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Excitonic energy transfer in polymer wrapped carbon nanotubes in
gradually grown nanoassemblies
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We investigate the exciton energy transfer (ET) in nanoassemblies (nanotube based aggregates) formed by polymer wrapped
single walled carbon nanotubes (SWNTSs) using photoluminescence (PL) spectroscopy and simulation. The distinctive feature of this
study is the gradual growth of such nanostructures in aqueous medium induced by increasing the concentration of porphyrin molecules
stitching nanotube-polymer complexes in densely packed assemblies. Experimental dependencies of PL intensity on the porphyrin
concentration for different types of semiconducting SWNTs demonstrate step-like behavior controlled by the amount of bound nanotubes
and are in good agreement with the simulating model. The simulation algorithm determines the criterion of the aggregate formation
depending on the number of porphyrin molecules per tube and the cascade exciton energy transfer between neighbor semiconducting
nanotubes of different chiralities. Aggregates of small sizes (up to six-eight individual tubes) contain mostly semiconducting species,
while aggregates of a larger size (up to several tens tubes) incorporate metallic SWNTs, inducing strong PL quenching. From the fitting
procedure, the ET rate of 0.6 x 10'"s™' has been determined which is consistent with the center to center distance ( ~ 2.3 nm) between
adjacent tubes separated by polymer and porphyrin molecules. The threshold of the dimer formation corresponds to one porphyrin
molecule per ~ 20 nm of tube lengths that was supported by molecular dynamics simulation. These findings provide insight into ET
mechanism in SWNT nanoassemblies of variable sizes, which can be gradually controlled by the external factor (the concentration of
porphyrin molecules).

so  Up to date, reported energy transfer rates between SWNTs in
Introduction aggregates vary in a broad range from relatively slow of ~ 10"
s' 3% to ultra fast exceeding 10" s™' > which can be associated
with many factors affecting ET process including: SWNT type
(chirality, diameter, semiconducting or metallic), the donor-
ss acceptor spectral overlapping, the intertube distance, aggregate
size, the exciton localization and its diffusion length, etc. The
majority of reported ET rates ( ~ 10'°—10'2 s7")* 7 "*71¢ indjcate
that classical Forster mechanism significantly overestimates (by
three order of magnitude) the experimental data and fails to
adequately describe the energy transfer between nanotubes
separated by a distance of less than 10 nm, as it was demonstrated
in the theoretical work by Wong et.al.” In this model Férster
point dipole approximation has been replaced by extended
dipoles approach that allows to reach a satisfactory agreement
es with the experimental data.

As a rule, the investigation of ET between SWNTs has been
performed for SWNT pairs®'® or nanotube aggregates without
control of their size.>* ' > 14716 except the Ref.[17]. Indeed, it is
very difficult to gradually change the aggregate size from small

70 bundles consisting of dimers and trimers to relatively large
assemblies comprised of several tens species.

Recent advances in single-walled carbon nanotubes (SWNTs)
synthesis, purification and isolation have attracted great attention
to the investigation of optical properties of individual nanotubes
of various chirality and small bundles of the controlled size."
One of the interesting effects related to optical characteristics and
exciton dynamics of carbon nanotubes is the exciton energy
transfer (ET) between individual SWNTs in the bundles
(aggregates)®™'® and the ET between SWNTs and molecular
chromophores'®?'. As a rule, SWNT aggregation results in the
effective ET from semiconducting to metallic tubes or impurities
significantly reducing the photoluminescence (PL) quantum yield
which makes the ET observation in solid films problematic.
However, for suspended SWNT aggregates of small size or for
aggregates consisting of individual tubes encapsulated with the
surfactant or polymers, there is a good chance to investigate the
ET effect with the time-resolved luminescence spectroscopy and
transient absorption. An especial role in SWNT isolation plays
various polymers (e.g. aromatic polymers®>* and DNA® 2> 26),
allowing for soft wrapping around single nanotube without
defects distinct from surfactant-encapsulated SWNTs. As a result, We have recently observed the aggregation of poly(rC)-

the quantum yield of such polymer wrapped nanotubes can be . .y .

high ¢ odl d wi " wrapped carbon nanotubes induced by cationic porphyrin meso-
'1g er by one c;r}cisr 0 magmtu e as compare w1th. §ur actant tetrakis(4-N-methyl-pyridyl)porphine  (TMPyP4)2 Tt  is
isolated tubes.”" Accordingly, attractive conditions for

investigating the ET effect between nanotubes of different nature
(chirality, diameter, metallic or semiconducting) can be realized
in the case of aggregates composed of polymer wrapped SWNTs.

2
S

75 noteworthy, that studied nanostructures are not typical SWNT
aggregates ~'® as TMPyP4 molecules are inserted between
polymer wrapped nanotubes, however for simplicity sake we
name them as nanotube based aggregates or aggregates.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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Additions of small amount of TMPyP4 (1 puM) into poly(rC)-
SWNTs aqueous suspension initiates the formation of aggregates
followed by their further growth up to aggregate visualization at
concentrations above 10 uM. Thus, the aggregate size can be
controlled by an increasing concentration of TMPyP4 molecules.
An unusual feature of such assemblies is their long stability in
aqueous suspension without quick precipitation as distinct from
conventional aggregates of carbon nanotubes.

Here we report an investigation of the excitonic energy transfer
between polymer wrapped semiconducting SWNTs of different
chiralities in aggregates of various sizes using luminescent
spectroscopy. A distinctive feature of this study is the monitoring
of PL quenching for different nanotube types in the broad range
of aggregate size from small bundles to large assemblies
consisting of several tens of species as a result of the gradual
increase of TMPyP4 molecules working as a catalyst for
aggregate formation. The proposed model considers the
mechanism of the aggregate formation and ET between
nanotubes in each aggregate followed by the statistical averaging.
The computational results are in good agreement with
experimental data and allow to estimate the ET rate and nanotube
distribution (semiconducting and metallic) over aggregates of
different size for specific concentration of TMPyP4 molecules.

Experimental details
Samples preparation

SWNTs produced by CoMoCat method®® (SG 65 grade,
SouthWest Nano Technologies, Inc.) were used without further
purification. Semiconducting tubes with (6, 5) chirality prevailed
in the starting material and the total content of semiconducting
tubes was more than 95%.

Polycytidylic acid potassium salt poly(rC) (Sigma-Aldrich,
USA) was selected for preparation of an aqueous suspension of
individual SWNTs. This polymer has the strong base stacked
ordering and demonstrates effective adsorption on the carbon
nanotube surface.>’ The polymers were dissolved in 0.005 mol x
L 'Na" cacodylate buffer (pH 7) (Serva, Germany) with 0.005
mol x L' NaCl. A stable aqueous suspension of SWNTs was
prepared by the sonication of nanotube bundles with poly(rC) for
60 min (1 W, 44 kHz). 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 polynucleotides which were not adsorbed
by the SWNTs. Tetra-p-tosylate salt of meso-tetrakis(4-N-
methyl-pyridyl)porphine (TMPyP4) (Sigma-Aldrich, USA)
(Fig. 1) was used to induce aggregation of poly(rC)-wrapped
SWNTs in aqueous suspension. The porphyrin concentration was
determined spectrophotometrically in water using the extinction
coefficient of &, 226000 M! x cm™ at the Soret band
maximum. In titration experiments, the minimal dose of
[TMPyP4] was 50 uM (1 pL) which was added into the nanotube
suspension (400 pL). Spectroscopic measurements followed after
15 minutes delay which was required to reach the thermodynamic
equilibrium. After each addition, the concentration of porphyrin
in suspension was determined, taking into account the increase of
the water volume. Porphyrin concentration in the suspension

varied from 0.3 x 10° to 1.1 x 10* M. A solid sample was
prepared by a deposition of the nanotube suspension on a quartz
substrate and dried under a stream of warm air.

60
Fig. 1 Molecule structure of TMPyP4

PL measurements and computations

The near-infrared (NIR) PL from semiconducting carbon
nanotubes was recorded by a NIR spectrometer with the signal
es detection by a thermocooled InGaAs photodiode (900—1600 nm).
Luminescence was excited with a diode-pumped solid-state green
laser (Aey. = 532 nm (2.33 V), 30 mW).
Computations were carried out on a workstation with
processor Pentium-4 using program language Borland C++. For
70 the design of random process of aggregate formation, the
generator of pseudorandom numbers from the standard library of
functions of Borland C++ v.6.0 was used.

Experimental results

PL from aggregated poly(rC)-SWNTs in aqueous suspension:
75 dependence on TMPyP4 concentration

Fig. 2 shows the dependence of PL spectra of poly(rC)-wrapped
SWNTs aqueous suspensions on TMPyP4 concentration which

Intensity, arb.units

Energy, eV

Fig. 2 Emission spectra of semiconducting poly(rC)-wrapped SWNTs in
80 aqueous suspension, obtained using excitation of green laser (Ao = 532
nm). Arrow indicates the increase of TMPyP4 concentrations, which
varied from 0.3 x 107 to 1.1 x 10™* M. Numbers in brackets denote
nanotube chirality. The inset shows the photograph of the water
suspension of poly(rC)-SWNT aggregates induced by TMPyP4 at

gs concentration of 1.6 x 104 M

&

varied from 0.3 x 10 ® to 1.1 x 10™* M. In the PL spectrum, a few
bands have been indicative of a few SWNTs with different
chiralities and diameters. An increase of TMPyP4 concentration
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induces effective PL quenching that accompanies with a red shift
for all spectral bands in the range of 0.9—1.4 eV . This suggests
that TMPyP4 addition results in gradual aggregate formation, as
we observed for absorption spectra earlier. > Indeed, at relatively
high TMPyP4 concentrations, aggregates are visualized in the
form of the floating flakes (Fig. 2, insert). A distinctive feature of
poly(rC)-SWNT-TMPyP4 aggregates is a long time stability
exhibiting in their floating during several days without quick
precipitation.

All PL spectra were fitted with the sum of the minimal number
of Lorentzian curves resulting in the band assignment to certain
nanotube chirality (it was suggested that FWHM for each band
does not exceed 40 meV*?). The most PL intensive band located
at E,,,= 1.24 eV was assigned to emission from semiconducting
tubes with (6,5) chirality which dominates the pristine material.
Some of the bands cannot be assigned to SWNTs of definite
chirality because their band positions have spectral overlapping
with neighbouring bands. Therefore, for two bands, two possible
values of chiralities are presented (Fig. 2). Note that TMPyP4
emission does not contribute into the recorded spectra as
porphyrin emits in 600-800 nm range (2.08-1.55 eV).”
Absorbance of TMPyP4 molecules at excitation wavelength
(A=532 nm) is quite weak - less than 3 % of the absorbance of
porphyrin solution at the wavelength of the most intensive Soret
band (A=422 nm). Our estimations indicate that the reduction of
the energy of excitation light due to TMPyP4 absorption at
A=532 nm is no more than 8% at TMPyP4 concentration of 2*10
> M and less than 4% at concentrations of 10 M and lower.
These corrections stay in the limit of the experimental errors
which are shown in Fig.3a.

Fig. 3a demonstrates concentration dependences of PL
intensity for four bands located at 1.24 eV ((6, 5) chirality), 1.19
eV (7, 5), 1.088 eV ((8, 4) or (7, 9)) and 0.951 eV ((9, 5) or
(10, 3)). PL quenching of bands assigned to nanotubes with a
larger diameter (lower band gap) is less pronounced as compared
with PL quenching for nanotubes with smaller diameters (larger
band gap). Additionally, the PL quenching for all type of
nanotubes has nonmonotonous character. Such energy dependent
PL quenching suggests exciton ET from excited semiconducting
nanotube with a larger gap to neighbouring semiconducting
nanotube with a smaller gap or to metallic nanotubes. The
lowering energy of excited state reduces the number of
neighbouring tube-donors and increases the number of tube-
acceptors in aggregates leading thus to highest PL quenching for
tubes with the largest band gap ((6, 5) tubes in our case). As it
was demonstrated in the theoretical study®® Forster point dipole
approximation™ fails to explain the ET between nanotubes at a
distance up to 10 nm and transition monopole approximation
(TMA) approach should be applied to correctly predict electronic
coupling (see more in discussion section). However, irrelevantly
to the ET mechanism, (6, 5) tubes can be considered mostly as
energy donor species, (7, 5) tubes as donor and acceptors, and
tubes with band at 1.088 eV and 0.951 eV as mostly acceptors.
This trend can be clearly seen in Fig. 3 b, where PL concentration
dependencies for all types of tubes were normalized on
concentration dependency for (6, 5) tubes with highest E;
excited energy. Up to 107 M, ((9, 5) or (10, 3)) tubes with the
lowest excited energy exhibits the strongest intensity increase,

followed by ((8, 4) or (7, 9)) tubes and (7, 5) tubes. These
¢ dependences indicate the cascade ET process from energy donor
(6, 5) tubes to other type of tubes in aggregates comprised of
donor-acceptor (7, 5) tubes and mostly acceptor tubes ((8, 4) or
(7, 9) and (9, 5) or (10, 3)) chiralities. Above 10 M these
dependences change behaviour demonstrating an intensity
es reduction (Fig. 3 b) that can be associated with domination of PL
quenching induced by metallic SWNTs. It is expected that
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Fig. 3 (a) Concentration dependencies of PL intensity for all nanotube
species normalized on initial intensity obtained without TMPyP4; (b)
concentration dependencies of PL intensity for all nanotube species
normalized on concentration dependence for (6, 5) tubes.

probability to find metallic nanotube in aggregate increases with
growth of its size (see also the modelling results and Fig. 7),
which is  in consistency with Raman spectra for different
TMPyP4 concentrations in aqueous suspension and film ( see
ESI, Fig.1S and text there). Thus, qualitatively we can separate
the ET process on two mechanisms at TMPyP4 concentration
scale: (i) when ET among semiconducting SWNTs prevails over
ET between semiconducting and metallic tubes (below TMPyP4
concentration 3 x 10~ M) and (ii) when dominating role plays
ET between semiconducting and metallic tubes (above TMPyP4
concentration 3 x 10> M). Fig 4 shows the red-shift of the most
intensive (6, 5) band in the emission spectrum of poly(rC)-
SWNT-TMPyP4 on the porphyrin concentration. Note that the
ss noticeable red-shift is observed at a porphyrin concentration

This journal is © The Royal Society of Chemistry [year]
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higher than 107> M. For example, the band at 1.239 eV is red-
shifted up to 35 meV at 10*M TMPyP4. This dependence
indicates the rising interaction among nanotubes in aggregates
with the porphyrin concentration. However, the maximal value of
this shift is essentially lower than as it was observed under usual
nanotube bundle formation which ranged from 70 to 150 meV>*
3% (depending on nanotube chirality). AFM imaging provides an
evidence of individual SWNTs with adsorbed poly(rC) and the
beginning of the aggregate formation at low TMPyP4
concentration when polymer-wrapped tubes are assembled in
dimers (ESI, Fig. 2S).

PL from SWNT-poly(rC)-TMPyP4 aggregates has also been
observed in the solid films formed by the drop cast deposition
from aqueous suspension (Fig. 5). It was found that PL spectra of
solid film were practically irrelevant to TMPyP4 concentration in
nanotube aqueous suspension that can be associated with
common thermodynamic conditions (for all TMPyP4
concentrations) affecting aggregate formation during solvent
evaporation. This fact indicates that in the solid, there is no
opportunity to investigate gradual aggregate growth with an
increase of TMPyP4 concentration as in the aqueous medium.

12404 = "

1.2354

1.230 4

Energy, eV
[

](I)()

c['I‘MP)‘P4|”IO". mkg/ml
Fig. 4 Dependence of the peak position of the band at 1.239 eV in the
emission spectrum of poly(rC)-SWNT-TMPyP4 on the porphyrin
concentration.

Similar to absorption spectra,” PL bands of different types of
aggregated SWNTs in the film are broader by 15—20 meV as
compared with nanotube aqueous suspension and can be
explained by a stronger interaction between polymer and
nanotubes in solid aggregates due to the absence of hydrophobic
repulsive forces between the nanotube surface and nitrogen bases
of the biopolymer.

4 ——3107 M (TMPyP4)
——5*10° M (TMPyP4)

Normalized intensity, arb. units

T T

1.3

12

Energy, eV
Fig. 5 PL spectra of poly(rC)-SWNT-TMPyP4 aggregates: in the film
(blue) and aqueous suspensions for TMPyP4 concentration of 3 x 107 M
(red) and 5 x 10 M (black). All spectra were normalized on the intensity
of the most intensive band assigned to (6, 5) nanotubes.
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The rough estimates of the efficiency of the ET process in solid
film can be done by the comparison of the intensity of low energy
PL bands to high energy band (6, 5) tubes (Fig. 5). We can
conclude that at first, ET takes place in a solid as this ratio is
higher than that for poly(rC)-SWNT in aqueous suspension
without TMPyP4 or at low concentration of TMPyP4 (Fig. 5),
and second: ET in a solid is less effective than in suspension at
high TMPyP4 concentration (the ratio for a solid film is lower as
compared with suspension at high TMPyP4 concentration). The
later fact is quite interesting and can be interpreted by a lack of
the nanotube ordering in solid film and irregular inclusion of
metal tubes in contrast to more ordered large aggregates in
suspension (closely packed two-dimensional triangular lattice®”)
containing at least one metallic tube (see more details in the next
section).

Model

In order to explain the observed PL quenching depending on
SWNT chirality, we propose the model taking into account the
aggregate formation and ET between individual poly(rC)-
wrapped tubes in aggregates followed by statistical averaging.

As distinct from previous studies of ET in SWNT, in our case
the TMPyP4 molecules can be considered as catalysts for gradual
growth of poly(rC)-SWNT-TMPyP4 aggregates of different sizes
from small (dimers, trimers at low TMPyP4 concentration) to
large (containing 10—20 tubes at high TMPyP4 concentration).
Such unique feature allows filling the gap between extreme limits
when only pairs® '° or manifold of tubes in aggregates > % ' 1> 14
16 were investigated.

The goal of this simulation is the attempt to reproduce
experimental dependencies R;(C) = L(C)/Iy; (j =1, 2, 3, 4, see Fig.
3) for four major chiralities/band gaps presented in the PL
spectrum (here [;(C) and Iy is PL intensity with and without
TMPyP4, and C is TMPyP4 concentration). The relative
quantities of semiconducting SWNTs (Z;) were determined from
deconvoluted PL spectrum (Fig. 2) assuming that the presence of
metallic SWNTs (Zy) is in the range of 0.01-0.05 (1-5 %): *®

S,
Z,=(1-2)—/— (1)
j=

2.5

1

where S; is the relative integral intensity of semiconducting
SWNTs after spectrum deconvolution. Table I shows values of Z,
calculated according to Eq.(1) for Z, = 0.05 and four different
chilarities ( £ 1].1 is the band gap for first electronic transition).

It was reasonably assumed that the presence of at least one
metallic nanotube in aggregate results in complete PL quenching.
Thus, aggregates comprised of only semiconducting tubes
contribute to PL intensity. The simulation algorithm can be
separated by two major parts: (i) aggregates formation at
determined concentration of TMPyP4 molecules and (ii)
calculation of PL intensity based on ET process for four nanotube
types in each formed aggregate followed by statistical averaging.
The details of computational algorithm are presented in ESI.
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Table 1. Parameters of the model taken from experimental data.

Chirality j E}, (V) S; Z
(9.5).(10,3) 1 0.951 0.1 0.049
(8,4),(7,6) 2 1.088 035 0.171

(1.5) 3 1.19 0.5 0243
(6.5) 4 124 1.0 0.487

Simulation of aggregates formation

As it was demonstrated in the experiment and molecular
dynamics simulation, aggregates of different sizes can be formed
with the assistance of TMPyP4 molecules stitching adjacent
poly(rC)-SWNT complexes in one nanoassembly (named
“unusual aggregate”).”’ Molecular dynamics simulation has
demonstrated that TMPyP4 molecules work in two ways in the
binding process: (a) porphyrins couple the polymer-nanotube
hybrids through m-n-stacking interaction of the porphyrin core
with the nitrogen base or the nanotube surface free from the
polymer as well as by the electrostatic interaction between the
cationic group of N-methylpyridyl ring and the negatively
charged phosphate group of poly(rC), and (b) TMPyP4 molecules
enhance the polymer coverage of nanotubes as porphyrin
adsorbed between neighbor pitches of wrapped polymer reduce
the strand sliding *° . Note that such aggregates can be a result of
the fusion of two objects: two individual poly(rC)-SWNT
(forming dimer), or one aggregate and one individual poly(rC)-
SWNT, either two aggregates of smaller size. An important issue
in aggregate assembling is the definition of the fusion criteria
(FC) which can be determined by the minimal number of
TMPyP4 molecules (C,) required for the fusion of two objects in
one (we neglect the probability of simultaneous fusion of three or
more objects in one). Then it is reasonably to assume:

@) C, is proportional to the number of tubes in the smaller
object (it can be individual tube or aggregate) fused with a larger
object;

(ii) The formation of a new object is controlled by

TMPyP4 molecules distributed over surfaces of two fused objects
(active molecules which involved in the binding process). The
TMPyP4 molecules in the bulk of objects which already engaged
in the binding (inactive molecules) are not counted for the fusion
criteria (Fig. 6).

O - nanotubes

@ - active TMPyP4 molecules
’ - non-active TMPyP4 molecules
/ / - zone of contact

Fig. 6 Schematic view illustrating major parameters for process of
aggregate formation.

The surface density (p) of active TMPyP4 molecules (C,) for
aggregate containing s, poly(rC)-SWNT (or n, tubes) can be
determined as:

p=C,(xxLxdxn?),
where L is the length and d is the diameter of poly(rC)-SWNT

complex. Then the number of active molecules, C,, in the contact
45 area:

S =hxL=gxdxHxn"?>xL

between larger and smaller objects is the following:

@

C. = hLip, + p) = (- L)H\[n,, -
I F

where C,; and C,; are numbers of active molecules and n,; and n,,

so are numbers of tubes for larger and smaller objects, respectively;
H is the parameter of the model defining the width of the contact
area S, (Fig. 6). Finally, in order to satisfy the fusion criteria, the
condition C. > C,=C,, X n,; should be fulfilled, where C,, is the
model parameter (for details, see ESI). Simulation algorithm is

ss designed so that at each fusion event the number of molecules
from contact area C. transit to an inactive status and thus amount

of active molecules in the new object C, is defined as C, = C,; +
Cag - Cc.
a b c d
800 800 800 800
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= c c [
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Fig. 7 Diagrams of nanotubes distribution over aggregates (Nx - amount

of nanotubes in aggregate) for several concentrations C. Blue and white

bars correspond to aggregates with semiconducting nanotubes only and

aggregates including metallic tubes, respectively (Z, = 0.03, H=0.7, C,,=
65 20). Total number of tubes is 1000.
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The Fig. 7 demonstrates the simulation of nanotube distribution
over aggregates for different values of relative concentration C
(average number of TMPyP4 molecules per nanotube). It can be
seen, that major contribution in total emission at low and medium
concentrations (C < 100) provides relatively small aggregates (up
to 6-8 nanotubes) containing no metallic nanotubes. Because of
aggregate compact structure (two dimensional triangular lattice®”)
the distance between any two nanotubes in such aggregates can
be considered as constant in the first approximation. Therefore, in
further calculation of ET we will omit the dependence of ET on
distance between nanotubes.

The PL intensity calculation

After the formation of all aggregates, the next step is calculating
the relative PL intensity of each type of semiconducting SWNTs
(=1, 2, 3, 4, see Table I), taking into account the ET rate between
them and complete PL quenching for aggregates containing at
least one metallic SWNT. As the scaling factor C,, is the model
parameter and the average length of nanotubes is not well
determined, we employed a relative change of TMPyP4
concentration resulting in PL quenching as a criterion of the
model-experiment consistency. The computational formula for
R(C) (j=1, 2, 3, 4) can be presented as (see ESI):

4 4 4
1+Zinl‘j + Z zqiqPGime’ +M
i>j i>p>j p>j

1+V
R,(C)= . <y =

j J j

3)

. where M = qs X g3 X gy % G43 X G32 X G21 forj=1 and M=0
for j/>1;

i<j

D;=1+V,+3.qV,;: Gy =V, /D;in; =N*Z,
1

N is the total number of tubes of all types (in the most cases N =
1000), g; is the number of nanotubes of i-type (i # j) in each
aggregate and X; is the summation of all aggregates without
metallic tubes and containing tubes of j type. V, = K/K, =
(1-n)/n where K", K%, 5 are radiative and nonradiative rates and
the quantum yield of individual poly(rC)-nanotube complex (in
the following “nanotube” or “tube”), respectively. V; = Ki/K',
where Kj; is the ET rate from tube j to tube i (i<j), V= K;/K"
(i=)).

We assume for simplicity sake that 5, K%, K" and V, are the
same for nanotubes of all types. Because of a sufficiently large
center-to-center spacing between adjacent nanotubes separated by
wrapped poly(rC) and stitching TMPyP4 molecules (~ 2.3 nm*®)
it was suggested that ET rates (V;, V};) are determined by the
dipole-dipole coupling. Thus, the short range Dexter mechanism
and exciton tunneling'” can be reasonably excluded. Recently the
theoretical ~ work®®  supported by  experiments® %1416
demonstrated that the point dipole approximation overestimate
significantly the ET rates for distances between tubes up to 10
nm, and the transition monopole approximation (TMA) should be
employed for the proper calculation of dipole coupling. In
addition, sufficient contribution to overall ET process can be
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associated not only with donor-acceptor bright excitonic states™®
but also with bright and dark excitonic states. In the later case
smaller coupling can be compensated with higher spectral
overlapping as it was demonstrated for pair of (7,6) tubes.?® Thus,
the calculation of ET rates in our model based on bright states
only (actual overlapping of PL peaks with absorbance peaks for
all nanotube types) cannot be quite correct. Therefore, in the first
approximation ET rates were set as equal for all nanotube types
(Vy = V;;) omitting the overlapping factor. Nevertheless, we tried
to compute R/(C) taking into account spectral overlapping
between bright states only and were not able to get a satisfactory
agreement with the experimental data (see ESI).

Then the number of variables in the model can be reduced to
four parameters: Z, is a relative quantity of metallic tubes, H is a
parameter defining the contact between two fused objects, 7 is the
quantum yield of single poly(rC)-nanotube complex, and V) is the
ET rate between any semiconducting SWNTs in the aggregate.
Moreover, as simulation for #<<1 shows, 7V, value becomes an
invariant parameter, which further reduces the number of
variables to Z,, H and V) at the fixed #=0.01. Taking into account
some relatively rough simplifications in the proposed model, we
realized that the exact coincidence of the simulation data with an
experiment is hardly can be expected. Therefore, several fitting
criteria were introduced. Simulated R(C) curves should be
satisfied by the following conditions: (1) R(C)<I1 at all j; (2)
R>R,>R;>R, at all C; (3) C(R~0.1)/C(R~0.9)=70 and (4)
C(R~0.1)=C(R=0.5). For a given set of parameters, the
computational cycle was stopped if one of the above conditions
was violated and simulation procedure started over for the next
set of parameters.

Discussion

The R{(C) functions calculated for several Z, values in the range
of 0.01>Z,>0.06, #n=0.01 (the quantum yield of 1% for individual
tube was reported in Ref. 5), H=0.7 and optimal ¥, values are
shown in Fig. 8 (the optimal ¥, was chosen at minimal mean
deviation from the experimental data point at each Z, fixed). It is
noteworthy that simulated PL quenching for all types of
semiconducting nanotubes displays non-monotonous reduction
and shows several steps at increasing TMPyP4 concentration. An
initial slope (up to C=20) can be interpreted by the dimer
formation (Fig. 7a) followed by the plateau (20<C<40) which is
consistent with Fig. 7b,c indicating that at these concentrations
the aggregates size is almost unchanged (the range of dimer and
trimer domination).

At C ~50-80, the R,(C) slope increases sharply that can be
associated not only with the rapid growth of aggregates of larger
sizes (where 5-mers and 6-mers dominate) but also with higher
contribution of aggregates containing metallic nanotubes (Fig.
7d,e,f). This fact suggests that the non-monotonous aggregate
growth (with enriched metal nanotubes at higher C) results in
step-like features in R,(C) dependencies. It is remarkable that the
similar non-monotonous quenching is also observed in the
experiment for all four types of semiconducting tubes (Fig. 3, and
the same data points shown in Fig. 8), that is in an agreement
with our model. The singularity (the slope change) on
experimental R;(C) curves appears at TMPyP4 concentration of ~
(3 —4) x 1075 M. Then taking the nanotube concentration of 2.5 x
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107 M of carbon atoms (2.5 x 10?! carbon atoms/L), an average
number of 700 carbon atoms per one TMPyP4 molecule can be
estimated as a rough criterion of the dimer and trimer formation.
For example, for (6, 5) nanotubes it corresponds to one TMPyP4

s molecule per ~20 nm of the tube’s length. This value is
consistent with MD simulation predicting one TMPyP4
molecules per 17 nm of SWNT (10, 0) wrapped by poly(rC) is
sufficient to form a stable dimer.?’

A crTMPyP4r0®, M b cirupypar10® m
0.1 1 10 0.1 1 10
| aul 1 4
1.0 1.0 4 % ;
0.8 LR - i
Eaad 0.6 \\
1H=07 0.4.] H=0.7 i ﬁ‘
04475-0.02 4 70=0.025 ]
021vo=20 8-3 1vo=25 B!
0.0y —prr— 0
10 100 . 1000 10 100 , 1000
C .6 r
CITMPYP410°, M d CITMPYP4]'10°, M
1 10

10

0.0 ~h——rrrrrm

c 100 c

T T
100 1000 1000

o Fig. 8 Calculated R(C) functions (lines) for H = 0.7, variable Z, and
optimal ¥, values and their comparisons with experimental data (dots
with error bars). Lower and upper scales correspond with number of

TMPyP4 molecules per tube and TMPyP4 suspension concentration in
suspension, respectively. The legend of colors is the same as in Fig. 3.

s An efficient ET rate can be estimated from the best fitting
procedure indicative of parameters Z,=0.03, V,;=3, #=0.01 (Fig.
8c). For #=0.01, K, + K, =2 x 10" s * and V,=3, we find
K,=K~0.6 x 10'° ™!, which is one order less of magnitude than
ET rate of 0.3 — 5 x 10'' s™' between DNA-wrapped (9, 1) and

0 (6, 5) SWNTs® with the center to center distance of ~ 1.66 nm. In

addition, it was reported that the relatively slow energy transfer

between small bundles of SDS wrapped (9, 4) SWNTs as 1.3 x

10'° 57! was estimated from luminescence decay’. According to

MD simulation, the center to center distance between two

poly(rC)-wrapped (10, 0) SWNTs and stitched by four TMPyP4

molecules is ~ 2.3 nm”. Then lower transfer rate in our case can
be explained by the increase of the center to center distance
between adjacent tubes in aggregates. Intuitively, it is expected
that introducing TMPyP4 molecules between poly(rC)-wrapped
o SWNTSs should result in the largest center to center distance with
respect to DNA-wrapped SWNT® and SWNT bundles.> * 116 18
Also, the presence of TMPyP4 molecules between poly(rC)-
SWNTs in the aggregate should not only increase the inter-tube
distance, but also modify the nature of the energy transfer process
due to the gradient of the electric field and high polarizability in
the vicinity of ionic TMPyP4 molecules. Indeed, taking our
estimate of 20 nm of the tube length per one TMPyP4 molecule at
the beginning of the dimer/trimer formation and the exciton
diffusion length of 100-200 nm,**** we can suggest that

o photogenerated exciton encounters several times with strong

polarization singularity localized at TMPyP4 molecule. As a

o

b

45

93
3

o
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result, Coulomb coupling can be significantly changed, affecting
the ET rate. Note, that such a scenario suggests the dependence of
the ET rate on TMPyP4 concentration, as the number of exciton
encounters increases with the amount of TMPyP4 molecules
distributed over the nanotube. Probably, the TMA model® that is
often employed for the interpretation of recent experimental
results of ET in SWNT aggregates cannot be directly applied to
this case and further modification is required.

Conclusion

In summary, we have investigated the exciton energy transfer in
polymer-wrapped SWNT based aggregates by PL spectroscopy
and modeling. A distinctive property of such nanoassemblies is
the presence of cationic porphyrin molecules stitching individual
SWNTs with wrapping anionic poly(rC) in quasi-ordered
aggregates. Such a unique feature allows controlling gradually
the aggregate growth from small species (dimers, trimers) to
relatively large ones (comprised of several tens of tubes) by
simple variation of TMPyP4 concentration in aqueous medium.
Thus, the ET process can be carefully monitored over the whole
scale of aggregate magnitude. It is noteworthy that the most of
previous studies of ET in carbon nanotubes™'*'® dealt with pairs
of tubes or with bundles/aggregates of the uncontrolled size. The
proposed model is comprised of two main procedures: (i) the
aggregate formation and (ii) the ET between individual poly(rC)-
wrapped tubes in aggregates followed by statistical averaging. In
particular, the aggregate growth has been determined as a
function of TMPyP4 molecules distributed over the contact area
(active molecules) between two fused objects (smaller aggregates
or individual poly(rC)-SWNT complexes) while TMPyP4
molecules in the bulk of the objects were not counted for fusion
criterion (inactive molecules). Despite several simplifications
(e.g. omitting the ET dependence on distance, spectral
overlapping for pairs of donor-acceptor tubes) we have reached a
remarkable similarity of modeling with experimental data.
Moreover, the model was able to reproduce step-like behavior of
PL intensity on TMPyP4 concentration for all types of
semiconducting carbon nanotubes, which presumably is
associated with the discrete character in the aggregate formation.
The relatively low ET rate of 0.6 x 10'® s™' can be explained by
the large center to center distance between adjacent polymer
wrapped nanotubes (~ 2.3 nm) and insertion of TMPyP4
molecules. Also, it was found that one TMPyP4 molecules per
~ 20 nm of the nanotube length is sufficient for the initiation of
stable poly(rC)-SWNT dimer, which is in excellent agreement
with our previous molecular dynamics simulations.”’ Beyond the
unique structure of SWNT-polymer-molecule hybrids, this work
demonstrates the fundamental understanding of ET process in
small clusters produced by controlled aggregation of polymer
wrapped carbon nanotubes which can be employed in the future
research  of multifunctional nanoassemblies in
optoelectronics, photovoltaics and nanobiotechnology.
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