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One-dimensional arrangement of Mn'! salen and
a TCNQ radical with single-chain magnet behavior
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Single-Chain Magnet Behavior in an Alternated One-Dimensional Assembly
of a Mn"" Schiff-Base Complex and a TCNQ Radical**

Hitoshi Miyasaka,*'* ¢! Tomokura Madanbashi,” Kunihisa Sugimoto,"’
Yasuhiro Nakazawa,'! Wolfgang Wernsdorfer,'"! Ken-ichi Sugiura,™
Masahiro Yamashita,'*! Claude Coulon,"! and Rodolphe Clérac*!"

Abstract: An alternated 1:1 chain com-
pound of a Mn'™ salen derivative and
the TCNQ monoradical was syn-
thesized: [Mn(5-TMAMsaltmen)-
(TCNQ)](CIO,), (1) (TCNQ=tetra-
cyano-p-quinodimethane;  5-TMAM-
saltmen=N,N'-(1,1,2,2-tetramethyleth-
ylene) bis(5-trimethylammoniomethyl-
salicylideneiminato)). Compound 1 has
a zigzag chain structure packed with
adjacent chains with an interchain
Mn.Mn distance of over 8 A. As com-
pound 1 contains no crystallization sol-
vent, the void spaces between chains
are occupied only by ClO,” counter
ions. Compound 1 has a structure remi-
niscent of what has been observed in
the family of Mn"(porphyrin)-TCNE
or -TCNQ compounds reported previ-
ously by Miller and co-workers and we
demonstrate herein its unique single-
chain magnet behavior among this

family of compounds. The direct cur-
rent (dc) magnetic measurements es-
tablished the one-dimensional nature
of compound 1 with an antiferromag-
netic exchange coupling, J/kg~—-96 K,
between the Mn™ ion and TCNQ radi-
cal and with an activated correlation
length (A;=26.5K) at low tempera-
tures (50-15 K). The slow relaxation of
the magnetization was shown in com-
pound 1 by the field hysteresis of the
magnetization observed below 3.5K
(with a coercive field up to 14 kOe at
1.8 K). Single-crystal magnetization
measurements demonstrated the uniax-
ial symmetry of this compound and al-
lowed an estimation of the anisotropy

Keywords: magnetic properties
manganese salen-type ligand
single-chain magnet - TCNQ

field, H,~97 kOe. The absence of
magnetic ordered phase or spin-glass
behavior was established by heat-ca-
pacity calorimetry measurements that
exhibit no abnormality of C, between
0.5K and 10 K. The study of the mag-
netization relaxation by combined ac
(alternating current) and dc techniques
showed that compound 1 possesses a
single relaxation time (7). As the con-
sequence of the finite size of the chain,
the temperature dependence of 7 pres-
ents two activated regimes above and
below 4.5 K with 7y, =2.1x107"s, A, =
941K and 7,=6.8x10"%s and A,=
67.7 K, respectively. The detailed anal-
ysis of these dynamics properties to-
gether with the correlation length,
allows an unambiguous demonstration
of the single-chain magnet behavior in
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Introduction

The development of one-dimensional (1D) systems towards
creating new magnetic materials has been extensively con-
ducted over the past two decades. However, the experimen-
tal evidence of “single-chain magnet” (SCM) behavior was
only discovered at the beginning of this century,””! although
the slow dynamics of the magnetization in the ferromagnetic
Ising chain was predicted by R.J. Glauber back in 1963."
While the slow relaxation of the magnetization observed in
single-molecule magnets (SMMs)™ is solely induced by the
high-spin ground state (S;) and its uniaxial anisotropy (D <
0 and small E) of the targeted polynuclear complex,'” the
“magnet”-type behavior observed in SCMs is an intrinsic
magnetic property of an isolated chain composed of aniso-
tropic high-spin (S;) units linked in a one-dimensional (1D)
manner by significant intrachain exchange interaction (J).?!
Both types of “magnet” are indeed superparamagnetic sys-
tems that display slow relaxation of their magnetization.
The global magnetization of these materials relaxes to zero
with a characteristic time (7). With lowering temperature,
this time is activated and becomes longer and longer and fi-
nally reaches the characteristic time of the experiment (z.y,)
where it becomes experimentally detectable. This crossover
(Texp=T) is thus achieved at a blocking temperature (75). At
lower temperatures (7 < Ty), T can be of the order of years
and the material can be therefore considered as a “magnet”.
Thus, these materials should be distinguished from classical
magnets that exhibit a long-range magnetic order.

In the past fifteen years, Miller and co-workers have re-
ported extensively on a family of alternated chains com-
posed of ferrimagnetically arranged Mn" porphyrin deriva-
tives (Syn=2) and organic radicals (S,,q=1/2) such as
TCNE'~ (tetracyanoethenide),!''] TCNQ'~ (tetracyano-p-qui-
nodimethanide),'” and their related molecules (hexacyano-
butadiene,™ tetrachloro-1,4-benzoquinonide,"™ N,N'-dicya-
noquinonediimine™)). Interestingly, among these materials,
some of them exhibit “magnet”-type behavior with original
slow relaxation of the magnetization that has been interpret-
ed in the frame of a Spin-Glass (SG) description (quasi-1D
fractal cluster glass model).'! Epstein and co-workers have
elucidated the key role of the dipolar interactions between
chains to explain the magnetic viscous behavior observed
for an example in [Mn(tpp)(TCNE)]-2(1,3-C,H,CL,) (tpp =
meso-tetraphenylporphyrin).'®!7 In these materials, the ob-
served slow relaxation would not be thus induced by isolat-
ed chains as in SCM systems, but by the introduction of
magnetic correlation between chains.

Herein we report on a new Mn"/TCNQ member of this
family that displays unambiguous evidence of SCM behav-
ior. The newly synthesized material, [Mn(5-TMAM-
saltmen)(TCNQ)](ClO,), (1) (5-TMAMsaltmen is a tetra-
dentate neutral ligand of N,N'-(1,1,2,2-tetramethylethylene)
bis(5-trimethylammoniomethylsalicylideneiminato))  made
of a Mn'" salen derivative unit and the TCNQ radical, that
exhibits the ferrimagnetic alternated chain topology ob-
served in Miller’s compounds. While many of Miller’s com-
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pounds and in particular [Mn(tpp)(TCNE)]-x(1,3-CcH,Cl,)
possess removable interstitial solvents that considerably
affect the magnetic properties due to disorder effects (for
example, the blocking temperature ranged from 7.8 to
113K depending on the interstitial solvent contents),!!
compound 1 has no crystallization solvent in its crystal unit
cell. This remarkable feature induces a high stability in com-
pound 1 and allowed us to study its intrinsic magnetic prop-
erties that have arisen from a single Mn™/TCNQ chain and
its “fixed” packing arrangement.

Results and Discussion

General properties: Compound 1 was synthesized as fine
purplish-brown crystals by the assembly reaction of [Mn(5-
TMAMsaltmen)(H,0),](C10,); with Li(TCNQ) in a solu-
tion of acetonitrile/methanol (Scheme 1). It should be em-
phasized that crystals of compound 1 are very stable in the
experimental atmosphere after removal of the mother
liquid, as the physical characterizations (by IR spectroscopy,
X-ray diffraction, and magnetic properties) stay unchanged
over a few months. The IR spectroscopy study on 1 shows
significant low-energy v(C=N) vibrations at 2189(s) and
2127(s) cm™'. These bands can be attributed to the mono-
radical TCNQ™ form consistently with the vibration bands
at 2197 and 2168cm™ for Li(TCNQ) or at 2197 and
2166 cm™! for Na(TCNQ),['¥ while neutral TCNQ or diradi-
cal TCNQ?>  are observed at 2200 cm™', and 2164 and
2096 cm™ (Na,TCNQ),"” respectively. In agreement with
the structural description (vide infra), the observation of
two separated absorption bands in the spectrum for com-
pound 1 reveals the presence of both coordinated and non-
coordinated C=N groups on the TCNQ monoradicals.

Structural description: Compound 1 crystallizes in the
monoclinic space group C2/c (Z=4). An ORTEP drawing
of the asymmetrical unit is depicted in Figure 1a and select-
ed bond lengths and angles are listed in Table 1. The repeat-
ing unit consists of the [Mn(5-TMAMsaltmen)] moiety and
the TCNQ radical in a 1:1 stoichiometry with the Mn atom
located on a special site 4e (C, symmetry; 0, y, 1/4) and an
inversion center at the midpoint of the TCNQ molecule.
The coordination sphere around the Mn ion is an elongated
octahedron with the 5-TMAMsaltmen tetradentate ligand
surrounding the manganese equatorial plane with bond
lengths of Mn(1)-O(1)=1.885(2) and Mn(1)-N(1)=
1.980(2) A. On the other hand, the two left Mn axial posi-
tions are occupied by nitrogen atoms of the TCNQ molecule
(trans—anti-fashion of TCNQ) with Mn(1)-N@3)=
2.380(4) A. The Mn(1)-N(3)-C(15) angle and dihedral angle
made by the TCNQ and Mn(5-TMAMsaltmen) equatorial
planes in compound 1 are found to be 123.8(3) and 40.3° re-
spectively. The axial distortion of the Mn octahedron coordi-
nation sphere corresponds to a Jahn-Teller axis typically ob-
served for Mn"™ salen analogues (N(3)-Mn(1)-N(3)*=
168.6(1)°; symmetry operation *, —x+2, y, —z+1/2). It is

Chem. Eur. J. 2006, 12, 7028 —7040
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Figure 1. ORTEP drawings of: a) The repeating unit and; b) the zigzag
chain structure in 1 (thermal ellipsoids drawn at 50 % probability). Hy-
drogen atoms and perchlorate anions were omitted for clarity. The intra-
chain Mn--Mn distances through the TCNQ moiety or along the ¢ direc-
tion are 11.36 and 12.14 A, respectively. Between neighboring TCNQ
radicals, the nearest C--C distance is C(19)-+C(19)=3.98 A and the mid-
point-to-midpoint distance is 6.07 A.
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Table 1. Bond lengths and angles of [Mn(5-TMAMsaltmen)(TCNQ)]-
(Cl0O,), (1) with the estimated standard deviations in parentheses.

Bond length[A] Bond angle[°]
Mn(1)—O(1) 1.885(2) N(1)-Mn(1)-O(1) 92.06(9)
Mn(1)—-N(1) 1.980(2) N(3)-Mn(1)-O(1) 88.5(1)
Mn(1)-N(3) 2.380(4) N(3)-Mn(1)-N(1) 88.0(1)
N(3)—C(15) 1.153(4) N(3)-Mn(1)-N(3)!  168.6(1)
N(4)—C(17) 1.141(5) N(3)-Mn(1)-O(1)™  83.9(1)
C(15)—C(16) 1.413(4) N(3)-Mn(1)-N(D) 100.7(1)
C(16)—C(17) 1.422(5) N(1)-Mn(1)-N(1)P!  81.5(1)
C(16)—C(18) 1.431(5) O(1)-Mn(1)-O(1)""  95.80(9)
C(18)—-C(19) 1.419(5) Mn(1)-N(3)-C(15)  123.8(3)
C(19)—C(20) 1.370(5)
C(18)-C(20)  1.421(5)
Mn(1)-Mn(1)E  11.3583(7)

[a] Symmetry operators: —x+2, —y+1, —z+1. [b] Symmetry operators:
—x+2,y, —z+1/2.

worth noting that the Jahn-Teller axes are all parallel in the
chain arrangement and oriented at about 14° from the c axis
or chain direction in the ac plane. In order to discuss the
magnetic properties of compound 1 in the next part of this
paper, the oxidation state of the Mn ion and TCNQ moiety
must be established without ambiguity. The oxidation state
of the Mn ions is clearly trivalent from the characteristic co-
ordination geometry (Jahn-Teller distortion) as previously
mentioned. For the TCNQ moieties, the results from the IR
spectroscopy described above suggest the presence of a
monoradical. A detailed analysis of TCNQ bond lengths is
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also a useful tool to probe the degree of reduction of this
type of redox molecule. Indeed, while the C=N bond length
is mainly affected by the Mn—N coordination, the C—C dis-
tances in the TCNQ molecule are good indicators of the oxi-
dation state. The degree of charge on the TCNQ moiety has
been thus estimated by Kistenmacher and co-workers from
the empirical relationship: p=A[c/(b+d)]+ B, where A=
—41.667 and B=19.833 have been determined from the neu-
tral TCNQ™! and monoradical form in Rb(TCNQ)?! (0=0
and —1, respectively), and the b~d parameters have been
defined as shown by the scheme included in Table 2. Since
the TCNQ moiety in compound 1 has an inversion center at
its midpoint, two kinds of bond sets (for a coordinated and
non-coordinated site) can be considered as listed in Table 2.
In agreement with the IR data, the TCNQ charge in com-
pound 1 estimated from the Kistenmacher relation is about
—1.2, confirming the monoanionic nature of TCNQ.

As shown in Figure 1b, the TCNQ™™ moiety coordinates
to [Mn(5-TMAMsaltmen)]’* in a trans—anti-coordination
fashion to form an alternated zigzag chain. The intrachain
Mn---Mn distances through the TCNQ moiety (neighbor dis-
tance) or along the ¢ direction (next-neighbor distance) are
11.3583(7) and 12.14 A, respectively. The packing arrange-
ment of chains of compound 1 is shown in Figure 2. The
chains are running along the c axis, where the nearest inter-
chain Mn-=Mn distances are 8.35 and 11.53 A between the
neighboring chains along the b axis and the a axis directions,
respectively. As seen in Figure 2b, the TCNQ moieties form
a one-dimensional column along the ¢ axis. However, as the
TCNQ moieties are alternately sliding along the ¢ axis with
the tilt angle of 20°, there is no significant - interactions
between neighboring TCNQ radicals (Figure 2), (the nearest
C--C distance is C(19)--C(19)=3.977(6) A and the mid-
point-to-midpoint distance is 6.07 A (Figure 1b)). The per-
chlorates as counter-anions are located between chains in
the void space left available between the bulky 5-TMAM-
saltmen ligands. It is worth noting at this stage that after a
careful analysis of the packing arrangement, no interchain
n—n stacking has been identified.

a) Chain Direction

D)

l’_ﬁ

20
b) i dMn-Mn

Figure 2. Packing arrangements of 1 showing: a) The projection along the
b axis and; b) the projection along the ¢ axis. The moiety bounded by a
red dotted circle forms a chain.

dc magnetic studies: The dc magnetic susceptibility (y) was
measured in the temperature range of 1.8 to 300 K at an ap-
plied field of 1kOe on a polycrystalline sample of com-
pound 1 restrained by using n-eicosane. The x7 versus T
plot is shown in Figure 3a. The %7 value of 2.51 cm® Kmol !

Table 2. Summary of bond lengths[A] in the TCNQ moiety and estimated charge.

Mn
N 5 N
N\ %
C by, d, C
c
P C
W, N\
N N
Mn
Compound a b c d e b+d c/(b+d) ot Ref.
TCNQ 1.140(1) 1.441(4) 1.374(3) 1.448(4) 1.346(3) 2.889 0.476 0 [19]
Rb(TCNQ) 1.153(7) 1.416(8) 1.420(1) 1.423(3) 1.373(1) 2.839 0.500 -1 [20]
1 (coordination site) 1.153(4) [a,] 1.413(4) [by] 1.431(5) 1.421(5) [dy] 1.370(5) 2.834 0.505 -121 this work
1 (non-coordination site) 1.141(5) [a,] 1.422(5) [by] 1.431(5) 1.419(5) [d,] 1.370(5) 2.841 0.504 -1.15 this work

[a] p=A[c/(b+d)]+ B, where A =—-41.667 and B=19.833 were determined assuming that neutral TCNQ and Rb(TCNQ) correspond to p=0 and —1, re-

spectively.
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Figure 3. Temperature dependence of: a) 7T and; b) ¥ ' measured on a
polycrystalline sample of 1 at 1 kOe. In the x7 versus 7 plot, the red line
represents a good simulation by using the Seiden model with Sy, =2 and
Sraa=1/2 (see text). In the x ! versus 7 plot the blue and red lines repre-
sent linear fits of the data above and below 270 K, respectively.

at 300K is smaller than the predicated value of
3.375 cm’Kmol ™ for isolated Sy, =2 and sg,q=1/2 spins.
With decreasing temperature from 300 K, the 7 product,
initially, slightly decreases and gives a broad minimum at ap-
proximately 270 K (inset of Figure 3a). From this minimum,
the xT product increases to reach a maximum of
22.5 cm®*Kmol™! at about 10 K. Below the maximum, the yT
product abruptly decreases to 7.8 cm®Kmol™ at 1.8 K. This
type of behavior, including a high-temperature broad mini-
mum followed by a steep increase, suggests that strong anti-
ferromagnetic couplings are operative between the Mn'" ion
(Syn=2) and TCNQ™™ (sg.a=1/2). As generally applied to
the Mn"(porphyrin)-TCNE or -TCNQ systems by Miller
and co-workers, the magnitude of magnetic coupling be-
tween the two magnetic centers has been determined by fit-
ting the susceptibility data to an alternating chain model of
quantum spins, s;, and classical spins S; (also called the
Seiden model) considering the following spin Hamiltoni-
an:®

N
— —
H=-2] Z (SMn,[ + SMn,i+1) ' ?Rad,i (1)

i=1

Between 30 and 300 K, the best least-squares fit yields
gun=191, £,.4=2.00, JIky=-96.1 K (red solid line in Fig-
ure 3a). Consequently, compound 1 is made of strongly anti-
ferromagnetically coupled Sy,=2:5g,q=1/2 spin chains
forming a ferrimagnetic one-dimensional arrangement.

Chem. Eur. J. 2006, 12, 7028 —7040

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Considering the existence of the y7 minimum around
270 K, the Curie-Weiss fit should be done above this tem-
perature. The least-squares linear fitting above 270 K rough-
ly yielded a Weiss constant (@) of about —21 K (blue line in
Figure 3b), such a large negative value being consistent with
the J value found by the fitting of the experimental x7 prod-
uct (see above). Another effective Weiss constant, 6', evalu-
ated below the rounded minimum of x7, has been used ex-
tensively by Miller and co-workers as a phenomenological
probe to correlate the intrachain interaction and structural
parameters in many compounds based on Mn"!(porphyrin)-
TCNE or -TCNQ.!'"2l The exchange coupling between
Mn" ion and TCNQ or TCNE radical anions in these types
of materials is strongly influenced by two intimately related
angles: the coordination angle (Mn—N=C) and the dihedral
angle between the radical mean plane and Mn™ equatorial
plane (note that small Mn—N=C angles usually correspond
to small dihedral angles).” Those angles are indeed govern-
ing the overlap between the d,. orbital on the Mn"™ ion and
the pm orbital on the coordinating nitrogen atom of the radi-
cal moiety. In other words, a large overlap allows stronger
antiferromagnetic coupling and thus a larger 6 value.
Indeed, a linear variation of 6 versus the dihedral angle is
obtained (Figure 4a) for compound 1 together with a series
of Mn"(porphyrin)-TCNE or -TCNQ compounds reported
by Miller and co-workers (Table 3). For compound 1, the ¢’
value has been evaluated at about 34 K in the middle tem-
perature range of about 100-200 K (red line in Figure 3b).
Figure 4b is a plot of the J value estimated by the Seiden
model versus the dihedral angle, and as well as in Figure 4a,
a linear relation is observed, confirming indirectly the J
value for compound 1 in the series of Mn"™/TCNQ, TCNE
materials. Interestingly, as far as we know, only two other
one-dimensional assemblies of Mn"™ complexes with the
TCNQ radical have been described so far."l Compound 1
has the smallest dihedral and Mn-N=C angles allowing the
best d./pm orbital overlap and thus the largest 6’ (and J)
value of this family of Mn"™/TCNQ materials (Figure 4).
Thus, compound 1 belongs to two related one-dimensional
families of compounds, the Mn"/TCNE and Mn"/TCNQ
materials, in which high-temperature magnetic properties
are dominated by the intrachain interactions.

For compound 1, the intrachain interaction (J) is thus
clearly dominating as shown by the analysis of the tempera-
ture dependence of the yT product above 30 K (vide supra).
Below 30 K, the one-dimensional nature of compound 1 can
also be checked following the correlation length of the
system that is proportional to the y7 product at zero dc
field in any one-dimensional classical problem. In a ferro- or
ferrimagnetic one-dimensional system described in the
frame of an anisotropic Heisenberg model, this correlation
length exponentially increases on decreasing the tempera-
ture, and 7= Cexp(Ad/T).***! According to K. Naka-
mura and co-workers, the corresponding gap, A, is the
energy necessary to create a domain wall in the chain.?>%!
In the Ising limit (| D |>4|J|/3),”" this energy can be simply
expressed as A§:4JST2, but its expression becomes nonana-
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Figure 4. Correlation between the dihedral angle defined by the MnN, or
MnO;N, plane and the TCNE™ or TCNQ™ plane, and the effective ¢
value (a) and the exchange coupling J obtained by using the Seiden
model (b) (see text). Compounds a to i are Mn"! porphyrin systems listed
in Table 3 and reported by J. S. Miller and co-workers.

lytical in more complicated situations such as ferrimagnetic
arrangements, quantum spins, mixed classical-quantum
spins, |D|<4|J|/3... Figure5 shows the plot of In(y'T)
versus 1/7, where y’' is zero-field susceptibility deduced from
complementary dc and ac measurements. As expected for
anisotropic one-dimensional systems, the In(y'7T) term in-

In (/)

o ac data
o dc data

0 1 1 1
0 0.05 0.1 0.15 0.2
T (K

Figure 5. Plot of In(y'T) versus 1/T for compound 1, where square and
circle symbols have been obtained with dc (1 kOe dc field) and ac (1 Hz
ac frequency, 3 Oe ac field and zero dc field) techniques, respectively.

creases linearly with the inverse of the temperature between
50 and 15K; the energy gap, A is 26.5K and Cg is
1.07 cm*Kmol . It is noteworthy that this effective Curie
constant is in excellent agreement with the expected value
for an Ising Sr=32 (Sr=Sun—Sga) SPin: Cigpe=
Ng*ug’St%/(3ks)=1.125 cm*Kmol™!. As mentioned above,
the ferrimagnetic arrangement with the presence of s=1/2
quantum spins in the chain and the presence of magnetic
anisotropy only in the Mn™ sites complicate the determina-
tion of the correlation length, its theoretical expression, and
thus the analysis of A.. However, the exponential increase
of the y'T product above 10 K clearly establishes the 1D
nature of compound 1. At 10 K, the value of In(y'T) goes
through a maximum and a slow linear decrease is observed
at lower temperatures. This type of behavior is usually ob-
served when the correlation length becomes larger than the
average distance between two intrinsic defects along the
chain as already observed in a few SCM systems.?sf1d:5d
Nevertheless, this phenomenon occurs here at 10 K, while
this finite-sized crossover occurs unequivocally at 4.5 K on
the relaxation time scale (vide infra). This discrepancy con-
cerning the crossover temperature implies the presence of
another effect that dramatically modifies the growth of the

Table 3. Bond lengths, angles, and several magnetic parameters for Mn'"" porphyrin/TCNQ or/TCNE assemblies and for 1.

Compound Mn—N Mn-N-C Dihedral Intrachain o T in Jlkg Ref.

(A] [°] angle[°]*)  Mn--Mn[A]"] (K]* (K] [K]*
TCNE system
[Mn(TBrPP)(TCNE)]-2MePh (a) 2.293 168.1 89.4 10.277 13 80 -30 [111]
[Mn(TCIPP)(TCNE)]-2MePh (b) 2.267 167.2 86.8 10.189 13 110 -33 [114,j]
[Mn(TOMePP)(TCNE)]-2MePh (c¢) 2.289 165.5 78.1 10.256 21 134 [111,k]
[Mn(TIPP)(TCNE)]-2MePh (d) 2.276 158.7 69.6 10.101 30 160 -53 [111]
[Mn(TPP)(TCNE)]-2MePh (e) 2.305 (av) 147.9 (av) 55.4(av) 10.116 44 191 —63 [11i,g,17]
[Mn(TFPP)(TCNE)]-2MePh (f) 2.309 150.3 55.6 10.185 45 240 [11i,k]
[Mn(TP'P)(TCNE)]-2MePh (g) 2.299 129 30.4 8.587 90 >300 [11b,]
TCNQ system
[Mn(TMesP)(DMTCNQ)]-2 p-Me,Ph (h) 2.332(av) 142.2 (av) 52.9 (av) 11.43 23 115 -39 [12a]
[Mn(T(MeO);PP)(TCNQF,)]-3 0-CLPh (i) 2.321 135.9 46.4 12.685 29 215 =71 [12b]
[Mn(5-TMAMsaltmen)(TCNQ)](ClO,), (1) 2.380 123.8 40.3 11.358 34 270 -96 this work

[a] The angle is defined by the dihedral angle made by the TCNE (or TCNQ) plane and the Mn"!(tetradentate ligand) equatorial plane. [b] This distance
is through the TCNE or TCNQ moiety. [c] Effective 6’ value (see text). [d] Temperature indicating the y7 minimum. [e] From the fitting by the Seiden

model (see text).
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correlation length. As shown in [Mn,(saltmen),Ni-
(pao),(py),](ClO,), (saltmen®: N,N'-(1,1,2,2-tetramethyl-
ethylene) bis(salicylideneiminate), pao™: pyridine-2-aldoxi-
mate, py: pyridine), the presence of weak interchain interac-
tions has been invoked to explain such behavior.”¥!

The field dependence of the magnetization was measured
on a polycrystalline sample of compound 1 in the tempera-
ture range 1.8-4 K (Figure 6). Compound 1 displays slow re-

HIT

Figure 6. Field dependence of the magnetization on a polycrystalline
sample of 1 at different temperatures at and below 4 K.

laxation of the magnetization, as shown by the field hystere-
sis loops observed below 3.5 K with a coercive field reaching
14 kOe at 1.8 K. At high fields above 20 kOe, a linear in-
crease of the magnetization is observed, as generally seen in
anisotropic systems. To determine H,, the anisotropy field
(roughly estimated to be 100 kOe from the polycrystalline
sample data shown in Figure 6), we have performed high-
field single-crystal measurements by using Hall probe tech-
niques. The easy axis of the crystal was found at about 15°
from the chain direction (c axis) in the ac plane correspond-
ing to the Jahn-Teller direction of the Mn"™ metal ions. The
plane perpendicular to the easy axis is almost isotropic, as
expected for a uniaxial anisotropy, and can be therefore
considered as a hard plane. In this plane, the field depend-
ence of the magnetization has been measured up to 140 kOe
(Figure 7). At 1.5K, the magnetization increases linearly
and saturates at around 97 kOe (H,). To link H, to the mag-
netic anisotropy, a phenomenological approach considering
a chain of effective St=3/2 classical spins can be used at
low temperature when the exchange energy is much larger
than any other energy scale of the system. In this limit, the
magnetization, which is determined for when the field is ap-
plied perpendicularly to the easy axis, is obtained by mini-
mizing the effective energy: E.;=Ksin?(0)—gusHSysin (6)
(where K is a phenomenological anisotropy parameter and
0 the angle between the effective spins and the easy axis).
The resulting equilibrium magnetization is M =gugSysin
(Gmin).m] The saturation of the magnetization is obtained for
sin(0,,;,) =1, which leads to 2K =gugSrH, and thus K/kgz=
9.8 K. Considering that the magnetic anisotropy definitely
originates solely from the single-ion anisotropy of the S=2
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Figure 7. Field dependence of the normalized magnetization (M/Mg
where M is the magnetization at saturation at 14 T) on a single crystal of
1 oriented in the hard plane perpendicular to the easy axis of the magnet-
ization at 1.5 K with a sweep-field rate of 0.035 Ts™".

Mn'™ site, K can be rewritten as —Dy,Sy,>. Therefore, one
can easily deduce that Dy, /ky=—2.4 K is in good agreement
with the values obtained for similar Mn" building
blocks.4&2]

Single-crystal heat-capacity measurements: The heat capaci-
ty of compound 1 was measured on a single crystal in the
temperature range 0.6-10 K under an applied dc field of 0,
0.5, 1, and 4 T. Figure 8 shows the experimental results plot-

0T
05T
Vi
4T

A |

8 10

T/K

Figure 8. Plots of C,T~" versus 7 for 1 measured on a single crystal under
zero and several applied fields.

ted as C,/T versus T. No anomaly was observed regardless
of the applied field over the entire temperature range mea-
sured. This result indicates unambiguously the absence of
long-range magnetic order or spin-glass-like behavior in this
system despite the observation of field hysteresis of the
magnetization. This result agrees with what is typically seen
in superparamagnetic materials such as SMMsPY or
SCMs.BY

Study of the relaxation time: The frequency dependence of
ac susceptibilities was measured in the temperature range
1.8-12 K under an oscillating magnetic field of 3 Oe and
zero dc field (Figure 9). Below 10 K, in-phase (y’) and out-
of-phase (y') ac susceptibilities are found to be strongly de-
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Figure 9. Temperature dependence of the ac susceptibilities for 1 mea-
sured at several ac frequencies, where ' and y” are in-phase and out-of-
phase susceptibilities, respectively. The solid lines are guides for the eye.

pendent on the frequency. In line with the static magnetic
data and heat-capacity measurements, this result rules out
the possibility of a three-dimensional long-range order and
spin-glass-like behavior. As already mentioned for the M
versus H data, this frequency-dependent ac susceptibility in-
dicates the slow relaxation of the magnetization as observed
for SMMs or SCMs. Considering the chain arrangement of
compound 1 and its one-dimensional magnetism (vide
supra), the present magnetization dynamics indicate the oc-
currence of SCM behavior. At a given frequency (v), the
energy input to the system by the thermal bath is not
enough to let the magnetization (M) follow the applied os-
cillating field, which hence becomes frozen below the so-
called blocking temperature Ty(v). This blocking process
causes the ac response to decrease completely in parallel to
the increase of coercivity. To study and determine the relax-
ation time of the system, additional ac susceptibility mea-
surements as a function of ac frequency (v) have been per-
formed at fixed temperatures between 4 and 8K
(Figure 10). The data have been simulated by using a gener-
alized Debye model taking into account a distribution of re-
laxation quantified by the a parameter (ranging from 0 to 1,
note that a =0 indicates the presence of a unique relaxation
time: a Debye mode).”” In the entire temperature range
measured, the a parameter was always found to be less than
0.1, indicating a very narrow distribution of relaxation times.
Therefore in a good approximation, compound 1 has a
single relaxation time (note that this result also excludes the
spin-glass interpretation). Cole-Cole diagrams (" versus y’
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Figure 10. Frequency dependence of the ac susceptibilities for 1 measured
between 4 and 8 K. The solid red lines are the best fits obtained with the
generalized Debye model (a <0.1).

plot shown in Figure 11) also illustrate nicely the presence
of only one relaxation process as they exhibit systematically
a quasi-semicircle shape that can be perfectly fitted to the
generalized Debye model with a <0.1.
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Figure 11. Cole—Cole plots for 1. The solid red curves represent the least-
squares fit to a generalized Debye model with a <0.1.

In such a single relaxation process, 7 can be deduced from
the previous fits and also from the y”(7) plots (Figure 9)
considering that at a given frequency (v), the peak of y"(T)
is located at the blocking temperature, where ©(7)=1/
(27v). As demonstrated by Glauber in 1963, SCMs possess
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a thermally activated relaxation time (Arrhenius law,

[Eq. @)]):
7(T) = 1eexp (%) (2)

where 1, is a pre-exponential factor, and A, is an energy bar-
rier quantifying the magnetization reversal. The semilog
plot of 7 versus T~! by using ac data (blue dots in Figure 12)

108
102
»n 10
-~
=
10
103 o ac data
A, =941K dc data
B 0 o A R R E R S S P U S S I
012 0.16 0.2 0.24 0.28 0.32 0.36 0.4 0.44

K

Figure 12. Relaxation time (7) versus 1/7 plot for 1, where blue and red
dots were obtained from ac and dc measurements, respectively.

confirms this prediction with 7o, =2.1x10"""s, A;=94.1 K.
With our commercial SQUID apparatus, this relaxation
time cannot be followed below 4 K and 1 Hz. Therefore,
magnetization decay measurements have been performed
on a home-made micro-SQUID magnetometer to access
lower temperatures. It is worth noting that below 2 K, the
relaxation process becomes too slow and the estimation of
the relaxation time becomes impossible even with the
micro-SQUID apparatus. The obtained 7 values have been
plotted in Figure 12 (red dots) together with those derived
from the ac magnetic measurements. Above T#=4.5K (1/
T#=0.22K™), the relaxation times deduced from the dc
measurements are in agreement with the ac data. The fits of
the complete set of data above 4.8 K led to the same Arrhe-
nius law as for the previously obtained data from the ac
measurements (7, =2.1x107"s, A,;=94.1 K). Below 4.5K,
as shown in Figure 12, the relaxation deviates significantly
from the previous linear behavior and adopts a second acti-
vated regime with 7,=6.8x10"*s and A,=67.7 K. This
type of crossover that has been observed experimentally
only for a few compounds: [Mn,(saltmen),Ni(pao),(py).]-
(ClO,),,* (NEt,)[Mn,(5-MeOsalen),Fe(CN)¢]?! (5-MeOsa-
len*": N,N'-ethylene-bis-(5-methoxysalicylideneiminate)), or
[Dy(hfac);NIT(PhOPh)] (hfac: hexafluoroacetylacetonate,
NIT(PhOPh): 2-(4'-phenoxy-benzyl)-4,4,5,5-tetramethylimi-
dazoline-1-oxyl-3-oxide),*¥ is predicted when the correla-
tion length (&) of the ideal infinite chain becomes larger
than the real chain length (L)*¥ that can be, for example,
limited by the structural defects.
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Discussion of the single-chain magnet behavior in com-
pound 1: Despite the complexity of this system, we can still
use general arguments to analyze the single-chain magnet
behavior observed in compound 1. The growth of the corre-
lation length, &, is experimentally activated with A;=26.5 K
as expected for any anisotropic 1D model that favors an
easy axis.***! Taking Dy,/ky=—-2.4K and J/ky=-96.1K,
compound 1 falls clearly in the regime where the domain
walls possess a broad structure (| Dy | Syn> < |J | SynSraa)- In
this limit, the low-temperature thermodynamic properties
may be influenced by several competing elementary excita-
tions. In particular, the competing role of spin-waves and
domain walls has been discussed by several authors.?>2*34
From reference [26], A. gives the energy to produce a
domain wall along the chain even in the limit where the ani-
sotropy is much smaller than the exchange energy. In gener-
al, A; is a complex expression that is not clearly established,
which depends in a complex manner on the type of spins,
the exchange, and anisotropy energies. Nevertheless, the re-
laxation time of the magnetization is still activated with the
corresponding energy gap (A,) expressed as A, =A,+2A;
in the infinite chain regime, and as A,=A,+A; at lower
temperature when defects become relevant (where A, is the
energy barrier of the characteristic time describing the dy-
namics of a free-moving domain wall).?® Indeed, experi-
mentally, A;;—A,=~94.1-67.7=26.4 K (Figure 12) is in ex-
cellent agreement with the A; value (26.5 K) deduced from
the In(y7) versus 1/T plot (Figure 5). Moreover, the activa-
tion energy A, can also be estimated to be about A,—A;=
412 K. This value is larger than the |Dyy,|Sw.’=9.8K
value, expected in the case of single-chain magnets possess-
ing narrow domain walls.>*! This result can be qualitatively
understood considering the presence of broad domain walls
that involve collectively a series of neighboring spins. There-
fore, the dynamics of these domains involve several aniso-
tropic spins and thus it is not surprising to find that A, is
larger than | Dy, |Sy,>. We show here that even without an
analytical expression of A; and A,, a detailed comparison of
the thermodynamic and dynamic properties allows an unam-
biguous analysis of a single-chain magnet.

Conclusion

We have described in this paper a new one-dimensional ma-
terial, [Mn(5-TMAMsaltmen)(TCNQ)](ClO,), (1), that is
made of a well-isolated chain of a Mn™ salen derivative and
the TCNQ radical. The synthesis, structure, and magnetic
properties have been studied in detail. This compound falls
in the family of materials reported by Miller and co-workers
on the basis of its alternated Mn"/rad chain structure.
Indeed, the slow magnetization relaxation behavior of some
of these systems based on Mn™ porphyrin complexes and
the TCNE or TCNQ radicals has been observed before the
discovery of the SCM systems. But in these materials, the
presence of interstitial crystallization solvents, their disorder,
or partial elimination, produce structural fluctuations in the
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packing structure that was invoked to explain their slow re-
laxation in the frame of a spin-glass model. In fact, the
study of these materials is even more complicated as their
magnetic properties and slow relaxation are strongly sol-
vent-dependent as shown by Miller and co-workers and also
by our group for related materials. Hence in this research
project, compound 1 seems to be the “ultimate” sample to
probe the intrinsic magnetic properties of this type of chain
due to its high stability in air and the absence of interstitial
solvent molecules. Combined static (susceptibility, heat ca-
pacity) and dynamics (relaxation time of the magnetization)
have been used to clearly establish the single-chain magnet
behavior of compound 1.

In the initial step in this work, the essential details neces-
sary to explain SCM behavior were determined: 1) the uni-
axial anisotropy introduced by the Mn™ ion in a 5-TMAM-
saltmen ligand field: Dy,/kg~—2.4 K, and; 2) the strong in-
trachain antiferromagnetic coupling: J/kg~—96 K. In the
second step, we determined the activation energies of the
correlation length (A;) and of the relaxation time (A, and
A,,) that have been coherently correlated to the presence of
SCM behavior with broad domain walls. Following this
unique result, our current research is devoted to the synthe-
sis of Mn"/TCNE materials using Mn™ salen analogues and
porphyrin derivatives. Indeed based on the previously re-
ported work by Miller and co-workers, the TCNE radical
tends to yield relatively stronger couplings with Mn™ than
TCNQ'™ (see Table3 and Figure 4). Hence, keeping the
same type of magnetic anisotropy introduced by the Mn™
building blocks, the enhancement of the intrachain interac-
tions should help us to pursue our quest through the design
of a single-chain magnet at high temperatures.

Experimental Section

General procedures and materials: All chemicals used during the synthe-
sis were reagent grade. Solvents were distilled under N, atmosphere by
using common drying agents before use. Li(TCNQ) was prepared accord-
ing to the literature method in reference [36]. All procedures were car-
ried out under N, atmosphere by using Schlenk techniques.

Synthesis of [Mn(5-TMAMsaltmen)(H,0),](C10,);-H,0: [Mn(5-TMAM-
saltmen)(H,0),](Cl0,);-H,0 as a precursor for compound 1 was synthe-
sized by using the literature method.*’”” Mn(CH;CO,);2H,0 (0.912 g,
3.40 mmol) was added to a solution containing 5-(trimethylammonium-
methyl)salicylaldehyde chloride (1.362 g, 6.80 mmol) and NaOH (0.08 g,
2.00 mmol) in water (50 mL). The solution was then refluxed for 10 min
before addition of a solution of 1,1,2,2-tetramethylethylenediamine dihy-
drochloride salt (0.643 g, 3.4 mmol) and NaOH (0.272 g, 6.4 mmol) in
water (20 mL). The solution was refluxed for 20 min. Finally, NaClO,
(2.081 g, 17 mmol) was added and then the solution was refluxed for an
additional 30 min. The dark brown solution was filtered and left to stand
for three days to yield a dark brown crystalline sample. After filtration,
the crystals were washed with a small amount of H,O and dried in vacuo.
Yield 53.0% (based on Mn). Elemental analysis caled (%) for [Mn(5-
TMAM-saltmen)(H,0),](ClO,);-H,0: C 38.48, H 5.54, N 6.41; found: C
38.64, H 5.34, N 6.44; IR (KBr): #=1616 (v(C=N)); 1146, 1109, 1089 (v-
(Cl-0)) em™.

Synthesis of [Mn(5-TMAMsaltmen)(TCNQ)](ClO,), (1): A solution of
Li(TCNQ) (42 mg, 0.2 mmol) in methanol (10 mL) was added to a solu-
tion of [Mn(5-TMAMsaltmen)(H,0)](ClO,); (175 mg, 0.2 mmol) in ace-
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tonitrile (10 mL). The resulting dark-colored solution was immediately
filtered and allowed to stand for about one week to form purplish-brown
crystals of compound 1 (yield: 75 mg, 41%). Elemental analysis calcd
(%) for compound 1, C,H,NzO;(ClLMn: C 51.96, H 5.01, N 12.12;
found: C 51.63, H 4.99, N 12.13; IR (KBr): #=2189, 2127 (v(C=N));
1616, 1601 (v(C=N)); 1121 (v(CI-O)) cm ™.

Physical measurements: Infrared spectra were measured by using KBr
disks with a Shimadzu FTIR-8600 spectrophotometer. Magnetic suscepti-
bility measurements were obtained with a Quantum Design SQUID mag-
netometer MPMS-XL. The dc measurements were collected from 1.8 to
300 K and from —70 to 70 kOe. The ac measurements were performed at
various frequencies from 1 to 1488 Hz with an ac field amplitude of 3 Oe
and no dc field applied. The general measurements were performed on
finely ground polycrystalline samples restrained with n-eicosane. Experi-
mental data were also corrected for the sample holder and for the dia-
magnetic contribution calculated from Pascal constants.*® Magnetization
measurements on a single crystal were performed with an array of micro-
SQUID instruments.™ This magnetometer works in the temperature
range 0.04 to ~7 K and in fields of up to 1.4 T with sweeping rates as
high as 10 Ts™!, along with field stability better than microtesla. The time
resolution was approximately 1 ms. The field could be applied in any di-
rection of the micro-SQUID plane with precision much better than 0.1°
by separately driving three orthogonal coils. In order to ensure good ther-
malization, a single crystal was fixed with Apiezon grease. Transverse-
field magnetization measurements were performed with a home-built
Hall probe magnetometer. The Hall probes (typically 10x 10 um?) were
made of two-dimensional GaAs/GaAsAl heterostructures and worked in
the temperature range 1.5-100 K, and in magnetic fields of up to 16 T.
Specific heat capacities were measured on a single crystal of compound 1
by a thermal relaxation technique in a *He cryostat (lowest temperature:
0.4 K), the detailed description of which was previously reported.*”! In
each measurement, the blank heat capacity (including a small amount of
Apiezon N grease (<1 mg), which was used for adhesion) was measured
prior to the sample mounting. The specific heat capacities were deter-
mined by subtracting the blank data fitted by polynomial functions from
the measured total heat capacities.

Crystallography: A single crystal with dimensions of 0.20x0.20x
0.10 mm® of compound 1 was mounted on a glass rod. Data collections
were made on a Rigaku CCD diffractometer (Saturn70) with graphite-
monochromated Moy, radiation (1=0.71069 A). The structures were
solved by direct methods (SIR92)1! and were expanded by using Fourier
techniques (DIRDIF99).“” The non-hydrogen atoms were refined aniso-
tropically, while hydrogen atoms were introduced as fixed contributors.
The crystal used was a non-merohedral twin and the obtained data were
first treated by a special technique for twinned crystals. The twin compo-
nent of the final material comprised 64.33% of the crystal. The final
cycle of full-matrix least-squares refinement on F> was based on 5660 ob-
served reflections and 278 variable parameters, and converged with un-
weighted and weighted agreement factors of R,=X||F,|—|F.||/Z|F,|
(I>2.000(1) and all reflections), and wR, = [Sw(F,*~F.2)*/Zw(F,2)*"* (all
reflections). A Sheldrick weighting scheme was used. Neutral atom scat-
tering factors were taken from Cromer and Waber.”) Anomalous disper-
sion effects were included in F,; the values Af and Af’ were those of
Creagh and McAuley.*!! The values for the mass attenuation coefficients
were those of Creagh and Hubbel.*”! All calculations were performed by
using the CrystalStructure crystallographic software package,“” and final
refinement for compound 1 was performed by using SHELXL-97.147!

Crystal and experimental data for compound 1: C;,H,N;O,,C,Mn, Fy=
924.69, monoclinic C2/c (no. 15), T=(—15041)°C, A(Moy,)=0.71069 A,
a=24.629(3), b=15348(2), c¢=12.140(2) A, L=113.198(6)°, V=
217.910) A3, Z=4, peea=1.456 gem™, Fypo=1924.00, 26, =56.6°.
Final R,=0.063 (/>2.000()), R=0.068 (all reflections), wR,=0.170,
GOF =1.170. The linear absorption coefficient, u, for Mok, radiation is
5.07cm™'. An empirical absorption correction was applied that resulted
in transmission factors ranging from 0.2583 to 1.0000. The data were cor-
rected for Lorentz and polarization effects. Max positive and negative
peaks in the AF map were found to be p,, and p,;,=0.43 and
—0.47 e A3, respectively.
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CCDC-294990 contains the supplementary crystallographic data (exclud-
ing structure factors) for the structure of compound 1 for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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