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ABSTRACT: A single-chain magnet (SCM) of [Mn(TBPP)-
(TCNE)]-4m-PhCl, (1), where TBPP?>~ = meso-tetra(4-
biphenyl)porphyrinate; TCNE® ~ = tetracyanoethenide radical
anion; m-PhCl, = meta-dichlorobenzene, was prepared via
suppression of interchain interactions. 1 has a one-dimensional
alternating Mn"(porphrin)—TCNE® “chain structure similar
to those of a family of complexes reported by Miller and co-
workers. From a comparison of the static magnetic properties
of 1 with other Mn"™(porphyrin)—TCNE® ~ chains, a
magneto-structural correlation between the intrachain mag-

Mn"(porphyrin)-TCNE~ Single-Chain Magnet

netic exchange and both the dihedral angle between the mean plane on [Mn(TBPP)(TCNE)] and Mn—N=C was observed.
The ac magnetic susceptibility data of 1 could be fit with the Arrhenius law, indicating that slow magnetic relaxation and ruling
out three-dimensional long-range ordering and spin-glass-like behavior. The Cole—Cole plot for 1 was semicircular, verifying that
it is an SCM. Therefore, 1 is an ideal single-chain magnet with significantly strong intrachain magnetic exchange interactions

beyond the Ising limit.

B INTRODUCTION

Single-chain magnets (SCMs) are superparamagnet-like iso-
lated one-dimensional (1D) magnetic molecular materials. "
Chemists have developed synthetic strategies to assemble
various types of SCMs with predetermined topologies.” Over
nearly four decades ago, R. J. Glauber first predicted SCMs on
the basis of the slow dynamics of the magnetization in
ferromagnetic Ising chains.* SCMs are not strictly Ising spin
chains but can be described by using a finite anisotropic
Heisenberg spin chain model”**%”® The slow dynamics of
the magnetization of SCMs falling within the Ising limit® (ID/J1
> 4/3, where D is the magnetic anisotropy and ] is the
magnetic exchange interaction) have been studied extensively
using a series of ferromagnetic SCMs composed of 2:1
assemblies of Mn"(salen)-type and Ni'' oximate complexes™’
and Mn'!(salen)-type and [Fe(CN)s]*~ complexes.” In the
case of these SCMs, the activation energy gap (A,;) depends on
the chain length (L) and the correlation length (). In the high-
temperature region (infinite-size regime), when L is larger than
£, nucleation occurs at two domain edges in the chain. Thus,
A, becomes 2A; + A, (where A, = 4]S%, which indicates the
correlation energy needed to create a domain wall, and A, = DI
%, which is the anisotropy energy). However, in the low-
temperature region (finite-size regime), when L is much shorter
than &, nucleation occurs on only one side of the domain edge
in the chain, and A, = A + A,P9>78 As noted above, SCMs
have a distinct advantage over single-molecule magnets
(SMMs), because of an additional energy term known as A,
involving ] between the magnetic spins. This advantage may
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lead to high relaxation barriers in low-dimensional super-
paramagnets.

On the other hand, when ]l is much larger than [DI, namely
less than the Ising limit (ID/Jl < 4/3), the relaxation dynamics
are not well understood. For ID/Jl > 4/3, the width of the
domain wall is sharp and/or narrow, whereas for ID/]l < 4/3,
the domain wall has a finite thickness, i.e, a “broad domain
wall”.” The mechanism for the slow relaxation of SCMs in this
regime needs to be fully elucidated in order to create better
SCMs. However, the Glauber model cannot be used in this
region and, thus, must be revised for SCMs with a broad
domain wall.

Miller and co-workers have reported anisotropic quasi-one-
dimensional (quasi-1D) ferrimagnetic chains composed of
charge-transfer complexes of Mn"'(porphyrin) derivatives (D*)
and organic anion radicals (A®~), such as TCNE® ' and
related organic radical anions,'! ---D*A® "D*A® ~---. The
magnetic exchange interactions between the Mn™ ions and
the radical anions are considerably strong.'”'! In addition, the
ac susceptibility of some of these systems is dependent on the
frequency, which is indicative of a slow relaxation process. In
other words, Mn"!(porphyrin) derivatives are good models for
SCMs beyond the Ising limit. However, Epstein and co-workers
have suggested that viscous magnetic behavior is caused by
disorder, leading to quasi-1D clusters coupled through dipole—
dipole interactions between chains to form 3D domains.'”"!
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Moreover, the crystal lattices of most Mn'"(porphyrin)
derivatives contain interstitial solvent molecules, which affect
their magnetic behaviors due to absorption/desorption
processes, known as magnetic sponge effects."”""* Balanda
and co-workers have reported that [Mn(To-FPP)-
(TCNE)]-2PhMe has peculiar magnetic properties, such as
SCM-like behavior. It has clearly been shown that the
magnetism in the family of Mn"'(porphyrin) —TCNE® ~ chains
can be tuned by the nature of substituents on the porphyrin
ligand. As mentioned above, however, it is difficult to determine
whether they are spin glasses (SGs) or superparamagnets.

For the elucidation of the slow relaxation mechanism of
SCMs beyond the Ising limit, it is necessary to prepare an
Mn"(porphyrin)—TCNE® =~ SCM. In order to prepare an
Mn"'(porphyrin)—TCNE®* =~ SCM, the following were key
factors: (i) suppression of the interchain interactions, including
through-space magnetic interactions, and (ii) a highly stabilized
crystal packing. The magnetic behavior of Mn" (porphyrin)—
radical derivatives can be tuned by changing the substituents on
the porphyrin rings and changing the interstitial solvent
molecules. In other words, SCMs can be prepared by
controlling the chain structure and its crystal packing. Herein,
we report a new Mn'"(porphyrin)—TCNE® ~ chain that
behaves experimentally as an SCM with a slow relaxation
mechanism beyond the Ising limit. [Mn(TBPP)(TCNE)]-4m-
PhCl, (1) is composed of a Mn"(porphyrin) unit with bulky
biphenyl groups on the meso positions of the porphyrin ring,
which act as good chain separators, preventing interchain
magnetic interactions, and TCNE® ™. 1 has a ferrimagnetic
alternating chain topology similar to those of Miller’s
compounds.

B EXPERIMENTAL SECTION

Synthetic Materials and Methods. Reagents and solvents
were purchased from Tokyo Kasei Co. Ltd. and Wako Pure
Chemical Industries Ltd. Reagents were reagent grade and used
without further purification. Solvents were distilled before use
under a N, atmosphere, using the appropriate drying agents. All
procedures were carried out under a N, atmosphere using
Schlenk techniques or in a N, atmosphere glovebox.

Physical Measurements. Elemental analyses (E.A.) and
Fourier transform mass spectrometry (FT-MS) were performed
on a Micro Corder JM10 (J-Science Lab Co., Ltd.) and an
APEX III FT-MS system (Bruker Daltonics, Inc.), respectively,
by the Technical Support Division, Research and Analytical
Center for Giant Molecules, Graduate School of Science,
Tohoku University. Infrared (IR) spectra were acquired as KBr
disks at room temperature on a Jasco Model FT-IR 620
spectrophotometer. Differential thermal gravimetric (DTG)
analysis (293—823 K) was carried out with a Shimadzu Model
DTG-60H instrument in a N, atmosphere (heating rate: 10 K
min~"). Magnetic data were collected on a Quantum Design
MPMS-XL SQUID magnetometer (Quantum Design, Inc.).
Measurements for all compounds were obtained using finely
ground microcrystalline powders restrained by Nujol or
eicosane in a polycarbonate capsule. dc susceptibility measure-
ments were collected in the temperature range of 1.8—300 K in
a dc field of 0.1 T. Field-dependent dc magnetization
measurements were performed from =7 T to 7 T in a
temperature range of 1.8—6.0 K. ac susceptibility measurements
were performed in the temperature range of 1.8—100 K in a 3
Oe ac field oscillating at frequencies of 1 and 1488 Hz with no
applied dc field. Magnetic susceptibility data were corrected for
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diamagnetic contributions from the sample holder as well as for
the core diamagnetism of each sample estimated using Pascal’s
constants.'® Because the commonly used units of experimen-
tally and theoretically estimated parameters are Kelvin (K), all
values in this manuscript are divided by the Boltzmann
constant.

Synthesis of meso-tetra(4-biphenyl)porphyrin
(H,TBPP). The free-base porphyrin was synthesized using a
slightly modified literature method.'> To a solution of 4-
phenylbenzaldehyde (0.91 g, S mmol) in CHCl; (500 mL) was
added pyrrole (0.356 mL, S mmol), followed by dropwise
addition of BF;-Et,0 (6 uL, 5 X 107> mmol). The mixture was
stirred for 2.5 h at room temperature, during which the color of
the solution changed from colorless to dark red. DDQ (0.10
mg, 4 mmol) then was added, and the mixture was refluxed for
an additional 4 h. The solvent was removed, and the residue
was subjected to chromatography on a silica gel column. After a
yellow fraction containing unreacted DDQ was eluted with
CH,Cl,/hexane (1:1), a second red-purple fraction correspond-
ing to H,TBPP was eluted with CHCI;. The solvent was
removed under reduced pressure, affording a purple crystalline
solid. Yield: 540 mg (12%). FT-MS (m/z): [M + H]* Calcd for
CesH,eN,, 919.3801; Found, 919.3792.

Synthesis of [Mn(TBPP)CI]. Mn(OAc),-4H,0 (2 g, 82
mmol) was added to a solution of H,TBPP (0.75 g, 0.82
mmol) in DMF (450 mL). The solution was then refluxed for
10 h. The reaction was monitored using thin-layer chromatog-
raphy (TLC), and reflux was stopped when no H,TBPP
remained. After cooling, the reaction mixture was poured into
distilled water (2 L). The resulting green precipitate was
collected on Celite and washed with water. After drying, it was
then dissolved in CHCl; (300 mL), and the solution poured
into an equal volume of an aqueous 6 M HCI solution. The
mixture was stirred vigorously for 12 h. The organic phase was
collected and dried over anhydrous MgSO,, and then the
solvent was removed under reduced pressure. The residue was
subjected to chromatography on a silica gel column. After a
deep-red fraction containing freebase H,TBPP was eluted with
AcOEt/CHCI, (3:1), a green fraction containing [Mn(TBPP)-
Cl] was eluted with CHCI,. The solvent was removed under
reduced pressure, affording a deep-green crystalline solid,
[Mn(TBPP)CI]. Yield: 0.64 g (77%). Dark-green single crystals
of [Mn(TBPP)CI]-CHCL;-0.75H,O suitable for single-crystal
X-ray diffraction (XRD) were obtained from CHCl,/hexane.
Crystallographic and magnetic data were obtained with the
crystals in contact with the mother liquor to prevent solvent
loss. Elemental analysis was performed on a vacuum-dried
sample. The dried sample was hygroscopic. Anal. Calcd. for
CesHCIMnN,O: C, 79.64; H, 4.52; N, 5.46%. Found: C,
80.12; H, 4.18; N, 5.54%. FT-MS (m/z): [M]* calcd. for
CesH,eN,, 971.2946; Found, 971.2936.

Synthesis of [Mn(TBPP)(Py)l. To a solution of [Mn-
(TBPP)CI] (0.72 g, 0.71 mmol) in pyridine (60 mL) and
MeOH (20 mL) was added NaBH, (0.61 g, 16 mmol), and
then the mixture was refluxed for 30 min. After cooling, 60 mL
of degassed MeOH was added to the reaction mixture. The
precipitate was collected, washed three times with a small
amount of MeOH, and dried to yield [Mn(TBPP)(Py)] as a
blue-green crystalline solid. Yield: 687 mg (92%). The product
was used for the next reaction without further purification.

Synthesis of [Mn(TBPP)(TCNE)I-4m-PhCl, (1). A m-
PhCl, solution (1 mL) of [Mn(TBPP)(Py)] (75.3 mg, 0.07
mmol) was transferred to a glass tube, and then a solution of
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TCNE (35.5 mg, 0.28 mmol) in m-PhCl, (1 mL) was layered
onto the first solution without mixing while in a glovebox. Black
crystals formed at ambient temperature after several days. Yield:
37.5 mg (31%). Anal. Calcd. for CogHgClsMnNy: C, 69.39; H,
4.04; N, 6.61%. Found: C, 69.41; H, 4.20; N, 6.72%. IR (KBr,
em™): voy = 2190—2213 em ™! (br), 2129 em™ (s), 2143 cm™!
(s).

General Methods for X-ray Crystallography. Air-
sensitive samples were coated with Nujol or Paratone-N oil
(Hampton Research Corp.) while in the mother liquid and
mounted quickly to avoid decomposition. Crystals of both
compounds were mounted on MicroLoops (MiTeGen, Inc.)
and immediately cooled in a N, cold stream. Data collection
was performed on a Rigaku CCD diffractometer (Saturn70)
with graphite-monochromated Mo Ka radiation (4 = 0.71070
A) and a low-temperature apparatus. The crystal dimensions
were 0.70 mm X 0.30 mm X 0.20 mm for [Mn(TBPP)Cl] and
0.18 mm X 0.08 mm X 0.07 mm for 1. The data for
[Mn(TBPP)CI] were collected at 93(1) K, and those for 1
were collected at 103(1) K. Data integration, preliminary data
analysis, and absorption correction were performed using the
Rigaku CrystalStructure crystallographic software package.'*
The structure was solved using direct methods with SIR97"S
and refined using the SHELXL program.'® All non-hydrogen
atoms were refined anisotropically, except for some disordered
atoms that were refined isotropically. All hydrogen atoms were
introduced as fixed contributors. The Cl atom coordinated to
the Mn"™ jon in [Mn(TBPP)Cl] was disordered with an
occupancy factor of 0.75 for CI(1) and 0.25 for CI(2). The
TCNE® ™ moieties had two locations in 1 with the minor form
being rotated 90° with respect to major form and in the same
plane as the major form (major:minor = 7:3). CCDC-876962-
876963, representing [Mn(TBPP)Cl] and 1, contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif. The crystal data and details of the structure
determination of the compound of 1 are summarized in Tables
1 and 2.

B RESULTS AND DISCUSSION

Synthesis, Structure, and Magnetic Properties of
[Mn(TBPP)Cl]. The Mn"(porphyrin) precursor used to
prepare the Mn"(porphrin)—TCNE® ~ chain was synthesized
using a typical procedure: (i) the free base porphyrin
(H,TBPP) was isolated, and (ii) and then it was coordinated
to the Mn'" ions, affording [Mn(TBPP)CI]. Each reaction was
performed using previously reported procedures.'”

[Mn(TBPP)Cl] crystallized in the monoclinic space group
P2,/n (see Figure S1 in the Supporting Information). The
average Mn—N coordination distance is 2.006 A, and the Mn™
ion is 0.175 A above the plane formed by the four N atoms of
the TBPP?~ ligand. The apical Mn(1)—CI(1) bond distance is
2.411(2) A. The geometry around the Mn™ atom is a slightly
distorted square pyramid involving the four N atoms of the
TBPP*" ligand and the axially coordinated Cl atom with a
trigonal distortion parameter (z) of 0.023."* [Mn(TBPP)CI]
molecules are arranged in a two-dimensional square-grid array
with no intermolecular contacts. H,O and CHCI; were found
in the void spaces between four [Mn(TBPP)CI] molecules with
the disordered axial Cl atom hydrogen-bonded with the
interstitial H,O molecules. The nearest neighbor intermolecular
Mn---Mn distance between layers was determined to be 12.540
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Table 1. Crystallographic Data for 1

parameter value/comment
compound 1
formula CosHgoClsMnNy
formula weight 1688.17
crystal system monoclinic
space group P2,/a (#14)
lattice parameters
a 17.014(2) A
b 22.785(3) A
¢ 20.890(3) A
p 101.3048(18)°
v 7941.1(18) A3
V/ 4
Deue 1412
Fooo 3460.00
u(Mo Ka) 4914 cm™
No. of reflections measured total: 52970 (R;,, = 0.036)
No. observations (all reflections) 13899
No. variables 1081
R (all reflections) 0.0818
R, (I > 2.006(1))* 0.0669
wR, (all reflections) ® 0.1870
goodness of fit, GOF 1.075

R, = YRy — I/ YIF (I > 2.006(1)), “wR, = [ Yw(F,> — F2)*]/
Zw(F,2)?]"? (All reflections).

A. Consequently, [Mn(TBPP)CI] is a good building unit to
prepare well-isolated chain complexes because of the steric
repulsion between the bulky biphenyl substituents at the meso-
positions of the TBPP*~ ligand.

The temperature dependence of the dc magnetic suscepti-
bility data was studied with a fresh polycrystalline sample of
[Mn(TBPP)CI] in the temperature range of 1.8—300 K in a 0.1
T dc field (see Figure S2 in the Supporting Information). The
4T value was determined to be 2.8 cm® K mol™ at 300 K,
which corresponds to the spin-only value of a high-spin Mn™
ion (Sy, = 2) ground state with gy, < 2.0. It remained constant
to ~30 K, and then abruptly decreased. This behavior suggests
that appreciable zero-field-splitting (ZFS) causes the S = 2
ground state, which is typical for other high-spin Mn'"
porphyrin derivatives.'” The magnetic behavior was fit with an
isolated Sy, = 2 ground state and the ZFS term Dy, taking
into account the temperature-independent paramagnetism
(TIP), using the following spin Hamiltonian:

S(S+1
Hzes = DMn[Sz2 - %]

+ gMnﬂBSMnH

where pp and kg are Bohr magneton and Boltzmann constant,
respectively. The obtained best-fit parameters were determined
to be gy, = 1.95, and Dy, /kg = —3.8 K (= —=2.7 cm™"). The D
value falls within the range between —1.6 K and —5.5 K (—1.1
cm™ to 3.8 cm™") reported for related five-coordinate and six-
coordinate high-spin Mn"(porphyrin) derivatives."

B SYNTHESIS, STRUCTURE, AND
CHARACTERIZATION OF 1

A new Mn"(porphyrin)—TCNE® ~ chain was synthesized by

reacting20 the reduced form of [Mn(TBPP)CI] ([Mn(TBPP)-

(Py)], where Py = pyridine) with neutral TCNE. In the IR

spectrum of 1, bands observed at 2129, 2143, and 2190—2213
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Table 2. Bond Lengths, Angles, and Parameters for 1D Mn"'(porphyrin)—TCNE® ~ Chain Complexes Including 1

) £4Mn—N=C  dihedral angle
compound Mn—N [A] [deg] [deg]b

[Mn(TB:PP) 2293 168.1 89.4
(TCNE)]-2PhMe (a)

[Mn(TCIPP) 2267 1672 86.8
(TCNE)]-2PhMe (b)

[Mn(TOMePP) 2.289 165.5 78.1
(TCNE)]-2PhMe (c)

[Mn(TIPP)(TCNE)]-2PhMe 2276 158.7 69.6
(d)

[Mn(TPP)(TCNE)]-2PhMe  2.30S (av) 147.9 (av) 55.4 (av)
(e)

[Mn(To-EPP) 2.313 (av) 148.6 (av) 554 (av)
(TCNE)]-2PhMe ()¢

[Mn(TP'P)(TCNE)]-2PhMe 2299 129 304
(8)

[Mn(TBPP)(TCNE)]-4m- 2.320 (av) 125.2 (av) 27.9 (av)

PhC, (1)

intrachain o' fI. J/kg J/he

Mn---Mn [A]¢ K] [KJ® [K [em™}Y ref
10277 +13 80 -3 -2l 10p, q
10.189 +13 110 -33 -23 10, m, o, q, z
10256 +21 134 10k, m
10.101 +30 160 =53 =37 10q
10.116 +44 191 -63 —44 10f, m, u
10.185 +45 240 —109 -75 9a, 10k, 28
8.587 +90 >300 10f, m
9.417 +91 >300 —-122 —84 this work

“The substituent is located at the meso position of the porphyrin ring for all compounds, which is located at the para position, whereas that of only

() is the ortho position. “The angle is defined by the dihedral angle involving TCNE®

and the Mn"(porphyrin) planes. “This distance is through

the bridging trans-p,-N-coordinated TCNE® ~. “Effective 6 value (see text). “Temperature at which the minimum value of yT occurs. TFitted by
using the Seiden expression (see text). All Mn™(porphrin)—TCNE® ~ chain compounds, except for 1, were reported by Miller and co-workers,'® and

the J value for f was reported by Tomkowicz and co-workers.

cm™' are typical for CN stretching modes of trans-y,-N-

coordinated radical anion form of TCNE (Figure 1).*' These

[Mn(TBPP)(TCNE)]-4-mPhCl, (1)

NaTCNE
=
o
=
2 214 518
3
=
x
Wf
2300 2250 2200 2150 2100 2050
v/em™

Figure 1. IR spectra of TCNE, NaTCNE, and 1.

results are consistent with the crystallographic and magnetic
studies (vide infra). DTG analysis of 1 showed the loss of the
crystallization solvent molecules in the temperature range of
70—165 °C (see Figure S3 in the Supporting Information). The
number of solvent molecules are consistent with that
determined from single-crystal analysis (vide infra).

Complex 1 crystallized in the monoclinic space group P2,/a.
Figure 2 shows an ORTEP drawing and the chain motif of 1.
The structure is an alternating zigzag chain composed of
[Mn(TBPP)]* (D*) and TCNE®~ (A*7), ie., -D*A* " D*A* -,
with four m-PhCl, molecules in the crystal lattice. The
geometry around the Mn"" ion is distorted octahedral involving
the four N atoms of TBPP*~ and two N atoms of the bridging
TCNE®™ moiety in a trans-u,-N-coordination mode. The
average equatorial Mn—N coordination distance is 2.005 A,
which is similar to that of [Mn(TBPP)CI]. On the other hand,
the average axial Mn—N bond distances (2.320 A) are much
longer than the equatorial ones due to Jahn—Teller distortion.
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The [Mn(TBPP)]" unit is significantly distorted from planarity.
The ruffling of the [Mn(TBPP)]" unit is superimposed on a
saddle deformation, resulting in a decrease in the overall
symmetry. As seen with other ruffled [Mn(TBPP)]* units, the
biphenyl groups at the meso-position alternate up and down in
relation to the [Mn(TBPP)]* plane. The averaged dihedral
angle between the opposing pyrrole planes was determined to
be 18.66°, which is due to the steric repulsion between the
bulky meso-biphenyl substituents. The dihedral angle between
the mean planes of [Mn(TBPP)]" and TCNE®~ was
determined to be 27.86°. The averaged Mn'"'-N=C angle is
125.18°. The nearest neighbor and second nearest-neighbor
intrachain Mn---Mn separations through the TCNE® ~ bridge
were 9.417 A and 17.014 A, respectively. The crystal packing
arrangement of the chains of 1 is shown in Figure 3.

The chains run parallel to the crystallographic a-axis. The
nearest interchain Mn--Mn separation between in-registry
chains was 12.637 A, whereas that between out-of-registry
chains was 20.890 A. The chains aggregate together to form 1D
channel-like structures, in which m-PhCl, molecules are tightly
captured. However, no significant intermolecular interactions,
such as hydrogen bonding and stacking interactions, were
observed between the chains, as well as between the chains and
the interstitial solvent molecules.

Static Magnetic Properties of 1. Static dc magnetic
measurements were performed on selected ground crystals of 1
in the temperature range of 1.8—300 K in a 0.1 T field (Figure
4).

The yT value of 1 at 300 K was 2.7 cm® K mol™, which is
smaller than the theoretical value (3.4 cm® K mol™ with gy, =
2.0, grag = 2.0) based on an isolated high-spin Mn"" ion (Sy, =
2) and a mono radical anion TCNE® ~ (sz,q = 1/2). The values
increased gradually with a decrease in the temperature, reaching
a maximum value of 80.2 cm® K mol™" at 16 K. Below 16 K, yT
abruptly decreased to 11.6 cm® K mol™" at 1.8 K. This behavior
is indicative of strong antiferromagnetic coupling between the
Mn™ jons (Sy, = 2) and TCNE® ~ (sz,q = 1/2) within the
chains. Miller and co-workers fit the magnetic behavior of their
Mn"(porphyrin)—TCNE chains using the Seiden model** of

dx.doi.org/10.1021/ic3015223 | Inorg. Chem. 2012, 51, 9123-9131
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Figure 2. (a) ORTEP drawing with 30% probability thermal ellipsoids of the single-crystal X-ray crystal structure and (b) chain motif of 1. Hydrogen

atoms and interstitial solvent molecule are omitted for the sake of clarity.

—e-- chain direction

Figure 3. Representation of four adjacent chains in the crystal packing of 1.

(a) Top and (b) side views of the chain. Light-yellow sphere indicates

the 1D channel formed by four adjacent chains. Interstitial m-PhCl, molecules and hydrogen atoms are omitted for the sake of clarity.

alternating chains of classical spins (S;) and quantum spins (s;),
using the following spin Hamiltonian:

N
2] Z (SMn,i + SMn,i+1)'SRad,i

i=1

H

By fitting the data above 30 K, the value of J/kg was determined
to be —136.1 K (—94.5 cm™") using gy, = 2.0 and gpoq = 2.0,
indicating the existence of strong antiferromagnetic coupling
between neighboring magnetic centers. However, minimum
values of T (T,,) and the Weiss constant (f)) were not
observed in the yT plot for 1, which must be acquired at a
higher temperature. Above 150 K, the magnetic susceptibility
could be fit using the Curie—Weiss expression with an effective
0’ value of +90.9 K (see Figure 4).
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For classical 1D systems, y'T, where y’ is the in-phase zero
field susceptibility, is related to the correlation length (&) in a
zero dc field when the anisotropic Heisenberg or Ising-like 1D
system behaves exponentially:

I' ~ Cq exp 2
/ ~ e _
d ot kyT

where C.; and A, are the effective Curie constant and the
correlation energy, respectively.’”> On the basis of this
relationship, the temperature dependence of ac magnetic
susceptibility was studied in an oscillating magnetic field of 3
Oe with a frequency of 1 Hz and a zero dc field. The y'T
products increased linearly as the temperature decreased,
reaching a maximum value ([y'T] ) of 279 cm® K mol™" at
ca. 11.5 K. It remained constant to ca. 8.5 K, and then abruptly
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Figure 4. Temperature dependence of (O) T and (O) 1/y of 1. The
red and blue solid lines represent best-fit curves. The fitting model is
described in the text.

decreased until ' is blocked at a frequency of 1 Hz. The plot of
x'T versus 1/T was linear in the temperature range of 18—60 K
(Figure S). From the slope of the line, C.g = 2.7 cm® K mol™
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Figure S. Plot of y'T with a semilogarithmic scale versus 1/T for 1 in
the temperature range of 5.0—100 K.

and Ag/ky = 70.8 K (49.2 cm™), which corresponds to the
energy required to create a domain wall within the chain. For
1D systems falling within the Ising limit, A} is related to the
magnitude of J and constituent spins through the expression
A?i"g = 4118y, Srag For 1, considering the ] value, A?i“g/ kg =
544 K (377 cm™"), which is much larger than the experimental
value. This disagreement clearly shows that 1 does not have
sharp domain walls. In other words, for 1, IJl is much larger than
IDI. Below 12 K, the y'T product shows the [y'T],,. value, as
expected in the presence of finite-size effects when & >> L. The
estimated chain lengths of ca. 100 nm based on [y’ T] ... /Cegt is
rather small.>

The field dependence of the magnetization for 1 was
measured in the temperature range of 1.8—6 K (see Figure 6).
Below 6 K, slow relaxation of the magnetization was observed.
The coercivity increased with a decrease in the temperature.
The coercive field was 2.7 T at 1.8 K. As seen in the plot of M
versus H for 1 at 1.8 K, the magnitude of the magnetization at 7
T (2.2 ug) is smaller than the expected value (3 ptg, Sy =2 — 1/
2 = 3/2), indicating the presence of significant magnetic
anisotropy within the chains. Extrapolation of the linear part of
the magnetization curve on the higher field side to its
intersection with the expected magnetization value gives the
magnetization at saturation (H,), which was estimated to be
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Figure 6. Field dependence of magnetization curves for 1, collected
from 1.8 to 6.0 K. The solid lines serve as guides for the eye.

~14.7 T from Figure S4 in the Supporting Information. Thus,
Dy, can be estimated via the following expression:

_2DMnSMn2 = g:uBSTHa

where S; = 3/2. Dy,/ks was estimated to be —3.7 K (=2.6
cm™"), which agrees with that for [Mn(TBPP)CI] (vide supra).

Magnetostructural Correlations between 1 and
Related Compounds. Magnetic exchange in the family of
Mn"(porphyrin)—TCNE® ~ chains occurs through the
TCNE® ™ trans-,-N coordination bonds. Miller and co-
workers have proposed that there are clear magnetostructural
correlations involving the intrachain magnetic exchange
coupling and either the dihedral angle between the mean
planes on Mn"(porphyrin)—=TCNE® ~ or the Mn"-N=C
angle."® For comparison, the reported J values, which were
calculated using the Seiden expression for 1D chains of Sy, =2
and sp,q = 1/2 are plotted in Figure 7 and Figures S4 and SS in

0
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E -40
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2 ' 60 >
3 [ o
S w90l 3'_
-80
-120 +
-+ -100
-150 . ! . . .
120 130 140 150 160 170 180

Angle of Mn—-N-C / ©

Figure 7. Correlation between the Mn™~N=C angle defined on
Mn™(porphyrin)—=TCNE® = and ] obtained using the Seiden
expression. Labels a—f, and label “1”, are explained in Table 2.

the Supporting Information versus Mn™—N=C angle. The
values of ] decreased linearly with an increase in the Mn''-N=
C angle (see Figure 7 and Table 2). In other words, the
strength of the intrachain magnetic interactions between Mn™
and TCNE® ™ are stronger.

Dynamic Magnetic Properties of 1. The temperature
dependence of the ac susceptibilities was measured in the
frequency range of 1-1500 Hz in an oscillating ac magnetic
field of 3 Oe and a zero dc field (see Figure 8). Below 16 K, in-
phase (y’) and out-of-phase (y”) signals were strongly
dependent on the frequency. If the blocking temperature
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Figure 8. Temperature dependence of the ac susceptibilities (' and
x") of 1 in the frequency range of 1—1500 Hz. The solid lines serve as
guides to the eye.

(Tg(v)), which is defined as the temperature below which the
relaxation of the magnetization becomes slow, is the temper-
ature where the maximum y” value occurs and v is the
frequency of the ac field, the freguency dependence of Ty is
given by ¢ = ATy/[TzA(log v/)].>* In the case of 1, the value of
@ was determined to be 0.18, which is much greater than those
of traditional SGs (0.004—0.08),>* indicating superparamagnet-
like behavior, like SMMs or SCMs, rather than SG behavior.

The magnetization dynamics occur because the chains of 1
are structurally well-isolated and because of the 1D chain
magnetism. From the y” signals, the relaxation times (7) were
determined using 7 = 1/(27v). In addition, ac susceptibility
measurements as a function of v were performed in the
temperature range of 7—12 K (see Figure 9).

The obtained data were simulated using a generalized Debye
model.”® Cole—Cole diagrams clearly showed that only one
relaxation process occurred since the quasi-semicircle shape
could be fitted using the generalized Debye model with a value
of 0.04—0.16, as shown in Figure 10.

For SCMs, the resulting relaxation times obey the Arrhenius
law (7 = 7y exp(A,/ksT)) (see Figure 11)."* From the data, the
relaxation barrier (A,/kg) was determined to be 146.3 K (101.6
em™), with 7, = 4.1 X 107 5, the value of which falls within
the range typically observed for SCMs.? In other words, 1 has a
single-relaxation time and does not behave as a spin glass.
Moreover, no crossover is observed in the temperature range
experimentally available.

Discussion of the SCM properties. As mentioned earlier,
the domain wall of SCMs with a large ] value has a finite
thickness (i.e., broad domain wall).” Recently, Billoni and co-
workers have theoretically studied the mechanism for the slow
magnetic relaxation of SCMs in such a regime, using transfer
matrix calculations and time-quantified Monte Carlo simu-
lations on molecular ferromagnetic 1D chains.” According to
this theory, the domain wall energy is described by A?Eise“berg =
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Figure 9. Frequency dependence of ac susceptibilities (¥’ and y”) of 1
collected in the temperature range of 7—12 K. The solid lines are best-
fit lines, as described in the text.
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Figure 11. Arrhenius plot of the relaxation time 7 for 1 determined
from variable temperature (black) and the variable frequency (blue) ac
susceptibilities. The solid lines are best-fit lines, as described in the
text.

2(2ID 1S3, Sraa) /2 in the broad domain wall regime (IDl <
I71).9° On the basis of this considerations, A?e‘“"be'g/ kg was
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estimated to be 126.9 K for 1, whereas the experimental value
(A}g/ kg) is 70.8 K, the value of which is more than half of
A; cisenberg /j . One the other hand, the values of A,
unfortunately, there is no perfectly analytical expression using
local magnetic parameters (J, Dy, Sy 2nd sg,q) in SCMs with
the broad domain wall as well as the intermediate regime
between the Ising and Heisenberg limits.*® Nevertheless, the
relationship between A, = 2A; + A, and A, = A: + Ay
remains operative for any SCM systems in infinite- and finite-
size regimes, respectively. Thus, the value of A, can be
estimated from the simple difference of Ay = A, — A,
assuming that the finite-size regime in 1. The estimated value of
Ap/ky are 75.5 K, the value of which is much larger than A,/k;
= IDy,lSyn” = 14.8 K (10.3 cm™) for the Ising limit situation,
whereas considering the previously obtained A?Eise“berg value of
126.9 K calculated from A?Eimberg = 2(2IDy 1Sy >Sraa) /%, the
anisotropy energy of 1 can be estimated at A,/ky = 19.4 K
(13.5 cm™), the value of which is comparable to A,/ky = Dy,
Syn2. This result confirms that the value of A, or the relation of
X'T = Cy exp((AE)/kgT) for non-Ising ferrimagnetic SCMs
with the broad domain wall should become a more-complicated
function using local magnetic parameters.

Currently, efforts are underway to prepare SCMs with strong
intrachain exchange. Although subsequent investigations on
magnetic 1D chain compounds with broad domain walls have
been previously reported, only two examples experimentally
show ideal SCM characteristics: [Mn(S-TMAMsaltmen)-
(TCNQ)](Cl0,),”” and [Mn(To-FPP)(TCNE)].***® How-
ever, further theoretical and experimental studies are necessary.
Therefore, in order to deeply understand non-Ising type SCMs,
it is important that (i) a general theory ferrimagnetic 1D chains
consisting with the isotropic quantum S = 1/2 and anisotropic
classical S = 2 spins via the strong intrachain antiferromagnetic
interactions” and (ii) better models and candidates for SCMs
beyond the Ising limit are needing.

B CONCLUSION

Single-chain magnets (SCMs) can be prepared by controlling
the structure and crystal packing of one-dimensional (1D)
Mn"(porphyrin)—~TCNE® ~chain complexes. The magnetic
behavior of 1D Mn"(porphyrin)—TCNE® ~ chain materials
(spin glass (SG), 3D magnet, and SCM) depends on the
substituent on the porphyrin ring. Specifically, 1 with bulky
biphenyl groups, of which the dihedral angle between the mean
planes of Mn"(porphyrin)—~TCNE® ~ and Mn"'-N=C were
125.2° and 27.9°, respectively, was synthesized. On the basis of
the dc susceptibility data for 1 (J/kz = —136 Kand ¢’ = +91 K)
and the complexes reported by Miller and co-workers, the
strength of the intrachain magnetic exchange between the Mn™
and TCNE® ~ ions increases linearly with an increase in the
dihedral angle between the mean planes of Mn"'(porphyrin)—
TCNE®~ and Mn"™-N=C. 1 showed significant magnetic
anisotropy (Dyn/kg = —3.7 K). Furthermore, from ac
susceptibility measurements, there was only one magnetic
relaxation mechanism for 1 with A_/k; = 146.3 K and 7, = 4.1
X 107'% 5. The relaxation barrier and the significant
magnetization hysteresis at low temperatures (coercive field
=2.7 T at 1.8 K) are the largest yet reported for any SCM.
Recent theoretical results involving SCMs beyond the Ising
limit need to generalize for ferrimagnetic 1D chains. Currently,
we are preparing 1D chain complexes with [Mn"(TBPP)]*
units linked by other organic radicals and magnetic metal ions
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in an effort to increase the single-ion anisotropy and exchange
coupling.
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