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Abstract. We report photophysics studies of some compounds of interest in drug
targeted delivery and conjugated single walled carbon nanotubes with a
photosensitizing agent. Supramolecular entities porphyrin-carbon nanotubes have
been synthesized by covalent functionalization and have been analyzed in terms of
photostability, microfluidics (surface tension and viscosity) and laser induced
fluorescence properties. Likewise, their chemical bonding structure was studied by
FTIR spectroscopy. There were highlighted the photophysical characteristics of
conjugated compounds with respect to the correspondent mixture of the raw
components.
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1. INTRODUCTION

Alternatives to synthesize new drugs, which became lately of outmost
importance and should be considered in order to solve/treat the multiple drug
resistance and side effects, are the development of targeted delivery systems for
clinical approved drugs. The development of methods and mechanisms for
controlled release of the drug at the right site is an actual task, as well. Novel
therapy drugs imply their targeted delivery and intracellular activation. Potential
tools for carrying the drugs/biomarkers to the targeted cells can be emulsions [1],
foams [2, 3], vesicles, nanomaterials, etc. Single-walled carbon nanotubes
(SWCNT) have been explored as novel drug delivery vehicles [4–8], since they are
an unique quasi one-dimension material with light structure, having capacity to
cross biological barriers (cells membranes). The combination of drugs and laser
radiation has a promising potential in photo-therapy [9, 10], and finds applications
in developments of new antibacterial compounds [11–20].
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Here, we report the study of the photophysics of some compounds of interest
in drug targeted delivery, conjugated SWCNT with a photosensitizing agent.
Consequently, supramolecular entities porphyrin-carbon nanotubes have been
synthesized by covalent functionalization and have been analyzed in terms of
photostability, microfluidics (surface tension and viscosity), and Laser Induced
Fluorescence (LIF) properties. Their chemical bonding structure was studied, too,
by FTIR spectroscopy.
2. MATERIALS AND METHODS

The materials, equipment and experimental set-up used for chemical
synthesis of the complex structure around the SWCNT as well as for their
photophysical study are described in the following.
Chemical compounds and solvents: Amino-functionalized Single Walled
Carbon Nanotubes purchased from Nanocs Inc. (Ø = 0.7–1.2 nm, bundle diameter
~ 20 nm, fiber length 20–50 µm, amino moiety to ends 0.25 to 0.45 mmol/g
nanotubes); 5-mono (4-carboxyphenyl) -10,15,20-triphenyl porphine (TPP) from
Frontier Scientific; N, N'-dicyclohexylcarbodiimide (DCC) from Merck; N,
N-dimethylformamide (DMF) from Merck.
Amino functionalized nanotubes were conjugated with the porphyrinic
molecules TPP (Fig. 1) using a carboxylation method that implies the activation
and interaction of a carboxylic moiety with an amino group and has as result an
amide bond.

SWCNT- NH2

TPP

Fig. 1 – The chemical structure of raw compounds.

The synthesis was performed according to the procedure introduced in [21].
Briefly, DCC was added to a porphyrin prepared in DMF solution; DCC has a
catalytic role in the conversion of the -COOH group into an active ester group. In a
second step, the SWCNT were added and mixed under nitrogen atmosphere for
48 hours.
In order to highlight the photophysics features of the synthesized product
(noted linked), the measured descriptors (absorption, surface tension, fluorescence,

3

Photophysics of covalent functionalized single walled carbon nanotubes

1459

etc.) of it were compared with those of correspondent mixture of the raw
components (noted mixed).
Steady-state absorption measurements of the samples were carried out using
a Lambda 950 UV/Vis/NIR Spectrometer (Perkin Elmer). The photo-stability of
the synthesized compounds was studied by irradiating the samples with the
CW-radiation emitted by a Xe lamp and tailored by lenses and filters to obtain a
beam power density of 145 mW/cm2 in the 400 nm–800 nm spectral range. The
comparative analysis of the absorption spectra of the irradiated and non-irradiated
samples pointed out the photo-stability behavior of the irradiated samples.
The experimental set-up used for LIF measurements (Fig. 2) is described in
details elsewhere [22]. It contains a pulsed Nd:YAG laser (Surelite II, Continuum,
Excel Technology) frequency doubled to 532 nm, emitting pulses of 6 ns pulse
time width at half maximum at 10Hz and used to excite the TPP molecules. The
fluorescence signal was detected and analyzed using a system Spectrograph-ICCD
Camera (Acton Research / Princeton Instruments). The spectrograph is a Spectra
Pro type SP-2750 and camera, ICCD-PIMAX 1024 RB.
Nd:YAG laser
Controller
ICCD
Spectrograph
camera

532 nm
6ns, 10Hz

LIF

Sample
Sistem data acquisition
processing and control

Fig. 2 – The LIF experimental set-up.

For the IR absorption study of the samples, it was used a FTIR spectrometer
model Nicolet iS50, resolution 4 cm-1. In this case, the samples were dried on the
surface of optical grade KRS-5 plates and the resulting film has been then analyzed
in the IR range between 4000 and 400 cm-1. In order to demonstrate the formation
of conjugates between the SWCNT and the porphyrin compound, the IR spectra of
the linked samples were compared with the spectra of the constitutive compounds.

3. RESULTS AND DISCUSSIONS
3.1. ABSORPTION AND PHOTOSTABILITY STUDIES

As mentioned above, a comparative study of the optical absorption of the
synthesized linked compound and of the mixed components (SWCNT and TPP)
was carried out.
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In Fig. 3 are shown the absorption spectra for the dispersions in DMF of the
linked compounds and respectively of mixed ones, as well as for TPP in DMF at
2 × 10-7 M. The concentration of carbon nanotubes was 0.25 mg/ml. The TPP
concentration in the mixture was chosen to fit the absorbance of the linked product
with calibrated TPP samples. As for the linked structure, the main absorption band
of TPP at 420 nm in the visible is well identified in its spectrum, proving the
presence of TPP in the synthesized compound.
The photostability of the compounds was investigated by irradiating
60 minutes the samples in the visible between 400 nm and 800 nm with a beam
having a power density of 145 mW/cm2.
In Fig. 4a the absorption spectra are shown for linked un-irradiated and
respectively irradiated samples, while in Fig. 4b the spectra of un-irradiated and
irradiated mixed compounds in DMF are shown. The nanotubes concentration was
0.25 mg/ml and the TPP concentration was 2 × 10-7 M.
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Fig. 3 – Absorption spectra of the studied compounds in DMF solutions (online color).
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Fig. 4 – The absorption spectra for un-irradiated/irradiated samples: a) SWCNT-TPP linked,
b) SWCNT-TPP mixed (online color).

It is obvious that the absorption spectra do not show changes after irradiation,
proving in such way the photostability of the linked products.
3.2. MICROFLUIDIC PROPERTIES MEASUREMENTS:
SURFACE TENSION AND VISCOSITY

Surface tension and viscosity measurements were performed with a PAT1
(Profile Analysis Tensiometer) from Sinterface (DE) which is analyzing a pendant
droplet profile. This analysis is based on the Young Laplace equation that uses the
fitted profile of the droplet to calculate the value of surface tension [23]. The
equipment used for these measurements can maintain constant the droplet volume
which fact eliminates the effects induced by liquid evaporation that could affect the
measurements.
Table 1 shows the equilibrium surface tension values of DMF and DMF with
nanotubes (SWCNT-TPP linked si SWCNT-TPP mixed). One can observe that the
surface tension values are slightly influenced by the presence of carbon nanotubes
in solutions.
Table 1
Solution
DMF
SWCNT-TPP linked
SWCNT-TPP mixed

ST (mN/m)
37.8 ± 0.3
38.4 ± 0.2
36.2 ± 0.4

In order to evaluate the rheological properties of the samples, a surface
tension measurement was followed by a “surface disturbance-relaxation
experiment” similar to that reported in [24] that consists in harmonic perturbations
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induced to the pendant droplet followed by Fourier analysis of the obtained data.
The droplet volume was varied with ±1 mm3 and the frequencies used were 0.005,
0.008, 0.01, 0.02, 0.04, 0.05, 0.08, 0.1, 0.16 and 0.2 Hz.
The data obtained after the Fourier analysis of the harmonic perturbation
measurements are in accordance with the surface tension results.
Figure 5 shows (a) the visco-elastic modulus (|E|) and (b) the phase lag (Φ)
values for the studies compounds. These values were calculated from the EIm si ERe
obtained from the Fourier analysis of the rheological data generated by the induced
harmonic perturbations.

E = E re2 + Eim2 =

Δσ m
ΔAm
A0

(1)

ERe = E ⋅ cos φ ,
EIm = E ⋅ sin φ .

(2)

For the performed measurements the values of ERe are bigger than EIm which
means that the gas/liquid interface of the selected solutions have a predominant
viscous character.
SWCNT-TPP mixed have the smallest viscoelasticity value, while SWCNTTPP linked has the highest values of both |E| and Φ. DMF values are between the
values obtained for the nanotubes mixtures. The visco-elastic phase lag (Φ) results
present a similar behavior.
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Fig. 5 – Visco-elastic modulus (|E|) (a) and the phase lag (Φ) (b) values (online color).
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For the performed measurements the values of ERe are larger than EIm which
means that the gas/liquid interface of the studied solutions have a predominant
viscous character.
The obtained differences for the SWCNT compounds highlight a viscosity
and surface tension values increase due to the conjugation with the porphyrin
molecules.
3.3. STUDY BY LASER INDUCED FLUORESCENCE

Fluorescence intensity (rel.u.)

In Fig. 6, there are shown the LIF spectra recorded for the linked and mixed
compounds. The laser pulse energy at 532 nm was 8 mJ. In the shown spectra one
may observe the characteristic fluorescence emission peaks of TPP at 630 nm,
652 nm, and respectively 716 nm.
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Fig. 6 – The LIF spectra for mixed and linked compounds compared with TPP spectrum
(online color).

The concentration of TPP in DMF was 2 × 10-7 M corresponding to the
equivalent of TPP concentration determined from absorption spectrum of the linked
compound solution.
The smaller value of the fluorescence intensity of the linked compound is
due to the fact that the excited linked TPP molecule transfer the energy to the
SWCNT when covalently bonded and consequently less of the energy of excited
TPP goes to fluorescent emission, leading to lower values of fluorescence intensity
compared to that of a mixture of components. The smaller fluorescence intensity
for linked compounds highlights the conjugation of TPP with SWCNT which
favors the inter-molecular energy transfer.
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3.4. STUDIES BY FTIR SPECTROSCOPY

In order to assess the covalent binding of TPP with SWCNT, the FTIR
spectroscopy was used. The FTIR spectrum of linked compound was recorded and
compared with the spectra of the raw components: TPP and SWCNT. Figure 7
shows the compounds spectra recorded in the 1800–500 cm-1 spectral range, where
the carboxylation reaction and the amide bonding nanotubes-porphyrin are active.
The amino-functionalized SWCNT spectrum shows the NH2 vibration band
at 1577 cm-1 which disappears for the linked compound, this being a proof for the
covalent binding.
TPP

SWCNT-NH2
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Fig. 7 – The FTIR spectra for TPP, SWCNT-NH2, and the conjugated compound (online color).

Further, one may observe that the characteristic bands of the carbonyl
moiety at 1662 cm-1 (stretching C = O) and 1588 cm-1 (vibration O-C=O), present
in TPP molecule spectrum, disappear from the spectra of the conjugated product
damped by conjugation.
In the mean time, the characteristic amide bands at 1633 cm-1 (amide I) and
1560 cm-1 (amide II) clearly show-up in the FTIR spectrum of the linked
compound. These demonstrate the carboxylation reaction and formation of amide
bonds and consequently, the achievement of the targeted conjugate compound.
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4. CONCLUSIONS

This paper reports the synthesis and photophysics characterization of a
compound obtained by the covalent binding of SWCNT (SWCNT-NH2) with TPP
(a photosensitizing non-metallic triphenyl porphine). The synthesized product was
characterized by direct comparison of their photophysical properties with the ones
of the counterparts of the building-up components.
The absorption spectra of the synthesized nano-compounds clearly display
the features of both the SWCNT and the TPP compound. The linked compounds
have proven to be photo-stable when irradiated with 400–800 nm band of a CW Xe
lamp radiation with the power density of 145 mW/cm2.
The obtained differences for the SWCNT compounds highlight an increase
of viscosity and surface tension values due to the conjugation with the porphyrin
molecules.
The fluorescence spectroscopy also highlights the conjugation of the raw
compounds by synthesis, revealing a smaller value of the linked TPP fluorescence,
as compared to the mixed compound, due to intermolecular energy transfer.
As an ultimate certification of the covalent linking of the amino-SWCNT
with porphyrin derivative TPP, the FTIR spectra of the linked compounds showed
typical amide-bonding bands at 1633 cm-1 and 1560 cm-1. The FTIR spectra also
reveal the disappearance of the NH2 vibration band of the primary amino-CNT at
1577 cm-1 for the linked compound.
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