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A Triptycene-Based Approach to Solubilising Carbon Nanotubes and C60
Peter Hammershøj,[a] Paul H. H. Bomans,[c] Rajamani Lakshminarayanan,[d]
Jeppe Fock,[a] Stig Helmer Jensen,[a] Thomas Sand Jespersen,[b]
Theis Brock-Nannestad,[a] Tue Hassenkam,[b] Jesper Nygrd,[b]
Nico A. J. M. Sommerdijk,[c] Kristine Kils,*[a] Thomas Bjørnholm,[b] and
Jørn Bolstad Christensen*[a]
Abstract: We describe herein the synthesis of a triptycene-based surfactant
designed with the ability to solubilise
single-walled
carbon
nanotubes
(SWNTs) and C60 in water through
non-covalent interactions. Furthermore, an amphiphilic naphthalenebased surfactant with the same ability
to solubilise SWNTs and C60 has also
been prepared. The compounds syn-

thesised were designed with either two
ionic or non-ionic tails to ensure
a large number of supramolecular interactions with the solvent, thereby
promoting strong solubilisation. The
Keywords: fullerenes · fused-ring
systems · nanotubes · supramolecular chemistry · synthesis design

Introduction
Carbon allotropes, such as fullerenes and carbon nanotubes
(CNTs), have attracted immense interest since the initial
discovery of Buckminsterfullerene in 1991. They are objects
of true nanoscale dimensions,[1] the electronic properties of
which depend on their structures, ranging from semiconductor to metallic behaviour. Fullerenes and CNTs are essentially formed under the same conditions, but whereas mixtures of fullerenes can be separated into pure, chemically
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surfactants produced stable suspensions
in which the SWNTs are dispersed and
the
surfactant/SWNT
complexes
formed are stable for more than one
year. UV/Vis/NIR absorption spectroscopy, TEM and AFM were employed
to probe the solubilisation properties
of the dispersion of surfactants and
SWNTs in water.

though they are easily formed by decomposition of suitable
carbon sources in the presence of a catalyst, they are always
formed as a mixture of single- and multi-walled CNTs that
differ in length, diameter and electronic properties.[2]
Single-walled CNTs (SWNTs) are extremely insoluble in
most common organic solvents and are also highly hydrophobic with a pronounced tendency towards aggregation/
bundling. There are a few cases in which colloidal dispersed
solutions containing SWNTs have been achieved in organic
solvents, albeit for a very limited period of time due to reaggregation.[3] The most convenient solubilisation/dispersion
procedure involves the chemical modification of the SWNTs
by attaching solubilising groups to the SWNTs through the
formation of either covalent bonds or non-covalent interactions. The chemical attachment of carboxylic acid groups to
the p system is often irreversible and changes the electronic
properties, giving rise to new materials with different optical
properties and electronic conductivities.[2, 4–10] Solubilising
SWNTs by attaching surfactants to the SWNTs through
non-covalent interactions is a different approach in which
varying the type and strength of the non-covalent interaction could lead to methods for the selection of specific types
of SWNTs from the initial mixture. Many weak non-covalent interactions are needed to make a strong interaction
and to solubilise the SWNT. Macromolecules, such as polymers[11–13] and DNA,[14] have previously been shown to bind
non-covalently to SWNTs, allowing for some discrimination
between different types of SWNTs. Another approach is to
use smaller molecules[15–23] to cover the surface of the
SWNTs, for example, sodium dodecyl sulfate (SDS), sodium
dodecyl benzenesulfate (SDBS) or Triton X-100, all of
which have previously been used as surfactants to solubilise

 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2012, 18, 8716 – 8723

FULL PAPER
SWNTs in water, some with a small degree of size selectivity.[24] Furthermore, it has been found that small peptides
(found by using phage-display libraries),[25] cyclodextrins,[26]
porphyrins[27] and bi-porphyrins (which show chiral recognition)[28] also have the ability to solubilise SWNTs.
Triptycenes have recently been shown to facilitate the solubilisation of SWNTs in organic solvents[29] and it was proposed that the curvature of this molecule could fit to part of
the surface of a CNT (as illustrated in Figure 2, below with
compound 1 a as an example). Triptycene has also previously
been shown to form a complex with C60,[30, 31] and in this
paper we report on the synthesis and properties of triptycene-based amphiphiles for the solubilisation of SWNTs and
C60 in water.

trols, the naphthalene-based molecules 1 c and 1 d, which
lack the curvature, were designed and synthesised.

Results and Discussion
Synthesis: The strategies for the synthesis of the target molecules are shown in Scheme 1 (1 a, 1 b) and Scheme 2 (1 c,
1 d). The Diels–Alder reaction between benzoquinones and
anthracenes is reversible and gives an equilibrium mixture

Figure 1. Amphiphilic molecules designed and synthesised for use as solubilising agents for SWNTs. Two hydrophilic tails bearing either PEG or
sodium sulfonates were attached to act as the polar part of the surfactants. The apolar part consists of either a triptycene or a naphthalene
moiety, both with the expected ability of forming p–p interactions between the aromatic moiety and the SWNT.

In this paper we describe the preparation of sidewall-functionalised water-soluble SWNTs by the reaction with newly
synthesised amphiphilic molecules. The target molecules 1 a
and 1 b shown in Figure 1 above were designed to have a hydrophobic curved triptycene moiety for coordination to the
CNTs and hydrophilic tails at the opposite end of the molecules to interact with water. The two methoxy groups are
present as a result of the synthetic strategy used. As con-

Figure 2. Schematic representation of the solubilisation of individual
SWNTs through p–p interactions between a triptycene derivative (shown
with 1 a) and the SWNT.

Chem. Eur. J. 2012, 18, 8716 – 8723

Scheme 1. Synthesis of the triptycene derivatives 1 a and 1 b. a) Anthracene, tetrachloro-p-benzoquinone, AcOH, 75 % yield; b) H2, 10 % Pd on
C, EtOAc, 95 % yield; c) CH3I, K2CO3, acetone, 95 % yield; d) i. LiOH,
THF; ii. HCl, 85 % overall yield; e) i. (COCl)2, DMF (cat.), CH2Cl2 ;
ii. HACHTUNGRE(OCH2CH2)4OCH3, Et3N, 19 % overall yield; f) i. NaOH; ii. 1,3-propanesultone, 54 % overall yield.

of starting materials and product. However, the presence of
a suitable oxidation agent during the reaction results in the
in situ oxidation of the Diels–Alder product to the corresponding quinone, which cannot revert to the starting materials.[32, 33] The quinone 2 was treated with anthracene in the
presence of tetrachloro-p-benzoquinone (TCB) to give the
quinone 3 in a yield of 75 %, which compares with a yield of
21 % obtained in the absence of TCB (see the Supporting
Information).[34–36] Reduction with H2/Pd on carbon gave the
corresponding hydroquinone 4 in a yield of 95 %, which was
converted into the methyl ether 5 with CH3I/K2CO3 in ace-
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two unsubstituted phenyl rings of quinone 3 and triptycene
methyl ether 5 resemble the three phenyl rings in triptycene
as they form the same concave face with an angle of 1208
between the phenyl rings. The main structural differences
between quinone 3 and triptycene methyl ether 5 are in the
quinone/hydroquinone system (Figure 3). The difference lies
in the C C=O bond, which is elongated in comparison with

Scheme 2. Synthesis of naphthalene derivatives 1 c and 1 d. a) i. LiOH,
THF; ii. HCl, 92 % overall yield; b) i. (COCl)2, DMFACHTUNGRE(cat.), CH2Cl2 ; ii. HACHTUNGRE(OCH2CH2)4OCH3, Et3N, 19 % overall yield; c) i. NaOH; ii. 1,3-propanesultone, 71 % overall yield.

tone in a yield of 95 %. The diester was hydrolysed to the
triptycene malonic acid 6 in a yield of 85 %. Conversion of 6
into the acid chloride with oxalyl chloride followed by reaction with tetra(ethyleneglycol) monomethyl ether gave compound 1 a in a yield of 19 %. The low yield in the last step
can be explained by partial decarboxylation, especially when
the compound is converted into the acid chloride. Furthermore, the mono-substituted derivatives were observed by
MALDI-TOF spectrometry; however, no attempts were
made to isolate the mono derivative. Reaction of the triptycene malonic acid 6 with 1,3-propanesultone under basic
conditions gave the corresponding sodium sulfonate 1 b in
a yield of 54 %.
The reactions leading to the control systems 1 c and 1 d
with the incorporated naphthalene moiety were performed
by starting with a classic malonic ester synthesis to yield the
starting material malonic ester 7 (Scheme 2).
The naphthalene derivatives 1 c and 1 d were synthesised
by the same approach as that used for the triptycene derivatives starting with the hydrolysis of the naphthalene malonic
ester 7 to give the malonic acid 8 in a yield of 92 %. The malonic acid was once more converted into the acid chloride
and then tetra(ethyleneglycol) monomethyl ether was added
to give the diester naphthalene derivative 1 c in a yield of
19 %, the same low yield as observed with compound 1 a
due to decarboxylation. To obtain the sulfonated naphthalene derivative, the malonic acid 8 was treated with 1,3-propanesulfone, which gave the sodium sulfonate 1 d in a yield
of 71 %.
X-ray structures: A number of single-crystal X-ray structures of triptycene derivatives have been solved since the
first crystal structure analysis of unsubstituted triptycene by
Anzenhofer and de Boer in 1970.[34, 37–41] Konarev et al. and
Veen et al. reported the crystal structures of complexes
formed between triptycene and C60.[30, 31] In their work it can
be seen that the concave face of triptycene is a good host
for C60 in a supramolecular host–guest system. For our compounds, the single-crystal X-ray studies revealed that the
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Figure 3. Views of the crystal structures of 3 (top) and 5 (bottom). Hydrogen atoms have been omitted for clarity and displacement ellipsoids
are drawn at the 50 % probability level.

the C=C O bond. The bond lengths () in the quinone
system 3 are C12 O1 1.22(0), C12 C10 1.47(4), C10 C11
1.34(7), C11 C13 1.47(9), C13 O5 1.22(0), C13 C16
1.48(0), C16 C8 1.34(2) and C8 C12 1.47(7) and in the hydroquinone system 5 they are C17 O2 1.38(1), C17 C6
1.38(9), C6 C4 1.48(7), C4 C11 1.38(6), C11 O1 1.38(1),
C11 C7 1.395, C7 C15 1.38(8) and C15 C17 1.39(5). Compound 5 crystallises in the monoclinic space group P21/
c with one molecule in the asymmetric unit. It has two methoxy groups that are coplanar with the benzene ring. The
five-membered ring of the indane system is planar, which is
unusual; the expected conformation of the five-membered
indane system is an envelope conformation, which is seen in
other indane derivatives.[35, 36] The planarity of the indane
system leads to a configuration of the molecule in which the
tails point away from the triptycene moiety. The crystal
packing of 5 is stabilised mainly by weak intermolecular C
H···O hydrogen bonds and weak C H···p (arene) interactions. Compound 3 crystallises in the triclinic space group
P1̄ with one molecule in the asymmetric unit. The indane
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system in compound 3 has the same coplanar conformation
as compound 5 and the crystal packing is also similar.
Sidewall-functionalised water-soluble SWNTs: The initial
experiments were performed by sonicating solutions of the
compounds 1 a, 1 b, 1 c or 1 d in water with HiPco SWNTs
for 30 min at RT followed by removal of undissolved
SWNTs by centrifugation. The presence of dissolved
SWNTs could be seen visually by the changes in colour.
To optimise the sonication time, the HiPCo SWNTs were
mixed with an 80 mm solution of compound 1 a and sonicated
for 2–14 h with withdrawal of the samples every 2 h. Contact-mode AFM was performed on the samples and a representative image is shown in Figure 4. The optimal sonication
time was found to depend on the amphiphile used and although 30 min sonication was enough for 1 b and 1 d, we
found that 1 a and 1 c required 24 h under the same conditions

Figure 6. Typical AFM image of a small bundle of surfactants (shown
with 1 a) and HiPco SWNTs in aqueous solution. Image 3.5  3.5 mm.

Figure 7. Typical TEM images of a surfactant (1 a) and HiPco SWNTs in
aqueous solution.

Figure 4. Typical AFM image of a surfactant (1 a) and HiPco SWNTs in
aqueous solution. Image 5  5 mm.

The absorption spectra of the dissolved SWNTs revealed
detailed features in both the NIR and visible absorption regions (Figure 5), in accord with previously published observations.[4, 5, 42–44] Furthermore, the absorption spectra of the
suspensions were unchanged after storage in the dark for
12 months. However, as the AFM images show, the solubilised SWNTs do not consist of individual SWNTs but instead small bundles, as shown in Figure 6. This is the case

Figure 5. Typical Vis/NIR absorption spectra of an aqueous solution of
compound 1 a and HiPco SWNTs after centrifugation. The samples were
prepared by sonication with a tip-type sonicator for 30 min followed by
centrifugation at 52000g for 8 h at room temperature.

Chem. Eur. J. 2012, 18, 8716 – 8723

for all the amphiphiles in this study. This finding was supported by TEM, as shown in Figure 7 for surfactant 1 a.
Because the observation of small aggregates by AFM and
TEM did not exclude the presence of single SWNTs in solution, we attempted to separate the solubilised SWNTs by
size-exclusion chromatography on Sepharose CL-4B with
water as eluent. The fractions were examined by AFM, however, we were unable to achieve any separation.[45, 46] A cryoTEM image of the SWNTs solubilised with surfactant 1 a is
shown in Figure 8.
The stability of the solubilised SWNTs was examined by
analysis of samples deposited on solid substrates, such as
mica; removal of the amphiphilic coating was attempted by
washing with different solvents, such as CH2Cl2 and toluene.
Excess material was removed but not the inner layers of the
coating on the SWNTs, as seen by AFM (Figure 9).

Figure 8. CryoTEM images of a surfactant (1 a) and HiPco SWNTs in
aqueous solution after purification by size-exclusion chromatography.
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Figure 9. AFM images of compound 1 a and HiPco SWNTs in aqueous
solution after treatment with toluene. Left image: 3  3 mm. Right image:
1.5  1.5 mm.

Removal of the coating by pyrolysis was also attempted.
The deposited samples were heated at 350 8C for 24 h, and
these forcing conditions indeed removed most of the coating, as seen in the AFM images shown in Figure 10.

Figure 10. AFM images of compound 1 a and HiPco SWNTs in aqueous
solution after heating at 350 8C for 24 h. Left image: 5  5 mm. Right
image: 1.5  1.5 mm.

To gain information on the mechanism of the solubilisation process, the surfactant properties of the amphiphiles in
water were investigated. The critical micellar concentrations
(cmcs) of the amphiphiles were determined by conductivity
measurements (compound 1 b) and by the Langmuir–Blodgett technique (compounds 1 a, 1 c and 1 d, see the Supporting
Information). The results for compound 1 b are shown in
Figure 11; a cmc value of (3.16  0.07) mm was found, which
can be compared with the cmc of tetradecyl sulfate of
2.0 mm.[47]
Compound 1 b, which is the only one of the four compounds examined to form micelles, was also the best compound in terms of sonication time for the solubilisation of
SWNTs in water. However, the concentration used to dissolve the SWNTs in water was far below the cmc for 1 b,
which excludes the uptake of SWNTs in preformed micelles
as the mechanism involved. Because the two non-micelleforming compounds 1 a and 1 c also solubilise SWNTs, although more slowly, this points towards a mechanism involving the self-assembly of the non-polar head groups of the
molecules on the surface of the SWNT bundles prior to dis-
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Figure 11. Conductivity of 1 b in water (). The cmc of 1 b was determined as the concentration at which the slope of the specific conductivity
changes.

solution. The results for 1 a and 1 d are shown in the Supporting Information together with the results of the control
experiment performed with the known surfactant Triton X100.
Sidewall-functionalised water-soluble C60 : Buckminsterfullerene has previously been shown to form a complex with
triptycene in the solid phase[48] and this raised the question
as to whether it would be possible to solubilise C60 in water
by complex formation with one of the triptycene derivatives
prepared in this study. Because the sulfonate 1 b was the
most efficient compound for the solubilisation of the
SWNTs, it was also used to investigate the solubilisation of
C60 in water.
The size of the 1 b micelles was measured by dynamic
light scattering (DLS) and was estimated by extrapolating to
0 the scattering vector q. The hydrodynamic radii (rzq = rz0)
of 1 b micelles were measured to be 240 nm irrespective of
the concentration of 1 b above 3.1 mm. A suspension of C60
in water was also subjected to DLS and the large hydrodynamic radius (rz50 = 140 nm) suggests that C60 was present as
clusters and not as individual C60 molecules. It has previously been shown that the smallest stable C60 cluster consists of
13 molecules, which gives an actual (non-hydrated) radius of
1.4 nm.[49]
Interestingly, the hydrodynamic radii of 1 b (at concentrations above cmc) in the presence of C60 changed to approximately 170 nm, that is, approaching the value of C60 alone.
This suggests that 1 b forms a somewhat tighter packing unit
when a C60 cluster acts as a template.
The formation of aggregates is further supported by the
absorption spectra of C60 in toluene and solubilised in water
(Figure 12). In toluene, the solution is bright purple and the
absorption peaks are well-defined. In water, the high-energy
peaks are slightly redshifted, which is probably due to the
hydration of C60.[50] The new bands at around 450 and
620 nm start to resemble the spectra of solid-state C60 and
result from the formation of aggregates.[51] The formation of
aggregates is seen in solution with and without 1 b.
Even without 1 b, tiny amounts of C60 will dissolve in
water over time, but the addition of 1 b helps to dissolve C60
more quickly. This is seen in the absorbance spectra of C60
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tives. As a result of the entanglement, it is unlikely that investigation of the solution-phase structures of the dissolved
SWNTs will provide information different to that obtained
in this study by TEM and AFM of the solid state.
We found that the dissolution of C60 was significantly
aided by the use of the triptycene derivative 1 b, and although we observed enhanced solubility of C60 after extended sonication (days), even in the absence of a ligand, this indicates that sonication leads to chemical degradation of the
C60.

Experimental Section
Figure 12. Absorbance of C60 in water after 8 h sonication in a bath-type
sonicator with (solid line) and without (dashed line) 1 b (0.1 mm). The
amount of C60 was constant, but not all C60 was dissolved in solution.
Inset: Absorption spectrum of C60 in decaline (dotted line) as well as the
absorption spectra of the C60 solutions normalised by the maximal possible C60 concentration (approximately 50 mm).

in water after sonication for 8 h with and without 1 b
(Figure 12). It is clear that approximately five times as much
C60 dissolves in solution in the presence of 1 b. If sonication
was continued for several days, more C60 would dissolve in
both samples. Surprisingly, after 3–4 days the C60 concentration in the sample without 1 b is almost equal to the sample
in which 1 b is present. Notably, this does not seem to be dependent on whether the concentration of 1 b is above or
below the cmc. This observation leads one to suspect that
the species in solution, after prolonged sonication, is not dissolved C60 as such, but rather C60 moieties on which reactions have occurred during the sonication. The most plausible reaction would be the hydroxylation of C60. Introduction
of a single hydroxy group would not be expected to significantly change the UV/Vis spectroscopic footprint of C60.

Conclusion
We have shown that both C60 and SWNTs can be readily
dissolved in water with the aid of a triptycene or naphthalene derivative. The solutions of the SWNTs are sufficiently
stable that they can be stored unchanged for extended periods of time; in the present experiments the solutions were
stored for more than a year under ambient conditions. The
molecules studied herein contain dual functionalities; the
tails in these derivatives ensure enhanced solubility of the
derivatives in water and the curvature (only the triptycene
moiety) and p-stacking properties of the triptycene or naphthalene head group are responsible for the actual solubility
of C60 or SWNT as a result of hydrophobic interactions. The
extended stability aside, the problem of debundling SWNTs
has not been fully resolved. The entanglement of the
SWNTs precludes quantification of the extent to which the
curvature of the triptycene moiety favours complexation
with the SWNTs in comparison with the naphthalene deriva-

Chem. Eur. J. 2012, 18, 8716 – 8723

Micelle formation: The micelle formation of 1 b was determined by conductivity measurements (Radiometer Copenhagen, CDM 83, Probe:
PP1042). A stock solution, 4 mL of 5 mm 1 b, was prepared in pure water
(Millipore filtered, resistance 18.2 W). The solution was subsequently diluted with small amounts of water for each measurement. The cmc was
determined from the intercept of two linear fits of the conductivity curve.
DLS: DLS was measured on an AVL 5000 instrument. The angle dependence of selected samples was measured for incoming light in the
range of 30–1508. The apparent hydrodynamic radii were compared at an
incoming light angle of 508. The decay rate was determined by using the
software for ALV-5000. All samples were filtered through a 0.45 mm filter
(Sartorius Minisart CA) just before measurement to remove dust.
Absorption spectrophotometry: Absorption spectra were measured on
a Varian Cary50 (1100–200 nm) or Varian Cary 5E (1500–600 nm) spectrophotometer. Measurements on the solubilised SWNTs in the NIR
region were measured in D2O to suppress interference from undertones
of OH stretching vibrations in water. The solubility of C60 (Aldrich, used
as received) and the SWCNTs (Nanocyl S.A., purified SWNTs grown by
catalytic chemical vapour deposition, average diameter 2 nm, used as received) was mainly studied with 1 b, which readily dissolves in water. To
prepare solutions of 1 b and C60, C60 was dissolved in toluene and this solution was then spread on the surface of an aqueous solution of 1 b. The
toluene was allowed to evaporate and the final solution was sonicated
(bath type, Branson 1510) and mildly heated for the desired amount of
time.
To study the solubility of SWNTs in water, a 2 mm solution of 1 b in
water was prepared. Excess SWNTs were added (40 mg per 60 mL solution) to this solution, which was then sonicated (tip type, Misonix sonicator 3000) for 30 min. The resulting suspension was centrifuged at 52000g
for 8 h at room temperature. The absorption spectra were then recorded
of the top layer (20 mL) of the now dark, but clear solution. Mixtures of
SWNTs with 1 a and 1 c were prepared in a similar fashion, but the sonication period was 24 h.
AFM: A 0.1 % solution of (3-aminopropyl)triethoxysilane (APTES,
Sigma; 15 mL) was incubated on freshly cleaved mica for 10 min and then
rinsed with filtered water. Samples (15 mL) for study were then incubated
for 5 min on the APTES–mica, which thereafter was rinsed thoroughly
with filtered Milli-Q water and dried in filtered N2. The dry surfaces
were imaged in tapping mode by using a Nanoscope Multimode (IIIA
Controller) AFM with a 3467JV scanner and an eigen frequency of
297 kHz.
X-ray: Crystals suitable for single-crystal X-ray diffraction were obtained
by crystallization in ethanol. Diffraction data were acquired at 122 K on
a Nonius KappaCCD area-detector diffractometer, equipped with an
Oxford Cryostreams low-temperature device, using graphitemonochromated MoKa radiation (l = 0.71073 ). The structures were solved using
direct methods (SHELXS97) and refined using the SHELXL97 software
package. All non-hydrogen atoms were refined anisotropically, whereas
H-atoms were isotropic and constrained.
CCDC-883626 (3), -883623 (5), contain the supplementary crystallographic data for this paper. These data can be obtained free of charge
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from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif
General methods: Unless otherwise stated, all starting materials were obtained from commercial suppliers and used as received. Solvents were
HPLC grade and used as received. 1H and 13C NMR spectra were recorded on a 300 MHz NMR (Varian) spectrometer (300 MHz for 1H and
75 MHz for 13C) or on a 400 MHz NMR (Bruker) (400 MHz for 1H and
100 MHz for 13C). 1H chemical shifts are reported in ppm downfield from
tetramethylsilane (TMS) and 13C chemical shifts in ppm downfield of
TMS by using the resonance of the deuterated solvent as internal standard (76.9 ppm for CDCl3). Elemental analyses were performed by Birgitta Kegel at the Microanalytical Laboratory at the Department of
Chemistry, University of Copenhagen. FAB-MS were recorded on
a JEOl JMS-HX 110A Tandem Mass Spectrometer in positive-ion mode
with m-NBA (m-nitrobenzyl alcohol) as the matrix. GCMS was performed with a HP5890 Series II plus gas chromatograph coupled with
a HP5872 Series Mass analyser. Dry column vacuum chromatography
was performed with 15–40 mesh silica from Merck.
The order in which the synthetic details have been presented has been
changed to agree with the order in which they are prepared by the protocols described within.
Compound 3: 2,2-Dipropionyl-2,3-dihydro-1H-indene-4,7-dione (2;[8, 9]
5.0 g, 17.1 mmol) was dissolved in AcOH (40 mL) and anthracene
(3.56 g, 20 mmol) was added followed by tetrachloro-p-benzoquinone
(9.8 g, 40 mmol). The mixture was stirred and heated at reflux for 5 h.
The reaction mixture was allowed to cool to room temperature and concentrated in vacuo. Purification by flash column chromatography with
toluene as eluent yielded a yellow powder. Yield: 6.0 g (75 %); m.p. 174–
176 8C; 1H NMR (CDCl3, 400 MHz): d = 7.3–6.9 (m, 8 H), 5.6 (s, 2 H), 4.1
(q, J = 7.3 Hz, 4 H), 3.3 (s, 4 H), 1.25 ppm (t, J = 6.23 Hz, 6 H); 13C NMR
(CDCl3, 100 MHz): d = 181.3, 170.5, 152.6, 143.6, 125.4, 124.2, 62.1, 57.3,
47.2, 38.4, 13.8 ppm; MS (FAB +): m/z: 469.18 [M] + ; elemental analysis
calcd (%) for C29H24O6 (468.50): C 74.34, H 5.16; found: C 74.09, H 5.21.
Compound 4: Quinone 3 (10.0 g, 21.3 mmol) was dissolved in ethyl acetate (300 mL) and 10 % Pd/C (1 g) was added. The mixture was hydrogenated at 58 psi at room temperature for 20 h. The reaction mixture was
filtered and evaporated to dryness in vacuo. The off-white solid was crystallised from EtOH to yield the title compound as a white powder. Yield:
9.6 g (95 %); m.p. 248–253 8C; 1H NMR (CDCl3, 400 MHz): d = 7.3–6.9
(m, 8 H), 5.6 (s, 2 H), 4.1 (q, J = 7.3 Hz, 4 H), 3.3 (s, 4 H), 1.25 (t, J =
6.23 Hz, 6 H), 0.8 ppm (s, 2 H); 13C NMR (CDCl3, 100 MHz): d = 170.9,
145.2, 140.4, 132.5, 125.0, 124.2, 123.5, 61.8, 60.5, 47.3, 36.9, 29.6,
13.9 ppm; MS (FAB +): m/z: 471.0 [M] + ; elemental analysis calcd (%)
for C29H26O6 (470.51): C 74.04, H 5.53; found: C 73.66, H 5.55.
Compound 5: Hydroquinone 4 (0.5 g, 1.06 mmol) was dissolved in degassed acetone (40 mL) and K2CO3 (0.3 g, 2.15 mmol) was added. After
stirring at room temperature for 40 min under N2, CH3I (1 mL) was
added. After 20 h at 40 8C, the reaction mixture was quenched with water
and extracted with CH2Cl2 (3  20 mL). The combined organic extracts
were concentrated in vacuo and purified by dry column vacuum chromatography (from heptane to 1:1 EtOAc/heptane with 10 % increments)
yielding the pure target molecule as a yellow solid material. Yield: 0.5 g
(95 %); m.p. 210–213 8C; 1H NMR (CDCl3, 400 MHz): d = 7.4–6.9 (m,
8 H), 5.7 (s, 2 H), 4.1 (q, J = 7.3 Hz, 4 H), 3.8 (s, 6 H), 3.5 (s, 4 H), 1.25 ppm
(t, J = 6.23 Hz, 6 H); 13C NMR (CDCl3, 100 MHz): d = 171.2, 147.3, 145.2,
138.0, 130.3, 125.4, 125.4, 125.1, 124.2, 123.5, 61.7, 61.2, 60.6, 47.9, 37.5,
13.9 ppm; MS (FAB +): m/z: 498 [M] + ; elemental analysis calcd (%) for
C31H30O6 (498.57): C 74.77, H 6.07; found: C 74.35, H 74.35.
Compound 6: Ester 5 (2.0 g, 40 mmol) was dissolved in THF (150 mL)
and aqueous LiOH (1 m, 100 mL) was added. The reaction mixture was
stirred for 2 days at room temperature and then acidified by the addition
of 2 m aq HCl (100 mL) to give a white solution. This solution was extracted with CH2Cl2 (3  100 mL) and the combined organic extracts were
concentrated in vacuo. The off-white residue was dissolved in EtOH and
treated with activated carbon. After 20 min of stirring the resulting black
solution was filtered through a plug of silica. The plug was further
washed with EtOH (200 mL). Evaporation in vacuo yielded the title
compound as a white powder. Yield: 1.5 g (85 %); m.p. 200 8C; 1H NMR
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(CDCl3, 400 MHz): d = 7.4–6.9 (m, 8 H), 5.7 (s, 2 H), 3.7 (s, 6 H), 3.3 (s,
4 H), 2.5 ppm (s, 2 H); 13C NMR (CDCl3, 100 MHz): d = 146.9, 145.2,
137.5, 130.7, 125.1, 123.7, 61.0, 47.1 ppm; MS (FAB +): m/z: 443 [M] + ; elemental analysis calcd (%) for C27H22O6 (442.46): C 73.74, H 5.23; found:
C 73.66, H 5.55.
Compound 1 a: Malonic acid 6 (1.00 g, 2.26 mmol) was dissolved in dry
dichloromethane (20 mL). Oxalyl chloride (2.0 g, 15 mmol) was added
followed by DMF (5 drops, catalytic amount). The mixture was stirred at
room temperature for 6 h under N2 and concentrated in vacuo (5 
10 2 mbar) at room temperature. Following evaporation, dry dichloromethane (20 mL), Et3N (2.5 g, 25 mmol) and 2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethanol (2.0 g, 10 mmol) was added followed by DMAP
(50 mg, cat. amount). The mixture was stirred at room temperature for
20 min and concentrated in vacuo. Excess of 2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethanol was removed from the black oil by distillation in
a Kugelrohr vacuum distillation apparatus at 0.02 mbar and 125 8C. Purification by dry column vacuum chromatography (from heptane to 1:1
EtOAc/heptane in 10 % increments) yielded a clear oil. Yield: 0.356 g
(19 %); 1H NMR (D2O, 400 MHz): d = 7.4–6.9 (m, 8 H), 5.6 (s, 2 H), 4.2
(t, J = 3.65 Hz, 4 H), 3.75 (s, 6 H), 3.7–3.4 (m, 28 H), 3.3 ppm (m, 10 H);
13
C NMR (D2O, 100 MHz): d = 170.9, 147.2, 145.2, 138.0, 130.2, 125.1,
123.5, 71.83, 71.81, 70.5, 70.45, 70.4, 70.37, 68.77, 68.62, 66.9, 64.7, 61.2,
60.5, 58.9, 47.9, 37.5 ppm; MS (FAB +): m/z: 822.5 [M] + ; elemental analysis calcd (%) for C45H58O14 (822.93): C 65.68, H 7.10; found: C 65.25, H
7.23.
Compound 1 b: A mixture of malonic acid 6 (0.45 g, 1.03 mmol) and aq
NaOH (26.3 mL, 2.10 mmol, 80 mm solution) was stirred for 2 h and concentrated in vacuo. The resulting carboxylate and 1,3-propansultone
(86 mg, 4.78 mmol) were heated at 80 8C for 3 h. MeCN (50 mL) was
added and the reaction mixture was stirred for 3 d at 80 8C and then allowed to cool to room temperature. The reaction mixture was filtered,
washed with acetone and concentrated in vacuo. The white solid was
crystallised from EtOH to give the title compound as a white powder.
Yield: 406 mg, 54 %; m.p. 280 8C; 1H NMR (CDCl3, 400 MHz): d = 7.6–
7.5 (m, 4 H), 7.1–7.0 (m, 4 H), 5.9 (s, 2 H), 4.25 (t, J = 5.25 Hz, 4 H), 3.9 (s,
6 H), 3,5 (s, 4 H), 2.7 (t, J = 6.0 Hz, 4 H), 2.05 ppm (m, 4 H); 13C NMR
(CDCl3, 100 MHz): d = 172.3, 146.6, 144.7, 138.2, 130.9, 125.6, 123.7, 64.8,
61.5, 61.3, 47.2, 36.6, 23.4 ppm; MS (MALDI-TOF): m/z: 753.2 [M +
Na] + ; elemental analysis calcd (%) for C33H32Na2O12S2 (730.71): C 54.24,
H 4.41; found: C 53.98, H 4.39.
Compound 8: Naphthalene diethyl ester 7 (2.5 g, 8 mmol) was dissolved
in THF (200 mL) and dilute LiOH (1 m, 200 mL) was added. The reaction
mixture was stirred for 2 days at room temperature. The reaction mixture
was acidified by the addition of 2 m aq. HCl (200 mL), to give a white solution. This was extracted with CH2Cl2 (3  100 mL) and the combined organic extracts were evaporated to dryness in vacuo. Purification by dry
column vacuum chromatography (from heptane to 1:1 EtOAc/heptane in
10 % increments) yielded a white powder. Yield: 1.9 g (92 %); m.p. 165–
170 8C; 1H NMR ([D6]DMSO, 400 MHz): d = 13.0 (s, 2 H), 7.7–7.1 (m,
7 H), 3.3 (s, 2 H), 1.35 ppm (s, 3 H); 13C NMR ([D6]DMSO, 100 MHz): d =
173.2, 134.6, 132.9, 132.0, 128.7, 128.6, 127.5, 127.3, 126.1, 125.7, 54.1,
19.5 ppm; elemental analysis calcd (%) for C15H14O4 (258.27): C 69.76, H
5.46; found: C 69.14, H 5.52.
Compound 1 c: Naphthalene malonic acid 8 (0.4 g, 1.55 mmol) was dissolved in dry dichloromethane (15 mL) and oxalyl dichloride (1.18 g,
9.3 mmol) was added followed by DMF (cat. amount 1–2 drops). The
mixture was stirred at room temperature for 6 h under N2 and then
evaporated to dryness in vacuo (5  10 2 mbar) at room temperature.
After evaporation, dry dichloromethane (15 mL), Et3N (1.5 g, 15 mmol)
and 2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethanol (1.29 g, 6.2 mmol)
were added followed by DMAP (cat. amount ~ 50 mg). The mixture was
stirred at room temperature for 20 min and then evaporated to dryness
in vacuo. The oil was distilled in a Kugelrohr vacuum distillation apparatus at 0.02 mbar and 240 8C to give the title compound as an oil. Yield:
0.356 g, 19 %; 1H NMR (CDCl3, 400 MHz): d = 7.7–7.1 (m, 7 H), 4.2 (t,
4 H), 3.7–3.4 (m, 28 H), 3.38 (s, 2 H), 3.35 (s, 6 H), 1.2 ppm (s, 3 H);
13
C NMR (CDCl3, 100 MHz): d = 171.6, 129.2, 128.4, 127.6, 127.4, 125.8,
125.5, 71.4, 70.5, 68.7, 64.4, 58.9, 55.0, 41.1, 29.6, 19.8 ppm; MS (FAB +):
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m/z [M] + ; elemental analysis calcd (%) for C33H50O12 (638.74): C 62.05,
H 7.89; found: C 62.30, H 7.74.
Compound 1 d: A mixture of naphthalene malonic acid 8 (0.5 g,
1.94 mmol) and aq. NaOH (48.5 mL, 3.87 mmol, 80 mm solution) was
stirred for 2 h and then evaporated to dryness in vacuo. The carboxylate
and 1,3-propansultone (3 g, 24.9 mmol) were heated at 80 8C for 3 h.
MeCN (100 mL) was added and the reaction mixture was stirred for
2 weeks at 80 8C and then allowed to reach room temperature. The reaction mixture was filtered, washed with acetone and evaporated to dryness
in vacuo to give the title compound as a white powder. Yield: 750 mg
(71 %); 1H NMR (D2O, 400 MHz): d = 7.7–7.1 (m, 7 H), 4.0 (t, 4 H), 3.2
(s, 2 H), 2.6 (t, 4 H), 1.9 (m, 4 H), 1.3 ppm (s, 3 H); 13C NMR (D2O,
100 MHz): d = 173.6, 133.6, 132.9, 132.2, 128.7, 128.4, 127.8, 127.6, 127.5,
126.5, 126.2, 64.7, 55.9, 47.5, 40.8, 23.5, 19.4 ppm; MS (MALDI-TOF): m/
z: 753.2 [M + Na] + ; elemental analysis calcd (%) for C21H24Na2O10S2
(546.52): C 46.15, H 4.43; found: C 45.91, H 4.34.

[1] S. Ijima, Nature 1991, 354, 56 – 58.
[2] M. S. Dresselhaus, G. Dresselhaus, R. Saito, Carbon 1995, 33, 883 –
891.
[3] K. K. Kim, D. J. Bae, C. M. Yang, K. H. An, J. Y. Lee, Y. H. Lee, J.
Nanosci. Nanotechnol. 2005, 5, 1055 – 1059.
[4] S. M. Bachilo, M. S. Strano, C. Kittrell, R. H. Hauge, R. E. Smalley,
R. B. Weisman, Science 2002, 298, 2361 – 2366.
[5] H. Kataura, Y. Kumazawa, Y. Maniwa, I. Umezu, S. Suzuki, Y. Ohtsuka, Y. Achiba, Synth. Met. 1999, 103, 2555 – 2558.
[6] V. Georgakilas, K. Kordatos, M. Prato, D. M. Guldi, M. Holzinger,
A. Hirsch, J. Am. Chem. Soc. 2002, 124, 760 – 761.
[7] M. S. Strano, C. A. Dyke, M. L. Usrey, P. W. Barone, M. J. Allen, H.
Shan, C. Kittrell, R. H. Hauge, J. M. Tour, R. E. Smalley, Science
2003, 301, 1519 – 1522.
[8] C. A. Dyke, J. M. Tour, Chem. Eur. J. 2004, 10, 812 – 817.
[9] T. Fujigaya, N. Nakashima, Pol. J. 2008, 40, 577 – 589.
[10] F. Pompeo, D. E. Resasco, Nano Lett. 2002, 2, 369 – 373.
[11] M. J. OConnell, P. Boul, L. M. Ericson, C. Huffman, Y. Wang, E.
Haroz, C. Kuper, J. Tour, K. D. Ausman, R. E. Smalley, Chem. Phys.
Lett. 2001, 342, 265 – 271.
[12] H. G. Chae, M. L. Minus, S. Kumar, Polymer 2006, 47, 3494 – 3504.
[13] A. Star, J. F. Stoddart, Macromolecules 2002, 35, 7516 – 7520.
[14] M. Zheng, A. Jagota, E. D. Semke, B. A. Diner, R. S. McLean, S. R.
Lustig, R. E. Richardson, N. G. Tassi, Nat. Mater. 2003, 2, 338 – 342.
[15] J. Sun, Y. Wang, L. Gao, Y. Lui, H. Kajiura, Y. Li, K. Noda, J. Phys.
Chem. C 2008, 112, 1789 – 1794.
[16] C. Backes, U. Mundloch, A. Ebel, F. Hauke, A. Hirsch, Chem. Eur.
J. 2010, 16, 3314 – 3317.
[17] C. Richard, F. Balavoine, P. Schultz, T. W. Ebbesen, C. Mioskowski,
Science 2003, 300, 775 – 778.
[18] D. M. Guldi, E. Menna, M. Maggini, M. Marcaccio, D. Paolucci, F.
Paolucci, S. Campidelli, M. Prato, G. M. A. Rahman, S. Schergna,
Chem. Eur. J. 2006, 12, 3975 – 3983.
[19] Y. Tomonari, H. Murakami, N. Nakashima, Chem. Eur. J. 2006, 12,
4027 – 4034.
[20] V. C. Moore, M. S. Strano, E. H. Haroz, R. H. Hauge, R. E. Smalley,
J. Schmidt, Y. Talmon, Nano Lett. 2003, 3, 1379 – 1382.
[21] M. F. Islam, E. Rojas, D. M. Bergey, A. T. Johnson, A. G. Yodh,
Nano Lett. 2003, 3, 269 – 273.
[22] N. Nakashima, Y. Tomonari, H. Murakami, Chem. Lett. 2002, 638 –
639.
[23] R. J. Chen, Y. Zhang, D. Wang, H. Dai, J. Am. Chem. Soc. 2001,
123, 3838 – 3839.
[24] M. Bystrzejewski, A. Huczko, H. Lange, T. Gemming, B. Buechner,
M. H. Ruemmeli, J. Colloid Interface Sci. 2010, 345, 138 – 142.

Chem. Eur. J. 2012, 18, 8716 – 8723

FULL PAPER
[25] A. Ortiz-Acevedo, H. Xie, V. Zorbas, W. M. Sampson, A. B. Dalton,
R. H. Baughman, R. K. Draper, I. H. Musselman, G. R. Dieckmann,
J. Am. Chem. Soc. 2005, 127, 9512 – 9517.
[26] H. Dodziuk, A. Ejchart, W. Anczewski, W. Anczewski, H. Ueda, E.
Krinichnaya, G. Dolgonos, W. Kutner, Chem. Commun. 2003, 986 –
987.
[27] H. Murakami, G. Nakamura, T. Nomura, T. Miyamoto, N. Nakashima, J. Porphyrins Phthalocyanines 2007, 11, 418 – 427.
[28] X. Peng, N. Komatsu, S. Bhattacharya, T. Shimawaki, S. Aonuma, T.
Kimura, A. Osuka, Nat. Nanotechnol. 2007, 2, 361 – 365.
[29] S. Zu, X. Sun, Y. Liu, B. Han, Chem. Asian J. 2009, 4, 1562 – 1572.
[30] D. V. Konarev, N. V. Drichlko, R. N. Lyubovskaya, Y. M. Shul’ga,
A. L. Litvinov, V. N. Semkin, Y. A. Dubitsky, A. Zaopo, J. Mol.
Struct. 2000, 526, 25 – 29.
[31] E. Marc Veen, P. M. Postma, H. T. Jonkman, A. L. Spek, L. Feringa,
Chem. Commun. 1999, 1709 – 1710.
[32] T. M. Long, T. M. Swagger, J. Am. Chem. Soc. 2003, 125, 14113 –
14119.
[33] X. Z. Zhu, C. F. Chen, J. Org. Chem. 2005, 70, 917 – 924.
[34] A. Wiehe, M. O. Senge, H. Kurreck, Liebigs Ann. 1997, 1951 – 1963.
[35] P. Hammershøj, J. B. Christensen, Acta Crystallogr. E 2005, 61,
o3278 – o3280.
[36] P. Hammershøj, J. B. Christensen, Acta Crystallogr. E 2005, 61,
o3468 – o3469.
[37] M. Hashimoto, K. Yamamura, J. Yamane, Tetrahedron 2001, 57,
10253 – 10258.
[38] J. Yang, C. Liu, B. Lin, C. Tu, G. Lee, J. Org. Chem. 2002, 67, 7343 –
7354.
[39] K. Anzenhofer, J. de Boer, Z. Kristallkopf. 1970, 249 – 282.
[40] A. Duarte-Ruiz, T. Mller, K. Wurst, B. Krutler, Tetrahedron 2001,
57, 3709 – 3714.
[41] S. Duan, R. J. Baker, J. Masnovi, Acta. Cryst. C 2000, 56, 99 – 101.
[42] S. M. Keogh, T. G. Hederman, E. Gregan, G. Farrell, G. Chambers,
H. J. Byrne, J. Phys. Chem. B 2004, 108, 6233 – 6241.
[43] I. W. Chiang, B. E. Brinson, A. Y. Huang, P. A. Willis, M. J. Bronikowski, J. L. Margrave, R. E. Smalley, R. H. Hauge, J. Phys. Chem.
B 2001, 105, 8297 – 8301.
[44] A. G. Ryabenko, T. V. Dorofeeva, G. I. Zvereva, Carbon 2004, 42,
1523 – 1535.
[45] B. Zhao, H. Hu, S. Niyogi, M. E. Itkis, M. A. Hamon, P. Bhowmik,
M. S. Meier, R. C. Haddon, J. Am. Chem. Soc. 2001, 123, 11673 –
11677.
[46] D. Chattopadhyay, S. Lastella, S. Kim, F. Papadimitrakopoulos, J.
Am. Chem. Soc. 2002, 124, 728 – 729.
[47] J. N. Israelachvili, Intermolecular and Surface Forces, Academic
Press 1992, Santa Barbara, CA, USA, Chapter 16.
[48] D. V. Konarev, Y. V. Zubavichus, E. F. Valee, Yu. L. Slovokhotov,
Ku. M. Shul’ga, R. N. Lyubovskaya, Synth. Met. 1999, 103, 2364 –
2365.
[49] Y. I. Prylutskyy, S. S. Durov, L. A. Bulavin, I. I. Adamenko, K. O.
Moroz, I. I. Geru, I. N. Dihor, P. Scharff, P. C. Eklund, L. Grigorian,
Int. J. Thermophysics 2001, 22, 943 – 956.
[50] P. Scharff, K. Risch, L. Carta-Abelman, I. M. Dmytruk, M. M. Bilyi,
O. A. Golub, A. V. Khavryuchenko, E. V. Buzaneva, V. L. Aksenov,
M. V. Avdeev, Y. I. Prylutskyy, S. S. Durov, Carbon 2004, 42, 1203 –
1206.
[51] Y. M. Wang, P. V. Kamat, L. K. Patterson, J. Phys. Chem. 1993, 97,
8793 – 8797.

 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Received: April 18, 2011
Revised: March 21, 2012
Published online: June 12, 2012

www.chemeurj.org

8723

