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ABSTRACT: This Paper reports the first examples of O—P—O bridged Mn,(salen), (salen = N,N’-bis(salicylidene)-
ethylenediamine) chain compounds, namely, [Mn,(salen),(2-FC;H,PO;H)](ClO,)-1/2CH;0H (1) and [Mn,(salen),(4-
FC4H,PO;H)](ClO,) (2). The phosphonate ligands adopt a syn-anti bidentate bridging mode in 1 and a syn-syn bidentate
bridging mode in 2, originated from the isomeric phosphonate ligands. The different bridging modes cause a significant change in
the Mn—0O:--O—Mn torsion angle over the O—P—O bridge, which are 96.6 and 1.9° for 1 and 2, respectively. As a result, the
antiferromagnetic (AF) exchange couplings mediated through the O—P—O pathway are extremely weak in 1, and the overall
magnetic behaviors are dominated by the Mn,(salen), moieties. Single-molecule magnetic behavior is observed in 1. For
compound 2, the AF interaction over the O—P—O bridge is much stronger. The coexistence of metamagnetism and single-chain

magnetic behavior is observed for 2.

B INTRODUCTION

Since the discovery of the first single-chain magnet (SCM) in a
magnetically isolated Co'(hfac),/radical (hfac = hexafluoroa-
cetylacetone) compound,’ molecular chain systems showing
slow magnetization relaxation have received great attention due
to their potential applications in information storage and
molecular spintronics.”> A number of SCMs have been
reported, some of which exhibit the coexistence of SCM
behavior and antiferromagnetism or metamagnetism.4_6
Several strategies have been proposed to obtain SCMs,
among which one efficient approach is to organize specific
single-molecule magnet (SMM) building blocks into chain
structures.” However, the interpretation of the magnetic
properties of such systems is complicated, because even weak
inter-SMM interaction can perturb the intrinsic SMM proper-
ties.® If the inter-SMM interaction is strong enough, SCMs or
even long-range ordering magnets can be obtained. To achieve
SCMs based on SMM building blocks, it is essential to
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modulate the inter-SMM interactions within the chain and
between the chains. Today, there are few examples of SCMs
based on SMM building units, such as the Mn"™ Schiff base
(SB) out-of-plane dimers [Mn,(SB),],"°~"* Mn;0,"
Mn4(hmp)6,16 and other Mn, clusters."” The manipulation of
the magnetic dynamics of these chain systems remains a great
challenge.

Phosphonates, as an important class of three-atom bridges,
have been used to construct a variety of complexes with unique
network topologies and interesting physical or chemical
properties.'®> Metal phosphonates are also promising in
molecular magnetism as SMMs,'? SCMs,*® long-range order-
ing,21 and tunable magnetic materials.”> Since the O—P—O
bridge is quite flexible when coordinating with metal ion, the
nature of the exchange couplings through O—P—O bridge is
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not very clear. In a recent study on the isomeric copper
phosphonates, we found that the metal---metal distances and
metal-O---O-metal torsion angles over the O—P—O bridge
should play a key role in determining the nature and magnitude
of the magnetic exchange couplings.”®> The flexibility of the
phosphonate bridge also offers a unique opportunity to
modulate the magnetic behaviors of such systems through
structural modification.

In this Paper, we present the first examples of the
phosphonate-bridged Mn,(SB), chain compounds, namely,
[Mn,(salen),(2-FC,H,PO,H)](ClO,)-1/2CH;0H (1) and
[Mn,(salen),(4-FC,H,PO;H)](ClO,) (2) (salen = N,N’bis-
(salicylidene)ethylenediamine) (Scheme 1). Compound 1

Scheme 1. Formation of Compounds 1 and 2
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shows SMM behavior, while compound 2 displays the
coexistence of SCM and metamagnetism. The results
demonstrate that the magnetic dynamics of the phosphonate-
bridged Mn,(SB), chain may be modulated by using positional
isomeric bridging ligands. To the best of our knowledge, only
two examples of SCMs have been reported where the magnetic
centers are linked by O—P—O units, including [Mn(TPP)-
O,PHPh]-H,0 (TPP = meso-tetraphenylporphyrin)24 and
[Co(H,L")(H,0)] (L' = 4-Me—C¢H,—CH,(CPO;H,),).*°

B EXPERIMENTAL SECTION

Starting Materials. All experiments were performed in air.
Salicylaldehyde, 1,2-ethanediamine, manganese acetate dihydrate, and
sodium perchlorate monohydrate were purchased from commercial
sources and used as received. All solvents were reagent grade and used
without further purification. [Mn(salen)(H,0)],(ClO,), was prepared
according to the modlﬁed literature procedure.”® The 2- ﬂuoroghenyl
phosphonic acid®® and 4-fluorophenylphosphonic acid®® were
prepared according to the literature.

Caution! Perchlorate salts are potentially explosive and should be
handled carefully.

Synthesis of Compound 1. A methanol solution (10 cm®) of 2-
fluorophenylphosphonic acid (0.0176 g, 0.1 mmol) was added to a
methanol solution (10 cm®) of the [Mn(salen)(H,0)],(ClO,),
(0.0877 g, 0.1 mmol) compound. The solution was stirred for 12 h
and left in air for one week. Dark brown block-like crystals of
compound 1 were collected, with a yield of 55%. Elemental analysis
caled. for C,,H,,CLF,Mn,NgO,;P,: C, 49.56; H, 3.78; N, 6.00. Found:
C, 49.63; H, 3.74; N, 6.00%. IR (KBr, cm™'): 3406(w), 1625(s),
1601(s), 1544(s), 1472(w), 1446(s), 1390(w), 1332(w), 1297(s),
1204(w), 1177(w), 1149(w), 1132(m), 1097(s), 933(w), 905(m),
803(m), 751(s), 623(m), 596(m), 461(m).

Synthesis of Compound 2. Compound 2 was prepared as dark-
brown block-like crystals, following the same procedure as that for 1,
but the 2-fluorophenylphosphonic acid was replaced by 4-fluorophe-
nylphosphonic acid. Yield: 71%. Elemental analysis calcd. for
C,6HgCLE,Mn,N;O,,P,: C, 49.77; H, 3.63; N, 6.11. Found: C,
50.86; H, 3.66; N, 6.26%. IR (KBr, cm™): 3407(w), 1622(s), 1560(s),
1542(s), 1504(w), 1469(m), 1446(s), 1390(w), 1338(w), 1295(s),
1203(m), 1181(m), 1152(s), 1131(m), 1096(s),1050(m), 973(w),
929(w), 905(m), 874(s), 834(w), 802(m), 763(s), 754(s), 624(m),
591(m), 539(m), 461(m).

Physical Measurements. Elemental analyses for C, H, and N
were performed at the Perkin-Elmer 240C elemental analyzer. Infrared
(IR) spectra were measured as KBr pellets on a VECTOR 22
spectrometer in the range of 400—4000 cm ™. Powder X-ray diffraction
(PXRD) data were recorded on a Bruker D8 ADVANCE X-ray
powder diffractometer (Cu Ka) over the 20 range of S to 40° at room
temperature. Thermogravimetric analyses were performed with a
Mettler-Toledo TGA/DSC STARe thermal analyzer in the range of
25—800 °C under a nitrogen flow at a heating rate of 5 °C min™". The
magnetic susceptibility data were performed on a Quantum Design
MPMS-XL7 SQUID magnetometer. Using Pascal’s constants, the data

Table 1. Crystallographic Data for Compounds 1 and 2

1 2
empirical formula C,,H,,CL,F,Mn,N;O,;P, C,6HgsCLF,Mn,NO,,P,
Fw 1866.01 1833.97
crystal system triclinic triclinic
space group PT PT
a (A) 10.8532(15) 10.314(4)

b (A) 13.2141(18) 13.464(6)

c (A) 14.515(2) 14.790(6)

a (deg) 69.045(2) 99.551(6)

f (deg) 79.784(2) 110.280(5)

7 (deg) 88.200(2) 100.085(6)
V (A%, z 1912.0(5), 1 1838.8(13), 1
Dc (grem™) 1.621 1.656

4 (mm™) 0.847 0.878

F (000) 954 936

RE wRY [I > 26(D)] 0.0451, 0.1249 0.0666, 0.1068

R wR,? (all data) 0.0572, 0.1351 0.1754, 0.1322
goodness-of-fit 1115 0.850

(AP)ay (Ap)oin (e A3) CCDC 1.037, —0.752 936456 0.546, —0.376 936457

R, = Z||E,| — IF.||/ZIE,. ®wR, = [Ew(F.> — F2)*/Sw(F2)*]"?
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were corrected for diamagnetic contributions of both the sample
holder and the compound obtained.””

Single Crystal Structure Determination. Single crystals of
dimensions 0.14 X 0.12 X 0.03 mm® for 1 and 0.22 X 0.16 X 0.09 mm®
for 2 were mounted on a glass rod. The crystal data were collected
with a Bruker SMART CCD diffractometer using monochromated Mo
Ka radiation (4 = 0.71073 A) at 163 K. A hemisphere of data was
collected in the € range of 1.53—25.00° for 1 and 1.58—26.00° for 2,
using a narrow-frame method with scan widths of 0.30° in @ and an
exposure time of S s/frame. The numbers of observed and unique
reflections are 13 848 and 6675 (R,, = 0.0291) for 1, and 14 473 and
7138 (R, = 0.1191) for 2. The data were integrated using the Siemens
SAINT program,28 with the intensities corrected for Lorentz factor,
polarization, air absorption, and absorption due to variation in the path
length through the detector faceplate. Multiscan absorption
corrections were applied. The structures were solved by direct
methods and refined on F* by full-matrix least-squares using
SHELXTL.*® All the non-hydrogen atoms were located from the
Fourier maps and were refined anisotropically. All H atoms were
refined isotropically, with the isotropic vibration parameters related to
the non-H atom to which they are bonded. The crystallographic data
for compounds 1 and 2 are provided in Table 1. Selected bond lengths
and angles for compounds 1 and 2 are given in Supporting
Information, Tables S1—S2.

Bl RESULTS AND DISCUSSION

Crystal Structures. Compound 1 crystallizes in triclinic
space group P1. The asymmetric unit contains two Mn(salen)*,
one 2-FC(H,PO;H™, one ClO,, and 0.5 CH;0H. Each Mn
atom has a distorted octahedral geometry with the four
equatorial positions occupied by two O and two N atoms from
the salen ligand [Mn—O(N): 1.873(2)—1.998(3) A] and two
axial positions by the phosphonate oxygen atoms [Mn—O(P):
2.096(2)—2.815(2) A] (Figure 1a). The phenoxo atoms O2
and O3 behave as i5-O, linking the equivalent Mn(salen) units
into a dimer. The Mn1---Mnl and Mn2---Mn2 distances over
the phenoxo bridges are 3.488(1) and 3.537(1) A, respectively.
The Mn—O—Mn angles are 95.6(1)—98.4(1)°. The 2-
fluorophenylphosphonate adopts a syn-anti coordination
mode (Scheme 2) and cross-links the Mn1,0, and Mn2,0,
dimers into a chain (Figure 1b). The Mn1---Mn2 distance over
the O—P—O bridge is 5.578(1) A. The Mnl—O--O—Mn2
torsion angle is 96.6°. Moderate strong hydrogen bonds are
found between neighboring chain [O7--O6C: 2.683(3) A],
forming a supramolecular layer in the ac plane (Figure 1c). The
ClO,4~ anion and CH3;OH molecules reside between the layers
with hydrogen bond interactions within or between the layers
(Supporting Information, Figures S4 and SS). The shortest
Mn--Mn distance between the chains is 7.152(1) A.

Compound 2 crystallizes in triclinic space group PI. It also
shows a zigzag chain structure in which the Mnl,0, and
Mn2,0, dimers are alternatively linked by the phosphonate
ligands (Figure 2). The Mn—O(P) bond lengths are in the
range of 2.085(4)—2.501(4) A. Within the chain, the Mnl--
Mnl, Mn2:--Mn2, and Mnl--Mn2 distances are 3.544(2),
3.340(2), and 6.024(2) A, respectively. The Mn—O—Mn angles
are 97.5(1)—98.2(2)°. One significant feature of structure 2 is
that the 4-fluorophenylphosphonate ligand adopts a syn-syn
coordination mode (Scheme 2). This poses remarkable
influences on the structure. The Mnl—0O--O—Mn2 torsion
angle is reduced significantly to 1.9°. The protonated
phosphonate oxygen (O7) forms hydrogen bonds within the
chain [O7--O1: 2.945(4) A] (Figure 2b), instead of between
the chains as in compound 1. Although weak C—H:--O
hydrogen bond interactions are observed between the salen

3119
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Figure 1. (a) Building unit of 1 showing the atomic numbering
scheme (30% probability). (b) The adjacent chains in 1 with
interchain hydrogen bond interactions. Symmetry code: C: 1 — «, 2
— 3, —z. (c) Two-dimensional supramolecular layer in the ab plane in
1.

Scheme 2. The Coordination Modes of the Phosphonate
Ligands

(|)H (I)H
P. Mn P.
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Mn' R Mn R Mn

syn-anti mode syn-syn mode

ligands and perchlorate groups (Supporting Information, Figure
S6), the shortest interchain Mn---Mn distance is significantly
enlarged in 2 [9.148(2) A vs 7.152(1) A in 1].

Considering that compounds 1 and 2 were prepared under
similar reaction conditions, the adoption by the phosphonate
ligand of a syn-anti mode in 1 and a syn-syn mode in 2 must be
related to the positional isomeric phosphonate ligands. In 1, the
Mn,(salen), dimers are linked by 2-fluorophenylphosphonate.
The C—H--F interaction is found between the salen and
phosphonate ligands within the chain [C--F: 3.399(4) A, C—
H---F: 153.6(2)°] (Figure 3a).% In 2, however, 4-fluorophe-
nylphosphonate serves as the linkage, and the C—H:--F
interaction [C--F: 3.246(8) A, C—H---F: 126.4(4)°] is
observed between the chains (Figure 2b). A careful analysis
reveals that the rigid phenyl ring of 4-fluorophenylphosphonate
shifts slightly to form C—H:--z bonds with the neighboring
phenyl groups of salen (Figure 3b).>* Such weak interactions
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Figure 2. (a) Building unit of 2 showing the atomic numbering
scheme (30% probability). (b) The adjacent chains in 2 with C—H---F
interactions between the chains. (c) The packing diagram of 2 viewed
along the a axis. All the hydrogen atoms have been omitted for clarity.

Figure 3. Weak interactions between the phosphonate and salen
ligands within the chain in compounds 1 (a) and 2 (b).

cause a slight difference in the arrangement of the Mn(salen)
planes across the O—P—O bridges. If we define each Mn(salen)
plane by its two N and two O atoms, the dihedral angles of
Mn(salen) planes across the O—P—O bridges (/) are 71.0° for
1 and 63.4° for 2. Apparently, it must be the weak intrachain
interactions between the phosphonate and the salen ligands
that determines the particular coordination mode of the
phosphonate ligand and hence the intra- and interchain
structures. The structural difference will be reflected by their
magnetic properties.

Magnetic Properties of 1. The static magnetic suscepti-
bilities were measured under 2 kOe (for 1) or 1 kOe (for 2)

3120

direct current (dc) fields. At 300 K, the yyT values per Mn'",
unit are 5.94 and 6.36 cm®K-mol™" for 1 and 2, respectively,
close to the theoretical value of 6.00 cm®K-mol™" expected for
two spins with S =2 and g = 2.

For compound 1, the y\T value increases gradually upon
cooling from room temperature and then increases sharply,
reaching a maximum of 8.01 cm®K-mol™ at 7.00 K, indicating
a dominant ferromagnetic interaction between the Mn"" centers
(Figure 4). Below the cusp temperature, the yyT value

121
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Figure 4. Plots of the y\T vs T for 1 and 2. The solid lines represent
the best fit of the data according to the alternating chain model. (inset)
The M vs H plots for 1 and 2 at 0.5 K.

experiences a sudden decrease to 6.01 cm*K-mol™" at 1.8 K,
attributed to the interchain antiferromagnetic exchange and/or
the zero-field splitting of the ground state. The magnetic
susceptibility above 100 K obeys the Curie—Weiss law with C =
5.81 cm®*K-mol™' and € = 8.07 K (Supporting Information,
Figure S7). The positive 6 value ascertains a dominant
ferromagnetic coupling in 1.

There are two different magnetic exchange pathways in
compound 1. One is through the phenolate bridge (2J;), and
the other is through the O—P—O bridge (2],) (Scheme 3).

Scheme 3. Schematic View of Exchange Pathways in
Complexes 1 and 2

(0] 0. O.
N M O P O M P—Oo—MnT >
_Mn\O/Mn oO—P—0 Mn\o/Mn——O P—O n\o/Mn_
e«

2, 2J, 27, 27, 2,

Considering that the Mn—O--O—Mn torsion angle in 1 is
quite large [96.6° (or 83.4°)], the antiferromagnetic (AF)
interaction through the O—P—O bridge could be very weak.”®
The overall ferromagnetic exchange coupling should mainly
arise from the phenolate oxygen pathway within the
[Mn,(salen),]** dimer. Assuming that the exchange couplings
within the Mn1,0, and Mn2,0, dimers are the same (2],), the
magnetic susceptibilities of 1 can be simulated by using a dimer
model based on Hamiltonian H = —2J;SynSyin + &y (Sun +
San)-H.>” The best fit results in parameters g=199, ], =079
K, zJ' = —0.02 K, and R = 2.30 X 1073, where zJ’ accounts for
the interdimer interactions over the O—P—O bridge in the
mean field approximation. The susceptibility data can also be
simulated with the alternating chain model by Rojo formula
(for S = 2), the nearest neighbor exchange interactions
described by the spin Hamiltonian H = —2J,2S,S,,,; + —
2], 18542 The best fit, shown as the solid line in Figure 4,

dx.doi.org/10.1021/ic403042p | Inorg. Chem. 2014, 53, 3117-3125
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results in parameters g = 1.99, J; = 2.58 K, J, = —0.33 K, and R
=7.90 X 107, The positive ], value is comparable to those in
the other [Mn,(SB),]*" dimers.*>

To study the magnetic dynamics of compound 1, the
temperature-dependent alternating current (ac) susceptibilities
were measured under zero dc field in the frequency range of
884—1488 Hz with an oscillating 3 Oe ac field. As shown in
Supporting Information, Figure S8, both the y\/ and y”
signals are frequency-dependent below 4.0 K, indicating a slow
relaxation of magnetization characteristic of an SMM or SCM.
But the maximum of " is only clearly observed above 1116
Hz, making it impossible to derive the energy barrier of the
magnetization reversal. It is well-known that the magnetization
relaxation of SMMs could be affected by the quantum tunneling
of magnetization (QTM).>* The QTM effect can be suppressed
by applying an external dc field. To investigate the effect of the
static field on the magnetization relaxation of compound 1, ac
measurements were performed at 1.8 K with various applied dc
fields (Supporting Information, Figure $9). The magnetization
relaxation time 7 can be extracted by fitting the Cole—Cole
plots using the generalized Debye model (Supporting
Information, Figure $10).***° As shown in Supporting
Information, Figure S11, the application of dc field slows
down the relaxation process. The relaxation time increases from
0.23 ms (zero field) to 6.95 ms (2.5 kOe). However, the a
value increases dramatically from 0.178 (zero field) to 0.633
(2.5 kOe), suggesting that the relaxation process under high
field could deviate from a typical SMM. Thus the temperature-
dependent ac susceptibilities were measured under 1 kOe dc
field. Peaks of yy\" appear in the y,” versus T curves in the
frequency range of 884—1488 Hz (Supporting Information,
Figure S12). The relaxation time follows the Arrhenius law 7 =
7, exp(A/kgT), where A/ky is the effective energy barrier for
the reversal of the magnetization, 7, is the pre-exponential
factor, and kg is the Boltzmann constant. The resulting values of
A/kg and 7, are 18.6 K and 5.0 X 107% s, respectively
(Supporting Information, Figure S13).

The variable-frequency ac magnetic susceptibility measure-
ments were also conducted under zero and 1 kOe dc fields in
the temperature range of 1.8—3.3 K (Figure S). The decline in
the y\/ component is accompanied with the appearance of
peaks in the y” component, indicating slow relaxation of
magnetization. The magnetization relaxation time 7 can be
extracted by fitting the Cole—Cole plots using the generalized
Debye model (Figure Sc,d). A linear dependence is found in
the Inz versus 1/T plot. The A/ky and 7, values deduced from
the Arrhenius laws are 13.5 K and 1.4 X 1077 s under zero dc
field and 19.7 K and 2.5 X 107 s under 1 kOe dc field,
respectively (Figure 6). The energy barriers are comparable to
those found for the other SMMs based on Mn'™,(SB),
dimers.””® The 7, values are typical for SMMs (1077—107®
s),*¢ suggesting that compound 1 is an SMM.

The increase of the energy barrier under 1 kOe dc field,
compared with that in zero dc field, can be due to the
suppression of the QTM effect. The distribution coefficient
values under zero and 1 kOe dc fields are within the range of
0.05—0.19 (1.82—2.60 K) and 0.07-021 (1.90-3.30 K),
respectively, indicating a narrow distribution of the relaxation.
Since the energy barrier A/kg for an SMM is equal to IDIS*/
ks, the uniaxial anisotropy for the dimer (S; = 4) can be
deduced as Dy,,/kg = —1.23 K. This value is in a§reement with
those obtained for the other Mn,(SB), dimers.’
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Figure S. The frequency dependence of yy' and yy" signals under
zero (a) and 1 kOe (b) dc fields (the solid lines are eye-guided), and
the Cole—Cole plots under zero (c) and 1 kOe (d) dc fields for 1.
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Figure 6. Magnetization relaxation time (7) versus T~' plots for 1
under zero and 1 kOe dc fields. The solid lines represent the best fits
to the Arrhenius law.

The magnetization measurement at 1.8 K reveals that the M/
Np value at 70 kOe (6.78 N mol™") is smaller than the
expected saturation value of 8.0 NS mol™' (Supporting
Information, Figure S14). The nonsuperposition of the isofield
M versus H/T plots is indicative of the presence of axial zero-
field splitting (Supporting Information, Figure S15). A best-fit
simulation performed by using Anisoft2.0°” affords axial and
transverse zero-field-splitting parameters of D = —1.02 cm™
(—1.47 K) and E = 0.004 cm™’, respectively, with g = 1.92 and
St = 4. The D value is close to that estimated from the energy
barrier (—1.23 K). When the temperature is lowered to 0.5 K, a
butterfly-type hysteresis response is observed with no coercivity
(Figure 4, inset), possibly due to the relatively fast QTM
relaxation process in zero dc field.

In the Ising-like or anisotropic Heisenberg chain models, the
correlation length & and yT can be related by the following
equation: T = C,g exp(A;/kpT), where Cgis the effective Curie
constant and A; is the energy required to create a domain wall
along the chain.***® Thus, a linear dependence of the In(y'T)
versus 1/T plot, where y’ is the in-phase ac susceptibility
measured at 1 Hz under zero dc field, would prove the
magnetic one-dimensional (1D) nature and the presence of
significant magnetic anisotropy. For compound 1, the In(y'T)

dx.doi.org/10.1021/ic403042p | Inorg. Chem. 2014, 53, 3117-3125
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versus 1/T plot between 1.8 and 10 K shows a monotonous
decreasing of In(y'T) upon cooling with a negative slope of A;
(Supporting Information, Figure S16), supporting the SMM
nature of 1.%7%

It is worth noting that the precursor [Mn(salen)-
(H,0)],(Cl0,), does not show SMM behavior. The switch-
on of the SMM behavior of Mn,(salen), dimers was achieved
only in a few other systems through Coulombic aggregation-
' or covalent linkages.**

Magnetic Properties of 2. For compound 2, the magnetic
susceptibility above 100 K obeys the Curie—Weiss law with C =
6.43 cm*K-mol™" and 6 = —3.95 K (Supporting Information,
Figure S17), suggesting a dominant AF interaction in 2. Upon
cooling from 300 K, the yyT value decreases gradually with
decreasing temperature and reaches 4.14 cm?®K-mol™" at 8.00
K, below which the yyT exhibits a sudden increase to a
maximum of 11.01 cm*K-mol™" at 2.50 K and then decreases
again (Figure 4). Such a behavior can be attributed to the spin-
canting of the antiferromagnetically coupled magnetic centers.

Noting that the Mn"'—O,, distances [2.501(4), 2.747(4) A]
and Mn"'—=O—Mn"" angles [97.5(1), 98.2(1)°] in 2 are typical
for ferromagnetic coupling in the Mn,(SB),* dimers,® the
dominant antiferromagnetic interaction could arise from the
O—P—O pathway. This is reasonable considering that the
Mn1-0--O—Mn2 torsion angle over the O—P—O bridge is
1.9° in 2, which is remarkably smaller than that in 1 (96.6°).
Thus a relatively strong antiferromagnetic interaction is
anticipated to mediate between the Mn" centers over the
O-P-0 bridges (2],) in 2.*> By employing the Heisenberg
dimer model based on the Hamiltonian H = —2],Sy,1Svm2 +
P (Svni + Smmz)-H and considering the interdimer
interaction (zJ') in the mean field approximation,”” the
magnetic susceptibility data above 14 K can be fit leading to
parameters g = 2.07, |, = —0.67 K, zJ' = 020 K, and R = 4.26 X
107* for 2. The fitting using the alternating chain model with
Rojo formula® for the magnetic susceptibility data above 14 K
leads to parameters g =2.07,J, =0.20K, J, =—1.71K,and R =
1.33 X 107 for 2. The negative ], value is comparable to those
found in the other O—P—O bridged systems.* The non-
superposition of the isofield M versus H/T plots at low
temperatures suggests the presence of axial anisotropy in this
compound (Supporting Information, Figure S18).

The linear dependence of the In(y’T) versus 1/T plot, shown
in Figure 7a (inset), confirms the 1D nature and the presence
of significant magnetic anisotropy in compound 2. The data in
the temperature range of 3.5—7 K can be fit linearly with a
positive slope (A;) of 62 K, which corresponds to the
correlation energy. The maximum value of In(y'T) appears at
295 K, below which the In(y'T) value decreases almost
linearly, suggesting the presence of weak antiferromagnetic
interactions between the chains.**

The dc susceptibility measurements were also performed
under different external dc fields in the temperature range of
1.8—20 K. As shown in the inset of Supporting Information,
Figure S19, a sharp peak appears in the yy; versus T plot at ca.
3.00 K under 100 Oe, suggesting an AF ground state. With the
increase of the external field, the peak moves to a lower
temperature of 2.75 K under 500 Oe, and then disappears
above 600 Oe. The strong field dependence of the susceptibility
suggests a metamagnetic behavior.

The isothermal magnetization measured at 1.8 K reveals that
compound 2 experiences a phase transition from antiferro-
magnet to weak ferromagnet with the critical field of ca. 500 Oe
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Figure 7. (a) Plots of the M vs H and In(y'T) vs 1/T (inset) for 2. (b)
Magnetic (T, H) phase diagram for 2, constructed from variable-field
(orange filled circle) and variable-temperature (red star) magnetic
susceptibility data. The solid line is a guide for the eye. (c, e) The
temperature dependence of yy, and y,,” ac susceptibility under zero
(c) and 600 Oe (e) dc field for 2. The solid lines are eye-guided. (d, f)
Arrhenius plots and best linear fits for 2 under zero (d) and 600 Oe (f)
dc fields.

at 1.8 K, determined by the dM/dH versus H curve (Figure 7a,
Supporting Information, Figure $20). The magnetic energy for
H = 500 Oe is 0.07 K, which roughly estimates the interchain
AF interaction. The weak ferromagnetism originates from a
spin-canted structure within the chain, in accordance with the
structure of compound 2 where the Jahn—Teller (JT) axes of
Mn,(salen), dimers are not parallel to each other but form an
angle (y) of 65.7°. The canting angle is 18.6°, estimated by
sin(a/2) = M,/M,, in which M, is the remanent magnetization
and M, is the saturation magnetization. The canting angle is
smaller than y because the AF interactions tend to align the
spin vectors in antiparallel mode. The magnetization is still far
from completion when the external field reaches 70 kOe (4.85
NB mol™?).

To further study the magnetic phase transition below 2 kOe,
field-dependent magnetization data were collected at different
temperatures (1.8—3.5 K). By combining the maxima observed
in the dM/dH versus H and yy, versus T data, an (H, T) phase
diagram can be constructed, as shown in Figure 7b. Notably,
the phase-transition curve extrapolates to T = 0 K at
approximately H.(0) = S00 Oe and vanishes at Ty = 3.2 K.
The phase diagram is typical for an antiferromagnet with a

dx.doi.org/10.1021/ic403042p | Inorg. Chem. 2014, 53, 3117-3125



Inorganic Chemistry

metamagnetic behavior. The H.(T) line corresponds to an AF/
paramagnetic phase transition that occurs when the magnetic
field is applied along the easy direction of the magnetization.*
The small Ty is consistent with the presence of a very weak
interchain AF interaction estimated by the critical field (ca. 0.07

Figure 7c shows the temperature-dependent ac susceptibil-
ities of compound 2, measured in the frequency range of 1—
1488 Hz under zero dc field with 3.5 Oe ac field. Slow
relaxation of the magnetization is again observed below 4.0 K.
The Mydosh ¢ value is 0.13, ruling out the spin-glass
behavior.** The relaxation is thermally activated, following
Arrhenius law. The temperature dependence of In(7) exhibits a
crossover at 2.4 K, possibly due to the finite-size effect in 2.
Fitting the data of 2 above and below 2.4 K, the A/kg and 7,
values are 42.3 K.and 5.0 X 107" s and 30.5 K'and 7.0 x 107 s,
respectively (Figure 7d). The 7, values are at least 1 order of
magnitude smaller than those for compound 1 but fall in the
range for typical SCMs.** The a values simulated from Cole—
Cole diagrams at 2.0, 2.5, and 3.0 K are 0.13, 0.08, and 0.04 for
2 (Supporting Information, Figure $22), revealing that the slow
relaxation processes have a narrow distribution.

The ac magnetic susceptibility measurements were also
performed above the critical field at Hy. = 600 Oe with H,. =
3.5 Oe. The frequency dependence of both the y\/ and y\"
signals is observed below ca. 4.0 K. The reversal energy and
pre-exponential factor are A/ky = 41.4 Kand 7, = 8.6 X 107" 5,
respectively, indicating an SCM behavior (Figure 7e,f). The
energy barrier is slightly smaller than that obtained at zero dc
field (42.3 K), the reason for which is still not clear to us.

Although compound 2 has an AF ground state, the field-
dependent magnetization was measured to 0.5 K. As shown in
Figure 4 (inset), the M versus H curve at 0.5 K shows hysteresis
with a remnant magnetization (M,) of 1.20 NS mol™' and a
large coercivity (H.) of 11 kOe. The steps observed in the
magnetization curve around zero field could be due to the
QTM effect. When the temperature is increased to 1.0 K, the
M, and H, values become ca. 1.32 N mol™' and 3 kOe,
respectively. The hysteresis loop disappears at 1.5 K
(Supporting Information, Figure $23). Apparently, the magnet-
ization of SCMs can be blocked at very low temperature after it
is “magnetized” by an external field. The enhanced magnetic
hardness was also observed in a few other systems containing
SCM components.**®

B CONCLUSIONS

We report the first examples of O—P—O bridged chain
compounds embedding Mn,(SB), dimers, namely,
[Mn,(salen),(2-FC,H,PO,H)](ClO,)-1/2CH;0H (1) and
[Mn,(salen),(4-FC¢H,PO;H)](ClO,) (2). The positional
isomerism of the phosphonate ligands leads to a slight
difference in the chain structures but completely different
magnetic behaviors, for example, an SMM behavior in 1 and
the coexistence of SCM and metamagnetism in 2. The results
demonstrate that the magnetic dynamics of paramagnetic
chains can be modulated by using structural isomeric bridging
ligands. Further work is in progress to explore new SCMs based
on phosphonate-bridged Mn,(SB), chain compounds showing
higher energy barriers and multifunctions.
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