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Self-Assembled Single-Walled Carbon Nanotube:Zinc–Porphyrin Hybrids
through Ammonium Ion–Crown Ether Interaction: Construction and
Electron Transfer
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Introduction

Recently, major research efforts have been devoted to un-
derstand the physico-chemical properties of carbon nano-
tubes,[1] which are a new allotropic form of carbon, with the
intention of developing nanometer-dimension materials and
devices that could be used in future technologies.[2] In this
context, single-walled carbon nanotubes (SWNTs) have
emerged as attractive candidates because of their outstand-
ing physical, chemical, and mechanical properties, together
with their potential for practical applications. Additionally,
SWNTs are better characterized and offer characteristic
spectroscopic fingerprints compared with other forms of
nanotubes.[1,2] SWNTs consist of graphitic layers wrapped
seamlessly into cylinders that originate from defined sec-
tions of two-dimensional graphene sheets. The presence of
these extended, delocalized p-electron systems makes
SWNTs attractive candidates for developing efficient energy
harvesting, photovoltaic, and hydrogen storage materials.[2,3]

In this context, incorporating SWNTs into donor–acceptor
ensembles for the study of light-induced electron transfer is
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Abstract: An ammonium ion–crown
ether interaction has been successfully
used to construct porphyrin–single-
walled carbon nanotube (SWNT)
donor–acceptor hybrids. The
[18]crown-6 to alkyl ammonium ion
binding strategy resulted in porphyrin–
SWNT nanohybrids that are stable and
soluble in DMF. The porphyrin–SWNT
hybrids were characterized by spectro-
scopic, TEM, and electrochemical tech-
niques. Both steady-state and time-re-
solved emission studies revealed effi-
cient quenching of the singlet excited
state of the porphyrins and free-energy

calculations suggested that electron-
transfer quenching occurred. Nanosec-
ond transient absorption spectral re-
sults supported the charge-separation
quenching process. Charge-stabilization
was also observed for the nanohybrids
in which the lifetime of the radical ion
pairs was around 100 ns. The present
nanohybrids were also used to reduce

the hexyl viologen dication (HV2+)
and to oxidize 1-benzyl-1,4-dihydroni-
cotinamide in solution in an electron-
pooling experiment. Accumulation of
the radical cation (HVC+) was observed
in high yields, which provided addition-
al proof for the occurrence of photoin-
duced charge separation. The present
study demonstrates that a hydrogen-
bonding motif is a successful self-as-
sembly method to build SWNTs bear-
ing donor–acceptor nanohybrids, which
are useful for light-energy harvesting
and photovoltaic applications.
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donor–acceptor systems · electron
transfer · nanotubes ·
porphyrinoids

Chem. Eur. J. 2007, 13, 8277 – 8284 G 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 8277

FULL PAPER



an active area of research.[3–5] A few elegant covalently
linked[4] and noncovalently assembled[5] donor–acceptor hy-
brids that contain SWNTs have been developed. Among the
covalent and noncovalent assembly methods, noncovalent
methods are more appealing because these methods would
not significantly perturb the electronic structure of the nano-
tubes. For this reason, noncovalent strategies are often
adopted in the complex superstructures of biological sys-
tems. However, the use of well-defined self-assembly meth-
ods to develop SWNT-bearing donor–acceptor hybrids is
still in its infancy. A few examples that involve p–p, van der
Waals, electrostatic, and metal–ligand coordination interac-
tions have recently been developed.[5]

Self-assembly by using an ammonium ion–crown ether in-
teraction is a powerful method because it offers a high
degree of directionality with binding energies of up to
100 kJmol�1.[6] However, to date, no ammonium ion–crown
ether interactions have been used to assemble SWNTs bear-
ing donor–acceptor hybrids, primarily owing to difficulties
associated with the ammonium ion–crown ether self-assem-
bly protocol. In the present study, the alkyl ammonium ion–
crown ether binding interaction has been successfully used
to self-assemble donor–acceptor hybrids. Our strategy,
which involves the molecules shown in Scheme 1, includes
the following steps:

1) For solubilization of SWNTs, we have adopted the well
known SWNT–pyrene (Pyr) p-stacking method.[7] This
method is especially suitable compared with chemical de-
rivatization because it preserves the electronic structure
of the SWNT.

2) To self-assemble donor entities, we functionalized the
Pyr entity with an alkyl ammonium cation, 1, and
formed SWNT–1 nanohybrids.

3) Next, alkyl ammonium cations were self-assembled by
using an alkyl ammonium ion–crown ether binding inter-
action to porphyrins that contain one or four [18]crown-
6 moieties. Porphyrins with a higher number of crown
ether moieties are expected to result in more stable en-
sembles owing to the cooperative binding effect.

Results and Discussion

Optical absorption and emission studies : The binding of 1 to
a crown ether appended porphyrin (ZnCP) was investigated
by using optical absorption methods in DMF. Addition of 1
to a solution of zinc–porphyrin that contained one crown
ether moiety (ZnMCP1) (Scheme 1) resulted in a decrease
in the Soret band intensity. The binding constant was evalu-
ated by constructing a Benesi–Hildebrand plot[8] and was
found to be 9.4K103m�1, which suggests a moderate stability
for the alkyl ammonium ion–crown ether assembled supra-
molecular complex (see Figure S1 in the Supporting Infor-
mation for spectra and the plot).[9] As mentioned earlier,
porphyrins that contain four crown ether moieties are ex-

pected to form much more stable supramolecular complexes
(Figure 1) owing to the cooperative effect.

The absorption spectrum of the SWNT–1 ensemble re-
vealed bands that correspond to the nanotubes in the 400–
600, 600–950, and 1100–1660 nm range, which indicates the
presence of both metallic and semiconducting nanotubes in
the sample[10] (see Figure S2 in the Supporting Information
for the spectrum). The fine structures of the bands indicated

Scheme 1. Structures of the compounds investigated depicting the adopt-
ed self-assembly methodology.

Figure 1. Strategy adopted for the construction of SWNT-1:ZnTCP hy-
brids in the present study and the photochemical events upon excitation
of the porphyrin entity.
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preservation of the electronic structure of the SWNT after
immobilization with 1. In the UV region, the samples also
revealed peaks that correspond to the presence of pyrene
entities. However, these bands were found to be broadened
relative to pure 1, perhaps as a result of p stacking with the
SWNTs. The presence of the pyrene entity on the SWNT
was also confirmed by recording the fluorescence spectrum
of SWNT–1 in DMF. When excited at 340 nm, which corre-
sponds to one of the absorption peaks of pyrene, emission
peaks that correspond to the pyrene entity were observed in
the 375 to 430 nm range. However, the emission intensity
was found to be quenched by more than 95% of the original
intensity of 1 at the same pyrene concentration as a conse-
quence of p–p stacking of pyrene on the nanotube (see Fig-
ure S3 in the Supporting Information for the spectra).

Figure 2 shows TEM images of SWNT–1 in DMF. In
agreement with literature results,[4,5] the SWNT bundles
were found to be loosened after treatment with 1, although

some of them intertwine again during TEM sample prepara-
tion. This observation suggests an appreciable decrease in
branches of several SWNTs stacked together compared with
untreated, commercially available SWNTs of high purity.
Additionally, most of the amorphous carbon and Fe nano-
particles present in the untreated SWNT were absent in
solubilized SWNT–1. This result suggests that adsorbed 1
largely acts to separate the SWNTs and prevents them from
stacking with each other.

The SWNT–1:ZnCP donor–acceptor hybrids were formed
in solution by the addition of SWNT–1 to either of the zinc–
porphyrins that contained one crown ether moiety
(ZnMCP1 or ZnMCP2). As shown in Figure 3a, addition of
SWNT–1 to a solution of a zinc–porphyrin that contains
four crown ether moieties (ZnTCP, Scheme 1) in DMF re-
vealed a diminished Soret band intensity at 430 nm accom-
panied by two isosbestic points at 423 and 438 nm, respec-
tively. Similar spectral changes were observed when
ZnMCP1 and ZnMCP2 were titrated with SWNT–1 (See
Figures S4a and S5a in the Supporting Information). Addi-
tion of SWNT–1 was also found to efficiently quench the
fluorescence of the ZnCPs. As shown in Figure 3b for
ZnTCP, both emission bands of ZnP revealed quenching of

more than 60% of their initial intensity. In a control experi-
ment, SWNTs were also solubilized by using pyrene that
contains a phenyl ring (2 in Scheme 1) instead of the alkyl
ammonium ion. When ZnCPs were titrated with SWNT–2
no clear interaction was observed, that is, the decrease in
the Soret intensity was minimal with no clear isosbestic
points. Also, quenching of the ZnCP emission was less than
15%. These results clearly suggest the formation of a self-
assembly through the alkyl ammonium ion–crown ether in-
teraction, which is similar to that reported for the same
series of ZnCPs interacting with alkyl ammonium cation-
functionalized fullerenes.[9]

Electrochemical studies and electron-transfer driving
force calculations : Electrochemical studies by using cyclic
voltammetry were performed to understand the overall
redox behavior of the SWNT–1:ZnCP nanohybrids and to
evaluate the energetics of light-induced electron transfer.
Figure 4 shows the cyclic voltammograms of ZnTCP with in-
creasing amounts of SWNT–1. The first oxidation and first
reduction of ZnTCP were located at E1=2

=0.76 and �1.25 V
versus Ag/AgCl, respectively. Addition of SWNT–1 resulted
in a small cathodic shift of the oxidation wave (�30 mV)
with increased peak-to-peak separation. The latter can be
attributed to slow electron transfer in the SWNT–1:ZnCP
nanohybrids as a result of limited access of the SWNT-

Figure 2. TEM image of SWNT–1 dispersed in DMF.

Figure 3. a) Absorption spectra in the Soret region and b) emission spec-
tra of ZnTCP on adding increasing amounts of SWNT–1 in DMF. lex=
558 nm.
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bound redox probes to the electrode surface.[5g] The current
that corresponds to SWNTs started emerging from around
�0.3 V and increased as the applied negative potential in-
creased.[11] It may be mentioned here that 1 did not exhibit
any redox processes within the potential window of the sol-
vent used. Similar electrochemical behavior was observed
for nanohybrids constructed by using ZnMCP1 and
ZnMCP2. The free-energy changes for charge separation,
DGCS, were calculated according to the Rehm–Weller
method,[12] by employing the first oxidation potential of
ZnCPs, the reduction potential of SWNTs (from the starting
point potential of �0.3 V), the singlet excitation energy of
ZnP (2.05 eV), and the estimated Coulomb energy. The
DGCS value for generating the radical ion pair SWNTC�–
1:ZnCPC+ was found to be ��1.1 eV, which indicates the
possibility of photoinduced charge separation in the nanohy-
brids.

Time-resolved emission and transient absorption studies :
Further time-resolved emission and nanosecond transient
absorption spectral studies were performed to understand
the quenching process. The singlet excited state of the
ZnCPs in DMF revealed a monoexponential decay with life-
times of around 2 ns. These lifetimes were found to be effi-
ciently decreased upon formation of the nanohybrids, as
shown in Figure 5, for the representative SWNT–1:ZnTCP
(see Figure S6 in the Supporting Information for other
nanohybrids). The decay could be fitted satisfactorily to a
biexponential decay curve for all of these nanohybrids, as
determined from their c2 values. By assuming that the fast
decaying components, which are in the 65 to 82% fractions,
are a result of excited-state charge separation, the rate con-
stants of charge separation (kCS) were evaluated as given in
Table 1. The magnitude of kCS and the quantum yield (FCS)
suggests an efficient charge-separation process. On the other
hand, the slower components in the 22 to 35% fraction
were attributed to both the loosely bound ZnCP or unbound
ZnCP entities in solution.

Further, nanosecond transient absorption spectral studies
provided evidence for charge separation (Figure 6 and Fig-
ure S7 in the Supporting Information) and allowed us to es-
timate the charge recombination rates, kCR. The transient
spectra revealed peaks in the 460 nm range that are mainly
a result of the triplet absorption of ZnCPs. The ZnCPC+ ,
which was expected to appear in the 500 to 680 nm range,
overlapped with the ZnCP triplet absorption bands.[4,5]

There was also a broad peak at around 1400 nm that could
be due to SWNTC�, although additional studies are warrant-
ed to confirm this assignment. It was possible to estimate
the value of kCR by monitoring the quick decay of ZnCPC+

at 660 nm because the slow decay part at 660 nm in Figure 6
(and the inset of Figure S7 in the Supporting Information)
can be attributed to the tail of the overlapping ZnP triplets.
The kCR values evaluated are given in Table 1 along with the
lifetimes of the radical ion pairs, tRIP, which were in the
nanosecond range and suggest that there is charge stabiliza-
tion in the SWNT–1:ZnCP nanohybrids reported herein.

Electron-pooling experiments : To authenticate the occur-
rence of photoinduced charge-separation in the donor–ac-
ceptor nanohybrids, electron-pooling experiments were con-
ducted with the help of an electron mediator, hexyl viologen

Figure 4. Cyclic voltammograms of ZnTCP (�0.01 mm) upon adding in-
creasing amounts of SWNT–1 in DMF that contains 0.1m (nBu)4NClO4.
Scan rate=100 mVs�1.

Figure 5. Fluorescence decays of ZnTCP (i) and SWNT–1:ZnTCP (ii)
monitored at the 600–700 nm range. The porphyrin concentration was
held at 0.01 mm (lex=400 nm).

Table 1. Fluorescence lifetimes, charge-separation rate constants (kCS),
and quantum yields (FCS) for 1ZnCP*, charge-recombination rate con-
stants (kCR), lifetimes of the radical ion pairs (tRIP) and percentage of
maximal conversion of HV+ C from the added HV2+ for SWNT–1:ZnCP
nanohybrids in DMF.

Donor[a] tf [ps]
(fraction [%])

kCS
[b]

ACHTUNGTRENNUNG[s�1]
FCS

[b] kCR

ACHTUNGTRENNUNG[s�1]
tRIP

[ns]
Yield HVC+

[%]

ZnTCP 250 (78)
1500 (22)

3.5K109 0.87 5.1K106 190 92

ZnMCP1 230 (82)
1710 (28)

3.8K109 0.88 1.7K107 60 95

ZnMCP2 280 (65)
1570 (35)

3.1K109 0.86 1.1K107 90 94

[a] See Scheme 1 for structures. The lifetimes of reference ZnTCP,
ZnMCP1 and ZnMCP2 were 1955, 1955, and 1975 ps, respectively, in
DMF. [b] kCS= ACHTUNGTRENNUNG(1/tf)sample� ACHTUNGTRENNUNG(1/tf)ref ; FCS=kCS/ ACHTUNGTRENNUNG(1/tf)sample. (tf)sample is the fast
decay component and tref is the lifetime of the respective ZnCP com-
pound given in [a].
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dication (HV2+), and an electron-hole shifter, 1-benzyl-1,4-
dihydronicotinamide (BNAH).[13] As shown in Figure 7a
(and Figure S8 in the Supporting Information), addition of
HV2+ to a solution that contained SWNT–1:ZnCP nanohy-
brids revealed a transient absorption band at around 620 nm
that corresponds to the reduced form of HV2+ (HVC+).[14]

These results suggest that there is electron transfer from
SWNTC� to HV2+ and provide additional proof for the for-
mation of one-electron reduced SWNTs. As expected, the
time profile of the HVC+ band revealed rapid decay owing
to charge-recombination with the hole on ZnCP (Figure 7b).
Interestingly, addition of both HV2+ and BNAH to a solu-
tion that contained SWNT–1:ZnCP nanohybrids and excit-
ing the sample by using 532 nm laser light, revealed the ex-
pected HVC+ radical band at 620 nm. The signal intensity of
this radical peak did not decay appreciably over the micro-
second timescale, which indicates that the hole from ZnPC+

shifts to BNAH to give the irreversible generation of 1-
benzyl-1,4-nicotinamide (BNA+) as the final product
(Scheme 2).[5g,14]

To establish the occurrence of electron transfer leading to
the persistent formation of the HVC+ radical, steady-state
laser photolysis experiments were performed. Figure 8 (and
Figure S9 in the Supporting Information) shows absorption
spectral changes that illustrate the accumulation of HVC+ as
a consequence of the photoinduced processes on addition of
HV2+ and BNAH, as depicted in Scheme 2. For this reason,
SWNT–1:ZnCP nanohybrids were repeatedly excited by

using 532 nm laser light in the presence of HV2+ and
BNAH. Accumulation of HVC+ was observed at around
620 nm, supporting the occurrence of the electron-mediating
process. The HVC+ concentration increased with increasing
the BNAH concentration as a result of the bimolecular
nature of the hole-shift process. Also, an increase in HV2+

concentration increased the maximum HVC+ absorbance
(Abs ACHTUNGTRENNUNG(HVC+)). In a control experiment, upon irradiation of
ZnCP in the absence of SWNT by using 532 nm laser light,
the accumulation of HVC+ was negligible when similar con-
centrations of ZnCP, HV2+ , and BNAH were employed,
thus supporting the importance of SWNTs as electron ac-

Figure 6. a) Nanosecond transient absorption spectra of SWNT–1:ZnTCP
(0.01 mm) observed by laser irradiation at 532 nm (ca. 3 mJ per pulse) in
DMF at 0.1 ms (*) and 1.0 ms (*) time intervals. b) Absorption–time pro-
file monitored at 660 nm.

Figure 7. a) Nanosecond transient absorption spectra of SWNT–
1:ZnMCP2 (0.01 mm) in the presence of HV2+ (0.5 mm) and BNAH
(1.5 mm) observed by laser irradiation at 532 nm (ca. 3 mJ per pulse) in
DMF at 0.1 ms (*) and 1.0 ms (*) time intervals. b) Absorption–time pro-
file of the 620 nm peak.

Scheme 2. Generation of HVC+ , the radical cation and dehydrogenated
forms of BNAH (BNAHC+ and BNA+) from the photoexcited SWNT–
1:ZnCP nanohybrids. Abbreviations: HV2+ and HVC+ ; hexyl viologen di-
cation and its radical cation, CR; Charge recombination, EM; electron
migration, and HS; hole shift.
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ceptors in the initial photoinduced charge-separation pro-
cess. These results clearly demonstrate the occurrence of
electron and hole mediation from the photogenerated
SWNTC�–1:ZnCPC+ nanohybrid to HV2+ and BNAH, re-
spectively. From the peak maxima of HVC+ obtained after
repeated irradiation by using 532 nm laser light and by em-
ploying the reported molar extinction coefficient of the
methyl viologen radical cation,[15] the conversion of HV2+ to
HVC+ was evaluated to be 97 to 99% in DMF. These obser-
vations illustrate efficient photosensitized electron-transfer/
electron-mediation processes of the donor–acceptor nanohy-
brids constructed by using the ammonium ion–crown ether
self-assembly approach.

Conclusion

In conclusion, by utilizing the ammonium ion–crown ether
binding motif, SWNT–ZnP donor–acceptor nanohybrids
were constructed and characterized by spectroscopic, TEM,
and electrochemical techniques. The [18]crown-6 to alkyl
ammonium cation binding strategy adopted resulted in
nanohybrids that are stable and soluble in DMF. Both
steady-state and time-resolved emission studies revealed ef-
ficient quenching of the singlet excited state of the porphyr-
ins and free-energy calculations suggested electron-transfer
quenching. Nanosecond transient absorption spectral results
were supportive of the charge-separation quenching process.
Charge-stabilization was also observed for the nanohybrids
in which the lifetime of the radical ion pairs was around
100 ns. The present nanohybrids were further utilized to
reduce HV2+ and to oxidize BNAH in solution in an elec-
tron-pooling experiment. Accumulation of the radical cation
HVC+ was observed in high yields, which offers additional
proof for the occurrence of photoinduced charge separation.
The present study demonstrates that the ammonium ion–

crown ether binding motif is a successful self-assembly
method to build SWNTs bearing donor–acceptor nanohy-
brids and are useful for light-energy conversion and photo-
voltaic applications.

Experimental Section

Chemicals : SWNTs (HiPco) were obtained from Carbon Nanotech
(Houston, TX). All of the reagents were from Aldrich Chemicals (Mil-
waukee, WI), whereas the bulk solvents used in the syntheses were from
Fischer Chemicals. Tetrabutylammonium perchloride, nBu4NClO4, used
in the electrochemical studies was obtained from Fluka Chemicals. The
syntheses of ZnCPs [9d] and compound 2[5g] are given elsewhere.

Instrumentation : The UV/Vis spectral measurements were carried out by
using a Shimadzu Model 1600 UV/Vis spectrophotometer. NIR measure-
ments were performed by using a Cary NIR or a JASCO UV/Vis-NIR
spectrophotometer. The steady-state fluorescence emission was moni-
tored by using a Varian Cary Eclipse spectrometer. A right-angle detec-
tion method was used. The 1H NMR studies were carried out by using a
Varian 400 MHz spectrometer. Tetramethylsilane (TMS) was used as an
internal standard. Cyclic voltammograms were recorded by using an
EG&G PARSTAT electrochemical analyzer with a three electrode
system in solvents that contained 0.1m nBu4NClO4 as the supporting
electrolyte. A platinum button or glassy carbon electrode was used as the
working electrode. A platinum wire served as the counter electrode and
Ag/AgCl was used as the reference electrode. All of the solutions were
purged prior to spectral measurements being recorded by using argon
gas. The electrospray ionization (ESI) mass spectral analyses were per-
formed by using a Fennigan LCQ-Deca mass spectrometer.

TEM samples of the carbon nanotubes were obtained by adding isopro-
panol and sonicating the suspension for 5 min. Samples were placed onto
a carbon-coated copper grid. TEM and energy-dispersive X-ray spectros-
copy (EDX) experiments were performed by using a JEOL electron mi-
croscope (JEM-2010F FasTEMm FEI) operating at 200 kV with an ex-
tracting voltage of 4500 V at the Research Resources Center, UIC, Chica-
go. The copper grid (200 mesh, Cu PK/100) was supplied by SPI supplies,
USA.

Time-resolved emission and transient absorption measurements : The pi-
cosecond time-resolved fluorescence spectra were measured by using an
argon ion pumped Ti/sapphire laser (Tsunami; pulse width=2 ps) and a
streak scope (Hamamatsu Photonics; response time=10 ps). The details
of the experimental setup are described elsewhere.[16] Nanosecond transi-
ent absorption measurements were carried out by using an Nd/YAG laser
(Spectra Physics, Quanta-Ray GCR-130, fwhm 6 ns) as the excitation
source. For the transient absorption spectra in the NIR region (600–
1600 nm), the monitoring light from a pulsed Xe lamp was detected with
a Ge-avalanche photodiode (Hamamatsu Photonics, B2834).[16]

Synthesis of alkyl ammonium functionalized pyrene 1

N-Boc-(2-amino)ethylamine (3, Boc: t-butyloxycarbonyl): This compound
was prepared according to Muller et al.[17] Di-tert-butyl bicarbonate
(6.53 g, 0.03 mol) dissolved in dry CHCl3 (100 mL) was added to a solu-
tion of ethylenediamine (20 mL, 0.3 mol) in CHCl3 (300 mL) over 2.5 h
with stirring and cooling in an ice bath. The reaction mixture was stirred
for an additional 24 h at room temperature and was then washed with
water, extracted with CHCl3, and dried over anhydrous Na2SO4. Evapo-
ration of the organic layer yielded the desired compound as a pale yellow
oil (5.2 g, 11%). 1H NMR (CDCl3): d=5.28 (br s, 1H; �NH), 3.25–3.08
(m, 2H; CH2), 2.80 (t, 2H; CH2), 1.65–1.40 ppm (m, 9H; Boc-H).

N-[2-(N-Boc)aminoethyl]-4-pyreneyl butanamide (4): 1-Pyrene butyric
acid (400 mg, 1.4 mmol) and 3 (290 mg, 1.8 mmol) were dissolved in dry
CH2Cl2 (50 mL) before 1,3-dicyclohexycarbodiimide (373.46 mg,
1.8 mmol) and 4-(dimethylamino) pyridine (56.2 mg, 0.46 mmol) were
added and the reaction mixture was stirred for 24 h. Subsequently, the
solvent was evaporated under reduced pressure and the crude compound
was purified over a silica gel column by using CHCl3/ ethyl acetate (60:40

Figure 8. Steady-state absorption spectral changes of SWNT–1:ZnMCP1
(0.01 mm) in the presence of HV2+ (0.5 mm) and varying amounts of
BNAH (in 0.05 cm cell length) before and after repeated 532 nm laser
light irradiation (ca. 3 mJ per pulse). i) SWNT–1:ZnMCP1, ii) SWNT–
1:ZnMCP1 and HV2+ (0.5 mm), iii) SWNT–1:ZnMCP1, HV2+ (0.5 mm)
and BNAH (0.5 mm), iv) SWNT–1:ZnMCP1, HV2+ (0.5 mm) and BNAH
(1.0 mm), and v) SWNT–1:ZnMCP1, HV2+ (0.5 mm) and BNAH
(1.5 mm). All solutions are in deaerated DMF.
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v/v) as the eluent (210 mg, 35%). 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d=8.29 (d, 1H; pyrene�H), 8.18–8.14 (m, 2H; pyrene�H), 8.13–
8.08 (m, 2H; pyrene�H), 8.05–7.97 (m, 3H; pyrene�H), 7.85 (d, 1H;
pyrene�H), 6.12 (br s, 1H; �NH), 4.88 (br s, 1H; �NH), 3.45–3.30 (m,
4H; pyrene�CH2 H, ethyl�CH2H), 3.30–3.22 (m, 2H; ethyl�CH2H), 2.32
(t, 2H; pyrene�CH2H), 2.25–2.15 (m, 2H; pyrene�CH2H), 1.36 ppm (s,
9H; Boc�H).

Compound 1: Trifluoroacetic acid (5 mL) was added to a solution of 4
(100 mg, 0.23 mol) in CH2Cl2 (50 mL) and the mixture was stirred for 3 h
at room temperature. The solvent and excess acid were removed under
reduced pressure. The compound was washed three times with CH2Cl2
(10 mL) to remove the unreacted starting material and dried. Compound
1 was obtained as a yellowish brown solid (102 mg, 99%). 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d=8.20 (d, 1H; pyrene�H), 8.08–8.05
(m, 2H; pyrene�H), 8.00–7.96 (m, 2H; pyrene�H), 7.93–7.87 (m, 3H;
pyrene�H), 7.74 (d, 1H; pyrene�H), 3.44 (t, 2H; pyrene�CH2H), 3.26 (t,
2H; ethyl�CH2H), 3.04 (t, 2H; ethyl�CH2H), 2.35 (t, 2H; pyrene�
CH2H), 2.15–2.05 ppm (m, 2H; pyrene�CH2H).

Preparation of SWNT–1 conjugates : Purified SWNT (1.8 mg) was added
to a solution of 1 (3.7 mg) dissolved in dry DMF (15 mL) and the reac-
tion mixture was stirred for 48 h at room temperature. The resulting mix-
ture was sonicated (Fisher Scientific, 60 Hz, 40 W) for 6 h at 20 8C fol-
lowed by centrifugation (Fisher Scientific, 50/60 CY) for 2 h. Excess 1
was removed by separating the yellow colored centrifugate from the
black precipitate. Further purification was carried out by dissolving the
black mixture in fresh DMF (5 mL), sonicating for 30 min at 20 8C, fol-
lowed by centrifugation for 1 h. Then, unadsorbed 1 was separated from
the black centrifugate. This process was repeated (at least twice) until the
solution in the centrifuge tube turned colorless. Finally, fresh solvent
(10 mL) was added to the resulting deposit and then the suspension was
sonicated for 15 min at 20 8C. This homogenous black dispersion was
stable at room temperature and used for the above mentioned studies.
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