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Spin canting, antiferromagnetic ordering, metamagnetism
and single-chain magnetism were verified in a cyano-bridged
Fe' compound synthesized from the pentagonal bipyramidal
Fe'' starting material in the presence of excessive BF, anion.

Single-chain magnets (SCMs) showing Glauber slow dynamics™ and a
magnetic hysteresis of molecular origin have attracted considerable
interest in the field of molecular magnetism.z_3 For the rational design
of SCMs, strong intrachain magnetic coupling and spin carriers of
large magnetic anisotropy (preferably of Ising type) are essential
ingredients.* It was also believed that negligible interchain coupling is
necessary to prevent the three-dimensional magnetic ordering until
the discovery of SCM behaviour in the antiferromagnetic (AF)* and
ferromagnetic (F)* ordered phases. By taking advantage of the AF
ordering, new types of high temperature SCM-based magnets can be
achieved.*” However, due to the challenge to design and even to
control the interchain magnetic coupling, not to mention the difficulty
to design the regular SCMs, examples of the SCM-based magnets are
rather limited in the literature.*”

Since AF interaction is much more common and usually stronger
than the F coupling, most SCMs are constructed using the
ferrimagnetic strategy with hetero-spin centres. The homospin SCMs,
with either parallel or canted antiparallel spin arrangement, are quite
fewer.®“#7" For those homospin SCMs, the bridges between the spin
centres are usually three-atom bridges, such as the phosphonates,su'b

6¢-d,8c-d 6e,6f azide—

azide, selenocyanate, carboxylates,”  mixed
carboxylates’” and so on. Due to its great ability for the magnetic
coupling, cyanide group should be very promising for the construction
of homospin SCMs.

As for the anisotropic spin carriers, the pentagonal bipyramidal
metal centres with pentadentate macrocyclic ligands are very
attractive.”™ Besides the fact that they bear large magnetic
anisotropy as established by both experimental and theoretical
studies,*>****3 these systems are excellent building blocks for the
preparation of clusters,* chains™ and higher dimensional materials™
due to the axial weakly coordinated solvent molecules. For example,
starting from the iron compounds, [Fe(Ln;0.)1*" and [Fe(Lns)]* (Lnso. =
2,13-dimethyl-6,9-dioxa-3,12,18-triazabicyclo[12.3.1]octadeca-
1(18),2,12,14,16-pentaene, Lys = 2, 13-dimethyl-3,6,9,12-tetraaza-
Cr”IFe"2

1(2,6)pyridinacyclotridecaphane-2,12-diene), a trinuclear
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homospin Iron(ll) compoundTt
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SMM and a {Nb"Fe',}., SCM were prepared from the reaction of the
starting materials with the [Cr(CN)e]* and [Nb(CN)s]*” groups.*****
Inspired by the aforementioned consideration, we aimed at the
construction of functional magnetic materials from the pentagonal
bipyramidal metal centres. In this regard, the photoactive spin
crossover compound [Fe(Lns)(CN).] (Fig. 1a) is very promising as the
axial CN groups have the great potential to bridge other metal centres
while maintaining their photoactive SCO behaviour and high
magnetic anisotropy.™ Photomagnetic systems with higher nuclearity
and dimensionality are thus anticipated, as demonstrated well by

11q,c

Sato and Clérac in their photomagnetic 1D compounds.
Surprisingly, we noticed in our study that the [Fe(Lns)(CN).] motif has
limited stability during the reaction. In the presence of excessive BF,’
anion, an cyano-bridged Fe" compound [Fe(Lns)(CN)I[BF,] (2) with
regular chain structure was obtained. This compound shows the
coexistence of spin canting, AF ordering, metamagnetism, and SCM
behaviour, and represents a rare example of a cyano-bridged

homospin SCM.

Fig. 1 View of the structure of [Fe(Lyxs)(CN),] (a), the cyano-bridged 1D chain structure
(b), and the 2D layer structure with n-m interaction (c) of 1. The arrows represent the
axial axis of the Fe'' centres, which make an angle of ~ 7° with the b axis.
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Initially, 1 was obtained by the reaction of [Fe(Lns)(CN),] with the
metal salts like Fe(L)(BF,), and Co(L)(BF,), (L = other ligands). Then,
the reaction was performed by direct addition of excessive simple salt
like NaBF, to the solution of [Fe(Lns)(CN),], resulting in a higher yield
and purity (see ESIt). With other bulky anions, similar chain
of different

interactions) can be obtained and will be reported later.

compounds interchain distances (and magnetic

X-ray crystallographic analysis revealed that compound 1
crystallizes in the monoclinic space group P2,/n (Table Si1, ESIt) and
has a regular chain structure (Fig. 1). In the crystal structure, there is
only one unique Fe" center located in the cavity of the Lys ligand, one
unique CN™ group, and one BF,” counter anion for charge balance (Fig.
S1, ESIt). Coordinated by five equatorial nitrogen atoms from Lys, one
nitrogen atom and one carbon atom from the axial CN™ groups (Fe-
Neyano = 2.199 A, Fe-Ceyano = 2.190 A), the Fe" centre has a slightly
distorted pentagonal bipyramid environment, with a continuous
shape measure (CShM)™ calculated to be 0.406, close to the ideal Dy,
the

coordination sphere of Fe" is N.C,, the rearrangement of the CN”

geometry. Different from starting material where the
group results in a N¢C, coordination sphere of Fe", which leads to a
weaker ligand field and the high spin state of Fe' in the whole
temperature range (vide post). Bridged by the cyano groups, regular
chains are formed with the shortest Fe-Fe distance of 5.387 A (Fig 1b).
Interestingly, although the 1D chain runs along the b axis, the pseudo
5-fold axis the Fe' center (Ceyano-Fe-Neyano axis) is tilted away from the b
axis with an angle of ~ 7° (Fig. 1b). This canting of the axial axis is
important to the magnetic property of 1, as can be seen below. Linked
by the obvious -t stacking interactions (d = 3.39 A) between the
pyridine rings, these chains form a two-dimensional layer (Fig. 1c),
which is further separated by the BF,” anions located in between with

the shortest interchain Fe---Fe distance of 9.73 A (Fig S2, ESI*).
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Fig. 2 (a) Dc magnetic susceptibility of 1 measured at 1 kOe. Inset: In(ym7) vs.

1/T plot. (b) Field dependent magnetization curve at 2 K for 1. Inset: the M(H)

curve and the derivative of the magnetization (dM/dH) at low fields. The field

sweep rate is 300 Oe/s.

Direct current (dc) magnetic susceptibility of 2 was measured on
polycrystalline samples between 2 to 300 K at 1 kOe (Fig. 2a). At 300 K,
the ymT value of 1 is 3.41 cm®mol ™K. This value is larger than the spin-
only value of 3.00 cm®mol™K for a high-spin Fe" ion (5 = 2, g = 2),
reflecting the magnetic anisotropy of Fe' in a nearly Dy, ligand
field. ™ Upon cooling, the yuT value decreases to a minimum of 1.37
cm’mol™K at 18 K, and then increases sharply to a maximum of 3.61
cm’mol™K at 5 K, and finally decreases again down to 2 K. The Curie-
Weiss fit of the susceptibility data above 100 K gave the Curie
constant C = 3.80 cm®mol™K and the Weiss constant 9 = -37.4 K. To
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estimate the intrachain magnetic interaction in 1, the susceptibility
data above 30 K were fitted by the Fisher model (H = —J35,.5..):°

N*B2S(S + 1) 1+ u JSS+ ] kT
3k l1-u kT IS +1) |

Herain] = , where u = coth|:

The best fit gave J = —4.35 (7) cm™, g = 2.20 (1) (R = Z[(XTobsd
~(XMNealed) TZ[XMobsal” = 1.0 x 107%), confirming the AF interaction
between the Fe'" centres through the cyanide group. The ymT curve of
1 is reminiscent of the ferrimagnetic behaviour or the weak
ferromagnetism due to spin canting. As there is only one unique Fe'
spin in the structure, the sharp increase of the ymT curve below 5 K
suggests the occurrence of spin canting.” The final decrease of yuT
indicates the antiferromagnetic ground state.

The occurrence of the AF ground state and weak ferromagnetism
were confirmed by the field dependent magnetization of 1 measured
at 2 K. As can be seen in Fig 2b, the M(H) curve has an obvious S-shape
curve, typical for a metamagnetic phase transition from an AF state to
a state of spontaneous magnetization. As observed in a spin canted
weak ferromagnet, when the field iis larger than 10 kOe, M increases
linearly to the largest value of 0.98 g at 70 kOe, which is far from the
saturation value of 4 g for a high spin Fe'" with S = 2. Extrapolating the
M(H) curve in the high field region down to zero gives a small
spontaneous magnetization of 0.44 s, from which the canting angle
is estimated to be 6.3 °. This canting angle agrees very well to the
included angle (7°) between the axial directions of the Fe" centres and
the b axis.
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Fig. 3 The H-T magnetic phase diagram of 1. The squares and circles are from the
M(H) and M(T) curves, respectively.

The above observations of 1 can be described as “hidden” spin
17a

canting.”® Within the chain, the AF coupled spins are canted to each
other resulting in a small, but non-negligible magnetization, which is
further coupled to each other by the interchain AF coupling and leads
to the AF ground state. Application of an external dc field overcomes
the interchain AF coupling and the metamagnetic transition occurs.
The critical field H. for the phase transition at 2 K is deduced to be
about 1720 Oe from the peak in the dM/dH curve (Fig. 2b). To obtain
the phase diagram of the metamagnetic phase transition, a series of
M(H) curves at different temperatures and yw(7) curves at different dc
fields

corresponding to the phase boundary in the magnetic phase diagram

were measured(Fig. S3-S5, ESIt). The critical (H, T) values

was thus be obtained. As can be seen from the H-T phase diagram

shown in Fig. 3, compound 1 possesses an ordered antiferromagnetic
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ground state (hidden spin canting state) below the phase boundary
and transfers to a saturated paramagnetic phase at higher
temperature and/or a field-polarized weak ferromagnetic state at
higher field below Tc.

The magnetic property of 1 was further studied with ac
susceptibility measurements below 10 K (Fig. 4). The AF ordering of 1
is confirmed by the frequency-independent peaks at 5.4 K in the y'
curves. Below 5 K, both components of the ac susceptibility exhibit
frequency-dependent signals, reflecting the slow magnetic relaxation.
The shift of the peak temperature (Tp) of " is measured by the
Mydosh parameter ¢ = (ATp/Tp)/(Alogf) = 0.16, which is in the range
(0.1 < @ < 0.3) expected for superparamagnetic behaviour.*® From the
fitting of the relaxation time to the Arrhenius law t = T,exp(44/T7), the
effective energy barrier A.was estimated to be 35.9 K, with the pre-
exponential factor 1, being 5.6x10” s (Fig. S7, ESIt). To study the
influence of the metamagnetic phase transition on the dynamic
behaviour, the ac susceptibilities were measured at a dc field of 2200
Oe (Fig. 4b). As can be seen, the frequency-independent x' peak at Ty
= 5.4 K observed under zero dc field disappears, consistent with the
metamagnetic phase transition and the fading of AF ordering.

Meanwhile, the peaks with frequency dependency don’t change much.

Analysis on the data gave a slightly larger 4. value (39.1 K, Fig. S8,
ESIt). Furthermore, the Cole-Cole diagrams were also measured
under a dc field of o and 2200 Oe (Fig. Sg-10, ESIt) at temperatures
from 2.8 to 3.4 K. The semicircles were fitted by the generalized
Debye model.” The obtained o parameters are 0.13-0.29 (H4. = 0 Oe)
and 0.21-0.33 (Hq. = 2200 Oe) (Table S3, ESIt), suggesting a moderate

0

distribution of the relaxation time of 1.*° It seems that the
metamagnetic phase transition has a small impact on the magnetic

dynamics of the SCM behaviour.
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Fig. 4 The real (') and imaginary (x") parts of the ac susceptibilities for 1 in zero
(a) and 2200 Oe dc field (b).

To further investigate the one-dimensional Ising character of the
compound, the In(ymT) versus 1/T plot was plotted (Fig. 2a). As can be
seen, a linear regime is observed from 8 to 16 K, indicating an
exponential dependence of the Ising-like intrachain correlation
length.*®* A linear fitting of the data using the expression T =
Ceriexp(AdT) leads to Cer = 0.66 cm’mol™K and 4¢; = 15.8 K,
respectively. The activation energy A4 gives an estimation of the
intrachain exchange energy cost to create a domain wall along the

This journal is © The Royal Society of Chemistry 2014
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chain. The energy barrier A¢is significantly smaller than A4, extracted
from the ac susceptibility data, suggesting that the relaxation
mechanism in 1 cannot be described by a simple Glauber model.3**
For an Ising-like SCM, the energy barrier for the spin reversal A is A,=
2Az+Aa for the “infinite chain” at high temperature and A;=A¢ +Ax
for the “finite-size chain” at low temperature, where A, represents
the intrinsic anisotropic barrier for the individual spin in the absence of
magnetic exchange?® As the relaxation time of 1 was determined
below 4 K in the “finite-size chain” regime, we can estimated the
anisotropy barrier for the individual Fe*" centres to be Aa = A.— A=
20.1 K. In addition, for a normal SCM without any long-range ordering,
the T product usually saturates at low temperatures due to finite size

33,21

effects. However for 1, the obvious decrease is observed at zero

field, consistent with the AF ordering as observed in several other

SCM-based antiferromagnets.*®”
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Fig. 5 (a) ZFC/FC curves for compound 1 at Hy. = 10 Oe; (b) Hysteresis loop of 1
measured at 2 K with the field sweep rate of 500 Oe/s.

the (ZFC) and field-cooled (FQ)
magnetization at 10 Oe and hysteresis loop at 2.0 K (where the

Finally, zero-field-cooled
relaxation time is estimated to be 0.35 s) were measured to probe the
hysteretic behaviour of 1. As can be seen from Fig. 5a, both the ZFC
and FC curves coincide with each other and show a very sharp peak at
5.4 K. This is consistent with the AF ground state and means that the
relaxation is very fast compared to the timescale of the ZFC/FC
measurements. However, obvious hysteresis loop with a coercive field
of 680 Oe can be observed indeed with a fast field sweep rate of 500
Oe/s (Fig. 5b). The observation of the hysteresis loops in the SCM-
been several other

based antiferromagnets has

4, 63, 6e-6f, 72

reported in
compounds. Although somne other factors might complicate
the hysteresis loops,” the slow magnetic relaxation of the SCM

behaviour should be the main reason for this observation.

Conclusions

In conclusion, we reported @a cyano-bridged Fe" compound
synthesized from the anisotropic pentagonal bipyramidal Fe" starting
material in the presence of excessive BF,” anion. This compound
represents a rare example of a cyamo-bridged homospin system with
the single-chain magnet dynamics. Detailed magnetic measurements
revealed that this compound exhibits the rare coexistence of spin-
canting, antiferromagnetic ordering, field-induced metamagnetism
and single-chain magnet behaviour. Further efforts will be aimed at
materials with anions of different size and functionality, such as chirality
and so on, to finely tune the interchain magnetic interactions and also the

physical properties of the materials.
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