as a whole in the vertical
zx plane around marked nitrogen atom. In contrast to the apical pair,
magnetic anisotropy has a xy-character, IJ,| > ITl, though the whole
spin coupling is nearly isotropic.

the J, and J,, parameters on the C—N—Mn bonding angle for
the apical and equatorial Re—CN—Mn pairs in terms of a
many-electron superexchange theory similar to that employed
for the analysis of anisotropic spin coupling between Yb™ and
Cr™ ions in a 4f—3d YbCrBr,®~ dimer.” Details of these
superexchange calculations are reported in Supporting
Information.

Using this approach, we analyze variation of the orbital (]},
J») and anisotropic (J,, J,,) exchange parameters with the
increasing bending of the C—N—Mn unit for the apical and
equatorial Re—CN—Mn pairs. In these calculations, we use an
idealized (symmetrized) structure of [Re(CN),]*” and [Mn-
(acacen)]” units: [Re(CN),]*>” is regarded as a regular
pentagonal bipyramid (D), while the coordination polyhe-
dron of the Jahn—Teller (JT) Mn™ ion corresponds to a
tetragonally elongated MnN,O, octahedron (D, symmetry)
with two apical distances Mn—N = 2.33 A and with four
equatorial distances Mn—N = 1.92 A (Figures 10—12); these
distances approximately correspond to average atomic distances
in 12 nonequivalent Re—CN—Mn pairs in the crystal structure
of 1 (Table 1, Figures 1 and 13).

Calculated variation of the J; and ], parameters in the
isotropic orbitally dependent spin Hamiltonian in eq 3 and ],
J.y parameters in eq 4 [which are related by J, = (J, + J,)/2 and
Jiw = (i = J»)/2] is summarized graphically in Figures 10—12.

These calculations show that anisotropy of the spin coupling
in Re''(CN),* -based molecular magnets is very sensitive to
distortions in the Re—CN—Mn groups. Importantly, variation
of the exchange parameters has a different character for the
apical and equatorial pairs. For the apical pairs pure Ising-type
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weakly ferromagnetic and is nearly constant; (b) variation of
anisotropic exchange parameters J, and J,,. Spin quantization axes x,
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the horizontal xy plane around marked nitrogen atom. Magnetic
anisotropy has a xy-character, IJ,,| > ]|, with small antiferromagnetic
exchange parameters.

exchange anisotropy (J, < 0 and J,, = 0) occurs only for a
strictly linear Re—CN—Mn group (6 = 180°, Figure 10), as has
previously been predicted.* In this case, the antiferromagnetic
parameter J, is rather small (J, ~ —6 cm™', Figure 10b). Note
that J, is always antiferromagnetic since J;, < 0 and ], < 0
(Figure 10a). With the increasing bending angle (180° — 0) in
the polar Re—CN—Mn pair, the absolute value of the J; orbital
parameter rapidly increases (to ~ —45 cm™ at 180° — 6 ~ 35°,
Figure 10a) because of opening of a new superexchange
pathway of mixed oz-type due to nonorthogonality of 5d,,(Re)

(w-type) and 3d,(Mn) (o-type) magnetic orbitals. In contrast,
], orbital parameter remains nearly constant (], &% —6 cm™). As
result, the absolute value of J, and J,, anisotropic exchange
parameters rapidly increases, but the relative degree of the
exchange anisotropy drops (ie., J./ Ty & 1); note that both J,
and J,, are antiferromagnetic, IJ,| > I],,|, and the difference I], —
J.,) is nearly constant (Figure 10b).

In the equatorial pairs, variation of exchange parameters with
the polar bending angle (180° — 6) has a similar character to
that for the apical pair except that the J, orbital parameters is
now slightly ferromagnetic (J, ~ +1 cm™") due to orthogonality
between the deZ(Re) orbital and all 3d(Mn) magnetic orbitals,
Figure 11.

As a result, from equations J, = (J; + J,)/2 and J,, = (J; —
]5)/2, we have a nearly isotropic spin coupling J, ~ Jy with a
small anisotropic component of xy-character (i.e., IJ, | <1],)). In
addition, our calculations indicate that azimuthal bending of
equatorial Re—CN—Mn pairs (180° — @) has a small influence
on the exchange parameters, Figure 12.

With these results, we estimate anisotropic exchange
parameters ], and ], for all 12 nonequivalent Re—CN—Mn
pairs in the crystal structure of 1, Table 1. Because in the
equatorial pairs exchange parameters depend not only on the
absolute value of the C—N—Mn bonding angle but also on its
polar 6 and azimuthal ¢ components (along the z-axis and in
the xy plane of [Re(CN),]*", respectively, Figures 11 and 12),
we have estimated the @ and ¢ angles from the geometry
analysis (Table 1). Using these angles in the idealized geometry
of Re—CN—Mn bridging units, we obtain ], and J,, from
superexchange calculations (see Supporting Information for
more detail).

These theoretical results show that there is an extremely
complicated interplay of anisotropic spin coupling between
apical and equatorial Re—CN—Mn pairs in the framework of 1.
Although in all pairs the anisotropic spin Hamiltonian H,q =
_]xy(silln ﬁe + S)/Mns{{e) - ]z IZ\/InSf{e alwaYS has a uniaxial
symmetry with the anisotropy z axis parallel to the polar axis
of the [Re(CN),]*~ bipyramid, anisotropic exchange parame-
ters J, and J,, vary considerably from pair to pair. Exchange
anisotropy for the apical pairs shows a pronounced Ising-like
character (I], > IJ,]), while the spin coupling in equatorial pairs
is close to be isotropic (with a small xy-component).

Figure 13. Local structure of 12 nonequivalent Re—CN—Mn exchange-coupled pairs in 1. The C—N—Mn bonding angles are indicated; for each
equatorial pair, the polar (6, parallel to the polar z-axis of Re(CN),, Figures 10 and 11) and azimuthal (¢, in the equatorial xy plane, Figure 12)
components of the C—N—Mn bonding angle are obtained from the geometry analysis. Selected atomic distances and 8 and ¢ angles are presented in

Table 1.
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Table 1. Geometry Parameters of 12 Nonequivalent Re—CN—Mn Pairs in the Crystal Structure of 1 (Figure 13) and Calculated

Anisotropic Exchange Parameters J, and T

Re—CN—Mn pair atomic distances, A

C—N—Mn bonding angles and their

components, deg exchange params, cm ™

Re center Mn center Re-C C-N N—Mn Z5CcNMn (7 @ J. Iy
Rel Mnl 2.132 1.124 2.334 157.2 157.2 —18.6 —-12.9
Rel Mn2 2.092 1.174 2.336 152.9 1529 -23.1 -17.5
Rel Mn3 2.110 1.156 2.336 150.0 169.1 1532 —4.8 -5.8
Rel Mn4 2.097 1.158 2.342 156.1 156.7 173.0 -16.0 -17.4
Rel MnS 2.110 1.147 2.333 151.5 152.0 172.0 —19.3 —20.6
Rel Mné6 2.110 1.149 2.377 151.9 167.5 154.3 -6.2 =72
Re2 MnlA 2.145 1.109 2.387 163.6 163.6 —13.0 -6.9
Re2 Mn2A 2.062 1.193 2.297 161.6 161.6 —18.5 —-8.5
Re2 Mn3A 2.114 1.153 2.373 1514 159.0 159.2 —13.5 —14.7
Re2 Mn4A 2.102 1.152 2.326 169.5 172.0 173.0 —4.0 -5.0
Re2 MnSA 2.103 1.150 2.310 150.7 1529 169.0 —18.6 —-20.0
Re2 Mn6A 2.111 1.150 2.319 156.0 178.5 156.5 -2.8 =37

A zZllb

21.80 A

Mn"(acacen)

Mn" apical

Mn" equatorial

(b)

Figure 14. (a) Real low-symmetry structure of the Re—Mn bimetallic framework of 1 (C, N, and H atoms of acacen ligands are omitted for clarity);
crystallographic axes a, b, ¢ are shown. The polar axes of [Re(CN),]>” bipyramids are preferably oriented along the crystallographic b axis. (b)
Idealized (symmetrized) structure of the Re—Mn framework. Apical and equatorial Mn™ ions are shown, and the orientation of the easy axis of the
ZFS tensors of apical and equatorial Mn™ ions is indicated in double brown arrows. The pentagonal axis z of [Re(CN),]*” is parallel to the

crystallographic b axis.

B DISCUSSION

Now we can discuss in more detail the origin of anisotropic
magnetic behavior of 1. There are two internal sources of the
overall magnetic anisotropy of 1: anisotropic spin coupling of
apical Re—CN—Mn linkages (Figure 13 and Table 1) and
single-center ZFS anisotropy of [Mn"acacen]* complexes in
the bimetallic framework (Figures 1 and 14a). Note that
magnetic anisotropy of individual [Re(CN),]*>~ low-spin
complexes manifests only in the anisotropy of the ground-
state g-tensor, g, = 3.66 and g, = g, =1.59,”* but not in the ZFS
energy, which is absent for the spin Sy, = '/,. Our calculations
indicate that the anisotropy of Re—Mn spin coupling and ZFS
anisotropy of Mn'" are comparable in magnitude. Spin coupling
anisotropy is approximately estimated from the I, — ]|
difference, that ranges between 1 and 10 cm™" (Table 1), while
the ZFS anisotropy |DIS?;, equals typically to 10—15 cm™ for
square planar [Mn™SB]* complexes;” therefore, their interplay
may be the underlying cause of the anisotropic metamagnetic
behavior of 1. However, the microscopic mechanism of
magnetic anisotropy in a low-symmetry 3D framework of 1 is
extremely complicated due to the presence of numerous
inequivalent Re—CN—Mn linkages with essentially different

10226

anisotropic exchange parameters (Table 1) and noncollinear
orientation of the local magnetic axes of Mn™(acacen)
complexes (Figure 14). Obviously, for such a system it is
very hard to provide quantitative simulation of the magnetic
behavior with a conventional parametric spin Hamiltonian
approach, especially below the Néel temperature Ty.

In this situation, we focus on a more qualitative data analysis.
Fist we discuss possible magnetic structure of 1 below Ty. On
the basis of the experimental magnetic data and results of our
microscopic calculations indicating antiferromagnetic spin
coupling between all Re' and Mn™ ions (Table 1), we can
suggest a ferrimagnetic-type ordering in the 3D bimetallic
framework with alternating antiparallel Sy, = '/, and Sy, = 2
spins (Figure 15). It is important to note that there are two
distinct types of Mn' ions involved, respectively, in the apical
and equatorial Re—CN—Mn groups (Figure 14). Their
magnetic moments may differ considerably in the amplitude
and orientation due to different characters of the local
anisotropic magnetic interactions.

In the 3D framework of 1, each Mn" ion is magnetically
coupled with two neighboring Re"" ions and undergoes single-
ion ZFS splitting (Figure 14). Notably, the spin coupling
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Figure 15. Supposed ferrimagnetic-type ordering in 1 below Ty in
idealized structure.

anisotropy and ZFS anisotropy act differently for the apical and
equatorial Mn"" ions. For the apical Mn™" ions, the Sy, = 2 spin
is coupled with two Sy, = '/, spins anisotropically with an Ising-
type spin Hamiltonian (J, > Jip see Table 1, ions Mnl, Mn2,
MnlA, and Mn2A) that tends to align spins parallel to the local
pentagonal axes of [Re(CN),]*” complexes. These axes are
approximately parallel to the b axis (Figure 14a); in the
idealized (symmetrized) structure of the framework, all
pentagonal axes are strictly parallel to the common polar axis
z (2llb, Figure 14b). The easy axis of the Sy;,DSy;, ZFS tensor
of the apical Mn'" ions is also oriented along the z axis.
Therefore, for the apical Mn"" ions both the anisotropic spin
coupling and ZFS anisotropy favor for the alignment of the
magnetic moment along the z axis with a maximum value of 4
Hp. In the case of the antiferromagetic type of ordering,
magnetic moment of Re" ions should be parallel to the easy b
axis and antiparallel to Sy, spins (Figure 15).

On the other hand, for the equatorial Mn"" ions the situation
changes considerably since here the effective exchange
molecular field of two Re' ions acts mainly on the z-
component of the Sy, spin, —(S&.) (J; + J,)Siw, while the ZFS
easy axis is orthogonal to the z axis (Figure 14b). As a result,
the molecular field and ZFS anisotropy compete with each
other resulting in a reduction of the z-component (M,) of the
Mn" magnetic momentum. This effect can be simulated in
terms of a simple mean-field model for a Re—Mn—Re fragment
in the equatorial plane (Figure 16). The effective mean-field
spin Hamiltonian for the isolated spin S = 2 of equatorial Mn""
ions can be written as

_<Sl§e>(]1 + ]Z)Slf/ln + sMnDsMn (5)

where (S§.) is an average projection of the Sg, spin on the z axis
and ]| and J, are exchange parameters of the two Re—Mn pairs
(Figure 16); here we assume isotropic spin coupling for the
equatorial pairs (ie, J, = J,, = J; or J,) neglecting a small
anisotropy component (see Figure 13 and Table 1). Assuming
(Sge) = ="/, and D = —4.0 cm™, E = 0 ZFS parameters for
Mn'", we evaluate the variation of the M, component of the
magnetic moment of the equatorial Mn"" ion as a function of J;
+ J,, Figure 16.

Effective mean-field spin Hamiltonian
for the equatorial Mn" ion

'_<Slz{e >(J1 +‘]2)S1f/1n +SMnDSMn‘

zZllb
MZ | v
Re" M > Re
J J2 3 .
>
SMnDSMn
4,0
3,54
3,04
2,5
@
a3
~ 204
N
=
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1,0 4
0,5
0'0 T T T T T T T T T
0 5 10 15 20 25 30 35 40
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Figure 16. Effective mean-field spin Hamiltonian and calculated
dependence of the M, component for the magnetic momentum of the
equatorial Mn™ ion on the sum J; + J, of the equatorial exchange
parameters. The easy axis of the ZES tensor Sy, DSy, of Mn™ (shown
in brown double arrow) is orthogonal to the orientation of the Sg, spin
along the polar z axis. Here M, is the projection of the Mn"™ magnetic
moment on the polar axis z (zllb, Figure 14b).

These results elucidate why the magnetic moment of Mn™

ions in 1 is not perfectly oriented along the easy b axis; this is
mainly due to perpendicular orientation of the easy axis of the
ZFS tensor of equatorial Mn' ions with respect to the b axis
(Figure 14). This effect is especially pronounced at small
exchange parameters in the equatorial plane: for instance, M, ~
2atl]; +J,1 =10 cm™ (Figure 16). In this respect, Table 1
demonstrates that several equatoriall Re—CN—Mn groups
exhibit small exchange parameters, IJ I~ 5 cm™ or less.
Therefore, the total magnetic moment of 1 along the easy b axis
may be considerably smaller than the saturation value (11
for the antiferromagnetic ordering and 13 up for the
ferromagnetic one), such as —1 pp (Re) + 4 p (Mng,.) + 2
X 2 py (Mnggy,) = 7 pp. Qualitatively, this accounts for the fact
that below Ty magnetization of 1 is not saturated in a strong
magnetic field at low temperature, 8.8 yy at 200 mK and 8 kOe
(Figure 6). It is also noteworthy that, in the real low-symmetry
structure of the 3D network, the Sy, and Sy spins are
seemingly canted due to alternating tilts of the local polar axes
of [Re(CN),]*~ and [Mn(acacen)]" complexes with respect to
the crystallographic axes a, b, ¢ (Figure 14a).

According to this model, maximum magnetization and
magnetic susceptibility occur along the preferable orientation
of the pentagonal axes of [Re(CN),]*™ units, i.e., along the b
axis; this is consistent with experimental finding that that b is
the easy magnetic axis.

In the paramagnetic phase (T > Ty) magnetic properties can
approximately be treated in terms of a simplified cluster model
that takes into account all actual magnetic interactions in the
3D network in 1. For this purpose, a finite ReMn; cluster with
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one apical Re—CN—Mn group and two equatorial groups is
selected in the 3D crystal structure of 1 (Figure 17); the use of
this cluster reflects properly the stoichiometry of 1 and the
balance between the apical and equatorial Re—CN—Mn

linkages.
Mn" apical .

Mn" equatorial

Mn equit@

1 reV(cn)y~

ReMn; cluster

Figure 17. Structure of the ReMn; cluster used in simulation of the yT
curve for the paramagnetic phase.

To interpret the experimental magnetic properties at T > Ty,
we have diagonalized the anisotropic multispin Hamiltonian for
the ReMnj; cluster

A== 2 00(Sm0Sk + SineSt) + I S0t

i=1-3

+ 2 sMn(i)(T;'DiTi_l)sMn(i) + ppg,, H Z Shin(i)
i=1-3 i=1-3

+ ﬂB(gxsﬁeHx + gysl{eHy + gzslieHz) (6)

where the g, g, and g, are components of the anisotropic g-
tensor of [Re(CN),]>~ (fixed at the experimental value, g, =
3.66and g, =g, =1.59),* and D; is the ZES tensor for Mn™!(i)
ions (with three diagonal components E, —E, and D, fixed at
typical Mn"" ZFS parameters D = —4.0 cm™" and E = 0). Each
D; tensor is transformed by the T, rotation matrix (defined by
Euler rotation angles @, f, y) specifying the orientations of
these tensors in the ReMnj; cluster. The spin quantization z axis
is parallel to the polar pentagonal axis of the [Re(CN),]*"
bipyramid (Figure 17). More details of calculations are attached
in the Supporting Information.

With the largest exchange parameters obtained from
microscopic calculations for the apical Re—CN—Mn group (J,
= —18, J,, = —8 cm™") and equatorial groups (J, = =19, ], =
—20 cm™’, Table 1), a very reasonable agreement between the
experimental and simulated yT curves is observed above 30 K
(using D = —4.0 cm™, E = 0, and gy, = 2.03 for Mn""), Figure
18. In particular, a flat minimum in the T curve around 75 K is
well-reproduced. This minimum originates from a peculiar
pattern of the spin energy spectrum of ReMnj;. Indeed, uniaxial
anisotropic antiferromagnetic spin coupling of alternating Sg, =
'/, and Sy, = 2 spins tends to stabilize collective spin states
with large projection Mg on polar z axis of the Re site (Figure
19). In the middle energy range around 60 cm ™, there is a low
density of energy levels which are represented by spin states
with smaller Mg spin projection; again, the upper spin states
have large M projection (Figure 19). Therefore, at low
temperature preferable thermal population of low-lying spin
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T
© 10.5 4 °
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xR
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Figure 18. Comparison of the experimental yT curve (O) of 3D
compound 1 and the yT curve simulated for the isolated ReMn;
cluster (red line) above the Néel point Ty = 13 K. Calculations are
performed with J, = —18, J,, = =8 cm™" (for the apical Re—CN—Mn
pair), J, = =19, J,, = =20 cm™ (for the equatorial pairs), D = —4.0
cm™, E = 0 (ZFS parameters for Mn™ ions), g, = 3.66, and g, = g =
1.59 (for [Re(CN),]*7), and gy, = 2.03.

states with large M results in robust growth of the magnetic
susceptibility below 25 K, whereas subsequent thermal
population of next excited spin states results first in a flat
minimum at middle temperature and then to a steady increase
of ¥T at higher temperature (Figure 18).

Although this cluster approach cannot be applied to the
analysis of magnetic ordering below Ty due to absence of
extended cooperative magnetic interactions in a 3D network, it
provides a qualitatively reasonable estimate of the low-
temperature magnetization, namely 10.3 yp at 200 mK and 8
T, which is fairly comparable to the experimental value, 8.8 yiy
(Figure 6).

As was mentioned above, the magnetic properties of 1 are
reminiscent of those of Mn"—Mo"™ compounds, containing
[Mo™(CN),]*" unit,”* ™ a 4d electronic analogue of
[Re'(CN),]*>". The underlying reason is the same; i.e., strong
anisotropy of exchange interactions in orbitally degenerate
systems is manifesting in macroscopic magnetic phenomena
such as hysterisis loops, anisotropy of magnetization,
metamagnetic phase transitions, and so on. In the case of
[Mo™(CN),]*"—Mn" based compounds, strong magnetic
anisotropy originated solely from Mo™—Mn" anisotropic spin
coupling since the ZFS energy is very small for Mn" ions. One
more significant distinction can be seen in magnetic ordering
temperature of 50 or 72 K for K,[Mn"(H,0),];[Mo-
(CN),],>** that is significantly higher comparatively with 13
K for 1. Apart from the difference between 4d and Sd orbitals
and between the valence state of Mo™ and Rel, this is
seemingly related to very long apical Mn—NC distances in
Mn—NC—Re units in 1, ~2.337 A vs 2.18 A in the Mo
compound. This is due to the Jahn—Teller effect in
[Mn(acacen)]*. As described by J. R. Long for [L,Mn",Re-
(CN),]* molecular cluster,'”* the related Mn—NC bond
length is 2.169 A, also shorter than in 1. Long Mn"-NC
distances, despite the well-known anisotropy in Mn"" centers,
are less favorable to obtain high exchange parameters. This
explains why the ordering temperature in 1 is so low (13 K vs
50—72 K in Mo compounds)
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Figure 19. Calculated spin energy spectrum of the ReMn; cluster. Low density of energy levels in the middle range of the energy spectrum
(represented by spin states with a small M, spin projection) is responsible for a flat minimum in the T curve (see Figure 18).

B CONCLUSION AND PERSPECTIVES

The first heterobimetallic framework composed of homoleptic
cyanometallate and a complex of Mn™ ion and tetradentate
Schiff base ligand is prepared and characterized structurally and
magnetically. The [Mn" (acacen)];[Re'(CN),] complex is the
only example of 3D coordination polymer among the
assemblies of [Mn™(Schiff base)]™ and homoleptic cyanome-
tallates. Formation of the tridimensional framework is possible
probably due to a pentagonal bipyramidal geometry of the
rhenium metallo-ligand and suitable size of the constituents, as
well as owing to the essential elongation of the apical bond
distances in —CN—Mn""—NC linkages caused by the JT effect.
The powder and crystal magnetic studies show the compound
undergoes an antiferromagnetic ordering of a complicated
character below Néel temperature of 13 K, exhibiting a
metamagnetic behavior and strong magnetic anisotropy similar
to those observed in related 3D Mn"—[Mo™(CN),]*"
systems.”> These unusual magnetic properties of
[Mn"!(acacen)];[Re’(CN),] result from a complicated inter-
play of Re—Mn anisotropic spin coupling and ZFS effect of
Mn" ions with a noncollinear orientation of the local magnetic
axes in the cyano-bridged framework. A theoretical model of
anisotropic spin coupling between orbitally degenerate
[Re"(CN),]*~ complexes and Mn™ ions is developed, and
specific microscopic mechanisms of highly anisotropic spin
coupling in Re"V—CN—Mn" linkages in compound 1 are
analyzed in detail. These theoretical results are used in the
interpretation of anisotropic magnetic properties of 1 and its
metamagnetic behavior below the Néel temperature. Further
development of our synthetic approach is focused on obtaining
discrete clusters (0D) and chain polymers (1D) involving
[Re™(CN),]*~ and [Mn™SB]* complexes; this work is
underway.
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