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New Single-Molecule Magnets by Site-Specific Substitution: Incorporation of
“Alligator Clips” into Fe, Complexes
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“Alligator clips” suitable for grafting on H-terminated silicon
or gold surfaces have been incorporated into single-molecule
magnets (SMMs) of the Fe, family. Tripodal ligands 2,2-bis-
(hydroxymethyl)-10-undecen-1-ol (HsL') and 11-(acetylthio)-
2,2-bis(hydroxymethyl)undecan-1-ol (H;L?) have been used
to replace the six methoxide bridges in [Fe,;(OMe)g(dpm)e],
affording new Fe, derivatives [Fey(L!),(dpm)s] (1) and
[Fe4(L?),(dpm)e] (2) in high yield (Hdpm = dipivaloylme-
thane). The molecular structures have been unambiguously

established by XRD combined with ESI-MS and magnetic
characterization techniques, including DC and AC magne-
tometry and high-frequency EPR spectroscopy. The two
SMNMs have an S = 5 ground state and an easy-axis magnetic
anisotropy leading to slow relaxation of the magnetization at
low temperature, with effective anisotropy barriers of
15.9(2) K in 1 and 15.1(2) K in 2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Single-molecule magnets (SMMs) are among the small-
est magnetic structures that can be conceived, consisting of
only a few magnetic atoms. The constituent magnetic units
are d-block transition-metal or, more rarely, rare-earth
ions.l' 31 The unique feature of SMMs is their large-spin
ground state associated with a substantial easy-axis mag-
netic anisotropy. As a result, the “giant” total magnetic mo-
ment experiences a molecular anisotropy barrier U.g, which
governs relaxation. At sufficiently low temperatures the re-
laxation of the magnetic moment becomes so slow that hys-
teresis appears when the external field is cycled. In this re-
spect, spin reversal occurs through a classical, thermally ac-
tivated mechanism and is very similar to that observed in
magnetic nanoparticles. However, because of the dis-
creteness of the spin levels in SMMs, magnetic moment re-
versal may also occur through quantum tunneling (QT),
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giving rise to stepped hysteresis loops and making SMMs
unique magnetic systems.!

In the last decade, SMM research has mainly focussed
on large molecular assemblies such as single crystals, poly-
crystalline samples, solutions, and Langmuir—Blodgett
films. The advances in nanotechnology nowadays enable the
study of molecular magnetism in lower-dimensional sys-
tems.[l For example, with scanning probe microscopy (sub)-
monolayers of SMMs at surfaces are studied extensively.!
Moreover, researchers have now reached the ultimate limit
of electronic devices by connecting two wires to a single
molecule, measuring the flow of electrons through it, and
controlling this flow with a nearby gate electrode.l”) In this
context, a key step is the development of strategies to intro-
duce specific functionalities, like surface-binding sites,
around the core of SMMs, without altering the magnetic
behavior. As the grafting protocols usually involve liquid-
phase operations, the complexes should additionally remain
intact in solution and on surfaces. We are currently pursu-
ing the functionalization of SMMs in order to realize mo-
lecular wires containing high-spin units that may be grafted
on surfaces or linked to proximal electrodes. In a previous
paper we demonstrated that four surface-binding groups
can be linked to the core of Mn,-type SMMs using proper
ligand design.[”}

In this paper, we report the successful preparation of two
novel iron(III)-based SMMs that exhibit a wire-like molecu-
lar geometry, 1 and 2 (Figure 1). The complexes feature
long-chain alkyl tethers at opposite sides and terminal “alli-
gator clips” of two different types: alkenyl (1) and thioace-
tyl (2) groups, which can be used for deposition on H-ter-
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minated silicon® and gold!®®! substrates, respectively.
Using DC and AC magnetometry and HF-EPR spec-
troscopy, we additionally show that the site-specific func-
tionalization occurs with full retention of the magnetic
properties.
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Figure 1. Approach to Fey-based SMMs with a wire-like geometry.

Results and Discussion

Synthesis

The derivatives of 2-(hydroxymethyl)propane-1,3-diol,
RC(CH,OH)3, are widely used as versatile ligands in transi-
tion-metal chemistry because they can adopt a large variety
of binding modes.’! The 12,1212 us mode is found in sim-
ple metal-centered Fe''! triangles, commonly known as “fer-
ric stars”, which have an § = 5 ground state and behave as
SMMs with energy barriers as high as 17 K.['% The synthe-
sis is very conveniently carried out starting from the arche-
typal Fe, compound [Fes(OMe)g(dpm)g] (3) (Hdpm = dipi-
valoylmethane).''l At variance with other “ferric
stars”,[°®>-12] the bridging methoxide groups in 3 can be eas-
ily exchanged, leaving the bulky shell of terminal dpm~
anions unchanged. The binding geometry of the tripods is

M
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such that the R groups lie on opposite sides of the flat Fey
moiety, thus providing access to molecular wire-like geome-
tries (Figure 1).

In order to attach surface-binding functionalities to the
Fe, core, we used the tripods 2,2-bis(hydroxymethyl)-10-un-
decen-1-ol (H;L') and 11-(acetylthio)-2,2-bis(hydroxy-
methyl)undecan-1-ol (H;L?). The former was prepared
from 10-undecenal and excess formaldehydel'34 by Tollens
condensation. The terminal double bond of H;L! un-
dergoes addition of thioacetic acid in the presence of 2,2'-
azobis(2-methylpropionitrile) (AIBN) to afford the thioace-
tyl derivative H5L? in moderate yield (Scheme 1).[13b]

The coordinating ability of the tripods H3;L! and H;L?
was first tested using 2H NMR spectroscopy. Solutions of
[Fe4(OMe)y([D;5]dpm)g] (3D) in dry Et,O are known!!%4 to
exhibit time-dependent spectra, which reveal progressive de-
composition to afford monomeric Fe(dpm) species. By con-
trast, after the addition of excess tripodal ligands (R = Ph
or Me), the spectra show persistent peaks at 0 = 10.3 and
12.7 ppm, arising from polynuclear iron(I1I) complexes (Fe,
or structurally related species) and magnetically uncoupled
Fe(dpm) complexes, respectively. From the same solutions,
doubly substituted Fe, derivatives can be isolated in high
yield.[10-190] Similar results were obtained with the two tri-
podal ligands prepared in this work. The spectra recorded
several hours after the addition of H;L' or H;L?
(2.7 equiv.) to a solution of 3D in dry Et,O are charac-
terized by peaks at 6 = 10.3 and 12.7 ppm in a 3:1 ratio
(Figure 2a), suggesting that the coordinating ability of both
H;L' and H5L? is comparable with that of simpler triols.
The Fe,4 derivatives 1 and 2 could indeed be isolated in crys-
talline form (90-95% yield) by mixing 3 with an excess of
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Figure 2. (a) 2H NMR spectra of an Et,O solution of 3D recorded 18 h after the addition of H5L! or H;L? (2.7 equiv.). The signals
labeled with * are due to the solvent. (b) 'H NMR spectra of 1 and 2 in CDCI;. The sharp signals indicated with * and ** are due to

traces of dimethoxyethane and free Hdpm, respectively.
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the appropriate tripodal ligand in an organic solvent and
by either slow diffusion of methanol vapors or slow concen-
tration.

Characterization

In spite of the presence of the long Cy chains, compound
[Feq(L')o(dpm)s] (1) crystallizes in large X-ray-quality
blocks that were investigated by X-ray diffraction methods
at 120 K. The crystals belong to monoclinic space group
C2/c and the lattice contains no crystallization solvent. The
molecular structure has crystallographic C, symmetry,
which has a twofold axis passing through Fe atoms Fel and
Fe2 (Figures 3 and 4), but closely approaches D; symmetry.
Selected interatomic distances and angles are gathered in
Table 1.

Figure 3. Molecular structure of 1 viewed approximately along the
twofold axis. Iron and oxygen atoms are represented as 75 %-prob-
ability ellipsoids, while carbon atoms are represented as spheres. H
atoms have been omitted for clarity. The two positions occupied by
the Cy chain are drawn using solid and open bonds.
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Figure 4. Left: structure of the Fe/O core in 1, with four carbon
atoms of the tripodal ligands and the atom-labeling scheme. Right:
definition of the angles ¢, 0, and y. The dashed lines lie in the plane
defined by the four metal centers.

The propeller-like structure of the precursor is retained,
but replacement of the methoxide bridges with tripodal li-
gands leads to significant alterations of the core geometry
(Figure 4). Assuming idealized D; symmetry, the angles 6
and ¢, which define trigonal compression/elongation and
trigonal rotation for Fel, are 54.2° and 30.8°.l'Y1 While 0
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Table 1. Selected interatomic distances [A] and angles [°] for 1.1
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Fel--Fe2 3.0808(8)  Fel-Fe3 3.0919(4)
Fe2-Fe3 5.2304(6)  Fe3-Fe3’ 5.5652(6)
Fel-02 1.9774(17)  Fel-Ol' 1.9846(18)
Fel-03 1.9924(15)  Fe2-Ol 1.9728(19)
Fe2-05 1.9923(16)  Fe2-04 2.0038(19)
Fe3-03 1.9578(16)  Fe3-07 1.9905(16)
Fe3-02' 1.9944(16)  Fe3-08 1.9972(17)
Fe3-09 2.016(2)  Fe3-06 2.0284(18)
Fe2-FelFe3 115.85(1)  Fe3-=Fel-Fe3'  128.30(2)
Fe3-Fe2Fed'  64.28(1)  Fe2-Fe3-Fed'  57.86(1)
Ol1'-Fel-0O1 77.48(10)  O2-Fel-Ol’ 155.54(7)
02-Fel-0O1 88.67(7)  0O2-Fel-02’ 110.69(11)
Ol1'-Fel-03 108.75(7)  Ol1-Fel-O3 88.40(7)
02-Fel-03 90.66(7)  02'-Fel-03 76.96(6)
03-Fel-03' 158.31(11)  Ol-Fe2-Ol’ 78.03(10)
Ol Fe2 04 167.41(8)  Ol'-Fe2-04 92.01(7)
04-Fe2-04' 98.81(12)  O5-Fe2-04 85.60(7)
05'-Fe2-04 85.92(7)  Ol-Fe2-05 88.81(8)
O1'-Fe2-05 101.38(7)  O5-Fe2-05' 166.95(13)
03-Fe3-02' 77.36(6)  O7-Fe3-02’ 170.01(8)
03-Fe3-06 102.04(8)  O7-Fe3-06 85.22(7)
02'-Fe3-06 89.25(7)  O8-Fe3-06 84.92(7)
09-Fe3-06 166.91(7)  03-Fe3-07 95.64(7)
03-Fe3-08 166.36(7)  O7-Fe3-08 96.63(7)
02'-Fe3-08 91.15(7)  03-Fe3-09 89.09(7)
07-Fe3-09 86.86(7)  02'-Fe3-09 100.02(8)
08-Fe3-09 85.66(8)  Fe2-Ol-Fel 102.24(7)
Fel-02 Fe3’ 102.24(7)  Fel-O3-Fe3 103.02(7)

[a] Symmetry transformations used to generate equivalent atoms:
Tx+ 1,y -z +3/2.

differs from the octahedral value (54.74°) by less than 1°, ¢
departs from the value found in regular octahedral sym-
metry (60°) by almost 30°. Therefore, the dominant type of
distortion for Fel is trigonal rotation, which is directly re-
lated to the propeller’s pitch y (69.7°).11%4 Within the series
of Fe, propellers so far synthesized, the structure of the Fe/
O core in 1 is found to be intermediate between those ob-
served for R = Me (0 = 54.1°, ¢ = 29.2°, y = 70.8°) and Ph
(0 = 54.2°, ¢ = 32.3°, y = 68.8°), while it is very different
from that of the precursor 3 (0 = 57.3°, ¢ = 37.7°, y =
63.2°).[10a.100] A5 shown in Figure 3, the Cy chains of the
tripodal ligands are directed along the idealized threefold
molecular axis and are disordered on two equally populated
positions. The molecular size, evaluated from the distance
between the two CI11 carbon atoms (Scheme 1), is 2.5—
2.6 nm.

The second compound, [Fe4(L?),(dpm)e] (2), was isolated
as weakly diffracting orange crystals, which turned out to
be unsuitable for X-ray analysis. Structure elucidation was
then based on elemental analysis, spectroscopic and spec-
trometric (ESI-MS) methods. The 'H NMR spectra of 1
and 2 in CDCl; are compared in Figure 2b. In 1, the very
broad signal of paramagnetically shifted tBu protons at ¢ =
10.4 ppm is accompanied by additional resonances at 6 =
591 (2 H), 5.00 (4 H), and 2.16 (4 H) ppm due to C10,
Cl11, and C9 hydrogen atoms, respectively, which undergo
small paramagnetic shifts.[!3]

However, the signal from the CH,O hydrogen atoms of
the tripod, which is observed as a sharp singlet at 6 =
3.75 ppm in H;L!,[134) is completely absent in the spectrum,
4147
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as expected because of the proximity of CH,O hydrogen
atoms to the paramagnetic metal centers. Similarly, the
broad peak at J = 1.5 ppm integrates to about 16 H per
molecule, and does not account for the remaining 24 ali-
phatic protons. The four CH, groups closer to the metal
core are presumably paramagnetically shifted and broad-
ened beyond detection, as suggested by the very broad sig-
nal observed at 0 = 3 ppm. Therefore, spectroscopic data
strongly indicate that the solid-state structure of 1 is fully
retained in solution. The '"H NMR spectrum of 2 in CDCls
shows, in addition to the broad ¢Bu signal, two resonances
ato = 2.89 (4 H) and 2.31 (6 H) ppm due to C11 and acetyl
hydrogen atoms, respectively, and no signal from CH,O
protons. Again, the broad peak at J = 1.5 ppm integrates to
about 24 H, as expected assuming that two CH, groups per
tripodal ligand are not detectable. The UV/Vis absorption
spectra of 1 and 2 in toluene solution are identical (Fig-
ure S1). They have two bands at 349 and 400 nm assigned
to t,, — m* and © — t,, charge transfer transitions, respec-
tively, involving the B-diketonate ligands.['>] The solid-state
IR spectra denote a strong similarity between the two struc-
tures, except for the presence of the characteristic absorp-
tions due to the different terminal functionalities (Fig-
ure S2). In particular, in 1 the absorption bands typical of
alkene groups are observed at 909, 994, and 1644 cm™!, cor-
responding to —-C=C-H in-plane and out-of-plane bending
and C=C stretching modes, respectively. In 2 these bands
are not present, but we find a new strong absorption at
1699 cm™! typical of the stretching vibration of the acetyl
C=0 group. We conclude that, according to '"H NMR, UV/
Vis, and IR spectroscopy, the structures of 1 and 2 in the
solid state and in solution are strictly similar.

Electrospray ionization mass spectrometry (ESI-MS) was
additionally used for the characterization of 1 and 2. Owing
to the capability of providing an accurate determination of
the molecular mass of relatively large and labile mole-
cules,!'% this soft ionization technique has been widely used
for the characterization of cationic complexes as well as in
the study of metal-ion-induced self-assembly processes and
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Figure 5. ESI(+)-MS full scan spectra of 1. The inset shows a mass-
scale-expanded segment of the ion signal at m/z = 1777.9 attribut-
able to the [1 + H]* ion.
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SMMs.[' n this study, 1 and 2 were dissolved in dichloro-
methane/nitromethane (2:1) and directly infused into the
electrospray mass spectrometer system. The experimental
isotope clusters obtained are in agreement with the theoreti-
cal masses and reconstructed ESI isotope patterns, thus in-
creasing the confidence in the identification.

Both complexes appeared as ion distributions: more pre-
cisely, the ESI(+) spectra showed signals centered at m/z =
1777.9 and 1931.0, attributable to [1 + H]* and [2 + H],
respectively (Figures 5 and 6). As shown in the same figures,
other signals were observed. The peaks occurring at m/z =
1593.8 and 1746.0 can be explained taking into account the
loss of one dpm™ group, thus being related to the presence
of the ions [1 — dpm]*™ and [2 — dpm]*, respectively. Other
peaks, i.e., the signals at m/z = 606.4 and 422.2, observed
in both 1 and 2, were assigned to [Fe(dpm); + H]* and
[Fe(dpm),]*, respectively.

100, 9222
100 1931.0
H
Hl
Pil 1
” I; ;% ﬁ 1746.0
hoik
HRIAE
ﬁ!"‘a!% | ‘t\,
o ] AT \
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1925 1930 1935 1940
miz \ 1931.0
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400 600 80D 1000 1200 1400 1600 1800 2000 2200 2400
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Figure 6. ESI(+)-MS full scan spectra of 2. The inset shows a mass-
scale-expanded segment of the ion signal at m/z = 1931.0 attribut-
able to the [2 + H]* ion.

Magnetic Properties

The incorporation of two tripodal ligands in the struc-
ture of 3 is known to preserve the ground S = 5 spin state
of the parent compound, at the same time producing a
more than twofold increase of magnetic anisotropy (from D
=-0.20 cm " in 3 to about —0.45 cm!).[102.195] The magnetic
behavior of 1 and 2 was then compared in detail to support
the proposed structural assignment. The molar magnetic
susceptibility of 1 and 2, reported in Figure 7 as a y,,7-
versus-7 plot, is characteristic of “ferric stars”, where the
dominant antiferromagnetic interaction between the central
and peripheral high-spin iron(III) centers generates an S =
5 ground state.l'%!!l The y,,T product first decreases upon
cooling down from room temperature, goes through a mini-
mum at around 100 K, and then reaches a maximum at
10-15 K. Further cooling results again in a decrease of the
magnetic moment. The value at the maximum (14.1-
14.6 emuK mol ) is close to the Curie constant for an § =
5 state (15.0 emuKmol ™! for g = 2.00). The observation of
a slightly lower magnetic moment, as well as the low-tem-
perature decrease, is ascribed to saturation and/or aniso-
tropy effects.

Eur. J. Inorg. Chem. 2007, 4145-4152
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Figure 7. DC magnetic properties of 1 (open symbols) and 2 (solid
symbols). The solid lines provide the best fit to the experimental
data, as described in detail in the text.

Quantitative fitting of the data at 7> 20 K using a Hei-
senberg spin-Hamiltonian with nearest-neighbor (J;) and
next-nearest-neighbor (J,) coupling constants [Equa-
tion (1)] gives for 1: J; = 16.85(9) cm™, J, = —=0.07(9) cm ™!,
and g = 1982(3); for 2: J, = 1543(6)cm™', J, =
—-0.54(5) cm™!, and g = 1.947(2).

7170 :Jl(Sl »éz +§1-§3 +§1 v§4)+J2(é2-§3 +S3»§4 +$2S4)+gugé~ﬁ
(1)

As found in other Fe, complexes,!'%%191 an accurate fit of
magnetic data for 2 requires a small and ferromagnetic J,
constant, though the real nature of next-nearest-neighbor
interactions in this class of compounds remains to be fully
ascertained. The isothermal molar magnetization measured
at 4.9 and 2.4 K as a function of applied field (Figure 7,
inset) approaches the appropriate value for an S = 5 state
in high fields (M /Naug = 5g). The fitting of experimental
data with an axial zero-field splitting plus Zeeman Hamilto-
nian [Equation (2)] affords for 1: D = —-0.450(5) cm™! and g
= 1.983(3); for 2: D = —0.437(7) cm ' and g = 1.956(4).

H'=D[SF -1 S(S+ D]+ gupS-H ?)

When imposing a positive D parameter, the fit is much
worse, thus clearly indicating the presence of Ising-type
magnetic anisotropy in both compounds.

These findings were confirmed by HF-EPR spectra re-
corded at 190 GHz as a function of temperature (Figure 8).
For both species the typical behavior of an S = 5 state with
easy-axis type anisotropy (D < 0) was observed. Indeed, at
the highest temperature five parallel and five perpendicular
transitions are detected for magnetic fields lower and higher
than that corresponding to g = 2.0 (H, = 66.7 kOe), respec-
tively, thus confirming the S = 5 ground state. On lowering
the temperature, the lowest-field parallel transition and the
highest-field perpendicular one gain intensity, as expected
for D < 0.I'81 The line-to-line separations, which in the
high-field limit correspond to 2|D|/gyug for parallel transi-
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© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

tions and to |D|/g  ug for perpendicular ones, are consistent
with a D value of about —0.43 cm™!, which is characteristic
of doubly substituted derivatives.['%19°] The spectra of 1
further evidence the presence of three isomers with slightly
different zero-field splitting parameters. The relative inten-
sity of the three signals is in the approximate ratio of 1:2:1,
thus indicating that the three isomers are likely to arise from
the disorder of the alkenyl chain. Indeed, given the two
equally occupied positions (A and B) of the alkenyl chain
observed in the X-ray structure, the three isomers should
be AA (relative abundance = 0.5X 0.5 = 0.25), AB = BA
(relative abundance = 2 X 0.5X 0.5 = 0.50), and BB (relative
abundance = 0.5X0.5 = 0.25).

10 20 30 40 50 60 70 80 90 100
H/ kOe

Figure 8. Temperature dependence of the HF-EPR spectra of 1
(continuous lines) and 2 (dotted lines) recorded at 190 GHz.

To obtain more detailed and precise information on the
actual value of the zero-field splitting parameters, simula-
tion of the spectra was undertaken. Given the monoclinic
symmetry of derivative 1, the following Hamiltonian was
used for the simulation [Equation (3)].['*]

jA{I’:PR :.uné'g'ﬁ‘*'Déi+3362+§<§i+§3) (3)

For both compounds g was fixed at 2.000 = 0.005, as ex-
pected for high-spin iron(III)-containing species.?”] For de-
rivative 1 a satisfactory simulation (Figure 9, left) at both
10 and 25 K was obtained assuming a relative abundance
1:2:1 for the three isomers, with the following parameters:
D, =-0431cm™, E; =0.010cm™; D, =-0442cm™, E, =
0.024 cm!; D3 = 0420 cm !, E5 = 0.021 cm !; with B, =
1.0X 10> cm™! for all isomers. The peculiar sharpness of
the central lines of the spectrum has been accounted for by
imposing different line widths for that group of resonances
as well as by including the effect of a small distribution
in the D and E values resulting from local strain-induced
effects.

For compound 2, the best simulations (Figure 9, right)
were obtained with D = —0.435cm ™!, E = 0.018 cm™!, and
B, = 1.5X10°cm!. The peculiar differences in line
widths along the spectrum have been accounted for in the
same way as for 1. However, for this derivative strain effects
are much more evident, especially for the E parameter, as
shown by the progressive broadening of the perpendicular
transitions at higher fields.
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Figure 9. Best simulations (upper traces) of the experimental HF-
EPR spectra recorded at 190 GHz (lower traces) at different tem-
peratures for 1 (left) and 2 (right) obtained with the parameters
reported in the text.

The zero-field splitting parameters obtained for 1 agree
with the values expected on the basis of a recently proposed
magnetostructural correlation between D, B,°, and the heli-
cal pitch .[1%1 The presence of a small but non-negligible
rhombic term (£ # 0) confirms the deviation from ideal D5
symmetry. The observation of slightly different D values for
the three isomers of 1 further indicates that a small modifi-
cation in the structure, even when not directly involving the
core of the molecule, might affect, in a measurable way, the
zero-field splitting parameters. Finally, on the basis of the
above-mentioned magnetostructural correlation,!'%4 the re-
sults obtained for 2 unambiguously prove the strict struc-
tural similarity between 2 and 1.

The spin ground state and the easy-axis magnetic aniso-
tropy evidenced above suggest that 1 and 2 may behave as
SMMs at low temperature, as indeed observed for 3 and
other simpler Fe, compounds.l'!'l We have therefore mea-
sured the AC susceptibility in zero static field and we have
found, below 6 K, a nonzero imaginary component that
goes through a frequency-dependent maximum on lowering
the temperature. The behaviors of 1 and 2 are very similar,
as can be seen in Figure 10. From the same data, the tem-
perature dependence of the relaxation time 7 has been ex-
tracted, assuming that when y’’ is maximum at a given fre-
quency v, the condition 7 = (2mv)"! is satisfied. A linear
behavior of In(7) as a function of 1/7 is observed over the
investigated frequency range, confirming a thermally acti-

Figure 10. Imaginary component of the AC susceptibility measured
for 1 (left) and 2 (right) in zero static field in the frequency range
from 100 Hz (white) to 25 kHz (black).
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vated mechanism for the relaxation (Figure 11). The best-
fit parameters using the Arrhenius law v = roexp(Ues/kpT)
are for 1: 7y = 3.4(1) X 108 s, Ul = 15.92) K; for 2: 1,
= 43(1)X108s, Uglksy = 15.1(2) K. The Uy values are
close to the anisotropy barriers predicted for integer spins
by the formula U = |D|S? which neglects QT effects, as
found in other doubly substituted Fe, derivatives.[!%10b]
The pre-exponential factors 7, are also quite similar to
those observed with simpler triols,'% suggesting that the
bulkier and more flexible long aliphatic chains of 1 and 2
do not affect the spin-phonon coupling in a significant way.

Figure 11. Temperature dependence of the relaxation time for 1 and
2. The lines represent the best-fit curves using the Arrhenius law.
The inset shows the Argand plot for 2 at 2.5 K (circles), 2.0 K (tri-
angles), and 1.75 K (squares). The lines represent the best-fit curves
using a modified Debye model. Susceptibilities are in emumol .

We have also investigated how the presence of different
1somers, evidenced in 1, or the sizeable strain effects in 2
influence the distribution of relaxation times. By plotting
x'' versus y' at a given temperature, a semicircumference
centered on the x axis should be observed in the absence of
distribution, according to the Debye model.?!! The results
are shown in the inset of Figure 11 for 2 and in Figure S3
of the Supporting Information for 1. The presence of a dis-
tribution of relaxation times is accounted for by a param-
eter al'®2!l which has been evaluated for 1 and 2 and is
found to increase on lowering the temperature to reach 0.26
at 1.75 K for both compounds. The closest-to-the-origin in-
tercept of the semicircle with the x axis represents the frac-
tion of the magnetic susceptibility that relaxes much faster
than the employed frequencies. Interestingly, both com-
pounds show an almost temperature-independent fast re-
laxing component of the AC susceptibility of about
1 emumol . This value agrees well with the transverse com-
ponent of the susceptibility of our randomly oriented pow-
der samples evaluated by using the spin Hamiltonian pa-
rameters determined from HF-EPR experiments. The trans-
verse component is not expected to experience any barrier
when reversing its direction and thus is expected to relax
much faster than the investigated frequency domain.

Conclusions

Single-molecule magnets functionalized with terminal al-
kenyl and thioacetyl groups have been prepared by site-spe-
cific substitution on the complex [Fes(OMe)gs(dpm)e] (3)
using derivatives of 2-(hydroxymethyl)propane-1,3-diol as
incoming ligands. The two tripods are located along the
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idealized threefold molecular axis, leading to wire-like mo-
lecular geometries, which are particularly well suited for the
construction of metal-molecule-metal junctions. The com-
plexes are found to be stable in solution and afford intense
molecular peaks in the ESI-MS spectra. The magnetic
properties, as revealed by DC and AC magnetometry and
HF-EPR spectroscopy, indicate that the compounds have
an S = 5 ground spin state. The easy-axis anisotropy is en-
hanced as compared with 3 and the effective energy barrier
reaches up to 15-16 K, leading to slow relaxation of the
magnetization at low temperature. We are currently investi-
gating the formation of monolayers of 1 and 2 on H-termin-
ated Si(100) (by hydrosilylation) and Au(111), respectively.
The estimated distance between the thioacetyl “alligator
clips” in 2 is 2.8-2.9 nm, and the molecule is then expected
to fit into state-of-the-art metal nanogaps prepared using
break junctions or electromigration.®!

Experimental Section

Synthesis: All chemicals were reagent-grade and used as received,
unless otherwise noted. Diethyl ether, benzene, and toluene were
distilled from sodium/benzophenone shortly before use. Benzene
and toluene were stored over KOH pellets. Methanol was carefully
dried by treatment with Mg/, and distilled prior to use.?? Di-
methoxyethane (DME) was distilled from NaH. 2,2-Bis(hydroxy-
methyl)-10-undecen-1-ol (H;L!) was prepared by CaO-catalyzed
Tollens reaction of 10-undecenal and formaldehyde in an EtOH/
water mixture, according to a literature procedure.['3¥ The precur-
sor [Fe4(OMe)s(dpm)g] (3) and its deuterated variant, [Fe4(OMe)e-
([D;s]dpm)g] (3D), were prepared as described elsewhere.['%]

11-(Acetylthio)-2,2-bis(hydroxymethyl)undecan-1-ol (H3L?): Thio-
acetic acid (0.660 g, 8.67 mmol) and 2,2’-azobis(2-methylpropioni-
trile) (0.713 g, 4.34 mmol) were added to a hot solution of H;L!
(1.00 g, 4.34 mmol) in dry benzene (10 mL). After stirring for 4 h
at reflux temperature, the solution was cooled down and diethyl
ether was added. The organic mixture was washed with saturated
NaHCOj; solution (3X) and brine. The solution was dried with
Na,SO, and filtered. After purification by column chromatography
(eluent ethyl acetate/petroleum ether = 3:1), the product H;L? was
obtained as a white solid (0.745 g, 56%). '"H NMR (300 MHz,
CDCl;, 25°C): 0 = 3.74 [s, 6 H, C(1)H,], 2.86 [t, J = 2.0 Hz, 2 H,
C(11)H,], 2.47 (br. s, 3 H, OH), 2.32 (s, 3 H, CH3), 1.62 [m, 2 H,
C(10)H,], 1.56 [m, 2 H, C(9)H,], 1.40-1.10 (m, 12 H, Aliph) ppm.
C5H3004S; (306.46): caled. C 58.79, H 9.87, S 10.46; found C
58.58, H 9.96, S 10.32.

[Fey(L"),(dpm)g] (1): Solid HsL' (0.132g, 0.573 mmol) and 3
(0.180 g, 0.119 mmol) were thoroughly mixed and heated to 70 °C
under vacuum (0.1 Torr) for 15 min. The mixture was cooled down,
powdered again, and reheated under the same conditions. After
cooling, the solid was dissolved in dry toluene (12 mL) with gentle
heating. Vapor diffusion of dry methanol (40 mL) into the filtered
dark-orange solution afforded large dark-red blocks, which were
washed with the external solvent mixture followed by pure meth-
anol and then dried under vacuum (0.201 g, 95%). Co,H ¢0Fe4O15
(1777.60): caled. C 62.16, H 9.07; found C 61.53, H 9.33. FTIR
(KBr pellet): ¥ = 3080 (=C-H stretching), 1644 (C=C stretching),
994 (out-of-plane =C-H bending), 909 (in-plane =C-H bending)
cm L,

[Fe4(L2)y(dpm)g] (2): H5L? (0.0658 g, 0.215 mmol) and 3 (0.120 g,
0.0795 mmol) were dissolved in dry DME/Et,O (1:1, v/v) (20 mL)
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with prolonged stirring. By slow concentration of the clear yellow-
orange solution, a crystalline red-orange solid was obtained, which
was washed with dry DME/MeOH (1:5, v/v) and dried under vac-
uum (0.1 Torr, 1h) (0.138 g, 90%). CosH6sFe4020S, (1929.89):
caled. C 59.75, H 8.77, S 3.32; found C 59.51, H9.25, S 3.53. FTIR
(KBr pellet): ¥ = 1699 (C=0 stretching) cm!.

X-ray Crystallography: A single-crystal X-ray study was carried out
on 1 with a four-circle Bruker X8APEX diffractometer equipped
with a Kryo-Flex cryostat and controlled by Bruker-Nonius
X8APEX software. Crystal structure data: Co,H;0Fe4015, M, =
1777.60, crystal dimensions 0.42X0.30 X 0.24 mm, monoclinic,
space group C2/c¢ (no. 15), a = 23.9416(3), b = 15.6441(2), ¢ =
27.1433(4) A, = 95.8450(10)°, ¥V = 10113.5(2) A%, Z = 4, peyiea. =
1.167 gem™, 20,ax = 52.02, Mo-K, radiation, A = 0.71073 A, T =
120(2) K, u# = 0.621 mm !, collected/independent reflections 73989/
9888 [R(int) = 0.0260]. The structure was solved by direct methods
using the SIR921234 program. Full-matrix least-squares refinement
on F.,?> was performed using the SHELXL-97 program!**® im-
plemented in the WINGX suite>**l on 9888 data points with 596
parameters and 43 restraints. All non-hydrogen atoms were refined
anisotropically, and hydrogen atoms were added in idealized posi-
tions and assigned isotropic displacement parameters 50% and
20% larger than the U, of the attached carbon atoms for aliphatic
and methine hydrogen atoms, respectively. The alkyl chain of the
tripodal ligand was found to be disordered over two equally popu-
lated positions. Final R indices [/ > 2a(])]: R; = 0.0425, wR, =
0.1113; R indices (on all data): R; = 0.0593, wR, = 0.1298.
Goodness-of-fit on F?> = 1.031. Largest difference peak/hole
0.989/-0.667 e A3, CCDC-646831 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Physical Techniques: NMR spectra of the complexes were recorded
at 302 K with a Bruker FT-DPX200 NMR spectrometer. Samples
for '"H NMR spectroscopy were solutions of 1 and 2 in CDCls
(concentration about 13.5 mg/mL). Samples for H NMR spec-
troscopy were solutions of 3D in dry Et,O (about 2.6 mg/mL), to
which solid H;L! or H3L? (2.7 equiv.) was added. Chemical shifts
were referenced to [Dglacetone as external standard (0 =2.16 ppm).
IR spectra were recorded with an FTIR Perkin-Elmer 1600 spec-
trometer. Samples were ground thoroughly with KBr at approxi-
mately 1% by weight and pressed into a pellet with a thickness of
about 1 mm. UV/Vis spectra in the range 200-900 nm were re-
corded in toluene solution with a UV/Vis Perkin-Elmer 1650 spec-
trometer using quartz cuvettes with a 1-mm optical path. Electro-
spray mass spectra were acquired with a Micromass® Q-TOF
micro™ mass spectrometer (Waters, UK) equipped with a Z-spray
electrospray interface. Masslynx v. 3.5 software (Micromass) was
used for data acquisition and processing. ESI-MS analyses were
performed by operating the mass spectrometer in positive-ion (PI)
mode acquiring mass spectra over the scan range m/z = 300-2500,
with a scan time of 1.2 s and an interscan delay of 0.1 s. The nebul-
izing gas (nitrogen, 99.999 % purity) and the desolvation gas (nitro-
gen, 99.999% purity) were delivered at a flow rate of 150 and
600 1h!, respectively. The operating parameters of the interface
were as follows: source temperature 90 °C, desolvation temperature
150 °C, cone voltage 30 V, ES (+) voltage 3.5 and 4.0 kV for the
analysis of 1 and 2, respectively. Q-TOF external calibration was
performed using 0.1% (v/v) aqueous phosphoric acid solution. DC
magnetic data were recorded using a Cryogenic S600 SQUID mag-
netometer. Susceptibility versus 7 data from 2.2 to 300 K were col-
lected on 22.75- and 31.80-mg microcrystalline samples of 1 and 2
with applied fields of 10 kOe (for 7"> 30 K) and 1 kOe (for T <
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30 K) in order to reduce saturation effects. Isothermal magnetiza-
tion versus H curves were registered up to 60 kOe at about 2.4
and 4.9 K. Raw data were reduced with molecular weights equal
to 1777.60 (1) and 1929.89 (2) and using diamagnetic corrections
estimated from Pascal’s constants -1061.74x10°¢ and
~1146.72 X 10 emumol ! for 1 and 2, respectively. The AC suscep-
tibility of microcrystalline samples of 1 and 2 has been measured
in the frequency range 100-25000 Hz with a home-made suscepto-
meter®! based on an Oxford Instruments MAGLAB2000 plat-
form. High-frequency EPR (HF-EPR) spectra were recorded at the
Grenoble High Magnetic Field Laboratory with a home-built spec-
trometer working in single-pass mode using a Gunn diode working
at 95 GHz equipped with a frequency doubler as source excitation.
Samples were pressed in pellets to avoid orientation effects.

Spin Hamiltonian Calculations: The NAG Fortran Library Routine
E04FCF5 was used for fitting magnetic susceptibility and mag-
netization data with the aid of the ZHEEYV routine (LAPACK Lin-
ear Algebra Package) for matrix diagonalization.[>*® Calculations
were carried out with a Digital Alpha3000/800S computer.

Supporting Information (see footnote on the first page of this arti-
cle): UV/Vis, IR, and fully labeled ESI-MS spectra for 1 and 2, and
Argand plot for 1.
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