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O
rganic photovoltaics (OPVs) repre-
sent a promising route to low-cost
solar power. The best results re-

ported to date use donor-acceptor blends
which exhibit a type-II heterojunction band
alignment to facilitate exciton dissociation
at the interface of the blend materials,1-3

with electron transfer to the acceptor and
the hole remaining on the donor. Carbon
nanotubes are promising candidates for
electron acceptors in these blends owing
to their high mobilities and large aspect
ratios.4 In addition, they can be effectively
dispersed by donor species such as semi-
conducting polymers.4-6 Recently, it has
been shown that small-diameter single-
walled carbon nanotubes (SWNTs) form a
type-II heterojunction with poly-3-hex-
ylthiophene (P3HT)7,8 and that the blend
facilitates ultrafast charge transfer across
the interface generating charge transfer
states which are long-lived in the presence
of excess polymer.9

Porphyrins and porphyrinoids are nature's
light harvesting system, and they are the
primary chromophores in photosynthesis.10

They have also been proposed as light har-
vesting components in OPVs. Conjugated
porphyrin oligomers are particularly effective
at capturing a broad range of the solar
spectrum as they have strong absorption
bands in both the visible and near-infrared
regions. Conjugated porphyrin oligomers
also demonstrate high intrachain hole mobi-
lities of 0.1 cm2 V-1 s-1 (measured at micro-
wave frequencies)11,12 comparable to the
highest mobility semiconducting polymers
such as P3HT.13 Furthermore, planarized por-
phyrin oligomers exhibit an order of magni-
tude increase in intrachain mobility, reaching
values of 1 cm2 V-1 s-1.

Porphyrins bind strongly to SWNTs due to
significant π-π-stacking between the aro-
matic, planar porphyrin groups and the
aromatic nanotube surfaces.14 Most work
has concentrated on monomeric porphy-
rins15-18 which are less efficient at harvest-
ing the solar spectrum and have less scope
for charge transport. Only a few studies
have investigated the binding of oligomeric
porphyrins to SWNTs14,19 including our re-
cent work, where we found that porphyrin
oligomers efficiently disperse carbon nano-
tubes with large binding constants that
increase with oligomer length.20 Generally,
the porphyrin oligomers planarize on the
SWNTs, and energy transfer processes are
observed between the porphyrin and the
SWNTs. However, there has been no thor-
ough investigation of the electronic inter-
actionwith the carbon nanotubes nor of the
energy level alignments.
In this work, we demonstrate that as the

porphyrin oligomers increase in length in
a SWNT-porphyrin hybrid there is an un-
usually strong red-shift of the porphyrin
π-π* absorption bands, due to planarization.
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ABSTRACT We report on the noncovalent binding of conjugated porphyrin oligomers to small

diameter single-walled carbon nanotubes (SWNTs) and highlight two remarkable observations. First,

the binding of the oligomers to SWNTs is so strong that it induces mechanical strain on the

nanotubes in solution. The magnitudes of the strains are comparable to those found in solid-state

studies. Comparable strains are not observed in any other SWNT-supramolecular complexes.

Second, large decreases in polymer band gap with increasing length of the oligomer lead to the

formation of a type-II heterojunction between long chain oligomers and small-diameter nanotubes.

This is demonstrated by the observation of enhanced red-shifts for the nanotube interband

transitions. These complexes offer considerable promise for photovoltaic devices.
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As a result there is a transition from a type-I to a type-II
heterojunction which causes an increasing red-shift of
the nanotube emission energies. These observations
are consistent with the band levels calculated from
theory and experiment and show that SWNT-porphyr-
in oligomer blends would be excellent candidiates for
use in OPVs. The porphyrin-SWNT interaction is so
strong that it induces mechanical strain in the nano-
tubes. This changes their band gaps and can be fitted
to experimental and theoretical strain models to give a
direct measurement of the resulting strain energy.
Carbon nanotubes can be labeled with chiral indices

(m,n) which define the nanotube's chiral angle, θ, and
diameter, d. The graphene wrapping conditionm- n =
3pþ q (p is any integer and q is 0,(1) is used to further
classify the nanotubes into metallic (q = 0) and the two
families of semiconductingnanotubes (q=(1). Owing to
trigonal warping the two families of semiconducting
nanotubes exhibit opposite behavior under mechanical
strain, with an increase in the E11 transition energy
(bandgap) for q = þ1 and a decrease in E11 for q = -1
tubes with this behavior reversed for E22 transitions.

21,22

This has been demonstrated experimentally for hydro-
static strain,23 uniaxial strain,24-26 and combinations of
the two,27 and provides a powerful tool for investigating
the magnitudes of the strain components.22

RESULTS AND DISCUSSION

We have functionalized carbon nanotubes in tetra-
hydrofuran (THF) with porphyrin dimers P2 (N = 2),
tetramers P4 (N = 4), hexamers P6 (N = 6), octamers P8
(N = 8) and polymers PN (N ≈ 40) by sonication and
filtration as described in our previous work.20 Here we
use mixtures of carbon nanotubes with either predo-
minantly smaller diameter (CoMoCAT) or larger dia-
meter nanotubes (HiPCO). Nanotubes dispersed inD2O
with the surfactant sodium dodecylbenzene sulfonate
(SDBS) were also prepared to provide nanotube con-
trols containing no porphyrin.
Figure 1a shows the absorption spectra of the family

of oligomers P2-PN in THF. The two primary bands
observed are the split Soret band (400-550 nm) and
the Q-band (650-850 nm) which corresponds to
transitions along the polymer length.28With increasing
oligomer length, the higher energy component of the
Soret band remains unchangedwhile the lower energy
component increases in intensity but no shift in either
peak position is observed.29 The Q-band represents an
averaged ensemble of the combinations of configura-
tions of porphyrin units at various torsion angles.29 The
higher energy Q-band also remains unchanged while
the lower energy Q-bands, which reflect the highest

Figure 1. Absorption spectra of the samples under investigation, normalized and offset for clarity. (a) The family of porphyrin
oligomers in THF solution. The red-shift of the Q-band with increasing oligomer length is labeled with the black arrow. The
inset shows the chemical structure. (b) The porphyrin oligomers when bound to HiPCO nanotubes in THF. The black arrow
again shows the red-shift of the Q-band with increasing oligomer length. The black dashed line is the SDBS-HiPCO in D2O,
clearly showing the SWNT E22 resonances. (c) Comparing the Q-band porphyrin peak position for the free and bound
porphyrin (open circles and triangles, respectively). (d, f) The porphyrin-CoMoCAT and porphyrin-HiPCO composites
showing the region of the (6,5) and (8,7) nanotube E11 transitions, respectively. The thin arrows highlight the red-shift from
the relevant SDBS-SWNT peak (black dashed lines) and the bold arrows show the trend with increasing oligomer length. (e)
Comparing the red-shifts for the (6,5) and (8,7) tubes relative to the SDBS samples.

A
RTIC

LE



STRANKS ET AL . VOL. 5 ’ NO. 3 ’ 2307–2315 ’ 2011 2309

www.acsnano.org

occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) levels, significantly
red-shift with increasing oligomer length due to in-
creasing conjugation along the polymer axis.30

The absorption spectra of the HiPCO-oligomer
composites in the region of the bound porphyrin are
shown in Figure 1b. Someweak nanotube E22 peaks are
also present as can be seen from the SDBS-SWNT
spectrum (dashed line). Figure 1c shows the lowest
energy Q-band porphyrin peak positions found in
panels a and b. The free porphyrin shows the well-
known red-shift of up to∼140meV29,31 with increasing
length. For the NT-bound porphyrin the shifts are even
larger, with a difference from free to bound polymer of
up to ∼200 meV and a change with length of up to
∼300 meV from P2 to the polymer PN. This is primarily
attributed to increased conjugation along the length of
the oligomer32 owing to planarization14 of the por-
phyrin oligomers upon binding to the SWNTs. Any
environmental contribution to this red-shift is esti-
mated to be of order 20-30 meV, by comparison with
the reduction in nanotube exciton binding energies.8 A
similar planarization of monomer units has been ob-
served recently when P3HT polymers attach to nano-
tubes, and it has been proposed that such a planar
configuration may improve charge transfer between
thematerials.33 The absolute shifts are even larger than
observed in porphyrin oligomers in double-stranded
ladder complexes, or when bound to radial oligopyr-
idine templates, where typical red-shifts relative to the
free polymer are of order ∼80 meV.29,31 This suggests
that the planarization is significantly more effective
when binding to nanotubes. The entire absorption
spectra of both HiPCO and CoMoCAT composites are
presented in the Supporting Information (Figure S1).
Figure 1d shows the absorption spectra of CoMo-

CAT-oligomer composites in the region of the small
diameter (6,5) E11 transition. It is clear that there is a
large red-shift of the (6,5) peak position relative to the
SDBS-CoMoCAT sample. Importantly, the red-shift
increases as the oligomer length progresses from P2
to PN. This strong oligomer length dependence is not,
however, observed for larger diameter nanotubes such
as (8,7), as shown in Figure 1f for the HiPCO-oligomer
samples. The energy shifts are summarized in
Figure 1e, where the length dependence and larger
red-shifts are clear for the smaller diameter (6,5) tubes.
These results demonstrate a strong perturbation of

both SWNT and porphyrin energy levels in the compo-
sites. We understand these findings by comparing the
HOMO and LUMO levels of each bound oligomer with
the valence (VB) and conduction bands (CB) of the
nanotubes in Figure 2. HOMO and LUMO levels of the
free oligomers were calculated from the oxidation and
reduction potential data of Winters et al.34 using the
theory by D'Andrade et al.35 The exciton binding
energy was subtracted from these values to match

singlet transition energies36 (see Supporting Infor-
mation). The red-shift observed upon binding to na-
notubes was accounted for by subtracting evenly from
the HOMO and LUMO levels, giving a reason-
able approximation to the bound porphyrin oligomer
levels. Nanotube energy levels were taken from
Schuettfort et al.8

It is clear that, for the smaller diameter tubes (<0.9
nm), a type-II heterojunction is expected to form
between all porphyrin oligomers longer than P2 and
the SWNTs. The band overlap becomes larger for
longer oligomers and it follows that effects resulting
from this type-II interface will be most pronounced for
the smallest tubes and the longest oligomers.
This staggered alignment is similar to that at a

P3HT-SWNT interface7 and, therefore, we would ex-
pect a similar diameter dependence of the SWNT red-
shifts to those observed by Schuettfort et al.8 The red-
shifts are attributed to a charge-transfer interaction
where the wave function of a hole on the nanotube
extends onto the porphyrin oligomer owing to their
staggered band alignments, influencing the final ex-
citon transition energy. This acts to raise the effective
energy level of the hole and leads to a red-shift of the
recombining nanotube exciton. This is only possible for
a type-II heterojunction and the effect is more signifi-
cant for larger band gap (i.e., smaller diameter) tubes
where the offset between the oligomer HOMO and
SWNT VB is larger. A further consequence of this is that
the charge transfer may also be contributing to the
red-shift of the porphyrin oligomers, in which case this
will primarily influence the HOMO level and lead to an
even more pronounced type-II alignment.
To carry out a more quantitative analysis, photolu-

minescence excitation (PLE) maps of the solutions
were taken. Figure 3a,c show the SDBS-SWNT maps
for the smaller diameter CoMoCAT and larger diameter
HiPCO materials, respectively, and the corresponding

Figure 2. Horizontal lines represent HOMO and LUMO
levels of the porphyrin oligomers, with values calculated as
discussed in the text. The right and left triangles show the
SWNT valence and conduction bands, respectively, plotted
as a function of nanotubediameter. The (6,5) and (8,7) tubes
are labeled for clarity.
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maps with the P6 oligomer are shown in Figure 3b,d.
The peak positions were deduced from the maps by
fitting with Lorentzian curves8 and care was taken to
account for any excess porphyrin emission tail, while
the SDBS-SWNT peaks are labeled according to the
values and assignments reported by Weisman et al.37

The horizontal scales for the porphyrin maps are
transposed by 50 nm to allow the family behavior to
be compared, as a result of the large red-shift of the
nanotube transitions upon bindingwith the porphyrin.
In addition, nonselective nanotube emission is ob-
served upon excitation of the porphyrin in either the
Soret (∼500 nm) or Q-bands (∼850-900 nm). This
corresponds to energy transfer from the porphyrin to
the nanotube and has been seen in other nanotu-
be-porphyrin systems.16,17,20 Finally, the emission in-
tensity of each tube when weighted with tube
absorption is greater for the larger chiral angle tubes
and the q = -1 family due to the dependence of PL
quantum efficiencies on chirality and family.38,39

SWNT-porphyrin maps with P2, P4, P8, and PN are
presented in the Supporting Information (Figures S3
and S4) and similar phenomena are observed. The
P2-CoMoCAT and both PN maps are dominated by

emission from the excess porphyrin which is required
for stability, due to its higher quantum efficiency.40

Nevertheless, significant energy transfer peaks are
observed in the PN-HiPCO map, indicating that
SWNTs are dispersed by all oligomers. P4 and
P6-SWNT maps show the most well resolved peaks,
indicating the most efficient dispersions.
To quantify the red-shifts from the PLE maps, we

carry out a similar analysis to Schuettfort et al.8 where
we consider the red-shifts relative to the values fitted
by Weisman et al.37 for sodium dodecyl sulfate
(SDS)-SWNT species such that

ΔEii ¼ Eii - EWeisman
ii (1)

Figure 4 shows the NT red-shifts in both E11 and E22
for the P6-SWNT composites. It is clear from this plot
that the two NT families exhibit significantly different
behavior; for the q = þ1 tubes, the red-shifts in E22
exceed the shifts in E11, but the opposite behavior is
observed for q = -1 tubes. In addition this difference
becomes larger as the chiral angle becomes smaller
(m. n). This behavior is consistent with the presence
of a large contribution from mechanical strain effects
as described below.

Figure 3. PLE maps of (a) SDBS-CoMoCAT in D2O, (b) P6-CoMoCAT in THF, (c) SDBS-HiPCO in D2O, and (d) P6-HiPCO in
THF. To emphasize the red-shifts, THF solution abscissa in panels b and d are transposed by 50 nm and the emission tails
corresponding to excess porphyrin in these maps are labeled with black arrows. Transition wavelengths for type þ1 (-1)
nanotubes are labeledwith red (black) crosses. Cross-peaks appear in the corners of panels a andd from the excitation source.
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Similar plots for P2, P4, and P8 are presented in the
Supporting Information (Figure S5) and exhibit a simi-
lar family dependent behavior with an increasing
mean red-shift as the oligomer is increased from P2
to P8. It should also be noted that the E11 emission
energies agree well with the values observed for E11 in
absorption, indicating that no significant Stokes shifts
due to exciton localization are present.
The very close type-II alignment deduced from

Figure 2 resembles that observed by Schuettfort
et al.8 for P3HT-SWNT composites. As such, we should
expect a similar diameter dependence of the red-shift.
This was shown to be qualitatively true from absorp-
tion measurements (Figure 1) but the red-shifts ob-
tained from PLE maps (Figure 3) show that we need to
include strain in addition to any electronic effects from
the type-II alignment and the environment. Therefore,
we write the two contributions to the total red-shift on
a given transition, ΔEii, as

ΔEii ¼ ΔEelectronic þΔEstrain (2)

where ΔEelectronic is the red-shift contribution from the
polymer and environment which has previously been
shown to be the same for E11 and E22 to within
experimental error.8 The environment component of
ΔEelectronic (eg. dielectric or solvent effects) is of order
20-30 meV and independent of nanotube diameter
and oligomer length.8 The contribution ΔEstrain is the
red-shift induced by mechanical strain on the nano-
tubes (positive about ΔEelectronic for q = þ1, i = 1 and
q =-1, i = 2; negative for q =-1, i= 1 and q=þ1, i = 2).
Since the strain contributions to the E11 and E22 red-
shifts are of opposite signs and are close to equal
magnitude, the ΔEelectronic component is taken as
(ΔE11 þ ΔE22)/2 using the data shown in Figure 4.
The ΔEstrain component is then given by half of the
difference of the E11 and E22 shifts.

TheΔEelectronic components of the SWNT red-shifts are
plotted as a function of diameter in Figure 5a for the P6
oligomer. A clear diameter dependence is observed,
with a monotonically increasing red-shift as the SWNT
diameter is decreased. The trend of the red-shifts is
similar to the data for P3HT-SWNT composites found
by Schuettfort et al.8 which are also plotted in Figure 5a,
and the magnitudes are slightly larger. For further
comparison, data taken using a polymer with a known
type-I alignmentwith all SWNT species (poly(2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenevinylene, MEHPPV)
are also plotted and clearly exhibit much smaller shifts
and no diameter dependence, as expected. Further-
more, no diameter dependence is observed for any
other type-I polymers investigated, namely poly(9,9-
dioctylfluorenyl) (PFO), poly(9,90-dioctylfluorene-co-bis-
N,N0-(4-butylphenyl)-bis-N,N0-phenyl-1,4-
phenylenediamine) (PFB) and poly(indenofluorene)
(PIF)8 (data not shown), where all the red-shifts can be
accounted for by simple dielectric effects in the polymer
which reduce the magnitude of the Coulomb inter-
actions.41 Finally, no strain effects were observed for
SWNT composites with any polymer we investigated, as
discussed later in this report. As such, all red-shifts
observed for these polymers are electronic effects alone,
however data are plotted as (ΔE11þΔE22)/2 to allow
direct comparison with the SWNT-porphyrin data.
Figure 5b shows the ΔEelectronic components as a

function of SWNT diameter for the family of oligomers
P2-P8. The shifts increase with oligomer length and
develop a strong diameter dependence for P6 and P8,
perhaps an intermediate dependence for P4, and a
negligible dependence for P2. This is entirely consis-
tent with the band alignments and interpretation
presented in Figure 2 where a clear type-II heterojunc-
tion is established only for the longest oligomers and
smallest diameter SWNTs. For P2-SWNT composites
the behavior suggests that a type-I interface occurs
where the hole remains confined entirely within the
nanotube and consequently the red-shifts are smaller
and almost constant. We conclude that a type-II het-
erojunction exists between the longer porphyrin oli-
gomers and smaller diameter nanotubes, and this
combination provides promise for use in OPVs.
We now consider the strain contribution to the red-

shifts, ΔEstrain, deduced from eq 2 and shown in
Figure 6a for P6. The corresponding values for P2,
P4, and P8 are presented in the Supporting Informa-
tion (Figure S5). The theory developed by Yang and
Han22 and extended by others42,43 predicts the nano-
tube band gap change under small strains to be

ΔEstrain ¼ (ΔE11 -ΔE22)=2 ¼ 2t0aC-C

d

� �
(ε^ - νε ))

þ 3qt0[(1þ ν)ε ) cos 3θþ ε^ sin 3θ] (3)

where t0 and aC-C are the carbon-carbon transfer
integral and bond length, respectively, d is the

Figure 4. Red-shifts in E11 and E22 transitions relative to the
Weisman values37 as determined from PLE maps of
P6-SWNT composites (Figure 3). The dotted line is a guide
to the eye to highlight the different behavior of each family.
Circular symbol points are obtained from the CoMoCAT
map, square symbols from the HiPCOmap and shifts for the
(7,5) and (7,6) tubes are obtained from both data sets. A
representative error bar is shown, estimated from the
instrument resolution and errors in peak fitting.
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nanotube diameter, ν is Poisson's ratio, and θ is the
chiral angle. ε ) and ε^ are the strains along the tube axis
(uniaxial) and circumference (torsional), respectively,
and are used as fitting parameters. The fits use values27

of t0 = 3.0 eV, aC-C = 1.432 Å, and ν = 0.20, with d in the
range 0.7-1.2 nm. The solid lines in Figure 6a show fits
to this equation for both the q=þ1 and q=-1 families
with P6, yielding values of ε ) = 0.19 ( 0.07% and ε^ =
0.06 ( 0.03%.
Figure 6b shows the two components of SWNT strain

obtained for each oligomer together with the total
strain energy. The strain energy is largest for P6
suggesting the strongest binding for this length, con-
sistent with the lower solubility for the extremes of P2
and PN solutions. The uniaxial component is also
proportionately larger for the P6 and P8 oligomers,
perhaps consistent with the increasing oligomer
length which binds along the same axis.
These values are comparable to those found in dried

polymer-NT films made from either organic44 or

aqueous solutions27 and due to differential contraction
caused by temperature variation (cooling 260-80 K).27

However, they have not been previously detected in
solution and demonstrate the very strong binding of
the porphyrin to the nanotubes. We can calculate the
mechanical energy required to induce such a strain in
SWNTs from the Young's modulus of the tubes43 (see
Supporting Information for details). The total strain
energy is shown as a function of oligomer length in
Figure 6b and gives values in the range∼2 to 10 meV/
nm NT or ∼1 to 4 kJ/mol of porphyrin oligomer with a
maximum for P6. The dominant contribution to bind-
ing is the van der Waals interaction. For a porphyrin
monomer,meso-5,10,15,20-tetraphenyl (TPP), and NTs
this has been estimated, using density functional
theory, to be∼80 kJ/mol.45 For the hexamer, this gives
∼500 kJ/mol and is comparable to values calculated
elsewhere for polymers of similar length.46-48 This
shows that the strain energy measured in this work is
only contributing to a reduction of around 1% of the
total binding energy. This component cannot be iso-
lated by other means and is an important parameter in
determining the nature of the bonding interaction in
these complexes. Our results demonstrate both the
sensitivity and power of optical measurements to
determine such physical parameters.
We emphasize that noNT strain effectswere observed

from other semiconducting polymer solutions such as
those investigated by Schuettfort et al.,8 namely P3HT
andMEHPPV (see Supporting Information Figure S6) and
PFO, PIF, and PFB (data not shown). The most energeti-
cally favorable configuration for many composites in-
volves the polymerwrapping in a helicalmanner around
the SWNTs.33,49,50 However, these polymers are much
longer but have smaller repeating units when compared
to the porphyrin oligomers. The more rigid and
larger porphyrin units exceed the nanotube diameters
presented here and will tend to lie flat on the
nanotube surface as they have been observed to
do on gold substrates.51 Even despite similar planar

Figure 5. (a) ΔEelectronic components of SWNT red-shifts when in composites with P6, P3HT, and MEHPPV as a function of
nanotube diameter. P3HT and MEHPPV data are taken from Schuettfort et al.8 (b) ComparingΔEelectronic components for the
series of oligomers investigated in this study. In both panels a and b, solid lines are fitted exponential decays to act as guides
to the eye.

Figure 6. (a) Strain components of red-shifts for P6-SWNT
composites. Curves show fits to the data using the Yang and
Han model for small strain with the constant term in eq 3
representedby the dotted line. (b) Summaryof the axial and
torsional strain values obtained for the family of oligomers
using the Yang and Han model. Points are mean values of
those obtained for the q = (1 family for each data set. The
total strain energy per unit length of NT is also displayed
(see Supporting Information for calculations).
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configurations,33 the larger size of the porphyrin units
compared to the repeating units of the previously
studied conjugated polymers will result in a signifi-
cantly increased surface area for π-π interactions.
These large π-π forces will lead to the mechanical
strain on the nanotubes, resulting in a predominantly
axial deformation of the tube. The significant interac-
tion between the porphyrin oligomers and nanotubes
is consistent with the extremely high binding con-
stants for formation of these complexes.20

CONCLUSION

We have investigated the binding of porphyrin
oligomers to SWNTs and made two remarkable ob-
servations. First, the binding of porphyrin oligomers to
SWNTs is so strong that it inducesmechanical strain on
the nanotubes, even in solution. Strain values of this
magnitude have only been observed previously in the
solid state.27,44 This effect is not observed for any of the
other semiconducting polymers investigated here and

appears to be unique to the porphyrin oligomers.
These findings are consistent with the large binding
constants deduced in our previous work.20 Second, a
type-II heterojunction exists between the longer por-
phyrin oligomers (P6,P8 andPN) and smaller-diameter
SWNTs. The type-II interface causes a strong red-
shifted absorption and emission of the nanotubes
when small nanotubes are dispersed with porphyrin
oligomers. This effect disappears for larger diameter
nanotubes or shorter oligomers (e.g., P2) where no
type-II interface is expected. This is attributed to an
exciton state where the wave function of the SWNT
hole extends across the interface due to the band
alignment, effectively lowering the energy of the ex-
citon. These results provide a promising avenue for
incorporating porphyrin-SWNT composites in effi-
cient OPVs, utilizing the mobilities of both materials
and the broad absorption bands of the porphyrin
oligomers to capture a wide range of the solar
spectrum.

MATERIALS AND METHODS

Synthetic Procedures. Porphyrin oligomers P2,34 P4,34 P6,40

P8,52 and PN11 were synthesized according to published pro-
cedures. Purified HiPCO SWNTs were purchased from Carbon
Nanotechnologies, Inc. (CNI) and SG65 CoMoCAT SWNTs from
SouthWest NanoTechnologies (SWeNT), and both types were
used without further treatment. In a typical experiment, 2 mg of
porphyrin and 1 mg of SWNT were sonicated for 1 h in 4 mL of
tetrahydrofuran (THF) using a Branson 1510E-MT sonicator bath
(80 W, 40 kHz) cooled with ice. The resulting dark solution was
centrifuged for 1.5 h at 4800 rpm and passed over glass wool to
remove insoluble carbonaceous residues. The porphyrin nano-
tube complex was isolated with a microfilter (nylon, pore size
200 nm) and then washed with THF until the excess porphyrin
was removed and the filtrate was colorless. To redisperse the
nanotubes in solvent, the nylon membrane with the nanotube
film was sonicated for a few seconds in 2 mL of THF using an
ultrasonic bath. Generally, HiPCO solutions were more stable
than CoMoCAT solutions while PN-CoMoCAT solutions and all
P2 solutions required a large excess of oligomer to prevent
significant nanotube aggregation.

Sodium dodecylbenzene sulfonate (SDBS)-wrapped nano-
tubes were prepared by dissolving 15mg of SWNTmaterial and
350 mg of SDBS in 35 mL of D2O. The mixture was treated in an
ultrasonic disintegrator for 30 min, followed by ultracentrifuga-
tion at 100000g for 4 h.

Spectroscopy. All absorption measurements were carried out
using a Perkin-Elmer Lambda 9 UV-vis-NIR Spectrophotometer.
PLE mapping was carried out using a custom-built setup de-
scribed elsewhere.6 Briefly, a 75 W xenon lamp is focused into a
monochromator to illuminate the sample in a quartz fluorescence
cuvette. A broad excitation wavelength range (350-1000 nm) is
achieved and a silicon photodiode is used to normalize for the
excitation intensity. The PL from the sample is collected at 90� to
the excitation axis and focused onto a spectrograph fitted with a
liquid nitrogen cooled InGaAs photodiode array. The detector's
spectral response function was obtained using a standard tung-
sten lampandused to correct the spectra. Appropriate filterswere
used on both the excitation and detection ends to remove
unwanted wavelengths.
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