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The Effect of Crystal Packing and Re" lons on the Magnetisation
Relaxation of [Mn.]-Based Molecular Magnets

José Martinez-Lillo,*™ Joan Cano,”™ Wolfgang Wernsdorfer,'” and Euan K. Brechin*®

/Abstract: The energy barrier to magnetisation relaxation in
single-molecule magnets (SMMs) proffers potential techno-
logical applications in high-density information storage and
quantum computation. Leading candidates amongst com-
plexes of 3d metals ions are the hexametallic family of com-
plexes of formula [MnsO,(R-sa0)s(X),(solvent),] (saoH, = salicy-
laldoxime; X=mono-anion; y=4-6; R=H, Me, Et, and Ph).
The recent synthesis of cationic [Mn][CIO,], family members,
in which the coordinating X ions were replaced with non-co-

ordinating anions, opened the gateway to constructing fami-
lies of novel [Mng] salts in which the identity and nature of
the charge balancing anions could be employed to alter the
physical properties of the complex. Herein we demonstrate
initial experiments to show that this is indeed possible. By
replacing the diamagnetic ClO,™ anions with the highly ani-
sotropic Re" ion in the form of [Re“Cl,]*", the energy barrier
to magnetisation relaxation is increased by up to 30%.

/

Introduction

In the multidisciplinary field of molecule-based magnetism, the
structural and magnetic properties of molecular magnets have
been thoroughly investigated for their fundamentally interest-
ing chemistry and physics that can potentially provide a gate-
way for the discovery of new physical phenomena and applica-
tion in a diverse array of technological applications."™® These
can include quantum information processing,!'>'? cryogenic
refrigeration””*'¥ and molecular spintronics.™ In molecules of
the 3d transition metal ions, slow relaxation of the magnetisa-
tion in single-molecule magnets (SMMs)—as evidenced
through temperature and sweep rate dependent hysteresis
loops in magnetisation versus field studies—originates from
a large-spin ground state (S) and a significant negative axial
zero-field splitting (zfs) of that ground state (D), with the
upper limit of the energy barrier (U) for the reorientation of
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the magnetisation vector given by S*|D| or (5>—1/4)| D| for in-
teger and half-integer S values, respectively.

In recent years, a large body of work has involved the use of
derivatised salicylaldoxime (R-saoH,)!"*?? and salicylamidoxime
(H,N-saoH,)*?" ligands in Mn" coordination chemistry. This
has led to the isolation of an extensive family of hexanuclear
Mn" SMMs, many of them possessing spin ground states as
large as S=12 and energy barriers to magnetisation reversal
and blocking temperatures that are the largest reported for
polynuclear transition-metal complexes.**! The solution
stable, magnetically tuneable [Mn;] building blocks from which
these hexamers are constructed are appealing candidates for
building novel molecule-based magnets, because nearest
neighbour magnetic exchange (J) is controlled by the twisting
of the Mn-N-O-Mn torsion angle, and this in turn is controlled
through simple organic chemistry through derivitisation of the
oxime ligand."s?"

Very recently, the first example of a cationic salicylamid-
oxime-based [Mng>" SMM of formula [Mng(us-0),(H,N-
5a0)¢(py)s(EtOH),][CIO,],-4EtOH possessing a S=12 ground
state, was reported.”*?” The preparation of this cationic
[Mng]** complex opens a plethora of new and appealing syn-
thetic routes that can be easily exploited to obtain advanced,
potentially multi-functional magnetic materials, since the iden-
tity and nature of the anion can be deliberately employed to
control, for example, solubility, reactivity, stability and substrate
specificity, but also because the cationic cluster produced can
be charged balanced through the incorporation of anions that
bring another physical property or functionality to the materi-
al, such as conductivity, luminescence or paramagnetism. In
this report we employ the Re" in the form of the [Re"Cl¢]*~
anion to generate [Mng][ReCl] salts.

The magnetic properties of hexachlororhenate(lV) salts have
been studied for decades.”®=% It is well-known that significant
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magnetic interactions between the paramagnetic Re" centres
(5d* ion) in hexachlororhenate(IV) salts of univalent, diamag-
netic cations®3" are transmitted through Re—Cl--Cl-Re inter-
molecular contacts,”3? or in some instances by Re—
Cl-+(H,0)-Cl—Re type pathways.®¥ The use of paramagnetic
counter cations has also provided new insights into the mag-
netic properties of this family of materials, with magnetostruc-
tural studies on hexachlororhenate(lV) salts of organic radi-
cals,®¥ ferrocenium®' and ruthenium(ll)®® cations revealing
the occurrence of fascinating magnetic phenomena, such as
spin canting.®® The use of cationic nanomagnets as counterca-
tions in hexachlororhenate(lV) salts has, however, never been
explored. Herein we report the effect of introducing the Re"
ion as [ReCl]*” into salicylamidoxime-based [Mny] systems
with the aim of inducing changes in the magnetisation relaxa-
tion dynamics. To that end, two compounds, of formula
[Mn"¢(u5-0),(H,N-sao)¢(py)s(H,0),1[Re"Clsl-4 py-4 CH;CN-4 H,0 (1)
and {IMNn"(u5-0),(H,N-sa0)¢(py)s(H,0),1IMn"(u;-0),(H,N-
sa0),(py)s(EtOH),1[Re" Clg],}-4 CH;CN-12H,0 (2), have been mag-
netostructurally studied. The two salts exhibit different crystal
packing, and display markedly different magnetic properties.

Results and Discussion
Description of the structures of 1 and 2

Compounds 1 and 2 are [Mng][ReClg] salts that crystallise in the
space groups P2/n and P1, respectively. Their structures consist
of the hexanuclear [Mng>" cations, mononuclear [ReCl¢]*~
anions and CH;CN (1 and 2), H,O (1 and 2) and pyridine (1)
solvent molecules of crystallisation, self-assembled through hy-
drogen-bonding interactions (Figure 1 and Figure S1 in the
Supporting Information).

Each Re" ion in 1 and 2 is six-coordinate and bonded to six
chlorides in a regular octahedral geometry. No significant dif-
ferences are seen in the Re—Cl bond lengths (the average
value being 2.335(1) A and 2.360(1) A in 1 and 2, respectively),
in agreement with those found in previously reported com-
pounds containing the [ReCl>” anion.F'>? Each cationic
[Mng(p5-0)5(H,N-sa0)s(py)s(L),]** [L=H,0 (1 and 2) and EtOH
(2)] complex contains two symmetry equivalent {Mns(u;-O)} tri-
angular moieties, which are linked by two phenolate and two
oximate oxygen atoms and are related by an inversion centre.
In the asymmetric unit of 2, two different {Mn;,(u;-O)} subunits
occur that generate two crystallographically independent
[Mngl** molecules (2a and 2b). Each edge of the triangle is
spanned by the -N-O- moiety of the oxime ligand, with the
central 0>~ ion displaced 0.078 (1), 0.074 (2a) and 0.067 A (2b)
above the plane of the {Mn,} triangle, towards the terminally
coordinated pyridine molecules. The hexametallic cores in
1 and 2 are therefore rather similar to their cationic oxime-
based [Mng][CIO,], relatives.”*?” The six Mn" ions exhibit dis-
torted octahedral geometries with their Jahn-Teller (JT) axes
approximately perpendicular to the {Mn;(u;-O)} planes (Fig-
ure 1a and Figure S1 in the Supporting Information). The re-
maining coordination site on the third Mn ion (and symmetry
equivalent) is occupied by one H,0 (1 and 2) or EtOH (2) mole-
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Figure 1. a) Perspective drawing of the [Mng(u;-0),(H,N-sa0)(py)s(H,0),1*
cation and the [ReCls]>~ anion of 1. b) and ¢) View of a fragment of the crys-
tal packing of 1 (b) and 2 (c) showing the relative arrangement of [Mng]*"
cations and [ReCl,]*~ anions and the shortest Cl--N distances (dashed lines).
H atoms and solvent molecules of crystallisation have been omitted for clari-
ty. Colour code: orange, Re; pink, Mn; green, Cl; red, O; blue, N; black, C.

cule. The Mn-N-O-Mn torsion angles of the [Mn";(u;-0)(H,N-
sao);] triangular units are 37.2, 28.2 and 22.4° for 1 and 39.2,
34.6 and 34.3° and 39.1, 32.6 and 27.0° for 2 (2a and 2b, re-
spectively).

In the crystal packing of 1 and 2, [Re"Cl]*" anions sit be-
tween neighbouring [Mn",J** cations and are hydrogen-
bonded to the -NH, groups on the salicylamidoxime ligands of
each (the shortest Cl--N distance being approximately 3.27 and
3.23 A in 1 and 2, respectively), linking them into chains (Fig-
ure Tb and 1c). The shortest intrachain Re"--Mn" distances
being 7.126(1) A (1) and 7.743(1) (2) A. Additionally, short
Cl-+-H—C contacts occur between [Re"Cl¢]*>~ anions and the aro-
matic rings of the pyridine molecules terminally ligated to the
Mn ions (range ca. 2.79-3.09 A), which generate 2D networks
(Figure 2a and Figure S2 in the Supporting Information). These
sheets are separated from each other with the closest C--C in-
teractions being of the order of 3.5 A (Figure S2 in the Sup-
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Figure 2. View of the crystal packing of a) 1 and b) 3 showing the similar arrangement of the paramagnetic [ReCls]*~ and diamagnetic ClO,™ anions as
a space-filling model along the ¢ (top) and a (bottom) axes. H atoms, solvent molecules of crystallisation, and 4-tert-butyl groups in 3 have been omitted for

clarity. Colour code: orange, Re; pink, Mn; green, Cl; red, O; blue, N; black, C.

porting Information). Some of the remaining -NH, groups are
also hydrogen-bonded to CH;CN (1 and 2), H,0 (1 and 2) and
pyridine (1) solvent molecules of crystallisation. It is important
to note here that crystal packing effects are very important in
this family of molecules, since intermolecular interactions are,
in part, responsible for the intramolecular geometries—particu-
larly the angles—within the [Mn¢] unit. These, in turn, are re-
sponsible for the molecular magnetic behaviour and this par-
ticular family shows high sensitivity to such changes, as defi-
nitely proved through detailed solution-based susceptibility
measurements.””

Magnetic properties and DFT of 1 and 2

Direct current (dc) susceptibility studies

The dc magnetic susceptibility measurements were carried out
on microcrystalline samples of 1 and 2 in the 5-300 K tempera-
ture range in an external magnetic field of 0.1 T. The yuT
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Figure 3. Thermal variation of the yuT product for 1 and 2. The solid lines
represent the best-fit of the experimental data for compounds 1 (o) and 2
(A). The dotted lines are theoretical curves generated through DFT calcula-
tions. See text for details.
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versus T plots are given in Figure 3, with compounds 1 and 2
displaying markedly different thermal dependencies. Values
of 18.8 and 20.1 cm®*mol~"K at room temperature for 1 and 2
are, respectively, lower and higher than that expected
(19.6 cm*mol~"K) for six Mn" ions (S=2, g=2.0) plus one Re"
ion (§=3/2, g=1.8), assuming no interaction between the
metal ions at this temperature (Figure 3). This is suggestive of
dominant antiferromagnetic exchange in 1, and dominant fer-
romagnetic exchange in 2. This is supported by the decrease
and increase of the y,T product when the samples are cooled
down for 1 and 2, respectively. For 1, the y,T product reaches
a low temperature value of 6.7 cm®*mol~'K. On the other hand,
xmT for 2 reaches a maximum followed by a plateau corre-
sponding to values of 28.4 and 27.9 cm®mol ™' K. However, the
maximum value is too low for what would be expected for
a system in which all local spins were aligned in a parallel fash-
ion, suggesting that antiferromagnetic exchange may be also
present—and this could potentially be intra and/or intermolec-
ular in nature.

Density functional theory (DFT) calculations were employed
to evaluate any possible magnetic exchange between the Re"
and Mn" ions in these systems. It is well-known that intermo-
lecular magnetic interactions between [ReCl]*~ anions can be
non-negligible because of the strong m spin delocalization
from the Re" ion onto the chlorine ions, mediating an interac-
tion between spin densities on neighbouring molecules.*?
However, in 1 and 2, the [ReCl,]*~ anions are well isolated from
each other and can only interact with the closer [Mng] moiet-
ies. As indicated above, there are Re"—Cl-+[Mn4] interactions
through Cl--H—N and Cl-+-H—C contacts that lead to the forma-
tion of chains and 2D networks, respectively (Figure 1b,c and
Figure S2 in the Supporting Information). In 2 there are more
intermolecular interactions leading to a more complex net-
work, hence we restrict discussion to complex 1, and extend
the derived conclusions to complex 2. Calculations were per-
formed on the cationic [Mn"(u;-0),(H,N-sa0)s(py)s(H,0),1*
species of 1, which is also present in compound 2 (Figure S1 in
the Supporting Information).

In 1, the first type of Re"—Cl-+[Mng] interaction, involving
three short Cl--H—C contacts between the [Re"Cl,J*~ anion and
the pyridine molecule terminally bonded to Mn(1) (Figure S3a
in the Supporting Information), can be directly correlated to
just one magnetic exchange between the Mn" and Re" ions
through this pathway, and a weak ferromagnetic exchange
Jremnny=1+03 cm™' was computed. However, through the
second type of Re"—Cl-~[Mng] interaction, which involves both
the pyridine molecule on Mn(3) (Cl--H—C contacts) and the
-NH, group from the salicylamidoxime molecule bonded to
Mn(2) (Cl--H—N contact; see Figure S3b in the Supporting Infor-
mation), two weak antiferromagnetic exchange interactions
are revealed, Jpepng=—0.07cm™" and Jgeynpy=—0.15cm™".
These weak exchange interactions contrast with those report-
ed between neighbouring [ReClJ*~ molecules,”'*¥ as expect-
ed, since spin delocalization from the Mn" ion to its peripheral
ligands is much poorer than that observed for the Re" ion
(Figure 4).
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Figure 4. View of the calculated spin density for the S=27/2 spin configura-
tion of the [Mng** and [ReCls]*~ couple in 1, highlighting the region in-
volved in the intermolecular magnetic interaction. The isodensity surface
corresponds to a cut-off value of 0.002 and 0.0004 e bohr~ for the inset.
Blue and yellow isosurfaces correspond to positive and negative regions of
spin density, respectively. The numerical values are the atomic spin densities
(in e) for the involved atoms. On the H atoms of the pyridine ligand bonded
to Mn, these are two orders less than those on the closer chlorine atoms.
Solvent molecules and peripheral atoms have been omitted for clarity.

Since the electronic effects of the [ReCl]>” anion on the
[Mngl** complex are weak, intramolecular Mn"-Mn" magnetic
exchange interactions were calculated on isolated [Mng**
complexes of 1 and 2, removing the [ReCl,J*~ anion. As indicat-
ed in the structure description, the [Mng** complexes are con-
structed from the stacking of two simple oxo-centred {Mn".}
triangular building blocks, coupled together to form the well-
known [Mn"] structure. The Mn" ions within these triangular
subunits are connected to each other by means of two ex-
change pathways, corresponding to the -N-O- moiety of the
oxime group along each edge of the triangle and an oxo
group (0% at the centre of the triangle. The three Mn" ions
are inequivalent by symmetry due to the presence of one co-
ordinated solvent molecule and one oxime or phenoxo oxygen
atom in the axial position of each Mn" ion. The lack of symme-
try ensures three different magnetic exchange interactions per
triangular subunit. Moreover, in both 1 and 2, the {Mn;} moiet-
ies are connected to each other through two oximic oxygen
atoms and two -N-O- oxime groups, generating two additional
magnetic exchange pathways (Figure S4 in the Supporting In-
formation).

It has been demonstrated that the broken-symmetry ap-
proach applied to calculations based on DFT can provide accu-
rate values of magnetic coupling constants.*®*" Thus, by em-
ploying an Heisenberg Hamiltonian of the form Fl:—Jﬁ,—f,— (see
Supporting Information and Figure S4), theoretical values of

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the five proposed magnetic exchange couplings can be ob-
tained for 1 and 2 (Table S1 in the Supporting Information). In
agreement with the observed experimental behaviour, these
results confirm the presence of dominant antiferro- and ferro-
magnetic exchange in 1 and 2, respectively. Their magnitude
and nature can be understood through consideration of perti-
nent structural features and the arrangement of the Jahn-
Teller (JT) axis of the Mn" ions, as described in the Supporting
Information. In summary, the ferromagnetic nature of Js is
a result of orthogonality between spin densities delocalized on
the magnetic pathways from the dz* orbital of the Mn" ions
(Figure S5 in the Supporting Information). In all other cases,
the magnetic exchange interactions behave according to a pre-
viously reported magneto-structural correlation with the Mn-N-
O-Mn (7) dihedral angle (Figure S6 in the Supporting Informa-
tion).*? The spin ground state and the energy and S momenta
of the first excited states evaluated from these exchange inter-
actions for 1, 2a and 2b are listed in Table S2 in the
Supporting Information. In each case, a different
ground state was found, but with the excited states
very close in energy, permitting a change of ground
state through small modifications of the magnitude
of J. Although the J;; values determine the spin
ground state of the {Mn;} subunits, they can only
impose a magnetic ground state on the [Mng*"
complex when ferromagnetic exchange is predomi-
nant in J, and J;. Otherwise, a singlet ground state
will always be found.

Given that the magnetic exchange between Mn
and Re" ions is relatively weak and should have little
significant influence on the yuT product in the ex-
plored temperature range, it could be assumed that
the [Mng*" and [ReClg]*” units are uncoupled. In
that sense, theoretical simulations from the so-ob-
tained J values were performed using fixed values of
g (Gun=2.0 and gg.=1.9), which are similar to those
found in the literature (dotted lines in
Figure 3).22%J |n 1 and 2, the agreement between
theoretical and experimental simulations is excellent.
For this reason, even though there are a large
number of independent parameters (g, J and D), ten-
tative fittings were performed (solid lines in
Figure 3), albeit with the caveat that caution should
be exercised and the numbers should be taken as
a guide only. Above 15K the influence on the yyT
product from the magnetic anisotropy of the Mn"
and Re" ions should not be significant, and can be
excluded. The y,T versus T curves can be reproduced
with the following parameters: gy,,=1.99, gg.=1.89,
J,=—03cm™, /L,=—44cm™", /,=—08cm™', J,=
—28cm™", Js=+45cm™’ and F=5.0x10"° for
1 and gy,=198, gp.=1.89, Jy=+27cm™", J,=+
20ecm™, L=+4+33cm™, J=-22cm™, J=+
29cm ' and F=14x10"° for 2, F being the agree-
ment factor defined as F=ZS[(uNexpn—mDeaical
2[(XMT)exptl]2' The obtained g and J values are similar
to those found previously by DFT calculations on

"1 em® mol™

"1 ecm® mol™
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[Mng] system ! Moreover, the g-factor values for Mn" and
Re" obtained from the fit fall into the typical range reported
for these metal ions. For 2, in which two cationic [Mn¢]** com-
plexes coexist (2a and 2b), the fit was performed considering
only one cationic entity (2a).

Alternating current (ac) susceptibility studies

The ac susceptibility measurements were performed on sam-
ples of 1 and 2 in the 2-10 K temperature range in zero ap-
plied dc field and a 3.5 G ac field oscillating at 50-1000 Hz.
1 and 2 exhibit out-of-phase ac signals in their . vs. T plots
(Figure 5), which are consistent with SMM behaviour. Indeed,
a clear frequency-dependent decrease of the y, maxima is ob-
served. These data were fitted to the Arrhenius equation [t=
7,exp(Ues/ksT), in which 7, is the pre-exponential factor, 7 is the
relaxation time, Uy is the energy barrier to the relaxation of

0.25 0.010 q
Uas=31K
7%=44x10°s
0.20 ®
~ 0.001
[ Y
0.15
0.000 Z v - v y
030 033 036 039 042 045
/ Aj ipd
0.10 ¥ ik
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—Cm—200 Hz
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=500 Hz
—%—750 Hz
—=—1000 Hz
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1.6 09103 Y =56 K
] 7%=23x10"s ¢
1.4 ] o //O
12 : 2 0.0010 O/
- ] [ Y /
] &
1.0 y
. OO
] 01 N —
0.8 - 0.20 0.22 0.23 0.25 0.27 0.28 0.30
TYK!
0.6
] =—O=50 Hz
4 —C— 200 Hz
0.4 - —+—400 Hz
] —o—500 Hz
0.2 44¢ ——T750 Hz
W4 ——1000 Hz

Figure 5. Out-of-phase ac susceptibility (y,) versus T plot for compounds 1 (top) and 2
(bottom). The insets show the Arrhenius best-fit plot. The ac susceptibility measurements
were performed in zero applied dc field and a 3.5 G ac oscillating field with temperature
and frequency ranges of 2-8 K and 50-1000 Hz, respectively.
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the magnetisation and kg is the Boltzmann constant] and plot-
ted in the insets of Figure 5. The obtained values for 7, and U
are 44x10°s and 31K for 1 and 23x107"°s and 56 K for 2,
which fall into the range for previously reported salicylamidox-
ime-based [Mny] complexes.”*?” The Uy value for 1 is higher
than that of the structurally analogous compound [Mn¢][CIO,],
(U=25 K), of formula [Mn4(u;-O),(H,N-sao)s(tpy)s(H,0),1(CIO,),
-2tpy-4H,0-2 EtOH (3) (tpy =4-tert-butylpyridine), which crystal-
lises in the same space group as 1, packs in a similar fashion
(see Figure 2 and Figure S7 in the Supporting Information) and
possesses a broadly similar range of Mn-N-O-Mn torsion angles
(37.2, 28.2 and 22.4° in 2 vs. 37.9, 31.8 and 17.9° in 3).*" The
same trend is observed when we compare the U value of 2
with that of the structurally analogous [Mng(u;-O),(H,N-
5a0)s(py)s(EtOH),][CIO,),-4EtOH (4) with U.4=40K, which also
packs in a similar fashion (see Figure S8 in the Supporting In-
formation) and possesses a similar range of Mn-N-O-Mn torsion
angles (39.2, 34.6 and 34.3° and 39.1, 32.6 and 27.0° in 2 vs.
42,0, 39.4 and 30.8° in 4). These results indicate that the
energy barrier to magnetisation reversal in the cationic [Mng]**
complexes has been increased (by approximately 20% in
1 and 30% in 2) simply through replacing the diamagnetic
ClO,” anion with the paramagnetic and anisotropic [Re"Cl¢]*~
anion.

The factors that govern this change in the relaxation dynam-
ics of these systems are, however, extremely difficult to extract,
since it is a many-body problem. One possible cause is simply
the occurrence of 2D or 3D magnetic networks built from the
intermolecular magnetic interactions, although the Jg.\y, mag-
netic exchange interactions are too weak to promote magnetic
order in the temperature range studied, as shown in the exper-
imental magnetic susceptibility. Structural changes in the [Mng]
cluster unit could also explain the increase in the Uy, but the
experimentally observed structural changes appear to be too
small to have such a dramatic effect. From a theoretical point
of view, it is possible to qualitatively study the origins of this
behaviour. In a previous DFT study on [Mn¢] complexes it was
shown that the energy barrier is similar in all S spin states of
a certain system.” This fact is also supported by the Wigner-
Eckardt theorem for systems with paramagnetic centres show-
ing parallel z-axis orientations for the anisotropy tensor, which
is indeed the case of [Mng], in which the Jahn-Teller (JT) axes
of the Mn" ions are quasi-parallel® Thus, the estimation of
the energy barrier to magnetisation relaxation from the D pa-
rameter can be performed on the ferromagnetic state (S=12
for Mng). For the [Mng?" complex in 1, the two different
[Mng** entities in 2, and the complex from the perchlorate
salt of 4, this leads to quasi-identical energy barriers in all
cases—the U value being 46.7, 46.4, 46.3 and 46.9 K, respec-
tively (Table S4 in the Supporting Information). Although other
energy barriers were found using different approaches to in-
clude the spin-orbit coupling, the four studied [Mn/J*" unities
always showed similar values (Table S4 in the Supporting Infor-
mation). Although structural changes in [Mng*" as a cause of
the large modification in the relaxation dynamics certainly
cannot be ruled out, it seems likely that the role of the
[Re"Cl,]*~ anion is non-innocent. Indeed, the calculation of the
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D and E/D parameters on 1, including the [Re“CI]* anion,
afford U4=63.8 K, an increase of ca. 27 % from that calculated
only for the [Mng]** entity (Table S4 in the Supporting Informa-
tion). This increase of the theoretically obtained U, value is
very close to that experimentally found (ca. 20 (1) and ca. 30%
(2)).

In order to probe this possibility further, micro-SQUID meas-
urements were performed on single crystals of 1 and 2 with
the field applied along the easy axis of magnetization in both
cases.* Hysteresis loops at varying temperatures and sweep
rates are shown in Figure 6, and Figures S9 and S10 in the Sup-

014 Tis

014 Tis

MiMs

pHIT

Figure 6. Magnetisation (M) (plotted as a fraction of the Ms maximum value)
versus applied field («,H) recorded on a single crystal of 1 (top) and 2
(bottom). The resulting loops are shown at different temperatures (0.04—
3.00 K).

porting Information, and suggest rather complex behaviour.
Compound 1 exhibits a fast relaxing tunnel transition at H=0,
which is not observed for 2, suggesting that the packing of
the molecules in the crystal of 1 exerts less influence on the
low temperature magnetic behaviour of the individual [Mng]
molecules than that in 2, consistent with the extended struc-
ture in the crystals of both. Indeed, significant intermolecular
interactions would be expected to produce an exchange-bias

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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effect which would shift the resonance away from zero-field—
as is clearly seen for 2. Such intermolecular effects include
both the influence of the solid state packing on the intramo-
lecular geometry of the [Mn¢]** cations (the changes in Mn-N-
O-Mn torsion angles are particulalry important for this class of
compound), and the intermolecular interactions between the
[Mng] molecules mediated by the Re" ions. Likely both effects
have some influence, and one could speculate that the domi-
nant effect in 1 relates to intramolecular geometries with the
influence of the Re ion more pertinent in 2, but deconvoluting
which is dominant and more important is rather difficult.

Conclusion

Reaction of Mn[NO;],-4H,0 with H,N-saoH, and pyridine in the
presence of [ReCl]*~ and NEt; in CH,CN results in the forma-
tion of dark green crystals of [Mn"¢(;-0),(H,N-sa0)¢(py)s(H,0),]
[Re"Clg]-4 py-4 CH;CN-4H,0 (1) and  {IMn"(u5-0),(H,N-sa0)s-
(PY)s(H,0),1IMN"(u5-0),(H,N-sa0)(py)s(EtOH),1[Re" Cl¢],}-4 CH;CN
‘12H,0 (2). These synthetic procedures are non-trivial, since
they are performed in basic medium and in the presence of
0" ions, despite the fact that under such conditions the Re"
ion readily undergoes either oxidation or hydrolysis to form
Re" or Re" species, respectively.*® The synthesis of cationic
[Mng]*™ complexes is an important milestone for this family of
SMMs, because it makes possible the construction of multi-
functional salts in which the identity and nature of the anion
can be exploited to enhance or completely change the physi-
cal properties of the complex. Here we have demonstrated our
initial experiments in this regard by replacing the diamagnetic
ClO,™ anions with the highly anisotropic Re" ion in the form of
[Re“Cl,]*~, generating [Mngl[ReCl¢] salts. Our results suggest
that the [Re"Cls]*~ anion can 1) induce structural distortions of
the Mn-N-O-Mn bridges through hydrogen-bonding interac-
tions, 2) mediate magnetic exchange pathways with the
[Mngl** cations and 3) provide increased anisotropy to the
system. The complexity of our systems makes it hard to decon-
volute the relative importance of the various structural and
electronic parameters in the resulting magnetic behaviour, but
what is clear is that the magnetic behaviour has been modi-
fied. The relevance of hydrogen-bonding interactions generat-
ing weak ferromagnetic exchange between [Re“Cl]*~ com-
plexes has previously been reported,” but this is the first time
that it has been observed between the Re" ion and a different
paramagnetic metal ion (Mn"). Clearly there remains a myriad
of other anions, for example 4d or 5d metal complexes, poly-
oxometalates, spin crossover materials, and other SMMs, that
await examination.

Experimental Section

Synthesis of 1 and 2: All manipulations were performed under
aerobic conditions, using chemicals as received from Sigma-Al-
drich. Type 3 A molecular sieves were used to dry the CH,CN
before use. The [NBu,],[ReCls] precursor was prepared following
the literature procedure.*? Mn[NO;],-4H,0 (0.20 g, 0.8 mmol) was
dissolved with continuous stirring in CH;CN (20 mL). H,N-saoH,
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(0.12 g, 0.8 mmol) was then added, followed by pyridine (5 mL,
62.0 mmol) and NEt; (0.05 mL, 3.58 mmol). [NBu,],[ReCl¢] (0.67 g,
0.8 mmol) dissolved in CH;CN (5 mL) was added dropwise, and the
dark green solution was left to evaporate in a fumehood at room
temperature. Dark green crystals of 1, suitable for X-ray diffraction
studies, were formed in 1 day. Compound 2 was prepared as 1 but
by adding less pyridine (1 mL, 12.4 mmol) in a 4:1 CH,CN/EtOH
(25 mL, v/v) mixture.

Data for 1: Yield: 35%; elemental analysis calcd (%) for
CyoH560:6N:1sClgMngRe (1): C 39.8, H 3.3, N 11.6; found: C 40.1, H 3.4,
N 11.9; IR (ATR): 7=3548 (w), 3504 (w), 3427 (m), 3300 (w), 3064
(w), 1597 (vs), 1574 (s), 1527 (s), 1483 (m), 1441 (vs), 1314 (s), 1252
(s), 1148 (m), 1069 (m), 1022 (s), 1005 (s), 879 (s), 832 (w), 757 (s),
701 (s), 677 (m), 643 cm™' (m).

Data for 2: Yield: 55%; elemental analysis calcd (%) for
CiaH14503,N56Cl My Re, (2): C 40.4, H 3.4, N 11.5; found: C 40.2, H
3.7, N 11.8; IR (ATR): 7=3550 (w), 3499 (w), 3430 (m), 3299 (w),
3063 (w), 1597 (vs), 1573 (s), 1525 (s), 1482 (m), 1440 (vs), 1314 (s),
1250 (s), 1148 (m), 1066 (m), 1021 (s), 1008 (s), 875 (s), 830 (w), 755
(s), 699 (s), 675 (m), 642 cm ™' (m).

X-ray data collection and structure refinement: X-ray diffraction
data on single crystals of 1 and 2 were collected on a Bruker-
Nonius X8 APEXII CCD area detector diffractometer with graphite-
monochromated Mo-K,, radiation (A=0.71073 A). The structures of
1 and 2 were solved by direct methods and subsequently complet-
ed by Fourier recycling using SHELXTL. The final full-matrix least-
squares refinements on F?, minimising the function Sw(|F,| — | F.|)%

CCDC-1029762 (1) and CCDC-1029763 (2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic studies: The dc and ac magnetic susceptibility measure-
ments on polycrystalline samples of 1 and 2 were carried out on
a Quantum Design SQUID magnetometer. The dc studies were per-
formed in the temperature range of 5-300 K in an applied magnet-
ic field of 0.1 T. The ac susceptibility measurements were per-
formed in zero applied dc field and a 3.5 G ac oscillating field with
temperature and frequency ranges of 2-8 K and 50-1000 Hz, re-
spectively. Micro-SQUID measurements were performed on single
crystal samples of 1 and 2 with the field applied in the direction of
the easy-axis of the molecules.””

Computational methods: Calculations were performed through
the Gaussian09 package using the B3LYP functional and the quad-
ratic convergence approach.”*=>" Triple-C and double-C all electron
basis sets, as proposed by Ahlrichs et al., were used for the metal
ions and for the rest of atoms, respectively.®>** An approach
based on the use of broken-symmetry (BS) functions built from lo-
calized orbitals was used to evaluate the energies of several spin
states. The BS functions, which provide positive or negative spin
densities on the paramagnetic centres, were obtained from the
guess functions generated with the fragment tool implemented in
Gaussian09. The full experimental geometries were used for all
complexes. To stabilize the electronic surplus on the charged li-
gands coordinated to Mn" ions, a polarizable continuum model
(PCM) was introduced in the calculations. Parameters correspond-
ing to the acetonitrile solvent were included to simulate the elec-
tronic effects of the surrounding molecules.* Although the B3LYP
functional is widely used and checked to evaluate magnetic cou-
pling constants in transition metal complexes, it is known that it
overestimates intermolecular interactions. For this reason, the
CAM-B3LYP functional (a long range corrected version of B3LYP)
was used in this study.®™ To verify the results obtained for the in-
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tramolecular magnetic exchange coupling between Mn" ions, they

were also calculated with the B3LYP functional. Similar results were
obtained in both cases, although better agreement between the si-
mulated and experimental y,T versus T curves were found with
the CAM-B3LYP functional. In cases where the [Re"Cl,]>~ anion was
present, double-C and Los Alamos effective core potentials pro-
posed by Hay and Wadt were used for rhenium and chlorine
atoms.”*® Also, the two-electron integrals and their derivatives
were computed in such cases from a Douglas-Kroll-Hess (DKH)
second-order scalar relativistic calculation.*** Calculations of the
zfs parameters were performed with version 3.0 of the ORCA pro-
gram system.® A TZVP basis set proposed by Ahlrichs and tight
SCF criteria were used in all cases.”™ For density functional calcula-
tions, resolution of the identity (Rl) approximation with the auxili-
ary TZV/J Coulomb fitting basis sets and PBE functional were em-
ployed.® The PBE functional was used for DFT calculations.®¢4
Experimental geometries were used in the theoretical study. All cal-
culations were done in solution, including electronic effects of the
solvent (acetonitrile) by “conductor-like screening model”
(COSMO).” DFT calculations of the zfs were carried out using the
quasi-restricted orbitals.®® The spin-orbit and spin-spin coupling
operators were based on the SOMF scheme.*® Coupled perturbed
(CP)®” and Pederson-Khanna (PK)®® methods were used in the cal-
culation of the zero-field splitting. Because rhenium is a heavy ele-
ment, relativistic effects can be important. Thus, such effects on
the electronic energy were introduced from zero-order regular ap-
proximation (ZORA)."*?
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