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SUMMARY 
Individualized single walled carbon nanotubes (SWCNTs) and exfoliated 
nanographene (NG) have been probed in the context of supramolecular 
interactions with an anionic heptamethine cyanine NIR-dye. The outstanding 
light-harvesting capability of the heptamethine cyanine permits to easily monitor 
the formation of the supramolecular hybrids by UV-Vis-NIR. Raman 
spectroscopy studies evidenced upshifted 2D bands and downshifted G bands for 
the obtained hybrids, which indicate the electronic n-doping of the carbon 
nanostructures caused by the heptamethine cyanine assembly. Furthermore, the 
electron donating character of the heptamethine cyanine in combination with 
SWCNTs and NG was corroborated in terms of a shift of charge density in the 
dark and in a transfer of charges upon photoexcitation. 
 
KEYWORDS 
Carbon nanotubes, graphene, light harvester, cyanines, supramolecular chemistry, 
organic electronics, Raman spectroscopy, n-doping, transient absorption spectroscopy, 
electron transfer. 
 
INTRODUCTION 
Low-dimensional carbon allotropes including fullerenes,1 single walled carbon 
nanotubes (SWCNT),2,3,4 and nanographene (NG),5 represent interesting nanoscale 
building blocks, since they feature physical and chemical properties, which are of 
tremendous interest for applications in the emerging field of nanotechnology.6,7,8 The 
most prominent examples for applications are found in the areas of organic solar 
cells,9,10 ultrasensitive biosensors,11,12,13 fuel cells,14,15,16 conductive electrodes for touch 
screens,17 and field-effect transistors devices18 To this date, exploring the full potential 
of SWCNTs and graphene constitutes one of the biggest challenges in the field. A clear 
bottleneck is their individualization/exfoliation in combination with their stabilization 
in dispersion.  
 
In recent years, the chemical functionalization, that is, covalent and noncovalent 
chemistry of SWCNTs and NG, has led to remarkable advances in the field.19 For 
instance, covalent functionalization of SWCNTs or NG with functional entities enables 
solubilizing/dispersing them in common solvents.20,21 The side effects of most chemical 
functionalization reactions are the uncontrolled modification of the extended carbon 
network, in general, and the π-conjugation, in particular. Notable is also the arbitrary 
alteration of the electronic structure, which is shown in the case of SWCNTs to lead to 
a complete loss of absorption and fluorescence. On the contrary, noncovalent 
functionalization enables the immobilization of functional entities via п-п stacking, 
hydrophobic, and charge transfer interactions or any combination of the aforementioned,

The Bigger Picture 
To control the electronic properties of 
carbon nanostructures, doping is one of 
the most feasible methods. In particular, 
the chemical modification by non-
covalent approaches allows to fine-tune 
the type and the concentration of 
carriers without affecting the conjugated 
carbon sp2 frameworks. 
Functionalization schemes that besides 
the doping effect confer an additional 
element of control over the 
nanomaterial properties are particularly 
attractive and, in this sense, the 
combination of carbon nanostructures 
with photo- and electroactive molecules 
attracts considerable attention for their 
potential for artificial photosynthesis or 
in photovoltaics. 
Such design principles have been 
considered for the construction of the 
nanomaterials here presented, where 
single walled carbon nanotubes 
(SWCNTs) and nanographene (NG) 
form stable supramolecular hybrids with 
heptamethine cyanine NIR-dyes. We 
have studied the excited-state dynamics 
and established the presence of charge 
transfer processes that can set the 
foundation for developing 
nanomaterials to be incorporated in 
next-generation devices. 

without, however, any of these unwanted side effects.22,23,24,25 In this context, the role 
of planar and aromatic building blocks such as porphyrins,26 pyrene 
derivatives,23,27,28,29 perylene diimides,30 and conjugated polymers,31,32 which all exhibit  
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strong affinities to interact with SWCNTs and NG, has been particularly beneficial in terms 
of stability. Noncovalent functionalization assists in blending the intrinsic properties of 
SWCNTs or NG with those of virtually any other functional entity.  Solubility/dispersability, 
next to electron donation/electron withdrawal or light harvesting, stands out among the 
properties.33,34 

 
In recent years, the chemical functionalization, that is, covalent and noncovalent chemistry of 
SWCNTs and NG, has led to remarkable advances in the field.19 For instance, covalent 
functionalization of SWCNTs or NG with functional entities enables solubilizing/dispersing 
them in common solvents.20,21 The side effects of most chemical functionalization reactions 
are the uncontrolled modification of the extended carbon network, in general, and the π-
conjugation, in particular. Notable is also the arbitrary alteration of the electronic structure, 
which is shown in the case of SWCNTs to lead to a complete loss of absorption and 
fluorescence. On the contrary, noncovalent functionalization enables the immobilization of 
functional entities via п-п stacking, hydrophobic, and charge transfer interactions or any 
combination of the aforementioned, without, however, any of these unwanted side 
effects.22,23,24,25 In this context, the role of planar and aromatic building blocks such as 
porphyrins,26 pyrene derivatives,23,27,28,29 perylene diimides,30 and conjugated polymers,31,32 
which all exhibit strong affinities to interact with SWCNTs and NG, has been particularly 
beneficial in terms of stability. Noncovalent functionalization assists in blending the intrinsic 
properties of SWCNTs or NG with those of virtually any other functional entity.  
Solubility/dispersability, next to electron donation/electron withdrawal or light harvesting, 
stands out among the properties.33,34 
 
In the current work, we have explored the synthesis of a novel cyanine-pyrene conjugate and, 
subsequently, the interactions with low-dimensional carbon allotropes. This is meant to 
realize stable electron-donor acceptor hybrids in dispersions. On one hand, pyrene as a п-п 
stacking anchor is known for its strong affinity to π-conjugated carbon networks. 35,36,37 On 
the other hand, cyanines are a class of ionic light harvester with a carbon skeleton of an odd 
number of π-conjugated carbon atoms. They exhibit unique absorption properties with high 
extinction coefficients in the near infrared region and good chemical stability. The absorption 
maxima of heptamethine cyanines are located at wavelengths of 750 nm and beyond, while 
their extinction coefficients exceed 105 M−1cm−1. By virtue of their electron donating 
strength they have emerged as a complement to fullerenes, which are the omnipresent 
electron acceptors in solar energy conversion schemes.38,39 Importantly, electronic 
interactions between SWCNTs/NG and heptamethine cyanine are traceable by Raman 
spectroscopy, which, in the current work, allows to corroborate the n-doping of the carbon 
allotropes. In the case of SWCNTs, which are intrinsically p-doped, molecular n-doping is 
rather scarce. 
 
RESULTS AND DISCUSSION 
 
The synthesis of the electron donating cyanine-pyrene 1 was based on an esterification 
reaction between a previously synthesized 4-hydroxybenzyl-cyanine40 and 1-pyrene butyric 
acid in the presence of N-[3-(diethylamino)propyl]-N'-ethylcarbodiimide hydrochloride 
(EDC·HCl) and 4-dimethylaminopyridine (DMAP) with a 66% yield (Scheme 1). The 
structure of 1 was confirmed by standard spectroscopic techniques including FTIR, 1H NMR, 
13C NMR, UV–Vis-NIR, and high-resolution MS – see Experimental Procedures for details.  
 
From steady state absorption, spectroscopy, maxima for 1 in methanol are observed between 
230-350 nm which relate to the pyrene anchor. A strong absorption at 874 nm is, however, 
associated with the heptamethine cyanine. Moreover, also fluorescence measurements of 1 
were conducted. Figure S1 (Supplemental Information) documents that regardless of exciting 
pyrene or heptamethine cyanine, a strong near-infrared fluorescence of the latter evolves. As 
such, an energy transfer from pyrene activates the heptamethine cyanine centered 
fluorescence. In line with an energy transfer are fluorescence quantum yields of 0.05% and 
4.5% for the pyrene and heptamethine cyanine fluorescence, respectively. Turning to 
electrochemistry, 1 was investigated in a oDCB/acetonitrile solvent mixture 4/1 (v/v).  
Reductions were observed at -1.19 and -2.00 V, while three oxidations are seen at -0.06, 
+0.49, and +0.77 V – all versus Fc/Fc+. With regard to the electron donor strength, we turned 
to spectroelectrochemical oxidation of 1 in methanol with TBAPF6 as supporting electrolyte. 
The differential absorption spectra – Figure S2 (Supplemental Information)  – were obtained 
by applying a potential of 0.45 V versus an Ag-wire. An intense bleaching of the ground state 
absorption at 874 nm of 1 is discernable. In addition, new absorption maxima emerge at 513, 
540, 585, 641 nm, and at 1068 nm. Finally, femtosecond transient absorption spectroscopic 
measurements were conducted. The differential absorption spectra of 1 in methanol, which 
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are shown in Figure S3 (Supplemental Information), reflect the absorption characteristics of 
the singlet excited state as they develop immediately after 387 nm excitation. New maxima at 
554, 614, and 1246 nm, new shoulders at 494, 561, and 625 nm, and a new minimum at 893 
nm are discernable. Please note that the 893 nm minimum is accompanied by a 972 nm 
shoulder as a superimposition of ground state bleaching and stimulated fluorescence. 
Information regarding the deactivation was derived from global fitting. As a matter of fact, a 
short-lived and a long-lived component of 3.4 and 171 ps, respectively, were obtained (Figure 
S4, Supplemental Information). The short-lived component is due to the population of the 
first singlet excited state, which is most likely formed by vibrational relaxation. Following its 
formation, the first singlet excited state decays via recovery of the ground state. This is the 
long-lived component.  
 

 
 
Scheme 1. Supramolecular functionalization of SWCNTs and NG with heptamethine cyanines 
Schematic representation of π-π stacking interactions of 1 with SWCNTs and NG to afford SWCNT-1 and NG-1, 
respectively. 
 
Next, protocols for forming hybrids of 1, with either SWCNTs (SWCNT-1) or NG (NG-1), 
were developed41 – see Experimental Procedures for details. The stepwise hybrid formation 
was monitored by steady state absorption as well as by fluorescence spectroscopy. Figure 1 
documents that the original absorption features of 1 at 874 nm decreased upon addition of 
SWCNTs/NG, while a new absorption feature grows at 944 nm. Moreover, the fluorescence 
of 1 is completely quenched upon the final enrichment step (Figure S5, Supplemental 
Information). The impact of the hybrid formation on the SWCNTs centered transitions were 
investigated in titration assays. By means of stepwise addition of 1 to predispersed SWCNTs 
in methanol any influence stemming from an improved debundling of SWCNTs could be 
excluded. As such, the red shifts of, for instance, the (7,6)-SWCNTs centered transition from 
1169 nm to 1175 nm (Figure S6, Supplemental Information) during the course of titration 
corroborates mutual interactions between 1 and SWCNTs. 
 
To rule out possible decompositions of 1 during SWCNT-1 or NG-1 formation, they were 
disintegrated into the individual components. We opted for Tween 60 – a non-ionic surfactant 
– to convert SWCNT-1 and NG-1 to SWCNTs, NG, and 1 – Figures S7 and S8 
(Supplemental Information) – and to monitor the absorption spectra. Thereby, the recovery of 
the initial absorption spectrum of 1 upon Tween 60 addition corroborates the fact that 
SWCNT-1 and NG-1 are based on noncovalent forces between 1 and SWCNTs/NG. 
Furthermore, the formation of the hybrid systems was corroborated by thermogravimetric 
analysis (TGA) under inert conditions. The decomposition of 1 occurs in two steps, namely at 
195.5 ºC and 289.4 ºC, leading to an overall weight loss of 85%. In contrast, SWCNTs and 
NG are stable up to 800 ºC with minor weight losses of 6.82% and 11.73%, respectively 
(Figures S9 and S10, Supplemental Information). For SWCNT-1 and NG-1 an additional 
weight loss is observed, this is likely to correspond to the release of 1 from the surface of 
SWCNTs (Figure S9, Supplemental Information) or NG (Figure S10, Supplemental 
Information). The desorption of 1 in SWCNT-1 causes a weight loss of 11.52%, which 
translates to a ratio of a single molecule of 1 per 750 carbon atoms of SWCNTs and likewise, 
for NG-1 an additional 14.05% weight loss relative to that of NG can be related to one 
molecule of 1 per 578 carbon atoms. FTIR and XPS provided further compositional 
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SWCNTs and at 220 and 258 cm-1 for SWCNT-1. A comparison of the G- and 2D-modes at 
1591 and 2607 cm-1, respectively, for SWCNTs indicates downshifts for SWCNT-1. In 
particular, the G-mode shifts to 1588 cm-1, while the 2D-mode is seen at 2604 cm-1. In sound 
agreement with recent reports, we ascribe the down-shifts in SWCNT-1 relative to SWCNTs 
to an n-type doping.44,45 In terms of NG and NG-1, the D-modes were found in both cases at 
1343 cm-1, whereas subtle shifts evolve for the G- and 2D-modes. The G-modes are observed 
at 1576 and 1572 cm-1 and the 2D-modes at 2680 and 2695 cm-1 for NG and NG-1, 
respectively.  Our results, namely an upshifted 2D-mode in combination with a downshifted 
G-band, indicate also a n-type doping of this carbon allotrope.46 
 

 
Figure 2. Raman spectra of SWCNT-1 and NG-1 
Mean Raman spectra of SWCNTs (black) and SWCNT-1 (red) following 633 nm excitation (left) and of NG 
(black) and NG-1 (red) following 532 m excitation (right), which were recorded after drop casting them onto 
Si/SiO2 wafer.  Zoom-ins: G- and 2D-modes to illustrate the shifts. 
 
Insights into the excited state dynamics of SWCNT-1 and NG-1 were gathered in transient 
absorption measurements, which were analysed by global and target analyses.  Figure 3 
shows deconvoluted transient absorption spectra of SWCNT-1 and NG-1 obtained by 
target/global analysis and their corresponding concentration-time profiles. At first glance, 
none of them reveal the characteristic fingerprints of photoexcited 1 – vide supra. The lack of 
the ground state bleaching of 1 at 874 nm, confirms the absence of any free, non-immobilized 
1.  Instead, the bleaching is in line with the ground state absorptions of SWCNT-1 and NG-1 
red-shifted to 944 and 947 nm. Figures S18 and S20 (Supplemental Information) show the 
corresponding evolution associated spectra following 387 nm excitation of the SWCNTs and 
NG references. In the case of SWCNTs, an instantaneous formation of minima at 665, 743, 
1017, 1170 and 1312 nm that correspond to the ground state bleaching of the S22 and S11 
transitions is discernible (Figure S16, Supplemental Information). In line with improved 
debundling observed in microscopy, these are hypsochromically shifted for SWCNT-1 to 
661, 738, 1006, 1156, and 1302 nm (Figure S19, Supplemental Information). Global and 
target analysis gave lifetimes of 0.4 / 1.89 / 115 ps for SWCNTs and 0.37 / 1.77 / 59 ps as 
well as 2.40 ns for SWCNT-1, while that of 1 are 3.4 and 175 ps. Turning to NG and NG-1, 
in both cases the broad and featureless negative transients in the near-infrared, which are 
caused by phonon-related bleaching of NG, are discernable (Figure S17, Supplemental 
Information). For this bleaching, a lifetime of 1.7 ps and of 1.4 ps has been determined in the 
case of NG and NG-1, respectively. Next to the rather broad bleaching, new distinct features 
in the form of a minimum at 944 nm and a maximum at 996 nm are seen for NG-1 (Figure 
S21, Supplemental Information). No such transients are, however, found for 1 or NG. From 
global analysis we derive a lifetime of 2.63 ns for the latter transient. 
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around 996 nm 

WCNTs centered 
the conclusion 

ultrafast charge 
dized and either 
ns much slower 

 anchor with an 
king onto low-
er, respectively. 

c assays to shed 
n one hand, and 
nd. By means of 
aphite as well as 
es corroborated 

CNTs/NG in the 
onically excited 
while the latter 

hylcarbodiimide 
(DMAP) (0.12 
0 min. at 0 ºC 

mol) was added 
as removed and 

was washed with 
O4, filtered and 
2/MeOH 9/1 for 
.91 (m, 9H, Ar-
J = 7.7 Hz, 2H, 
 CH2), 2.56 (m, 
(s, 12H, CH3), 

12H, CH3).  13C 
131.25, 131.18, 
125.80, 125.71, 
14.14. UV-Vis 
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(oDCB) λmax: 906 (ε= 254000 L·mol-1·cm-1), 346, 331 nm. FTIR (KBr): 2928, 2208, 1730, 
1625, 1504, 1438, 1335,1254, 1214, 1080, 1038, 1000, 903, 840, 729, 648 cm-1. HRMS. 
(ESI-): m/z calculated for C57H43N6O5

- = 891.3300; found = C57H43N6O5
- =  891.3297.  

 
SWCNT/NG references preparation. For the preparation of SWCNTs and NG dispersions the 
pristine graphite or SWCNTs were added to either methanol or anhydrous oDCB and 
dispersed by bath sonication. Following sonication, the resulting dispersions were centrifuged 
and the supernatant separated from the precipitate. The former was used for further 
characterization or hybrid formation.  
 
SWCNT-1/NG-1 supramolecular hybrids preparation. SWCNT-1 as well as NG-1 were 
produced via similar procedures. A solution of 1 was prepared and pristine SWCNTs or 
graphite were added. The resulting mixtures were ultrasonicated in an ultrasonication bath. 
Furthermore, the hybrid formation could be either done stepwise, where SWCNTs or graphite 
flakes were added in small portions to the solution of 1 with intermediate ultrasonication 
steps until no free 1 was in solution anymore, or by adding an excess of 1 to SWCNT or NG 
dispersions followed by only one sonication step. In the latter case, a filtration step is added 
in contrast to the first option, where the samples are centrifuged in the last step to remove non 
exfoliated graphite flakes or bundled SWCNTs. 
 
To avoid misinterpretations due to differences in debundling or exfoliation in the case of 
Raman measurements, the sample preparation differs from the aforementioned cycle 
enrichments.  Here, SWCNTs and NG were sonicated in methanol and, drop casted onto 
Si/SiO2 wafers as references.  Subsequently, SWCNT and NG coated wafers prepared in the 
same way, were treated with a concentrated methanol solution of 1. 
 
SWCNT-1. FTIR (KBr): ν = 2924, 2214, 1736, 1635, 1575, 1456, 1401, 1055 cm-1; TGA: 
weight loss and temperature desorption (organic anchoring groups): 11.52 %, 650 °C; XPS: 
% atomic: C (284.6 eV) = 93.14, N (398.6 eV) = 1.15, O (532.6 eV) = 5.11. 
 
NG-1.  FTIR (KBr): ν = 2934, 2214, 1736, 1628, 1584, 1404, 1384, 1117, 1050, 712, 623 
cm-1; TGA: weight loss and temperature desorption (organic anchoring groups): 14.05 %, 650 
°C; XPS: % atomic: C (284.6 eV) = 94.76, N (398.6 eV) = 1.09, O (532.6 eV) = 4.14. 
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