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ABSTRACT: Mn(IIl) tetra(meta-fluorophenyl)porphyrin-tetracyanoethenide coordination polymer (abbreviated meta-F) was
synthesized and crystallographically and magnetically characterized. The compound crystallizes in the space group C2/c with four
equivalent molecules in the unit cell arranged along two symmetry related nonparallel linear chain directions. Magnetic
properties were studied by SQUID dc magnetization and ac susceptibility techniques and high field-high frequency electron spin
resonance (HF-ESR). Glassy transition to a ferromagnetic-like state is observed at 10 K accompanied by slow magnetic
relaxations. The glassiness is interpreted as due to 3D domain wall pinning. In a bias dc magnetic field the width of the relaxation
time distribution decreases and the relaxations become similar to the relaxations of the single chain magnet Mn(III) tetra(ortho-
fluorophenyl)porphyrin-tetracyanoethenide (abbreviated ortho-F), for which comparative HF-ESR studies were also conducted
in this work. Magnetic properties of these two compounds are compared, and the nature of magnetic relaxations in meta-F is

discussed.

1. INTRODUCTION

It is well-known that 1-dimensional systems do not display long-
range magnetic order. Nevertheless, ferro- or ferrimagnetic chains
comprising in their structure highly anisotropic ions of transition
elements are of great interest due to slow magnetic relaxations.
These systems, known as single chain magnets (SCM), are
intensively investigated since 2001."

One of the rich families of 1-dimensional magnetic systems
are coordination polymers composed of Mn porphyrin—radical
molecule pairs. Plenty of such compounds may be obtained by
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various substitutions, and their magnetic properties may be
tuned in a broad range, as shown by Miller et al, who syn-
thesized many compounds of this family and characterized
them structurally and magnetically.”~> Haase et al. synthesized
Mn-porphyrin—TCNE compounds (TCNE-tetracyanoethe-
nide) with long alkoxy chains attached at the porphyrin ring
periphery at the para position of the phenyl ring, see Figure 1.
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Figure 1. Molecular structure of Mn(III) tetra(fluorophenyl)-
porphyrin-tetracyanoethenide. R, R’, R” labels denote para, ortho
and meta positions of the phenyl ring, respectively.

For these compounds interesting magnetic properties were
reported at low temperatures®” and even liquid crystalline
properties® above room temperature. In spite of the long
interchain distance ~30 A, a transition into magnetically
ordered state was observed at about 10—20 K for all these
substitutions. In the course of further studies special attention
was paid to the fluorine atom attached at different positions of
the phenyl ring. It was interesting to see how the strongly
electronegative fluorine ion influences magnetic exchange and
anisotropy of Mn(IIl) ion. Compounds with para and ortho
substitutions of F were studied also by Miller and co-workers.
They reported that para-F compound exhibits a magnetic phase
transition at T, = 28 K and that the intrachain value of
exchange integral ] for this compound is large, above 300 K.*
(J is defined by the Hamiltonian H = —J S;-S;.) For ortho-F an
anomaly of ac magnetic susceptibility at 12.5 K was observed
and interpreted as antiferromagnetic transition.” Consistent
results for para-F compound were obtained by Balanda et al.’,
but as for the ortho-F substitution, the antiferromagnetic
transition was not confirmed by these researchers. Instead, the
compound was reported to be a SCM.” The character of
magnetic relaxations in ortho-F was investigated, and it was
shown that they have the soliton character.'® In continuation of
these studies the fluorine atom was substituted at the meta
position. As we will show in this report, the compound
obtained shows 3D glassy transition at T. = 10 K, which is
typical for this family of compounds. The nature of the
glassiness observed may be connected with the 3D- domain
wall pinning'" or with growing of fractal clusters as proposed by
Etzkorn et al.'> Slow relaxations were observed near transition
and down to the lowest temperature attainable (1.8 K). With
increasing applied dc magnetic field these relaxations became
similar to those observed for the ortho-F compound. Quite
recently a paper of Pini et al. has appeared'® (see also ref 14)
describing the effects of an applied magnetic field and finite size
of chains for SCM. Their y,.(T) curves have two maxima: the
low temperature one is frequency dependent, and the high
temperature one is not. This behavior, although similar at first
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sight, just differs in the last point from the behavior observed in
the present work. It should be noted that slow relaxations
below critical temperature T. were confirmed by reports of
SCM-like behavior in an ordered magnetic phase of
compounds consisting of antiferromagnetically coupled chains
of Mn(III),—Ni(1I)*> or Mn(III)—Ni(II) units'® as well as of
ferromagnetically coupled chains of Co(II)—radical units."""”

The question arises about the character of relaxations
observed in this work. As known, spin dynamics of quasi-1D
magnetic systems above T, is governed in general by spin
solitons, breathers and spin waves. Solitons are bound states of
spin waves, which may have energy lying below the spin wave
band.'® But in contradistinction to spin waves, they are
localized excitations, which can freely move in the crystal lattice.
Below T, a weak interchain coupling leads to a 3D ordered
structure with static domains. Nonetheless, narrow solitons,
called kinks, were experimentally observed both above and
below phase transition temperature in quasi-1D systems.19 It
was also theoretically shown that, for weakly coupled chains,
static solitons may occur in the ordered phase, ordering of
which is induced by pairing of solitons belonging to the same
chain.® Morgunov et al.>! observed spin soliton and standing
spin wave resonances, which simultaneously appeared in ESR
spectra of some chiral 2D and 3D molecular crystals in their
ferromagnetic state. A powerful method, which allows direct
study of a broad spectrum of magnetic excitations, is the high
field, high frequency ESR (HF-ESR). We included HF-ESR
spectroscopy for investigations of our Mn porphyrin-TCNE
compounds. We were interested to compare excitation gaps for
meta- and ortho-F compounds, the values of which should
reflect difference in electronic parameters and a character of
magnetic excitations. It is worth noting that HF-ESR was
already used to study a Mn(III) porphyrin complex MnTPPCI
(Mn axially ligated by one Cl ligand).*” As a result of this study
the anisotropy gap A was determined to be 6.9 cm™', which
gives the value of the single ion zero field parameter D = —A/3 =
-2.29 em™' (=3.3 K).

The crystallographic and magnetic characterization of the
meta-F compound, HF-ESR investigations of both meta- and
ortho-F compounds and their comparative study is the aim of
this work. We hope to shed light on the problem of coexistence
of phase transition and slow relaxations in quasi-1D systems.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Manganese(lll) tetrakis(3-ﬂuorophenyl3-
porphyrin-tetracyanoethenide (Scheme 1). 2.1.1. Synthesis of 1.
Freshly distilled pyrrole (13.42 g, 0.2 mol) and 3-fluorobenzaldehyde
(24.82 g, 0.2 mol) were added dropwise simultaneously to a boiling
propionic acid (750 mL). Refluxing was continued for 30 min, and
the mixture was allowed to stand overnight at ambient temperature.
The dark solution was filtered, and the solid was washed with
methanol and water and dried. The crude solid was purified by column
chromatography (silica, eluant CH,Cl,—hexane = 8:2) to get pure
tetrakis(3-fluorophenyl) porphyrin (1) as a purple powder (5.5 g
16%). "H NMR (CDCL): & 8.92 (s, 8H, pyrrole A-H), 8.04 (m, 8H),
7.72 (m, 4H), 7.53 (m, 4H), —2.82 (bs, 2H). IR (film): 3434, 1644,
1612, 1215, 757 cm ™.,

2.1.2. Synthesis of 2.** A solution of 1 (2.75 g, 4 mmol) and Mn
(OAc),-4H,0 (9.8 g, 40 mmol) in dry N,N-dimethylformamide (30
mL) was refluxed under argon (4 h) when thin layer chromatography
(TLC) showed complete consumption of 1. The mixture was cooled
to ambient temperature and poured into 1400 mL of ice-cooled brine
solution when a solid precipitated. The solid was filtered, washed with
distilled water (1500 mL) and dried. The green solid was dissolved in a
minimum amount of methanol (350 mL), and the solution was poured
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into aqueous 6 N HCI (350 mL). The solution was allowed to stand
overnight, filtered, washed with water and dried in air. The brown
colored solid was crystallized from a toluene—hexane mixture to afford
pure tetrakis(3-fluorophenyl)porphyrin manganese(III) chloride (2)
as a green crystalline solid (2.10 g, 68%).

2.1.3. Synthesis of 3. Using a Schlenck apparatus the compound
2 (1.55 g, 2 mmol) was dissolved in dry methanol and dry pyridine,
and to that NaBH, was added. The mixture was then refluxed (30
min) and cooled to ambient temperature, argon purged methanol was
added and the mixture was kept standing overnight. The mixture was
filtered under inert atmosphere, washed with dry methanol and finally
dried under vacuum to get a pink colored solid. The solid was
dissolved in argon purged toluene, and a solution of tetracyano-
ethylene (0.512 g, 4 mmol) in argon purged toluene was added to it.
The mixture was briefly stirred and kept standing for 4 days under
argon without stirring. The precipitated dark solid was washed with
argon purged toluene and dried under vacuum for 2 h to get a dark
pink solid (0.560 g, 32%). IR (Nujol): 2198 (m), 2156 cm™".

Two kinds of material were obtained from synthesis: finely
dispersed polycrystalline material and small crystallites. The crystallites
were very brittle and broke down under a slight touch. For these
studies mainly powdered crystallites were used.

2.2. Methods of Investigation. 2.2.7. Crystal Structure. The
crystal structure was determined from X-ray data collection (20,,,, =
52.74°) on an Oxford Xcalibur diffractometer. The lattice parameters
were refined by 5830 reflections (@ = 2.59—22.34°). The structure
was solved by the direct method using SHELXS-97, and refinement
was done with SHELXL-97. The H atoms were positioned with idealized
geometry using a riding model with C—H = 0.93 A, and U, (H) values
were set equal to I.ZUeq(parent atom).

2.2.2. Magnetic Ac and Dc Measurements. These measurements
were performed with a Quantum Design SQUID magnetometer,
model MPMS-XLS. The sample for measurements was powdered and
pressed into a pellet in order to avoid the reorientation of grains in the
external magnetic field. The data were corrected for the diamagnetic
contribution as deduced with the use of a table of Pascal constants.
One good shaped crystallite was chosen for magnetization measure-
ments and secured in melted eicosane.

2.2.3. High-Field/High-Frequency Electron Spin Resonance (HF-
ESR). These measurements were performed in the transmission Faraday
geometry for two compounds, meta-F and ortho-F, for comparison.
Measurements were done on loose powder samples. The small powder
particles were self-oriented in the magnetic field during the measurements.

The meta-F compound was studied in Dresden. The measurements
were done in a frequency range 332—528 GHz in static magnetic fields
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up to 1S T using a homemade spectrometer based on a Millimeter-
wave Vector Network Analyzer (AB Millimetré).>®

The ortho-F compound was studied in Sendai. The experimental
setup is described in ref 27. Measurements were performed in pulse

magnetic fields. The time of the pulse was ~10 ms.

3. CRYSTAL STRUCTURE DESCRIPTION

The crystal structure of the studied meta-F compound is shown
in Figure 2; see also CIF file in Supporting Information. In Table 1
the crystallographic parameters are given. This structure belongs to
the monoclinic space group C2/c with four crystallographically
equivalent pairs of the porphyrin and TCNE molecules in
the elementary crystal cell. These porphyrin-TCNE units are
alternatively ordered along two symmetry related chains
running parallel to diagonals of the a,b crystal cell wall. Thus,
the angle between Mn—Mn bonds of two chains, as being equal
to the angle between diagonals, equals 66°. It should be noted
that the porphyrin planes are not exactly perpendicular to the
Mn—Mn direction: the declination angle is 6.05°. Manganese
atoms are located in the inversion center in a distorted octa-
hedral coordination by 2N1 and 2N2 nitrogen atoms in the
porphyrin plane and 2N3 atoms perpendicular to the plane.
Because of the elongated Mn—N3 distance, the N3—Mn—N3
direction is expected to be the magnetic easy direction. The
angle between the linear N3—Mn—N3 bonds of two chains is
53.9°. The two symmetry independent phenyl rings show
statistical disorder. One phenyl ring is statistically distributed
between two equilibrium orientations differing by 180°, and the
second phenyl ring is disordered, as is well characterized via the
high thermal parameters of some carbon atoms.

Two chain directions is the most distinguishing feature of the
meta-F crystal structure. The ortho-F compound, as other
compounds of this family, has only one chain direction. Also
the character of disorder in ortho-F differs from that in meta-F.
For the ortho compound the [TCNE]*~ molecule is orienta-
tionally disordered with the minor form (20.5%) being rotated
by 90° (in the same plane) with respect to the major form
(79.5%). Besides, F in ortho-F is disordered over two sites on both
sides of the phenyl ring in a similar proportion.”®

dx.doi.org/10.1021/ic3014927 | Inorg. Chem. 2012, 51, 9983—9994
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Figure 2. Crystallographic structure of Mn(III) tetra(meta-fluorophenyl)porphyrin-tetracyanoethenide. The chain in the middle is inclined to the

plane of the drawing in the opposite direction than the side chains.

Table 1. Crystallographic Parameters of Mn(III) Tetra(meta-
fluorophenyl)porphyrin-tetracyanoethenide

molecular formula CgoH,4F4,MnNg
formula weight 987.81

temp (K) 299(2)

crystal system monoclinic

space group C2/c

a (A) 11.3331(7)

b (A) 17.4406(9)

¢ (&) 25.1790(10)

a (deg) 90.00

B (deg) 102.710(4)

7 (deg) 90.00

vol (A%) 4854.8(4)

Z 4

density (caled) (Mg/m®) 1.351

abs coeff (mm™) 0.337

F(000) 2004

crystal size (mm?®) 0.46 X 0.30 X 0.26
theta range for data collection (deg) 4.13 to 26.37

h k I ranges —14, 7, =21, 21, =31, 31
reflns collected 24219

4935 [R(int) = 0.0653]
semiempirical from equivalents
0.9175 and 0.8605
4935/15/403

1.092

R1 = 0.0782, wR2 = 0.2160
R1 = 0.1002, wR2 = 0.2347
0.543 and —0.354

indep reflns

abs corr

max and min transm
data/restraints/params
goodness-of-fit on F*

final R indices [I > 2sigma(I)]

R indices (all data)

largest diff peak and hole (e A™3)

Another structural difference between meta-F and ortho-F is a
considerable anisotropy in the porphyrin plane for meta-F as can
be seen from the comparison of Mn—N1 and Mn—N2 distances

(Table 2).
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Table 2. Selected Interatomic Distances (A) and Bond
Angles (deg) in meta-F and ortho-F Compounds

distance or bond angle meta-F ortho-F®
Mn—N1 in plane 2.08 2.000

Mn—N2 in plane 2.013 2.016

Mn—N3 out of plane 2327 (2.309; 2.33) 2.313°
Mn—Mn along chains 10.400 10.185

Mn—Mn between chains 14.900 11.081

Mn—-F 8.07 5.32

N1-Mn—N3 90.40; 89.60 92.9; 87.1
N1-Mn—-N2 90.03; 89.97 90.55; 89.45
C23—-C24—-C24' 119.78 117.3; 117.3
N3-C23-C24 178.75 (179.6; 173) 178.8°
Mn—N3-C23 172.10 (150.3; 140) 148.6°
MnN,—[TCNE]? 76.3 (55.6; 53.9) 55.4°

“Three values for ortho-F are for the major, minor and the occupancy
weighted average, respectively.” “Dihedral angle between mean planes.
Numeration of atoms is according to CIF file in Supporting
Information.

4. MAGNETIC STUDIES

4.1. Static Properties. In Figure 3 the temperature depen-
dence of dc magnetic susceptibility is presented in the form of
the effective magnetic moment defined as poz = (8o T)">
The measurement was done in a magnetic field of 1000 Oe. Ac
susceptibility data measured at the frequency of 1 Hz and the
amplitude of the driving magnetic field of 3 Oe (see the next
section) are also shown for comparison. The high maximum of
ac data is seen at the temperature of 7.5 K, a little lower than
the position of dc maximum 8.0 K. At higher temperatures
Uei( T) dependence shows a minimum, as expected for a ferri-
magnetic chain. This minimum (shallow, not seen in the scale
of the figure) falls at the temperature ~130 K, much lower than
observed for the ortho-F compound, for which it falls at about

dx.doi.org/10.1021/ic3014927 | Inorg. Chem. 2012, 51, 9983—9994
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Figure 3. Temperature dependence of oy = (8%moT)"? for meta-F
obtained in static magnetic field of 1000 Oe (open circles). Ac data are
shown for comparison (open triangles connected by the dashed line).
Inset: the same data presented as In(y,,T) vs reciprocal temperature.
Solid lines are fits (see the text).

room temperature. In order to determine the exchange integral
], the Seiden model® was used, which is based on the isotropic
Hamiltonian,
N-1
H=- J Z [SMn,i + SMn,i+1]§TCNE,i
i=1 (1)
where Syp,; = 2 is the spin of Mn(III) ion and speng, = 1/2 is
the spin of the tetracyanoethenide radical.

By fitting the data in the temperature range 30—300 K the
value of | equal to —100 + 8 K was obtained in comparison
with the value =217 K for the ortho-F compound. This con-
siderable difference is consistent with the greater value of the
bonding Mn—N—C angle and dihedral MnN,—[TCNE] angle
between mean planes for the meta-F compound (see the last
two lines in Table 2), according to magnetostructural correla-
tions established by Miller et al. for this family of compounds.®
In the inset to Figure 3 the same data are presented in another
form In(y,o - T) vs reciprocal temperature. The influence of the
applied magnetic field is seen below 10 K. The linear part,
observed in some temperature range, is in accord with the
anisotropic Heisenberg model, which predicts the following
relation:

@)

valid for the parallel susceptibility, which, however, is dominant
in this model. A; is the creation energy of a domain wall in the
chain.®" The value of A, obtained from the linear fit, is equal to
25 + 2 K in comparison with the value of 60 K obtained for
ortho-F.

Figure 4 presents field cooling (FC) and zero field cooling
(ZFC) magnetization data (normalized to the susceptibility)
plotted as a function of temperature. At 10 K a sharp upraise of
M{/H is seen by decreasing temperature, which is the manifesta-
tion of a phase transition, and a bifurcation point appears at
some lower temperature for every value of the superimposed dc
magnetic field. The bifurcation point moves to lower tempera-
ture with increasing strength of the magnetic field. The falling
low temperature part of the ZFC curve is common for all fields
(compare y” behavior, Figure 9b). By the change of field from
50 up to 5000 Oe the bifurcation point for meta-F shifts from
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Figure 4. Field cooling (monotonous dependences) and zero field
cooling magnetization (curves with maximum) plotted as a function of
temperature for meta-F in various static magnetic fields, strengths of
which are given in oersteds.

5.8 to 3.0 K. For ortho-F by the same field change this shift is
much smaller: from 4.8 to 4.0 K.

As seen, there are some differences in FC vs ZFC behavior
for meta-F in comparison with ortho-F. There exists the com-
mon point of the divergence of all curves for various fields at 10 K.
For small fields ZFC curves are not falling sharply down below
the bifurcation point but they deviate still going up with
decreasing temperature. This diverse FC vs ZFC behavior may
be interpreted as domain wall pinning or by the presence of
strongly interacting spin clusters.

In Figure 5 ZFC magnetic hysteresis loops are shown, which
were recorded at 1.8 K. One of the loops (smaller) is for the

y |
24 T=18K i 8
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. 0|
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= 1 "‘ g8 I
] :_- "// . ._
2 el _.
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Figure S. ZFC magnetic hysteresis loops of meta-F recorded at 1.8 K.
The smaller loop is for polycrystalline sample. The red line is extra-
polation to intersection with the ordinate of 3 y5. The greater loop is for
a crystallite oriented to obtain the maximum value of the highest field
magnetization. For the crystallite the minor loop was measured instead
of the virgin curve. In the inset the virgin magnetization curve is shown
together with its derivative.

polycrystalline material, the second one (greater) for a cry-
stallite. The orientation of the crystallite was chosen to obtain a
maximum value of magnetization at the highest magnetic field.
As seen, the coercive field is 9.0 kOe, more than two times
lower than observed for the ortho-F compound. No saturation
is observed at 50 kOe, even for the crystallite at the chosen
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orientation. The virgin magnetization curve is shown in the
inset to Figure 5 together with its derivative. Two peaks of the
derivative are seen: one at 7.5 kOe and the second at 15 kOe.
The relation of fields, being 1:2 at 1.8 K changes with increas-
ing temperature. This two-step magnetization curve seems
to be related to the presence of two families of chains in the
meta-F compound. The lower field reverses one family and then
a higher external field is required to reverse the second family,
because the external field is partially compensated by molecular
field.

The extrapolation of the high field magnetization of the
polycrystalline sample to its expected saturation value® gupSy
gives the anisotropy field H,= 85 kOe, at g = 2.0 and S; = 3/2
(Figure S). This H, value gives the estimation of the anisotropy
energy per molecule,

1

K, = E(gMnSMn - gTCNESTCNE):uBHa 3)
equal to 8.5 K. By formally equating K, = DSy,* the zero field
splitting parameter of the single Mn(IIl) ion IDI = 2.1 K
is obtained. It should be noted that eq 3 was used for the case
of two directions of anisotropy, which, however, for a powder
sample at saturation should be correct. For ortho-F the analog-
ous procedure gives H, = 117.6 kOe, thus K,= 11.8 K and
IDI =2.95 K

4.2. Dynamic Properties. 4.2.1. Dc Measurements.
Magnetization, when observed in a long time scale, is not the
static property. In Figure 6 the time dependence of thermo-

1.04

40K
425K TMZ:D%M

0.2 ey

—

0.0 mman
100

T Ty
1000 10000

time (s)
Figure 6. Thermoremanent magnetization of meta-F measured as a
function of time at various temperatures. The time dependence at 3 K
was measured with the waiting time 5 and 30 min. Solid lines are fits,

see text. The values of M have no relation to those in Figure 7 because
a new sample weight was used.

remanent magnetization is plotted vs logarithm of time. In this
experiment the sample was first magnetized in field of 50 kOe,
then the field was off and the magnetization was measured as a
function of time at various temperatures. The curves in Figure 6
look differently than the analogous data for the ortho-F com-
pound.” The data for the meta-F compound can be fitted using
the following relation:

—(t/7)'"

M 0y + Mye +alnt (4)

trm
where n % 0.5, a & —0.04.
The above relation contains many fitting parameters (6, M,,

n, 7, a), but the additional a-In () term is necessary to obtain a
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good fit. The presence of this term means constant in time and
homogeneous activation energy distribution. The factor a has
meaning of magnetic viscosity, which is a spin glass property.
Here, the glassiness may originate from the domain wall
pinning.** There is no waiting time dependence (as checked for
S and 30 min, see the curve at 3 K), being a characteristic
property of spin glasses.*®

Let us see now how the superimposed dc field influences the
time dependences. In this experiment the field was not
completely off. The corresponding plots obtained in the bias
field of 1000 Oe are shown in Figure 7. All these dependences
can be nicely fit with eq 4 without the In(t) term.

0.25= s

21

' — e :
0.20 ~—
3,000,
S “%%%
375 o :
T - “u“'\_’)‘"
330 "o, . \
i P e

345

M (emu)

O 0-0-0-5-00 SoTERREN

T sy

100 10000
Figure 7. Magnetization of meta-F as a function of time measured at
various temperatures and in the superimposed dc magnetic field of

1000 Oe. Measurement started after switching the field from S0 to
1 kQe. Solid lines are fits, see text.

From these fits the average relaxation time 7 was obtained.
Reciprocal temperature dependence of In 7 is shown in Figure
13 together with the corresponding ac data. From the slope of
this plot the activation energy E, can be determined according
to the Arrhenius equation:

E,/kT
T = 7pe/

©)

The fitted parameters are E, = 64 + 5 K and 7, = (1.9 + 0.6) X
1078 s.

4.2.2. Ac measurements. Figure 8a presents temperature
dependence of the ac susceptibility of meta-F, measured for
various frequencies with no superimposed dc magnetic field.
Here, it is seen that both ' and " maxima move to higher
temperature with increasing frequency and, while the maximum
value of the ¥’ component decreases with increasing frequency,
the maximum value of " remains almost constant. When dc
magnetic field is superimposed, both ac susceptibility com-
ponents are quickly suppressed, which is shown in Figure 8b for
the constant frequency of 10 Hz.

How frequency characteristics change in a superimposed dc
magnetic field is separately shown in Figure 9. As is seen, these
characteristics differ remarkably from those obtained in zero dc
magnetic field. It looks like as if both y" and y” were composed
of two constituents. The first one, with its ¥’ maximum near
8.5 K in small field, is weakly (or not) dependent on frequency.
It slightly moves with increasing dc field to higher temperatures
(9.0 K in 1000 Oe) and being strongly suppressed in a field of
1000 Oe is expected to disappear with further field increas-
ing, see Figure 9c (its " companion disappeared earlier). The
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Figure 8. Temperature dependence of both components ¥’ and y” of
the ac magnetic susceptibility of meta-F compound measured for
various frequencies at zero static magnetic field (a) and for various
static superimposed magnetic fields at the constant frequency of 10 Hz
(b). The amplitude of the driving magnetic field H,_ is 3 Oe.
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Figure 9. Temperature dependence of both components ¥’ and y” of
the ac magnetic susceptibility of meta-F compound measured for
various frequencies at four static magnetic fields, 100 Oe (a), 300 Oe
(b), 500 and 1000 Oe (c). Note, that panels a and b have the same
legend. The amplitude of the driving magnetic field H,. is 3 Oe.

frequency dependence is associated mainly with the second
constituent, which separates from the first y’ constituent mov-
ing together with the accompanying frequency dependent y”
constituent to lower temperatures. It can be seen that this y”
constituent (at least in fields below 500 Oe) increases with
increasing frequency, which is at variance with the case of zero
dc field.

It is worth noting that poorly crystallized powder samples
(with grain size close to one-domain nanoparticles) from
another synthesis batch show ac behavior in zero dc field, which
is like ac behavior in nonzero field described above. It means
their ac characteristics in zero field are like this in Figure 9b.*°

It is also interesting to see relaxations in the frequency
domain. Figure 10 presents frequency dependences of ¥’ and y”
measured for various temperatures without (a) and with dc bias
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field (b). As seen in panel a there is a broad distribution (one
can discern two distributions) of relaxation times, however, in

(a)

H,=0 Oe, H, =3 Oe

H,:=300 Oe, H,=3 Oe

3
E
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Figure 10. Frequency dependence of ac susceptibility for meta-F
measured at various temperatures. (a) Data obtained in zero dc bias
field. (b) Data obtained in dc bias field of 300 Oe. Solid lines are
guides for eye.

the bias field of 300 Oe (see panel b) the distribution drastically
narrows and relaxation has a Debye character.

Narrowing of the distribution of relaxation times in field
can be also shown by means of Argand diagrams. In Figure 11

——25K —— 30K —— 35K —— 40K 45K, 55K —+— 60K

80K —— 95K

—+— 65K ——T0K —— 75K —— 80K ——85K

1" (emu/mol)
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10 12 14 16 18 20 22 24 26 28 30 32
' (emu/mol)

Figure 11. Argand plots for meta-F obtained at various temperatures
with no superimposed dc magnetic field.

Argand diagrams for meta-F obtained with no superimposed
magnetic field are shown for various temperatures. As is seen,
the distribution of relaxation times is very broad. Again, two
distributions can be differentiated, as is seen, e.g, for T = 7.5 K
The width of distribution can be characterized by the parameter
@, obtained from fitting arcs of the (1 — a)7 size to the y” vs ¥’
data. When dc magnetic field is applied, the distribution
drastically narrows and only one distribution is present, as
shown in Figure 12a for T = 5.5 K. In dc field of 1000 Oe
equals 0.24. The values of a obtained for meta-F can be
compared with the @ value for the ortho-F compound. The
latter one equals 0.12, see Figure 12b, and is completely
independent of temperature. The value of a expected for
the ideal single chain magnet should be equal to zero (single
relaxation time), but for the real single chain magnets such
values as ~0.12 were reported in literature for powder
samples.’”*
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Figure 12. Comparison of Argand plots for meta-F compound
obtained at 5.5 K in various dc magnetic fields (a) and for ortho-F
obtained at various temperatures in 0 Oe dc field (b). The arcs are fits
to the data.

Using the data shown above, temperature dependence of
the relaxation time can be determined. Taking the temperature
for the maximum of y"(T);y curves measured by fixed f and
bias field H and assuming that the relaxation time at the
temperature of maximum is equal to 1/(2zf), the diagram
presenting In(z) vs reciprocal temperature can be constructed.
In Figure 13 four linear dependences obtained from ac high
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Figure 13. Natural logarithm of the relaxation time vs reciprocal
temperature dependence for meta-F compound. The high temperature
data (red color) were obtained from ac susceptibility measurements.
The left (most steep) line was obtained in zero bias magnetic field, and
the other three lines were obtained for nonzero bias magnetic fields.
Dc data are also shown (see section 4.2.1). Solid lines are fits.

temperature data (above 4 K) are shown and compared with
the low temperature dc SQUID data obtained below 3 K in dc
field of 1000 Oe. One of the ac dependences refers to zero bias
dc field, and the other ones refer to the case of the bias dc field
equal to 100, 200, and 300 Oe.

As seen, the slope of ac curves changes drastically with the
bias field increasing from 0 to 100 Oe. Fitting ac dependences
to the Arrhenius equation the values of the activation energy E,
are obtained. For zero bias field the value of E, equals 265 + S K.
The very low value of 7, = 7.8 X 107 s is nonphysical. The
values of E, obtained for three nonzero values of bias field are
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much lower and all are equal to 84 + 2 K. The values of 7, are
~12 X107 s.

4.3. HF-ESR Study. HF-ESR measurements were under-
taken to determine excitation gaps for meta-F and ortho-F com-
pounds and thereby to get more insight into the relaxation
character of these compounds. It should be noted, however, that
in large magnetic fields, typical for HF-ESR, chains are effectively
decoupled, thus only properties of individual chains are probed.
The ESR spectra were measured at various frequencies and vari-
ous temperatures.

4.3.1. meta-F Compound. Typical ESR spectra of the
powder sample of meta-F compound measured at T = 4 K and
various frequencies are shown in Figure 14a.

(a) T=4K (b) v=372GHz
700
600 ]
v=528 GHz S
500 1 3 M
g 400+ V=440 GHz R 'g 1 Bk
£ 300% ] 8 4K
200+ v=372 GHz 1 é 1
'-
100+ |
] . ; T : : : 1
0 20 40 60 80 100 120 140 O 20 40 60
H (kOe) H (kOe)

Figure 14. HF-ESR spectra of meta-F compound obtained at the
temperature of 4 K for various frequencies (a) and at the frequency of
372 GHz for various temperatures (b). Panel a additionally contains
frequency vs resonance magnetic field dependence (blue squares,
experimental points; red line, linear fit).

The spectra comprise one intense transmission line, which
narrows by decreasing excitation frequency v. Variation of v
with field yields a linear shift of the resonance field H,,. This
dependence is plotted in Figure 14a. The linear extrapolation to
zero magnetic field gives the zero field splitting (gap) Aggy =
336 GHz (16 K).

A representative set of the ESR spectra of the meta-F sample
measured at constant frequency v = 372 GHz and various
temperatures is presented in Figure 14b. Here, a shift of the
spectral weight to higher magnetic fields at higher temperatures
takes place. Such a shift is a result of the thermal activation of the
higher energy spin states with rising temperature and indicates a
negative sign of the axial magnetic anisotropy of the chain.**

4.3.2. ortho-F Compound. ESR spectra measured for ortho-
F are presented in Figure 15. Figure 15a shows spectra obtained
at various frequencies at the temperature of 4.2 K. The small
oscillations seen in the figure are extrinsic and due to some
interference of the sample cell. Except for that, two character-
istic features are seen. The first of them is the line width
broadening at decreased resonance field. This is often caused by
anisotropy in the plane normal to the principal axis of D; here,
however, this anisotropy is lower than for the meta-F com-
pound (see crystallographic data), which does not show the
broadening but narrowing effect. The second feature is a
small splitting of the line, which is well seen in Figure 15 at the
lowest temperature of 4.2 K. Figure 15b shows the spectra at a
constant frequency of 357 GHz obtained for various temper-
atures. Here it is seen that the line becomes broader and dis-
appears with increasing temperature and no clear absorption is

dx.doi.org/10.1021/ic3014927 | Inorg. Chem. 2012, 51, 9983—9994
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Figure 15. HF-ESR spectra of ortho-F compound obtained at various
frequencies at the temperature of 4.2 K (a) and at the frequency 357
GHz for various temperatures (b). Panel a additionally contains
frequency vs resonance magnetic field dependence (blue squares,
experimental points; red line, linear fit).

found at S0 K. The observed splitting of the line seems to be
connected with the crystallographic structure in which the
[TCNE]™ group has two orientations with the probability ratio
4:1.3 The linear extrapolation of the mode gives the zero field
splitting of Aggz = 314 + 3 GHz or 15.0 K (average of two
peaks), see Figure 15a.

5. DISCUSSION

Both chain compounds investigated in this work show slow
relaxations. While the meta-F compound shows the transition
to the glassy ferromagnetic state at T, = 10 K and in the applied
dc field the SCM behavior, the ortho-F compound is a typical
SCM. The question arises, what is the reason for such a dif-
ference, the more that intrachain magnetic interaction in meta-F
is much weaker than in ortho-F. In response we would like to
note that, first, in ortho-F we had finite chains in both ac and dc
regimes,9 while in meta-F the chains might be infinite in the
ac regime. Second, meta-F has a structure with two different
chain directions for which stronger dipolar superspin interac-
tions may develop.*'

The glassy character of meta-F compound at zero dc field was
revealed by time dependent dc magnetization measurements
and confirmed by ac susceptibility measurements. Both methods
demonstrated a broad relaxation time distribution. For [MnTPP]-
[TCNE]-2(1,3-C¢H,Cl,), belonging to the same compound
family, Etzkorn et al. proposed the fractal cluster glass model, in
which slow relaxations near the glass transition T, are due to
magnetic viscosity caused by interchain interactions.'> We
repeated the scaling analysis of Etzkorn et al., which led them to
the above-mentioned conclusion. This analysis was based on
the critical slowing down power law. However, we found results
of scaling analysis not convincing because scaling with other
laws gave also good overlapping of corresponding curves. In
our opinion we are dealing with a true phase transition. Inclina-
tions of spins due to different easy magnetic directions may favor
ferromagnetic dipolar interchain interactions being responsible
for 3D magnetic ordering.

The glassiness observed may be explained as due to 3D-
domain wall pinning resulting from interchain interactions and
lattice defects."”** The domains that form consist of coupled
spins belonging to some number of adjacent chains. Domain
relaxations contribute to one of the two observed relaxation
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time distributions, namely, to the longer time distribution. In
the bias dc magnetic field the glassy character is lost when with
increasing field the domain walls are swept away. The only
existing relaxations are now those of SCM having the narrow
time distribution.

In order to get insight into the spin dynamics of meta-F it is
helpful to inspect the activation energies obtained from mea-
surements. In general, the activation time for magnetization
reversal can be described by three activation energies, E,, A,
and A,, which obey the equation

Ey =24 + Ay (6)
assuming that chains are infinite or

when chains are finite. Chains may be treated as finite when
they are shorter than their correlation length, what may happen
with decreasing temperature. These equations are well proved
for Ising chains, where A, is the activation energy of a single
anisotropic spin inside a narrow domain wall, where it sees no
local field.*” In the anisotropic Heisenberg model this value is
still not well-defined. It should be related to anisotropy energy
of a broad 1D domain wall.

If we assume that for meta-F at higher temperatures, in the ac
regime, eq 6 is valid, then we have E, = 84 K, A; =2 X 25K, so
A, = 34 K. At lower temperatures, in the dc regime when eq 7
is valid, then we have E, = 64 K, A; =25 K, so A, = 39 K.
For ortho-F we had the finite chains only, then E, = 117 K, A; =
60 K® and A, = 57 K. Assuming that the observed phase
transition in meta-F is soliton induced, all 7 kinks should be
paired below T.. It would mean that for meta-F A, values near T,
(in the ac regime) should be taken with the factor 2.

The meta- and ortho-F compounds differ much with the
exchange parameter ], which equals —100 K for meta-F and
—217 K for ortho-F. Treating the ferrimagnetic chain as a ferro-
magnetic chain composed of identical units with the effective
spin S¢ = 3/2 one can estimate the exchange constant ] of
such a chain. We used the following relation (eq 8) derived
from the isotropic Hamiltonian (eq 9) of the ferromagnetic
Heisenberg chain:*

2\2

2 }S

= N,o? 2_ 4 | Jef”
){mol AgMB 3]ef[kBT]

(8)

H=- efZS‘Sj

(irj) 9)

The 1/T* behavior of eq 8 is right at low temperatures only.
In fact, the Seiden model shows also 1/T? behavior at low
temperatures, but we use eq 8 because it was derived from
the simple Hamiltonian (eq 9) for which many other useful
formulas were derived. In Figure 16 molar susceptibilities of
meta- and ortho-F compounds as a function of 1/T> are pre-
sented. The interval of fitting was chosen so that its higher limit
is below T, and the lower limit is the same as used by fitting
of the Seiden model. The following values of ] were obtained:
28 + 4 K for meta-F and 51 + 4 K for ortho-F, assuming g factor
equal to 2. Using these values and assuming that the single ion
anisotropy is comparable for both compounds, we see that for
both compounds ID/Jd < 1.

Being beyond the Ising limit ID/J,Jd = 4/3%” both compounds
cannot be SCM according to the original Glauber model.***
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Figure 16. Molar susceptibility as a function of 1/T* plotted for meta-
F and ortho-F compounds. Solid lines are linear fits.

However, it was shown that SCM behavior also for ID/]l < 4/3
is possible.>”* In the case of extremely small anisotropy, A,
can be independently estimated using a simple expression:

(10)

Taking the earlier estimated values of D equal to 2.1 and 3.0 K
this gives A; ~ 48.8 and A; ~ 78.7 K for meta- and ortho-F
respectively. Although ] is much lower than the real ], the
values of A, obtained are considerably greater than A, values
found from measurements. In Table 3 A; and other activation

~ 2 1/2
A§ ~ ZSeff |2]ef.D|

Table 3. Comparison of Activation Energies Obtained from
Ac/Dc Susceptibility and HF-ESR for meta-F and Selected
Single Chain Magnets

compd syst Ex (K) nxXA; ()% Ay (K)* Ky (K)° Aggg (K)
meta-F anis. Heisenberg 84°¢ 2 X 25 34
a 8.5 16.1
64 1x25 39
ortho-F° anis. 11794 1% 60 57 11.8 15.0
Heisenberg
[Mn™,Ni]>"** Ising ~ 74° 2 %28 18
a 22.1 15.4
55 1x28 27
Mn"-TCNQ*® anis. 94.1°  2X 265 41.1 9.8
Heisenberg 6779 1x265 412

“A, = Ey — n X A for infinite chains the factor n equals 2, otherwise
it equals 1. "K,: anisotropy energy obtained from saturation
magnetization and eq 3. “Ac data. “Dc data.

energies obtained are given for comparison. In addition, litera-
ture values for the Ising system [Mn,(saltmen),Ni(pao),-
(py),](ClO,), (abbreviated [Mn",Ni])*”***” and anisotropic
Heisenberg system [Mn(S-TMAMsaltmen)(TCNQ)](ClO,),
(abbreviated Mn"“TCNQ) are enclosed,” where saltmen =
N,N'-(1,1,2,2-tetramethylethylene) bis(salicylideneiminate),
pao = pyridine-2-aldoximate, py = pyridine, S-TMAMsaltmen =
N,N’-1,1,2,2-tetramethylethylene bis(S-trimethylammoniome-
thylsalicylideneiminate, TCNQ_= 7,7,8,8-tetracyano-p-quinodi-
methane.

The situation is the simplest and well established for [Mn",Ni].
Because [Mn",Ni] is a SCM system with ID/Jl > 4/3, the con-
sidered spin clusters (1D domains) have extremely narrow walls
of the one spin width. In such a case the activation energy A,
(for spin reversal in the wall) should be equal to the single ion
anisotropy energy DS” Looking in Table 3, in fact, we see
rather good agreement of the average A, value, obtained from
two temperature regimes (with finite and infinite chains,
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respectively), with K, value obtained for [Mn™,Ni] compound
from the saturation magnetization.”” It is also worth noting a
good fulfillment of eq 6 and 7 for the Heisenberg system Mn'"-
TCNQ, however, the A, value in this case is much greater than
the K, value.

Oshima et al. performed HF-ESR study of [Mn"",Ni] single
chain magnet*” and determined the value of the excitation gap
at T = 1.5 K. It equals 321 GHz (15.4 K). It is lower than the
K, value for this compound and is near the gap values of our
more strongly coupled systems. Because in the frequency-field
diagram no series of lines with multiple value of g = 2 appeared,
the authors concluded that the observed mode is neither spin
cluster excitation nor spin cluster resonance. This mode was
attributed to the spin wave excitation obeying the ESR selection
rule AS, = +1. This conclusion was supported by theoretical
analysis, which proved that spin wave excitation is lower in
energy than spin cluster excitation if the single ion zero field
splitting parameter |Dyg| is lower than 5.7 K. However, by
increasing the |Dyy,| value, spin wave excitation becomes greater
in energy. This theoretical result of Oshima et al. is in agree-
ment with an older paper of Johnson and Bonner,” where a
linear ferromagnet with spin 1/2 in a small magnetic field was
analytically treated in the whole anisotropy range between Ising
and Heisenberg models and it was shown that for anisotropy
lower than some specific value the dominant excitations are
spin waves. For anisotropy greater than this specific value the
dominant excitations are bound spin wave complexes.

The excitation gaps obtained from HF-ESR study for meta-F
and ortho-F are comparable, equal to ~16 K. This value is
greater than the anisotropy energies K, per molecule estimated
from magnetization measurements 8.5 and 11.8 K for meta-F
and ortho-F, respectively. However, it is much lower than the
anisotropy gap A, obtained from magnetic ac/dc measure-
ments. So large values of A, follow from the fact that both
ortho-F and meta-F are anisotropic Heisenberg systems, which
have spin clusters with broad domain walls (solitons).
Therefore many spins may be involved in the dynamics of
walls and no wonder that the activation energy A, of 7, is
greater than DS* (see also Mn"™-TCNQ in Table 3).

Another reason that the Aggy value is much lower than the
A, value obtained from ac/dc measurements is that selection
rules of ESR can choose the lowest energy excitations. In fact,
Johnson and Bonner™ showed that the effective magnetic
excitation gap for the low temperature susceptibility at small
magnetic fields corresponds to the bound spin complexes in the
whole anisotropy range.

For the time being, the question, why three different single
chain magnet systems, meta-F, ortho-F and Mn,Ni, have nearly
the same value of the Aggy gap, is still open. This value,
however, seems to be close to the single ion anisotropy of Mn*"
ion.

6. SUMMARY

The compound Mn(III) tetra(meta-fluorophenyl)porphyrin-
tetracyanoethenide (meta-F) was synthesized and its crystal
structure was determined. This structure is composed of ferri-
magnetic chains. There are two chain directions, which corres-
pond to two magnetic easy axis directions. The compound was
studied by magnetic measurements and, together with the
relative ortho compound, by HF-ESR. Magnetic properties of
both compounds were compared. While the ortho-F compound
is the single chain magnet, the compound meta-F shows a glassy
ferromagnetic transition at 10 K. In applied dc magnetic field
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the domain walls, responsible for glassy behavior, are swept
away, so magnetic relaxations acquire a narrow distribution
of relaxation times and look as relaxations of a single chain
magnet. Activation energies for soliton spin reversals and spin
wave excitations were determined using ac susceptibility and
HF-ESR techniques, respectively. It was concluded that meta-F
and ortho-F compounds are Heisenberg systems with aniso-
tropy, for which soliton excitations are higher in energy than
spin wave excitations.
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