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Sequential reaction of LH3 (LH; = (S)P[N(Me)N=CH—C¢Ha-2-OH-3-OMe]s) with Co(OAc), - 4H,0 followed by reaction
with lanthanide salts afforded trinuclear heterobimetalllic compounds {[L,Co.Ln][X]} [Ln = Eu (1), X =Cl; Ln =Tb
(2), Dy (3), Ho (4), X = NOg] in excellent yields. These compounds retain their integrity in solution as determined
by electrospray ionization mass spectrometry studies. The molecular structures of 1—4 were confirmed by a single-
crystal X-ray structural study and reveal that these are isostructural. In all of the compounds, the three metal ions
are arranged in a perfectly linear manner and are held together by two trianionic ligands, L3~. The two terminal Co"
ions contain a facial coordination environment (3N, 30) comprising three imino nitrogen atoms and three phenolate
oxygen atoms. The coordination geometry about the cobalt atom is severely distorted. An all-oxygen coordination
environment (120) is present around the central lanthanide ion, which is present in a distorted icosahedral geometry.
The coordination sphere around the lanthanide ion is achieved by utilizing three phenolate oxygen atoms and
three methoxy oxygen atoms of each ligand. In all of these trinuclear complexes (1—4), the Co—Ln distances are
around 3.3 A, while the Co—Co distances range from 6.54 to 6.60 A. The screw-type coordination mode imposed
by the ligand induces chirality in the molecular structure, although all of the complexes crystallize as racemates.
Magnetic properties of 1—4 have been studied in detail using dc and ac susceptibility measurements. Dynamic
measurements reveal that 2—4 display a single-molecule magnet behavior, while the Co,Eu (1) analogue does not
show any out-of-phase ac susceptibility.
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create an energy barrier (A) between the two thermodynami-
cally equivalent spin configurations, ms = =£St. Hence,
below the so-called blocking temperature (Tg), the thermal
energy is no longer able to overcome the barrier A, and the
spin is trapped in one of the two equivalent configurations.
This molecular property can be detected at the bulk level
when a magnetic field is applied, saturating the magnetization
below Tg. When this field is switched off, the magnetization
slowly relaxes with a characteristic relaxation time (7) that
can be measured as a function of the temperature using the
time dependence of the magnetization or the frequency
dependence of the ac susceptibility. This slow relaxation of
the magnetization leads at a low enough temperature to
hysteresis effects with an applied field, which is the signature
of magnetlike behavior.® The potential applications of SMMs
are vast. These include information processing, data storage,
quantum computing, spintronics, biomedical applications
(like MRI contrast agents), or magnetic refrigeration.” In
general, SMMs can be obtained by assembling polynuclear
metal complexes containing high-spin metal ions and those
that possess magnetic anisotropy. A classic example which
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combines the two features discussed above is the dodeca-
nuclear manganese complex [Mn120|2(CH3COO)]6(H20)4].8

Alternative synthetic strategies for preparation of SMMs
include metal complexes containing 3d and 4f metal ions.
In particular, Dy™ and Tb'™ lanthanide ions with large spin
and high spin—orbit coupling have been used in combination
with some transition metal ions [Cu,Tb,, DysMng, DysMn,,
Dy,Cu, Dy;Cus, Dy,Mn,, FeDy, etc.] to afford SMMs.”'°
Even some homometallic complexes containing these lan-
thanide ions have been shown to exhibit slow relaxation of
the magnetization related to single-molecule magnet behav-
ior.!! Recently, in a radically different approach, we exploited
the combination of the magnetic anisotropy of Co'" and the
high-spin of Gd"™ to report the first Co/Ln SMM
{[L2C02Gd][NO3]}.12 This result spurred us to explore the
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Table 1. Crystal and Refinement Data for 1—4

Chandrasekhar et al.

1

2

3

4

empirical formula

fw

temperature (K)

wavelength (A)

cryst syst

space group

unit cell dimensions
(A, deg)

volume (A%)

VA

density, calcd (g cm™3)
abs coeff (mm™")
F(000)

cryst size (mm?®)

6 range (deg)

limiting indices

reflns collected

ind reflns

completeness to 8 (%)

refinement method

data/restraints/params

goodness-of-fit on F2

Final R indices
[1>26(D]

R indices (all data)

largest diff. peak and
hole (e+A™3)

Scheme 1

combination of Co with other lanthanide ions and especially
those that possess magnetic anisotropy such as Dy, Ho™,

Cs7He6Cl;C0,EuN,03P5S,
1771.25

1002)

0.71073

triclinic

P1

a = 11.9098(10)

b = 16.3470(13)

¢ = 19.0057(15)

a = 69.8330(10)

p = 88.4610(10)

y = 89.6400(10)
3475.0(5)

2

1.693

1.807

1788

0.10 x 0.08 x 0.06
2.03 to 25.00
—14=<h=14
—16=<k=19
—22=<1=2l

17917

12012 [R(int) = 0.0271]
98.1

full-matrix least-squares on F>
12012/0/871

1.059

R1 = 0.0512, wR2 = 0.1338

R1 = 0.0621, wR2 = 0.1466
3.186 and —1.494

Cs6HesClsCo,TbN130,7P5S,
1808.76

1002)

0.71073

triclinic

P1

a = 11.5880(19)

b = 11.7744(19)

¢ = 15.855(3)

o = 71.553(3)

B = 86.256(3)

y = 61.042(2)
1785.5(5)

1

1.682

1.841

912

0.25 x 0.16 x 0.14
2.02 to 25.99
—14=<h=14
—13=<k=14
-10=7/=19

10054

6870 [R(int) = 0.0266]
97.8

full-matrix least-squares on F>
6870/456/493

1.022

R1 = 0.0483, wR2 = 0.1256

R1 = 0.0571, wR2 = 0.1322
1.979 and —0.815

Cs¢HesClsC0,DyN3017P2S5
1812.34

1002)

0.71073

triclinic

P1

a = 11.4217(18)

b = 12.1315(19)

¢ = 15.649(2)

o = 84.513(3)

p =172.507(3)

y = 62.187(3)
1826.5(5)

1

1.648

1.854

913

0.10 x 0.09 x 0.08
2.09 to 26.00
—14=<h=12
—l4=<k=14
—-19=<1=<19

10349

7005 [R(int) = 0.0375]
97.8

full-matrix least-squares on F2
7005/470/488

1.063

R1 = 0.0598, wR2 = 0.1511

R1 = 0.0749, wR2 = 0.1600
1.865 and —0.707

Cs6He2ClsCo,HoN30,5P5S,
1778.74

223(2)

0.71073

triclinic

P1

a = 11.4991(14)

b = 12.230(2)

¢ = 15.7517(19)

o = 84.047(3)
p=172.1297(2)

y = 61.980(2)
1859.1(4)

1

1.589

1.877

894

0.35 x 0.30 x 0.18
2.07 to 25.00
—13<h=13

—14 <k= 14
-10=1=18

10710

6515 [R(int) = 0.0250]
99.1

full-matrix least-squares on F2
6515/32/450

1.075

R1 = 0.0567, wR2 = 0.1655

R1 = 0.0679, wR2 = 0.1740
1.753 and —1.647

I
[
H3C, CH
NH/3Q|\N s 1. Co(OAc),4H,0
| N | 2. Ln(X) -nH,0
wee N th Ncn —_—
oh OH  CHCI/CH;OH
OH
Hc’o HCP
3 3
0
HaC i, /CH3
MDAy AV
/ CH,
A S SO TN
\{130 / \ /
N—N o —
Hye” N
CH,
He =
o —
N
o
/
HyC
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Ln=Eu, X=CI (1)

Ln=Tb, X=NO3(2)
Ln =Dy, X=NO;(3)
Ln =Ho, X=NO; (4)

and Tb™ ijons. For comparison, we also examined the
incorporation of Eu™. Accordingly, we report in this paper
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the synthesis, structural characterization studies, and detailed
magnetic properties of a new family of complexes:
{[L,CoLn][X]} [LH; = (S)P[N(Me)N=CH—CeH;-2-OH-
3-OMe]s; Ln = Eu, X = Cl (1); Ln = Tb, X = NO; (2); Ln
= Dy, X = NO; (3); Ln = Ho, X = NO; (4)], and the
discovery of the SMM behavior of 2, 3, and 4.

Experimental Section

Reagents and General Procedures. Solvents and other general
reagents used in this work were purified according to standard
procedures.’® P(S)Cl; and 3-methoxy salicylaldehyde (Fluka,
Switzerland) were used as purchased. N-Methylhydrazine was
obtained as a gift from Vikram Sarabhai Space Research Centre,
Thiruvananthapuram, India, and used as such. LH3 was synthesized
by a literature procedure.12 Co(OAc),+4H,0 was obtained from
S.D. Fine Chemicals, Mumbai, India. EuCl3+6H,0, Dy(NOs3);*
5H,0, Ho(NO;)3+5H,0, and Tb(NO3);*5H,0 were obtained from
Sigma Aldrich Chemical Co. and used as received.

Instrumentation. Melting points were measured using a JSSGW
melting point apparatus and are uncorrected. IR spectra were
recorded as KBr pellets on a Bruker Vector 22 FT IR spectropho-
tometer operating at 400—4000 cm™!. Elemental analyses of the
compounds were obtained from Thermoquest CE instruments
CHNS-O, EA/110 model. Electrospray ionization mass spectrometry
(ESI-MS) spectra were recorded on a Micromass Quattro II triple
quadrupole mass spectrometer.

Magnetic Measurements. Magnetic susceptibility measurements
were obtained with the use of a Quantum Design SQUID magne-
tometer MPMS-XL. This magnetometer works between 1.8 and
400 K for dc applied fields ranging from —7 to +7 T. Measurements
were performed on finely ground crystalline samples. M versus H
measurements were performed at 100 K to check for the presence
of ferromagnetic impurities which were found to be absent. ac
susceptibility measurements were measured using an oscillating ac
field of 3 Oe with ac frequencies ranging from 1 to 1500 Hz.
Magnetic data were corrected for the sample holder and the
diamagnetic contribution.

X-Ray Crystallography. Crystal data and cell parameters for
compounds 1—4 are given in Table 1. Single crystals suitable for
X-ray crystallographic analyses were obtained by a slow diffusion
of n-hexane into a solution of 1—4 in a chloroform/methanol
mixture. Crystal data for compounds 1—4 were collected on a
Bruker SMART CCD diffractometer using a Mo Ko sealed tube.
The program SMART'** was used for collecting frames of data,
indexing reflections, and determining lattice parameters; SAINT'**
for integration of the intensity of reflections and scaling;
SADABS' for absorption correction; and SHELXTL"'““ for space
group and structure determination and least-squares refinements on
F?. All structures were solved by direct methods using the program
SHELXS-97'*¢ and refined by full-matrix least-squares methods
against F? with SHELXL-97.'* Hydrogen atoms were fixed at
calculated positions, and their positions were refined by a riding
model. All non-hydrogen atoms were refined with anisotropic
displacement parameters. In compound 1, methanol was refined
isotropically. In compound 2, the hydrazone nitrogen, imino, and
N-methyl carbon atom were found to be disordered. These atoms
(50/50) were refined isotropically, and the disordered chloroform

(12) Chandrasekhar, V.; Pandian, B. M.; Azhakar, R.; Vittal, J. J.; Clérac,
R. Inorg. Chem. 2007, 46, 5140-5142.

(13) Furniss, B. S.; Hannaford, A. J.; Smith, P. W. G.; Tatchell, A. R.
Vogel’s Textbook of Practical Organic Chemistry, 5th ed.; ELBS,
Longman: London, 1989.

solvent and nitrate anion also were refined isotropically. In 3,
disordered water was refined isotropically. In 4, one half of a nitrate
ion in the asymmetric unit was found to be disordered. Two
disordered nitrate ions (50/50) were resolved isotropically.

Synthesis

Preparation of the Trinuclear Metal Complexes 1—4. The
general procedure for the preparation of the metal complexes is as
follows. LH;3 (0.20 g, 0.333 mmol) was taken in a mixture of
chloroform (30 mL) and methanol (30 mL). Co(OAc),*4H,0 (0.08
g, 0.321 mmol) was added to this solution. The reaction mixture
was stirred for about 5 min. At this stage, LnX3+nH,0 (0.167 mmol)
[X = CI for 1 and NO; for 2—4] was added, and the reaction
mixture was stirred for a further period of 12 h to afford a clear
solution. This was filtered and the filtrate evaporated to dryness.
The residue obtained was washed with n-hexane and dried and was
identified as the trinuclear complex. All of the complexes, thus
obtained, were purified by crystallization using conditions as
described in the section on X-ray crystallography. The characteriza-
tion data for these complexes are given below.

[{(S)P[N(Me)N=CH—C¢H;-2-0-3-OMe]3},Co,Eu]Cl-2CHCl;*
CH;0H (1). Yield: 0.220 g, 73.4%. Mp: >280 °C. FT-IR v/cm™':
1601 (C=N). ESI-MS: 1465.12 (M)". Anal. caled for
C57H66C17C02EUN12013P2$25 C, 3865, H, 376, N, 949, S, 3.62.
Found: C, 38.02; H, 3.69; N, 9.32; S, 3.50.

[{(S)P[IN(Me)N=CH—C¢H;-2-0-3-OMe];},Co,Tb]NO;-2CHCl;*
2H,0 (2). Yield: 0.218 g, 72.2%. Mp: >280 °C. FT-IR v/cm™":
1597 (C=N), 1384 (NO;). ESI-MS: 1471.13(M)*. Anal. calcd for
Cs6HesCleCo,TbN30,7P,S;5: C, 37.18; H, 3.68; N, 10.07; S, 3.55.
Found: C, 36.88; H, 3.60; N,10.29; S, 3.40.

[{(S)P[IN(Me)N=CH—C¢H;-2-0-3-OMe];},Co,Dy]NO;-2CHCl;*
2H,0 (3). Yield: 0.225 g, 74.6%. Mp: >280 °C. FT-IR v/cm™":
1599 (C=N), 1384 (NOs). ESI-MS: 1476.14 (M)*. Anal. calcd for
C55H66C16C02DYN13017P2$2: C, 3711, H, 367, N, 1005, S, 3.54.
Found: C, 36.92; H, 3.49; N, 9.82; S, 3.44.

[{(S)P[N(Me)N=CH—C¢H;—2-0-3-OMe]3},Co,Ho]NO;* 2CH-
Cl; (4). Yield: 0.210 g, 71.65%. Mp: >280 °C. FT-IR v/cm™': 1599
(C=N), 1385 (NO;). ESI-MS: 1477.14 (M)". Anal. calcd for
C56H62C16C02H0N|3015P2$2: C, 3781, H, 351, N, 1024, S, 3.60.
Found: C, 36.92; H, 3.39; N, 9.92; S, 3.50.

Results and Discussion

In a preliminary communication,'? we have reported the
utilization of the phosphorus-supported ligand LH; for the
preparation of heterobimetallic compounds. The interesting
aspect of LHj is that it possesses nine coordination sites.
Six of those sites, three imino nitrogen atoms and three
phenolate oxygen atoms, are strongly coordinating, while
three others, namely, the oxygen atoms of the —OMe group,
are weakly coordinating. However, the latter have sufficient
binding capacity toward lanthanide metal ions. Sequential
reaction of LH; with Co(OAc),*4H,0 followed by reaction
with the appropriate lanthanide salt afforded trinuclear
heterobimetallic compounds 1—4 in about 70% yield (Scheme
1). All of these complexes showed a molecular ion peak in
their ESI-MS spectrum (see Experimental Section), in
agreement with the expected structure already observed in
{[L,C0,Gd][NOs]}."* The molecular structures of 1—4 were
confirmed by their single-crystal X-ray structural study, as
described below.
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Figure 1. (A) Cationic portion of 1. All hydrogen atoms and solvent molecules are omitted for clarity. (B) Structure of the core of 1. All hydrogen and

carbon atoms and solvent molecules are omitted for clarity.

010

02

012
Figure 2. Icosahedral coordination environment around Eu(1) in 1.
X-Ray Crystal Structures of 1—4. Molecular Structures.
Complexes 1—4 are isostructural and crystallize in a triclinic
unit cell (space group: P1). The asymmetric unit of 1 contains
a {[L,Co,Eu][Cl]} unit and two chloroform and one metha-
nol molecule. On the other hand, asymmetric units of 2, 3,
and 4 contain one-half of the complex and (i) one chloroform
and one water molecules for 2 and 3 and (ii) only one
chloroform molecule for 4. The molecular structure of 1 is
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shown in Figure 1; those of 2—4 are given in the Supporting
Information. The molecular structures of 1—4 reveal that the
three metal ions are held together by a concerted coordination
action of two trianionic ligands, L3". The nine coordination
sites of each ligand are utilized. The two terminal Co' ions
contain a facial coordination environment (3N, 30) compris-
ing three imino nitrogen atoms and three phenolate oxygen
atoms (Figure 1b), inducing a severely distorted coordination
geometry around Co" (see the Supporting Information). An
all-oxygen coordination environment is present around the
central lanthanide ion, which is present in a distorted
icosahedral geometry (Figure 2). This coordination sphere
around the lanthanide ion is achieved by utilizing three
phenolate oxygen atoms and three methoxy oxygen atoms
of each ligand. Thus, every phenolate oxygen atom acts as
a u-bridging ligand. Three such bridging ligands hold the
Co' and Ln™ ions together to form the final complexes (see
the Supporting Information).

The bond parameters of 1—4 are summarized in Table 2. In
general, the Co—N bond distances are slightly longer than the
Co—O0 bond distances, although this difference is not large here.
Among the Ln—O distances, two types are clearly seen: (i) six
are short (~2.4 /OX, see Table 2) and involve the Ln—Oppnenolae
bond, and (ii) the other six involving the Ln—Oyeinoxy bond are
much longer (~2.9 A, see Table 2). This is similar to what
was observed earlier in {[LzCozGd][Nog]}.12 In all of these
trinuclear complexes (1—4), the Co—Ln distances are around
3.3 A, while the Co—Co distances range from 6.54 to 6.60 A.
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Table 2. Sclected Bond Lengths (A) and Bond Angles (deg) of
Compounds 1—4

1 2¢ 3 4
P-S 1.9242(2)¢ 1.9317(17)  1.926(2) 1.927(2)
P—N¢ 1.670(4) 1.669(9) 1.663(7) 1.657(7)
N—N¢ 1.448(6) 1.454(12) 1.450(8) 1.448(8)
N=C“ 1.293(6) 1.299(13) 1.295(9) 1.289(9)
Co—N 2.119(4) 2.101(7) 2.087(6) 2.096(6)
2.122(4) 2.126(8) 2.106(6) 2.103(6)
2.158(4) 2.111(8) 2.132(6) 2.127(6)
2.111(4) 2.113(8)¢ 2.108(6)¢ 2.109(6)¢
2.116(4)
2.122(4)
2.125(4)¢
Co—0 2.080(3) 2.077(3) 2.076(4) 2.077(4)
2.106(3) 2.086(3) 2.092(4) 2.093(4)
2.118(3) 2.088(3) 2.105(4) 2.107(4)
2.078(3) 2.084(3)¢ 2.091(4)¢ 2.091(4)¢
2.082(3)
2.083(3)
2.091(3)¢
Ln—Oppenolic 2.399(3) 2.393(3) 2.363(5) 2.364(4)
2.407(3) 2.396(3) 2.371(4) 2.373(4)
2.407(3) 2.396(3) 2.390(4) 2.388(4)
2.408(3) 2.395(3)¢ 2.375(4)¢ 2.375(4)¢
2.432(3)
2.433(3)
2.4143)¢
Ln—Omethoxy 2.777(3) 2.865(3) 2.878(4) 2.897(4)
2.857(4) 2.869(3) 2.882(4) 2.898(4)
2.882(4) 2.875(3) 2.907(4) 2.932(2)
2.888(3) 2.870(3)¢ 2.889(4)¢ 2.909(4)¢
2.889(4)
2.908(4)
2.867(4)¢
Co-+-Co 6.6685(11)  6.6210(15)  6.5619(13)  6.5384(13)
Co-++Ln 3.33128)  3.3105(9) 3.2810(8) 3.2692(9)

Co—Ln—Co 177.484(18)  179.99(2) 180.00(2) 180.00(19)

“ Symmetry operation used to generate equivalent atoms —x + 2, —y,
—z + 2. Symmetry operation used to generate equivalent atoms —x, —y
+1,—z+1.¢ Symmetgy operation used to generate equivalent atoms —x

Average bond distances.

+ 1, —y+ 1, —z+ 1.

@0
€c
Figure 3. Paddlewheel arrangement of ligands around Co—Ln—Co axis
in1.

In 2—4, the Co—Ln—Co bond angle is perfectly linear
(~180°), whereas in 1 the Co—Eu—Co bond angle is slightly
smaller (177.3°; Table 2). As a result, in all of the
compounds, a perfect paddlewheel type of ligand architecture

is seen when the molecules are viewed along the Co—Ln—Co
axis (Figure 3).

Stereochemistry of the Trinuclear Complexes 1—4.
Although the ligand LHj is achiral, it induces chirality in
the complexes upon complexation. A (clockwise) and A
(anticlockwise) configurations are formed as a result of the
screw-type coordination mode imposed by the ligand. This
type of behavior was demonstrated by Wieghardt and co-
workers earlier and more recently by us.'>~'® In the present
case, three chelate rings are formed on either end of the
cationic portion of the complex: P—[N—N—C—C—0—Cols.
All of these chelate rings can be oriented in the same
direction and can give rise to AA4 (all rings oriented
clockwise with respect to the intermetal axis) or 009 (all
rings oriented anticlockwise with respect to the intermetal
axis) (Chart 1).

In all of the cases, we have always observed the same
conformation for all three rings, and in no instance were
mixed conformations such as 419, 104, and so forth found.
If the conformation is the same at both ends of the trinuclear
complex (for example, 144 and A41), a pure enantiomer is
obtained. On the other hand, if the conformation is different
at both ends, that is, 660 and AAA4, a meso formation would
be stabilized. Indeed, both cases are observed experimentally
in this family of compounds depending on the Co—Ln—Co
angle. While 1, which has a Co—Eu—Co angle less than
180°, is found to possess AAA—AAL (A—A) or 600—000
(A—A) forms, 2—4, which contain a Co—Ln—Co bond angle
of 180°, crystallize in their meso forms (A—A; Table S1,
Supporting Information).

Another interesting aspect of the stereochemistry of 1—4
is the presence of chiral recognition in their supramolecular
structures. The crystal structures of 1—4 show the presence
of C—H-+-S=P mediated intermolecular interactions to
afford a one-dimensional doubly bridged polymeric arrange-
ment. In 1, among such polymer chains, only molecules with

(14) (a) SMART Software Reference Manual; SAINT Software Reference
Manual, version 6.45; Bruker Analytical X-ray Systems, Inc.: Madison,
WI, 2003. (b) Sheldrick, G. M. SADABS, version 2.05; University of
Gottingen: Gottingen, Germany, 2002. (¢) SHELXTL Reference
Manual, version 6.1; Bruker Analytical X-ray Systems, Inc.: Madison,
‘WI, 2000. (d) Sheldrick, G. M. SHELXTL, v.6.12; Bruker AXS Inc.:
Madison, WI, 2001. (e) Sheldrick, G. M. SHELXL97; University of
Gottingen: Gottingen, Germany, 1997.

(15) (a) Beissel, T.; Birkelbach, F.; Bill, E.; Glaser, T.; Kesting, F.; Krebs,
C.; Weyhermiiller, T.; Wieghardt, K.; Butzlaff, C.; Trautwein, A. X.
J. Am. Chem. Soc. 1996, 118, 12376-12390. (b) Albela, B.; Bothe,
E.; Brosch, O.; Mochizuki, K.; Weyhermiiller, T.; Wieghardt, K. Inorg.
Chem. 1999, 38, 5131-5138.

(16) (a) Glaser, T.; Beissel, T.; Weyhermiiller, T.; Schiinemann, V.; Meyer-
Klaucke, W.; Trautwein, A. X.; Wieghardt, K. J. Am. Chem. Soc. 1999,
121, 2193-2208. (b) Glaser, T.; Bill, E.; Weyhermiiller, T.; Meyer-
Klaucke, W.; Wieghardt, K. Inorg. Chem. 1999, 38, 2632-2642.

(17) (a) Katsuki, I.; Matsumoto, N.; Kojima, M. Inorg. Chem. 2000, 39,
3350-3354. (b) Nagasato, S.; Katsuki, I.; Motoda, Y.; Sunatsuki, Y.;
Matsumoto, N.; Kojima, M. Inorg. Chem. 2001, 40, 2534-2540. (c)
Katsuki, I.; Motoda, Y.; Sunatsuki, Y.; Matsumoto, N.; Nakashima,
T.; Kojima, M. J. Am. Chem. Soc. 2002, 124, 629-640. (d) Ikuta, Y.;
Ooidemizu, M.; Yamahata, Y.; Yamada, M.; Osa, S.; Matsumoto, N.;
Tijima, S.; Sunatsuki, Y.; Kojima, M.; Dahan, F.; Tuchagues, J.-P
Inorg. Chem. 2003, 42, 7001-7017. (e) Sunatsuki, Y.; Ohta, H.;
Kojima, M.; Ikuta, Y.; Goto, Y.; Matsumoto, N.; lijima, S.; Dahan,
F.; Tuchagues, J.-P. Inorg. Chem. 2004, 43, 4154-4171.

(18) (a) Chandrasekhar, V.; Azhakar, R.; Zacchini, S.; Bickley, J. F.; Steiner,
A. Inorg. Chem. 2005, 44, 4608-4615.
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Chart 1. (a) Molecular Structure of Phosphorus Based Tripodal Ligand LH; Possessing C; Symmetry, (b) A (444) [clockwise] Form of the
Configuration Formed by the Ligand LHj; after Coordination with the Terminal Metal Atom, and (c) A (000) [anticlockwise] Form of the Configuration

Formed by the Ligand LHj after Coordination with the Terminal Metal Atom

b

/P\ OMe

a s
I

HaC-N"" N—CH,
| N—CHjy _IN
N | N S
HCZ N cH o / / /
il OH S
CEOH CH CO\/
OMe

the same configurations interact (i.e., a molecule with a A—A
or A—A configuration interacts with another molecule
possessing a A—A or A—-A configuration, respectively;
Figure 4). In 2—4, the same trend is observed. A molecule
with a A—A configuration interacts with another molecule
possessing a similar configuration (Figure 5). The supramo-
lecular organization is formed as a result of each molecule
interacting through the terminal P==S unit with the hydrogen
atoms of the aromatic rings of two neighboring molecules.
In these weak interactions, the sulfur atom functions as the

proton acceptor, while the aromatic C—H group (para to the
—OMe group) functions as a proton donor.

Static Magnetic Properties: dc Measurements. Magnetic
susceptibility measurements were carried out on polycrys-
talline samples of 1, 2, 3, and 4 in the temperature range
1.8—300 K at 1000 Oe. The room-temperature }7 products
estimated at 6.8, 22.1, 23.0, and 18.4 cm?+K/mol are in good
agreement with the presence of two S = 3/2 Col ions (S =
3/2 spin with a Curie constant around 3 cm?+K/mol) and
one lanthanide metal ion: one Eu™ (S = 0, "F,) for 1, one

Figure 4. Crystal structure view and scheme of the network made by the intermolecular C—H-++S=P hydrogen bonds in 1. Solvents, chloride anion, and
the hydrogen atoms which are not involved in the interaction have been omitted for clarity. The bond parameters for C—H--+S=P contacts are S1---H53,
2.7859(16) A; S1---C53, 3.6874(56) A; and C53—H53—S1, 158.81(32)° (symmetry is x, 1 + y, z) and S2-+-H17, 2.7773(16) A; S2++-C17, 3.6479(55) A;

and C8—H8—S2, 152.76(32)° (symmetry is x, —1 + y, z).
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» \
c ‘3

Figure 5. Crystal structure view and scheme of the network made by the intermolecular C—H-++S=P hydrogen bonds in 4. Solvents, nitrate anion, and the
hydrogen atoms which are not involved in the interaction have been omitted for clarity. The bond parameters for C—H-++S=P contacts are S1---HS5,
2.886(4) A; S1-++C5, 3.790(9) A; and C5—H5—S1, 161.43(47)° (symmetry is 2 — x, 1 — y, —2).
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Figure 6. Temperature dependence of the y7 product at 1000 Oe for 1—4
(with ¥y = M/H normalized per mol).

Tb™ metal ion (S = 3, L = 3, 'Fg ¢ = 3/2: C = 11.815
cm?®+K/mol) for 2, one Dy" metal ion (S = 5/2, L =5, °H,s)
g = 4/3: C = 14.17 cm?+K/mol) for 3, and one Ho™ (§ =
2,L=06,7lg g =5/4: C = 14.075 cm?+K/mol) for 4."° As
shown in Figure 6, the magnetic properties of the four
compounds are relatively different when studied as a function
of the temperature. When the temperature is decreased, the
% T product of 1 at 1000 Oe decreases to reach 3.96 cm?®+K/
mol at 1.8 K (Figure 6). On the other hand, the y7 product
of 2 and 3 at 1000 Oe continuously increases upon lowering
the temperature to reach 44.4 and 44.9 cm?®+K/mol, respec-
tively, at 3.4 and 2.5 K, suggesting the presence of dominant
ferromagnetic interactions in the trinuclear complexes. At
lower temperatures, 7 slightly decreases in both cases,
probably as the result of magnetic anisotropy or weak
antiferromagnetic interaction between trinuclear complexes
(Figure 6). In the case of compound 4, the 7 product at
1000 Oe progressively decreases, upon decreasing the
temperature, to reach 16.6 cm?+K/mol at 23 K and then
increases to reach a 1.8 K value saturating at 29.2 cm®+K/
mol (Figure 6). It is difficult to analyze the high-temperature
susceptibility of these compounds as the presence of Co!!
and Ln'™ metal ions with their intrinsic complicated magnetic
characteristics makes it very difficult to apply a theoretical

LT R [ R |

(19) (b) Chandrasekhar, V.; Azhakar, R.; Pandian, B. M.; Bickley, J. F.;
Steiner, A. Eur. J. Inorg. Chem. 2008, 1116-1124. Benelli, C.;
Gatteschi, D. Chem. Rev. 2002, 102, 2369-2388.

approach. Nevertheless, the smooth decrease of y7 at high
temperatures, observed in 1 and 4, might have three origins:
(i) a progressive depopulation of the Ln™ excited states often
seen for lanthanide ions when the temperature is lowered,
(i) the presence of spin—orbit coupling, well-known in Co™
systems, resulting in the splitting of the energy levels arising
from the “T;, ground term that finally stabilizes a doublet
ground state at low temperatures,?® or (iii) intramolecular
antiferromagnetic interactions between Co™! and Ln'™ ions.
In this situation, it is very difficult to determine the relative
contributions of the magnetic intramolecular interactions
versus thermal depopulation of the Stark levels and also
versus spin—orbit coupling of the Co ion in the observed
magnetic behavior shown in Figure 6. In the cases of 2 and
3, all of these effects invoked for 1 and 4, which tend to
decrease the y T product when lowering the temperature, seem
to be overcome by intramolecular ferromagnetic interactions
that increase the y7 product and stabilize a large spin ground
State.

The field dependence of the magnetization of these
compounds has been measured below 10 K (Figure S4—S7,
Supporting Information). For 1, these magnetization mea-
surements reveal a gradual increase of the magnetization at
low fields, in good agreement with the expected low-
temperature scheme of two Co'l spins weakly interacting
through essentially a diamagnetic Eu™. The reverse situation,
that is, a relatively steep increase of the magnetization, is
observed for the three other compounds in accord with a
high-spin ground state for these complexes. At high fields,
a progressive saturation of the magnetization that is not
completely achieved at 1.8 K under 7 T is observed. The
magnetization values under 7 T and at 1.8 K are 4.2, 10.7,
13.0, and 10.0 g for 1, 2, 3, and 4, respectively. The gradual
saturation of the magnetization suggests the possible presence
of a magnetic anisotropy or more likely the presence of low-
lying excited states expected with the weak Co-+*Ln
magnetic interactions already discussed above. These two
magnetic effects are also highlighted by the nonsuperposition

(20) Carlin, R. L. Magnetochemistry; Springer-Verlag: Berlin, 1986.
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Figure 7. Temperature dependence (left) and frequency dependence (right) of the ac susceptibility for 2 as a function of the temperature below 10 K (left)

and the ac frequency between 1 and 1500 Hz (right) under a zero-dc field.
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Figure 8. Relaxation time (7) as a function of 7~' at Hy. = 0 Oe (open red
dots) and Hy. = 1500 Oe (open blue squares) for 2. The solid lines represent
Arrhenius fits of the data discussed in the text.

of the magnetization curves while plotted as a function of
H/T (Figures S4—S7, Supporting Information).

Single-Molecule Magnet Properties: ac Measurements.
Although at the lowest temperature available (1.8 K), the M
versus H data do not show any sign of significant hysteresis
effect (i.e., slow relaxation of the magnetization on the time
scale of the dc measurements), ac susceptibility as a function
of the temperature at different frequencies and also as a
function of the frequency at different temperatures has been
performed on all the compounds of this family (Figure 7;
Figures S8—S17, Supporting Information). While, for 1, no
out-of-phase susceptibility was detected, compounds 2, 3,
and 4 exhibit amazingly nice dynamic properties compatible
with SMM behavior. In order to summarize these results,
the dynamics properties for 2 will be described as a
representative example. For 3 and 4, data are given in the
Supporting Information in Figures S8—S17. From the
obtained data shown in Figure 7 for 2, the relaxation time
(r) can be determined between 1.8 and 7 K. In this
temperature range, T is thermally activated (Arrhenius like
behavior, Figures 8; Figures S10 and S15, Supporting
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Figure 9. Frequency dependence of the ac susceptibility for 2 as a function
of the ac frequency between 1 and 1500 Hz at 3.5 K under dc fields.

Information) with energy barriers of about 18.9, 14.2, and 8
K, while the pre-exponential factors of the Arrhenius laws
(to) are 5.5 x 107%5s,5.1 x 107%s, and 13 x 1077 s for 2,
3, and 4, respectively.

In order to further study this relaxation time above 1.8 K,
the frequency dependence of the ac susceptibility was
measured at 3.8 K under a small dc field (Figure 9). Indeed,
at temperatures between the thermal and the quantum SMM
regimes, quantum effects are expected to still influence the
thermally activated relaxation, and thus the energy gap (A)
of the Arrhenius law is reduced by the quantum tunnelling
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Figure 10. Field dependence of the characteristic frequency at 3.5 K for
2 deduced from Figure 9.

Figure 11. Temperature dependence of the ac susceptibility for 2 as a
function of temperature below 15 K under 1500 Oe.

of the excited states. Experimentally, A takes an effective
value, and thus the observed relaxation time becomes faster.
Therefore, in order to study only the thermal relaxation in
this regime, a small dc field can be applied to remove the
degeneracy of the mg states, lowering the probability of the
zero-field QTM between the +my states.'**?' As expected
in presence of significant quantum effects, the application
of a small dc field slows down the relaxation for 2; that is,
the relaxation mode is going down in frequency with an
increasing dc field (Figures 9 and 10). While in zero field,
the characteristic frequency is 122 Hz at 3.5 K, and it
decreases to reach 20 Hz around an optimum field of 1500
Oe. It is worth mentioning that the same type of ac
measurements under dc fields have been done for 3 and 4

(21) (a) Li, D.; Clérac, R.; Parkin, S.; Wang, G.; Yee, G. T.; Holmes, S. M.
Inorg. Chem. 2006, 45, 5251-5253. (b) Martinez-Lillo, J.; Armentano,
D.; Munno, G. D.; Werndorfer, W.; Julve, M.; Lloret, F.; Faus, J.
J. Am. Chem. Soc. 2006, 128, 14218-14219. (c) Poneti, G.; Bernot,
K.; Bogani, L.; Caneschi, A.; Sessoli, R.; Wernsdorfer, W.; Gatteschi,
D. Chem. Commun. 2007, 1807-1809. (d) Ako, A. M.; Mereacre, V.;
Hewitt, E. J.; Clérac, R.; Lecren, L.; Anson, C. E.; Powell, A. K. J.
Mater. Chem. 2006, 16, 2579-2586. (e) Kachi-Terajima, C.; Miyasaka,
H.; Saitoh, A.; Shirakawa, N.; Yamashita, M.; Clérac, R. Inorg. Chem.
2007, 46, 5861-5872.

(Figures S11-S12 and S16-S17, Supporting Information) and
that, even at low fields, the relaxation time become faster
than in zero field, indicating the absence, or the negligible
influence, of the quantum effects at 3 K for these compounds.

As shown in Figure 11 for compound 2, the slow relaxation
is significantly moved at higher temperatures under small dc
fields: for example, at 1500 Hz, the blocking temperature is
increased from 5.7 to 7.3 K when increasing the dc field from
0 to 1500 Oe. The deduced activated behavior of the relaxation
time based on the 1500 Oe dc field measurements (Figure 11)
is shown Figure 8. The fit of these data by the Arrhenius law
leads to a characteristic SMM energy gap, A, estimated at 25.8
K and the pre-exponential factor, 7j, at 3.7 x 107 s. As
expected, the application of the small dc field (here 1500 Oe)
reduces the quantum relaxation and thus increases the experi-
mental energy gap, becoming closer to the thermal barrier of
the ground state.

Concluding Remarks

In conclusion, we have assembled a new family of 3d—4f
compounds containing Co™. A specially designed phosphorus-
supported multidentate ligand, LH; {LH3; = (S)P[N(Me)N=
CH—C¢H;3-2-OH-3-OMe];} containing nine coordination
sites in the form of three imino nitrogen atoms, three
phenolate oxygen atoms, and three methoxy oxygen atoms,
has allowed the preparation of linear heterometallic trinuclear
complexes {[L,Co,Ln][X]}; Ln = Eu, X = Cl (1); Ln =
Tb, X = NO; (2); Ln = Dy, X = NO; (3); Ln = Ho, X =
NO; (4)]. All of these compounds are isostructural, and the
cationic portion of the complexes contains a linear Co—Ln—Co
arrangement. The central lanthanide metal ion is surrounded
by 12 oxygen atoms and possesses a distorted icosahedral
geometry. The two terminal cobalt atoms are hexa-coordinate
containing a facial 3N, 30 coordination environment.
Detailed magnetic studies on these complexes reveal that 2,
3, and 4 are single-molecule magnets, while the Eu analogue
does not display such properties. The modular nature of the
ligand LH; allows subtle changes to be made without
affecting its overall coordination behavior. Currently, we are
exploring these possibilities with a view to examining their
effect on the SMM energy gaps, relaxation rates, and
blocking temperatures.
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