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Carbon nanotubes (CNTs) hold great promise for sensing!"?
and nanoelectronics,” as core components of chemical and
biological™? ultra-sensitive probes and of field-effect tran-
sistors (FETs).®”l CNT-SQUID devices™ in particular could
constitute magnetic detectors with single-molecule sensitivity,
thus offering a viable route to the long-sought readout of
magnetic information stored in individual single-molecule
magnets (SMMs).”! SMMs are metal-ion clusters with a large
easy-axis magnetic anisotropy,’l exhibiting a magnetic hyste-
resis loop at low temperature and suggested as components
for quantum computing!”’ and molecular spintronics.”! To
date, the chemistry needed to bridge the domains of CNTs
and SMMs has remained unexplored. CNT hybrids with gold
or magnetic nanoparticles, proteins, enzymes, or luminescent
molecules are currently under intense investigation.">® The
resulting materials usually entail a large number of nano-
particles or molecules per CNT, whereas CNT-SMM detec-
tors and spintronic devices require the sequential addition of
a small but very controlled number of nanomagnets. Grafting
through covalent bonds might introduce electron scattering
centers that may limit the performance of CNT devices. By
contrast, noncovalent m-stacking interactions with pristine
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CNTs should largely preserve the CNT conductance, while
guaranteeing SMM-CNT interaction.

Herein we report the assembly of CNT-SMM hybrids
using a tailor-made tetrairon(IIT) SMM, [Fe,(L),(dpm)s] (1;
Hdpm = dipivaloylmethane), designed to graft onto the walls
of CNTs. The ligand L’~ (H,L =2-hydroxymethyl-2-(4-
(pyren-1-yl)butoxy)methylpropane-1,3-diol), features an
alkyl chain with a terminal pyrenyl group and was synthesized
as in Figure 1a. Reduction of 4-pyren-1-yl-butyric acid gives
4-(1-pyrenil)butanol, which is then coupled with 4-bromo-
methyl-1-methyl-2,6,7-trioxa-bicyclo[2.2.2]octane.’? A two-
steps deprotection of the trimethylol function affords H;L,
which is finally treated with the preformed® complex [Fe,-
(OMe)¢(dpm),] (2) to give 1 in excellent yield (95 %).

The molecular structure of 1 (Figure 1b,c), determined by
single-crystal X-ray diffraction,'” shows a tetrairon(III)
propeller-like core with idealized D; symmetry held together
by two triply deprotonated H;L ligands lying at opposite sides
of the molecular plane (see Supporting Information). The
molecular size of 1 is 1.6-2.3 nm (av.: 1.9 nm). Low-temper-
ature high-frequency (HF)-EPR spectra at 190 and 230 GHz
(Figure 2a) and variable-temperature magnetic-susceptibility
measurements show the presence of an S = 5 high-spin ground
state with an easy-axis magnetic anisotropy (D=
—0.409 cm™'; Supporting Information). Indeed, single-crystal
magnetic measurements reveal a hysteresis loop below 1 K
with characteristic quantum-tunneling!® steps (Figure 2b),
confirming the SMM behavior.

CNT-FETs were obtained by electron-beam lithography
on degenerately n-doped silicon wafers covered with a 300 nm
thick SiO, layer. Single CNTs were located by atomic force
microscopy (AFM) and connected by palladium leads sepa-
rated by 300 nm gaps. The hybrids were then produced by
immersion of the CNT-FETs in a 3.1 x 10°m solution of 1 in
1,2-dichloroethane (DCE) for 30 min, followed by extensive
washing with pure DCE. 'H NMR, ESI-MS, and fluorescence
techniques demonstrate that the complex is completely stable
in solution in the conditions used for the deposition (Sup-
porting Information). The grafting was reiterated to follow
the progressive addition of SMMs. After each treatment a few
SMMs were found to stick onto the CNT (Figure 3a), while
some others were also located on the surrounding surface.
The isostructural complex containing H;L'=2-hydroxy-
methyl-2-phenylpropane-1,3-diol™ did not graft onto CNTs
in the same experimental conditions. This result is a strong
indication that 1 has been grafted as a result of the pyrenyl
functionalities.
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Figure 1. a) Synthesis of 1: 1) BH; THF, THF, 0°C, 20 h, 2) NaOH, DMF, 90°C, 12 h,
3) HCl, MeOH, 6 h, 4) Na,CO,, MeOH, 12 h, 5) Et,0, [Fe,(OMe)q(dpm)¢] (2). b) Crystal
structure of 1, showing the Fe, core and the peripheral pyrene-terminated chains
(hydrogen atoms omitted). c) View of the tetrairon(lIl) core along the idealized three-
fold axis, showing the preserved cluster geometry (ligands H;L and tert-butyl carbon

atoms of dpm omitted).

The AFM height profile of the same CNT reveals the
sequential addition, after each treatment, of objects with size
of 1-2 nm (Figure 3b). Statistical analysis of small CNTs with
diameter of about 1nm (Figure3c) shows a two-peak
distribution that can be fitted (R*=0.98) with two Gaussians
centered at (1.9 £0.3) nm and (1.0 £ 0.3) nm (errors are full-
widths-at-half-maxima), with an area ratio of 1:3.

The former peak closely matches the molecular size
evaluated from X-ray data and can be assigned to SMMs lying
on top of CNTs. The feature of height 1 nm most likely arises
from SMMs lying beside a CNT, for which the CNT-SMM
height difference is detected (Figure 3d), because of the
limited lateral resolution of the AFM tip. Thus about '/, of the
grafted SMMs rest on top of the CNTs, with no direct
interaction with the surface. Inspection of CNTs or bundles
with diameter larger than 2 nm shows only one Gaussian peak
(R*=0.993) at 2.0 + 0.2 nm, confirming this interpretation.
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Micro-Raman investigation of the CNT-
SMM hybrids clearly revealed, superimposed
onto CNT and SiO, spectra, several peaks
associated with intact molecules of 1. They are
not observed when the solutions used in the
o deposition are thermally treated so as to inten-
tionally break the SMM magnetic core (Sup-
porting Information). Furthermore, the fluores-
cence of pyrene units is quenched in the hybrids,
as in solutions of intact 1 (Supporting Informa-
tion).

If 1 is randomly distributed along the CNT
the probability of having two consecutive mol-
ecules at a distance L is P(C,L) = Ce *€, where
C is the linear concentration of 1 on CNTs."?
Statistical analysis of the distribution of L,
performed on 40 CNTs, revealed good agree-
ment with the predicted law and allowed C to be
extracted for each repetition (Figure 4). C varies
linearly (R =0.998) with the number of repeti-
tions, with 1.5 SMMpm™' deposited at each
iteration. Thus, in CNT-FETs with 300 nm
gaps, we can graft, on average, one SMM
every two treatments, allowing the sequential
addition of single SMMs to CNT devices.

CNTs are either metallic or semiconducting.
Herein we concentrate on the room-temper-
ature transport properties of devices based on
semiconducting CNTs, which are better suited
for ultra-sensitive detection.™ Current (I,)
versus gate voltage (V,) curves show p-type
FET behavior* (ON state at V, < 0) with typical
Ion/Iop ratios of three decades (Figure Sa).
Hysteresis is observed, as a result of charge
injection from the CNT to the nearby region.””
The subthreshold swing S, =[dV,/dLog(/)]
remains unchanged upon grafting, indicating
that the treatment leaves the gate unaffected.
While no appreciable variation is observed after
repeated treatment of the FETs with DCE
alone (Supporting Information), the Iy current
decreases linearly upon SMM grafting, indicat-
ing that 1 interacts with the electron flow, producing scatter-
ing centers.”! Linear fit of the trend (R =0.989) indicates a
contribution of 560 +40 pA per SMM (Figure 5b), which is
higher than our instrumental sensitivity of 10pA and
demonstrates single-molecule detection capability. In the
Landauer formulation of incoherent transport regime,"* such
Iy decrease corresponds to an electron reflection coefficient
of about 7% per SMM. For comparison, covalent binding of
protein molecules on CNTs leads to an electron reflection
coefficient of 40 % per molecule.”

The grafting also produces a gradual decrease in the ON/
OFF threshold voltage Vy,, along with an increase of the
hysteresis width (Supporting Information). This change is to
be attributed to charge-trapping by 1, as well as a charge
transfer between 1 and the CNT.

Interestingly 1 can be burnt by laser irradiation
(30 mW pum 2 at 576.5 nm), causing the disappearance of the
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Figure 2. Magnetic properties of 1: a) Variable-temperature HF-EPR
spectra recorded at 230 GHz (black) on a powder sample, along with
the best-fit simulations (red); b) Hysteresis cycles recorded on a single
crystal of 1 at 11 different temperatures between 1 K (black) and

40 mK (red). The magnetic field is swept at a rate of 170 Oes™" along
the magnetic easy axis.

Raman fingerprints and the recovery the original transport
curve (Figure 5a). The grafting-burning procedure can be
repeated up to a dozen times, but after this point further
iterations fail to recover the original curve, probably because
of accumulation of depleted material.

In conclusion we bridged the domains of molecular
magnetism and CNTs by fabricating the first CNT-SMMs
hybrids containing intact pyrene-functionalized SMMs in
conditions compatible to the creation of electronic devices.
We controlled the grafting of SMMs down to a single-
molecule level and we demonstrated the single-SMM sensi-
tivity of CNT-FETs. These results pave the way to the
construction of “double-dot” molecular spintronic devices,"
where a controlled number of nanomagnets is coupled to an
electronic nanodevice, and to the observation of the magneto-
Coulomb effect. The future use of CNT-SQUIDs may also
benefit from the chemical methodology described herein.
Finally, the approach may be extended to produce different
functional hybrids incorporating charge-transfer complexes,
valence tautomers, or photomagnetic materials.™
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Figure 3. AFM topographic analysis of the hybrids. a) Height images
of the same CNT acquired on repeating the grafting process: left one
time, center four times, right ten times. b) Section profile along the
same CNT before (black line) and after (red line) multiple grafting of
1. ¢) Heights of the grafted objects. The statistics acquired on single
CNTs or small bundles with diameter <1 nm (yellow; 1 & 2 see (d))
differs from that acquired on CNTs or bundles with larger diameter
(blue; 3 & 4 see (d)). Lines are fittings with Gaussian distributions.

d) Corresponding different dispositions of 1 with respect to CNTs (1 &
2) or bundles (3 & 4).
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Figure 4. Probability of finding a distance L between SMMs grafted on
CNTs for sequential repetitions of the process. Symbols are experimen-
tal data for 1, 2, 4, and 6 repetition and lines are the corresponding
fits (see text). Inset: extracted linear concentration (C) as a function of
the number of repetitions of the process and linear fit.
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Figure 5. Transport properties of the SMM-CNT hybrids. a) I, versus
V, curve of a typical CNT-FET shown for the pristine device (black line)
and for different numbers (n) of grafted SMMs (color scale). The
original curve is regained after destruction of 1 by laser burning (gray
dashed line) V,,; and V,;, indicate the ON—OFF and OFF—ON
threshold voltages, respectively. b) Variation of the Ioy as a function of
the number of grafted molecules (n; circles). The triangle represents
the value after laser burning and the line is a fit to the data.

Experimental Section

Detailed description of the synthetic procedures is reported in the
Supporting Information. CNT-FETs were fabricated on degenerately
n-doped Si wafers covered with 300 nm thick SiO, (Siltronix sas).
Gold electrodes were deposited on the surface by deep-UV lithog-
raphy, providing a reference system to locate CNTs. Single-walled
CNTs (Rice Univ.) in DCE were spin-coated on the wafers, located by
AFM and connected with Pd leads by e-beam lithography (Support-
ing Information). 65% of contacts displayed a resistance lower than
100 kQ2. AFM images were acquired using a Veeco D3100 instrument
in tapping mode; hysteresis loops and HF-EPR spectra were recorded
on home-built instrumentation;!"!! Raman spectra at 632.8 nm were
obtained on a LabRam Infinity spectrometer focusing on an area of

1 pm?.
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