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ABSTRACT: Metal complexation reactions of N-t-butyl-N-
oxidanyl-2-amino(nitronyl nitroxide) diradical (1) with M-
(hfac)2 (M: Mn or Cu) were investigated. These reactions
were found to be very sensitive to the type of metal ion
employed. Complex [Mn(hfac)2·1], consisting of Mn(hfac)2
and diradical 1, was readily prepared by mixing the
components. However, the reaction of Cu(hfac)2 with 1 or
N-t-butyl-N-oxidanyl-2-amino(iminonitroxide) diradical (2)
involved the reduction of the diradical to the N-t-butyl-N-
oxidanide-2-amino(iminonitroxide) radical anion (3) and
finally produced the polymer-chain complex [Cu2(hfac)2·32·
Cu(hfac)2]n. The structures of these complexes were elucidated by X-ray analysis, and their magnetic properties were investigated
in detail. The temperature dependence of χpT (χp: magnetic susceptibility) for [Mn(hfac)2·1] exhibited a strong
antiferromagnetic interaction (H = −2JS1·S2, J/kB = −217 K) between the Mn(II) spin (S = 5/2) and the diradical 1 spin
(S = 1). However, the χpT−T plots for [Cu2(hfac)2·32·Cu(hfac)2]n indicated the presence of several magnetic interactions: a
large ferromagnetic interaction (J/kB = 510 K) between iminonitroxide 3 and the imino-coordinating Cu(II) atom, a moderately
large ferromagnetic interaction (J/kB = 58 K) between the iminonitroxide and (iminonitroxide oxygen)-coordinating Cu(hfac)2,
and a weak antiferromagnetic interaction (J/kB = −1.4 K) between the two Cu(hfac)-3 moieties within a Cu2O2 square.

1. INTRODUCTION

Stable, organic, open-shell molecules have garnered great
attraction because of their wide diversity in molecular design
and processability,1,2 which facilitates their application in
molecule-based magnets,1,3 electrical conductors,4,5 contrast
agents for magnetic resonance tomography,6 radical-based
rechargeable batteries,7 spintronic devices,4,5,7,8 and molecular
spin-based quantum computers.9 In addition to these develop-
ments, the synthesis of high-spin molecules are also attracting
increasing attention.1−3 Of these, trimethylenemethane
(TMM) is the simplest species that shows a large and positive
exchange interaction,10 although it undergoes a facile ring-
closure reaction at temperatures above 123 K.11 Thus far,
several stable diradicals and polyradicals have been designed
and synthesized using m-phenylene- and alkylidene-bridged
nitronyl nitroxides (NN) and iminonitroxides (IN). However,
only a few stable diradicals have been reported to exhibit large
exchange interactions, J/kB > +300 K, H = −2JS1·S2.
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Recently, highly compact TMM-analogues, 1 and 2 (see
Scheme 1 and Scheme 2), have been synthesized using NN, IN,
and t-butyl nitroxide as spin sources by two groups (present
authors in Japan and Russia).13 During an international

workshop between the two countries (the sixth Russian-
Japanese workshop) and the 13th International Conference on
Molecule-based Magnets (ICMM 2012), we have cooperatively
investigated transition-metal complexes derived from 1 and 2.
In particular, we found that the formation of metal complexes
using these ligative diradicals14 is sensitive to the type of metal
employed. Although the [Mn(hfac)2·1] complex was readily
prepared by mixing Mn(hfac)2 and diradical 1, the correspond-
ing Cu(hfac)2 complex could not be obtained from either 1 or
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Scheme 1. Complexation of Mn(hfac)2 with Diradical 1
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2; moreover, redox reactions involving the decomposition of 1
and 2 to yield the paramagnetic radical anion 3 occurred to give
[Cu2(hfac)2·32·Cu(hfac)2]n from both 1 and 2 (see Scheme 2).
Herein, we report the preparations, molecular and packing
structures, and magnetic properties of [Mn(hfac)2·1] and
[Cu2(hfac)2·32·Cu(hfac)2]n.

2. EXPERIMENTAL SECTION
General Procedures. The chemicals were of commercial grade

and were used without further purification. Melting points were
measured using a Yanako MP-J3 apparatus, and they were not
corrected. The infrared spectra were measured using a Shimadzu
FTIR-8700. The X-ray data were collected by a Rigaku CCD and
Smart Apex II (Bruker AXS) area detectors with graphite-
monochromated Mo−Kα radiation. The structures were resolved by
a direct method (SIR92 or SHELX97) and expanded using a Fourier
technique. All the calculations were performed using the Crystal
Structure crystallographic software package. The magnetic suscepti-
bility measurements were performed using a Quantum Design SQUID
magnetometer, MPMS-XL.
Preparation of [Mn(hfac)2·1]. A suspension of bis-

(hexafluoroacetylacetonato)manganese(II) (Mn(hfac)2·3H2O, 120
mg, 0.256 mmol) in n-heptane (30 mL) was refluxed for 1 h. Then,
the solvent (∼20 mL) was distilled off to remove water involved in
Mn(hfac)2·3H2O as an azeotrope. To the dried yellow n-heptane
solution (10 mL) of Mn(hfac)2, an ether solution (1 mL) of 1 (61.8
mg, 0.255 mmol) was added at room temperature. Crystals were
produced by slow evaporation of ether at 4 °C for 2 days in a
glovebox; these were then collected by filtration and washed with cold
n-heptane, to yield [Mn(hfac)2·1] as black green blocks (91.5 mg,
50%). [Mn(hfac)2·1]: mp 108 °C (decomp.); IR (KBr, cm−1): 3005,
2947, 1651, 1556, 1529, 1483, 1377, 1256, 1215, 1148, 1099, 799, 665;
anal. calcd. for C21H23F12MnN3O7 (MW 712.34): C, 35.41; H, 3.25;
N, 5.90; found: C, 35.41; H, 3.28; N, 5.94; ESR (powder): g = 2.043;
crystallographic data for [Mn(hfac)2·1]: monoclinic, space group: C2/
c (#15), a = 25.1960(13) Å, b = 8.5524(4) Å, c = 27.5246(16) Å, α = γ
= 90.0°, β = 90.202(3)°, V = 5931.1(5) Å3, Z = 8; Dcalcd = 1.596 g
cm−3, T = 150(2) K; R = 0.0648, Rw = 0.1486, GOF = 1.091.
Preparation of [Cu2(hfac)2·32·Cu(hfac)2]n . Complex

[Cu2(hfac)2·32·Cu(hfac)2]n was prepared by the following two routes
(a) and (b).
(a). From the Reaction of Cu(hfac)2 with Diradical 1. The mixture

of bis(hexafluoroacetylacetonato)copper(II) Cu(hfac)2 (76 mg, 0.16
mmol, sublimed (150−160 °C/0.5 mmHg) before use) and 1 (40 mg,
0.16 mmol) was dissolved in dichloromethane (2 mL), and n-heptane
(1 mL) was added. Slow evaporation of the solvent at 4 °C for 12 h
produced an unidentified oily material looking like a black film on the
bottom of the glass surface. This tar-like material was removed by
decantation, and the solution was stored at 4 °C for 12 h. The
produced black crystals were filtered off and washed with n-heptane to
yield [Cu2(hfac)2·32·Cu(hfac)2]n (25 mg, 21%).

(b). From the Reaction of Cu(hfac)2 with Diradical 2. Cu(hfac)2
(148.9 mg, 0.312 mmol) and diradical 2 (84.9 mg, 0.373 mmol) were
dissolved in n-heptane (13 mL). The mixture was stirred for 15 min at
room temperature and then filtered through a syringe filter (DISMIC-
25, pore size 0.50 μm) to remove any insoluble materials. Slow
evaporation of n-heptane at 4 °C produced crystals, which were
collected by filtration and washed with dichloromethane to yield
[Cu2(hfac)2·32·Cu(hfac)2]n as black blocks (33.9 mg, 22%).
[Cu2(hfac)2·32·Cu(hfac)2]n: m.p.: 174 °C (decomp.); IR (KBr,
cm−1): 2986, 2943, 1647, 1556, 1475, 1332, 1259, 1223, 1207, 1148,
1111, 804, 795, 682, 675; anal. calcd. for C42H46Cu3F24N6O12 (MW
1473.45): C, 34.24; H, 3.15; N, 5.70; found: C, 34.41; H, 3.26; N,
5.90; crystallographic data: triclinic, space group: P1̅ (#2), a =
10.5121(8) Å, b = 11.1887(9) Å, c = 13.1320(11) Å, α = 76.799(6)°, γ
= 88.361(6)°, β = 73.751(5)°, V = 1442.6(2) Å3; Z = 1; Dcalcd = 1.696
g cm−3; T = 240(2) K; R = 0.0429, Rw = 0.0708, GOF = 0.786.

3. RESULTS AND DISCUSSION

Preparation of Metal Complexes from 1 and 2.
Diradical 1 underwent a complexation reaction with Mn(hfac)2
in an n-heptane-ether mixture to form [Mn(hfac)2·1], which
was obtained as good crystals suitable for X-ray analysis
(Scheme 1).
Similar treatment of an n-heptane-dichloromethane solution

of Cu(hfac)2 with diradical 1 produced good black crystals
(21% yield) of a polymer-chain complex [Cu2(hfac)2·32·
Cu(hfac)2]n, in which radical anion 3 is formed by the
decomposition of diradical 1 (Scheme 2). The decomposition
of diradical 1 occurred in the presence of Cu(hfac)2 even under
argon ([O2]∼1 ppm in a glovebox) in various solvents such as
toluene, ether, and acetonitrile. The use of a different Cu(II)
source (Cu(ClO4)2 or Cu(O2CCF3)2) in acetonitrile or
acetonitrile-mixed solvents also induced the decomposition.
The decomposition also occurred even under dried conditions
(solvents and Cu(II) sources), although participation of a small
amount of water in this decomposition could not be ruled out.
The decomposition was not observed in the absence of Cu(II)
ions under the same conditions.
The first step of the decomposition could be the

deoxygenation of diradical 1 induced by the Cu(II)-oxidant
with the formation of diradical 2 and Cu(I) species. Although
the mechanistic details of the deoxygenation pathway are
uncertain, the conversion of diradical 1 to iminonitroxide 2 was
confirmed by monitoring the reaction by TLC. The oxidative
deoxygenation path can be supported by the following
observations in the literatures: Nitronyl nitroxides can be
converted into iminonitroxides in the presence of an electron-
deficient and oxygen-accepting TCNQ and/or TCNQF4,

15 in
the reaction with chlorine gas followed by treatment with

Scheme 2. Complexation of Cu(hfac)2 with Diradical 1 or 2
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ethanol,16 and also in the reaction with MnO2 in nitro-
methane.17 In the next step, diradical 2 would be reduced under
the complexation conditions to give the paramagnetic anion 3.
The occurrence of this step is supported by the formation of
the same complex [Cu2(hfac)2·32·Cu(hfac)2]n in the reaction of
Cu(hfac)2 with diradical 2 (Scheme 2).
Structures of Metal Complex, [Mn(hfac)2·1] and

[Cu2(hfac)2·32·Cu(hfac)2]n. Figure 1 shows the molecular

structure of [Mn(hfac)2·1] obtained from the X-ray analysis;
the crystallographic data are summarized in Table 1. The
[Mn(hfac)2·1] complex showed a disorder in the hfac moieties.
The N−O bond lengths in the radical moiety slightly increased
by the coordination to the Mn(II) atom (bonds b and c in
Figure 1) compared with the N−O bond lengths of free
diradical 113 (parentheses values in bond b and c in Figure 1).
The torsion angle between the ONCNO plane in the nitronyl
nitroxide and t-Bu nitroxide plane (73° in free 1) decreased to
29° because of the coordination to the Mn(II) atom. The Mn−
Ohfac bonds ( f: 2.171(2), g: 2.060(2), h: 2.064(2), i: 2.135(2) Å,
Figure 1) in the hfac moieties were slightly longer than the
Mn−ONO bonds (d: 2.019(2), e: 1.988(2) Å), suggesting a
stronger bonding character of the Mn−ONO bonds.
For the intermolecular contacts between magnetically

important elements, we found two identical intermolecular
contacts (O---C: 3.32 Å) between the NO oxygen atom and the
methyl carbon atom in the t-Bu group of the adjacent
[Mn(hfac)2·1] group (Figure 4, red dotted lines).
The linear chain structure [Cu2(hfac)2·32·Cu(hfac)2]n

determined by the X-ray analysis is shown in Figure 2. The
crystallographic data are collected in Table 1. The NO group in
bond a (1.265(2) Å), which weakly coordinates to the Cu(II)
atom (h: 2.702(3) Å), had a typical bond length for nitroxides
(1.275(2) Å in 2).13 However, the N−O bond c (1.428(3) Å)
in the t-BuNO moiety was considerably longer (compared with
1.281(2) Å in 2),13 indicating the presence of an oxygen anion
in the t-BuNO moiety of the Cu complex. Furthermore, the
summation of the bond angles around the nitrogen atom (α, β,
and γ denoted in Scheme 2) of the t-BuNO moiety in the Cu
complex was 336.4° (α: 120.4(2)°, β: 108.8(2)°, γ: 107.2(2)°)
in contrast to free diradical 2 (total: 359.7°, α: 121.8(2)°, β:
120.3(2)°, γ: 117.6(2)° in Scheme 2), indicating that the
nitrogen atom in the t-BuNO moiety of the Cu complex has a
sp2+δ hybridization; being compatible with the anionic oxygen
atom of the t-BuNO moiety in the Cu complex.

A square composed of two Cu atoms and two anionic oxygen
atoms of t-BuNOs was observed in the Cu complex,
[Cu2(hfac)2·32·Cu(hfac)2]n. The bond angle of Cu−O−Cu
was 97.38(8)° with a Cu---Cu distance of 3.10 Å. The Cu
atoms within the square occupied the penta-coordinated square
pyramidal geometry with one Cu−NCN bond (b: 1.960(2) Å),
two Cu−Ohfac bonds (g: 1.997(2) Å and f: 1.951(2) Å), and
two Cu−Ot‑BuNO bonds (d: 1.921(2) Å and e: 2.199(2) Å
(axial)) within the Cu−O−Cu-O square. The structures of

Figure 1. Molecular structure of [Mn(hfac)2·1] drawn at a 50%
ellipsoid level, in which a disorder is observed in the hfac moieties and
all hydrogen atoms are omitted for clarity. Typical bond lengths: a:
1.267(3) (1.273(3)), b: 1.311(3) (1.276(2)), c: 1.335(2) (1.282(2)),
d: 2.019(2), e: 1.988(2), f: 2.171(2), g: 2.060(2), h: 2.064(2), i:
2.135(2) Å; the parentheses values are bond lengths of diradical 1.

Table 1. Crystallographic Data of [Mn(hfac)2·1]
a and

[Cu2(hfac)2·32·Cu(hfac)2]n
b

[Mn(hfac)2·1]
a [Cu2(hfac)2·32·Cu(hfac)2]n

b

formula C21H23F12MnN3O7 C42H46Cu3F24N6O12

formula weight 712.35 1473.46
crystal color,
morphology

black, prism black, plate

crystal size/mm 0.38 × 0.32 × 0.32 0.20 × 0.08 × 0.02
crystal system monoclinic triclinic
space group C2/c (#15) P1̅ (#2)
a/Å 25.1960(13) 10.5121(8)
b/Å 8.5524(4) 11.1887(9)
c/Å 27.5246(16) 13.1320(11)
α/degree 76.799(6)
β/degree 90.202(3) 88.361(6)
γ/degree 73.751(5)
V/Å3 5931.1(5) 1442.6(2)
Z value 8 1
T/K 150(2) 240(2)
Dcalc/g cm3 1.596 1.696
F(000) 2872 739
μ/ cm−1 5.64 (Mo−Kα) 12.34 (Mo−Kα)
no. of reflections
measured

21901 23277

no. of unique
reflections

6588 6728

no. of observed
reflections

6588 (I > 2.00σ(I)) 3258 (I > 2.00σ(I))

no. of variables 415 502
reflection/parameter
ratio

15.87 6.49

R1 [I > 2.00σ(I)]c 0.0648 0.0429
Rw
d 0.1486e 0.0708f

goodness-of-fit 1.091 0.786
aCCDC#: CCDC 956311. bCCDC#: CCDC 956312. cR1 = ∑∥Fo| −
|Fc∥/∑|Fo|.

dRw = [∑(w(Fo
2 − Fc

2)2)/∑w(Fo
2)2]1/2. ew = 1/[σ2(Fo

2)
+ (0.0594P)2 + 25.1447P] where P = (Fo

2 + 2Fc
2)/3. fw = 1/[σ2(Fo

2) +
(0.0310P)2] where P = (Fo

2 + 2Fc
2)/3.

Figure 2. Molecular structure of the repeating unit [Cu2(hfac)2·32·
Cu(hfac)2]n drawn at a 50% ellipsoid level, in which all hydrogen and
fluorine atoms are omitted for clarity. Typical bond lengths: a:
1.265(2), b: 1.960(2), c: 1.428(3), d: 1.921(2), e: 2.199(2), f: 1.951(2),
g: 1.997(2), h: 2.703(2), i: 1.924(2), j: 1.913 (2) Å.
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Cu(II) dimers involving a Cu2O2 square moiety have frequently
been observed.18 The relationship between the exchange
interaction and the Cu−O−Cu angle in hydroxo-briged Cu(II)
dimers has also been reported.19 Based on these studies, the Cu
atoms in the Cu2O2 square in [Cu2(hfac)2·32·Cu(hfac)2]n can
be safely assigned as Cu(II) species.
Magnetic Properties of [Mn(hfac)2·1]. Figure 3 shows

the temperature dependence of χpT (χp: molar paramagnetic

susceptibility) of [Mn(hfac)2·1]. The χpT value at room
temperature was approximately 2.05 emu·K·mol−1, which
gradually decreased to reach a plateau (1.94 emu·K·mol−1)
with decreasing temperature (300→ 150 K). This behavior can
be explained using the antiferromagnetic spin pair model:

= − ·H JS S 12 (Mn) ( ) (1)

The parameter J denotes the exchange interaction between
Mn(II) (S(Mn) = 5/2) and 1 (S(1) = 1) in the spin pair. The
temperature-dependence of χpT was reproduced by assuming
thermal equilibrium for each spin state

χ
μ

θ
ε

ε
=

−
·
∑ + + −

∑ + −
T

N g T

k T

s s s k T

s k T3 ( )

( 1)(2 1)exp( / )

(2 1)exp( / )
i i i i i

i i i
p

A
2

B
2

B

B

B

(2)

with a total spin of si = S(Mn) + S(1) (s1 =7/2, s2 =5/2, s3 =3/
2, ε1= −12J, ε2= −5J, and ε3= 0) under the mean-field
approximation of interpair interaction θ. The solid line in
Figure 3 represents a simulation line with parameters g = 2.043,
J/kB = −217 K, and θ = −1.40 K in eq 2.
These magnetic interactions should have structural origins.

The large J/kB = −217 K is obviously attributed to the
intramolecular antiferromagnetic interaction between Mn(II)
and 1. To get an insight into the small magnetic interaction of θ
= −1.40 K, we calculated magnetic interactions on
intermolecular spin pairs. We searched for short intermolecular
contacts between magnetically important elements (see
Structures of Metal Complex section) and found two
equivalent short intermolecular contacts between the NO
oxygen atom in the [Mn(hfac)2·1] complex and the methyl
carbon atom of the t-Bu group in the adjacent [Mn(hfac)2·1]
complex (3.32 Å, red dotted lines within [Mn(hfac)2·1]2-A, B,
and C in Figure 4). The lengths of these intermolecular O---C
contacts are close to the summation (3.3 Å) of their respective
van der Waals radii. With this geometry, two spin states, high-
spin (S = 3, [Mn(hfac)2·1]2-B in Figure 4) and low-spin (S = 0,
[Mn(hfac)2·1]2-C), are possible. The energies of these states
for the geometry determined by X-ray analysis were estimated
using the Gaussian 09 program package with a ub3lyp/6-31G*
level theory.20 The energy difference (ΔE = −5.95 K, the minus
sign means higher stability of the low-spin state) is calculated
from the high- (EStotal=3 = −7707.08303137 au, ⟨S2⟩ = 14.7925)
and low-spin (EStotal=0 = −7707.08305024 au, ⟨S2⟩ = 5.7925)
states. The total energy calculated using a UHF-SCF procedure
involves spin-contamination contributed from higher spin
states. To estimate the exchange interaction (J/kB between
two spins Sa and Sb, H = −2JSa·Sb), we used a spin projection
method (eq 3) proposed by Yamaguchi and co-workers.21

= −
⟨ ⟩ − ⟨ ⟩

J
E E

S S

LS HS

HS 2 LS 2
(3)

where LSE and HSE are the total energies, and ⟨LSS2⟩ and ⟨HSS2⟩
are the ⟨S2⟩ values for the low-spin and high-spin states,
respectively. Thus, the corrected magnetic interaction was
estimated to be J/kB = −0.66 K in the [Mn(hfac)2·1]2 case. The
estimated value is approximately equivalent to the exper-
imentally determined value of θ = −1.40 K.
The calculated total energies (E/au), ⟨S2⟩ values, energy

differences (ΔELS‑HS/K) between low- and high-spin states, and

Figure 3. χpT−T plot of [Mn(hfac)2·1]; the black circle indicates the
observed value of χpT measured under an external magnetic field of
1,000 G and the solid line indicates a simulation curve with parameters
of g = 2.043, J/kB = −217 K, and θ = −1.40 K in eq 2.

Figure 4. Intermolecular contacts (red dashed line: 3.318 Å) of [Mn(hfac)2·1] (A: chemical formula, B: high-spin structure (Stotal = 3), and C: low
spin structure (Stotal = 0).
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exchange interactions (J/kB/K, H = −2JSa·Sb) for the Mn- and
Cu-complexes are summarized in Table 2.
Magnetic Properties of [Cu2(hfac)2·32·Cu(hfac)2]n. The

temperature dependence of the χpT values of [Cu2(hfac)2·32·
Cu(hfac)2]n is shown in Figure 5. The χpT value at room

temperature was 2.448 emu·K·mol−1. When the temperature
was lowered, the χpT value gradually increased to a broad
maximum value (2.515 emu·K·mol−1) at approximately 150 K
and slowly decreased to 2.343 emu·K·mol−1 at approximately
50 K (Supporting Information, Figure S1). Below 50 K, the χpT
value steeply decreased (0.188 emu·K·mol−1 at 2.0 K). The χp−
T plot (Figure 5 inset) had a maximum at approximately 10 K.

These results indicate that there are at least two magnetic
interactions; one is a considerably large ferromagnetic
interaction of the order of several hundred kelvins, and the
other is a weak antiferromagnetic interaction of the order of
several kelvins or tens of kelvins as suggested from the
maximum in the χp−T plot (Figure 5 inset).
The linear chain complex [Cu2(hfac)2·32·Cu(hfac)2]n con-

sists of several magnetic components (Figure 2). Consequently,
direct simulation of the experimental χpT−T plot (Figure 5)
was difficult. Fortunately, each of the magnetic interactions
could be theoretically extracted from the X-ray structure of
[Cu2(hfac)2·32·Cu(hfac)2]n. First, we focused on the structure
of the •O−N−CN−Cu(II) moiety (formulated by [Cu-
(hfac)·3·ONHtBu]-A, B, C in Figure 6). A similar penta-
coordinated Cu(II) complex with iminonitroxide has been
reported to have a large ferromagnetic interaction by Rey and
co-workers.22 We calculated the energy difference (ΔE = +520
K in Table 2) between the high-spin (B, EStotal=1 =
−3615.37602285 au, ⟨S2⟩ = 2.0419) and low-spin (C, EStotal=0
= −3615.37437367 au, ⟨S2⟩ = 1.0236) states. The magnetic
interaction between the iminonitroxide and Cu(II) moieties
was estimated using eq 321 to be a large, positive value (J/kB =
+510 K).
These iminonitroxide-Cu(II) moieties form a Cu2O2 cluster

(formulated [Cu(hfac)·3]2-A in Figure 7). Since the magnetic
interaction within the iminonitroxide-Cu(II) moieties is
strongly ferromagnetic as estimated (J/kB = +510 K in Table
2), two spin configurations for the Cu2O2 cluster are possible;
([Cu(hfac)·3]2-B and C in Figure 7). From the energy
difference (ΔE = −29.3 K in Table 2) between the high-spin
(B, EStotal=2 = −6654.23070691 au, ⟨S2⟩ = 6.0212) and low-spin
(C, EStotal=0 = −6654.23079997 au, ⟨S2⟩ = 2.0173) states, the
low-spin state C was shown to be slightly stable, showing an
antiferromagnetic interaction of J/kB = −7.33 K.21 This
calculated value is compatible with the observed maximum in
the χp−T plot (Figure 5, inset).

Table 2. Calculated Total Energies for Low- And High-Spin States of Model Compounds Shown in Figures 4 and 6−8

compounds and spin states E/au ⟨S2⟩ energy difference (ΔELS‑HS)/K exchange interaction (J)/K

[Mn(hfac)2·1]2-B (Stotal = 3) in Figure 4 −7707.08303137 14.7925
−5.95 −0.66

[Mn(hfac)2·1]2-C (Stotal = 0) in Figure 4 −7707.08305024 5.7925
[Cu(hfac)·3·ONHtBu]-B (Stotal = 1) in Figure 6 −3615.37602285 2.0419

+520 +510
[Cu(hfac)·3·ONHtBu]-C (Stotal = 0) in Figure 6 −3615.37437367 1.0236
[Cu(hfac)·3]2-B (Stotal = 2) in Figure 7 −6654.23070691 6.0212

−29.3 −7.33
[Cu(hfac)·3]2-C (Stotal = 0) in Figure 7 −6654.23079997 2.0173
[3·Cu(hfac)2·3]-B (Stotal = 3/2) in Figure 8 −5013.82350479 4.0151

+114 +57.6
[3·Cu(hfac)2·3]-C (Stotal = 1/2) in Figure 8 −5013.82314218 2.0293

Figure 5. χpT−T plot of [Cu2(hfac)2·32·Cu(hfac)2]n; the black circles
indicate the observed value of χpT measured under an external
magnetic field of 1,000 G. Inset: the χp−T plot showing a maximum
value around 10 K. The dashed line: the simulation line based on the
ferromagnetic pentamer model (J1/kB = +510 K, J2/kB = +58 K) in
Scheme 3. The solid line: the simulation line based on the equally
spaced antiferromagnetic Fisher chain model (J/kB = −1.4 K).

Figure 6. Model structure (A: bond length: a: 1.960(2) Å, b: 1.921(2) Å, c: 1.997(2) Å, d: 1.951(2) Å, e: 2.199(2) Å) and possible spin
configurations of the partial structure around iminonitroxide-Cu(II) taken from X-ray structure, B: high-spin configuration (Stotal = 1) and C: low-
spin configuration (Stotal = 0).
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The iminonitroxides attached to the Cu2O2 cluster are axially
bound to the Cu(II) atom in Cu(hfac)2 (formulated by [3·
Cu(hfac)2·3]-A, B, C in Figure 8). Such an axial coordination
on the Cu(II) atom has been established to show a
ferromagnetic interaction (Gatteschi, Rey, and co-workers).23

In accordance with their findings, the magnetic interaction was
calculated to be J/kB = +57.6 K (Table 2) from the energy
difference (ΔE = 114 K) between the high-spin (B, EStotal=3/2 =
−5013.82350479 au, ⟨S2⟩ = 4.0151) and low-spin (C, EStotal=1/2

= −5013.82314218 au, ⟨S2⟩ = 2.0293) states.
These theoretically analyzed magnetic interactions correlate

approximately to the observed temperature dependence of χpT.
To demonstrate that the above theoretical treatments provide
reasonable values of the magnetic interactions in the linear
chain complex [Cu2(hfac)2·32·Cu(hfac)2]n, we considered two
extreme cases of the thermal energy kBT compared with the
exchange interactions within the chain. In the high-temperature
region (200−300 K in Figure 5 for the χpT−T plot and in
Supporting Information, Figure S1 for the χpT−log T plot), we
assumed a ferromagnetic model for a spin-1/2 pentamer

(Scheme 3 top, corresponding to the structure in the box
bracket in Scheme 2, eq 4)

= − · + ·

− · + ·

H J

J

S S 3 S 3 S

S 3 S S S 3

2 [ (Cu) ( ) ( ) (Cu)]

2 [ ( ) (Cu) (Cu) ( )]
1 1 2 4 5

2 2 3 3 4 (4)

where S1(Cu) and S5(Cu) are the S = 1/2 spins of Cu(II) in
the Cu2O2 units, and S2(3) and S4(3) represent those of the
radical anion 3. The S3(Cu) spin is assigned to Cu(hfac)2 at the
inversion center. The numerical diagonalization of the spin
Hamiltonian (eq 4) afforded energy eigenvalues, from which
the temperature dependence of the magnetic susceptibility was
calculated using eq 2. The simulation using J1/kB = +510 K, J2/
kB = +58 K, with θ fixed to zero in eq 2, is shown by the dashed
line in Figure 5. The simulation line approximately reproduces
the χpT values between 200 and 300 K, although considerable
deviation is observed below 200 K, where antiferromagnetic
exchange interactions between the pentamers should be
operative through the Cu2O2 units.
In the low-temperature region (<10 K), we applied an

antiferromagnetic regular chain model (Scheme 3 below, eq 5):

∑= − · +H J S S2
i

i i 1
(5)

composed of Si = 5/2 spins for the pentamers. The temperature
dependence of magnetic susceptibility was analyzed using the
Fisher chain model based on the classical spin approximation
using eqs 6 and 7:24

χ μ= + −Ng k T u u[2 /(3 )][(1 )/(1 )]p
2

B
2

B (6)

= + − +u JS S k T k T JS Scoth[2 ( 1)/( )] /[2 ( 1)]B B (7)

Figure 7. Chemical model structure (A) and possible spin configurations of the partial structure around Cu2O2 taken from the X-ray structure, B:
high-spin configuration (Stotal = 2) and C: low-spin configuration (Stotal = 0).

Figure 8. Model structure (A: a: 2.703(2) Å b: 1.924(2) Å, c: 1.913(2) Å) and spin structures taken from the X-ray structure, B: high-spin structure
(Stotal = 3/2) and C: low-spin structure (Stotal = 1/2).

Scheme 3. Spin-Models for Magnetic Interactions in
[Cu2(hfac)2·32·Cu(hfac)2]n at High and Low Temperatures
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The antiferromagnetic interaction J/kB was optimized to fit
the experimental data below 10 K (Figure 5 (Supporting
Information, Figure S1) solid line), and it was estimated to be
J/kB = −1.4 K throughout the Cu2O2 framework (∠Cu−O−Cu
= 97.4°). The simulated J value is smaller than the calculated
antiferromagnetic exchange interaction at −7.33 K (Table 2).
Interestingly, the estimated value by simulation (J/kB = −1.4 K)
is compatible with the J/kB−∠Cu−O−Cu relationship
observed by Hatfield and co-workers in the simpler hydroxo-
bridged Cu dimer.19

■ CONCLUSION
We studied Mn(hfac)2- and Cu(hfac)2-complexation with a
stable N-t-butyl-N-oxidanyl-2-amino-(nitronyl nitroxide) dirad-
ical (1). The formation of the complex was sensitive to the type
of metal ion used. [Mn(hfac)2·1] was easily prepared. However,
mixing of either 1 or 2 with Cu(hfac)2 induced the
transformation of the diradicals to radical anion 3, producing
the same complex [Cu2(hfac)2·32·Cu(hfac)2]n from both 1 and
2. The molecular and packing structures of [Mn(hfac)2·1] and
[Cu2(hfac)2·32·Cu(hfac)2]n were studied in detail. The
magnetic properties of these complexes were investigated by
measuring the temperature dependence of magnetic suscept-
ibility. Their exchange interactions were determined with the
aid of quantum calculations. [Mn(hfac)2·1] was characterized
by a strong antiferromagnetic intramolecular magnetic
interaction (H = −2JS1·S2, J/kB = −217 K) between diradical
1 (S = 1) and the Mn(II) atom (S = 5/2) with an
intermolecular magnetic interaction (θ = −1.40 K).
[Cu2(hfac)2·32·Cu(hfac)2]n was characterized by a strongly
ferromagnetic intramolecular interaction (H = −2JS1·S2, J/kB =
+510 K) between the iminonitroxide moiety in 3 and the
imino-coordinating Cu(hfac), a moderately large ferromagnetic
intramolecular interaction (H = −2JS1·S2, J/kB = −58 K)
between the iminonitroxide moieties in 3 and the iminonitr-
oxide oxygen-coordinating Cu(hfac)2, and a weak antiferro-
magnetic interaction (H = −2JS1·S2, J/kB = −1.4 K) between
two Cu(hfac)·3 moieties within the Cu2O2 framework.
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