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ABSTRACT

The covalent coupling between oligo(thienylenevinylenes) (»TVs) and carbon
nanohorns (CNHs) has been investigated. The resulting nanohybrids have been
characterized by a combination of several techniques, including thermogravimetric
analysis (TGA), X-ray photoelectron spectroscopy (XPS), high-resolution transmission
electron microscopy (HR-TEM) and Raman spectroscopy. The photophysical properties
of the new hybrids were investigated by steady-state and time-resolved spectroscopic
techniques. A transient signal characterized by two kinetic regimes, one short decay
within 0.5 psec corresponding to around 80% of the total signal and another much
longer-lived decay of 10 usec, has been detected. The transient absorption spectra are
characterized by a continuous absorption that increases in intensity towards shorter
wavelengths, with a maximum at 430 nm. These transient signals have been assigned to
the charge-separated state delocalized on CNHs based on the quenching behavior and
by comparison with the photophysical properties of #TV in the absence and presence of
quenchers. The photophysical behavior of covalent #TV-CNH conjugates with
microsecond transients due to electrons and holes on CNHs contrasts with the absence
of any transient for analogous nTV-Cg conjugates, for which charge separation was not
observed at timescales longer than nanoseconds. The photochemical behavior of CNHs
is believed to derive from the amphoteric (electron donor and acceptor) properties of
CNHs and from the larger number of carbon atoms (efficient delocalization) in CNHs

compared with Cg.
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1. INTRODUCTION

The long-term goal of applications in optoelectronic devices and light energy
conversion'™ has led to a great deal of interest in the synthesis and characterization of
modified carbon nanostructures containing covalently attached electron-donor or -
acceptor unit.*® Considering that the extinction coefficients of most carbon
nanostructures are low, conjugates in which a dye acts as a light harvester and as an
electron-donor or -acceptor moiety have frequently been prepared. Among these dyes,
both transition metal complexes, such as porphyrins and metal polypyridyl, and organic
molecules that absorb visible light have been used to obtain covalently modified
photoresponse carbon nanostructures.’”™

The chemical stability, good -electron-donating properties and light absorption
characteristics have led to the use of polythiophene and oligothienylenevinyleneg'10
compounds for the preparation of modified carbon nanostructures including fullerenes,

11-14 15
and graphene.

carbon nanotubes
Oligo(thienylenevinylene)s (nTVs) are m-conjugated oligomers formed by a planar
thiophene structure with vinylene connectors to provide the highest effective
conjugation length and a narrow HOMO-LUMO gap.”'°

Compared to carbon nanotubes (CNTs), carbon nanohorns (CNHs)'”"’

are unique
materials that contain sheath-like aggregates of graphene with lengths in the 50—100 nm
range. CNHs are similar to carbon nanotubes but they are closed at one end with a
conical cap and open at the other end. These nanostructures grow as spherical
aggregates of graphene tubules and are produced in high yield and purity by CO, laser

ablation of graphite in the absence of metal catalysts. Furthermore, in contrast to single-

walled carbon nanotubes (SWCNTs), which can be metallic and semiconducting (a
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disadvantage for electronic applications), pristine CNHs show semiconducting
properties that make them very attractive for applications in nanotechnology.”**’

The morphology and dimensions of CNHs mean that they are generally difficult to
suspend in a liquid phase, although physical and chemical treatment can remove smaller
debris from these flower-like particles to give a material that can be suspended more
easily in solvents like N,N-dimethylformamide (DMF) and water. In this regard, one
topic of interest in this area is to highlight the possible differences in the activity and
photophysical properties between CNHs and other carbon nanostructures due to the
different morphologies and dimensions of these materials. Several strategies have been
employed in an effort to obtain good dispersions. For example, the introduction of
organic moieties onto the skeleton of CNHs has yielded soluble CNH-based
materials.”** In the work described here, oligo(thienylenevinylenes) (nTVs) with
different lengths (n = 2, 4) were employed as dyes to provide modified CNHs by
covalent attachment.

The synthesis and characterization of two novel nanohybrids, 3 and 4, that contain
carbon nanohorns and oligothienylenevinylenes was carried out with the aim of
characterizing their electron- or energy transfer-photoinduced processes. Evidence was
found for the interaction between the ground and excited states of the
oligothienylenevinylene moiety with CNHs, particularly in the context of related
precedents in which similar systems had been attached to fullerene.'* Possible
differences in these systems should serve to highlight the unique properties of CNHs
when compared to fullerenes. Such specific behavior could be caused by the length of
the CNHs allowing delocalization of electrons, which in turn would retard electron
transfer in comparison to fullerene analogs. The amphoteric behavior of CNHs, i.e,

they act as electron acceptors and donors, contrasts with that of fullerenes and this
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difference would allow the generation of much longer-lived charge-separated states in
CNHs.

2. EXPERIMENTAL SECTION

2.1. Materials. CNHs were produced by CO, laser ablation of graphite in the absence
of any metal catalyst under an argon atmosphere (760 Torr) at room temperature; the
purity of the CNHs was as high as >90% for less amorphous carbons. All other
chemicals used in the synthesis and spectroscopic measurements were purchased from
Aldrich Chemicals (Milwaukee, WI) and were used as received.

2.2. General procedure

1,3-dipolar cycloaddition with thienylenevinylene oligomers: In a typical experiment,
50 mg of pristine CNHs were suspended in N-methyl-2-pyrrolidone (NMP) (100 mL)
and dissolved with the aid of sonication for 10 min. Sarcosine and the corresponding
thienylenevinylene oligomer were added portionwise every 24 h. The resulting mixture
was heated for 4 days at 130 °C. The mixture was allowed to cool down to room
temperature, filtered through a PTFE membrane (Millipore, 0.1 um pore) and the solid
was washed successively with DMF and CH,Cl,. The resulting black solid was purified
by Soxhlet extraction with CH,Cl, for 12 hours and the solvent was evaporated. A
series of cycles of centrifugation-redispersion was then carried out with diethyl ether.
The residue was dried overnight under vacuum to obtain the functionalized CNH
material as a solid.

CNH-based material 3

According to the general procedure, 3 was obtained from pristine CNHs (50 mg), NMP
(100 mL), sarcosine (15 mg, 0.18 mmol, 4 eq) (3.75 mg every 24 hours) and (E)-1-(5-
formyl-3,4-dihexyl-2-thienyl)-2-(3',4'-dibutyl-2"-thienyl)ethylene 5°° (25 mg, 0.045

mmol, 1 eq) (6.25 mg every 24 hours).
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CNH-based material 4

According to the general procedure, 4 was obtained from pristine CNHs (50 mg), NMP
(100 mL), sarcosine (15 mg, 0.18 mmol, 4 eq) (3.75 mg every 24 hours) and (E,E,E)-
1,2-bis[5-(3',4"-dihexyl-2"-thienylvinyl)(3,4-dihexyl-2-thienyl)Jethylene  6°° (50 mg,

0.045 mmol, 1 eq) (12.5 mg every 24 h).

3. RESULTS AND DISCUSSION
The synthesis of formyl-oligothienylenevinylenes S and 6 was achieved by McMurry
coupling reactions, as reported by Roncali ez al.'® but with slight modifications.*® The
two new nanohybrids, CNH-2TV (3) and CNH-4TYV (4), were prepared by 1,3-dipolar
cycloaddition between aldehydes 5 or 6, N-methylglycine and pristine CNH in NMP?'
at 130 °C for 4 days (Scheme 1). The mixture was allowed to cool down to room
temperature and the product was filtered off using a Millipore filter (0.1 um PTFE
membrane). The product was thoroughly washed several times with DMF and then with
dichloromethane (CH,Cl,) (sonicated, centrifuged and filtered) until the filtrate
remained colorless. The final purification of the materials was achieved by Soxhlet
extraction in CH,Cl, for 12 h. The Soxhlet extraction allowed the recovery of
functionalized materials 3 and 4 from unreacted CNHs. Finally, the solvent was
removed under reduced pressure to give the corresponding nanohybrid as a black solid.
The solubility of the resulting nanohybrid materials 3 and 4 allowed their
characterization by Raman spectroscopy, TGA, XPS and high-resolution transmission
electron microscopy (HR-TEM) to obtain detailed information about their structural and
morphological properties. In addition, the electronic properties of the materials were

explored by UV-vis absorption and steady-state and time-resolved spectroscopic
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techniques. Finally, electrochemistry was employed to determine possible variations in
the energy levels when photoactive units are grafted onto the CNH skeleton.

Raman spectroscopy provided significant evidence for the covalent grafting of
the oligothienylenevinylenes onto the CNHs.**?* The Raman spectrum of pristine CNH
excited at 532 nm is shown in Fig. 1. The spectrum exhibits two prominent bands
centered at ~1600 cm ™' and ~1350 cm ™' and these are, respectively, assigned to the G-
band and the defect-induced D-band. It can be observed in Fig. 1a that the intensity of
the D band of the modified CNHs 3 and 4 has an increased intensity and the Ip/Ig ratio
changes from 1.06 for pristine CNHs to 1.71 for 3 and 1.25 for 4. This increase in the
Ip/lg ratio upon functionalization is indicative of the incorporation of
oligothienylenevinylene units on the framework of the CNH. Another important feature
of the Raman spectra is the existence of a peak at ~2900 cm™' (Fig. 1b) (denoted as the
D+D’ band), which is associated with the existence of defects and follows the trend of
the D band.* Finally, a shift towards lower frequencies in the G band by ~10 cm™" was
also observed when compared with pristine CNH (Fig. 1a). This change is the result of
charge transfer, as occurs in systems doped with an electron donor moeity.**>

The amount of organic mass covalently attached to the surface of the CNHs was
quantified by thermogravimetric analysis3 7 (TGA). Tt can be observed in Fig. S1, (see
ESIt) that pristine CNH is thermally stable up to 800 °C but the traces corresponding to
functionalized nanohybrids 3 and 4 show the most pronounced weight loss between 200
and 550 °C. This latter weight loss is attributed to the thermal decomposition of the
organic units (2TV(1) and 4TV(2) respectively) attached to the CNH framework. In the
case of nanohybrid 3, the weight loss is 10% and this corresponds to one organic
fragment grafted per 423 carbon atoms. This loss is comparable to that observed for the

homologous hybrid 4 (9%), but in this case the weight loss corresponds to one
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functional group covalently attached per 876 carbon atoms. The increase in the chain
length in material 4 compared with 3 leads to a lower availability of © surface and this
fact explains the lower degree of functionalization for 4. This finding is in good
agreement with the results observed in the Raman spectra (see Table S1).

X-ray photoelectron spectroscopy (XPS) was used in conjunction with Raman
spectroscopy and TGA to confirm the presence of functional groups grafted to the
surface of CNHs. The survey spectrum of the pristine CNHs (Fig. 2a) shows the
predominant presence of carbon (96.1 at. %) and oxygen (3.9 at. %), thus demonstrating
the high purity of the starting material. However, the XPS survey spectra of 3 and 4
(Figs. 3b and 3c) show the presence of all of the expected (sulfur and nitrogen) elements
associated with the grafted materials, which supports the incorporation of the

oligothienylenevinylene units onto the CNH surface.

The high resolution XPS data for all of the materials were recorded and the
corresponding binding energy values are collected in Table S2. All peaks were
deconvoluted into several symmetrical components (i.e., five or six for C 1s; two for O
Is and one or two for N 1s). The C 1s peak of pristine CNH was satisfactorily fitted to
five components (see ESIf, Fig. S2), according to the peak assignment used by

1°* The most intense peak at 284.8 eV is due to sp> C—C bonds of

Stankovich et a
graphitic carbon. The next three components at 286.3, 287.6 and 289.3 eV are often
assigned to C-0, C=0 and COO groups®®***" present on the surface of CNHs.
Functionalized materials 3 and 4 display a sixth component at 285.4 eV (Fig. S3) due to
sp> C—C bonds, corresponding to the alkyl chain of thienylenevinylene fragments.*' In
addition, all samples displayed a weak component at around 291.4 eV and this

. : 39
corresponds to a w-* transition of C atoms in graphene structures.
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Analysis of the O 1s peak for pristine CNHs and 3 and 4 was resolved with two
components of almost the same intensity (see ESIT, Table S2). For the starting material,
the first component at 532.2 eV corresponds to O=C surface groups and the second one,
at 533.5 eV, is often associated with O—C bonds.*** These observations are consistent
with the existence of oxygen functional groups on the CNH surface. The same
components were observed for 3 and 4, although both components are slightly shifted
toward lower binding energies (Table S2).

The presence of N atoms in compounds 3 and 4 confirmed that the CNHs had
been functionalized. The high-resolution N1s peak of hybrid 3 is shown in Fig. S4a. It
can be seen that there is a single component at a binding energy of 400.3 eV, which
belongs to an N-atom bound to a C-atom as the nearest neighbor. This atom is assigned
to the pyrrolidine ring.** In addition, the S 2p peak for 3 (see Fig. S5a) recorded under
high resolution conditions allowed detection of the two components of the doublet
(S2p32-2pi12), with the most intense one at 164.1 eV. This binding energy is
characteristic of the S—C bond of thiophene-like compounds.***® The same components
were also detected in the case of 4 (see Figs. S4b and S5b).

XPS was also used to quantify the proportions of the elements on the surface.
The fitted peak arcas were used as relative intensities and the appropriate relative
sensitivity factors for C 1s (0.25), N 1s (0.42) and O 1s (0.66)"” were applied to estimate
the relative chemical composition of all samples. The data are collected in Table 1. In
hybrids 3 and 4 the experimental atomic S/N ratios of 1.91 and 3.78, respectively, are
very similar to the theoretical stoichiometric values for 2 and 4, according to Scheme 1.
This result provides conclusive evidence that the oligothienylenvinylene moieties had

been attached on the CNH substrate.
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The morphologies of hybrids 3 and 4 were evaluated by high-resolution transmission
electron microscopy (HR-TEM). The spherical aggregate form of CNHs was
maintained in 3 and 4 (Figs. 3a and 3c). The magnified images showed some material
attached to the CNH surfaces (Figs. 3b and 3d) and this could be attributed to the

conjugated moieties.

The good solubility of the functionalized CNHs 3 and 4 allowed their
characterization by spectroscopic techniques. The UV-vis spectra of 3 and 4 (Fig. 4)
exhibit the characteristic absorption band of the oligothienylenevinylene unit and this

the covalent functionalization of the CNH.

In order to study intrahybrid interactions that may take place between the
oligothienylenevinylene moiety and the CNH in nanohybrids 3 and 4, electrochemical
measurements and fluorescence emission spectroscopy were carried out on solutions in
DMF at room temperature.

Electrochemical studies using Osteryoung square wave voltammetry (OSWV) were
performed in an effort to understand the redox behavior of CNH-#TV hybrids 3 and 4
and comparisons were made with non-functionalized nTVs 1 and 2 (see Scheme Sl in
ESIt). On the anodic side, 3 and 4 revealed two oxidation peaks (3: +0.69 V and +1.01
V; 4: +0.28 V and +0.45 V) and these were shifted to higher potentials with respect to
model compounds 1 and 2 when measured under identical conditions (1: +0.44 V and
+0.77 V; 2: +0.16 V and +0.35 V) (see Fig. S6 and Table S3 in ESIY).

The greater difficulty in oxidizing nTV oligomers when they are covalently linked to
the CNH indicates the existence of electronic communication in the ground state
between the conjugated thienylenevinylene oligomers as electron donors and CNHs as

electron acceptors. Thus, the electrochemistry, and specifically the increase in the

10
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oxidation potentials, points to an incipient electron donation from the conjugated agent
to the CNH scaffold. This variation in the oxidation potential of the »nTV moiety
depending on the covalent attachment to CNHs is in contrast to the reported lack of
influence on the oxidation potential of this electron donor moiety covalently bonded to
fullerene.'® It is possible that the planar graphene wall of CNHs allows better interaction
between nTV moieties and the CNH in comparison to the spherical fullerenes. In the
case of nanohybrid 3 (Fig. 5, left), photoexcitation at 405 nm led to substantial
quenching of the oligothienylenevinylene emission band. In the case of nanohybrid 4
(Fig. 5, right), no emission was observed upon 489 nm excitation, indicating that for
this nanohybrid the excited state of 4TV is quenched intramolecularly by CNH. These
observations strongly support electronic interactions between the

oligothienylenevinylene units and CNH in the excited state.

In an effort to gain an insight in the photophysics of nanohybrids 3 and 4,
transient absorption spectroscopy was carried out on dyes 1 (2TV) and 2 (4TV) (see
Scheme S1 in ESI) in polar solvents in the absence and presence of quenchers using 355
nm laser excitation. These studies should provide information about the nature of the
transient species generated upon excitation of these organic dyes and could also
elucidate their possible interaction with CNHs. It was envisaged that the data would be
useful at a later stage to rationalize the photochemical behavior of the conjugates 3 and
4.

Laser excitation of 1 at 355 nm gave rise to a short-lived transient species that
decayed completely on the microsecond timescale. The transient spectra recorded for 1
are characterized by a sharp, intense absorption peak at Ay.x 430 nm accompanied by a
much less intense broad absorption from 500 to 650 nm (see Fig. 6). This transient was

completely quenched by oxygen but not by N,O. This quenching behavior, together
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with the short lifetime, is compatible with the assignment of the transient to a triplet
excited state of 1. The addition of methyl viologen (MV*") led to the gradual
replacement of the 1 triplet transient by the MV*" radical cation, which was
characterized by the typical MV™" spectrum with a sharp peak at 390 nm and a less
intense broad band from 500 to 700 nm. In addition, the triplet excited state of 1 was
also quenched by methanol but in this case, since the CH;O™"H radical cation cannot be
detected, the only observation was the quenching of the triplet signal of 1 accompanied
by hydrogen generation as detected by GC analysis of the gas phase. In fact methanol is
widely used as sacrificial electron donor in photocatalytic hydrogen generation.*®*° This
behavior indicates that the triplet excited state of 1 can act as an electron donor or
acceptor depending on the nature of the quencher, as indicated in Scheme 2.

Convincing evidence in support of the occurrence of photoinduced electron
transfer was visually observed by performing steady state lamp irradiation of mixtures
of 1 (2TV) and CNHs in DMF solvent containing methanol as hole quencher and MV**
as electron acceptor, where by formation of blue color was observed by naked eyes.
Control experiments irradiating in DMF, MV*" and methanol did not lead to any blue
coloration. At the end of the experiment a change in the steady state UV-vis absorption
spectrum exhibiting a new peak at 460 nm was recorded (see ESI, Figure S7-left ).
Analogous experiments in which nanohybrid 4 was irradiated in DMF containing MV?*
and MeOH also lead to the development of blue color and, even more, in this case
steady state UV-vis absorption spectrum of the solution allow to detect the presence of
some residual MV " radical cation (see ESI, Figure S7-right).

The addition of CNHs as quencher led to gradual changes in the transient
absorption spectrum of 1, which was characteristic of the triplet excited state, to give a

different transient absorption spectrum characterized by a continuous absorption in the

12
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whole spectral range (Fig. 7). This quenching study provides evidence that the triplet
excited state of compound 1 is intercepted by CNHs as quencher and that a new species
corresponding to the charge separated state is generated. According to the Scheme 2, for
the 1/CNH mixture, excitation of 1 and generation of the triplet excited state will be
followed by electron donation from 1° to CNHs. Evidence in support of this proposal
has been provided above when commenting the photophysical behavior of mixtures of §
and CNH and nanohybrid 3 in the presence of MV>".

Further evidence for the quenching of the electronic excited state of dye 1 by
CNHs was obtained by femtosecond transient spectroscopy on monitoring the singlet
excited state. Laser excitation at 400 nm led to the instantaneous generation of a
transient absorption characterized by the growth of a band from 450 to 700 nm, which
peaked at 620 nm (Fig. 8). Addition of CNHs led to an increase in the decay rate
constant of the singlet excited state (see inset in Fig. 8), which indicates that the singlet
excited state is also quenched by CNHs.

An analogous study was performed on compound 2 (4TV) in DMF solution,
unfortunately no femtosecond triplet signal could be observed for compound 2,
probably due to insufficient concentration of this compound. Typically femtosecond
transient experiments requires highly concentrated solutions that were not possible to
reach for compound 2. For this organic dye, 355 nm nanosecond laser excitation
generated an absorption band that spanned the range from 450 to 700 nm. The lifetime
of this band was much longer than that of 1 (compare decays in Figures 6 and 9 for the
lifetimes of transients from 1 and 2, respectively. This transient decay on the
microsecond timescale was also assigned to a triplet excited state of 2 due to quenching
by oxygen, although this state was not sensitive to the presence of N,O (see Fig. 9, left

inset). In a similar way to 1, the triplet excited state of 2 was also quenched by MV ™" as
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an electron acceptor and MeOH as an electron donor to give rise rapidly to 2™ or 2",
respectively. On using MV as the quencher, the growth of the signal at 400 nm was
attributed to the generation of the MV"™" radical cation formed simultaneously with the
disappearance of the triplet excited state of 2. As in the case of 1, the presence of CNHs
as a quencher in conjunction with compound 2 led to changes in the temporal profile of
the signal and in the intensity of the band corresponding to the triplet excited state of 2.
It can be seen from Fig. 10 how the presence of CNHs led to a considerable decrease in
the intensity of the AOD value and also to changes in the kinetics of the signal.

In summary, transient spectroscopy showed that upon excitation dyes 1 and 2
generated the corresponding triplet state and this can undergo electron transfer
quenching depending on the nature of the quencher. In the case of dye 1, femtosecond
laser studies showed that the singlet excited state is also quenched by CNHs.

Laser flash photolysis experiments on nanohybrids 3 and 4 were also carried out
with excitation at 355 nm. Supporting information (Figures S8-S10) contains also the
transient absorption spectra recorded for nanohybrid 4, the larger conjugation of the
oligothienylenevinylene covalently should allow also excitation at larger wavelength
such as 532 nm. However, since coincident transient absorption spectra and temporal
signal profile were obtained for nanohybrid 4. Using either 355 or 532 nm, only the
former excitation wavelength will be commented. Reader is referred to the supporting
information for 532 laser data. According to the absorption spectra of the individual
components (see Fig. 4), this wavelength should mainly produce excitation of the CNHs
and minimize the influence of the variation of the absorption spectrum on moving from
dye 1 to dye 2.

Laser excitation at 355 nm gave rise to transient spectra that decayed in a few

microseconds for both nanohybrids 3 and 4. Selected transient spectra recorded for

14
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these two CNH conjugates 3 and 4 are shown in Fig. 11. It can be seen that the transient
spectra for the two modified CNHs 3 and 4 are similar and are characterized by a
continuous absorption in the 380 to 800 nm region. This absorption decreases gradually
in intensity at longer wavelengths and has a relative absorption maximum at 430 nm.
The transient spectra resemble the ground state UV-vis absorption spectra of the 3 and 4
constructs, in which the CNH contribution predominates and the defined absorption
bands of the thienylvinylenes moieties are barely visible (compare spectra in Figs. 4 and
11). The transient absorption spectra recorded upon photolysis of 3 and 4 conjugates are
remarkably similar to that presented in Fig. 7 for the transient spectra upon quenching
of the triplet state of 1 by CNH (compare Figs. 7b and 11). Given the similarities in the
transient absorption spectra of conjugates 3 and 4 and the absorption spectra of the
CNH ground state, we attribute these transient species to the charge-separated state
(electron and holes) located on CNH components. The temporal profile of the signal
was very similar over the whole spectral window and two decays were evident (the
temporal profiles of the signals at two representative wavelengths are shown in the
insets in Fig. 11). The fast decay regime corresponds to about 50% or 80% of the signal
for 3 and 4, respectively, and this process was too fast to be monitored in our
nanosecond laser system as it was complete within about 500 ns after the laser pulse.
Although the laser pulse was only 7 ns fwhm, the temporal profile response of the
system was much slower due to the limitation of the detector and photomultiplier
caused by light scattering of the nanohybrid dispersion in DMF. The residual signal
after 500 ns was less intense for 3 and the decay was slower than for 4.

Assignment of this residual signal to a charge separated state was also supported
by quenching studies with electron-acceptor and -donor compounds. Time-resolved

absorption spectra recorded in the presence of some of the quenchers used in the present
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study are shown in Fig. 12. For example, the presence of oxygen quenches the signal
completely — even the faster component. Methanol is a typical hole quencher and this
also accelerated the kinetics of the decay for nanohybrids 3 and 4, although for this
quencher some variation in the quenching constants were observed depending on the
monitored wavelength. In this way, methanol as a quencher has a more marked
influence on the 400 to 600 region than on the 600 to 800 nm region. This fact is not
surprising given that the overall signal should be a combination of electrons and holes
and the independent contribution of these two components could be different depending
on the monitored wavelength. Similarly, N,O, an electron quencher, also increased the
decay kinetics for conjugate 4. In the case of N,O quenching of the 4 transient
significant differences were observed in the 400-500 nm and 500-800 nm regions for
N,O quenching. In the 400-500 nm region, the transient signal of 3 underwent
quenching with a decreasing lifetime of the kinetic components and this decayed in the
microsecond timescale. In the 500-800 nm region, however, this residual signal was
longer lived. Overall, the influence of quenchers on the transient spectra of 3 and 4
supports the assignment of the microsecond transient signal for modified CNHs 3 and 4
to a charge separated state. On the basis of the time-resolved spectroscopic data, the
mechanism presented in Scheme 3 can be proposed for the photophysics of conjugates 3
and 4 (see Scheme 3). It is worth noting that 1™ and 2" should have weak absorption
spectra since a band attributable to the #TV™ radical cation was not observed in the
preliminary studies on the photolysis of 3 and 4 and quenching of the corresponding *1"
and *2" triplet excited state by MV™". These characteristics suggest that the transient
being monitored in the microsecond timescale arises from delocalization of charge
carriers of CNHs (Scheme 3). The proposal of two types of positive holes, either

trapped on nTV or freely moving on CNHs is compatible with the temporal profiles of
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the transient signal showing two regimes, one shorter than 500 ns, attributable to the
initial charge separation state and a longer lived state after migration of the positive
holes. The summary of the major transient absorption measurements characteristics are:
i) the short (sub-microsecond) lifetime of the excited state of 1 determined by
femtosecond transient absorption spectroscopy, ii) the absence of an absorption band
attributable to any of the reported nTV transient species and also iii) the broad
continuous absorption characteristic of charge carriers on graphenes.
4. CONCLUSIONS

In this work, we present the covalent attachment of oligothienylenevinylene
moieties to CNH. The transient species observed upon excitation at 355 nm for these
nanoemsemble nTV-CNHs are consistent with the generation of charge-separated states.
Comparison of the transient spectra of n”TV-CNH conjugates 3 and 4 with those
recorded for compounds 1 and 2 rules out the presence of triplets 1 or 2 in the transient
spectra of nanohybrids 3 and 4. The quenching behavior of dye 1 in the singlet and
triplet excited states and dye 2 in the triplet state by CNHs also provide evidence of a
photoinduced electron transfer between the two components even in the absence of
covalent attachment. The behavior of conjugates 3 and 4 contrasts with that of
analogous nTV-Cg conjugates, for which a charge separation transient was not
observed on the nanosecond timescale. This contrasting behavior illustrates the
advantages of CNHs as scaffolds, when compared with fullerenes, derived from the
amphoteric (electron donor and acceptor) behavior of CNHs and the increased length of
CNHs when compared to fullerenes.
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Captions of figures, tables and schemes.

Scheme 1. Schematic illustration for the preparation of CNH-based materials 3 and 4.
Scheme 2. Proposed photochemistry of 1 after 355 nm laser excitation and with MV ™"
or MeOH as electron-acceptor or -donor quenchers, respectively.

Scheme 3. Mechanism proposed for the photochemistry of #TV-CNH nanohybrids after
355 nm laser excitation (CS: charge separation).

Table 1 Chemical composition measured by XPS.

Fig. 1. (a) Raman spectra obtained upon excitation at 532 nm of pristine CNHs (black)
and modified CNHs 3 (red) and 4 (blue). The spectra are normalized to the peak
intensity of the G band, (b) detail of the G' and D+D" region.

Fig. 2. XPS survey spectra of (a) pristine CNH, (b) 3 and (c) 4.

Fig. 3. HR-TEM images of CNH-2TV (3) (a, b) and CNH-4TV (4) (c, d).

Fig. 4. Absorption spectra of pristine CNH (gray), free oligothienylenevinylenes 5 and
6 (dotted line) and functionalized CNHs 3 and 4 (solid line), measured in DMF.

Fig. 5. Fluorescence spectra recorded in DMF of (left) 5 (dotted line) and functionalized
CNH 3 (solid line), excitation at 405 nm; (right) 6 (dotted line) and functionalized CNH
4 (solid line), excitation at 489 nm.

Fig. 6. Transient spectra recorded at 40 ns after 355 nm laser excitation of an Ar-purged
DMF solution of 2.6 x 10> M 1 before (a) and after (b) the addition of 50 pL of a DMF
solution of MV"™" (MVCl,, 0.01 M). The inset shows the signal decay monitored at 420
nm on purging with Ar, O, or N,O and after the addition of 100 pL of MeOH as an
electron donor or 50 uL of a DMF solution of MVCl, (0.01 M) as an electron acceptor.
Fig. 7. Transient spectra recorded at 40 ns after 355 nm laser excitation of an Ar-purged

DME solution of 2.6 x 10~ M 1 before (a) and after (b) the addition of 50 pL of a DMF
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solution of CNHs (0.2 mg/mL). The inset shows the comparative signal decay
monitored at 420 nm before (a) and after (b) the addition of the CNH solution.

Fig. 8. Femtosecond transient spectra recorded from 1.78 to 150 ps after 400 nm laser
excitation of an Ar-purged DMF solution of 1 (2.6 x 10" M). The inset shows the
comparative signal decay monitored at 625 nm before (a) and after (b) the addition of a
DMF solution of CNHs (0.2 mg/mL).

Fig. 9. Transient spectra recorded 7 psec after 355 nm laser excitation of an Ar-purged
DMF solution of 4.5 x 10> M 2 before (a) and after (b) the addition of 50 uL of a DMF
solution of MV (MVCl,, 0.01 M). The left inset shows the signal decay monitored at
420 nm on purging with Ar, O, or N;O and after the addition of 100 uL. of MeOH as an
electron donor or 50 uL of a DMF solution of MVCI, (0.01 M) as an electron acceptor.
The right inset shows the signal decay monitored at 550 nm on purging with Ar (a) and
after the addition of 50 pL of a DMF solution of MVCl; (0.01 M) (b).

Fig. 10. Transient spectra recorded 0.45 psec after 355 nm laser excitation of an Ar-
purged DMF solution of 4.5 x 10~ M 2 before (a) and after (b) the addition of 50 pL of
a DMF solution of CNH (0.2 mg/mL). The inset shows the comparative signal decay
monitored at 550 nm before (a) and after (b) addition of the CNH solution.

Fig. 11. Transient spectra recorded from 51 ns to 0.45 ps after 355 nm laser excitation
of an Ar-purged DMF solution of nanohybrid 3 (a) and 4 (b). The temporal profiles of
the transient signal monitored at 420 (a) and 550 nm (b) of Ar-purged solutions of 3 (A)
(inset in a) and 4 (B) (inset in b).

Fig. 12. Comparative transient spectra recorded at 50 ns after 355 nm laser excitation of
a DMF solution of (a) nanohybrid 3 and (b) nanohybrid 4 after purging with Ar, O,

N,O and addition of 100 uL. of MeOH.
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Scheme 1. Scheme 2.
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Table 1
Sample C (% at) | O (% at) | N (% at) | S (% at)
pristine CNHs 96.1 3.9 - -
3 92.1 4.7 1.1 2.1
4 90.7 5.0 0.9 34
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Fig. 3.

Fig. 4.
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Fig. 10.
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