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ABSTRACT: Assembly of paramagnetic Cu, complexes with
a Schiff base scaffold possessing extended electron delocaliza-
tion together with a quasi-planar structure onto carbon
nanotubes induces a diameter-selective charge transfer from
the complex to the nanotubes leading to an interestingly large
and tunable ambipolar effect. We used complementary
techniques such as electron paramagnetic resonance, absorp-
tion spectroscopy, and photoluminescence to ensure the
success of the assembly process and the integrity of the
complex in the nanohybrid. We carried out density functional
theory type calculations to rationalize the experimental results,

evidencing the selective enhanced interaction of the metal complexes with one type of nanotube.

1. INTRODUCTION

Single-wall carbon nanotubes (SWNTs) have been at the
forefront in the field of molecular electronics, particularly for
design of smart devices such as ultrasensitive probes or field-
effect transistors (FET).'™* Combining the unique electronic
and optic properties of SWNTs in FET's can even lead to new
and very efficient types of photodetectors.”™” Device properties
can be tuned and optimized by the assembly of different
molecules on the nanotubes.® '* Recently, SWNTSs were used
to build a magnetic sensor that may potentially detect the

15,16

magnetic moment of a single molecule.””"” Another objective is
to take advantage of the interaction via charge transfer, for
example, between the assembled molecules and the nanotube
to tune the transport properties of the device. This is true not
only for pure organic molecules but also for paramagnetic
complexes. The key point is to optimize the interaction
between the assembled molecules containing the paramagnetic
ion and the nanotubes without altering in an irreversible
manner the electronic properties of the nanotubes.

Grafting complexes through covalent bonds might introduce
electron-scattering centers that limit the performance and
properties of the device, while noncovalent z-stacking
interactions are more likely to preserve the SWNT conductance
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and guarantee modifications of the carbon nanotube field effect
transistor (CNFET) properties.'”

Molecular complexes built using a Schiff base scaffold, well
known for their optical, magnetic, and conducting properties,
possess the desired electronic structure and structural features
to be considered as excellent candidates to form hybrids with
new synergetic behavior.'"*™>' To date, the properties of such
complexes interacting noncovalently with carbon nanotube-
based electronic systems are still to be investigated. A vanadium
Schiff base complex was already covalently grafted on multiwall
carbon nanotubes in order to elaborate modified electrodes
with enhanced electrochemical response for reductive electro-
catalysis.”* Herein we report the noncovalent assembly of the
binuclear complex [Cu,bisalophen] (noted 1 and depicted in
Figure 1) on SWNTs. We demonstrate that the grafting process
leads to a tuning of the CNFET device properties due to
diameter-selective charge transfer between the complex and the
nanotube and to the appearance of a marked tunable ambipolar
behavior.

1 was chosen because its extended 7 system is expected to
undergo strong sz—7 interactions with the walls of the
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Figure 1. Schematic view of [Cu,bisalophen] 1

nanotubes. Synthesis of the organic ligands was already
reported.”® 1 is obtained as red crystals with an excellent
yield (85%) by addition of Cu(OAc), (see Supporting
Information) to a solution of the organic ligand. The complex
is very soluble in dichloromethane (DCM) and dichloroethane
(DCE).

To ensure the efficiency of the grafting process and check the
integrity of the complex we used complementary and
independent spectroscopy-based characterization techniques.
Since those techniques can directly access molecules and
carbon nanotubes characteristic transitions, which are highly
sensitive to environment modifications, electron paramagnetic
resonance spectroscopy (EPR), optical absorption spectrosco-
py, and photoluminescence spectroscopy measurements were
performed on different samples.

2. RESULTS AND DISCUSSION

2.1. Preparation and Preliminary Characterization of
the Cu2/SWNT Adduct. Pristine HiPCO SWNTSs were
purified usm§ a procedure derived from that reported by
Chiang et al.”*** The purity of the obtained SWNT was proven
among other techniques by the absence of the D band in the
Raman spectra (Supporting Information). Grafting of 1 was
achieved by sonication of a suspension of the purified
nanotubes in a solution of dichloromethane and dimethylfor-
mamide (1:1) containing the complexes. The suspension was
then filtered on a polytetrafluoroethane (PTFE) membrane and
rinsed thoroughly several times with dichloromethane to
remove all nongrafted complexes. A gray fine powder of the
adduct (noted 1@SWNT) was obtained and further analyzed.
It is important to note here that a solution of the complex
without the nanotubes was submitted to the same sonication
process and then analyzed with EPR and electronic spectros-
copy, which ensured the integrity of the molecules. EPR spectra
were recorded for 1 in a solution of CH,Cl, and DMF (1:1),
for the purified SWNT, and for I@SWNT powder (Figure 2).
EPR spectra of 1 correspond to what is expected for a binuclear
Cu(II) complex with axial local symmetry of the Cu sites.** The
resonance spectrum of 1@SWNT is found at the same
magnetic field value (~3100 G) as for 1, indicating the
presence of the binuclear complex on the nanotubes walls
despite the abundant rinsing process.” ® This is the first evidence
of the success of the noncovalent assembly of the complex on
the nanotubes. The sharp band around 3340 G is attributed to
the pure carbon nanotubes (Figure 2).

2.2. Electronic Spectroscopy and Photoluminescence
Studies. Along with this first characterlzatlon, an independent
method used by Roquelet et al.”” was used to graft 1 onto the
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Figure 2. Comparison of EPR spectra of purified nanotubes (powder)
(black curve), free 1 in CH,Cl,/DMF (1:1) solution (blue curve), and
1@SWNT (powder) obtained after filtration and extensive washing
(red curve).

SWNT. This method, different from the previous one, ensures
the presence of isolated nanotubes in solution, which is
compulsory to investigate the photoluminescence properties of
the adducts. The raw HiPCo nanotubes were dispersed in a
solution of pH 8 buffer plus 2 wt % sodium cholate (surfactant)
using an ultrasound tip (see Supporting Information). The
complex, dissolved in CH,Cl,, was then added to this solution
and submitted again to ultrasound, leading to a biphasic system
with formation of micelles in the aqueous phase. During
evaporation of the organic phase, the molecular complexes
insoluble in water are expected to diffuse inside the micelles,
enabling their assembly on the individual SWNT coated by the
surfactant and present in solution. The aqueous phase is then
analyzed with electronic (UV—vis, nearinfrared) and photo-
luminescence spectroscopies.

According to analogous measurements,'>'**”?® the UV—vis
spectrum of 1 is notably modified after the grafting process; the
metal to ligand charge transfer (MLCT) band (450—600 nm)
is red shifted by 17 nm (Figure 3), confirming the interaction
between the two species. Since this shift is not observed for 1 in
solution in the presence of surfactant (Figure 3top, green
curve) and is not increasing for larger complex concentrations
(see Supporting Information) it cannot be attributed to an
interaction between the molecules and the surfactant or to
molecules aggregation. Since the MLCT bands are the only
ones affected, this shift may be attributed to a slight geometry
modification or to a weak charge transfer process that affects
the energy of the metal-centered molecular orbitals upon
interaction with the nanotube.

Another important feature is observed in the electronic
spectra of the nanotube bands. A solvatochromic red shift
attributed to coating of the nanotube by the molecules can also
be seen for the SWNT (n,m)-type absorption bands between
900 and 1200 nm (Figure 3, bottom), confirming their
interaction with 1. The impact of the molecules on the
nanotube absorption properties is expected to be smaller than
that of a nanotube on the molecules’ properties since the
SWNTs are mesoscopic objects and can alter several complexes
at a time. The red shift is therefore weaker and ranges from 0 to
S nm. From the absorption spectra this shift does not seem to
occur for all (n,m) types of nanotubes. We have thus
investigated the nanotubes dispersion photoluminescence
spectra. The results confirmed the red shift for only some
(n,m) nanotube types (Figure 4). Using maps of photo-
luminescence excitation (PLE), which gave us the relative ratio
of the (nym) types of SWNT and an experimental Kataura
plot,”® we attributed each emission band of the photo-
luminescence spectrum (Figure 4) to a (nm) type. The
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Figure 3. (Top) UV—vis spectra of 1 (black curve, MLCT bands
between 400 and 600 nm), 1 in pH 8 buffer with 2 wt % sodium
cholate (green curve), raw HIPCO SWNT in pH 8 buffer with 2 wt %
sodium cholate (blue curve), and 1 with SWNT in pH 8 buffer with 2
wt % sodium cholate after evaporation of CH,Cl, (red curve).
(Bottom) Near-infrared spectra obtained with the same samples of raw
HiPCO SWNT in pH 8 buffer with 2 wt % sodium cholate (blue
curve) and 1 with SWNT in pH 8 buffer with 2 wt % sodium cholate
after evaporation of CH,Cl, (red curve).

attribution is made for the most abundant type even though the
band attributed to (7,6) contains a contribution from the (9,4)
and (8,4) types as well. The most affected type of nanotube
within the range of excitation of 532 nm is the (7,6) one (4, =
1130 nm). This band undergoes a shift of S nm upon assembly
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Figure 4. (Top) Photoluminescence spectra of raw SWNT (black
curve) and 1@SWNT both in pH 8 buffer with 2 wt % sodium cholate
and CH,Cl,. (Bottom) Zoom on the (7,6) band.
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of 1 without a decrease of its intensity. While the (8,1)-type
band has a shift of 3.5 nm, the (10,2) type band of 2 nm and
the (8,6) type band are not shifted at all; the intensity of these
latter bands decreases slightly. These modifications are
attributed to a diameter-selective charge transfer, particularly
for the (7,6)-type band, where only a shift is observed and no
intensity decrease. Diameter selection cannot be excluded since
the intensity of some types (the smallest) decreases without an
energy shift.

2.3. Theoretical Calculations. In order to rationalize the
molecule—nanotube interaction effects theoretical density
functional calculations (DFT) were performed with the Siesta
code®®?! (see Supporting Information) for the (n,m) nanotube
type that seems to be the most affected during the grafting
process: the (7,6). The more stable optimized geometry has a
perpendicular orientation as shown in Figure 5.
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Figure 5. View of the optimized structure (perpendicular orientation
for 1 grafted onto a (7,6) nanotube from theoretical calculations).
Blue, red, light blue, and brown spheres correspond to copper, oxygen,
nitrogen, and carbon atoms, respectively, and hydrogen atoms are
indicated as brown sticks.

Time-dependent DFT calculations based on this optimized
structure were then performed to determine the vertical
excitations of 1% before and after grafting.>> Without solvent
the calculated excitations were found at 487 and 523 nm for 1,
which is in fair agreement with the experimental values (494
and 528 nm, respectively). For 1@SWNT, the calculations
show a shift of the two bands to 520 and 568 nm for the
interacting molecule to be compared to the experimental values
of 507 and 547 nm. Even though the calculations do not
reproduce exactly the values of the absorption band energies,
they reproduce the experimental red shift trend and confirm the
origin of the change in energy of the absorption bands as being
due to the interaction between the binuclear Cu2 complex and
the nanotubes.

2.4. Transport Studies. The studies performed above
demonstrate two important features: first, the binuclear
complex adheres well onto the nanotubes as evidenced by
EPR and, second, there is an electronic interaction between the
paramagnetic complexes and the nanotubes as evidenced by the
electronic and photoluminescence spectra and confirmed by
theoretical calculations. In addition to this electronic interaction
one may expect the presence of a charge transfer between the
molecules and the nanotubes. Even though some techniques
like Raman are suitable to study the charge transfer,
investigation of the transport behavior may give more complete
information about the electronic interaction occurring between
the nanotubes and 1 and evidence other electronic phenomena,
such as gate-dependent ones, not possible to account for
otherwise.
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The transport studies were carried out using a CNTFET
device in ambient air. The device was obtained following a new
strategy based on self-assembled monolayers (SAMs), which
has been described (see Supporting Information).>* Since the
interaction was proved between 1 and HiPCO SWNT, the
grafting results were thought to be identical or close to those
existing with the HFCVD nanotubes used in these devices. The
characteristics of the FET device were first investigated.
Current (I) versus gate voltage (V,) curves show a p-type
FET behavior (ON state at V, < 0) and no ambipolar effect, as
often found for silica CNFET in ambient air,*> with a very
good Ion/Iopr ratio of four decades. Indeed, the ambipolar
behavior is usually only observed when oxygen and water are
removed by pumping, thus restoring the expected properties of
the nanotubes that are intrinsic semiconductors. Hysteresis is
observed as a result of charge injection from the CNT to the
nearby region (Figure 6).>°
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Figure 6. Iy, vs V, curves for a CNFET device before (black curve)
and after grafting of 1 and rinsing with DCE process. Experimental
starting gate potential is —20 V, and current evolution with V is given
by the blue arrows.

The hybrids were then produced by evaporation of a 5 uL
drop of a solution of 1 in DCE deposited on the CNTFET
surface followed by a thorough DCE washing process of the
device to remove any nongrafted molecules. Iy vs V,
measurements were then performed. The subthreshold swing
Sy = [dV,/dLog(I)] (green slopes in Figure 6) remains
unchanged upon grafting, indicating that treatment leaves the
gate unaffected. However, the Iy current decreases, implying
that the complexes are interacting with the electron flow,
producing scattering centers." While no appreciable variation is
observed after repeated treatment of the FET with DCE alone
(see Supporting Information), drastic changes can be observed
on the Iy vs V, hysteresis curves after the grafting operation
(Figure 6). The ON/OFF threshold voltage Vi, decreases
from —5 to —8 V as 1 interacts with the nanotubes sidewalls,
and an ambipolar characteristic appears for high V, values.
These changes are attributed to charge trapping as well as
charge transfer from the complexes to the SWNTs (Vy,
decreases),” evidencing a n-type doping on the nanotube,
that is, a transfer of negative charges. For this gate sweep the
device is first in the p-type ON state. Then holes in the
nanotube vicinity are detrapping while the gate is swept toward
positive values, until the OFF state is reached. Finally, enhanced
by the grafting of 1 onto the SWNT, electrons start to be
trapped in the nanotube vicinity while the device is slowly
reaching its n-type ON state. This experiment is definitive proof
of the occurrence of an electronic density transfer from the
paramagnetic complexes to the SWNTs.
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In order to get a better understanding of the origin of the
Cu2 complex/nanotube interaction, especially the phenomen-
on responsible for the ambipolar behavior, several deposition—
washing cycles were performed (Figure 7, top). As the number
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Figure 7. (Top) Iy vs V, curves for a CNFET device before (black
curve) and after a different number of grafting—rinsing cycles with 1.
Experimental starting gate potential is —20 V, and evolution of the
current is given by the black arrows on the black curve. (Bottom left)
Electrons transfer from the complexes HOMO to the p-type SWNT's
valence band. (Bottom right) As Vg, becomes positive, the bands are
bending toward lower energies, allowing electron transfer from the
HOMO of the complexes to the conduction band of the SWNTs.
CNFET thus becomes n-type for positive Vg, values, leading to an
ambipolar characteristic.

of cycles increases, Vy,, decreases and the ambipolar effect
becomes more and more pronounced. While the increased shift
of the hysteresis curve can be attributed to increasing electron
transfer from the complexes to the SWNTSs as more and more
molecules are grafted onto their sidewalls, the origin of the
change in the magnitude of the ambipolar effect is not
straightforward. As various external factors can affect the Iy vs
V, characteristic, several aspects must be checked to ensure that
the more pronounced ambipolar phenomena is indeed related
to the increase of the molecules’ concentrations on the
nanotube and not to other effects.

Since the subthreshold swing is not affected by the grafting
and since the rinsing process removes all nongrafted and
substrate-deposited molecules one can safely assume that the
observed effects are not due to the molecules perturbing the
environment of the nanotubes conducting channels. Moreover,
since repeated treatments by DCE alone have no effect on the
Iy vs V, characteristic (see Supporting Information) and since
the n-type subthreshold (positive slope in Figure 7, top) swing
increases with the number of cycles, the ambipolar effect cannot
be due to external effects but only to the noncovalent
interaction between the molecules and the nanotubes. To
understand the intrinsic character of the ambipolar effect one
needs to consider Figure 7 (bottom). As Vg, becomes
positive, the conduction band of the nanotubes is bending
toward lower energies, thus being able to receive electrons from
the HOMO of the molecules. The electrons then become the
main charge carriers, leading to an n-type behavior. This
interpretation is supported by the fact that the intersection of

dx.doi.org/10.1021/ja301362r | J. Am. Chem. Soc. 2012, 134, 7896—7901
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the two pink slopes (Figure 7bottom), indicative of the
potential for which the conduction type starts to change, occurs
around the same Vg, & —10 V value for both the third and the
eighth cycle. However, we do not exclude the fact that this
effect is also due in part to a global shift of the characteristic
due to the existing charge transfer process.”’ This reproducible,
easy to generate, and tunable ambipolar character is of major
interest since most logic circuits need to integrate both n- and
p-type conductors, and the presence of both kinds of charge
carriers can lead to exciton recombination and thus photo-
luminescence phenomena.

4. CONCLUSION

We have thus demonstrated that the Cu2bisalophen complexes
can be assembled in a noncovalent manner on SWNTs
elaborated by HiPCO and hot filament-assisted chemical vapor
deposition techniques. The origin of the nanotubes seems to
not affect the electronic interaction responsible for this
assembly. However, electron transfer from the molecules to
the nanotubes is only evidenced with the transport studies.

Noncovalent grafting of metal transition complexes onto
SWNTs in a CNFET channel leads to electron transfer from
the molecules to the nanotube and generates a tunable
ambipolar effect in ambient air conditions. This opens the
possibility to design new kinds of nanohybrid circuits. Beyond
this important result, new kinds of CMOS inverters or logic
circuits may be realized as well as new powerful photocurrent
devices by combining the evergrowing number of optic
properties of inorganic complexes with promising optoelec-
tronic ones of SWNTs. Furthermore, the mere presence of an
electronic interaction between the conducting electrons of the
nanotubes and the localized electrons of the paramagnetic
complex may be used to tune the exchange coupling interaction
of the binuclear paramagnetic species. In addition, a diameter-
selective charge transfer between the complex and the
nanotubes seems to occur, which will be the subject of further
investigations.

Schiff base binuclear complexes are particularly appealing
since they are relatively easy to prepare. More importantly, they
are very stable in solution, which is a requirement for
elaboration of the modified CNFET. Their electronic and
magnetic properties may be tuned by changing the nature of
the metal ions and modifying the organic ligand itself adding
donor or acceptor groups. Thus, they offer an attractive
playground for tuning the electronic behavior of CNFET
devices.
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Synthetic procedure and full characterization of the Cu2
complex, procedure for purification of the nanotubes, spectra of
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