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In this work we have developed a strategy to immobilize functional groups such as ZnPc onto the

surface of SWNT without, however, the needs of covalent functionalization, using substituted PPV-

oligomers (1–4) with different electronic character. The complementary use of a series of microscopies

and spectroscopies is central, especially to gather a comprehensive picture of the mutual interactions.

Importantly, only 1, bearing electron-withdrawing CN substituents, interacts tightly with SWNT

affording stable and finely dispersed SWNT suspensions. 2–4, on the other hand, fail to disperse SWNT

in THF following our newly developed protocol. A likely rationale is the p-type character of PPV-

oligomers 2–4, which imposes repelling forces relative to p-type SWNT, while placing CN groups yields

n-type PPV-oligomer 1 and, in turn, strengthens the p–p interactions with SWNT. Photoexcitation of

SWNT/1 hybrids generates a metastable radical ion pair state, namely oxidized ZnPc and reduced

SWNT. Quite remarkable is the ratio of charge separation to charge recombination, namely nearly 3

orders of magnitude, which is encouraging to fabricate photovoltaic cells that are based, for example,

on different nanocarbons.

Introduction

The combination of single-wall carbon nanotube (SWNT) with

electron-donors or acceptors generates active materials, which

are able to produce electrical energy when irradiated.1 To this

end, the development of reliable and reproducible methodologies

to integrate CNT into functional structures—such as donor/

acceptor hybrids, able to transform sunlight into electrical or

chemical energy—has emerged as an area of intense research.2

This is largely due to the unique electronic properties exhibited

by these carbon allotropes and their prospects for practical

applications.3 Covalent functionalization of SWNT with elec-

tron-donors either requires extensive sonication or use of

strongly oxidizing agents4 and generates partial saturation of the

extended p-system.5,6 As a consequence, major changes occur on

the p-electronic properties and likewise their spectroscopic

identity.7 An alternative strategy to control the organization

between donor and acceptor units, while preserving the p-elec-

tronic structure of SWNT, is the supramolecular functionaliza-

tion of SWNT by means of hydrophobic, p-stacking or van der

Waals interactions with the sidewalls of SWNT.8 The non-

covalent attachment of aromatic species to the SWNT surface

has been widely investigated, using conjugated and non-conju-

gated polymers, as well as pyrene, anthracene, and porphyrins.9

In terms of electron-donating materials, compounds based on

macrocycles such as phthalocyanines (Pcs) represent an inter-

esting class emanating from their ability to harvest light and

subsequently occurring energy or electron transfer processes.10

Phthalocyanines with their extended electron-rich aromatic

structure give rise to remarkably high extinction coefficients in

the red and near infrared regions. Such features have triggered

the interest in phthalocyanines in several fields including

photovoltaics.11

To date, most of the examples of phthalocyanine-containing

oligomers consist of cofacially stacked phthalocyanines brought

together by bidentate ligands coordinated to metal-

lophthalocyanines or silyloxy-Pc based oligomers. Less known

are examples of non-conjugated12 and/or conjugated13,14 organic

polymers substituted laterally by phthalocyanines. To this end,

phthalocyanine moieties have been covalently linked—in the

form of pending arms—to the backbone of either poly(p-phe-

nylene vinylene) (PPV)- or polythiophene (PT)- oligomers.14

Nevertheless, subsequently performed photophysical
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investigations were limited to the field of molecular photovol-

taics, in general,14 and the so-called ‘‘double-cable approach’’,15

in particular. The use of phthalocyanine-based conjugated olig-

omers/polymers failed, however, to provide pertinent break-

throughs.12c A few leading examples of electron-donor/acceptor

conjugates of phthalocyanines with SWNT have been described

by us,16 whereas the non-covalent interactions between phtha-

locyanines and SWNT remain a pending issue.17

SWNT are very elusive species when it comes to the charac-

terization of their metastable states.18 Thus, only very recently

the complementary use of microscopy and spectroscopy has shed

light onto mutual interactions between semiconducting SWNT

and a strong electron-acceptor toward the realization of two

novel milestones. The first milestone was the establishment of

a versatile methodology to achieve water-soluble SWNT.19 The

second milestone was the establishment of a protocol to achieve

p-doped SWNT for the integration into novel optoelectronic

devices.20

Furthermore, some aspects concerning the n- and p-doping

that are important to, for example Fermi level engineering, are

currently being studied in the field of molecular electronics—

FETs,9a photovoltaics,9f etc. In this regard, the supramolecular

coating of carbon nanotubes with, for instance, electron-

donating polymer polyethylene imines has transformed p-type

SWNT into n-type SWNTs just by changing the doping level.

However, current data suggest that many other aspects of n- and

p-doping still have not been assessed quantitatively by solubility

surveys.

Having taken the aforementioned into account,21 we have

devised, designed, and synthesized a series of phthalocyanine-

based conjugated oligomers—ZnPc oligomers 1–4 (Fig. 1)—as

powerful SWNT dispersants and have studied energy and charge

transfer processes in the resulting SWNT/ZnPc oligomer hybrids.

For the first time, particular emphasis was placed i) on exploring

the relationship between the size and the strength of p-stacking

interactions and ii) on demonstrating how important these

aspects are for the overall stability of SWNT/ZnPc oligomer

hybrids. In particular, two short PPV oligomers—n-type 1 and

p-type 222—and two longer oligomers—p-type 3 and p-type 4—

have been prepared and surveyed in SWNT assays.

Results and discussion

Synthesis

Oligomer 1,22 bears cyano substituents and gives rise to strong

electron-withdrawing character. The n-type character of PPV-

polymers containing CN substituents is well known.23

Compound 1 was prepared by the Knoevenagel reaction, that is,

reacting diformyl derivative 5 with an appropriate dicyano

compound (Scheme 1). The use of high temperatures or base (i.e.,

Bu4NOH) triggered the Pc degradation and the partial hydro-

lysis of the nitrile groups, which, in turn, resulted in insoluble

materials as well as low yields of low molecular weight oligomers.

By the synthetic method used, only low oligomers like 1 were

obtained.

Oligomers 222–4 were prepared by a Wadsworth–Horner–

Emmons reaction of dialdehyde 5 and 2,5-di-n-octyloxy-1,4-

xylene-bis(diethylphosphonate)ester24 and potassium tert-but-

oxide (Scheme 1) with variable yields. In contrast to the previous

case, this condensation showed a high tolerance to temperature,

excess of base and time—without degradation of the oligomer

and, in turn, allowing the preparation of higher molecular weight

materials. Therefore, the Wadsworth–Horner–Emmons reaction

emerged as an important tool to modulate the size of oligomeric

materials by changing temperature of both base addition and

reaction as well as reaction time. In this way, the preparation of

longer oligomers 3 and 4 was accomplished by using an excess of

potassium tert-butoxide (Scheme 1). For 3, the mixture of

co-monomers was heated to 50 �C prior to the addition of the

first batch of base. Compound 4 was synthesized in a similar way.

However, unlike in the case of 3, the addition of the first batch of

base was carried out at room temperature. Afterwards, both

mixtures were heated for 12 h under reflux in THF followed by

the addition of a second batch of base prior to extending the

reaction time for another 12 h. Subsequent separation on a SEC

column afforded the corresponding main fractions named as

compound 3 and 4.

3 and 4, which are soluble in CHCl3, THF, and DMF, were

characterized by 1H-NMR, UV-Vis, FT-IR, and GPC tech-

niques. In general, 1H-NMR spectroscopy showed broad signals

due to the presence of isomers from both Pc and PPV moieties.

The signals in THF-d8 at 9.7–8.0 ppm are ascribed to the two

types of hydrogen atoms surrounding the Pc core and are split

into two groups. The phenyl rings of the conjugated polymer, on

the other hand, are observed at 7.9–7.3 ppm. At 7.2–6.4 ppm, the

vinylene linkers within the PPV backbone resonance are

observed, showing the usual shift for trans-isomer vinylenes.

Finally, the signals between 4.3–3.8 ppm were assigned to the

methylene groups linked to the oxygen. The trans-configuration

of the vinylene linkers was also confirmed by FT-IR with

nd oop(C]C–H) at 978 cm�1 in all the series.25

Scheme 1 a) tBuOK (�2), Bu4NOH (�2), THF/tBuOH; 47%. b) tBuOK

(�2), THF; 32% for 2, 52% for 3 and 55% for 4 —for details see Fig. 1.Fig. 1 ZnPc oligomers 1–4.
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The GPC results in THF using polystyrene standards are

summarized in Table 1. These data allow estimation of the length

of the polymeric chains with regard to their average molecular

weight in mass (Mw). Moreover, the average molecular weight in

number, taking into account the size distributions of the chains

(Mn) were determined. The quotient Mw/Mn provided insight

into the regularity in size or dispersion (polydispersity, PDI). It is

important to remark that in 1–4, each repetitive unit is formed by

two phenylenvinylene units.

From the GPC data we established an important dependence

on the polymer size (Mw, Mn) and dispersity (PDI) with respect

to the reaction conditions. In particular, in 4—the oligomer with

higher molecular weight—the addition of the first batch of base

at room temperature, then refluxing for 12 h, followed by addi-

tion of a second batch and subsequent heating at reflux

temperature for further 12 h, provided the best results.

Finally, the thermal stabilities of 2–4 were tested by ther-

mogravimetric analyses in a nitrogen atmosphere. Thermal

degradation of 2, 3, and 4 took place in two steps with different

weight loss ratios. The first weight loss correlates with the

degradation of the tert-butyl groups of the phthalocyanine and

the PPV framework. The second weight loss is likely to be

associated with the decomposition of the phthalocyanine. Within

the series of 2–4, no particular trend in terms of stability and

weight loss of the polymeric materials was noted. However, both

the first loss of mass and the temperature of the second degra-

dation showed clear molecular weight dependence. An imme-

diate conclusion points to the fact that the different preparation

conditions impact the number of defects and distribution thereof

and, therefore, their stabilities. In any case, the overall stabilities

resemble those previously described for simpler oPPV and PPV

materials.26

Photophysics

First, the ZnPc oligomers should be considered with respect to

the impact that the different PPV backbones might exert on the

intrinsic ZnPc features. In the absorption spectra, 2–4 revealed

the typical signatures of ZnPc, that is, maxima at around 346,

610, and 674 nm. Importantly, the features appear to be broader

and red-shifted in 2 (i.e., 346, 614, and 680 nm) when compared

to 3 and 4.22 In addition, the p–p* transitions of the PPV are

discernible, which shift to the red from 441 nm (2) to 461 nm (4)

when going from 2 to 4 as the band gap decreases with increasing

length of the oligomer.

In the corresponding emission spectra only the prominent

features of the red emitting ZnPc evolve, without giving rise to

any residual blue emission of PPV. A likely assumption is that an

intramolecular energy transfer reaction governs the excited state

deactivation of PPV. Complementary excitation spectra

confirmed that indeed a transduction of singlet excited state

energy governs the excited state chemistry of the different ZnPc

oligomers.22 The quantum yields of the ZnPc emission with 0.23

for 1 and 0.18, 0.13, and 0.04 for 2–4 are, however, lower than

that found in a ZnPc reference (0.3).22 We believe that different

spectral overlap integrals between donor fluorescence (i.e., olig-

omer) and acceptor absorption (i.e., ZnPc) is responsible for this

trend. Insights into the dynamics came merely from transient

absorption spectroscopy, where we visualized how the oligomer

excited state features transformed rapidly into those of the ZnPc

singlet excited state—vide infra.

Key en-route towards the study of SWNT/ZnPc oligomers

hybrids is the well-balanced preparation of semistable THF

suspensions of SWNT. The latter were used to perform titration

experiments—vide infra. Initially, 0.5 mg of solid SWNT were

added to 3 mL of THF followed by a 10 min ultrasonication step. 3

to 4 drops of this precursor were added to 10 mL of THF followed

by an additional 10 min of ultrasonication. This was repeated up

to 10 times to obtain a light grayish semistable THF suspension of

SWNT. Care was taken of temperature stability and careful

handling of the suspension as measures to prevent aggregation/

precipitation of SWNT. As a matter of fact, it is not possible to

perform centrifugation with these suspensions to separate indi-

vidualized SWNT from smaller and/or greater bundles. In this

regard, suspensions for the following titration experiments should

contain finely dispersed SWNT, for which criteria came from

absorption and fluorescence spectroscopy. For example, the

SWNT associated transitions as they occur between different van

Hove singularities in the density of states (i.e., S22 and S11) are

readily seen in the near infrared—1090, 1171, 1318, and

1455 nm.27 Attempts to map the steady-state fluorescence of

SWNT with white light were without success for these diluted

suspensions. Appreciable SWNT band gap fluorescence was only

detected upon more intense laser excitation with, for example,

a Nd/YAG laser at 532 nm. Under these experimental conditions

the aforementioned absorption features (i.e., 1090, 1171, 1318,

and 1455 nm) correlate well with fluorescence maxima at 1121,

1282, 1427, and 1539 nm—see Figure S1.†

Evidence for SWNT/ZnPc oligomers interactions came from

absorption assays, in which the aforementioned SWNT suspen-

sions were titrated with solutions of 1–4 in THF. Most notable is

a clear bathochromic shift of the ZnPc features (i.e., Q-bands) in

the visible from 675 to 693 nm for 1. Quantitatively similar are

the changes for 2, 3, and 4, see Figure S2.† A significant

broadening accompanies these shifts. When turning to the near

infrared, the SWNT associated transitions are likewise impacted

confirming that complexing SWNT to an electron-donating

molecule, it was possible to modify the absorption intensity and

wavelength of the SWNT transitions. In fact, distinct red-shifts

and increased oscillator strengths develop throughout the titra-

tions. Leading examples are the maxima at 876, 1214, and 1456

nm, which shift to 881, 1226, and 1463 nm. The absorption

increase and red-shifting of the SWNT valence band can be

attributed to electronic donation into the p-doped SWNT

valence band, increasing the electronic density, while simulta-

neously decreasing the transition energy into the unoccupied

conduction band. In the corresponding NIR fluorescence

spectra—see Figure S1†—an average red shift of 14 nm evolve

for the SWNT related maxima in SWNT titrated with 1–4.

Table 1 GPC results for polymers 2, 3 and 4 estimated based on Mn data

Mw Mn PDI
Size based on Mn

(Repeating Units)

2 7211 5132 1.4 ca. 3
3 21823 6365 3.429 ca. 9
4 32038 11882 2.696 ca. 16

654 | Chem. Sci., 2011, 2, 652–660 This journal is ª The Royal Society of Chemistry 2011
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In parallel fluorescence assays, emphasis was placed on the

strong emission of ZnPc. The latter was found to be quenched

upon addition to the SWNT suspensions without, however,

giving rise to a resembling red-shift. This, in turn, leads us to

hypothesize that in the free ZnPc oligomers/SWNT immobilized

ZnPc oligomers equilibrium, only the former emits. Increasing

the SWNT concentration perturbs the equilibrium and, as

a consequence of immobilizing ZnPc oligomers onto SWNT the

fluorescence intensity falls exponentially. Please note that the

immobilization, at which the fluorescence quenching should be

quantitative, is incomplete under these procedures. In light of the

aforementioned, we estimate a fluorescence quenching of > 95%

for 1 and almost complete for 2–4.

To realize the complete ZnPc oligomer immobilization onto

SWNT without, however, compromising the SWNT debundling

the following measures were taken. Initially, solid SWNT were

added to a solution of 1. Then the resulting grayish–greenish

suspensions were kept shortly—not more than 20 min—in a bath

sonicator, followed by three SWNT addition/sonication cycles

and centrifuged at 9.6 kG for 20 min. Importantly, ZnPc oligo-

mers 2–4, which lack the electron-withdrawing CN groups, did

not allow preparation of the stable SWNT suspensions along the

aforementioned protocol at all. Two indicators were employed to

monitor the progress of our procedure. Firstly, the ratio between

the blue and the red absorption bands of ZnPc around 700 nm,

which relate to the free and immobilized form of the ZnPc

oligomers, respectively, and secondly, the resolution of the

SWNT centered transitions in the 1000 to 1600 nm range—see

Fig. 2.

Ensuring the homogeneity of SWNT/1 is critical. Atomic force

microscopy is important, since it provides important insights into

this aspect. Fig. 3 confirms that throughout the scanned areas

predominantly short (i.e., 5 mm) and thin bundles (i.e., 1–2 nm)

are discernable.

Additional insight into structural and electronic aspects was

derived from Raman experiments (i.e., dried on a glass slide or in

solution) upon excitation at 1064 nm. In fact, the D-band in

SWNT/1, which reflects structural damage of SWNT,28 is

discernable at 1278 cm�1 without, however, giving rise to any

notable changes when compared to SWNT/SDBS (sodium

dodecylbenzenesulfate). Likewise, no changes evolved for the

G-band in SWNT/1 in THF and SWNT/SDBS in D2O at 1591

cm�1 and the G0-band at 2548 cm�1.29

Debundling of SWNT was further confirmed by means of near

infrared fluorescence—band gap fluorescence of individualized

semiconducting SWNT—following a laser excitation at 532 nm.

A leading example is shown in Fig. 4, which reveals more intense

and sharper fluorescence bands, when compared to just SWNT

suspensions in THF used for the titration experiments. For the

latter please compare Figure S1.† Extra support for the SWNT

debundling came from the fact that additional centrifugation

steps fail to exert an appreciable impact on the overall fluores-

cence intensity. Having taken these measures into concert, we

conclude the positive ZnPc oligomer immobilization and the

successful SWNT debundling.30 Nevertheless, some residual

ZnPc fluorescence is still seen at 680 nm.

Motivated by our success, especially in terms of debundling

SWNT, we mapped the SWNT fluorescence with lamp irradia-

tion, to probe excited state interactions. As a standard, we

prepared a similar absorbing SWNT/SDBS suspension in D2O.

From Fig. 5 and 6, which compare SWNT/SDBS in D2O and

SWNT/1 in THF, we derive several trends. All emission maxima

at an excitation wavelength of 725 nm—assigned to (11,0), (9,4),

(8,6), (8,7), and (13,3) nanotubes—are in line with the absorption

spectra red-shifted. Mainly responsible are electron-donor/

acceptor interactions, while sizeable contributions from solvent

Fig. 2 Absorption spectra of 1 in THF (red), SWNT/1 in THF (gray),

and SWNT/SDBS in D2O (black).

Fig. 3 AFM images of SWNT/1 on a Si slide. Height profile derived

from the image on the right hand side.

Fig. 4 NIR fluorescence spectrum of SWNT/1 in THF upon laser

excitation at 532 nm.

This journal is ª The Royal Society of Chemistry 2011 Chem. Sci., 2011, 2, 652–660 | 655
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effects shall not be ruled out. Importantly, the fluorescence of all

SWNT is on average quenched by about 80%—see Fig. 7. The

strongest quenching is seen for (11,0) and (8,6) with 85% fol-

lowed by (9,4) with 84%, (8,7) with 81%, and (13,3) with 78%.

From the aforementioned, we conclude that no particular

dependence of the quenching on the SWNT band gap emerges.

We believe that the overall driving force for charge transfer,

which is substantial (�1.1 V difference between Ered(SWNT) and

Eox(1)), prevents any selectivity.22,31

In the final part the charge transfer postulate was corroborated

by means of transient absorption measurements. In reference

experiments—Fig. 8—with SWNT/SDBS suspension in D2O we

note upon excitation at either 387 or 775 nm, the instantaneous

bleach of the SWNT centered transitions. The latter are exact

mirror images of the ground state absorption. Due to strong

exciton binding, the associated excited state features are short

lived and recover with complex, multi-exponential kinetics to the

ground state. For the major decay components we determined

lifetimes of 0.7 and 3.5 ps. Spectroscopically, the decay is a lot

simpler. The recovery of the ground state is straight forward,

namely not associated with any blue- or red-shift of the transient

features.

For 1, we see the rapid formation of the singlet excited state

characteristics—not shown. The latter include transient bleach in

the spectral range between 600 and 700 nm. In addition, new

transients are registered in the 400 to 600 nm region and around

625 nm. Fate of the ZnPc singlet excited state is an intersystem

crossing (3.3 � 108 s�1) that affords the corresponding triplet

manifold in about 70%.

Initially, upon photoexciting SWNT/1 at 387 nm, the ZnPc

singlet excited state fingerprints—vide supra—are notable. At

first glance, the visible range is dominated by transient maxima

and transient minima in the 650 to 700 and 450 to 550 nm ranges,

respectively. These findings are important, since they attest to the

successful formation of the ZnPc singlet excited state—indirect

(i.e., oligomer) or direct (i.e., ZnPc). However, a closer look in

Fig. 9 at the 650 to 700 nm range reveals two features, namely

a shoulder at 675 nm and a minimum at 693 nm, which resemble

the free and immobilized ZnPc oligomers, respectively. Inter-

estingly, the excited state decay of the 675 nm shoulder is

a qualitative match of the slow intersystem crossing that is seen in

the ZnPc oligomers. Analyzing, on the other hand, the excited

state dynamics in the spectral range of the 693 nm minimum—see

Fig. 10—leads to a rapid singlet excited state deactivation from

which we derive a rate of ca. 1.1 � 1012 s�1. Considering

approximate absorption cross sections of ZnPc and SWNT at the

387 nm excitation wavelength in a 1 to 2 ratio, a significant

Fig. 5 Steady-state 3D NIR fluorescence spectra of SWNT/SDBS in

D2O—with increasing intensity from blue to green to yellow and to red.

Fig. 6 Steady-state 3D NIR fluorescence spectra of SWNT/1 in THF—

with increasing intensity from blue to green to yellow and to red.

Fig. 7 Comparison of the NIR fluorescence spectra of SWNT/SDBS in

D2O (black) and SWNT/1 in THF (gray)—from Fig. 5 and 6—upon

lamp excitation at 725 nm.

Fig. 8 Differential absorption spectra (extended near infrared) obtained

upon femtosecond flash photolysis (387 nm) of SWNT/SDBS in D2O

with several time delays between 0 and 5 ps at room temperature—time

evolution from black to red to blue to orange and yellow.

656 | Chem. Sci., 2011, 2, 652–660 This journal is ª The Royal Society of Chemistry 2011
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fraction of the light photoexcites SWNT. Therefore, we

noticed—in line with reference experiments—the instantaneous

bleaching of the van Hove singularities. Again, the transitions

are red-shifted relative to SWNT/SDBS in D2O. In contrast to

what has been seen for SWNT/SDBS in D2O the SWNT/1 decay

is very fast—9.9� 1011 s�1—and matches qualitatively that of the

ZnPc singlet excited state decay immobilized onto SWNT.

At the end of the ZnPc and SWNT excited state decays,

characteristic changes occur in the differential absorption for

SWNT/1. In the visible, it is mainly a bleaching of the Q-bands

that is appreciable. This is further accompanied by a broad

absorption in the 425–550 nm range. In the near infrared, on the

other hand, we see a set of maxima at 840, 920, and 1000 nm and

a set of minima at 903, 947, 1141, 1180, 1270, and 1455 nm. The

maxima—especially the one at 840 nm—are known to reflect the

transient spectrum of the one-electron oxidized ZnPc radical

cation. The same holds for the 425–550 nm transition.22,32

Notable is that a comparison of the minima with the initially

generated bleach of the van Hove singularities prompts to subtle

blue shifts. Implicit are new conduction band electrons—injected

from photoexcited ZnPc—shifting the transitions to lower

energies. Spectroscopic support for this assumption came from

determining the absolute spectrum of the product and comparing

it with that of the ground state. Thus, we reach the conclusion

that photoexcitation of SWNT/1 hybrids is followed by a rapid

charge transfer. A multi-wavelength analysis of the newly

developed charge transfer state is metastable and decays with

1.9 � 109 s�1. Remarkable is—despite the overall short charge

transfer lifetime—the ratio of charge separation rate to charge

recombination rate of nearly 3 orders of magnitude.

Conclusions

In this work we have developed a strategy to immobilize func-

tional groups such as ZnPc onto the surface of SWNT without,

however, the needs of covalent functionalization, using

substituted PPV-oligomers (1–4) with different electronic char-

acter. Among the four ZnPc oligomers (1–4) that we have probed

only 1, bearing electron-withdrawing CN-substitutents, interacts

tightly with SWNT affording stable and finely dispersed SWNT

suspensions. ZnPc oligomers 2–4 despite having much longer

lengths, failed to disperse SWNT in THF following our newly

developed protocol. A likely rationale is the p-type character of

PPV, in the cases of 2–4, which imposes repelling forces relative

to p-type SWNT. Placing CN groups, on the other hand, onto

the PPV backbone yields a n-type character PPV-oligomer and,

in turn, increases p–p interactions with SWNT. The latter forces

are insufficient in 2–4 to stabilize spectroscopically viable SWNT

suspensions. ZnPcs are electronically ‘‘isolated’’ from the PPV by

an ether linkage, therefore the n-type character of the CN-PPV

oligomer subunit in 1 is not substantially reduced by the presence

Fig. 9 Upper part—differential absorption spectra (visible and near

infrared) obtained upon femtosecond flash photolysis (387 nm) of

SWNT/1 in THF with several time delays between 0 and 100 ps at room

temperature—time evolution from black to red to blue and orange.

Lower part —differential absorption spectra (extended near infrared)

obtained upon femtosecond flash photolysis (387 nm) of SWNT/1 in

THF with several time delays between 0 and 100 ps at room tempera-

ture—time evolution from black to red to blue and orange.

Fig. 10 Upper part—time-absorption profiles of the spectra shown in

Fig. 9 at 480, 695, 720, and 1140 nm monitoring the charge separation.

Lower part—time-absorption profiles of the spectra shown in Fig. 9 at

480, 695 and 720 nm monitoring the charge recombination.
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of the ZnPc units. In other words, matching the n-type character

of PPV and the p-type character of SWNT is very important to

immobilize with ease functional groups such as ZnPc. In the

particular case of 1 other reasons for the favorable interaction

with the SWNT such as a potential oligomer’s unusual confor-

mation due to CN groups and ZnPc substituents, even being less

plausible, cannot be rule out. In the context of dispersion

stability ZnPc seems to play a negligible role.

With regards to the strong electron donor character of ZnPc,

photoexcitation of SWNT/1 hybrids generates a metastable

radical ion pair state, that is, the one-electron oxidized ZnPc

radical cation and new SWNT conduction band electrons. Quite

remarkable is the ratio of charge separation rate to charge

recombination rate of nearly 3 orders of magnitude. On the other

hand, in order to explore the relationship between the molecular

weight of PPV-oligomers bearing electron-withdrawing groups

and the strength of the stacking interactions with the SWNT, we

are now preparing longer chain PPV-oligomers with the ZnPc

separated from the PPV by an appropriate spacer. Currently, we

are directing our attention to use this rather unique ZnPc olig-

omer for the fabrication of photovoltaic cells that are based on

different nanocarbons.

Experimental section

Synthesis of Pc-based PPV’s 3 and 4 via Wadsworth–Horner–

Emmons reaction

Diformyl derivative 5 (40 mg, 0.039 mmol) and 2,5-di-n-octy-

loxy-1,4-xylene-bis(diethylphosphonate)ester (1.1 eq.) were dis-

solved in anhydrous THF (6 mL) in an argon atmosphere. Then,

tBuOK (2.2 eq.) suspended in dry THF (4 mL for 3 and 4) was

added dropwise under vigorous stirring to the starting monomer

mixture, previously heated at 50 �C (for 3) or at room temper-

ature (for 4). The green mixture was warmed up to the refluxing

temperature for 12 h while a dark green precipitate appeared.

Afterwards, additional solid tBuOK (2.2 eq.) was added in small

portions and the mixture heated for further 12 h. Subsequently,

when cooled down to room temperature, THF was vacuum-

evaporated and the abundant green solid was triturated in an

ultrasounds bath with MeOH (30 mL) acidified with a drop of

AcOH. The homogenous suspension was filtered off and washed

with plenty of hot MeOH, acetone and hexane until the washing

solvents were colourless. The polymeric material was purified in

the last step on a SEC column (Biobeads�) using freshly distilled

THF as the mobile phase. The main fraction (eluting first in all

the cases) was recovered and concentrated in vacuum. The

polymeric material was then suspended in hot acetone, filtered

and dried in vacuum, affording 3 (42 mg, 52%) and 4 (45 mg,

55%) in the form of bright dark green solids.

3: 1H- NMR (500 MHz, CDCl3), d (ppm): 9.7–8.5 (m, 8H;

PcH), 8.5–8.0 (m, 4H; PcH), 7.9–7.3 (br s, 4H; ArH), 7.2–6.4 (br

s, 4H; ArCH2]CH2Ar), 4.4–3.8 (m, 6H; ArOCH2), 2.2–0.6 (m,

72H; CH, CH2, CH3, C(CH3)3). UV-Vis (CHCl3), lmax (nm) 674,

611, 461, 346. FT-IR (KBr) n (cm�1): 2959, 2932, 2864, 1611,

1492, 1393, 1331, 1287, 1261, 1220, 1194, 1155, 1099 nst(C–O–C),

1045, 978 nd oop(C]C–H trans), 925, 831, 756, 702. SEC (THF,

polystyrene standards): Mw: 21823, Mn: 6365, PDI: 3.429. TGA

(�C/mass lost): 368.77/�40.05%, 476.58/�6.74%.

4: 1H- NMR (500 MHz, CDCl3), d (ppm): 9.7–8.5 (m, 8H;

PcH), 8.5–8.0 (m, 4H; PcH), 7.9–7.3 (br s, 4H; ArH), 7.2–6.4 (br

s, 4H; ArCH2]CH2Ar), 4.4–3.8 (m, 6H; ArOCH2), 2.2–0.6 (m,

72H; CH, CH2, CH3, C(CH3)3). UV-Vis (CHCl3), lmax (nm) 674,

610, 461, 346. FT-IR (KBr) n (cm�1): 2959, 2932, 2864, 1610,

1491, 1396, 1329, 1288, 1261, 1221, 1194, 1153, 1099 n st(C–O–C),

1045, 978 nd oop(C]C–H trans), 924, 831, 756, 702, 534, 451.

SEC (THF, polystyrene standards): Mw: 32038, Mn: 11882, PDI:

2,696. TGA (�C/mass lost): 387.74/�32.64%, 466.70/�11.67%.

Photophysical measurements

THF was of spectrophotometric grade (99.5%) and was

purchased from Sigma–Aldrich. SWNTs (HiPCO Batch Nr.:

R0510C) were purchased from CNI. The experiments were per-

formed at room temperature and ambient conditions. Steady-

state absorption spectra were measured by a Cary5000 (Varian)

two beam spectrometer. Emission spectra were recorded by using

a FluoroMax-P (HORIBA Jobin Yvon). NIR emission spectra

were measured by a Fluorolog spectrometer (HORIBA Jobin

Yvon). Here, the optical detection was performed by

a Symphony InGaAs array in combination with an iHR320

imaging spectrometer. The samples were excited by a 450 W

Xenon lamp or the SHG (532 nm) of a Nd/YAG laser. Femto-

second transient absorption studies were performed using 387

and 775 nm laser pulses with a 150 fs pulse width (1 kHz, 200 nJ),

from an amplified Ti : sapphire laser system (SHG and funda-

mental, CPA 2001, Clark-MXR Inc.) additional excitation

experiments was carried by using 660 and 700 nm pulses created

by a NOPA (Clark-MXR Inc.). For the detection we used

a Helios TAPPS from Ultrafast Inc. AFM images were recorded

on a Solver Pro scanning probe microscope (NT-MDT Co). The

carbon nanotube material was spread on oxidized silicon wafers

by spin casting. Raman spectra were recorded using a Bruker FT

Raman RFS 100 system with a liquid N2 cooled Ge detector

upon excitation by a 1064 nm Nd–YAG laser.
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