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Summary: Unusual aggregation of biopolymer-wrapped single-walled carbon

nanotubes (SWCNTs) induced by cationic porphyrin meso-tetrakis(4-N-methyl-

pyridyl)porphine (TMPyP4) in aqueous suspension has been studied by absorption

spectroscopy and molecular dynamics simulation. After the addition of a small dose

of TMPyP4 (10�6 M) into poly(rC):SWCNTs aqueous suspension, nanotubes begin to

aggregate, but the aggregates are stable without precipitation during a few days.

Spectral observations indicate that the porphyrin core stacked with p-systems of

the biopolymer:SWCNT hybrid and all nanotube species take part in this aggregate

formation without any selection. Molecular dynamic simulation demonstrates that

the stable complex consisting of two nanotubes can be formed when TMPyP4

molecules bound nanotubes both owing to p-p stacking of the porphyrin core with

the surface of one nanotube and with the oligonucleotide adsorbed onto another

nanotube. TMPyP4 molecules not only couple the biopolymer:nanotube hybrids, but

also they stitch polymer’s strands wrapping around each nanotube resulting in

continuous floatation of aggregates in water. It was shown that the aggregate

is stable even at 373 K. At this temperature additional contacts between two

neighbor’s polymers appear which strengthen this aggregate too. The controlled

aggregation of biopolymer-wrapped carbon nanotubes can be employed at the

fabrication of multifunctional supramolecular assemblies, photovoltaic cells and in

biosensing.
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Introduction

Owing to their unique quasi-one-dimen-
sional structure SWCNTs have great po-
tential in electronics, optics, mechanics, and
biosensing. To integrate the carbon nano-
tube into multicomponent structures or
devices, an approach based on self-assem-
blies from individual carbon nanotubes can
be very efficient.[1] For this purpose DNA
which wraps tightly around the nanotube
in water[2] can be applied as a very useful
interface polymer which has an excellent

molecular recognition capability and which
exploits widely to develop different nano-
structures.[3] The controlled aggregation of
individual nanotubes with a possibility of
the formation of high density of DNA-
wrapped individual nanotubes in aqueous
suspension is the first stage in the route
of the integration of these quasi one-
dimensional materials into technology.

Controlled aggregation of individual
nanotubes can be realized by the hybridiza-
tion of a free long ssDNA chain simulta-
neously with two complementary polymers
adsorbed to different nanotubes.[4,5] Pro-
teins or enzymes which bind effectively to
DNA in water can also cause an aggrega-
tion of nanotubes covered with DNA.[6]
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Small molecules which are actively
employed in DNA biochemistry and which
have several contact points/groups interact-
ing with this polymer can also induce such
aggregation.[7] Among them the water
soluble cationic porphyrins which are
effectively bound with DNA are the ideal
candidate for this purpose because there
are p-system and several positive charged
groups in the structure of this molecule.[8]

Note that the porphyrin associates with the
nanotube surface effectively and an exis-
tence of positive charges in the porphyrin
structure increases significantly this bind-
ing.[9] It was shown that the electronic
excitations transfer effectively from the
excited porphyrin states to the SWCNTs
directly or via ssDNA as an electron
mediator.[10]

Recently we have showed that molecules
of cationic porphyrin TMPyP4 generate the
aggregation of poly(rC)-wrapped carbon
nanotubes in aqueous suspension.[11] These
aggregates is of an unusual behavior, their
suspension remained stable during a few
days without quick precipitation as distinct
from conventional aggregates of carbon
nanotubes. Analysis of structures of aggre-
gates obtained by molecular dynamics
showed that TMPyP4 molecules connect
the polymer-nanotube hybrids using four
charged groups placed around the porphy-
rin core as well as the p-p stacking
interaction with p-system of the nanotube
and nitrogen bases. On the other hand they
strengthen the polymer coverage of nano-
tubes because porphyrin adsorbed between
neighbor pitches of the wrapped polymer
“stitching” them together.

In this work we continue a characteriza-
tion of the unusual aggregation of poly(rC)-
wrapped nanotubes induced by cationic
porphyrin employing absorption spectro-
scopy and molecular dynamics. The main
purposes of this work are analysis of
aggregate structures obtained in detail,
elucidation of the temperature influence
on the aggregate stability and, in addition,
we try to verify the possible selection
among nanotube species under the aggre-
gate formation.

Experimental Part

Samples Preparation

SWCNTs produced by CoMoCat method[12]

(SouthWest NanoTechnologies, USA) were
used without further purification. Semicon-
ducting tubes with (6,5) chirality (SWeNT1

SG 65) prevailed in the starting material.
Aqueous solution of potassium salts of

polycytidylic acid poly(rC) (Sigma-Aldrich,
USA) dissolved in 0.005 mol ·L�1 Naþ

cacodylate buffer (pH7) (Serva, Germany)
with 0.005mol ·L�1NaClwas used to prepare
an aqueous suspension of SWCNTs.[13] A
stable aqueous suspension of SWCNTs was
prepared by sonication of nanotube bundles
with poly(rC) for 60min (1W, 44kHz). Then
the solution was centrifuged at 70000 g
for 40 minutes. After ultracentrifugation
the supernatant was decanted and dialyzed
(dialysis tubing with a molecular weight
cutoff of 13–14 kDa) against the buffer
solution for 36 h to remove free poly-
nucleotides which were not adsorbed on
SWCNTs.

Aggregation of poly(rC)-wrapped
SWCNTs in aqueous suspension was stud-
ied after adding tetra-p-tosylate salt of
meso-tetrakis(4-N-methyl-pyridyl)porphine
(TMPyP4) (Sigma-Aldrich, USA) in aque-
ous suspension. The porphyrin concentra-
tion was determined spectrophotometrically
in water, using the extinction coefficient of
e424¼226000 M�1 cm�1 at the Soret band
maximum.[8] In titration experiments, the
minimal dose of [TMPyP4] was 50mM
(1mL) which was added into the nanotube
suspension (400mL).

Absorption Spectroscopy

Absorption spectra in the range of 300–
1100 nm were recorded with the double-
channels spectrophotometer (HitachiM
356, Japan) with photomultiplier detection
and with NIR spectrometer in the range
1100–1400 nm with the signal detection
using a thermocooled InGaAs photodiode.
Accuracy of measurements of the transmis-
sion coefficient was not worse than 0.2%.
All investigations were carried out at room
temperature.
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Molecular Dynamics Simulation

The formation of poly(rC):SWCNT hybrid
was simulated by the molecular dynamics
method. The program package NAMD[14]

was employed with Charmm27 force
field parameter set.[15] The box of 50� 75�
135Å dimensions were used with r(C)30:
SWCNT embedded in water (15000 H2O
molecules). SWCNTs were selected as a
zigzag (10,0) carbon nanotube. Its length
and diameter were 9.7 nm and 0.78 nm,
respectively. The length of oligonucleotides
was 30 nucleotides. Before the optimization
procedure, we chose backbone the torsion
angles of poly(rC) in such a manner that
nucleic bases were located close to the
carbon nanotube surface and the sugar-
phosphate backbone was directed into
water, forming 45� angle between the
direction of the polymer and the nanotube
axes. This angle was determined experi-
mentally in circular dichroism measure-
ments.[16] For neutralization of the charge
on the sugar-phosphate backbone, 30 Naþ

ions were added close to each oligonucleo-
tide. The distance between stacked bases
and the tube surface was about 3.4–3.5Å.
Modeling temperature and pressure in
the periodic box were 300K (or 373K)
and 1 bar, respectively. Interaction energy
was calculated by NAMD Energy Plugin
(Version 1.3) which was implemented
in VMD program package.[17] The electro-
static interaction was not taken into account
in calculations of the interaction energy
between poly(rC) and SWCNT because
atoms of the nanotube were not charged.
In such a case, vdW interaction determined
the energy of the oligonucleotides binding
to the nanotube.

Results and Discussion

Spectroscopic Study of Poly(rC)-Wrapped

SWCNTs Aggregates in Aqueous

Suspension, Induced by Cationic

Porphyrin

Addition of cationic porphyrin TMPyP4
into poly(rC):SWCNT aqueous suspension
leads to the decrease of the total absorption

of nanotubes because of the light scattering
which appeares as a result of the aggregate
formation (Figure 1). As follows from
Figure 1, the absorption is weakened with
the porphyrin concentrations increase while
in the 400–450 nm range an additional band
appears, which is assigned to the Soret
band of TMPyP4.

To analyze the electronic absorption
of nanotubes in detail, we subtracted the
background intensity which enhances to
short wavelengths and is caused by the
broadband p-plasmon absorption and pos-
sible residual carbonaceous impurities.[18]

The nanotube absorption spectrum in the
900–1100 nm range is assigned to the ES

11
absorption transitions of semiconducting
nanotubes while bands in the 450–700 nm
spectral range attributed to the ES

22 tran-
sitions. The nanotube absorption spectrum
in the ES

11 transition range was fitted by a
sum of 7 Lorentzians which are shown in
Figure 2a. The most intensive band at
998 nm is assigned to the ES

11 transition of
(6,5) semiconducting nanotubes, which
dominates in the pristine material. Peak
positions of the neighbor bands and
associated chirality of carbon nanotubes
were determined too the value of which is
presented in Figure 2a.[19] We controlled
the dependence of the intensity of different

Figure 1.

Absorption spectra of poly(rC):SWCNTs water suspen-

sion at different TMPyP4 concentrations (0, 8.8 · 10�7,

1.9 · 10�6, 3.9 · 10�6, 7.9 · 10�6, 1.6 · 10�5 M) in the 300–

1100 nm range. Arrows indicate the change of the

band intensity with the porphyrin concentration

increases. The structure of TMPyP4 molecule was

shown in insert.
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bands on porphyrin concentrations to
elucidate the possible influence of tube
chirality which can appear due to the
different adsorption energies of TMPyP4
on the different nanotube species. Figure 2b
demonstrates that the (6,5) nanotube band
intensity decreases by 35% at the TMPyP4
concentration about 10�5M. The similar
intensity decrease was observed for (7,5)
and (8,3) nanotubes. It means that the
nanotube selection under the aggregate
formation is not occurred. Note that the
red-shift of bands takes place up to 4–5meV
at the TMPyP4 concentration about
10�5M. A small value of the spectral shift
indicates that the nanotubes do not aggre-
gate in usual bundles the formation of
which is accompanied with a more signifi-
cant red shift (more than 70 meV[20]). The

small red shift of nanotube bands can be
explained by the partial sliding down of the
polymer from the nanotube surface as a
result of the interaction with TMPyP4 or
because of the close location of other
nanotubes, which is accompanied with the
partial polymer displacement. As a result,
water molecules gain access to the nano-
tube surface, changing its dielectric sur-
rounding, and this leads to the red shift of
the nanotube electronic transition.[4,6]

Knowledge about the TMPyP4 interac-
tion with the poly(rC):SWCNT hybrid and
its role in the aggregate formation can be
obtained from the analysis of the intensity
and spectral position of the Soret band at
different TMPyP4 concentrations. It is well
known that the Soret band is assigned to the
p-p transition of porhyrin core electrons[21]

and it is sensitive to the environment.[22]

The Soret band was separated from the
total absorption spectrum at each porphyrin
concentration (Figure 3) by the deconvo-
lution procedure. It was found that at the
lowest TMPyP4 concentration (�10�7) this
band is located at 439.6 nm.

It means that the spectral shift of the
Soret band is�18 nm, relatively to this band
position of the porphyrin monomer
(421.8 nm) (Figure 3). However, this band
is blue-shifted with TMPyP4 concentration

Figure 2.

Absorption spectrum of poly(rC):SWCNTs water

suspension in the range 800–1300 nm (thin curves

show Lorentzians used for fitting to the experimental

spectrum) (a), and intensity dependences of three

bands (peak positions are indicated in insert) on the

TMPyP4 concentration (b).

Figure 3.

Spectra of the Soret band of TMPyP4, obtained at

different porphyrin concentrations (indicated in the

insert) in suspension with SWCNTs. Spectra were

separated from total absorption spectra for various

porphyrin concentrations, using a spectral deconvolution.
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rises, so the Soret band has a peak at
435.8 nm at 1.6 · 10�5 TMPyP4 concentra-
tion. We believe that at low concentrations
TMPyP4 is adsorbed on the nanotube
surface with a relatively high binding
energy (the maximal red shift). Then at
higher concentrations, when free spaces on
SWCNTs are filled in, TMPyP4 binds to the
nitrogen base of poly(rC) (a lower binding
energy than with the nanotube). Thus, the
occupation of the second binding site on
poly(rC) results in the blue shift of the Soret
band at higher TMPyP4 concentrations.
This statement is confirmed with the
determination of the peak position of the
TMPyP4 Soret band in different environ-
ments, the value of which is presented in
Table 1. So, the Soret band of water
solution of poly(rC):TMPyP4 complex is
located at 431.9 nm (�10 nm red shift in
relation to free TMPyP4) and at 435 nm for
TMPyP4 adsorbed to SWCNTs directly in
the dried state (�13 nm red shift).

Molecular Dynamics Simulation

We simulated the aggregation of r(C)30–
wrapped nanotubes induced by 4 molecules
of TMPyP4 arranged in the start configura-
tion presented in Figure 4. After simulation
during 30 ns (at 300K) the stable confor-
mation of aggregate was got, though there is
some divergence of axes of nanotubes
(Figure 4). Molecular dynamics simulation
demonstrates that in the formation of
such unique complexes TMPyP4 molecules
perform two functions: first, porphyrins
couple the polymer:nanotube hybrids, sec-
ond, they strengthen the polymer coverage

of nanotubes because the porphyrin is
adsorbed between neighbor pitches of
the polymer wrapped, “stitching” them
together that results in the aggregate
continuous floatation in the aqueous medi-
um. Such an effective aggregation process
is caused with different types of TMPyP4
binding with the nanotube and polymer:
through the p-p-stacking interaction of
the porphyrin core with the nitrogen base
(the binding energy is �15 kcal/mol) or
with the nanotube surface (the binding
energy is �30 kcal/mol) free from polymer
as well as with the electrostatic interaction
between the cationic group of N-methyl-
pyridyl ring and the negatively charged
phosphate group of r(C)35 (the binding
energy is �60 kcal/mol). Therefore, it is
reasonable to assume that, initially at low
concentrations, TMPyP4 is adsorbed on the
nanotube surface free from the polymer
with a relatively high binding energy
(the maximal spectral red shift). Then at

Table 1.
Peak position (nm) and width (D, nm) (at half of
height) of the Soret band of TMPyP4, obtained in
different environments (in aqueous suspensions
and film).

Sample Peak
position,

nm

D,
nm

TMPyP4 421.8 26
poly(rC):TMPyP4 431.9 29
SWCNT:TMPyP4 (film) 434.5 34
SWCNT:poly(rC):TMPyP4 (8.8 · 10�7) 439.6 35
SWCNT:poly(rC):TMPyP4 (1.6 · 10�5) 435.8 37

Figure 4.

Snapshot of two parallel (rC)30-wrapped SWNCTs with

four TMPyP4 molecules at starting position (0 ns) and

during different simulation times: after 30 ns (300 K),

after 35 ns (373 K).p-stacked cytosines and H-bonding

cytosines of two oligonucleotides are shown in the

insert. Two TMPyP4 molecules located between

negatively charged (PO4)
� groups of each oligo-

nucleotide are marked with 1 and 2.

Macromol. Symp. 2014, 335, 51–57 | 55

� 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



higher concentrations, when free spaces on
SWCNTs are filled in, TMPyP4 binds with
cytosines (the binding energy is lower than
that with the nanotube). Thus, the activa-
tion of the second binding site on poly(rC)
results in the blue shift of the Soret band
at higher TMPyP4 concentrations.

At increasing temperature of the system
to 373K, further simulation during next
5 ns (total simulation was 35 ns) showed
that the aggregate did not dissociate. The
oligomers remained on the tube, although
their conformation on the tube was
changed. So, heating of the system is
accompanied with the compact arrange-
ment of oligomer on the nanotube and with
the formation of U-like structures the
appearance of which is caused the higher
level of the oligomer flexibility. At heating
the oligomer binding to other nanotube
surface increases and partial displacement
of the oligomer from one nanotube to
another because of nanotubes close loca-
tion is observed.

At higher temperature the new contacts
between r(C)30 and neighbor SWCNTs
are created that appear due to the partial
displacement of oligomer partly from one
nanotube toward another tube (Figure 4): it
is thep-p-stacking of cytosine of one oligomer
with neighbor nanotube (�12kcal/mol), there
is a formation of stacking dimer (or even
trimer (Figure 4)) cytosines of two oligom-
ers (�8kcal/mol) or an appearance of
H-bonding dimer (�3 kcal/mol) (Figure 4).
Although, in some parts the oligomer is
shifted from the basic tube to nearby
SWCNT, nevertheless, porphyrins located
between two pitches of the oligomer restrain
their sliding off from the nanotube.

Conclusion

Doping of poly(rC)-wrapped SWCNTs
aqueous suspension with cationic porphyrin
TMPyP4 in a small doze (1mM) leads to
nanotube aggregation a visible manifesta-
tion of which can be observed at concen-
trations above 10mM. These aggregates
have an unusual feature because their

stable suspension remains during a few
days without quick precipitation that differs
from the conventional aggregates of carbon
nanotube. In the absorption spectrum the
Soret band of TMPyP4 demonstrates
the red shift at doping with respect to the
free porphyrin. This shift has the maximal
value at the lowest porphyrin concentration
(�18 nm) and is followed with the gradual
decrease of this value at increasing concen-
trations. In aggregates the nanotube ab-
sorption intensity is weakened and their
band positions are red-shifted with the
porphyrin concentration increasing but
the value of this shift is essentially smaller
than that observed earlier at the formation
of the usual bundles.[20] The absorption
intensity decrease in different bands
assigned to different nanotube species is
similar. It means that the nanotube selec-
tion is not occurred under the aggregate
formation.

Molecular dynamics simulation demon-
strates that in the formation of such unique
complexes TMPyP4 molecules perform two
functions: first, porphyrins couple polymer-
nanotube hybrids owing to p-p-stacking
with cytosine and through charged groups
with phosphate groups of the polymer,
second, they strengthen the polymer cover-
age of nanotubes because porphyrin
adsorbed between neighbor pitches of
wrapped polymer “stitches” them together
that results in the aggregate floatation in
water. It was shown that nanotube aggre-
gate is stable even at 373K. At this
temperature additional contacts between
two neighboring polymers appear which
strengthen this aggregate too.

This controlled aggregation of DNA-
wrapped carbon nanotubes gives new
possibility in preparing of isolated nano-
tubes of high density in water environment
which can be applied in near-IR photo-
physics, for developing light-energy har-
vesting and photovoltaic materials.
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