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ABSTRACT: Two isostructural 1D complexes, [M-
(hfac)2NaphNN]n [M = MnII (1) or CoII (2); NaphNN
= 1-naphthyl nitronylnitroxide], were synthesized and
exhibit very strong antiferromagnetic metal−radical
exchange coupling. Compound 2 shows slow magnetic
relaxation behavior with a high blocking temperature (TB
≈ 13.2 K) and a very high coercive field of 49 kOe at 4.0
K.

Themotivation to studymolecular nanomagnets comes from
their potential application in high-density magnetic

information storage as well as the challenge of understanding
their physical behavior.1−4Among this class of compounds, oneof
the most promising systems is the single-chain magnet (SCM) in
which the magnetic behavior arises from large uniaxial-type
magnetic anisotropy associated with strong intrachain and
negligible interchain magnetic interactions.5−10 However, so
far, few SCMs reported in the literature display high blocking
temperatures and high coercivity fields (TB > 10 K;Hc > 30 kOe),
essential properties for applications.11,12

A strategy to make stable SCMs with these characteristics is
very appealing, not only to investigate the physical phenomena
present in suchmaterials but also to enable the necessary steps for
realistic application. Some of us recently reported a substantial
change to the common strategy of making metal−radical SCM
chains with alkoxyphenyl nitronylnitroxides (NNs), by using NN
spin units substituted with a large polycyclic aromatic group to
keep the chains structurally isolated.12,13 The [Co-
(hfac)2PyrNN]n chain, where PyrNN is the radical 2-(1′-
pyrenyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-3-oxide-
1-oxyl, shows a record high blocking temperature of 14 K and a
very high coercive field.12 However, this chain displayed some
structural instability, attributed to the loss of solvent entrained in
the lattice. Since stability is a crucial point to be considered, as
stated before, we sought modification in this strategy to increase
the stability while preserving the desired SCM-type behavior and
high blocking temperatures.
In this paper, we report two new isostructural magnetic chains,

[M(hfac)2NaphNN]n, where M = MnII (1) or CoII (2) and
NaphNN is 2-(1′-naphthalenyl)-4,4,5,5-tetramethyl-4,5-dihy-
dro-1H-imidazole-3-oxide-1-oxyl. Compound 2 behaves as a

SCMwith a high blocking temperature and exhibits a very strong
coercive field.
The [M(hfac)2NaphNN]n chains weremade in a single step by

reacting [M(hfac)2] hydrates with NaphNN in a solvent mixture
of chloroform and dry n-heptane [see the Supporting Information
(SI) for details]. These compounds crystallize in the P21/n space
group, with the metal ion coordinated by four oxygen atoms from
two hfac ligands and two oxygen atoms from two cis-coordinated
NaphNN radicals (Figure S1). The radical is bridge-coordinated
to the metal ions, generating a 2-fold helical chain parallel to the
crystallographic b axis (Figure 1). The metal(II) ions have

distorted octahedral environments, with M−O bond lengths
ranging from 2.088 to 2.178 Å and from 2.039(2) to 2.076(2) Å
for 1 and 2, respectively. The O−M−O bond angles of the cis-
coordinated radical oxygen atoms are 85.33(15)° for 1 and
82.47(9)° for 2. Selected additional bond lengths and angles are
given inTable S2.The intrachain distances betweenmetal ions are
7.708(2) Å for 1 and 7.628(2) Å for 2, while the shortest
interchain distances between these ions are 9.721(2) and
9.801(2) Å for 1 and 2, respectively. The intrachain distances
for both compounds are close to those in the [M-
(hfac)2(PyrNN)]n chains,12,13 but the interchain distances
between metal ions are shorter by about 1.3 Å for 1 and 2, as
expected from the smaller size of the naphthyl substituent as well
as the absence of lattice solvent molecules. Notably, the
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Figure 1. View along the a axis of 2. Methyl groups, hydrogen, and
fluorine atoms were omitted for clarity. Atoms: carbon (black), nitrogen
(blue), oxygen (red), and cobalt(II) (cyan).
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[Co(hfac)2(NaphNN)]n chain is stable to ambient conditions
(Figure S2).
The χT temperature dependence of 1 (Figure S3) shows the

expected behavior formanganese(II) (SMn=
5/2) and radical (SR=

1/2) Heisenberg ferrimagnetic chains. As the temperature
decreases, the χT value increases to about 76 cm3 mol−1 K at
9.1 K and then decreases to 30 cm3 mol−1 K at 2.6 K because of
saturation effects. Themaximum of χT changes to 199 cm3mol−1

K at 6.9 K when the magnetic field is reduced to 100 Oe (Figure
S4). An estimate of the metal-to-radical magnetic exchange
constant (H = −JSi·Si) was obtained using Seiden’s model,
considering data above 33 K (see the SI for details), giving J =
−(298 ± 26) cm−1. This value is within the range found
experimentally and by ab initio calculations for other MnII−NN
compounds.14

Compound 2presents a different behavior (Figures S5 and S6),
with χT reaching a maximummuch higher (750 cm3 mol−1 K for
100 Oe) at 45 K. Below this maximum, χT decreases due to
saturation and blocking effects. In contrast with isotropic
octahedral manganese(II) complexes, cobalt(II) ions in the
same environment have a large magnetic anisotropy. Taking this
into account, we used the branch chainmodel (also consideringH
=−JSi·Si) to fit the data for T ≥ 73 K, obtaining J =−(162 ± 13)
cm−1 (see the SI for details).
Themagnetic correlation length (ξ) and χT (χT is proportional

to ξ) increase when the temperature decreases, according to the
expression χT=Ceff exp(Δξ/kBT), whereCeff is the effectiveCurie
constant of the chain repeat units andΔξ is the energy required to
create a domain wall, which is valid for 1D Ising-like or highly
anisotropic Heisenberg systems.15,16 The exchange interaction
within this Ising limit is related toΔξ asΔξ = 2|J|S

2, where S is the
ground-state spin quantum number.8 The domain wall formation
energy is Δξ/kB = (379 ± 12) K for 2, which corresponds to an
exchange strength of |J/kB| = (190 ± 6) K (132 ± 4 cm−1)
obtained from the slope of a ln(χT) versus 1/T plot (Figure S7).
There is a ∼20% discrepancy between this J value and the one
obtained from the branch chain model (233 K), indicating that
this system is not within the Ising limit.
The zero-field-cooled (ZFC) magnetic susceptibility of 2

increases strongly just above 10.7 K to amaximum value at 15.7 K
(Figure 2). An average blocking temperature was assigned
midway between the minimum and maximum susceptibilities, at
TB ≈ 13.2 K. The field-cooled (FC) susceptibility plateaus over
2.4−10.3 K, slightly increases to a maximum at 12.2 K, and then
decreases until it converges with the ZFC curve; the FC and ZFC
curves are coincident above 41 K.

Magnetization hysteresis curve below the blocking temper-
ature for 2 is shown in Figure 3. At 4.0 K, a large coercive field >49

kOe is observed, while at 8.0K (see Figure S8), the coercive field is
∼30 kOe. The shape of the hysteresis curve suggests the existence
of two contributions: one hysteretic with a smooth variation
around zero field and a second paramagnetic-like contribution
with no hysteresis, responsible for the steep change at low fields.
The alternating-current (ac) susceptibility measurements for 2

were performed in zero direct-current (dc) external field (see
Figure 4 and the SI). Both the χ′ (in-phase) and χ″ (out-of-phase)

susceptibility components show frequency dependence consis-
tent with SCM-type behavior. A maximum in χ″ is observed
between 20 and 30 K, with a shoulder at higher temperatures
(30−45 K) suggesting a broader second relaxation process. This
second process can be better discriminated in the isothermal
frequency dependence of the susceptibility (Figures S9 and S10).
Themagnetic relaxation times were obtained from themaxima of
χ″ versusT atfixed ac frequencies (20−30K) and also byfitting χ″

Figure 2.Temperature dependence of ZFC (open circles) and FC (filled
circles) magnetic susceptibilities for 2 at 10 Oe.

Figure 3.Magnetization hysteresis at 4.0K for 2. Note that this is aminor
loop and is not fully saturated.

Figure 4. Temperature dependence of χ′ (upper) and χ″ (lower) of 2
under zero dc field. Relaxation times versus reciprocal temperature are
shown in the inset, where the solid lines represent linear fits to the
Arrhenius law.
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versus ν at fixed temperatures by a sumof twoCasimir andDuPre
expressions (see details in the SI). The relaxation times follow an
Arrhenius thermal activation behavior τ= τ0 exp(Δτ/kBT) with an
activation energy barrier ofΔτ/kB = (398± 14)K and τ0 = (4± 3)
×10−12 s for the lower temperaturemaxima 20−30K,whileΔτ/kB
= (344± 36)K and 2× 10−10 < τ0 < 40× 10−10 s for the relaxation
process at higher temperatures. Despite the large uncertainty in τ0
of the latter, one may speculate that their sizes are about a few
hundred times longer than the short ones. A standard Cole−Cole
analysis of the relaxation data (Figure S11) shows partially
overlapped semicircles, confirming two discernible magnetic
relaxation processes. At 17.5 K, only the faster relaxation process
is observed, with a Cole−Cole parameter α = 0.19 indicating a
narrow distribution of relaxation times, while at 30.0 K, the slower
relaxation process is dominant with α = 0.45, showing a broader
distribution of relaxation times.
The activation energy barriers associated with the two

independent relaxation processes are nearly the same, but the τ0
values are quite different. Defects have important effects on the
relaxation dynamics of SCMs,7,8,17,18 as shown by studies on
SCMs intentionally doped with diamagnetic ions, which showed
no dependence of the energy barrier but a clear decrease of τ0 with
increased defect concentration. For nearly defect-free chains, an
effectively infinite size regime canbe reached,where the relaxation
mechanism energy gaps follow the relationship Δτ = 2Δξ + ΔA,
where ΔA is the anisotropy energy. In a finite size regime, the
energy gap relationship is Δτ = Δξ + ΔA.

8 In the case of 2, the
experimentally obtained Δτ and Δξ show clearly that an effective
infinite size regime is not reached (Δτ<2Δξ).Thepresence of two
relaxation processes in compound 2 is attributed to the
coexistence of a broad distribution of longer chains with a slower
relaxation process (longer τ0) with a dominant narrower
distribution of shorter chains having faster relaxation (shorter τ0).
In existing theories for one-dimensional relaxation models, the

relationship between the exchange energy (J) and magnetic
anisotropy (D) are important to determine the energy gaps Δτ,
Δξ, and ΔA.

7,8 In the Ising limit, the anisotropy is larger than the
magnetic exchange energy (|D/J| > 4/3), while in the Heisenberg
limit the exchange is much larger than the anisotropy (|J|≫ |D|).8

The estimates of the D and J values obtained from the branch
chainmodel give |D/J|≈ 0.6, indicating that 2 is neither within the
Ising limit nor within the Heisenberg limit. We expect that our
results will foster further theoretical studies to determine these
relationships.
In conclusion, a SCM with a large coercive field and a high

blocking temperature was described. No evidence of three-
dimensional magnetic ordering was found in the manganese
derivative. For the isostructural cobalt chain, the blocking of the
dynamics at temperatures below13Kwould prevent any ordering
at lower temperatures. A notable advance here is that NaphNN
presents much higher structural stability under ambient
conditions than the previous [Co(hfac)2(PyrNN)]n chain.
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