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The covalent bonding of a ruthenium bipyridine complex derivative with the aromatic network of single walled 
carbon nanotubes (SWNT) through a stepwise protocol is presented, thus yielding the sample SWNT-Ru. To do 
that, an-amino decorated phenanthroline is bonded to the nanotube by means of the diazonium chemistry 
protocol, providing anchoring points for discrete organometallic units as depicted by the solid characterization 
techniques employed. The hybrid material, able to emit upon excitation, is active in the visible light-driven 
photocatalytic oxidation of organic sulfides to sulfoxides. SWNT-Ru presents a wide scope being able to 
convert more than 10 substrates with different characteristics, including added-value chemicals, with a stable 
performance over more than 6 cycles without metal leaching and enhanced activity compared to related ho
mogeneous complexes. A versatile character is also demonstrated since this hybrid catalyst follows both possible 
photooxidation mechanisms.   
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1. Introduction 

Artificial photosynthetic systems able to harvest sunlight energy and 
convert it into chemical vectors that yield organic molecules suppose an 
inspiring but still challenging task [1]. Indeed, light-driven organic re
actions have gathered nowadays several attention in order to transform 
classic systems onto easier-to-manage and more sustainable synthetic 
pathways for fine chemicals, fuels, commodities or drugs manufacturing 
among other examples [2]. Under these premises, photoredox catalysis 
reaches new reactivities otherwise impossible under classic methodol
ogies [3], being the mild conditions employed and light as energy source 
able to trigger chemical phenomena the main characteristics [4]. One of 
the most popular, efficient and active photoredox systems relies on the 
Ru(bpy)3

2+ (bpy = 2,2′-bipyridine) family of complexes (Scheme 1a) [5]. 
They catalyze a vast bunch of organic reactions, such as cycloadditions, 
radical additions, reductive dehalogenations, the cleave of protecting 
groups by reductive or oxidative mechanisms and they oxidize func
tional groups too [6]. In particular, the chemoselective oxidation of 
sulfides to sulfoxides has become an important transformation useful, 
for example, in the preparation of drugs (such as modafinile or omep
razole, Scheme 1c) but also ligands and key intermediates in organic 
synthesis [7–9]. Hence, photoredox catalysis develops methodologies 
that avoid hazardous oxidants as peroxides or peracids (such as m- 
chloroperbenzoic acid), yielding the target sulfoxide products [10]. 
Under photoredox conditions, a wide gamut of sulfoxides commodities 
of different nature may be easily prepared. 

Nevertheless, the limited activity that photoredox catalysts usually 
present, combined with the often-slow reaction rate due to active species 
lifetimes, charge separation, high cost and potential hazard metal 
contamination may hamper further applicability of this catalytic field 
[6,11]. Aiming to solve these common problems, researchers looked for 
adequate supports to heterogenize the (photo)active species (Scheme 
1b), and by rational design [12], generating a hybrid material that 
synergistically works towards the target product [13]. In this way, some 
examples have been reported with the employment of carbon nano
materials as carbon nanotubes and graphene as support of homogeneous 
photoredox catalysts [14]. The heterogenization has been done by 
different methods, such as direct mixing (whose stability is usually 
compromised) [15], by elaborated synthetic protocols to modify both 
nanocarbon and photoactive species and set a covalent bond [16], by a 
direct link between partners (both electrostatic or covalent) [17,18], by 
sequential sidewall construction (specially for organometallic units) or 
by encapsulation in the inner cavity of the carbon nanotubes [19,20]. 
Most of these examples relied on the heterogenization of photocatalysts 
with a strong reductive character. Besides the additional stability and 
easy of recovery to the photoactive unit due to the heterogenization 
[21], carbon nanomaterials are able to increase the reaction rate by 
enhancing the charge separation through photoelectron injection or 
hole replenishing thanks to the inherent conductivity [22]. The surface 
chemistry has been reported to take a role in the catalytic cycle [17], and 
the porous carbon structure combined with their aromatic nature could 
furnish reactants to the active centers by local surface concentration 

Scheme 1. a) the potential of Ru(bpy)3
2+ as photocatalyst; b) previous heterogenizations of reductive photocatalysts on carbon nanotubes compared to c) this work 

based on the heterogenization of a related Ru(bpy) complex for the target photooxidation. 
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phenomena [23]. Nevertheless, the number of reports where a Ru 
(bpy)3

2+ or related photoactive complexes have been heterogenized in 
nanocarbon supports, is still very scarce, in particular for oxidative 
processes that would lead to the obtaining of drugs and commodities 
presented above. Currently, the Ru(bpy)3

2+ has been successfully het
erogenized in porous organic and metal–organic frameworks [24–26], at 
the surface of inorganic semiconductors [27–29], in silicas [30–32], in 
polymers [33], or in graphene-related materials with results comparable 
to the homogeneous run besides providing photostability [34]. How
ever, to the best of our knowledge this powerful photocatalytic unit has 
never been covalently immobilized on carbon nanotubes before, even 
some non-covalent decoration for photophysical studies have been re
ported [35]. Thus, a robust covalent bond would be desirable for 
expanding beyond the state-of-the-art the applicability of this family of 
SWNT-catalysts and provide a solution to the typical homogeneous 
chemistry problems (Scheme 1c). 

Therefore, in this work we present the stepwise sidewall construction 
of a Ru(bpy)3

2+ related complex via direct and controlled hetero
genization of a chelating phenanthroline unit through the diazonium 
chemistry protocol and further complexation. As a result, discrete 
organometallic units of 1.3 nm of diameter (matching the size of the 
complex) were observed covalently bonded to the surface of single 
walled carbon nanotubes (SWNT), with a degree of functionalization as 
high as 3.6 wt%. The hybrid material was tested as catalyst in a visible- 
light chemoselective photoredox oxidation of sulfides to sulfoxides, 
outperforming homogeneous complexes, and accomplishing the reac
tion in a wide variety of substrates, presenting extending recyclability 
and stability towards operation. The catalyst operated through both 
possible mechanisms and was able to synthetize added-value chemicals 
such as omeprazole and modafinile. 

2. Experimental 

2.1. General Information, materials and methods 

All chemicals, solvents and reagents, including single walled carbon 
nanotubes (SWNT, Aldrich), were purchased from commercial sources 
(reagent grade quality or better) and used without further purification if 
not otherwise stated. Purification of organic products, when necessary, 
was accomplished by flash chromatography using silica gel (Merck 
Geduran® Si 60) in an adequate mixture of cyclohexane (CyH) and ethyl 
acetate (EtOAc) eluents. All the organic products were characterized by 
comparison of their 1H NMR spectral data with those reported in the 
literature or from commercial sources. The synthesis of ruthenium 
complexes 1 and 2 are fully described in the Supporting Information (S. 
I.). 

Nuclear Magnetic Resonance (NMR) spectra were acquired on a 
BRUKER AVANCE spectrometer running at 300 MHz for 1H and are 
internally referenced to the residual CDCl3 signal: δ 7.26 ppm for 1H 
NMR. Data for 1H NMR are reported as follows: chemical shift (δ ppm), 
multiplicity, coupling constant J (Hz) and integration. Transmission 
Electron Microscopy (TEM) images were acquired with a JEOL-JEM 
2100F instrument equipped with a CCD high resolution camera and 
an Oxford EDX spectrometer in situ microprobe. Samples were drop 
casted from 0.5 mg mL− 1 nanotube methanol suspensions on holey- 
carbon copper grids. For the elemental analysis measurements, a 
LECO CHNS-932 Analyser (Model NO: 601–800-500) was used. Total X- 
Ray Fluorescence analysis (TXRF) were performed with a benchtop S2 
PicoFox TXRF spectrometer from Bruker Nano (Germany). TXRF system 
was equipped with a Mo X-ray source working at 50 kV and 600 μA, a 
multilayer monochromator with 80 % of reflectivity at 17.5 keV (Mo 
Kα), a XFlash SDD detector with an effective area of 30 mm2 and an 
energy resolution better than 150 eV for 5.9 keV (Mn Kα) [19]. For 
deconvolution and integration, commercial Spectra v.7.5.3 software 
package from Bruker was used. X-Ray Photoemission Spectroscopy 
(XPS) measurements were performed under Ultra High Vacuum 

conditions (UHV, with a base pressure of 5 × 10-10 mbar), using a 
monochromatic Al Kα line as exciting photon source for core level 
analysis (hν = 1486.7 eV). The emitted photoelectrons were collected in 
a hemispherical energy analyser (SPHERA-U7, pass energy set to 20 eV 
for the XPS measurements to have a resolution of 0.6 eV) and to 
compensate the built-up charge on the sample surface it was necessary 
the use of a Flood Gun (FG-500, Specs), with low energy electrons of 3 
eV and 40 µA. C 1s sp2 centred at 284.4 eV is taken as binding energy 
reference. Samples were stack on high purity carbon scotch tape on a Mo 
holder and left outgas overnight in high vacuum prior to the measure
ments. Thermogravimetric analysis (TGA) measurements were carried 
out with a thermobalance TGA Q500 from TA Instruments with a ramp 
of 10 ◦C min− 1 under a nitrogen atmosphere from 100 to 1000 ◦C. The 
Raman spectra were collected using a Witec alpha300 R Raman micro
scope using a laser with an excitation wavelength of 532 nm (0.1 mW), 
focused on the sample with a 100x objective. The maps were collected 
over the regions of interest by selecting a square area and further pixel 
adjusting to 1 µm2. Then, the area was scanned with a rate of 0.5 s 
integration time over each pixel. The presented spectra are the mean 
over all the data acquired. The map construction represents a balance of 
the regions where the peak at 1595 cm− 1 (G band) is maximized against 
the regions where the peak at 1340 cm− 1 (D band) is maximized. UV–Vis 
absorption spectra were collected at a Cary 50 spectrometer (Varian), in 
the 200–800 nm range. In this case, TEM suspensions were employed for 
solid samples, while molecules were naturally dissolved. Emission 
spectra were recorded using an Edinburg Instruments FS5 Spectrofluo
rometer. HPLC grade MeOH solvent and a 10x10 mm light path quartz 
SUPRASIL® cuvette equipped with a silicone/PTFE septum were used 
for all measurements. Emission spectra of the light sources used for the 
photochemical reactions were recorded on an optical spectrometer 
StellarNet model Blue-Wave UV-NB50 (see Figure S1 at S.I.). The reactor 
consisted of a custom-made temperature-controlled system, where the 
reaction mixture was kept at room temperature by passing coolant 
through the metallic system employing a recirculating chiller, and the 
irradiation was achieved with a single LED (21 mW green LED at 520 
nm, 22 mW blue LED at 450 nm, 18 mW purple LED at 420 nm, 40 mW 
white LED, for more details see S.I.) located 1 cm beneath the base of the 
vial. 

2.2. Nanotubes functionalization. Synthesis of SWNT-Phen and SWNT- 
Ru 

Firstly, commercially available SWNT (50 mg) were purified by 
treatment with concentrated hydrochloric acid through magnetically 
stirring at 60 ◦C for 2 h [36]. The etched solid was cleaned by centri
fugation with fresh Milli-Q water with the necessary centrifugation cy
cles till the supernatant reached neutral pH. After drying under vacuum, 
the procedure yielded the sample purified SWNT. 24 mg of those SWNT 
(ca. 2 mmol of carbon) was added in a round bottom flask with 0.15 
mmol (0.029 mg) of 5-amino-1,10-phenanthroline, and then suspended 
in 20 mL of acetonitrile [37]. Finally, 0.5 mmol (0.058 mL) of tert-butyl 
nitrite was added. The reaction was magnetically stirred at room tem
perature for 16 h. Then, the reaction mixture was washed by centrifu
gation, the supernatant was discarded and the black powder was 
collected, suspended in 15 mL of N,N-dimethylformamide (DMF), son
icated during 1 min, and centrifuged again. This washing procedure was 
repeated with DMF (4 x 15 mL), methanol (MeOH) (3 x 15 mL), aqueous 
HCl 1 M (2 x 15 mL), water (3 x 15 mL), methanol (2 x 15 mL), and 
finally with acetone (2 x 20 mL). Drying under vacuum afforded the 
corresponding SWNT-Phen sample. For the synthesis of sample SWNT- 
Ru [38], 12 mg of SWNT-Phen was suspended in 10 mL of EtOH under 
inert atmosphere, to where 0.04 mmol (0.02 g) of [Ru(bpy)2Cl2] (bpy =
bipyriridine) was added. The reaction was magnetically stirred at 80 ◦C 
for 3 days, and then the mixture was filtered through a 0.45 μm poly
tetrafluoroethylene (PTFE) membrane. The black powder was collected, 
suspended in 20 mL of fresh ethanol, sonicated for 1 min and filtered 
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again. This procedure was repeated 4 times, and 2 additional times using 
acetone as washing solvent. Drying under vacuum afforded sample 
SWNT-Ru. 

2.3. Catalysis, recovery and leaching 

A typical catalytic reaction, if not otherwise stated, was performed as 
follows: A vial was charged with a magnetic stirring bar, the organic 
substrate 3a-j (0.1 mmol), the catalyst (1 mg for nanotubes-based ma
terials, 5 mol% for complexes 1 or 2) and solvent (1 mL). The vial was 
sealed and irradiated with a 450 nm LED at 20 ◦C using a reactor that 
includes a thermostatic jacket where the coolant is pumped through by a 
chiller at constant temperature (see inset in figure S1 at S.I.). Thus, the 
reaction was set for the desired time, typically 6 h. A 0.05–0.1 mL 
aliquot was withdrawn at regular intervals and analyzed by NMR 
spectroscopy to monitor the progress of the reaction. The reaction under 
O2 was set by bubbling with pure O2 for 10 min before sealing the vial. 
Yields, unless otherwise stated, were determined by isolation of the 
product by extracting the organic molecules from the reaction with 15 
ml of dichloromethane 3 times, combination of organic layers, drying 
with MgSO4, concentration and flash chromatography (silica, CyH – 
EtOAc) if necessary [39]. 

The recovery and recycling experiments were performed as follows: 
Sample SWNT-Ru was recovered by filtration over a PTFE membrane 
and washed with 3 cycles of DMF, 3 cycles of MeOH, 1 cycle of H2O, 3 
cycles of MeOH and 3 cycles of acetone, sonicating for 1 min between 
each cycle. Then, sample was vacuum-dried. After that, the heteroge
neous catalyst was set for a new photo-oxidation of sulfide 3a with 1 mL 
of water. The reaction nevertheless was allowed to proceed for 5 h under 
450 nm illumination (~70 % conversion), and the crude was analyzed 
by NMR spectroscopy. This procedure was repeated 5 times. In the case 
of the homogeneous photocatalyst, endurance tests were performed by 
adding fresh amount of 3a (0.1 mmol) to the vial after reaction 
completion for several additional reaction cycles. Furthermore, a hot- 
filtration configuration was adopted to evaluate eventual ruthenium 
leaching. Thus, substrate 3a was photooxidized under standard condi
tions, and when the reaction reached 30 % and 70 % conversion, the 
catalyst was filtered out from the reaction, the filtrate was returned to 
the LED allowing the reaction to proceed. Aliquots were withdrawn to 
monitor the reaction progress, while TXRF analysis was done to the 
reaction liquids. Finally, mechanistic studies were conducted under 
standard conditions but adding various amounts of the selected 
quencher, i.e., sodium azide, 9,10-dimethylanthracene or 1,4-dimethox
ybenzene, to the reaction mixture [39]. 

3. Results 

3.1. Synthesis and characterization 

Commercial single walled carbon nanotubes (SWNT) of 0.9 nm 
diameter and several µm in length were employed in all the experiments. 
However, they were subjected to a wet acid treatment aiming the 
removal of carbonaceous impurities as well as metals responsible of the 
nanotubes’ growth [36], yielding purified SWNT. After this impurity 
etch, the nanotubes were observed very clean, with a smooth carbon 
structure, (see TEM picture below and Supporting Information, S.I.) 
while any significant content of metals was neither observed by TEM nor 
detected by the TXRF analysis of this sample (see S.I.). However, the acid 
etching modified the chemical composition, showing an oxygen content 
of 19 wt%. (see elemental analysis, Table 1). On the other hand, ho
mogeneous Ru complexes were prepared for comparative purposes. In 
particular, we prepared Ru(bpy)2(phen)Cl2 1 and Ru(bpy)2(phen-NH2) 
Cl2 2 (phen = 1,10-phenantroline; phen-NH2 = 5-amino-1,10-phenan
throline) following a procedure described previously in the literature 
[40,41], and the obtained spectroscopy data of complexes 1 and 2 
totally matched the reported data (see S.I. for synthesis and 

characterization details). 
The heterogenization of the Ru complex was planned by a stepwise 

sidewall functionalization of the carbon structure of purified SWNT 
sample, according to scheme 2. Briefly, SWNT, phen-NH2 and neo
pentyl nitrite were mixed to in situ generate a diazonium salt able to 
extrude nitrogen and then react with the walls of the nanotube, yielding 
the sample SWNT-Phen where the phenanthroline is covalently 
attached to the surface of the nanotubes, following an adapted proced
ure of the literature [37,38]. A further derivatization by chelation of [Ru 
(bpy)2Cl2] with this sample was undertaken under hot conditions to 
promote the coordination of the metal to the anchoring point of the 
bonded phenanthroline, which yielded sample SWNT-Ru. 

The functionalization of the carbon nanotubes was tracked by 
different solids characterization techniques. On the one hand, the 
elemental analysis of the samples detected an increase in the N content 
(see Table 1). For instance, purified SWNT sample presented a low 0.4 
wt% content of N, which was increased up to 2.1 wt% of N for sample 
SWNT-Phen as a result of the introduction of the phenanthrolines at the 
side wall of the nanotubes. In addition, the complexation of the Ru(bpy) 
unit resulted in a further increase in the N content, which reached 3.2 wt 
% as a consequence of the additional N atoms present at the bipyridines 
ligands. Interestingly, the ruthenium analysis by TXRF of sample SWNT- 
Ru afforded 3.6 wt% (see S.I. for further details), which totally matches 
the N determination elucidated from the elemental analysis considering 
that each complex carries 6 N atoms. TGA crosschecked the results (see 
S.I.), since a 13 % weight loss was detected below 400 ◦C for sample 
SWNT-Phen and 22 % weight loss for sample SWNT-Ru (totally 
matching the elemental analysis determination), accompanied by a 
higher residue (30 % vs 10 % for the non-metalated sample) after the 
heating, which could indicate that the remaining metal content may 
come from the introduced ruthenium complex [42]. 

On the other hand, Raman spectroscopy was employed to analyze the 
extent and homogeneity of the functionalization treatment (Fig. 1). 
From the Raman spectrum of purified sample SWNT, the radial 
breathing mode (RBM) at 200–300 cm− 1 of Raman Shift, the defect band 
(D band) associated to the vibration of C sp3 bonds at 1343 cm− 1 and the 

Table 1 
Elemental analysis, Raman and TXRF data.  

Sample Ca Ha Na Sa ID/IG Rub 

SWNT  77.5  1.8  0.4  0.1  0.05 −

SWNT-Phen  72.5  2.4  2.1  0.5  0.17 −

SWNT-Ru  74.5  2.5  3.1  0.1  0.18 3.6 

a) Elemental analysis determination, values given in wt.%; b) TXRF determi
nation, value given in wt.%. 

Scheme 2. Functionalization of carbon nanotubes, including the structure of 
homogeneous analogous references 1 and 2. 
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in-plane C sp2 associated vibration signal (G band) at around 1595 cm− 1 

clearly came across as the typical Raman features of single walled car
bon nanotubes [43]. Since the functionalization is designed to occur at 
the outer surface of the nanotubes using the carbon scaffold as reactant, 
the nanotubes’ structure is expected to be affected and more defects 
should be recorded in the functionalized samples. Indeed, the Raman 
structural parameter ID/IG of purified sample SWNT was calculated as 
0.05, which was increased to 0.17 for the functionalized sample SWNT- 
Phen, while the RBM band was observed at the same position, sug
gesting that the hypothesis of external functionalization was correct 
[18,44]. In addition, similar value of ID/IG = 0.18 was recorded for 
sample SWNT-Ru, indicating that the carbon nanotube did not take part 
in the complexation reaction (or it was not affected by the complexa
tion), and the Ru(bpy)2 core only interacted with the bonded phenan
throline units. It is worthy to mention that the position of the G band of 
both functionalized samples SWNT-Phen and SWNT-Ru was shifted 5 
cm− 1 to the blue (Figure S4 at S.I.), indicating a nanotube doping effect 
as a plausible charge transfer from the complex to the tube might take 
place. This effect may be a consequence of the conjugation with electron 
rich moieties that are able to inject charge due to resonance and 

inductive effects, which is in accordance with previous report studying 
electron donating units directly linked to the wall of carbon nanotubes 
able to inject charge to the material [18]. Finally, the functionalization 
is a homogeneous chemical process distributed throughout the whole 
nanotube local aggregation, according to Raman mapping. To do that, 
we selected a nanotube aggregation, and we scanned the particle 
detecting the defective regions, denoted with blue pixels and are char
acteristic of the functionalization (regions where the D band is maxi
mized) and the graphitic regions, that are labelled with red pixels 
(regions where the G band is maximized) [18]. It can be seen that 
pristine SWNT appeared mainly as a red particle in the mixed image of 
the Raman map, and the blue and defective regions increased in the 
mapping of SWNT-Phen, where those regions appeared randomly 
distributed over the whole area. Finally, the on-plane regions of sample 
SWNT-Ru reflected similar colour mixing compared to SWNT-Phen, in 
sharp agreement with the mean spectrum values discussed above. 

The morphological characteristics of the samples were studied by 
HRTEM. As introduced above, a very clean and smooth surface was 
observed for purified sample SWNT (Fig. 2a and supporting informa
tion). The purification treatment removes all the impurities, making the 

Fig. 1. Optical image, Raman map and mean Raman spectrum of samples: a) SWNT, b) SWNT-Phen and c) SWNT-Ru.  

Fig. 2. HRTEM images at the upper panels of a) SWNT, b) SWNT-Phen and c) SWNT-Ru (red circles highlight the electrondense regions), accompanied at the lower 
panels by the corresponding C 1s and N 1s (in the inset) XPS core level regions. 
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tubes to appear heavily aggregated in bundles or arrays, where any other 
particle or protrusion could be observed. Indeed, the local EDX analysis 
could only detect C, besides the metal elements composing the TEM grid. 
After the functionalization, some organic material could be observed 
surrounding the nanotubes of sample SWNT-Phen (Fig. 2b), presenting 
a rougher aspect compared to the pristine and purified starting sample. 
The in situ EDX analysis performed on this sample only detected N as 
new element compared to the features detected for pristine sample 
SWNT (see S.I.), therefore indicating that this extra morphology could 
correspond to the bonded phenanthrolines. Interestingly, sample SWNT- 
Ru presented a different shape, since electrondense regions can be 
clearly distinguished amid the nanotube arrays (Fig. 2c). These regions 
accounted a mean diameter of 1.3 nm [45,46], and they were spotted in 
a fashion that correspond to the degree of functionalization discussed 
above. In addition, the in situ EDX analysis registered the presence of 
both Ru and Cl (Figures S7-S9 at S.I.). XPS analysis complemented the 
observed features (Fig. 2 lower panels). On the one hand, the analysis of 
the C 1 s XPS core level region spotted that the chemical structure of 
pristine SWNT corresponded to a great majority of C sp2 bonds, with 
very low amount of defective C sp3 functions and even lower quantity of 
oxygenated species. In addition, the N 1 s XPS core level region showed a 
plane region since this sample has not followed any chemical treatment 
besides the purification. Conversely, sample SWNT-Phen presented a 
broader C 1 s spectrum, and new components merged out from the fit, 
being very representative the peak at 286.3 eV of binding energy (BE), 
which can be assigned as the C–N bonds present in the phenanthroline 
covalently bonded to the nanotube [47]. These bonds were also 

observed at the N 1s XPS core level region, which presented a signal 
centered at 399.4 eV of BE in agreement with the presence of the N- 
containing molecule at the surface of the nanotubes. Finally, the XPS 
analysis of sample SWNT-Ru resulted in a more complicated spectrum 
due to the overlapping of C 1s and Ru 3d photoelectron lines. Never
theless, a component at 281.9 eV of BE corresponding to the Ru 3d5/2 
could be observed. The position of the BE is higher than the typical 
position of Ru2+ species and that BE reported for an anchored Ru 
complex on carbon nanotubes (Ru(p-cymene)Cl2NH-Nanotube was re
ported at 281.6 eV of BE) [19,48], but the presence of 6 electronegative 
N atoms bonding the Ru could displace to even higher BE the chemical 
shift of this metal. For the same reasons, a component at 397 eV of BE 
was observed in the N 1s XPS core level region, as a result of the bonding 
of the N to the Ru atoms, thus highlighting a successful coordination. 

The optical features of the heterogeneous and homogeneous samples 
were also analyzed by means of MeOH stable suspensions and liquid 
UV–Vis absorption and emission spectroscopies. On the one side, com
plexes 1 and 2 exhibited the reported optical features for this kind of 
organometallic dyes typically reported previously. In particular, both 
samples presented a strong absorption set of bands in the UV region 
corresponding to the characteristic metal centered d-d and ligand- 
centered π-π* transitions (Fig. 3a), which are strongly different be
tween 1 and 2 due the presence of the terminal amino group, while the 
characteristic visible absorption bands compressing metal-to-ligand 
transitions are centered at 450 nm and 458 nm, respectively [49]. On 
the other hand, the carbon nanotube based samples presented different 
optical behavior. Pristine and purified SWNT owns the typical planar 

200 300 400 500 600 700 800

A
(a
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.)

Wavelenght (nm)

SWNT
SWNT-Phen
SWNT-Ru

200 300 400 500 600 700 800
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.u
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2

Fig. 3. UV–Vis spectroscopy data. Upper panels represent absorption spectra of a) homogeneous and b) heterogeneous sample; lower panels represent emission maps 
of c) sample 1 and d) sample SWNT-Ru. 
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absorption spectrum despite the scattering (Fig. 3b), with an absorption 
maximum centered at 270 nm as a consequence of the aromatic region 
[50]. Functionalized sample SWNT-Phen presented a very similar 
UV–Vis absorption spectrum, but the maximum is shifted 16 nm to the 
blue, in agreement with the Raman data as a result of charge injection 
from the electron rich phenanthroline to the carbon nanotube as dis
cussed above [23]. Conversely, the spectrum of SWNT-Ru is different 
compared to the other materials. The aromatic band appeared at similar 
position, but it becomes mixed with the UV absorption band of the 
complex. In addition, the typical metal-to-ligand absorption band of the 
complex is also spotted, but it is redshifted to 490 nm, which is a 
symptom of a covalent functionalization according to previous reports 
[51]. The emission spectra were also recorded, and they were plotted as 
a photoluminescent (PL) map using the excitation wavelength as refer
ence. While complexes 1 and 2 presented the typical homogeneous 
emission map reported for these samples (Fig. 3c and SI), the absorption 
features of the Ru-containing nanotube resembled the absorption spec
trum (Fig. 3d), with an emission peak centered at 550 nm that would be 
taken in benefit for photocatalytic purposes (emission map of sample 
SWNT-Phen was also recorded and it is presented in the S.I.). As a 
whole, the sum of all the gathered characterization data, combined with 
the photocatalytic character (see below), suggests that the Ru complex 
has been introduced as discrete organometallic units at the surface of the 
nanotube using the step-wise functionalization protocol discussed. 

3.2. Catalytic activity 

The photocatalytic activity of the Ru-based hybrid materials was 
tested in the visible light photochemical oxidation of organic sulfides to 
the corresponding sulfoxides and compared to the homogeneous refer
ences 1 and 2 due to favorable potential alignment in order to carry out 
the reaction. Thus, we adopted as model reaction the oxidation of p- 
tolyl-methyl sulfide 3a in water, under an air atmosphere and using as 
illumination source at 450 nm LED (see Table 2). With this set of con
ditions, 1 mg of SWNT-Ru as catalyst was able to fully promote the 
oxidation of the sulfide to the sulfoxide without detecting any appre
ciable trace of superoxidized sulfone or any other byproducts. 

Conversely, catalysts 1 and 2 struggled to achieve this level of conver
sion under the same set of conditions even with a high catalyst loading of 
5 mol%, since both catalysts were not able to finish the reaction in an 
overnight run. Indeed, catalyst 1 achieved a 70 % conversion while 
catalyst 2 did not reach this activity value and only accounted 44 % 
conversion, and in both reactions, the corresponding sulfone was 
detected in 5 and 21 % conversion respectively (Table 2 entries 2 and 3). 
Thus, the behavior of the hybrid material SWNT-Ru in this photo
catalytic reaction clearly overcomes the catalytic parameters that ho
mogeneous reactions resemble in terms of activity and selectivity, 
especially considering the high conversion achieved without adding any 
other additives in a reaction carried out in water. Logically, the lack of 
photocatalytic unit in both precursors SWNT and SWNT-Phen make 
them to not present activity (Table 2 entries 4 and 5). More control 
experiments, including the absence of catalyst or light, afforded negli
gible conversion. Therefore, all these experiments emphasize the very 
good photocatalytic behavior of sample SWNT-Ru in the photooxidation 
of organic sulfides under environmentally friendly conditions in water, 
which was even able to achieve conversion with other illumination 
sources (Table 2 entries 8–10), including green light (520 nm LED, 69 % 
conversion) thanks to the absorption and emission of the sample as 
characterized above. Blank experiments were conducted at these 
wavelengths too (see table S5 at S. I. for further details). While white 
LED afford 24 % conversion, the other wavelength showed negligible 
conversion. Therefore, this further optimization made as to select 450 
nm LED as illumination source. Considering the amount of the ruthe
nium complex present in that mg of sample according to TXRF de
terminations, and taking into account that the catalytic activity 
observed is only caused by the anchored active units, SWNT-Ru exhibits 
an outstanding TON = 50000 value for this particular photocatalytic 
oxidation. Other typical solvents for this transformation, such as meth
anol, 1:1 mixture methanol–water, dichloromethane, N,N-dime
thylformamide or isopropanol were also screened (0–80 % conversion, 
Table 2 entries 11–15), but the best result was achieved with water. 
Finally, molecular oxygen was concluded to be the oxidant of this re
action (Table 2 entry 16) since a test performed under inert atmosphere 
resulted in a very poor 12 % conversion. 

With the optimized conditions, we analyzed the kinetics of the re
action catalyzed by the Ru-based complex by withdrawing aliquots at 
regular intervals and analyzing them by 1H NMR (see Fig. 4a). As pre
viously depicted in Table 2, the best catalyst was the hybrid material 
SWNT-Ru. This material presented sigmoidal kinetic profile similar to 
other heterogeneous SWNT-based catalysts reported previously 
[18,20,39], with a very pronounced increase in the achieved conversion 
after 5 h of reaction, and almost finishing the oxidation in 6 h (Fig. 4a). 
Conversely, samples 1 and 2 presented a pseudo-first order kinetics curve 
and started the reaction without any induction period, but after 6 h of 
reaction, sample 1 only reached 51 % of conversion, that was increased 
to the 70 % after 18 h, while sample 2 presented just 31 % of conversion 
in 6 h and 44 % in 18 h. The kinetics study agrees with the overnight 
experiments. However, analyzing the kinetics under a pure oxygen at
mosphere showed a pseudo-first order kinetic profile for sample SWNT- 
Ru in the photooxidation of 3a too (Figure S16 at S.I.), achieving full 
conversion in very similar times (8 h). This observation may indicate 
that the diffusion step of a key reagent as O2 has an important role in the 
catalytic performance. Nevertheless, the same level of activity made us 
decide to select air as standard atmosphere. As a whole, all the data 
support the fact that the heterogenization leads to the obtaining of an 
excellent photocatalyst with enhanced performance. Indeed, sample 
SWNT-Ru presented a comparable or even better photocatalytic per
formance compared to other state-of-the-art catalysts (see benchmark 
table S6 at S.I.). 

Over these kinetic studies, the stability of the hybrid material was 
evaluated. Firstly, we performed the recovery of the catalyst by filtration 
methods, we profusely washed to eliminate any remaining contaminant 
and we set a further reaction without adding any new catalyst precursor. 

Table 2 
Model photooxidation of sulfides studied under catalysis of SWNT-Ru.

Entry Variation Conversion (%)a 

1 No variation >99 
2 Catalyst = 1 (5 mol%) 70b 

3 Catalyst = 2 (5 mol%) 44b 

4 Catalyst = SWNT-Phen n.r. 
5 Catalyst = SWNT n.r. 
6 No catalyst n.r. 
7 No light n.r. 
8 LED = 420 nm 41 
9 LED = 520 nm 64 
10 LED = white >99 
11 Solvent = MeOH 80 
12 Solvent = 2-PrOH 79 
13 Solvent = MeOH/H2O 1:1 >99 
14 Solvent = DMF 30 
15 Solvent = DCM 21 
16 Inert atmosphere 12 

Reaction conditions: substrate 3a (0.1 mmol), 1 mg of heterogeneous catalyst in 
water (1 mL) under an air atmosphere was irradiated under 450 nm light for 18 h 
at rt. The homogeneous 1 and 2 loading was 5 mol%. aConversion (%) deter
mined by 1H NMR; n.r. stands for no reaction. bSulfone was detected. 
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We let the reaction run for 5 h and we evaluated the conversion. The 
procedure was repeated for 5 times, and just a tiny loss of conversion 
was observed for 5 consecutive runs, passing from 77 % to 72 %, maybe 
due to loss of catalytic material instead of catalyst deactivation (Fig. 4b). 
Then, two filtration experiments at around 30 % and 70 % conversion 
were adopted by filtering the catalyst SWNT-Ru out of the reaction 
liquids and letting the reaction to proceed for additional 11 h under 
illumination. Monitoring this filtrate by NMR showed any increase in the 
conversion of the sulfide 3a to the sulfoxide 4a (Fig. 4c) at both filtration 
points, indicating that there are not active species leached out from the 
nanotube able to catalyze the reaction. Indeed, TXRF analysis of the 
reaction waters after this “hot filtration” did not detect any trace of Ru 
(see S.I.), while similar 1.4 nm wide electron-dense regions were 
observed in the HRTEM analysis of the recovered sample, with the same 
catalyst loading quantified by TXRF (see S.I.) and similar ID/IG = 0.18 
Raman ratio (see S.I.), demonstrating sample SWNT-Ru is a robust 
photocatalyst because, even after the recycling study, the Ru complexes 
supported on the carbon nanotubes are stable during operation. 

The mechanism of the photooxidation performed by sample SWNT- 
Ru was analyzed by means of quenching experiments. According to the 
reported data, two different reaction routes are possible for the photo
oxidation of sulfides using air as oxidant. On the one hand, the formation 
of oxygen radical anion species via single electron transfer and, on the 
other hand, the formation of singlet oxygen as a result of an energy 
transfer process [52]. In order to elucidate this mechanism, the addition 
of quenchers was performed. Indeed, 1,4-dimethoxybenzene and so
dium azide are known scavengers for electron transfer and energy 
transfer processes, respectively, while 9,10-dimethylanthracene is 
known to quench singlet oxygen too [53]. Therefore, we compared the 
conversion value obtained for a standard run using SWNT-Ru as catalyst 
with the experiments adding the quencher (see table S7 at S.I.). The 
model reaction, as depicted before, afforded more than 99 % conversion 
after 6 h, but the conversion resulted negligible when each quencher was 
added to the reaction mixture in high amount (0.5 equiv.). Conversely, 
some conversion was observed when reducing the amount of quencher. 
For instance, the reaction with 1,4-dimethoxybenzene as scavenger 
resulted in 30 % conversion when using 0.1 and 0.25 equiv. of quencher. 
On the contrary, the conversion was found 15 % with 0.25 equiv. of 
sodium azide and 61 % with 0.1 equiv. Similar results were spotted 
when decreasing the amount of 9,10-dimethylanthracene (60 % at 0.25 
equiv. and 77 % conversion with 0.1 equiv.). These experiments indi
cated that SWNT-Ru is able to catalyze the photooxidation of sulfides by 
both mechanisms, thus highlighting the versatility of our hybrid pho
tocatalyst, but the single electron transfer reaction pathway seemed 
more plausible. As a whole, the quenching experiments allowed us to 
propose the photooxidation mechanism depicted in Scheme 3. 

We analyzed too the scope of the catalyst changing the characteris
tics of the sulfides by introducing different functional groups or 
substituting the aromatic ring by alkyl chains. The results are shown in 

Table 3. Indeed, the oxidation of sulfide 3a afforded sulfoxide 4a in 73 % 
yield, while the performance was maintained performing the oxidation 
of phenyl-methyl sulfide 3b (74 % yield). We also added and removed 
electron density to the sulfur atom by placing electron donor (methoxy, 
3c) and electron withdrawing (nitrile, 3d) groups in the corresponding 
para position. For our delight, catalyst SWNT-Ru straightforward per
formed the oxidation in both electron-modified substrates, achieving 4c 
and 4d in 91 % and 75 % yields respectively. In addition, a more chal
lenging substrate to oxidize, p-nitrophenyl methyl sulfide [54], was 
oxidized in low yield. Furthermore, reactive groups as an allyl system 
were tolerated, and the substrate 4e was obtained in a remarkable 59 % 
yield. Alkyl substrates can be converted too, and the catalyst SWNT-Ru 
accomplished the oxidation of both linear and cyclic dibutylsulfide 3f 
and tetrahydrothiophene 3g in 54 % and 75 % yields respectively. It is 
important to mention that, even some of the products needed to be 
purified, on each reaction crude we could not detect any trace of sulfone, 
denoting again the high chemoselectivity of our hybrid catalyst. 

As a figure of merit, it is important to demonstrate the applicability 
of our hybrid material in the synthesis of relevant sulfoxides that possess 
demonstrated bioactivity. In this sense, we attempted the synthesis of 
modafinile and omeprazole, two important drugs available in common 
markets that content the sulfoxide group [55,56]. Selected substrates 3i 
and 3j were set to the corresponding photooxidation under standard 
conditions using an equimolar mixture of MeOH:H2O as solvent to 
enhance the solubility of the molecules (Scheme 4). For our delight, the 
reaction with 3i as substrate obtained a good 62 % yield, which is similar 
to the linear aliphatic substrates as depicted in Table 3. Moreover, the 
synthesis of enriched sulfoxide present in the omeprazole molecule 4j 
was accomplished in a meritorious 92 % yield. 
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Fig. 4. a) kinetic profiles on the photooxidation of 3a catalyzed by the different materials; b) recycling study of SWNT-Ru after 5.5 h of 3a photooxidation and c) 
“hot filtration” experiment with SWNT-Ru. 

Scheme 3. Proposed mechanisms for the photooxidation of sulfides by 
SWNT-Ru. 
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4. Conclusions 

This work describes the sidewall functionalization of SWNT with a 
photoactive Ru organometallic complex through the diazonium chem
istry and further complexation, yielding the sample SWNT-Ru. As a 
result of this straightforward two-steps protocol, a strong covalent 
immobilization of 1.3 nm discrete organometallic light-sensitive moi
eties was provided. Indeed, the hybrid material accounted a function
alization degree of 3.6 wt%. of Ru(II) according TXRF and XPS 
determinations. In addition, the hybrid system was found sensitive to 
light able to emit in the blue region upon absorption of visible light. 
Therefore, this particular nanotube-based platform was employed as 
photocatalyst in the selective oxidation of organic sulfides to their cor
responding sulfoxides. SWNT-Ru was found a competitive catalyst for 
this transformation, presenting a comparable or even better catalytic 
character than related systems for this transformation and out
performing homogeneous references. It was able to complete the 
photooxidation in 6 h, owing a TON = 50000 with a recyclable character 
able to prevent metal leaching. In addition, SWNT-Ru demonstrated to 
be a versatile photocatalyst, performing the oxidation of a variety of 

substrates, including bioactive added-value chemicals through the two 
plausible mechanisms of this transformation. We believe that adding an 
organometallic-SWNT hybrid resource for expanding the possibilities in 
photoredox catalysis, especially in a heterogeneous approach, will be 
very beneficial for the community. 
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[18] J.L. Nova-Fernández, D. González-Muñoz, G. Pascual-Coca, M. Cattelan, S. Agnoli, 
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