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ABSTRACT: Substitution of the organic cation X in the 1D
polymer, (X),[Mn(acacen)Fe(CN),], leads to an essential
change in magnetic behavior. Due to the presence of more
voluminous Ph,P" cations, the polyanion has a more
geometrically distorted chain skeleton and, as a consequence,
enhanced single chain magnet (SCM) characteristics com-
pared to those for Et,N'". The Arrhenius relaxation energy
barriers, the exchange interaction constant and the zero-field
splitting anisotropy of Mn'"" are determined from the analysis
of magnetic measurements. The discussion is supported with
ligand field calculations for [Fe(CN)¢]*~ that unveils the
significant anisotropy of Fe magnetic moments.

B INTRODUCTION

Molecular magnetism is a quickly extending field of research. Its
central subject is the design and study of magnetic molecular
materials with variable properties appropriate for future types of
electronic and magnetic devices." Compared to conventional
magnets, molecular magnetic materials possess the major
benefits: they are lightweight, are soluble, and display
multifunctionality.” During the last dozen years significant
attention was devoted to the design and investigation of low-
dimensional (0D and 1D) polynuclear compounds exhibiting
slow relaxation of magnetization and magnetic hysteresis at low
temperatures,® because they may have possible applications in
information technologies such as molecular electronics,
molecular spintronics, and quantum computing.* The discovery
of one-dimensional (1D) polymeric metal complex in 2001,°
demonstrating slow magnetic dynamics, inspired intense
research activity in this new field of molecular magnetism,
which is now known as single chain-magnets, SCMs..~®

SCM behavior may be observed in crystals built of
coordination polymers in which the intrachain spin coupling
is stronger than the interchain interaction by several orders of
magnitude. Despite the lack of long-range magnetic order at a
finite temperature, SCMs may exhibit a remanent magnet-
ization due to slow magnetic relaxation below a blocking
temperature (T}). As shown by Glauber in 1963, the relaxation
time of magnetic susceptibility for the infinite chain of
ferromagnetically coupled Ising spins follows the Arrhenius
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law with an activation energy barrier.” This barrier is equal to
the energy required to create two very narrow domain walls
that can move leading to relaxation of magnetization. In a more
general model, chains of spins with uniaxial single-ion
anisotropy and Heisenberg exchange interaction are consid-
ered. If the energy of the exchange interaction is stronger than
the anisotropy energy, the domain wall is no longer narrow, but
the Arrhenius law still governs magnetic relaxation. To increase
the activation energy barrier in such a SCM, it is beneficial to
augment the magnetic anisotropy, as well as the exchange
interaction between spins within the chains.” In real systems,
when the defects of the crystal break chains into finite
segments, the relaxation process is also due to single domain
wall migration through the chain that essentially modifies the
relaxation time compared to those for the infinite system."

Cyano-bridged metal assemblies have provided a large
number of materials with SMM'' and SCM behavior.'?
Among these materials, several based on hexacyanoferrate(I1I)
ion heterometallic SMM clusters™ and magnetic chains'*71¢
were prepared and magnetically characterized. The octahedral
[Fe(CN)4]*™ anion represents an important orbitally degener-
ate magnetic building block with unquenched orbital
momentum and its incorporation in SCMs and SMMs can
potentially increase their magnetic anisotropy.
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Table 1. Crystal Data, Data Collection, and Structure Refinement Parameters for 2

Crystal Data

chemical formula
M,

crystal system, space group
temperature (K)

a, b, c (A)

a, f, v (deg)
V (A%

V4

F(000)
radiation type
# (mm™)

crystal size (mm)

(C5H,sFeMnN,O,)2(C,Hy,P)-0.5(C,H,OH)-CsH,OH
1251.06

triclinic, PT

100.0(2)

13.3007(4), 15.2241(4), 18.5888(5)
94.085(1), 110.098(1), 114.038(1)
3128.88(15)

2

1308

Mo Ka

0.54

0.47 X 0.17 X 0.11

Data Collection

diffractometer

absorption correction

Tovins Tnax
no. of measured, independent and observed [I > 26(I)] reflections
R

int
(sin 0/2) e (A7)
range of h, k, |

Apex DUO diffractometer

empirical, based on intensities®®

0.697, 0.746

22202, 14307, 10653

0.030

0.650

h=-17 > 17, k= —18 = 19, | = =24 — 16

Refinement

R[F* > 26(F?)], wR(F?), S
no. of reflections, parameters, restraints
H atom treatment

weighting scheme

Ay A)min (e Ais)

0.046, 0.120, 1.01

14307, 800, 0

H atom parameters constrained

w = 1/[6*(Ey*)+(0.0506P)*+2.2167P] where P = (F,* + 2F.*)/3
1.02, —0.41

One of the key requirements for the construction of such
materials is a satisfactory separation of the molecules or chain
polymers in solid to minimize the intermolecular interactions
that preclude the manifestation of slow magnetic dynamics.
There are two ways to eliminate these surplus contacts, namely,
to use bulky capping''®"> and/or bridge ligand,>™ or a
voluminous counterion.''® The square planar complexes of
Mn** with Schiff bases (SB), having significant easy axis
anisotropy, are useful synthones in the synthesis of cyanide
bridge alternate chains Fe'—=CN—Mn""~NC— exhibiting SCM
behavior.'"*'® Thus, any molecular wire based on the
alternation of [Fe(CN)¢]*~ and [Mn(SB)]* coordination
units should be a SCM in the absence of interchain interactions.
However, for the polymer complex (Et,N),[Mn(acacen)][Fe-
(CN)¢] (1) (E4N = tetraethylammonium, acacen = N,N’-
ethylenebis(acetylacetonylideneaminato)),'® relying on mag-
netic measurements data, the authors have concluded that 1
was a ferromagnet due to weak interchain ferromagnetic
coupling. Motivated by this work, we decided to replace Et,N*
by a bulkier Ph,P* cation to separate the chains better to unveil
the SCM behavior in the [Mn(acacen)Fe(CN)4]*>~ system. In
this report we present the results of experimental and
theoretical study of a new single chain magnet (Ph,P),[Mn-
(acacen)Fe(CN)¢](EtOH),;(i-PrOH) (2) and its congener
(Ph,P),[Mn(acacen)Co(CN)¢](i-PrOH), , (3), and revision of
the magnetic behavior of 1, which appears not to be a
ferromagnet as stated before.'® Along with this, we discuss the
origin of [Fe(CN),]*™ anisotropy and its influence on the SCM
parameters in 1 and 2.

B EXPERIMENTAL SECTION

Materials and General Procedures. All chemicals were of

reagent grade and used as purchased. Schiff base, Hacacen,"
[Mn(acacen)Cl],"®* and [Et,N],[Mn(acacen)][Fe(CN)s]*® were

prepared according to the literature procedures. Elemental analyses
were performed by means of the Euro-Vector 3000 analyzer. IR
spectra were recorded using Scimitar FTS 2000 spectrometer (KBr
pellets) and Nicolet 300 FT-IR spectrometer in reflectance mode.
Powder X-ray measurements were performed with Cu Ka radiation (4
= 1.5418 A) with an Expert-Pro powder diffractometer. Magnetic
measurements were performed using the QD MPMS SXL magneto-
meter. The magnetic signal of the sample holder and the diamagnetic
correction of the sample were taken into account. A check for small
ferromagnetic impurities was performed at room temperature. The
powder sample was restrained in cyanoacrylate glue for low
temperature ac measurements. Magnetization measurements on single
crystals were performed with a u-SQUID array.'®®

Synthesis. (Et;N),[Mn(acacen)][Fe(CN)¢] (1). 1 was synthesized
as described earlier.'® (Found: C, 54.35; H, 7.78; N, 18.70.
Cy,HggFeMnN, (O, requires C, 54.47; H, 7.80; N, 18.68), V(c=n-) =
1601.6 cm™; vey = 2124.5 cm™ (KBr pellets).

(Ph,P),[Mn(acacen)][Fe(CN)] (2). A solution of [Mn(acacen)-
(MeOH), JPF; (0.2 mmol) in methanol (2 mL) was added to a
solution of (Ph,P);[Fe(CN),] (236 mg) in ethanol (4 mL). Ph,PPF,,
precipitated from reaction mixture, was filtered and discarded. The
mother liquor was diluted with i-propanol (3 mL) and this solution
was gently heated (without boiling) to evaporate the MeOH and
EtOH. The brown block crystals were filtered, rinsed with a small
amount of cold EtOH/i-PrOH (1/3) mixture and then with 2 portions
of Et,0, and air-dried. Yield: 216 mg (86%). (Found: C, 67.35; H
5.65; N, 9.01. C,;HgFeMnN;O; P, requires C, 67.20; H, 5.56; N,
8.96), Vic=n-) = 1599.0, vcy = 21024 cm™" (KBr pellets).

(Ph4P),IMn(acacen)l[Co(CN)¢] (3). A compound was synthesized
by the same manner as 2 using (Ph,P);[Co(CN)4] instead of
(Ph,P);[Fe(CN)g]. Yield: 210 mg (84%) (Found: C, 67.40; H 5.60;
N, 8.90. C;9,Hg54CoMnNgO; P, requires C, 67. 17; H, 5.56; N,
8.93%), V(c=n-) = 1598.7, vcy = 21134 cm™".

X-ray Crystallography. Crystallographic information for the
structure of 2 are given in Table 1. The diffraction data were collected
on a Bruker Apex DUO diffractometer with Mo Ka radiation (1 =
0.71073 A) using ¢ and o scans of narrow (0.5°) frames at 100 K. The
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structure of 2 was solved by direct methods and refined by full-matrix
least-squares method against |FI> in anisotropic approximation using
SHELXTL programs set.'” Absorption corrections were applied
empirically using the SADABS program.*® All non-hydrogen atoms
were refined anisotropically.”’ Hydrogen atoms were refined in
calculated positions using riding on pivot atom model. The hydrogen
atom of the hydroxo group of the i-PrOH molecule was localized from
the residual electron density map and refined with Uy, = 0.05; the i-
propyl group is disordered over 2 close positions. The EtOH molecule
occupies its position with 50% probability. Bond lengths and bond
angles are summarized in Table S2 (see the Supporting Information).
The hydrogen bonds were analyzed with TOPOS 4.0 program for
crystal chemical analysis.*>

Theoretical Calculations Details. Ligand-field (LF) calculations
were performed in terms of a LF Hamiltonian for [Fe"(CN)4]3"
complexes:

H=Y ¢

i>j I = rj

+ Ge Z Is, + Vi + py (KL + 25)H "

where the first term represents the Coulomb repulsion between the 3d
electrons of Fe™ (i and j run over 3d electrons), the second term is the
spin—orbit coupling (SOC) of Fe', V. is a ligand-field Hamiltonian,
and the last term represents the Zeeman interaction with the external
magnetic field H. In these calculations we use B = 720 and C = 3290
cm™! Racah parameters for the Coulomb term, the SOC constant g, =
345 cm™!, and the k = 0.79 orbital reduction factor in the Zeeman
term taken from literature.”® The LF Hamiltonian Vi is calculated in
terms of the angular overlap model (AOM) with the AOM parameters
e; = 9304 and e, = —1779 cm™" for the CN ligands obtained from ab
initio calculations for [Fe(CN)]*7;>® the radial dependence of the
AOM parameters is approximated by e, ,(R) = ¢,,(Ry)(Ro/R)" with n
=3 and Ry = 1.95 A. Energy levels of the 3d° LF states of [Fe(CN)¢]*~
are obtained by a numerical diagonalization of the Hamiltonian (1) in
the full set of 3d* wave functions involving 252 ILM; SMg) microstates.

B RESULTS AND DISCUSSION

Synthesis. Compound 1 was synthesized by exactly the
same procedure as described in ref 16 and the data of IR, crystal
cell, powder XRD (Figure S1—2, see the SI), CHN analysis
confirmed that the sample was of good quality and
corresponded well to the one reported'® in 1996. A reaction
of alcohol solutions of [Mn(acacen)(CH;0H),]PF; and
(Ph,P);[Fe(CN)4] in ratio 1:1 gave a white precipitation of
Ph,PPF¢ that was removed by centrifugation. After dilution
with i-propanol the reaction mixture was heated gently during
20 min to deliver the brown prismatic crystals of 2 suitable for
single crystal X-ray diffraction. The diffractogram of the
polycrystalline sample of 2 is in good agreement with the
one calculated from the crystal structure (Figure S3, SI).
Thermal analysis showed that complex 2 is stable up to ~150
°C (Figure S4, SI). Compound 3 was synthesized similarly to 2,
using (Ph,P);[Co(CN),] instead of (Ph,P);[Fe(CN)].
Complex 3 is isomorphic to 2 (see SI, Table SI, Figure SS).

Crystal Structure of 2. The X-ray structural study revealed
that 2 is a 1D polymeric complex, containing one Mn ion in the
general position and two symmetrically independent Fe ions in
the inversion centers of the triclinic P1 space group (Figure 1).
For both nonequivalent Fe centers, the coordination environ-
ment of six CN-groups is an almost undistorted octahedron. All
Fe—C bond distances vary within 0.015 A and all bond angles
NC—Fe—CN within 4° (Table 2). The coordination environ-
ment of the Mn ion is an elongated tetragonal bipyramid as a
result of the Jahn—Teller distortion. The 20 and 2N donor
atoms of the acacen ligand in the basal plane of the pyramid
form shorter bonds of 1.89—1.97 A, while two N atoms of

Figure 1. Fragment of a chain in 2. Hydrogen atoms are omitted for
clarity.

Table 2. Coordination Environment of Iron(III) and
Manganese(III) Cations in 2"

bond bond length, A bond angle angle (deg)
Fel—Cl1 1.951(3) 011—Mn1—021 91.13(7)
Fel—C2 1.943 (2) 011—Mnl1—N21 175.45(8)
Fel—C3 1.955(2) 021—Mn1—N21 92.47(8)
011—Mnl1—N11 92.03(8)

Fe2—C4 1.946(3) 021—Mnl1—N11 176.49(8)
Fe2—CS 1.947(3) N21—Mnl—N11 84.45(8)
Fe2—C6 1.937(2) 011—Mnl1—N6 92.94(8)
021—Mnl1—N6 93.38(7)
Mnl—N2 2.371(2) N21—Mn1—N6 89.63(8)
Mnl—N6 2.298(2) N11—Mnl—N6 84.92(8)
Mnl—O11 1.8925(17) O11—Mn1—N2 93.07(7)
Mnl1—O021 1.9053(17) 021—Mnl1—N2 92.58(7)
Mnl—N11 1.973(2) N21—Mnl—N2 83.99(8)
Mnl1—N21 1.970(2) N11—Mnl—N2 88.79(8)
N6—Mn1—N2 171.46(7)

bond angle angle (deg) bond angle angle (deg)
C2—Fel—Cl 88.47(10) C6—Fe2—C4 90.77(10)
C2—Fel—Cl 91.53(10) C6—Fe2—C4" 89.23(10)
C2—Fel—C3' 91.69(9) C6—Fe2—C5" 92.09(10)
C2—Fel—C3 88.31(9) C6"—Fe2—Cs" 87.91(10)
Cl—Fel—C3 89.23(10) C4—Fe2—C5" 90.11(12)
C1—Fel—C3' 90.76(10) C4—Fe2—CS 89.89(11)

“The numbering scheme (see Figure S6, SI). bSymmetry codes
corresponding to inversion centers (i) —x + 1, —y + 1, —z + 1, and (ii)
X+ 2, —y+2 —z+2

trans-disposed CN ligands form much longer (2.29-2.37 A)
Mn—N¢y bonds and y¢N—Mn—N¢y angle of 171.5° (Table
2). Apical sites of the Mn ion in the [Mn(acacen)]* are
occupied by CN groups in trans positions of the [Fe(CN)4]*~
octahedra, forming a repeating unit of a chain. The Mn—N-C
bond angles are much lower than 180° and equal to 142.8° and
148.6°, being typical of the cyanide bridged Mn''—Fe
complexes''#*** that results in a zigzag chain motif.

In 2, the chains run along the {111} crystallographic
direction (Figure S7a, SI) and are separated by bulky Ph,P*
cations and i-PrOH and EtOH solvent molecules. This leads to
the shortest interchain distance d between Mn centers of 11.38
A compared with shorter 10.41 and 10.08 A in 1 and in neutral
[Mn(STMAMsalen)Fe(CN)¢]-4H,0 (4),"° respectively. Sim-
ilarly to 1 and 4, in a crzystal of 2, the parallel zigzag chains form
hexagonal rod packing® (Figure S7b, SI).

The geometry of the zigzag chain skeleton in 1, 2 and 4 built
up by lineal NC—Fe—CN and essentially linear N—Mn-
(acacen)—N units differ in £C—N—Mn angles at every
nitrogen atom of the CN group. It is essential to note that
the Jahn—Teller axes of the [Mn(SB)] units are codirectional
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with the chain. Among the three compounds, 2 has the most
bent chain skeleton (Figure S7c, SI).

In 2, each Fe center carries four terminal CN-groups able to
form a hydrogen bond; two of these four cyanide ligands are
sterically hindered by Ph,P* cations and do not participate in
hydrogen bonding (HB). In contrast to 1, which is solvent-free,
the other two CN-groups form the RO—H:--N=C bonds
alternatively with solvated RO—H, R = i-Pr or Et (Figure S8,
Table S3, SI). The i-PrOH molecule participates in the long
0N hydrogen bond of 3.041(6) A and separates Ph,P*
moieties in the b direction (Figure S8). A shorter hydrogen
bond of O-+N 2.866(3) A is formed by the ethanol molecule,
which is disordered so that it belongs alternatively to one of the
two neighboring chains along the axis a. The oxygen atoms of
the acacen ligand do not participate in HB. Therefore, there is
no HB network involving nearest chains. The closest interchain
contact in 2 is found between the nitrogen atom (NS) of the
cyano group and the carbon atom (C21) of the acacen ligand
with the approximate distance 6.71 A.

Magnetic Studies of 2. Along with the experimental data
for 2 presented in this section, the corresponding results for 1
are also shown in the figures. However, the description and
analyses for 1 are given in the next section for clarity, and to
emphasize the original results.

The magnetic susceptibility is shown in Figure 2 as the yT
product. At 300 K, yT = 3.43 cm®K/mol, which corresponds

H=1kOe |
-1
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X

s i
£
€

o 4
o
|_
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3 N

2 : ; T

0 100 200 300

T/K

Figure 2. Magnetic susceptibility of 1 (red) and 2 (black). Lines were
fitted according to the Seiden’s model.

well to the Curie constant of 3.38 cm®K/mol expected for two
noninteracting spins: Fe'", described by Sg, = 1/2, g, = 2, and
Mn" with Sy, = 2, gy = 2. As the temperature decreases, yT
rises gradually, without a minimum, testifying the dominance of
ferromagnetic interactions between the Fe and Mn centers. The
model of an alternating chain composed of Heisenberg spins 1/
2 and 2 and defined by the Hamiltonian H = —2]¥ (S +
Su)-Ske, was used to estimate the coupling constant J. A
solution of this Hamiltonian, in the approximation that spins S
are treated classically, was obtained by Seiden as an analytical
formula for susceptibility.>” For 2, a single ] value was assumed,
identical for all Fe—Mn pairs, and gz, = 2 was fixed. Using the
data in the range of 50—300 K, gy, = 1.98(1) and J/kg =
+6.7(2) K was obtained for 2. The data points below S0 K
deviate from the calculated curve. An attempt to improve the
model in the mean field approximation by introducing an
additional coupling parameter responsible for interchain
interaction failed because it led to an unacceptably high zJ’
value of the same order as J.

Below 10 K the susceptibility y rises much quicker, and
below 5 K it saturates when measured at 1 kOe, and depends
on the applied field (Figure S9, SI). Thus, low-field
measurements were used to analyze the low temperature
susceptibility. The anisotropy of Mn"" spins, originating from
zero-field splitting, makes the Seiden’s approximation no longer
valid for 2 at low temperatures. Anisotropic 1D magnetic
systems have a gap in the spin excitation energy spectrum,
which leads to the susceptibility dependence’

AT = Cgexp(A; / T)

In this equation C is an effective Curie constant, which in our
case takes into account the averaging of anisotropic magnetic
susceptibility in the powder sample as well. A; denotes the
energy of the domain wall, which is the lowest excitation of the
ground state in the chain of correlated spins. To estimate Ay,
the susceptibility data were plotted as In(yT) vs T~" (Figure 3).
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Figure 3. Magnetic susceptibility of 1 (red) and 2 (black), dc and ac,
measured at low field. Straight lines were fitted (see text).

The points denoting the ac susceptibility were measured at H,,
=3 Oe, 0.1 Hz, Hy. = 0, and points denoting the field cooled dc
susceptibility were measured at Hy. = 10 Oe overlap above 3 K.
The linear part of the ac susceptibility in the region from 5 to
10 K was used to obtain A./ky = 18.5(2) K and C.q = 1.89
cm®*K/mol.

For experimentally studied SCMs below a certain temper-
ature the yT(1/T) dependence deviates from the exponential
divergence and saturates, even for a low applied field, due to the
finite chain length caused by crystal defects.” This happens
when the growing correlation length exceeds the average chain
length n. For 2 it is visible below 3 K, where (yT),., = 180
cm®K/mol. The average chain length estimation using the
relation (¥T) . = nCep gave n > 95 Fe—Mn units. However,
such an estimation of n should be treated with care, because
two other effects can also decrease the measured susceptibility
in this temperature range: (a) possible antiferromagnetic
interchain interaction and (b) demagnetization leading to a
decrease of the measured y. For this reason the estimation
given above is a lower limit of n.

Below 3 K the ac susceptibility (Figure 3) deviates from the
field-cooling dc susceptibility indicating slow magnetization
relaxation. In Figure 4, the temperature dependence of the ac
susceptibility measured at zero dc field for different ac field
frequencies is presented. The imaginary part of the ac
susceptibility ”(T) has a maximum below 4 K. Its exact
position, shifting with the change of the ac drive field frequency
v, retains the shape that is usual for a temperature induced
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Figure 4. Real and imaginary part of ac susceptibility of 2 measured at
different ac frequencies using H,. = 3 Oe in zero dc field. Solid lines
are to guide the eye.

relaxation process. The Mydosh parameter, defined as the
temperature shift of y’(T) peak position on a decade of
frequency AT, /[T, Alog(v)], is equal to 0.10. Such a value is
above the range typical for spin-glasses and closer to the values
for superparamagnets.

To obtain a better insight into the magnetic relaxation
processes the ac susceptibility was studied over the frequency
range 0.01—1500 Hz and down to 1.8 K; the data are presented
in Figure 4. The frequency dependent susceptibility measured
at constant temperatures was used to determine the relaxation
time at each temperature. The generalized Debye relaxation
model*

)(0 _)(oo

X=x i =y
1+ (i2awr)' ™

was used to fit ¥'(v) and y”(v) simultaneously (Figures S and
S10). At each temperature the fitted parameters were: y, and
oo the relaxation time 7 and the parameter ¢, describing the
distribution of relaxation times. Small & values in the range
0.07—0.16 were obtained (Table S4, SI), confirming the good
quality of the sample and indicating the SCM nature of 2.
The relaxation times in the temperature range from 1.8 to 3.8
K, obtained from the ac susceptibility analysis, are presented in
Figure 6. The dependence In 7(1/T) deviates from the straight
line of the Arrhenius law. This is a feature of experimentally
studied SCMs with finite chains, for which, below the crossover
temperature T*, the probability of relaxation arising from the
ends of chains becomes important, changing the relaxation
barrier.” Above T*, where the correlation length £ is lower than
the average chain length L = na, the relaxation barrier is equal
to A, = Ay + 2A;, where A, is the anisotropy energy of a
single spin unit. Below T%, the relaxation barrier is reduced and
equal A, = A;;— A; in the low temperature limit. The values
of A, and A, are usually obtained from two linear regions of
the Int(1/T) dependence much above, and much below T*
respectively. In the case of 2, the limited range of relaxation
times available from the ac experiment makes such determi-

v/ Hz

Figure S. ac susceptibility measured for 2 at selected temperatures
versus ac frequency v. Solid lines were fitted using a generalized Debye
relaxation model, simultaneously to y'(v) and y”(v) curves.

24 4
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Figure 6. Relaxation time of ac susceptibility for 2, the curve was fitted
(see text).

nation more difficult. To obtain both relaxation barriers using
all data points, also close to T*, we used the relation derived by
Luscombe et al. for the finite Ising chain.*® The finite length L
of the chain shortens the relaxation time by the factor f(L/&):

_ A
T =Ty exp( kT }(L /&) 2

where f(x) = (1 + w*/x*)7™", and w is the solution of the
equation

wtan(w/2) = x (3)

in the [0,7) range. Together with temperature dependence of
the correlation length

f—ﬁex i
2 T

Equation 2 allows us to calculate 7(T) as the function of
parameters A; Ay, 7o), and L/a. eq 3 was solved numerically
using the bisection method for x > 107, while the
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approximation w = (2x)"/* was used for small values of x <
1073, The parameters 7o; = 0.26(9) ns, A, /ky = 49.6(1.2) K,
A¢/ky =17.1(7) K and L/a = 1500(500) were found fitting to
experimental data points (see Figure 6). This A, is very close to
the domain wall energy in the chain Ag/ ks = 185 K
determined earlier from In(yT)(1/T). The obtained values let
us to estimate the anisotropy barrier A,/kg = (A, — 2A;)/ky =
1S K

The average chain length of 1500 Fe—Mn units determined
here is over 10 times higher than the same chain length
determined from static magnetic measurements. Similar
observation is made in other SCMs, e.g. Mn"“M" chains.'®
Such a disagreement may be related to weak antiferromagnetic
interaction between chains, which reduces the susceptibility at
low temperatures and falsifies the chain length determination
from static measurements. In Mn—Fe chains the anisotropy
easy axis of Mn is along chains, therefore the dipolar interaction
between chains should be antiferromagnetic.

The field dependence of magnetization measured at 1.8 K for
2 increases rapidly to 2.8 yp/(FeMn-unit) at 1 kOe (Figure
S11, SI). For a set of Ising spins arranged along their easy axes
in randomly oriented crystallites the saturation magnetization
value is smaller by a factor 0.5 compared with the saturation
magnetization along the easy axis for all spins. Therefore,
starting from the maximal magnetization S yy of a single Mn—
Fe unit, only 2.5 py can be expected for a powder sample in the
field small enough to retain the Ising easy axis, and high enough
to overcome the demagnetization and possible interchain
interactions. This explains the measured 2.8 yiy value. The slow
increase of M(H) for 2 at higher fields allows a rough
estimation of the anisotropy field Hy, =~ 120 kOe, obtained by
an extrapolation of the measured data up to 5 pp. Assuming
that the Mn™ zero field splitting is the only source of the
magnetic anisotropy, the anisotropy parameter Dy, /ky = —5.0
K based on 2IDy,ISy> = gusHa(Smn + See)-

An independent measurement of Dy, was performed from
the magnetic study of complex 3, in which Co™ takes the place
of Fe'l. The 3d°® configuration of Co in the octahedral crystal
field ensures the diamagnetic ground state with a completely
occupied t,, level. In this case, the magnetic moment of 3
derives only from the [Mn"(acacen)]* cations. Their effective
separation by nonmagnetic [Co(CN)¢]*~ anions allows the
determination of the Mn"" single ion magnetic properties. The
analysis of the magnetic data (Figure S13, SI) leads to Dy, /kg
= —4.78(4) K. This value is expected to be similar to the one
for 2 because both compounds are isostructural.

The comparison of A; and A, shows that 2 seems to be just
beyond the Ising limit of single chain magnets, because A; >
A,. An estimation in the Ising model of an alternating chain
delivers A8 /kg = 4]y, Sg. = 26 K. For the Heisenberg model
in the continuum-limit approximation AgHeiSkB = 2-
(2DpJ Sy See) /> = 29 K. Both values are larger than A/kg
= 18.5 K measured for 2.

Magnetic Properties of 1. For a sample of 1, we have
repeated the magnetic measurements of Re et al. resulting in
almost identical yT(T) and M(H) curves as reported'® (Figures
2 and S11). No magnetic orderin§ was observed above 1.8 K,
contrary to the published results.'® As the first magnetic study
of 1 was performed before the discovery of SCMs, the data for
1 were analyzed using the same approach as for 2. The Seiden’s
model fit for 1 over the temperature range 50—250 K delivers
J/kg = 3.48(7) K and g = 2.01(2). The curve calculated using
these parameters reproduces T well down to ~5 K (Figure 2).

Additionally, low field measurements were performed. At low
temperatures the susceptibility of 1 is significantly smaller than
the susceptibility of 2, e.g. by is a factor above 10 at 4 K. The
linear fit to the In(yT) vs T~ in the range 2.5—5 K provides the
estimation of A./ky = 5.55(2) K (Figure 3). The study of ac
susceptibility for 1 (Figure 7) shows a tiny nonzero frequency
dependent out-of-phase signal below 2.1 K, affirming that SCM
behavior might also be observed for 1 below 1.8 K.
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Figure 7. Magnetic ac susceptibility of 1, measured at zero dc field,
and H,. = 3 Oe.

The appearance of slow relaxations in 1 was confirmed using
microSQUID setup® and measuring the magnetization of a
single crystal down to 0.4 K. The hysteresis loop opens below
1.0 K and its coercive field grows with decreasing temperature
(Figure 8, top) and with increasing sweep rate (not shown).
There are no additional steps on M(H) curve. Such a behavior
is expected for SCMs, contrary to SMMs, where the quantum
tunneling leads to a quicker relaxation at the specific fields. For
comparison similar measurements were performed for a single
crystal of 2, which is also shown in Figure 8. In this case the
hysteresis loop opens already at 2.4 K, when the field sweep
rate is 0.14 T/s. Below 0.7 K the coercive field no longer grows
and remains constant down to 0.03 K. Again, this effect is
typically observed for SCMs."

Comparison of SCM Parameters of 1, 2, and 4. The
parameters related to SCM behavior of 1 and 2 are summarized
in Table 3 and compared with those of 4."> A study of 1 below
2 K is needed to determine all magnetic parameters for this
compound. Why does 2 display SCM behavior at a higher
temperature compared to 1 if both compounds are related
polymers, having similar intrachain bond lengths? The
differences in interchain coupling can be neglected because d,
the distance between the Mn ions in adjacent chains, is larger
than 10 A in all three Mn"'—NC—Fe"~CN- polymers (Table
3), the shortest d occurring in the neutral chain 4, which is also
a SCM above 2 K (see above). The stronger exchange
interaction could be one of the reasons for higher blocking
temperatures of 2. For 2 and 4, A; values found using J and D
in Ising or Heisenberg limits overestimates the measured values
of A; Similarly, for 1 A; can be compared with the value
estimated from the ] value of the Seiden model. In this case the
Ising limit seems to be appropriate, since the anisotropy is
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Figure 8. Normalized magnetization of a single crystal of 1 (top) and a
single crystal of 2 (bottom) measured at different temperature. Note
the different field sweep rates and different horizontal scales.

similar as in 2, but the exchange constant is smaller. However,
the calculated value Aflsmg/ ks = 14 K in this case, which is
almost three times bigger than A; obtained from the low
temperature susceptibility. The most probably the Seiden
expression does not describe well this compound, as it also
does not model correctly the chain 2 and the obtained value of
J is biased. Finally, in 2, a lower value of Dy, is anyway
compensated resulting in a higher H,. This is due to a larger
contribution of [Fe(CN),]*™ anisotropy displaying also at high
temperatures (see below) which is a possible explanation. To
check for this we performed the calculations of the electron
structure of the Fe ion in these compounds.

Comparative Ligand-Field Calculations for
[Fe"(CN)¢>~ Complexes in 1, 2, and 4. The real situation
with magnetic exchange interactions in alternating cyano-
bridged Fe—Mn chains complexes seems to be much more
complicated, since the octahedral [Fe(CN)¢]*~ complex is an
orbitally degenerate unit with unquenched orbital momentum
L in the ZTZg ground state. In this case, both the g, tensor and
the spin coupling in the Fe'—~CN-Mn" pairs may be
essentially anisotropic. Magnetic anisotropy of [Fe(CN)g]*~
based compounds may be sensitive even to tiny coordination
octahedron distortions, which split the 2TZg triplet into
individual orbital components (Figure 9) and thus tend to
reduce L. It should be noted that L is unquenched when the
energy gap between the lowest and the next orbital components

[Fe(CN) >
9
9
*T2y(3) E;
2
T2 Tay(2)
— £,
) AE;,
E;
Regul 4
On sey?:;;try Distorted Distorted

+ spin-orbit coupling

Figure 9. Splitting of the ground orbital triplet ZTZg in distorted
[Fe(CN)]*~ complex.

(AE,;) is lower than or comparable with the spin—orbit
coupling energy, (g. To examine this point in more detail,
ligand-field calculations for local ferricyanide anions in 1, 2, and
4 were performed. The calculated energies of the individual
orbital components *T,,(1), *T,4(2), *T,4(3), the energies of
three lowest Kramers doublets (Figure 9) and the ground state
g tensor components are presented in Table 4. The presented

Table 4. Calculated Orbital Splitting Pattern of the Ground
Orbital Triplet szg(Sds), Energies of the Ground and Two
First Excited Kramers Doublets, and Ground-State g-Tensor
Components of [Fe(CN)¢]*" in 1, 2, and 4

2

1 Fel Fe2 4

Energy (cm™) of the Orbital Components of the Ground Orbital Triplet szg

E(T,,(1)) 0 0 0 0
E(T,(2)) 363 506 312 561
E(T,,(3)) 888 638 600 998
Energy (cm™) of the Ground and Two First Excited Kramers Doublets
E, 0 0 0 0
E, 598 671 579 721
E, 1126 933 899 1206
g-Tensor Components of the Ground Kramers Doublet

&Q 0.623 0.680 0.198 1.080
& 2.033 2.450 2.151 2.296
& 3.205 2.812 3.026 2.976

results indicate that in 2 the 2T2g term splitting energy is
slightly smaller than in 1 and 4. It is especially visible in the case
of the Fe2 center, in which the energy gap AE,, = 312 cm™ is
lower than the {z, = 345 cm™' for [Fe(CN)¢]*". This means
that L remains mainly unquenched in 2. As a result, the Fe''—
CN-Mn"™ spin coupling in 2 should have a pronounced
anisotropy, which favors the enhanced SCM parameters of 2. It
should be noted that the current calculations were performed
using the geometrical parameters taken from single crystal X-
ray diffraction data collected at different temperatures (Table 5)

Table 3. Single Chain Magnet Related Parameters for 1, 2, and 4

d* (A) J/kg (K) A);/ ks (K) H, (kOe) Agmng/ ke (K)
1 10.41 3.48 5.55 14
2 11.38 6.5 18.5 120 26
4" 10.08 45 14.1 108 18

“The shortest distance between Mn ions of adjacent chains.

10297

AFS/ky (K)  Ag/ky (K)  Ap/ky (K)  Ay/ky (K)  Dyi/ky (K)
29 50 325 15 —4.78
28 3 16 ~0 -53
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Table 5. Selected Bond Length and Angles for —-NC—Fe—
CN—Mn—NC—Fe— Fragment in 1, 2, and 4

T  2C-N-Mn «CN-Mn-NC Fe—-CN  Mn-NC

(K) (deg) (deg) (&) 4)
1% 294 152.6 172.0 1.958 2.316(4)
2 100 142.8° 17141 19447 2371(2)°
148.7¢ 1.938°  2298(2)°
4% 150 1444 170.80 1.944 2.307(3)

“The temperature of SC-XRD study. “For Fel. “For Fe2.

and aim only to illustrate the extreme sensitivity of orbital
splitting energies to slight distortions of ferricyanide octahe-
dron. Indeed, it would be more correct to use the atomic
coordinates obtained at liquid helium temperatures.

Magneto-Structural Correlations. It is important to note
that the correlations discussed below should be treated with
caution because the structural parameters are very sensitive to
temperatures at which they were determined.

The structural characteristics of the local environment in the
—NC—Fe—CN—-Mn—NC—Fe— fragment of chemically related
complexes 1, 2, and 4 are presented in Table 5 and illustrated in
Figure S7c. It should be underlined that both 1 and 2 are
composed of polyanionic chains and cations, while 4 represents
a neutral 1D coordination polymer with solvated water
molecules. In solid state the paramagnetic chain skeletons are
effectively separated from each other due to the organic cations
in 1, 2, and bulky trimethylammonium groups of SB ligands in
4. The bond lengths and CN—Mn—NC angle values within the
chain skeleton are close for 1, 2, and 4. As shown above, the
main distinctive feature of 2 is the presence of two independent
[Fe(CN),]*~ complexes in the crystal asymmetric unit, while in
1 and 4 all [Fe(CN)4]*" anions are equivalent. The presence of
the voluminous Ph,P" cations in 2 might be the reason for the
lowering of the crystallographic symmetry from Pnma (in 1)
and C2/c (in 4) to P1. This causes some distortions of the
chain skeleton of 2, resulting in two crystallographically
nonequivalent Fe centers with differently distorted environ-
ment and linked by the [Mn"(acacen)]* complex with unequal
apliscal Mn—N(C) distances (Table 2) in contrast with 1'° and
4.

The analysis of intrachain geometry together with the results
of the ligand-field calculations allow us to summarize that the
presence of two differently distorted [Fe(CN)¢]*~ complexes
could cause the additional anisotropy in 2 compared to 1 and 4.
In addition, the presence of two nonequivalent iron centers
complicates the situation with the exchange interactions in 2
considerably, making the model using only one coupling
constant Jyre non valid.

The exchange interaction was found to be ferromagnetic in
all the three complexes. Ferromagnetic coupling occurs as a
result of the rigorous orthogonality of the t,, orbitals of
iron(1II) (d,,, d,, dxy) with the eg orbital (d,?) in manganese-
(111),* while the overlap between the t,, orbitals of the two
centers leads to antiferromagnetic interaction.®> The total
magnetic behavior of the Fe'—Mn"" unit depends on which
contribution is predominant. It is important that the ground
level °Ty, (1) of [Fe(CN)4]* is a mixture of the three orbital
components szg(xy), Zng(xz), and szg(yz) of the szg orbital
triplet; the mixture coefficients and the resulting exchange
parameters may be very sensitive to the local distortions of the
[Fe(CN)¢]*~ complex (see Figure 9).

An exhaustive analysis of the [Mn''(SB)],[Fe™(CN),]
complexes known to date and the results of the DFT
calculations performed by Kara et al.">® show that two factors
are crucial, namely, the bending angle in the C—N—Mn group
and the relative rotation of the local x and y axes on the Fe and
Mn centers. The latter significantly reduces the overlap
between the d,,(Mn) and d,,(Fe) orbitals, as well as between
the d,(Mn) and d,(Fe) ones, favoring the ferromagnetic
contribution. On the other hand, the bending angle removes
the strict orthogonality of the t,; and e, orbitals on the metal
atoms, thus introducing new antiferromagnetic pathways.
However, it has been suggested that the increase of bending
should reduce the overlap between the magnetic orbitals, finally
leading to a decrease of the antiferromagnetic contribu-
tion."””** The C—N—Mn bond angles lower than ~160°
result in ferromagnetic coupling for this type of systems, while
more obtuse angles may result in antiferromagnetic coupling.
These conclusions are also supported by our results. The
coupling constants, estimated by fitting of the experimental
data, are 3.48, 4.5, and 6.5 K for 1, 4, and 2 respectively.
Despite these values being sufficiently close, they grow with the
decrease of the C—N—Mn angle. This is especially visible for
the Fe2 center in 2 having the least angle of 142.81° compared
to 152.6 and 144.4° for 1 and 4 respectively (Table S). On the
other hand, the real situation with the sign and magnitude of
exchange parameters in 1, 2, and 4 may be more complicated
due to the presence of unquenched orbital momentum and
first-order spin—orbit coupling on the [Fe(CN)4]*>~ complexes.
These features should result in anisotropic Fe'—Mn™ spin
coupling and some spin canting; their manifestation in the
overall magnetic behavior can be very similar to conventional
isotropic ferromagnetic spin coupling. However, detailed
analysis of these anisotropic magnetic effects is out of scope
of this work.

B CONCLUSIONS

It can be stated that the cation plays some templating role in
the SCM properties tuning of Mn—Fe chains 1 and 2, since for
the closest packing formation the chain polyanions have to be
arranged around their counterparts. A replacement of the cation
leaves the intrachain bond lengths mostly undisturbed, but
modifies the distortion of the coordination polyhedron of the
iron jon that affects the orbital splitting energy of the
ferricyanide ground triplet ZTZg, either quenching the orbital
momentum or not. Hence, the extent of the Ly, quenching
determines, together with ZFS parameter Dy, the magnetic
anisotropy in alternating Mn™—Fe™ chains. The more
pronounced contribution of hexametallate orbital momentum
in the magnetic anisotropy was demonstrated recently in the
case of the related Mn"—0s™ SCM, (Ph,P),[Mn(acacen)Os-
(CN)4](H,0), s(C3H,0),,.>° The deviation of yT(T) for 2
from its fit below 50 K clearly shows that the data cannot be
modeled using the Seiden’s approximation. Moreover, the
measured value of A, is fairly lower than those estimated
assuming only the Mn™ anisotropy and determined exchange
constant. In addition, there is no appropriate theoretical model
for such a complicated chain system.
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