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5,10,15,20-tetrakis(4-N-methylpyridyl)porphyrin, ' ¥ '5,10,15,20-tetrakis(2-N-methylpyridyl)porphyrin,
and 5,10,15,20-tetrakis(4-trimethylammoniophenyl)porphyrin form self-assemblies with single-
walled carbon nanotubes (SWNT)!, functionalized by -polyaminobenzene sulfonic acid. Both
steady-state and time-resolved emission studies revealed efficient quenching of the excited
singlet states of the porphyrins. Atomic force microscopy, fluorescence confocal microscopy, and
fluorescence lifetime imaging allowed the visualization of individual bundles of SWNTs and the
differentiation of porphyrin molecules at specific binding sites of SWNT.
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1. INTRODUCTION

Assemblies of single-walled carbon nanotubes.(SWNT)
with organic chromophores are promising materials for
light energy conversion devices due to the unique prop-'
erties of SWNT, namely, the well-defined electronic-and
molecular structure, the wide electrochemical stability
window, and high surface area."? The incorporation of
light-absorbing antenna chromophores would constitute an
ideal system for generating excited states and, thus, the
conversion of light to chemical energy. Porphyrins belong
to a class of molecules used in donor-acceptor materials
in molecular electronics and photovoltaic devices.*
Several studies have been conducted on the function-
alization of SWNT with porphyrin chromophores via
non-covalent interactions (nanohybrids)’'* and covalent
linkages (nanoconjugates).'>™'® The interaction between
SWNT and porphyrins led to the formation of supramolec-
ular assemblies that may be followed by a light-induced
charge transfer for applications in solar energy conversion.
A similar strategy was demonstrated for an assembly
of TiO,/SWNT." Nanohybrids constructed from por-
phyrin/SWNT are stabilized mainly by 7—m interactions
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between the side walls of SWNT and the porphyrin ring
and/or by electrostatic interactions. Recently, complexes
of SWNT with other chromophores like sapphyrins,?
phthaloeyanines®!*?? or napthtalocyanines?® were prepared
and their properties have been described.

ITo 'harvest the full potential of electrostatic interac-
tions, water-soluble building blocks should be considered
because water solubility provides additional flexibility,
such as pH variation and ionic strength. Photoexcitation of
the porphyrin chromophore can be followed by a rapid and
efficient intra-ensemble charge separation, to generate an
ion-pair state. The favourable charge-separation features of
water-soluble cationic porphyrin/SWNT’ and pyrene/Zn-
porphyrin/SWNT nanohybrids® are promising for the con-
struction of photoactive electrode surfaces.

All these considerations led us to investigate the effect
of the porphyrin peripheral substitution on the structure
and properties of the resulting porphyrin/SWNT nanohy-
brids. This present contribution is focused on the interac-
tion of porphyrins TMPyP4, TMPyP2, and TMAPP with
different cationic substituents and functionalized SWNT in
aqueous solutions (Fig. 1). The structure and properties of
the resulting complexes were probed by several spectro-
scopic and microscopic techniques.
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Fig. 1. Structure of the cationic porphyrins and SWNT derivative.

2. EXPERIMENTAL DETAILS
2.1. Materials

The tetratosylate salts of 5,10,15,20-tetrakis(4-N-
methylpyridyl)porphyrin (TMPyP4, Aldrich), 5,10,15,
20-tetrakis(2-N-methylpyridyl)porphyrin (TMPyP2, Por-
phyrin Systems, Germany) and 5,10,15,20-tetrakis(4-
trimethylammoniophenyl)porphyrin  (TMAPP, Aldrich)
were used as received. Single-walled carbon nanotubes
(SWNT) functionalized with a water soluble conducting
polymer (polyaminobenzene sulfonic acid) covalently
bonded to the nanotube core (Aldrich)** were dispersed in
redistilled water and sonicated for approximately 12 hours
until the solution became uniform in colour, indicating
good SWNT dispersion.

2.2. Methods and Instrumentation

The steady-state UV/Vis/NIR absorption spectra’ were
measured on a Perkin Elmer Lambda 19 spectrometer. The
fluorescence and resonance light-scattering (RLS) spectra
were recorded using a Perkin Elmer LS 50B lumines-
cence spectrophotometer. All fluorescence emission spec-
tra were corrected in accordance with the characteristics
of the detection monochromator and photomultiplier as
described elsewhere.”® The RLS experiments were con-
ducted using simultaneous scans of the excitation and
emission monochromators through the 300-600 nm range.
Fluorescence decays were recorded on a 5000U Single
Photon Counting setup (IBH, Glasgow, U.K.) using an
IBH laser diode NanoLED-440L (440 nm peak wave-
length, pulse width < 200 ps, 1 MHz maximum repetition
rate) and a cooled Hamamatsu R3809U-50 microchannel
plate photomultiplier. Additionally, a 500 nm cutoff filter
was used to eliminate scattered light. Data were collected
in 2048 channels (52 ps per channel) until the peak value
reached 10000 counts. Fluorescence decays were fitted to
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one- or two-exponential functions using the iterative recon-
volution procedure with IBH DAS6 software.

Laser flash photolysis experiments were performed
using a Lambda Physik FL 3002 dye laser (425 nm, out-
put 0.05-3 ml/pulse, pulse width 28 ns).?® The transient
spectra (200-850 nm) were recorded using a laser kinetic
spectrometer LKS 20 (Applied Photophysics, UK). The
time profiles of the triplet state decays were recorded using
a 250 W Xe lamp equipped with a pulse unit, and an R928
photomultiplier (Hamamatsu). The lifetimes of the triplet
states (7;) were obtained by the fitting of single exponen-
tial decay curves in an argon-saturated solution.

The solid structures were prepared by casting a droplet
(20-50 pL) of a solution onto the basal plane of a highly
ordered graphite (HOPG grade SPI-2, SPI, USA) and mica
for AFM measurements, onto quartz substrates for fluores-
cence microscopy, onto calcium fluoride for FTIR spec-
troscopy, and onto glass for Raman spectroscopy. The
droplet was removed after several minutes and the substrate
was dried,in ambient air.

FTIR spectra (3940-950 cm™!, spectral resolution of 1
em~!,-1000 scans) were recorded on a Bruker IFS 120 HR
FTIR spectrometer. Micro-Raman analyses were performed
on a multichannel Renishaw In Via Reflex spectrometer
coupled with a Peltier-cooled CCD detector. Excitation was
provided either by the 785 nm line of a diode laser or by
the 514.5 nm line of an Ar* laser. The spectrometer was
calibrated against the F,, mode of Si at 520.2 cm~!,

The porphyrin/SWNT self-assemblies were imaged
using a tapping and contact mode AFM (Nanoscope
IIa, Veeco, USA). Fluorescence Lifetime Imaging (FLIM)
measurements were carried out on an inverted epifluores-
cence confocal microscope MicroTime 200 (PicoQuant,

| Germany). We used a configuration containing a pulsed

diode laser (LDH-P-C-440, 440 nm, PicoQuant) providing
80 'ps pulses at a 40 MHz repetition rate, a proper filter

iset (clean up filter 440/20, dichroic mirror 505DRLP and

long-pass filter LP500 (Omega Optical)), water immersion
objective (1.2 NA, 60x) (Olympus), and detector PDM
SPAD (MPD, USA). A module Picoharp 300 (PicoQuant,
Germany) recorded the photon events in a TTTR mode,
enabling the reconstruction of the lifetime histogram for
each pixel.?”” A low power of 1.5 uW at the back aper-
ture of the objective was chosen in order to minimize the
pile-up effects.

3. RESULTS AND DISCUSSION
3.1. Characterization of SWNT

SWNT were characterized by Vis/NIR absorption spec-
troscopy, Raman spectroscopy, and by AFM measure-
ments. The latter method shows that the lateral sizes of
the nanotube bundles are typically 70-90 nm in the direc-
tion parallel to the substrate surface. The vertical sizes
of deposited bundles (heights 1.0-2.0 nm) indicate the
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Fig. 2. Vis/NIR spectrum of SWNT (20 mg/L) in D, O (a), Raman sltec-

points to the presence of impurities
and/or, defects in the SWNT structure.

3.2. Steady-State UV/VIS Absorption and
Fluorescence Spectra

The first insight into the binding of porphyrins to SWNT
was obtained by the analysis of UV/Vis spectra. The Soret
band of porphyrins is usually very sensitive to external
factors such as complexation and aggregation. Porphyrins
TMPyP4 (Fig. 3(a)), TMPyP2 and TMAPP show typical
monomeric spectra in aqueous solutions with the sharp
Soret band (¢ > 10° M~! cm™!) and four Q-bands at longer
wavelengths corresponding to the spectra reported in the
literature.**>' The addition of 0.5 uM TMPyP4, TMPyP2,

trum of SWNT excited by a 785 nm laser line (b), and AFM image of'., Tand TMAPP to an aqueous solution of SWNT (25 mg/L)

SWNT on an HOPG surface (c). LI

formation of ribbon-like structures from several nanotubes
(Fig. 2(c)).

The Vis/NIR absorption spectrum of SWNT in D,0
(Fig. 2(a)) is dominated by three broad bands centered
at 1850, 1050 and 700 nm. These bands correspond to
optical transitions between Van Hove singularities in the
density of the states of semiconducting nanotubes (1850
and 1050 nm for AE}, and AES, transitions, respectively)
and metallic nanotubes (700 nm for AE) transition). The
mean tube diameter calculated from energy gaps between
Van Hove singularities?® is approximately 1.45 nm.

Figure 2(b) shows the resonant Raman spectrum of
pristine SWNT excited by a 785 nm laser. The band at
175 cm™' corresponds to the radial breathing mode (RBM)
of SWNT with a diameter of about 1.4 nm.? The inten-
sity ratio between the disorder-induced mode (D) around
1320 cm™! and the tangential displacement mode (TG)
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Jled to a large red shift and hypochromicity of the Soret

- band (Table I, Fig. 3(b)). The red shift of the Soret band

is usually connected with: (i) protonation of the porphyrin
ring; (ii) the formation of porphyrin J-aggregates; and
(iii) the formation of porphyrin/SWNT self-assemblies.

The protonation of porphyrin pyrrole nitrogens can be
excluded at pH 7.1 as the literature values of pK, are
1.2, 1.8 and 3.0 for TMPyP2, TMPyP4, and TMAPP,
respectively.® In addition, protonation is accompanied by
a decrease in the number of Q-bands to two due to
the higher symmetry of porphyrin diacid. However, this
change was not observed.

Porphyrin aggregation was investigated by the reso-
nance light scattering technique (RLS), which is a sensitive
method for obtaining information about extended aggre-
gates including the absorption spectrum and the average
size of the scattering species.’? The absence of signifi-
cant RLS signals indicates that porphyrins do not form
extended aggregate structures after the addition of SWNT
(Figs. 4(a, b)).
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Table I. Soret band maxima A

‘max

and photophysical characterization of porphyrin/SWNT self-assemblies: fluorescence lifetimes 7, fluorescence

quantum yields @, lifetime of the triplet states 7, and rate constant of the triplet states quenching by oxygen ky. 5 uM porphyrin and SWNT

(25 mg/L) in 20 mM phosphate buffer, pH 7.1.

Fluorescence Triplet states
System Apax (nM) T (n8) D 7r (us) 1078 x &,
TMPyP4 422 5.1 (6.0%) (0.086") 170 11.8
TMPyP4/SWNT 437 0.87, 5.3¢ — 162 10.9
TMPyP2 413 14.5¢ (13.8%) (0.047%) 610 9.2
TMPyP2/SWNT 423 1.5, 14.2°¢ — 590 8.9
TMAPP 412 9.3 (9.3%) (0.070%) 470 14.0
TMAPP/SWNT 423 0.11, 8.3¢ — 426 134

“single exponential decay; ”Ref. [30]; “biexponential decay; “Ref. [31].
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Fig. 4. Panel A: RLS of TMPyP2 (0.8 uM) in the absence (a) and
in the presence of SWNT (17 mg/L). The negative peak at 412 nm is
due to self-absorption. Panel B: The fluorescence emission spectra of
0.8 uM TMPyP2 (c), after the addition of SWNT (25 mg/L) immediately
after mixing (d) and 22 hours after mixing (e). 20 mM phosphate buffer,
pH 7.1.
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Therefore, the spectral changes can be assigned to the
formation of porphyrin/SWNT self-assemblies. The large
shift of the Soret bands is comparable with that occur-
ring after intercalation of TMPyP4 between nucleobases
of nucleic acids where 7—7 interactions between the por-
phyrin ‘moiety and base pairs play a significant role.* We
suggest that interaction between porphyrins and SWNT is
not'based exclusively on electrostatic interactions due to
the opposite’ charges of each component, but on a contri-
bution of 7—7r interactions between the porphyrin ring and
the walls of SWNT, extensively perturbing the electron
configuration of porphyrin, which is reflected by the large
shift of the Soret band. TMPyP4/SWNT self-assemblies
slowly reorganize over several days as the porphyrin units
come into more intimate contact with the SWNT side-
wall via 7 interactions, which is represented by an
additional red shift of the Soret band (Figs. 3(d, e)).
Similar behaviour was observed for TMPyP2/SWNT and
TMAPP/SWNT self-assemblies.

The positions of the bands in fluorescence emission

!'spectra’ of porphyrin/SWNT self-assemblies are the same

as those of free porphyrins (Fig. 4). In contrast, the flu-

orescence intensities strongly decrease with decreasing

porphyrin/SWNT ratios (Fig. 4(c, d)) and with ageing
(Fig. 4(e)). The general behaviour can be demonstrated
on the TMPyP2/SWNT system. The fluorescence excita-
tion spectra do not mirror the changes in the ground state
absorption spectra after the addition of SWNT. However,
the spectra are consistent with those of TMPyP2 itself
(Fig. (5)). The behaviour can be explained by two limited
porphyrin forms: fluorescent unbound porphyrin molecules
and non-fluorescent porphyrins attached to SWNT.

3.3. Time-Resolved Measurements

The fluorescence decays of the studied porphyrins are
mono-exponential with the lifetimes comparable with lit-
erature data (Table I). In the presence of SWNT the decays
become bi-exponential with the long-lived component
belonging to unbound porphyrin and the increasing contri-
bution of a short-lived component as the porphyrin/SWNT
ratio decreases. As with the quenching of fluorescence

J. Nanosci. Nanotechnol. 9, 5795-5802, 2009
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Fig. 5. Comparison of the normalized absorption spectra of
(a) TMPyP2 (0.8 uM), (b) TMPyP2 (0.8 uM) and SWNT (17 mg/l),
(c) excitation spectra of TMPyP2 and SWNT (right axis). 20 mM
phosphate buffer, pH 7.1.

emission spectra, this behaviour can be attributed to
deactivation of the S, states within the porphyrin/SWNT
self-assembly. The absence of fluorescence upon binding
to SWNT indicates a new deactivation pathway.  As the
pulse width of the laser diode used for excitation isjabout
200 ps, we cannot exclude the contribution of a faster
decay process.

In order to explore the effect of SWNT on the triplet-
state dynamics of the porphyrin moieties, we carried
out nanosecond laser flash photolysis measurements. The
difference absorption spectra of TMPyP2, TMPyP4 and
TMAPP measured after excitation into the corresponding
Soret bands consisted of the broad triplet—triplet absorp-
tion bands with maxima at 460 nm.* The triplet states are
quenched by oxygen according to the first-order kinetics
and the lifetimes in argon-saturated solutions (7;) are of
610, 170 and 470 us for TMPyP2, TMPyP4, and TMAPP,
respectively (Table I). The addition of SWNT:consider-j

ably decreases the amplitudes of the triplet states and has

a minor effect on the triplet lifetimes 7. It indicates that
the triplet states of unbound porphyrins were generated.

Individual SWNT and bundles of different sizes and chi-
rality can exhibit different electrochemical behaviour. We
assume that the conduction band edge of semiconducting
SWNT is in the range of —0.5 to 1 V versus a normal
hydrogen electrode (NHE)* and that the oxidation poten-
tial of the TMPyP4 pair (TMPyP41t/TMPyP4) is 1.30 V
versus NHE.* Taking into account the excitation energy
of the singlet states (1.83 eV for TMPyP4), this confirms
that the mechanism of singlet-state quenching is likely to
involve a thermodynamically favourable electron transfer
from the porphyrin moiety into SWNT. The triplet states
of TMPyP4 (excitation energy 1.44 eV) probably do not
play a major role in the photoinduced electron transfer
because the triplet lifetime is only slightly reduced in the
presence of SWNT (Table I). Similar estimations cannot
be performed for TMPyP2 and TMAPP since their oxida-
tion potentials are not reported in the literature.

J. Nanosci. Nanotechnol. 9, 5795-5802, 2009

We have not found any spectroscopic evidence for
the existence of radical ions in TMPyP4, TMPyP2,
and TMAPP/SWNT systems by nanosecond laser flash
photolysis experiments. Nevertheless, a charge transfer
process without complete charge separation may occur on
the femtosecond—picosecond timescale. The literature data
for similar systems show that excitation of the supramolec-
ular self-assembly of Zn porphyrin with SWNT function-
alized by pyridinium groups does not lead to electron
transfer with the generation of charge-separated states.’’
On the other hand, photoinduced charge separation and
ion-pair lifetimes on the range of microseconds have been
described for other porphyrin/SWNT nanohybrids.”®
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Fig. 6. FTIR spectra of the solid films prepared by the drop-casting
of an aqueous solution of SWNT (17 mg/l) (a), 6.2 uM TMPyP4
(b) and 6.2 uM TMPyP4/SWNT (17 mg/L) self-assembly (c) onto CaF,
window. Panel A shows the 1660-1620 cm~! region and Panel B the
1275-1150 cm™' region.
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3.4. Vibrational Spectroscopy

Additional information on porphyrin/SWNT  self-
assemblies is deduced from FTIR and Raman spectra.
FTIR spectra of solid films prepared by the drop-casting
of aqueous solutions of a SWNT (Fig. 6(a)), TMPyP4
(Fig. 6(b)) and TMPyP4/SWNT mixture (Fig. 6(c)) onto
a CaF, window prove a strong electrostatic interaction
between SO; groups of SWNT and positively charged
porphyrin substituents. Several noteworthy features can be
observed in the 1260-1160 cm™' and 1660-1625 cm™'
regions.

(A) T T T

Intensity (a.u.)
¥
o (¢]

1000 1200 1400
Raman shift (cm™)

(B) T T T T T T T

S

2800 3000 3200 3400
Raman shift (cm™)

Intensity (a.u.)

Fig. 7. Raman spectra of SWNT as received (a), SWNT drop-cast
onto a glass slide (b), TMPyP4/SWNT self-assembly drop-cast onto a
glass-slide (c). Panel A shows the 900-1500 cm~' and Panel B the
2750-3500 cm~! regions, the spectra are normalized to the G-band
intensity.
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Two medium broad bands in the spectral region
1260-1160 c¢cm™' identified as a stretching vibration
of the SO; group® originate from SWNT (1235 and
1189 ¢cm™!, Fig. 6(a)). The band at 1216 cm™' and the
shoulder at 1232 cm™! correspond to the deformation of
N-methylpyridyl and the band at 1184 c¢cm™' can be
assigned to the mixture of deformation and stretching
vibrations of N-methylpyridyl and N*-CH; (Fig. 6(b)),*
respectively. Although the bands of N-methylpyridyl and
SO5 groups are partially overlapped, it is clearly seen that
the FTIR spectrum of the TMPyP4/SWNT self-assembly
(Fig. 6(c)) is not a simple superposition of the spectra of
both components.

The narrow band of deformation vibration of the N-
methylpyridyl group® in the spectrum of TMPyP4/SWNT
is shifted to 1638 cm™' and extended due to the car-
bonyl stretch of SWNT amide. For comparison, free
TMPyP4 displays this band at 1640 cm~'. The above men-
tioned broad band at 1643 ¢cm~' assigned to the amide
carbonyl stretchis observed in the FTIR spectrum of
SWNT, (Fig. 6(a)). A similar shift was found for the

10 nm

o

Intensity (a.u.)

Fig. 8. Tapping mode AFM (a) and fluorescence intensity (b) images of
the TMPyP4/SWNT self-assembly. The samples were prepared by drop-
casting from an aqueous solution containing SWNT (12 mg/L) and 2 uM
TMPyP4 (incubation time of 72 hours). The intensity profiles are on the
right of the figure.
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coulombic interaction between Ni salt of TMPyP4 and
DNA.4

The Raman spectra of pristine SWNT (Fig. 7(a)) and
SWNT drop-cast onto a glass slide from an aqueous solu-
tion (Fig. 7(b)) have the same characteristic bands which
vary slightly in intensity due to the different background
signals. However, additional minor peaks appear in the
spectrum of the TMPyP4/SWNT self-assembly (Fig. 7(c))
in the regions 1000-1300 cm~! and 2800-3200 cm™' and
around 1450 cm~!. The spectra of free porphyrins were
not measured because of their strong fluorescence back-
ground. The spectra in panel A are, as expected, domi-
nated by the D-band of SWNT. The peak at 1000 cm™!
can be tentatively assigned to a ring deformation vibration
(e.g., of pyridine), the peaks between 1200-1260 cm™! to
C-H deformation vibrations, and the peak at 1500 cm™! to
C=N or C=C in plane vibration (Fig. 7, panel A). In the
second spectral region (Fig. 7, panel B), symmetric and
antisymmetric methyl group stretching vibrations could be
assigned to the peaks around 2900 and 3000 ¢cm ™!, and the
C-H stretching modes of aromatic systems assigned to, the
peaks around 3100 cm~'.** We assume that these peaks
originate from the bound porphyrin moiety.

3.5. Characterization of Porphyrin/SWNT
Self-Assemblies on Solid Substrates by
Microscopic Techniques

When SWNT are transferred to a substrate, bundles
consisting of several nanotubes are formed (Fig. 2(c)).
Figure 8(a) shows a random SWNT network which is

B0

Intensity (a.u.)
Intensity (a.u.)

surrounded by a lower layer of porphyrin molecules bound
to the side chains. The presence of porphyrins can make
peripheral hydrophilic polyaminobenzene sulfonate side
chains visible.

The fluorescence intensity image of these structures
shows similar patterns (Fig. 8(b)). The higher-intensity
spots can be interpreted as the fluorescence of porphyrins
bound to the side chains of SWNT, but not in intimate
contact with the nanotube core. The dark sites contain
non-fluorescent porphyrin molecules which are efficiently
quenched by nanotube and/or do not contain any por-
phyrin molecules. Note that the diffraction limited spatial
resolution of confocal fluorescence microscopy is about
200 nm and that it is much worse than that of AFM
measurements.

The intensity image of the individual TMPyP4/SWNT
structure obtained at higher TMPyP4 concentration is
shown in Figure 9(a). The corresponding intensity decay
curves - from each pixel were analyzed by a three-
exponential function resulting in a lifetime equal to the
time resolution of the experiment (7, = 200 ps) and two
nanosecond- components (7, = 700 ps and 7, = 3.5 ns,
respectively). Since the first component is missing in the
bulk experiments (Table 1), it is probably due to light scat-
tering. Figure 9(b), which shows the relative amplitudes of
that component, is qualitatively similar to Figure 9(a), thus
indicating that the majority of recorded photons is indeed
due to light scattering. Figure 9(c) shows the amplitude
image of the true fluorescence component 7, = 700 ps. It
appears that TMPyP4 is homogeneously distributed within
the SWNT bundles. The same conclusion can be drawn
for the amplitude image of the second fluorescence com-
ponent (data not shown).

Intensity (a.u.)

-
.

500 nm

(@)

(b)

Fig. 9. Fluorescence intensity image of the individual structure formed from TMPyP4 and SWNT on a glass substrate (a) and images constructed
from amplitudes of individual components of three-exponential decay: component with 7, = 200 ps assigned to light scattering (b) and fluorescence
decay with 7, =700 ps (c). The upper graphs show fluorescence intensities along the marked line. The sample was prepared by drop-casting from an
aqueous solution of SWNT (12 mg/L) and 25 uM TMPyP4 (incubation time of 2 hours).
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4. CONCLUSION

We have designed new water-soluble porphyrin/SWNT
nanohybrids. Their properties were studied by steady-state
and time-resolved spectroscopy techniques as well as by
atomic force and fluorescence microscopy. Strong fluores-
cence quenching and a free energy calculation based on
the electrochemical redox data revealed the possibility of
photoinduced electron transfer from the porphyrin moi-
ety to SWNT. In constrast to previously published similar
systems based on coloumbic attraction between peripheral
substituents,’ the formation of corresponding ion pairs was
not confirmed by the transient absorption measurement on
the nanosecond time scale.
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