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Abstract: 9,10-Diphenylanthracene
(DPA), a well-studied organic chromo-
phore (@;=0.98) that exhibits electro-
luminescence, has been covalently
bound through 2-(ethylthio)ethylamido
linkers to the carboxylic acid groups of

tent)  characterised by  solution
"H NMR, Raman and IR spectroscopy
and thermogravimetric analysis. Com-
parison of the quenching of DPA fluo-
rescence (steady-state and time-re-
solved) and of the transient optical

spectra of sSSWNTs and DPA-sSWNTs
show that the covalent linkage boosts
the interaction between the DPA and
the sSSWNT units. DPA-sSWNTs exhib-
it emission in the near-IR region from
1100-1400 nm with an enhanced quan-

short, soluble single-walled carbon
nanotubes (sSWNTs) of 1 um average
length, and the resulting DPA-function-
alised sSSWNT (DPA- sSWNT) macro-
molecular adducts (4.6 wt % DPA con-
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Introduction

In the last few decades considerable research activity has
been focused on developing the chemistry of new carbon al-
lotropes.'"  Although the chemistry of fullerenes has
become a mature field and a large number of fullerene de-
rivatives have been synthesised,*>” there remains much in-
terest in exploiting the potential of carbon nanotubes.!®*!
Owing to their nanometric diameter, long aspect ratio, elec-
tronic conductivity and mechanical resistance, single-walled
carbon nanotubes (SWNTs) are important materials in
nanotechnology.”!'” One of the most important differences
between fullerenes and SWNTs is that the former allotropes
are discrete, molecular entities that consist of a limited
number of carbon atoms, whereas as-produced SWNTs are
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tum yield (®=5.7x10"%) compared
with sSSWNTs (@ =3.9x107).

better considered as the result of the rolling up of a gra-
phene layer with each individual nanotube formed of a
countless number of carbon atoms. Thus, SWNTs are “mate-
rials” rather than molecular compounds, which makes the
preparation of persistent suspensions of SWNTs in common
solvents problematic. Soluble, persistent, colloidal suspen-
sions of SWNTs can be prepared by careful chemical cutting
of the raw materials to the point that the intractable solid is
oxidatively degraded into short pieces of the original nano-
tube (sSWNT).[12-10]

In comparison to as-synthesised SWNTs, soluble sSSWNTs
can be readily functionalised by conventional liquid-phase
reactions.!""*151"201 Fyrthermore, the resulting derivatives
can be characterised conveniently by transmission spectros-
copy and their structures more firmly established by liquid-
phase NMR spectroscopy.?*%!

Covalent functionalisation of SSWNTs can serve to induce
a response in the properties of the nanotube upon stimulus
of the attached moiety.'"1%19242] The ability of nanotubes
to respond upon photochemical excitation is one of their
most useful properties and may lead to their development
for a large variety of applications, for example, as sensors,
relays, and photovoltaic and electroluminescent devi-
ces.[B920381 The functionalisation of sSSWNTs has emerged as
a line of research parallel to that developed in the 1990s
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with the functionalisation of the fullerene allotropic form of
carbon.

Herein, we describe the preparation of sSSWNTs bearing
covalently attached 9,10-diphenylanthracene units (DPA-
sSWNTs). In addition to being a basic aromatic hydrocar-
bon whose photochemistry is well understood, 9,10-dipheny-
lanthracene (DPA) has many interesting properties, such as
a very high quantum yield (©2~0.98) of blue fluorescence
(Aem=410nm), and has been used as the reporting unit in
chemosensors and in the construction of electroluminescent
devices.”*! It is believed that the conductive properties of
SWNTs can play a positive role in electroluminescence and
other phenomena in nanotechnology.*® In addition to con-
vincing spectroscopic evidence of their synthesis, we have
observed the distinctive photochemical behaviour of the re-
sulting DPA-sSWNTs compared with mixtures of the non-
bonded, constituent components.

Results and Discussion

Synthesis and characterisation of DPA-sSWNTs: Commer-
cially available high-pressure CO (HiPCO) SWNTs were
submitted to a controlled oxidative treatment with a 3:1
mixture of concentrated sulfuric/nitric acids to effect a pu-
rification from metallic impurities and to achieve a chemical
cut of the long tubes to yield short tubes. In accord with a
reported protocol,'? the resulting sSSWNTs have an average
length of 1 um, as determined by TEM (Figure 1). In addi-
tion, to effect the cut of the as-synthesised nanotubes into
shorter units, it is known that the oxidative chemical treat-
ment also produces some defects on the graphene wall.l*”)
sSWNTs form indefinitely persistent solutions in water and
most common organic solvents, including chlorinated alka-
nes, DMSO and DMF. Even though colloidal dispersions of
sSWNTs do not show a tendency to sedimentation, they can
be recovered by filtration through 0.2 um Nylon filters.
Thus, their purification and recovery from soluble impurities
is straight forward. Filtered sSSWNTs can be easily redis-
persed, and freeze-dried sSWNTs proved particularly

Figure 1. TEM images of sSSWNTs at two different magnifications. Left:
Aspect ratio of soluble sSSWNTs showing an average length of 1 pm.
Right: Image showing that the single-walled structure is preserved in
sSWNTs and that they are formed by bundles with a width of about
20 nm.
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convenient for obtaining an instantaneous soluble sample
(>2mgmL™1).

sSWNTs were functionalised by DPA units by using a
strategy based on radical-chain addition to styryl units that
effects a covalent linkage to the carboxylic groups located at
the nanotube tips and the wall defects.*”! Scheme 1 shows
the procedure followed for the preparation of DPA-
sSWNTs.
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Scheme 1. Synthetic route to DPA-sSWNTs.

The synthetic route requires the preparation of a DPA de-
rivative bearing two styryl units at the 9- and 10-positions.
Treatment of the DPA derivative with azobisisobutyronitrile
(AIBN) as radical initiator in the presence of mercaptoeth-
yl-functionalised sSSWNTs gives rise to DPA-sSWNTs. Our
synthetic route relies on the radical addition of thiols to
styryl C=C double bonds, a reaction that occurs quantita-
tively in the absence of oxygen under neutral conditions and
moderate temperatures. The radical addition of thiols to C=
C double bonds is a strategy that has been widely and suc-
cessfully used to attach covalently organic units to insoluble
inorganic solids such as mesoporous silica.* DPA bearing
styryl units has been previously reported in the literature
and is obtained in high yields by palladium-catalysed
Suzuki-Miyaura coupling of 9,10-dibromoanthracene and 4-
styrylboronic acid.*”) Mercaptoethylamido-functionalised
sSWNTs are in turn obtained by the formation of a peptide
bond between the carboxylic groups present in the sSSWNTs
and mercaptoethanamine. As it is known that in SWNTs
carboxylic acids are localised at the tips and defects of the
nanotubes,'*! our functionalisation approach leaves unal-
tered the integrity of the graphene walls with respect to
those of sSSWNTs.

The DPA-sSWNTs were purified by consecutive cycles of
filtration through a 0.2 um Nylon filter, washings and redis-
persion. A control in which sSSWNTs were treated analo-
gously with DPA lacking the terminal C=C double bonds
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showed that this purification procedure is sufficient to
remove DPA to a level such that this aromatic hydrocarbon
cannot be detected by optical or fluorescence spectroscopy.

The DPA-sSWNTs were characterised by transmission
spectroscopy. The results are compatible with the covalent
attachment of DPA to sSSWNTs. The most convincing piece
of evidence is the '"H NMR spectrum of a [Ds]DMSO solu-
tion of DPA-sSWNTs. Figure 2 shows a comparison of the
'"HNMR spectra of DPA and DPA-sSWNTs. As can be
seen, although the spectrum of DPA-sSWNTs exhibits the
signals expected for the aromatic moiety, the ¢ values of
thee signals are substantially different for DPA and DPA-
sSWNTs. We believe that this shift in the aromatic protons
is caused by the magnetic anisotropy produced by the
sSWNT walls near the DPA units. Given the lack of planari-
ty of DPA, the formation of a non-covalent m—x complex
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Figure 3. Thermogravimetric profiles obtained in air for a) commercial

SWNTs, b) purified sSSWNTs and ¢) DPA-sSWNTs.
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DPA loss of 57 wt%. The rest of the

material (43 wt%) present in
the commercial SWNT material

DPA-sSWNT . . s
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Figure 2. a) '"H NMR spectra of DPA (top) and DPA-sSWNTs in [Dg]DMSO (bottom, 2.5 mgmL™"), showing
the similarities of the peaks in the aromatic region. b) Signals in the aliphatic region of the "H NMR spectrum

of DPA-sSWNTs.

between DPA and sSWNT that could also be responsible
for the analogous peak shift seems unlikely in this case. The
quality of the '"H NMR spectrum shown in Figure 2 with
narrow peaks contrasts with the paucity of NMR spectro-
scopic data for most functionalised SWNTs and reflects the
advantages of soluble compounds.

The DPA content in DPA-sSWNTs was estimated by
combustion chemical analysis. As sSWNTs only contain
carbon and oxygen atoms, the percentage of sulfur and ni-
trogen heteroatoms in the combustion of DPA-sSWNTs
allows the loading of DPA units to be estimated at 4.6 wt %.
This percentage of photoactive units is not uncommon in
carbon nanotubes functionalised through carboxylic acid
moieties.'#1)

Thermogravimetric analyses (TGA) in air show different
profiles for pristine SWNTs, sSSWNTs and DPA-sSWNTs
(Figure 3). Thus, the parent SWNT does not exhibit any
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340°C. This profile is indicative
of the absence of inorganic im-
purities and the presence of a
considerable number of defects.
In particular, carboxylic acid
groups decompose at tempera-
tures below 340°C. Functionalisation of sSSWNTs to form
DPA-sSWNTs changes the TGA profile; it is better resolved
and shows two clear stages in the weight loss. In particular,
the DPA-sSWNTs, with respect to sSSWNTs, lose less weight
in the region below 200°C (17.17 vs 12.33 wt % for sSSWNTs
and DPA-sSWNTs, respectively) and the DPA unit decom-
poses, together with the combustion of the graphene wall, in
the region of 200 to 500°C (72.09 wt %).

Chemical treatment to obtain sSSWNTs and their subse-
quent functionalisation to DPA-sSSWNTs is also reflected in
variations in the IR spectra. Figure 4 shows a comparison of
the IR spectra of commercial SWNTs, purified sSSWNTs and
DPA-sSWNTs. As can be seen, chemical cutting introduces
a considerable population of OH and CO groups that can
be associated with the creation of carboxylic acid groups.
Upon functionalisation, the IR spectrum of the DPA-
sSWNTs reveals a decrease in the population of the OH

Chem. Eur. J. 2008, 14, 50305038
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Figure 4. IR spectra of a) commercial SWNTs, b) sSSWNTs and c) DPA-
SSWNTs.

groups, whereas the CO stretching peak that corresponds to
the ester groups is maintained and intense bands in the aro-
matic region appear.

Raman spectroscopy is a very useful technique for follow-
ing changes in the graphene structure of SWNTs. Figure 5
shows the Raman spectra of commercial SWNTs, sSSWNTs
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Figure 5. Raman spectra of a)commercial SWNTs, b)sSWNTs and
c) DPA-sSWNTs.

and DPA-sSWNTs. The chemical treatment used to purify
and cut SWNTs produces a relative increase in the band at
1380 cm™! with respect to the tangential vibration mode at
1605 cm™'. This increase in intensity of the band at
1380 cm™' has been frequently observed when effecting
SWNT functionalisation and has been attributed to the crea-
tion of defects on the graphene walls.”"*” Importantly, the
peak at 180 cm™!, which corresponds to the radial breathing
mode characteristic of single-walled carbon nanotubes, is
still observed in the sSSWNT sample, which indicates that the
morphology of the nanotube has survived the chemical
treatment, a fact that we have already highlighted based on
the observed TEM images. Finally, note that no peaks corre-
sponding to the diphenylanthracene unit are observed in the
Raman spectrum of DPA-sSWNTs. This fact is not surpris-
ing considering the low content of DPA in the sample
(4.6 wt%) and the dominant sSSWNT signal in the Raman
spectrum.
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Photochemical properties of DPA-sSWNTs: Transmission
UV/Vis spectroscopy of aqueous DPA-sSWNT solutions
shows the features expected for the additive combination of
DPA and sSWNTs in their relative proportions. Thus,
sSWNTs exhibit a continuum absorption throughout the
wavelength range that corresponds to black carbon. Interest-
ingly, although most samples of SWNTs exhibit absorption
peaks in the NIR region that correspond to the van Hove
singularities, sSSWNTSs do not exhibit these bands. There are
literature precedents in which non-covalent®* as well as
covalent® modifications of SWNTs lead to the disappear-
ance of the characteristic van Hove bands. It is also possible
that the short lengths and the defects on the walls of the
nanotubes in the sSSWNTs and DPA-sSWNT are responsible
for the disappearance of the van Hove bands. On the other
hand, DPA has a structured absorption band with maxima
at 356, 375 and 397 nm. In agreement with its constituents,
the optical spectrum of DPA-sSSWNTs shows a continuum
absorption with small peaks at the wavelengths expected for
DPA (Figure 6).
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Figure 6. UV/Vis spectrum of a solution of DPA-sSWNTs (47 ugmL™") in
a mixture of DMSO/H,0 (0.1:9). The inset shows the spectrum of a
0.5 mM solution of DPA in acetonitrile.

As mentioned earlier, DPA exhibits an intense blue fluo-
rescence with a quantum yield approaching unity in many
organic solvents.*>*! In addition, sSSWNTs quench the fluo-
rescence of DPA. Figure 7 shows the decrease in the intensi-
ty of the DPA fluorescence in acetonitrile solution as the
concentration of sSSWNTs increases in the ngml™' range.
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Figure 7. Fluorescence spectra (4., =370 nm) of a nitrogen-purged 70 pum
solution of DPA in acetonitrile (1 x 1 cm? cuvette) upon addition of an in-
creasing concentration of sSSWNTSs, as indicated (in ngmL™).
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Precedents for the fluorescence quenching of anthracene by
SWNTs due to interaction with the graphene walls can be
found in the literature.*

As sSWNTs have a continuum absorption that includes
the wavelength for DPA excitation (4., =370 nm), it is inevi-
table that some of the decrease in the DPA fluorescence
will be due to an internal filter effect caused by sSSWNTs de-
creasing the number of photons absorbed by DPA. We
notice, however, that low sSSWNT concentrations were main-
tained in the experiments and, therefore, this effect is ex-
pected to be minor.

To provide convincing evidence for DPA fluorescence
quenching by sSSWNTs, the fluorescence lifetimes of DPA in
acetonitrile and DPA in the presence of 15.3 ngmL™' of
sSWNTs were measured. Figure 8 shows the time profiles of
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Figure 8. Time profiles of the emission (4,=370nm) at 420 nm of a
70 um solution of DPA in acetonitrile in the absence and presence of
sSSWNTs (153 ngmL™") and that of a DMSO/D,O (0.1:10) solution of
DPA-sSWNTs (33.3 ngmL ™).

the emissions. In the case of DPA in acetonitrile in the ab-
sence of SSWNTs, the emission—time profile fits well with a
mono-exponential decay with a half-life of 7.5 ns, in good
agreement with the 7 value reported in the literature.”? In
comparison, when sSSWNTs are present, the emission decays
faster, following biexponential kinetics with lifetimes of 0.2
and 7.5 ns and relative contributions of 83 and 17 %, respec-
tively. It is tempting to interpret these kinetic data as reflect-
ing the presence of two emitting DPA populations, that is,
one (83%) in close proximity to the sSWNTs, being
quenched by it, and another (17 %) that emits without the
influence of the sSSWNTs. In this context it is worth noting
that the diffusion coefficient of polymeric species (as
sSWNTSs) in organic solvents is low and that the DPA sin-
glets are short-lived species. Overall, these kinetic measure-
ments clearly demonstrate that sSSWNTs interact with DPA
in its singlet excited state and that the decrease in fluores-
cence intensity is mainly due to quenching rather an internal
filter effect. With the data present in Figure 8, the steady-
state fluorescence quenching gives a Stern—Volmer constant
Ky for the sSSWNTSs of 0.0179 mLng ™.

By using the emission of DPA in acetonitrile as a refer-
ence, we measured the fluorescence of an aqueous solution
of DPA-sSSWNTs at a concentration that matches the
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370 nm absorbance of the DPA standard. Owing to the
structure of DPA-sSWNTs and the low DPA content, it is
estimated that in an optically matched solution, about 15 %
of the absorbance is due to DPA and 85% is due to the
sSWNT backbone. It was observed that although the emis-
sion corresponds to the fluorescence of the DPA units pres-
ent in DPA-sSWNTs lacking fine structure, the emission of
DPA-sSWNTs is dramatically weaker with an overall quan-
tum yield of 1.5x10* which, after correction for the fact
that only 15% of the photons are absorbed by DPA, gives
1.0x1072 (Figure 9). On the basis of the fluorescence
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Figure 9. Emission (Em, 4, =370 nm) and excitation (Ex, A.,=430 nm)
spectra of a solution of DPA-sSSWNTs (33.3ngml™') in DMSO/D,0O
(0.1:10).

quenching experiments shown in Figure 7, the reduction in
the emission of DPA caused by sSSWNTs covalently bonded
to DPA is more than expected based on the measurements
of independent DPA and sSWNTs.

Assuming that the Stern—Volmer equation obtained for
independent DPA and sSWNTs would apply to DPA-
sSWNTs, the emission would be equivalent to that of DPA
in the presence of 100 ngmL~' sSWNTs, that is, about three
times the total concentration of sSSWNTs in the sample.

Furthermore, the time profile of the DPA-sSSWNT emis-
sion is even shorter-lived than that recorded for DPA in the
presence of 15.3 ngmL~' sSSWNTs. Thus, the lifetime for the
DPA-sSWNT emission is below the response limit of our
single-photon counting equipment, that is, 7<0.2 ns (see
Figure 8). Comparison of the emission parameters of DPA-
sSWNTs with those measured for the SSWNT quenching of
DPA allows the conclusion to be drawn that although the
effect of the presence of sSSWNTs follows the same trend
whether or not the attachment is covalent or non-covalent,
the covalent linkage significantly increases the efficiency of
the interaction of sSSWNTs with DPA. Thus, covalent bind-
ing of DPA to sSWNTs strongly reinforces an interaction
that also occurs in the absence of the covalent linkage.

Laser flash photolysis of DPA and quenching of DPA trip-
lets by sSSWNTs: Laser excitation at 355 nm of a nitrogen-
purged solution of DPA in DMSO gives rise to the genera-
tion of a transient decaying in the microsecond timescale
which can be attributed to DPA triplets, in agreement with

Chem. Eur. J. 2008, 14, 50305038
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the literature!® (Figure 10). The signal decay follows first-
order kinetics with a half-life of 1.1 us and is quenched by
oxygen (inset of Figure 10).
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Figure 10. Transient spectra recorded for a nitrogen-purged 0.11 mm solu-
tion of DPA in DMSO/D,0O (1:1.5) measured 0.4, 0.8, 1.1 and 2.5 us
(traces from top to bottom) after 355 nm laser excitation. The inset
shows the signal decay monitored at 420 nm after nitrogen- or oxygen-
purging of the solution.

The DPA triplet excited state is quenched by sSWNTs
(Figure 11), although the generation of some other transient,
particularly the corresponding DPA-* radical cation, was not
observed. Thus, in contrast to the vast majority of the re-
ports on the photochemistry of SWNTs, in which photoin-
duced electron transfer and the generation of long-lived
charge-separated states occur, in the case considered here
the quenching mechanism must operate by energy transfer
from the DPA triplets to the sSSWNTs. In addition, the
quenching of the DPA triplet appears to occur through a
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Figure 11. Quenching of DPA triplets by sSSWNTs (concentrations given
in ngmL™") monitored at 420 nm. The triplet was generated by 355 nm
laser excitation (7 ns fwhp, 5 mJ per pulse) of a nitrogen-purged DPA so-
lution (0.11 mm) in DMSO/D,0O (1:1.5). The inset shows the transient
spectra recorded for the DPA solution in the presence of 36 ngmL™" of
sSWNTs 0.5, 1.2 and 2.0 ps (traces from top to bottom) after the laser
pulse.
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static mechanism as it is the initial intensity of the signal
after the laser flash and not the decay kinetics of the signal
that changes upon addition of increasing amounts of
sSWNTs.

In contrast to the transient observed upon photolysis of
DPA in the absence or presence of sSSWNTs, laser flash pho-
tolysis of DPA-sSWNTs in D,O shows a transient absorp-
tion across the entire wavelength range of 300-800 nm
(Figure 12).
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Figure 12. Time-resolved optical spectra recorded 1.2, 2.2 and 5.5 ps
(traces from top to bottom) after 355 nm laser excitation of a nitrogen-
purged 47 pgmL~! solution of DPA-sSWNTs in DMSO/D,0O (3:10). The
inset shows (from top to bottom) the time profile of the signal monitored
at 400, 500 and 600 nm.

The signals shown in Figure 12 reveal overlapping compo-
nents. Of these, the DPA triplet state contributes significant-
ly to the signals at 400-500 nm, with an approximate lifetime
of 2.8 ps, a reasonable value for the triplet state under these
conditions. Beyond this, there are clearly other absorptions
with lifetimes in the microsecond range. In particular, sig-
nals in the 650-750 nm region are probably dominated by
the radical cation of DPA.’®! We anticipate that the electron
will bind to the sSSWNT, yielding a featureless absorption at
4001400 nm, that is, across the entire spectral range.”’*" In
summary, the complex behaviour shown in Figure 12 is con-
sistent with the triplet state of DPA and the electron-hole
pair that results from excited-state electron transfer. In this
way, the time-resolved spectrum of DPA-sSWNTs upon
355 nm excitation shows clear evidence for a specific inter-
action between DPA and the sSSWNTs that is not observed
upon photolysis of solutions containing both components
(see inset in Figure 11). This confirms that the covalent
bond reinforces the interaction between the two units.

Recent reports have revealed that reduced SWNTs exhib-
it a broad absorption across the entire UV/Vis region with-
out having a characteristic peak that could serve to safely
identify the species.”**!l It has been found that variation
of the van Hove bands in the NIR region can be used to
firmly identify electrons localised on SWNTs.*5-¢2 Howev-
er, we note that the NIR region is outside the range of con-
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ventional photomultiplier tubes of time-resolved set-ups,
which limits the utility of the time variations of the van
Hove bands. In addition, as we have already mentioned
when discussing the optical spectra of sSSWNTs, they do not
exhibit NIR bands that can be attributed to the van Hove
singularities.

To find alternative evidence for the occurrence of photo-
induced electron transfer upon excitation of DPA-sSSWNTs,
we performed a quenching study of the electron localised on
a sSWNT by using methyl viologen (MV?*). MV?** is a
good electron-acceptor!® and it is anticipated that electrons
will migrate from SWNTs to MV>* to generate the corre-
sponding radical cation. MV'* is a long-lived species that is
easily characterised by optical spectroscopy; its absorption
spectrum consists of a sharp peak at 390 nm with a shoulder
on the shorter wavelength side that is accompanied by a
broad, less intense and structured band in the range 500-
700 nm.[® As anticipated, laser flash photolysis of DPA-
sSWNTs in the presence of MV?* gives rise to a transient
spectrum (Figure 13) that consists of bands compatible with
the presence of MV'*. A blank control at 355 nm reveals
that no MV'? is formed in the absence of DPA-sSWNTs.
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Figure 13. Transient spectra recorded 5.3 (top) and 167 s (bottom) after
355 nm laser excitation of a nitrogen-purged 47 pgmL™" solution of DPA-
sSWNTs in DMSO/D,0 (3:10) upon addition of 100 pL of MV**
(0.46 mgmL~"). The inset shows the signal decay monitored at 600 nm.

Near-IR emission of DPA-sSWNTs: sSSWNTs (4., from 370
to 460 nm) barely emit in the visible region, but exhibit a
very important emission in the near-IR (NIR).P%64%1 Ag
could have been anticipated based on the behaviour of
sSSWNTs, DMSO/D,0O solutions of DPA-sSWNTs exhibit
NIR emission upon excitation at 266 nm. Figure 14 shows
the emission spectra recorded for a solution of DPA-
sSWNTs in DMSO/D,O. Like the spectrum recorded for
sSWNTs, the NIR emission of DPA-sSSWNTs shows a struc-
tured emission across the entire NIR spectral range avail-
able to our system.

The intensity and time profile of the emission is not af-
fected by the presence of oxygen. By exciting optically
matched solutions of DPA-sSSWNTs and sSWNTs at 266 nm
it was observed that the NIR emission intensity of DPA-
sSWNTs is a factor of 1.46 higher than that of sSWNTs.
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Figure 14. NIR emission recorded 3.5, 6.2, 10.5 and 50.0 us (traces from
top to bottom) after 266 nm laser excitation of a nitrogen-purged
47 pygmL~" solution of DPA-sSWNTs in DMSO/D,0 (0.1:10).

Considering that the quantum yield of the sSSWNT NIR
emission has been estimated by us to be (3.9+0.5)x 1073 %!
based on the NIR emission of singlet oxygen as a reference,
the quantum yield calculated for DPA-sSWNTs is (5.7+
0.5)x107* in our detection window. Full spectrum quantum
yields are anticipated to be higher. The higher NIR quan-
tum yield of DPA-sSWNTs with respect to the precursor
sSWNTs points to the photosensitisation by DPA of the
nanotube walls. This energy transfer agrees with previous
DPA excited state quenching commented upon earlier, the
increased NIR emission quantum yield of sSSWNTs being
the result of this energy transfer.

The time profile of the emission in the region of 1100-
1400 nm corresponds well with first-order kinetics and
shows a half-life of 15.6 ps, which is very much similar to
that of the sSSWNT precursor (13.9 ps). These facts strongly
suggest that the emission arises from a single species that is
longer lived than the transients observed by absorption
spectroscopy.

Conclusion

The functionalisation of short, soluble single-walled carbon
nanotubes can serve to prepare responsive macromolecular
entities that exhibit unique properties. The preparation of
soluble species enables their analysis by routine liquid-phase
"H NMR spectroscopy. The covalent linkage between DPA
and sSWNT units is firmly supported by the shift in the
NMR signals of DPA-sSWNTs relative to those of the DPA
precursor. The steady-state and time-resolved fluorescence
studies proved that quenching of DPA excited states by
sSWNTs occurs even in the absence of covalent bonding,
but is enhanced in DPA-sSWNTs. This interaction between
DPA singlets and sSSWNTs occurs predominantly by energy
transfer, although the transient spectrum of DPA-sSWNTs
exhibits features that suggest some photoinduced electron
transfer occurs. Finally, we have observed NIR emission
from DPA-sSWNTs that exhibits analogous features, albeit
with a somewhat higher quantum yield, to that from
sSWNTs.
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Experimental Section

Preparation of DPA-sSWNTs: DPA and mercaptoethylamido-functional-
ised sSSWNTs were synthesised as reported previously.”**! Anhydrous
argon-purged toluene (5mL) was added to a mixture of DPA (50 mg),
AIBN (20mg) and mercaptoethylamido-functionalised sSWNTs
(100 mg) and the mixture was sonicated for 1 h to obtain a black disper-
sion. After stirring at reflux under an argon atmosphere for 48 h, the re-
action mixture was diluted with toluene and filtered through a 0.2 um
PTFE membrane. The isolated black material was washed exhaustively
several times with toluene, redispersed by sonication in toluene and final-
ly centrifuged at 15000 rpm for 2 h. After this time, the solvent was deca-
nted and the DPA-sSWNTs washed again with a mixture of toluene and
diethyl ether (10:1). The samples were then dried at 30°C for 1 day. The
functionalised nanotubes were quite soluble in DMSO, giving a dark so-
lution. The '"H NMR spectrum of DPA-sSWNTs (Figure 2) was recorded
in [D,]DMSO with TMS as the internal standard. sSSWNTs are readily
soluble in D,O. In the case of DPA-sSWNTs, a known weight was first
dissolved in DMSO and the resulting solution diluted with D,O to the re-
quired volume.

The resulting diphenylanthracene-functionalised nanotubes (DPA-
sSSWNTs) were characterised by 'H NMR spectroscopy (Varian Gemini
300 MHz spectrometer) (Figure 2).

'"HNMR ([D¢]DMSO, 400 MHz): 6=1.90 (brt, 2H), 2.38 (t, 2H), 3.36
(brt, 2H), 3.44 (brt, 2H), 7.138 (d, /=72 Hz, 2H, ArH), 7.176 (d, /=
7.2 Hz, 2H, ArH), 7.244 (d, J=7.2 Hz, 2H, ArH), 7.262 ppm (d, J=7.2,
2H, ArH).

Photophysical measurements: Steady-state fluorescence spectra were re-
corded in a PTI spectrofluorimeter in septum-capped Suprasil quartz cuv-
ettes after purging the samples with nitrogen for at least 15 min before
the experiments. Time-resolved fluorescence measurements were carried
out by single-photon counting with an EasyLife PTI set-up and a 370 nm
diode as the excitation source. Neutral density filters were used to at-
tenuate the response to the required range. The time response of the
equipment was determined using a cuvette containing glass wool as a
scatterer. The system’s software was also used to perform the curve-fit-
ting.

Laser flash photolysis experiments were carried out with a LuzChem
LFP-111 System and the third harmonic of a Nd/YAG laser (Minilite-II,
355 nm, 7 ns fwhp, 5 mJ per pulse) as the excitation source. The samples
were diluted to an absorbance of around 0.3 units and then placed in 1x
1 cm? cuvettes capped with septa which were purged with N, or O, for at
least 15 min before the measurements were taken. NIR emission studies
were carried out using a Peltier-cooled (—62°C) Hamamatsu NIR detec-
tor operating at 900 V coupled with a computer-controlled grating mono-
chromator. For excitation, the fourth harmonic (266 nm, 7 ns fwhh, 50 mJ
per pulse) of the primary beam of a Nd/YAG laser or an Nd/YAG
pumped OPO operating at 540 nm (7 ns fwhh, 40 mJ per pulse) was used.
The solutions were placed in 1x1cm? Suprasil quartz cuvettes capped
with septa. The solutions were purged with N, or O, for at least 15 min
before use. The system was controlled with a PC computer operating
LuzChem LFPv3 software.
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