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The dispersion of single-walled carbon nanotubes (SWCNTs) in

the presence of water soluble polypyridyl complexes of the

general formula [Rux(bpy)yL]
2+

(L = dppz, dppn, tpphz) is

reported. These ligands have extended planar p systems, which

aid in the solubilization of SWCNTs via p–p interactions.

Since the discovery of SWCNTs, researchers have envisioned

many applications that take advantage of their unique

one-dimensional structure and astounding electronic, thermal

and mechanical properties. However, dispersing and separating

as-grown SWCNTs in aqueous media remain a significant

obstacle to their use in most applications. Non-covalent

functionalization of carbon nanotubes (CNTs) by polymer

wrapping, interaction with DNA or peptides, and the adsorption

of ionic or non-ionic surfactants to promote their solubility is

preferred to organic functionalization because the pristine sp2

hybrid state is preserved.1,2

Recently there has been a considerable interest in bringing

metal complexes in close contact with SWCNTs with applications

that include catalysis,3 photoinduced electron transfer4 and

information storage.5 Many of these composites involve the

attachment of the metal complexes (such as porphyrins) to

SWCNTs in different organic solvents using an anchoring

group (such as pyrenes).4,6 Recently, a tetradentate copper

complex has been reported that binds SWCNTs in chloroform

when in a square planar conformation,7 however new alter-

natives for binding metal complexes to SWCNTs in aqueous

solutions are scarce. This area of research can be benefited by

research on ligands that can allow close binding of non-planar

metal complexes to SWCNTs. Ruthenium polypyridyl com-

plexes have been extensively studied as DNA probes due to

their MLCT (metal-to-ligand charge transfer) luminescence

and excited state redox properties, together with their ability

to bind DNA via intercalation.8 We have used octahedrally

coordinated, positively charged ruthenium metal complexes

containing ligands with extended planar p systems as a

prototype to disperse and solubilize SWCNTs in aqueous

solutions, while also allowing a metal complex functionality

near the CNTs.

In this study, three different ruthenium(II) complexes pos-

sessing ligands with an extended p system [Ru(bpy)2(dppz)]
2+

(1) (bpy = 2,20-bipyridine; dppz = dipyrido[3,2-a:20.30-c]-

phenazine), [Ru(bpy)2(dppn)]
2+ (2) (dppn = benzo[i]dipyrido-

[3,2-a:20.30-c]phenazine) and [(bpy)2Ru(tpphz)Ru(bpy)2]
4+ (3)

(tpphz = tetrapyrido[3,2-a:20.30-c:300,200-h:20 0 0,30 0 0-j]phenazine)

have been studied with respect to their capability of dispersing

SWCNTs in aqueous media (Fig. 1). To the best of our

knowledge, no investigations concerning dispersion of nanotubes

in aqueous media by ruthenium(II) polypyridyl complexes

have been reported so far.

Raw HiPco nanotubes were purified as described elsewhere.9

These ruthenium polypyridyl complexes were obtained as their

water soluble chloride salts and used as such (refer Fig. S1, ESIw).
The solubilization of SWCNTs by water soluble ruthenium

polypyridyl complexes was carried out according to the following

procedure: a total of 10 mL solutions of 1, 2 and 3 were prepared

to yield a final concentrations of 0.1 g L�1 (0.01 wt%[Ru(II)])

to 0.5 g L�1 (0.05 wt%[Ru(II)]). These were added to 3 mg each

of SWCNTs. The resulting dispersions were tip sonicated

Fig. 1 Metal complexes used in this study.
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(40 minutes), centrifuged (12 470g, 60 minutes) and decanted to

yield the corresponding Ru(II) complex–SWCNT composites.

These solutions are considerably darker than the solutions

without CNTs indicating a significant uptake of SWCNTs into

aqueous solution. The resulting dispersions were stable for weeks

without observing any visible flocculation [SWCNT-2 and

SWCNT-3 solutions are stable for several months (Fig. S2, ESIw)].
It is observed that the optimal concentration for the maximum

interaction of Ru(II) complexes with SWCNTs was between

0.03 to 0.04 wt% (of Ru(II) complexes).

The dispersions were analyzed for Vis-NIR absorption and

emission in a model NS1 Nanospectralyzers with excitation

from 642, 659 and 784 nm diode lasers. The absorbance and

fluorescence spectra of dispersed SWCNTs were also compared

to the spectra of SWCNTs dispersed in an aqueous solution of

the ionic surfactants SDS and CTAB ([SDS], [CTAB]= 1 wt%).

Identical process parameters (initial SWCNT concentration,

sonication power and time, centrifugation conditions) were

utilized in order to ensure comparability. SDS is a commonly

used surfactant aiding in the dispersion of SWCNTs in water and

is known to yield well resolved SWCNT absorption and emission

features at an optimal concentration of 1 wt%.10 Fig. 2 shows

the Vis-NIR spectra of SWCNT-1, SWCNT-2 and SWCNT-3

solutions compared to SWCNTs dispersed using 1% (w/v)

SDS. It is important to note that van-Hove singularities, which

are a sign of individualization, are preserved in SWCNT–Ru(II)

solutions. The characteristic features arising from the inter-

band transitions in the density of states of the SWCNTs in

SWCNT–Ru(II) composites are discernable, clearly indicating

that the darkening of the Ru(II) complexes solutions is due to

the uptake and dispersion of CNTs. Among the complexes,

Ru(bpy)2(dppn)
2+ (2) showed the highest ability to disperse

SWCNTs, probably due to their more elongated p-electron
system allowing a better interaction with the SWCNTs, while

at the same time minimizing the steric effect and increasing

the distance between the SWCNT and the positive charges

of the ruthenium complex. We confirmed the pivotal role of

ligands with an elongated p-electron system in the solubilization

of SWCNTs by treating SWCNTs with tris(2,20-bipyridyl)

ruthenium(II) (Ru(bpy)3
2+) which only contains short bipyridine

ligands. The solution produced didn’t uptake any SWCNTs,

indicating that Ru(bpy)3
2+ cannot form stable composites with

SWCNTs probably due to the lack of an extended p-electron
system (Fig. 2).

NIR emission spectroscopy is a powerful tool in CNT

characterization especially when the aggregation state is

investigated, since the fluorescence of semiconducting

SWCNTs is quenched in CNT bundles through interaction

with metallic SWCNTs (the terms semiconducting and metallic

SWCNTs refer to carbon nanotubes that present an electronic

band structure analogously to semiconducting or metallic

materials respectively); therefore only individualized semi-

conducting SWCNTs are detected.10,11 The radiative fluores-

cence transitions are directly observed across the band gap of

semiconducting nanotubes from 800–1600 nm range, a region

important in fiber optic communications and bioimaging. The

emission spectra of SWCNT–Ru(II) complexes solutions were

recorded at three different excitation wavelengths lexc = 642

and 659 nm, and lexc = 784 nm exciting the first-order

semiconducting transitions (S11) and the second-order semi-

conducting transitions (S22) respectively (Fig. 3A and S3, ESIw).
Fig. 3B shows the normalized emission spectra of the SWCNT-2

in comparison to SWCNT–SDS and SWCNT–CTAB solutions.

SWCNT-2 (SWCNT-1 and SWCNT-3, refer Fig. S3, ESIw)
solution shows fluorescence signals clearly revealing that

SWCNTs are not only dispersed but also individualized by

the planar dppz, dppn and tpphz ligands. The signals are

also red shifted probably due to p–p stacking interaction of

the tubes with the planar ligands. Most importantly, the char-

acteristic NIR fluorescence of well dispersed and individualized

nanotubes persists in the SWCNT–Ru(II) complex composites

indicating that individualization of nanotubes has occurred,

and that the electronic properties of SWCNTs remain intact.

Other researchers have observed that interaction of SWCNTs

with organic aromatic molecules (by p–p stacking) or with

metal complexes (by heavy atom effect) results in a complete

quenching of fluorescence from SWCNTs.4,7 We speculate

that the preservation of SWCNTs fluorescence is due to the

steric constrains imposed by the ruthenium complexes three-

dimensional structures. In order to keep the ruthenium complex

away from the CNT axis, the SWCNTs–Ru(II) composites

depart from the idealized p–p stacking interaction required for

efficient quenching. However, some quenching due to partial

p–p stacking interaction and heavy atom contribution cannot be

ruled out.

For further investigation of the degree of debundling/

individualization of the nanotubes dispersed in aqueous

solution of the aforementioned Ru(II) complexes, microscopic

techniques were employed. Atomic force microscopy (AFM)

analysis was performed in order to compare the degree of

individualized nanotubes in aqueous solutions of Ru(II)

Fig. 2 Vis/NIR absorption spectra of dispersions of SWCNT–Ru(II)

complexes, SWCNT–Ru(bpy)3
2+ and SWCNTs dispersed in SDS and

CTAB after centrifugation.

Fig. 3 NIR fluorescence emission spectra of SWCNT-2 (A) at lexc =
642 nm, 659 nm, 784 nm, and (B) compared to SWCNT–SDS and

SWCNT–CTAB at lexc = 642 nm.
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complexes to an aqueous solution of CTAB. Fig. 4 shows

representative AFM images of SWCNT–Ru(II) supernatants

after spin coating. To ensure maximum uptake of 3 mg of

SWCNTs in the solutions of Ru(II) complexes, the sample

with the highest absorption intensity in Vis-NIR spectra was

investigated by AFM ([Ru(II)] = 0.03 wt%).

The AFM images of SWCNT–Ru(II) solutions confirm the

conclusion drawn from the fluorescence spectra, as individual

SWCNTs are observed besides small bundles. The lengths of the

individual and bundled SWCNTs range from 20 nm to several

mm. The observed diameters are consistent with individual

SWCNTs covered with metal complexes with ca. 1 nm diameter

(Fig. S4, ESIw). It has to be mentioned that diameters do not

appear completely uniform along the lengths of the carbon

nanotubes in SWCNT–CTAB and SWCNT–Ru(II) composites.

Presumably, the CNTs are not uniformly coated by the ruthe-

nium(II) complexes (or CTAB) in the dry mica substrate, so

that areas of bare SWCNTs are observed along with surfactant

or ruthenium(II) complexes-coated areas.12 As a general obser-

vation, we have often seen structures with larger diameters in

the center than in the edges, which might indicate that as the

solvent evaporates, the ruthenium complexes tend to aggregate

preferentially, near the center of the nanotube leaving naked

tips (Fig. S4, ESIw).
The morphology of the SWCNT-1 and SWCNT-2 solutions

was further imaged by TEM ([Ru(II)] = 0.03 wt%). The TEM

micrographs show that SWCNT–Ru(II) complexes appear in

both bundles with diameters in the range of 2 to 10 nm and

individual tubes with a mean diameter in the range of 1 to

2 nm (Fig. 5).

In conclusion we have demonstrated that SWCNTs can be

efficiently dispersed with a pronounced degree of individualiza-

tion by non-covalent interactions with water soluble Ru(II)

polypyridyl complexes containing extended p systems. Among

the complexes studied SWCNT-2 composites showed maximum

dispersion and solubilization probably due to its larger extended

p system. These metal complexes have certain advantages over

previous methods used to attach metal complexes to SWCNTs

such as easy synthesis, high individualization without chemical

modification of the SWCNTs surface, stable solutions, and

the retention of the SWCNTs fluorescence. Complexes with

extended p systems such as the ones presented in this commu-

nication can be used to address challenges involved in the

attachment of metal complexes to carbon nanotubes. Metal

complexes–SWCNTs composites have applications that range

from sensing,13 catalysis,3 solar energy conversion and storage.4,5

We are currently exploring the photoinduced electron transfer

reactions from similar complexes to SWCNTs and their

possible applications in energy storage and conversion.
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Fig. 4 Representative 10 � 10 mm AFM images of SWCNT–CTAB,

SWCNT-1, SWCNT-2 and SWCNT-3 after spin coating the supernatant

of centrifuged samples.

Fig. 5 Representative TEM images of SWCNT-1 and SWCNT-2

([Ru(II)] = 0.03 wt%, [SWCNT] = 3 mg).
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