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The outer walls of double wall carbon nanotubes (DWCNTs) have been selectively functionalized with 

different substituted perylenediimides (PDIs) leaving the inner walls intact. The spacer connecting 

DWCNT and PDI, and the PDI macrocycle position has been varied to visualize the DWCNT-PDI 

interactions in the hybrids.  Evidence of outer wall functionalization and degree of PDI substitution on 

DWCNT were arrived from HR-TEM, AFM, IR, TGA, XPS and Raman techniques while nanotube-

photosentisizer interactions were probed from studies involving optical absorbance and emission, and 

electrochemical techniques.  Fine-tuning of the electronic states of PDI in the hybrids was possible with 

the present covalent approach.  The fluorescence of PDI in the hybrids was found to be quenched (60-

70%) due to interactions with DWCNT. Further, femtosecond transient absorption and photocatalytic 

electron pooling studies were performed to seek evidence of charge separation in these hybrids. In 

agreement with earlier studies, evidence of charge separation from the transient studies was bleak, and 

accordingly, yields of photocatalytic electron pooling were much lower than those reported earlier for 

fullerene and single wall carbon nanotube based hybrids. The present study is suggestive of further 

tuning of donor-acceptor energy levels in DWCNT derived hybrids for efficient charge separation and 

stabilization. 
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Introduction  

Carbon nanotubes (CNTs)1 constitute one of the basic 
members, together with fullerenes and graphene, of the carbon-
based nanomaterials family. Considered as a one dimensional 
carbon allotrope, CNTs structure can be described as a series of 
rolled-twisted graphene folders with a high aspect ratio that 
ranges (i.e. length to diameter radio) from 102 to 107, with 
remarkable and fascinating properties and enormous potential 
in technologically strategic areas such electronics, 
optoelectronics, photovoltaics and sensing applications.2  
   From a structural point of view, CNTs can be characterized 
by the number of rolled graphene folders. This include tubular 
structures formed by a unique rolled up graphene folder, the so 
called single wall carbon nanotubes (SWCNTs), and also multi- 
wall carbon nanotubes (MWCNTs), which present up to 25 (or 
more) coaxial CNTs forming a unique cylindrical construction. 
Thanks to the recently developed technology and technical 
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efforts, the mass production of structurally homogeneous 
samples of CNTs has become a reality, thus allowing the 
systematic investigation on practical technological applications. 
However, problems do exist for SWCNT to fulfill the high 
expectations, primarily due to the presence of both metallic and 
semiconducting tubes regardless of the method of synthesis, 
and the lack of solubility in most of the commonly used 
solvents. In most cases, to solubilize SWCNTs, it is desirable to 
covalently functionalize the sp2 hybridized and fully-conjugated 
carbon network with electroactive and/or light-absorbing 
materials, thus causing the disruption of conjugation and 
therefore, affecting the SWCNT electronic properties. 
 Double wall carbon nanotubes (DWCNTs) are made of two 
concentric SWCNTs with an inter-wall spacing of 0.33-0.42 
nm,3  and are emerging as a promising SWCNT substitute as 
they exhibit higher stability and exhibit improved performance 
for several applications (e.g., field effect transistors or field 
emission) compared to SWCNTs.4 The covalent 
functionalization of DWCNTs occurs exclusively on the outer 
wall surface, while the inner tube remains unaltered5  
encouraging a detailed understanding of functionalized- 
DWCNT electronic properties. 
Perylenediimide (PDI) derivatives are a family of dyes that, due 
to synthetic versatility and easily tunable electronic character,6 
have become one of the most promising classes of molecular 
materials in organic optoelectronic applications.7 These systems 
have been extensively used as electroactive counterpart (either 
as acceptor or donor moieties) in combination with different 
carbon nanomaterials, to obtain attractive molecular systems 
that undergo photoinduced processes.8 In this context, we 
recently reported on CNTs (single and multi-wall) covalently 
functionalized with electron-acceptor PDI derivatives, capable 
of undergoing photoinduced electron transfer from CNT to 
perylene appendage, forming the corresponding radical ion pair 
that persists for about hundred microseconds.9  However, 
functionalization of DWCNT with electro-/photoactive 
molecules, crucial for device applications, has been scarce; only 
a couple examples involving the covalent linkage of 
electroactive species to DWCNTs are known10; none with PDI 
derivatives. 
 In the current study, we focus on three new DWCNT-PDI 
hybrids (Scheme 1) where the electron acceptor ability of PDIs 
and the mode of linking to the DWCNT have been fine tuned. 
Besides their synthesis and characterization, their 
electrochemical and photophysical properties have been 
studied. Finally, model compounds PDI 1-3C have been also 
synthetized and studied in order to get knowledge on the 
DWCNT-PDI interactions. 

Results and discussion 

The synthesis of the target materials (DWCNT-PDI 1-3) was 
accomplished by covalent anchoring of PDI 1-3 onto the 
surface of DWCNTs by using two different approaches: by 
amidation of previously prepared DWCNT-COOH with amino   

 
Scheme 1  New hybrids and reference compounds prepared in this work. 

derivatives PDI 1 and PDI 2 in the presence of N,N'-
dicyclohexylcarbodiimide (DCC) and 1- hydroxybenzotriazole 
(HOBt) to get DWCNT-PDI 1 and DWCNT-PDI 2 and via 
“click” chemistry reaction between ethynylphenyl-
functionalized DWCNT, (formed by in situ removing of the 
TMS group from DWCNT-TMS) and the azide derivative PDI 

3 to obtain DWCNT-PDI 3 (Scheme 2). 
Ultrapure DWCNTs (purity > 98%), stirred in N-methyl-2-
pyrrolidone (NMP) for 24 h followed by sonication for 6 h 
were covalently functionalized with: a) −C6H4COOH functional 
groups (DWCNT-COOH),11  by reacting for 24 h at 70 ºC with 
4-carboxylbenzenediazonium tetrafluoroborate prepared in situ 
from 4-aminobenzoic acid and isoamyl nitrite, or, b) TMS-
protected phenylacetylene (DWCNT-TMS) by reaction with 4-
(2-trimethylsilyl)ethynyl benzenediazonium tetrafluoroborate 
under the same conditions (Scheme 2). 
On the other hand, the synthesis of PDI 1 (Scheme 3) was 
accomplished from aromatic nucleophilic substitution of N,N’-
di(1-hexyheptyl-1-bromoperylene-3,4,9,10  
tetracarboxydiimide12  with N-Boc-4-hydroxyaniline, to obtain 
4 in a 60 % yield, followed by N-Boc deprotection in the 
presence of TFA (Scheme 3). N1-(1-hexylheptyl)-N2-(4-
aminophenyl)perylene-3,4,9,10-tetracarboxy diimide (PDI 2) 
was prepared following the experimental procedure previously 
reported.13 Reference compounds PDI 1C and PDI 2C were 
prepared in 65 % and 71 % yield respectively by reaction of 
PDI 1 and PDI 2 with benzoyl chloride (see Scheme 3 and 
Scheme 4 respectively). 
 Finally, PDI 3 was obtained in 24 % yield by condensation 
of N1-(3-azidopropyl)-3,4,9,10-perylenetetracarboxy-3,4-
anhydride-9,10-imide (5)14 with ethylhexylamine in the 
presence of imidazole (Scheme 5). Reference compound PDI 

3C was obtained in 60 % yield via copper catalyzed azide-
alkynecycloaddition (CuAAC) “click” chemistry reaction 
between PDI 3 and phenylacetylene. It may be mentioned here 
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that in the current DWCNT-PDI hybrids, the PDI is almost 
orthogonal to the DWCNT surface. 

 

 
 

 
Scheme 2 Reagents and conditions: (i) 4-aminobenzoic acid, isoamyl nitrite, NMP, 70 °C, 24 h; (ii) PDI 1 or PDI 2, EDC, DMAP, HOBt, NMP, 60°C, 80 h (iii) 4-(2-

trimethylsilyl)ethynylaniline, isoamyl nitrite, NMP, 70 °C, 24 h (iv) TBAF, THF/NMP, rt, 1h; then, PDI 3, CuSO4.5H2O, sodium ascorbate, NMP, 70 °C, 48 h. 

 
Scheme 3  Synthesis of PDI 1 and PDI 1C. Reagents and conditions: (i) K2CO3, 18-Crown-6, Toluene, 80ºC, 5h; (ii) TFA, DCM, 0ºC, 3h; (iii) benzoyl chloride, DCM, rt, 48 

h. 

  

Scheme 4 Structure of PDI 2 and synthesis of PDI 2C. Reagents and conditions: (i) 

benzoyl chloride, DCM, rt, 20 h. 

 
Scheme 5 Synthesis of PDI 3 and PDI 3C. Reagents and conditions: (i) Imidazole, 

DMF, 120ºC, 18h. (ii) phenylacetylene, CuSO4.5H2O, sodium ascorbate, 

DCM/H2O, rt, 24 h. 
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All of the new compounds were characterized by common 
spectroscopic techniques (see ESI†). DWCNT-PDI 1-3 hybrids 
were characterized by a full set of analytical techniques, such as 
thermogravimetric analysis (TGA), Fourier transform infrared 
spectroscopy (FTIR), atomic force microscopy (AFM), high-
resolution transmission electron microscopy (TEM), Raman, X-
ray photoelectron spectroscopy (XPS), as well as steady-state 
and time-resolved spectroscopic techniques. 
 Evidence of the sidewall functionalization of double wall 
nanostructures is firstly deduced by comparing the TGA 
profiles of pristine and functionalized materials. Fig. S25(A-C) 
(see ESI) shows the thermal behavior of modified DWCNTs 
(DWCNT-PDI 1-3) together with those of their DWCNT 
precursors (DWCNT-COOH or DWCNT-TMS) and PDIs 1-

3. In the 200-600 °C temperature range the thermogram of 
DWCNT-COOH shows a weight loss of 12.72 %. For 
DWCNT-PDI 1 an additional weight loss of 8.5 % is observed. 
Considering that the thermogram of PDI 1 show an overall 
descomposition of 55 % at 600 ºC, the actual weight loss due to 
the attachment of the PDI 1 is approximately 15.5 %, hence the 
number of PDIs attached to the sidewall is approximately one 
group per 499 carbon atoms. With the same calculation, we 
estimated the actual weight loss for DWCNT-PDI 2 and 
DWCNT-PDI 3 as 16 % and 15 % respectively. As a result, the 
number of PDIs attached to the sidewall of the nanotubes is one 
group per 380 carbon atoms for DWCNT-PDI 2 and one group 
per 363 carbon atoms for DWCNT-PDI 3. [see ESI, Fig. 
S25(C)]. 
  Raman spectroscopy has proven to be an effective method 
for DWCNTs characterization.15 The D band (defect induced 
mode), almost absent on the pristine sample (ID/IG = 0.02), 
became clear at 1306 cm-1 after functionalization by diazonium 
chemistry (ID/IG = 0.07 for DWCNT-COOH and ID/IG = 0.06 
for DWCNT-TMS) (Fig. 1). The introduction of disorder into 
the graphene network by the interaction of aryl moieties with 
the outer nanotube surface of the outer tube is the origin of this 
increasing of the ID/IG ratio. As expected, the introduction of 
the perylene groups by amidation (DWCNT-PDI 1-2) or 
“click” chemistry (DWCNT- PDI 3) does not modify the 
intensity of the D band. The appearance of a new band at 
around 1371 cm-1 besides the band around 1300 cm-1 (that 
overlaps with D-band) in the final hybrids (DWCNT- PDI 1-

3), typical of the PDI, demonstrates the presence of the 
perylene moieties (see Fig. S26). 
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Fig. 1 Zoom of the Raman spectra of the functionalized DWCNT-PDIs series (λexc 

= 785 nm). In each spectrum, the inset shows the presence of the bands which is 

attributed of the PDI moieties (*) on the corresponding DWCNT conjugate. 

As depicted in Fig. 2, in DWCNT-PDI 1-3, the G+ component 
of the G band is shifted, by 2-9 cm-1, to higher wavenumbers 
respecting to pristine DWCNTs due to p-doping16 effect of the 
electron-acceptor PDI. The higher shift (9 cm-1) observed in 
DWCNT-PDI 1 respecting to that in DWCNT-PDI 2-3 can be 
related to the parallel orientation of the perylene moiety in 
DWCNT-PDI 1, favouring the π-π interactions. 

1500 1525 1550 1575 1600 1625 1650 1675

(c) 

(d) 

(b) 

Raman shift / cm
-1

(a) 

G band 

 
Fig. 2 G-band region of (a) pristine DWCNT sample and functionalized samples 

(b) DWCNT-PDI 1, (c) DWCNT-PDI 2 and (d) DWCNT-PDI 3 at 785 nm laser 

excitation. 

 Fig. 3 shows the radial breathing modes (RBM) of 
DWCNTs before and after functionalization by 
phenylcarboxilyc acid and phenylethynyl group. The diameters 
of CNTs are related to their RBM frequencies (ωRBM) by the 
equation (ωRBM) = 218.2/dt + 19.6 cm-1, where dt is the 
diameter of the nanotube (in nm).17 Thus, the diameters of the 
outer and inner tubes were found to be ∼ 1.00-1.81 nm and ∼ 
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0.88 nm respectively. Comparison of the RBM intensity of the 
inner walls of pristine and functionalized DWCNTs show no 
significant changes but the lower intensity of the outer walls of 
functionalized DWCNT-COOH and DWCNT-TMS 
respecting to pristine DWCNT yields further evidence of the 
success of functionalization of the outer walls. 
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Fig. 3 RBM zone of: (left) pristine DWCNT (black line) and DWCNT-COOH (red 

line); (right) pristine DWCNT (black line) and DWCNT-TMS (red line) at excitation 

wavelength of 785 nm. 

 The FTIR spectroscopy also provides information to the 
covalent attachment of PDIs to the surface of DWCNTs (see 
Fig. S28 in ESI). The appearance of the stretching band of the 
C-H bond in the range of 2848 and 2929 cm-1 from the aliphatic 
part of the PDI moieties is clearly discernible in hybrids 1-3. 
Also, as observed in Fig. S28(C), the disappearance of the azide 
peak at 2096 cm-1 of PDI 3 after the “click” coupling 
confirmed that PDIs units had been covalently bonded to 
DWCNT through the formation of the triazole ring.18  
 XPS studies also confirmed the functionalization of 
DWCNTs with PDIs. The binding energies of core levels of the 
elements of DWCNT-PDIs 1-3 and the relative proportion of 
the components of the peaks are collected in Table S1 (see 
ESI). Also included in this table are the binding energies of the 
elements of pristine DWCNT, DWCNT-COOH, DWCNT-

TMS and PDIs 1-3 precursors employed in the synthesis of 
types DWCNT-PDIs 1-3 structures. 
Detailed analysis of the deconvoluted high-resolution C 1s 
spectrum of the pristine DWCNT (see Fig. S29, ESI) showed 
the main component at 284.8 eV, due the binding energy of the 
sp2 bonded carbon on the DWCNT surface, and other minor 
components at 286.2, 287.7 and 289.2 eV assigned to C-O, 
C=O and COO groups respectively.19 In addition, a broad small 
component at about 291.4 eV, originated from the π-π* 
plasmon emission of C atoms in graphene sheets like structures, 
was observed.20  Similarly, the high-resolution O 1s peak of 
DWCNT has been resolved with two components at 531.8 and 
533.3 eV of almost the same intensity. The former component 
corresponds to O=C bonds and the latter is often associated 
with O-C21 bonds demonstrating the existence of both 
functional groups on the starting DWCNT substrate. 
Quantitative data in Table 1 indicate that for DWCNT-COOH 
the oxygen increased with respect to pristine DWCNT (from 
4.9% to 5.7 %), indicating that anchorage of –COOH groups 
already occurred (see also Fig. S30 in ESI). 
Similarly, the anchorage of the PDI-1 on the DWCNT-COOH 
groups was monitored by XPS. The high resolution C 1s, O 1s 

and N 1s peaks are displayed in Fig. S31. The C 1s spectrum of 
DWCNT-PDI 1 showed substantial differences with respect 
that of DWCNT-COOH sample: (i), the π-π* plasmon 
component disappeared and (ii), a new component at 285.4 eV 
assigned to the sp3 carbon atoms, appeared. As this sp3 
component comes from alkyl chains, it is inferred that PDI 1 
has been successfully attached on the modified DWCNT 
substrate. Moreover, the N 1s peak was satisfactorily fitted into 
two components at 399.2 and 400.3 eV, the intensity of the 
former being almost twice than the later which are similar to 
that (399.1 and 400.2 eV, respectively) of the bulk PDI 1 (see 
Table S1), indicating that the N-bearing groups of the PDI 1 are 
present on functionalized DWCNT showing that the amidation 
reaction between carboxylic acid groups of functionalized 
DWCNT and terminal –NH2 group of PDI 1 had occurred. 
Further support to this conclusion is provided by the 1.5% at of 
N and the slight increase of O content (8.9 % at) of DWCNT-

PDI 1 with respect its perylene-free DWCNT-COOH substrate 
(Table 1).  

Table 1 Elemental contents of pristine and functionalized DWCNTs 

Sample Carbon 

(%at) 

Oxigen 

(%at) 

Nitrogen 

(%at) 

Silicon 
(%at) 

pristine DWCNT 95.1 4.9 - - 
DWCNT-COOH 94.3 5.7 - - 
DWCNT-TMS 94.5 4.8 - 0.7 

PDI 1 85.3 9.6 5.1 - 
PDI 2 85.3 8.5 6.1 - 
PDI 3 83.1 7.5 9.4 - 
DWCNT-PDI 1 89.6 8.9 1.5 - 
DWCNT-PDI 2 91.4 6.8 1.8 - 
DWCNT-PDI 3 88.3 8.1 3.6 - 

 
 In the same way, the C 1s region of DWCNT-PDI 2 sample 
(Fig. S32) was fitted into five components:  284.8, 285.3, 
286.2, 287.7 and 289.3 eV originated from sp2, sp3, C-O, C=O 
and COO bonds, respectively. In addition, the N 1s spectrum of 
DWCNT-PDI 2 showed two components at binding energies 
of 399.0 and 400.2 eV, the intensity of the former being about 
one-half than the later as expected from the structure of PDI 2. 
The similarity of the binding energies of N 1s components 
together with their relative proportion in functionalized carbon 
nanotube indicates the introduction of perylene 2 onto the 
DWCNTs. 
 Finally, the reaction between DWCNT-TMS and PDI 3 
was also followed by photoelectron spectroscopy. The 
DWCNT-TMS substrate showed the same elements of 
DWCNT-COOH sample at almost the same binding energies, 
together with the Si 2p peak at a BE of 101.5 eV, due to the 
TMS group (see Fig. S33, ESI). As in the case of previous 
functionalized DWCNTs, the high resolution C 1s, O 1s and N 
1s peaks were fitted with the same components although the 
respective BEs values and peak areas changed slightly (see Fig. 
S34). If a comparison is made between the BEs and atomic 
percentages of the elements in DWCNT-PDI 3 and  DWCNT-
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TMS reference (Table 1), the appearance of N (3.6 % at) and 
the relative increase in O-content (8.1 %at) with respect 
DWCNT-TMS provide evidence on the success in the click 
reaction between PDI 3 and DWCNT-TMS.   
The morphology of the functionalized hybrids materials 1-3 
was observed with TEM and AFM. For example, TEM 
observation of nanoconjugate DWCNT-PDI 2 (Fig. 4) showed 
that the multi-layered structure of nanotubes were not degraded 
by the chemical processes and there were certain materials 
attaching to the nanotube wall, which could be perylenediimide 
moieties. 

 
Fig. 4 Representative TEM image of DWCNT-PDI 2 hybrid material. 

The diameter of the nanoconjugates DWCNT-PDI 1-3 were 
measured by Atomic Force Microscopy (AFM). The analysis of 
pristine DWCNT resulted on a diameter distribution in the 
range of 1-3 nm with average diameter of ∼ 2 nm (see ESI, Fig. 
S35). In the case of hybrid 1, as shown in Fig. 5, after 
incorporation of PDI 1 on the surface of double wall carbon 
nanotube, the average diameters found is 3.2+1 nm (based on a 
statistics of 125 nanotubes). According to these measurements, 
covalently attached perylenediimide addend generates an 
average increase of around 1.9-2.5 nm. The estimated length of 
the PDI moiety 1 (1.9-2.5nm) was estimated from the more 
stable conformations obtained by means of molecular 
mechanics; so, the observed increase fits quite well with that 
expected for these hybrid. Additionally, very thin bundles or 
individual tubes can be seen at the edges corresponding to non-
functionalized DWCNTs (Fig. 5 (b) height profiles A and D). 

 
Fig. 5 (a) AFM image of DWCNT-PDI 1 on a mica substrate, (b) the Z-profiles 

indicated with lines A, B, C and D are shown in the graph, and (c) diameter 

distribution histogram of the hybrid 1. 

The electrochemical behaviour of DWCNT-PDIs and reference 
compounds PDI 1-3C has been investigated by cyclic 
voltammetry (CV) and Osteryoung Square Wave Voltammetry 
(OSWV) at room temperature in a standard three-electrode cell, 
in dry o-DCB/acetonitrile 4:1 solution containing 0.1 M 
tetrabutylammonium hexafluorophosphate (TBAPF6) as 
supporting electrolyte. Comparison between the reduction 
potential of DWCNT-PDIs and their respective reference 
compounds PDICs give light on the electronic interactions 
between the carbon nanotube and the PDI. Results are shown in 
Table 2 and Fig. S36.  
Reference perylenediimides PDI 1-3C are active in the 
cathodic zone showing two reduction potentials in the 
observation window. PDI 2C show a lower first reduction 
potential, by 40-50 mV, than the other two PDI derivatives as 
result of its better electron acceptor ability. Comparison of the 
first reduction potential of the hybrids and reference 
compounds show, in all cases, small shifts to more negative 
values when the PDIs are covalently attached to the DWCNTs 
respecting to the reference compounds, evidencing electronic 
communication between both electroactive groups, the electron 
donor CNT and the electron acceptor PDI. It may be mentioned 
here that during anodic excursion of potential, no sharp peak 
corresponding to oxidation of DWCNT was observed, although 
the currents were higher than the background currents.  This 
could be due to the presence of DWCNT of different sizes 
revealing anodic process in a range of potential rather than at a 
fixed value. 

Table 2 Electrochemical data [V vs Fc/Fc+] for the reduction process of 
functionalized DWCNTs and its reference compounds (PDI 1-3C) 
determined by OSWV.a 

a In o-DCB/acetonitrile 4:1 solution (0.1 M TBAPF6) at room temperature. b 
Broad reduction peak due to the overlapping of the first and second reduction 
processes. 

The ground-state features of perylendiimides in the final 
nanohybrids were probed by steady-state absorption 
experiments (Fig. 6 and S37). The UV-vis spectra of 
functionalized DWCNTs were recorded in comparison with its 
control perylendiimides PDI 1-3C in benzonitrile (PhCN) and 
NMP as solvents. In hybrids 2 and 3, we observe a small red-
shift in the absorption maxima corresponding to the PDI 
chromophore (450-550 nm), when compared with that its PDIs 
references see Fig. S37 (B) and (C))], suggesting again the 
existence of electronic interactions between DWCNTs and 
PDIs in the ground state; this shift is higher when the spectra 
were recorded in NMP (ET(30) NMP = 42.2 kcal/mol versus  

Compound Ered
1(V) Ered

2(V) 

PDI 1C -1.13 -1.33 

DWCNT-PDI 1 -1.15 -1.36 

PDI 2C -1.07 -1.30 

DWCNT-PDI 2 -1.10 -1.27 

PDI 3C -1.14 -1.26 

DWCNT-PDI 3 -1.20b 
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ET(30) PhCN  = 41.5 kcal/mol). Nevertheless, the most 
interesting feature in the absorption spectra of DWCNT-PDI 
hybrids is the appearance of a new band at around 550 nm; this 
band is more clearly observed in hybrids DWCNT-PDI 2-3 
(Fig. 6) where the degree of functionalization is higher. To 
determine the origin for this band, the absorption spectra of 
DWCNT-PDI 2-3  were registered in solvents of different 
polarity as chlorobenzene (ET(30) = 36.8 kcal/mol) and NMP 
(ET(30) NMP = 42.2 kcal/mol). Whilst the absorption bands 
corresponding to the PDI chromophore were shifted by 2-3 nm 
when the more polar NMP was used as solvent, respecting to 
chlorobenzene, the shift of the new band was higher (4-7 nm, 
see Figure 6) indicating higher influence of solvent’s polarity 
and suggesting the existence of charge transfer. To confirm this 
hypothesis, a mixture of DWCNT and PDI-3C was prepared; 
the absorption spectrum of the mixture (just prepared) did not 
show the presence of this band, but it can be observed after 5 h. 
(Figure S42) indicating a dynamic process, which can be 
assigned to charge transfer.  
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Fig 6. Absorption spectra of: (upper part) DWCNT-PDI 2 in chlorobenzene (black 

line) and NMP (red line) as solvents. (Lower part) DWCNT-PDI 3 in 

chlorobenzene (black line) and NMP (red line) as solvents. 

The existence of electronic interactions between PDI moieties 
and DWCNTs is also supported by emission spectroscopy by 
comparing the fluorescence of reference compounds PDI 1-3C 
with the fluorescence observed for DWCNT- PDI 1-3 when 
excited at the maximum absorption wavelength of PDICs. In all 
cases (see Fig. 7), the fluorescence of PDI in the hybrids is 
weaker than those of the reference compounds (~ 60-70%) 
indicating that DWCNTs quench the emission of the attached 
PDI. These results suggest existence of nonfluorescent static 
complex in the hybrids (via intra- or intermolecular association) 

or occurrence of electron transfer from DWCNT to the singlet 
excited PDI. 
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Fig. 7 Fluorescence spectra of DWCNT-PDIs hybrid materials (black line) as 

compared with its control PDIs ((A) 1 (▬), (B) 2 (▬) and (C) 3 (▬)), obtained in 

NMP as solvent. The excitation wavelength was indicated in each case, and the 

concentrations were adjusted showing the same optical density at the excitation 

wavelength. 

Further, femtosecond transient absorption and electron pooling 
studies were performed to secure evidence for any electron 
transfer in these donor-acceptor hybrids. First, 
photoluminescence behaviour of pristine DWCNT utilized in 
the present study was examined in SDBS micellar solution 
since better exfoliation of nanotubes compared to that in 
organic solvents is generally observed in this media.24 As 
shown in Fig. S38, although weak, DWCNTs in SBDS solution 
revealed weak emission bands whose peak positions matched 
those of SWCNTs.  Earlier, Weisman and co-workers25a 
attributed this to the presence of small percentage of SWCNTs 
trapped in commercial samples of DWCNTs, such as the one 
used in the present study, and that the DWCNTs are non-
luminescent with very low quantum yields.25b TEM images in 
Fig. 4 clearly shows large majority of the tubes to be DWCNTs 
with trace amounts of SWCNTs, often stacked with the 
DWCNTs. 
Transient absorption studies on perylenediimide precursors 
used to derivatise DWCNTs were performed in Ar-saturated 
NMP. As shown in Fig. 8 and Fig. S39 in ESI, at the excitation 
wavelength of 400 nm, transient spectra revealed negative 
peaks in the 485, 528 and 580 nm range, opposite mimic of the 
ground state absorption and positive peaks in the 650-1000 nm 
range with peak maxima at 700 nm. The ground state recovery 
of the 528 nm band and decay of the 700 nm band (see Fig. 7c 
and d) for all three cases appeared to be mirror images.  It may 
be mentioned here that in the case of DWCNT-PDI 1 and 
DWCNT-PDI 2, the singlet decay was complete within 100-
200 ps, suggesting additional intramolecular events. It is known 
that the one-electron reduced product of perylenediimide, PDI.- 
exhibits absorption bands close to 1PDI* in the 700 nm range.26   
A close examination of the spectra in Fig. 8 and Fig. S39, decay 
of the 700 nm band was accompanied by a relatively broad 
peak in the 720 nm range, suggesting that the strong electron 
acceptor, PDI might be involved in excited state electron 
transfer with nitrogen bearing functional groups on the 
macrocycle periphery (see Scheme 1 for structures) or the NMP 
solvent.27 
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Fig. 8 Femtosecond transient spectra of (a) PDI 3C and (b) PDI 2C in Ar- saturated 

NMP at the excitation wavelength of 400 nm at the indicated time intervals.  

Figures c and d show the time profiles of the 528 and 700 nm bands of the 

respective PDI derivatives. 

Fig. 9a and b show the transient absorption spectra of 
DWCNT-PDI 3 and DWCNT-PDI 2 hybrids while Fig. S40 in 
ESI provides the spectra of DWCNT-PDI 1 hybrid in NMP.  
Immediately after excitation, strong exciton bands both in the 
visible and near-IR region within 1 ps were observed.  At 1 ps, 
peak minima at 518, 551, 700, 1004, 1089, 1200 and 1337 nm 
were observed irrespective of the nature of the hybrids. These 
peak positions matched that of pristine SWCNTs and the total 
recovery of these bands occurred within 3-4 ps (Fig. 8c and d, 
and Fig. S40b), time constant reported earlier for SWCNT 
exciton recovery.28 At higher time scales of over 4 ps, no new 
peaks corresponding to either 1PDI* or PDI.- or DWCNT.+ 
suggesting that the time scale for all these processes are much 
smaller and that any signal corresponding to these processes are 
buried within the exciton peaks originated from trace amounts 
of SWCNTs in the sample. Alternatively, this could also 
suggest lack of electron transfer in the DWCNT-PDI hybrids as 
another possibility.   
Studies on the utilization of donor-acceptor nanohybrids as a 
photocatalysts to accumulate electron transfer products is 
highly useful not only to gather additional evidence of electron 
transfer in the nanohybrids especially when the spectroscopic 
evidence of electron transfer is bleak but also as functional 
materials for light driven catalytic processes such as solar fuel 
production.29  In this regard, one of the well-established 
methods in our laboratory involves photocatalytic electron 
pooling using methyl viologen (MV2+) as an electron acceptor, 
and 1-benzyl-1,4-dihydronicotinamide (BNAH) as a sacrificial 
electron donor.30,31  By repeated irradiation, using a Xe lamp 
with a 400 nm filter to excite sensitizer selectively and not the 
additives (MV2+ and BNAH), accumulation of MV.+ could be 
monitored at 608 nm. We have successfully employed this 
strategy to probe photocatalytic behavior of donor (sensitizer)-
fullerene and donor (sensitizer)-SWCNT derived donor-
acceptor hybrids.31 In the present study, we have extended the 

electron pooling experiments to probe electron transfer, if any, 
in the nanohybrids.   

 
Fig. 9  Femtosecond transient spectra of (a) DWCNT-PDI 3 and (b) DWCNT-PDI 2 

in Ar-saturated NMP at the excitation wavelength of 400 nm at the indicated 

time intervals.  Figs. c and d show the time profile of the 1200 nm peak 

attributed to exciton of trace amounts of SWCNT present in the sample. 

 Fig. 10a shows the spectrum of DWCNT-PDI 1 in the 
presence of MV2+ and various amounts of BNAH. Similar 
spectra were obtained for other investigated hybrid systems. It 
could be seen that in the absence of BNAH, when the 
concentration of MV2+ is 0.5 mM in the hybrid solution, no 
peak at 608 nm corresponding to the formation of MV.+ was 
observed.  However, MV.+ peak appears in the presence of 
BNAH which increase with the increase in concentration of 
BNAH. This suggests that the BNAH acts as a sacrificial hole-
shifting component in the electron mediation experiment.30,31 
As depicted in Fig. S41 in ESI, the photocatalytic process 
involves electron pooling into the added MV2+ in the presence 
of hole shifter BNAH by the continuous irradiation of the 
nanohybrids. Control experiments were also performed by 
utilizing perylene precursors without DWCNTs under similar 
experiments conditions.  As shown in Fig. 10b, efficiency of 
electron pooling for the donor-acceptor hybrids is at least twice 
as much as that of pristine perylenediimide precursors 
highlighting the importance of having both donor and acceptor 
in the photocatalytic cycle.  However, the overall electron 
pooling efficiencies for DWCNT-PDI hybrids are much lower 
than that reported for fullerene or SWCNT based hybrids,31 
indicating poor electron transfer efficiencies (including 
contributions from the trace amounts of SWCNT hybrids), as 
suggested by fluorescence and transient absorption studies. It 
may be mentioned here that in a study by Aurisicchio and co-
workers,32 the authors concluded lack of electron transfer in 
porphyrin-DWCNT hybrid materials wherein the utilized 
porphyrin was an electron donor unlike the electron acceptor, 
PDI used in the present study. These studies suggest DWCNT 
being a poor electron donor and poor electron acceptor in 
hybrid systems. 
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Fig. 10 (a) Electron pooling experiment of PDI-DWCNT hybrids dissolved in DMF 

containing 0.5 mM MV
2+

 upon addition of increasing amounts of BNAH.  (b) 

Extent of MV
.+

 formation for the hybrids and control compounds revealing the 

effect of DWCNT in improving electron pooling ability. 

Conclusions 

Three different DWCNT-PDI covalent hybrids were 
synthesised and fully characterized by TEM, AFM, IR, TGA, 
XPS and Raman, showing functionalization of the outer wall 
leaving the inner walls intact. The optical absorbance and 
fluorescence, and electrochemical studies were performed and 
compared with those of their reference compounds, without 
carbon nanotubes, to visualize PDI-DWCNT interactions. Such 
comparison showed electronic communication between the two 
active species, and the possibility of DWCNT acting as electron 
donor and the PDI acting as electron acceptor in the hybrid.  
However, evidence of photoinduced electron transfer from 
DWCNT to the singlet excited PDI from the femtosecond 
transient absorption and photocatalytic electron pooling studies 
were rather weak warranting additional tuning of energy levels 
in the hybrid.  Currently, such studies are in progress in our 
laboratories to accomplish efficient charge separation in 
DWCNT derived donor-acceptor hybrids as light energy 
harvesting nanomaterials. 

Experimental section  

Synthesis of functionalized DWCNT-PDIs 

General procedure for the preparation of DWCNT-PDI 1 and 2 

DWCNT-COOH (4 mg) was dispersed in NMP (20 mL) and 
subsequently added to a stirred solution of the corresponding 
perylenediimide (10 mg), DCC (1 equiv), 
dimethylaminopyridine (DMAP) (1 equiv) and 1-
hydroxybenzotriazole (HOBt) (1.2 equiv). The resulting 
mixture was stirred for 60 h at 60 ºC. The crude was then 
filtered on a PTFE membrane and washed with methanol and 
dichloromethane to afford the desired material. 

Synthesis of DWCNT- PDI 1 

According to the general procedure, DWCNT-COOH (4 mg), 
PDI 1 (10 mg, 0.012 mmol), DCC (2.5 mg, 0.012 mmol), 
DMAP (1.5 mg, 0.012 mmol) and HOBt (1.9 mg, 0.014 mmol) 
in NMP (20 mL) gave the desired product (7 mg). 

Synthesis of DWCNT-PDI 2 

According to the general procedure, DWCNT-COOH (4 mg), 
PDI 2 (10 mg, 0.015 mmol), DCC (3.1 mg, 0.015 mmol), 
DMAP (1.9 mg, 0.015 mmol) and HOBt (2.4 mg, 0.018 mmol) 
in NMP (20 mL) gave the desired product (6 mg). 

Deprotection of DWCNT-TMS 

To a suspension of DWCNT-TMS (15 mg) in NMP (50 mL) at 
0ºC was added a solution of tetrabutylammonium fluoride 
(TBAF) (1M in THF) (2mL). The reaction mixture was stirred 
at room temperature for 2 h and then filtered on a PTFE 
membrane (0.2 µm). The nanotubes were washed several times 
with NMP and then with dichloromethane, redissolved in NMP 
and used directly for the next step. 

Synthesis of DWCNT-PDI 3 

To a suspension of deprotected DWCNT-TMS (10mL) in 
NMP (40mL) were added PDI 3 (25 mg, 0.043 mmol), 
CuSO4.5H2O (11 mg, 0.043 mmol) and sodium ascorbate (8.5 
mg, 0.043 mmol). The reaction mixture was stirred at 70°C for 
48 h and then filtered on a PTFE membrane (0.2 µm). In order 
to remove sodium ascorbate, copper catalyst and free perylene, 
the black solid was washed with NMP and then with 
dichloromethane yielding the desired material (17 mg). 
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Three new covalently bonded double wall carbon nanotube-perylenediimide nanohybrids 

(DWCNT-PDIs) have been synthesized and characterized, showing exclusively functionalization 

of the carbon nanotube outer wall leaving the inner walls intact. Absorbance, emission and 

electrochemical studies show electronic communication between the two active species.  

Femtosecond transient absorption and photocatalytic electron pooling studies were 

performed to seek evidence of charge separation in these hybrids. 
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