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A tetranuclear manganese complex, [Mns(hmp)s(N(CN),)4(H20)5]
[1; Hhmp = 2-(hydroxymethyl)pyridine; N(CN),~ = dicyanamide
anion], was synthesized and characterized by single-crystal X-ray
diffraction, bond valence sum calculations, IR spectra, elemental
analysis, and magnetlc measurements. The structure of 1 consists of
a linear [Mn",Mn"'5] core formed by six hmp™ groups linking Mn""
ions. Magnetlc studles show that 1 behaves as a single-molecule
magnet with ferromagnetic coupling between the metal centers.

Manganese clusters have received considerable interest in
recent years because some of these can function as single-
molecule magnets (SMMs), which show magnetic hysteresis
arising from slow magnetization reversal due to a high energy
barrier.?> The barrier relates to easy-axis anisotropy
[negative zero-field-splitting (3 FS) parameter, D] and to
the large ground-state spin, S.” Moreover, these compounds
exhibit interesting physical phenomena such as quantum
tunneling of magnetization, spin- panty effects, spin—spin
cross-relaxation, and coherence effects.

In order to obtain new polynuclear clusters, some groups
have employed 2-(hydroxymethyl)pyridine (Hhmp) as a

*To whom correspondence should be addressed. E-mail: jmdou@
lcu.edu.cn (J.D.), yousong@nju.edu.cn (Y.S.).

(1) Christou, G.; Gatteschi, D.; Hendrickson, D. N.; Sessoli, R. MRS
Bull. 2000, 25, 66.

(2) (a) Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, M. A. Nature
1993, 365, 141. (b) Sessoli, R.; Tsai, H.-L.; Schake, A. R.; Wang, S.; Vincent,
J. B.; Folting, K.; Gatteschi, D.; Christou, G.; Hendrickson, D. N. J. Am. Chem.
Soc. 1993, 115, 1804. (c) Gatteschi, D.; Sessoli, R. Angew. Chem., Int. Ed. 2003,
42, 268. (d) Aromil, G.; Brechin, E. K. Struct. Bonding (Berlin) 2006, 122, 1.
(e) Goldberg, D. P.; Caneschi, A.; Delfs, C. D.; Sessoli, R.; Lippard, S. J. J. Am.
Chem. Soc. 1995, 117, 5789.

(3) (a) Ruiz, D.; Sun., Z.; Albela, B.; Folting, K.; Ribas, J.; Christou, G.;
Hendrickson, D. N. Angew. Chem., Int. Ed. 1998, 37, 300. (b) Ako, A. M.;
Hewitt, 1. J.; Mereacre, V.; Clérac, R.; Wernsdorfer, W.; Anson, C. E.; Powell,
A. K. Angew. Chem., Int. Ed. 2006, 45, 4926. (c) Oshio, H.; Nakano, M.
Chem.—Eur. J. 2005, 11, 5178.

(4) (a) Hill, S.; Edwards, R. S.; Aliaga-Alcalde, N.; Christou, G. Science
2003, 302, 1015. (b) Wernsdorfer, W.; Bhaduri, S.; Boskovic, C.; Christou, G.;
Hendrickson, D.N. Phys. Rev. B2002, 65, 180403. (c) Wernsdorfer, W.; Bhaduri,
S.; Tiron, R.; Hendrickson, D. N.; Christou, G. Phys. Rev. Lett. 2002, 89,
197201. (d) Wernsdorfer, W.; Sessoli, R. Science 1999, 284, 133.

pubs.acs.org/IC Published on Web 03/25/2010

chelate ligand because the alkoxide arm often supports
ferromagnetic coupling between the metal atoms.™ Up to
now, different nuclear manganese clusters based on hmp~
such as Ml’l4, Ml’llz, Mnlg, Mn21, Ml’l25, Mn7, and MH10 have
been synthesized,” and the highest S is ¢!/>.> To our know-
ledge, the former five clusters are rhombus-, rod-, disk-, and
barrel-like cage-shaped and show SMM properties; however,
the latter two clusters take hexagon and cage shapes without
SMM properties owing to extremely low D values. The
reason for the small D of the latter clusters may be that they
possess higher molecular symmetry than the former clusters
(for example, Mn;, possesses tetrahedral symmetry with
D ~ 0).>¢ Therefore, the lower symmetry clusters such as
linear molecules (rather than a 1D chain) would have a larger
D. Herein, we report a rarely linear tetranuclear manganese
complex, [Mny(hmp)s(N(CN),)4(H->0),] (1), showing SMM
properties (Figure 1).

The reaction of MnCl,-4H,O, Hhmp, NaN(CN),, and
Et,NOH in a 2:5:5:1 molar ratio in MeOH/CH;CN (1:2, v/v)
gave a dark-red solution, which afforded dark-red single
crystals of complex 1 in 35% yield.®
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Figure 1. ORTEP drawing of the structure of 1. Color scheme: Mn'",
green; Mn'", purple; O, red; C, gray; N, blue. H atoms have been omitted
for clarity. Symmetry code: A, —x, —y, —z.

The single-crystal X-ray diffraction analysis’ reveals that 1
crystallizes in the monoclinic C2/c space group. The core of 1
consists of four Mn atoms which are arranged in a bent chain
and linked by six O atoms from 51x hmp ligands. Peripheral
ligation is provided by six n'm*u-hmp, four terminal
N(CN), , and two terminal H,O molecules All of the Mn
atoms are six-coordinated, possessing near-octahedral coor-
dination geometries. Each of six #'?*u-hmp~ ligands che-
lates one Mn ion by two donor atoms of N and O. Simul-
taneously, the O atom of the alkoxide arm bridges the inner
neighboring Mn ions. Thus, the inner Mn atom (Mn2 or
Mn2A) is coordinated by two hmp ™, and the outer Mn atom
(Mnl or MnlA) is coordinated by an hmp —, when four Mn
ions are in a linear array. Around the outer Mn ions, three
coordination sites are held by two N atoms of two N(CN), ™
and an O atom of the H,O molecule, respectively, for
completion of the six-coordination configuration. The oxida-
tion states of the Mn atoms and the protonation level of the O
atoms were obtained from bond valence sum (BVS) calcula-
tions.® The results indicate that outer and inner Mn atoms
are 2+ and 3+, respectively, and all Hhmp ligands are
deprotonated. Moreover, Mn'" ions display a Jahn—Teller
(JT) distortion for a high-spin 3d* ion in near-octahedral
geometry, taking the form of an axial elongation (N3—
Mn2—03A and N3A—Mn2A—03 lie approximately parallel
to each other). The intracluster Mn---Mn distances of
Mnl---Mn2 and Mn2---Mn2A are 3.212(3) and 3.234(1)
A, respectively. The doubly bridging angles of Mnl—
O1—Mn2, Mnl—-02—-Mn2, and Mn2—03—Mn2A are
101.85(15), 105.30(16), and 105.00(15)°, respectively. The
angle of Mnl—Mn2—Mn2A is 126.98(3)°, indicating that
the metal centers are not arranged in a straight line but with a
considerable bent angle. Such a specific bridging mode may
provide an opportunity to obtain interesting magnetic prop-
erties different from those of double-cubical structures con-
taining hmp~ ligands reported by others.>® The outer Mn—
O/N bond distances ranged from 2.139(4) to 2.309(4) A,
whereas the inner Mn—O/N bond distances are in the
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Figure 2. View of the interactions between discrete 1, in which hydrogen
bonds and the JT directions of the Mn'" ions are shown as dashed and
bold black lines, respectively. Symmetry codes: i, 0.5 + x, 0.5 — 3, 0.5 + z;
i,0.5—x,05—yp, 1 —ziii, l —x, 1 —y, 1 —z
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Figure 3. Plotof y\;7vs Tof 1 in an applied field of 2 kOe. Inset: Plot of
the reduced magnetization (M/Nug) vs H/T at the indicated applied fields.
The solid lines represent the best-fit calculations.

range of 1.874(3)—2.266(4) A. Tt should be noted that, to
the best of our knowledge, this linear arrangement within 1 is
unprecedented in tetranuclear manganese clusters.

Upon careful inspection of the structure of 1, we find that
there are intramolecular but no intermolecular 7—z stacking
interactions in the complex. Among molecules, two kinds of
significant hydrogen bonds were observed from coordinated
H>0 molecules to middle or terminal N atoms of N(CN), ™
ions (O4i---NS5ii, 2.915(6) A; H4A---N5ii, 2.072 A and
Od4i- - -NOiii, 2.798(7) A; H4B---N9iii, 1.958 A), which
extend the discrete Mny clusters into a 2D framework
(Figure 2).

The temperature dependence of magnetic susceptibilities
for complex 1 was measured in the temperature range
1.8—300 K in a constant magnetic field of 2 kOe and is
shown as ){MTVS Tplots in Figure 3. The T value at 300 K
is 15.55 em® K mol somewhat higher than the spin-only
value (14 75cm® K mol " ex I}:I>ected for magnetically isolated
high-spin 2Mn'" and 2Mn'" ions with ¢ = 2.00. Upon
coohng, mT 1 1ncreases monotonically and reaches a max-
imum of 38.02 cm? K mol ! at 4.0 K and then abruptly
decreases t029.93 cm® K mol ' at 1.8 K, indicating an overall
ferromagnetic interaction in 1. The low-temperature decrease
may be due to ZFS or Zeeman effects or both. Furthermore,
the magnetic susceptibilities above 50 K can be fitted well by
the Curie—Weiss law y = C/(T — 0), obtammg C = 14.69
ecm® K mol ' and 6 = 19.65 K (Figure S1 in the Supporting
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Figure 4. Plot of the in-phase (yn') and out-of-phase (ym'') ac suscept-
ibility signals for complex 1, recorded with frequencies of 1 (black left-
pointing A), 10 (red right-pointing &), 100 (neon-green A), 499 (blue v),
997 (dark-green W), and 1488 (pink @) Hz. Inset: Cole—Cole diagram
for 1. The solid line represents the least-squares fit by the Debye model.

Information). According to the structure of 1, there are two
different magnetic interactions between neighboring Mn
atoms, namely, J; and J,, representing the coupling of
Mn"/Mn"™ and Mn™/Mn'", respectively. Therefore, the
Hamiltonian of 1 can be given as

H = —2J1(SMniSMn2 + SvniaSvn2a) —2J2 Smn2Smn2a

The magnetic data were fitted by a least-squares fitting
procedure with the Levenberg—Marquardt method using the
program MAGPACK.” The best parameters fitted in the
temperature range of 1.8—300 K are J, = 3.94cm™ ', J, =
1.36 Cm_]» g = 195, and R = Z[OCMT)C;HC - (XMT)obS]z/
> (em T)*ops = 4.52 x 10~ with the result shown as the solid
line in Figure 3. It is obvious that complex 1 is ferromagne-
tically coupled to give a S = 9 ground state, with an S = 8
first excited state lying 4.03 cm™' above.

In order to further characterize the ground-state spin S, g
value, and ZFS parameter D, magnetization data were
collected in the ranges of 1—7 T and 1.8—5.0 K, which were
plotted as the reduced magnetization (M/Nug) versus H/T in
the inset of Figure 3. The data were fitted by matrix
diagonalization using the ANISOFT progragn,lo including
isotropic Zeeman interactions, axial ZFS (DS.%), and a full
powder average of the magnetization, when assuming that
only the ground state is populated at these temperatures and
magnetic fields. The best fits are obtained with S = 9, D =
—0.28 K, and g = 1.93. The data are well fitted, indicating
that the populations of low-lying excited states at 1.8—5.0 K
are low and/or the intermolecular interactions are relatively
small. In addition, it should be noted that, although the sign
of the fitted D parameter cannot be assured completely, its
absolute value is relatively believable. The nonsuperposition
of the isofield lines also indicates the presence of significant
ZFS in complex 1.

To probe the magnetization dynamics of 1, alternating-
current (ac) susceptibility studies were performed in a zero
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applied dc field with a 5.0 Oe ac field oscillating at frequencies
in the range of 1—1488 Hz and in the temperature range of
1.8—10.0 K. Figures 4 and S2 in the Supporting Information
show the in-phase (yn) and out-of-phase (yn”) signals
versus 7' curves for complex 1. The data reveal that below
~3.2 K both y and y" are strongly frequency-dependent.
As the frequency (f) of the ac field was changed from 1488 to
499 Hz, the y" peak temperature (7},) shifted from 2.20 to
1.95 K. A quantity given by (AT,/T,)/A(logf) is estimated
to be 0.2, which falls in the range of a superparamagnet and
excludes the possibility of a spin glass."" The Arrhenius
equation of T = 7y exp(AEei/kpgT) (Where T = 1/2nf, AE«
is the effective energy barrier for the magnetization relaxa-
tion, and 7 is the preexponential factor) was employed to
extract parameters relevant to a slow magnetic relaxation.
The results show that there is a linear correlation of 1/7,,
versus In(27f) and the parameters are AE.; = 16.24 K
and 7y = 2.0 x 1077 (Figure S3 in the Supporting In-
formation). Moreover, the Cole—Cole plot of the in-phase
(xm') versus out-of-phase (yn’) signals of the ac magnetic
susceptibility of 1 exhibits a semicircular shape (inset of
Figure 4), which was well fitted by a Debye model to give
an a parameter of 0.04—0.09, indicative of a narrow dis-
tribution of the relaxation times necessary for SMM beha-
vior."? It should be noted that the D values for 1 are similar to
other hmp -containing Mny clusters (which are usually
found around 0.2—0.3 K).>* To the best of our knowledge,
their similar D values may result from a similarly ]Parallel
arrangement of the JT axes of the only two Mn"" jons.
Moreover, complex 1 and other hmp -containing Mny
clusters possess S = 9 ground states; therefore, their AE
values are also similar.™

In summary, we have synthesized a new linear tetranuclear
manganese cluster via self-assembly. The magnetic investiga-
tion indicates that complex 1 is a SMM. To the best of our
knowledge, complex 1 is a rare SMM representing a linear
molecular structure.
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