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Fluorescent materials that exhibit large Stokes shifts are useful for
suppressing aggregation-caused quenching. Controlling the self-
trapped exciton (STE) states in organic dyes with a dimeric struc-
ture is one way of tuning Stokes shifts. However, this leads to the
spectral broadening of the emissions at room temperature owing
to the effects of the surrounding materials on the excited dimers.
Here, we demonstrate the effects of confining organic dyes on
their optical properties via the encapsulation of perylene mole-
cules within single-walled carbon nanotubes. The encapsulated
dimeric perylene exhibits fluorescence with large Stokes shifts and
long lifetimes through the STE states. In particular, a noticeable
emission of dimeric perylene is observed with a vibronic structure
at room temperature; this resembles the Y-type emission of
dimeric a-perylene crystals observed only at low temperatures.
The results suggest that the isolation of the excited perylene
dimers plays an important role in the occurrence of the room-
temperature Y-emission.

The Stokes shift of fluorescent materials is an attractive charac-
teristic for solar energy harvesting and biomolecular
imaging.'” Large differences between the excitation and emis-
sion wavelengths can lead to improvements in the fluorescence
quantum yield, the extent of light concentration, and radiation
detection sensitivity, because Stokes shifts allow for wave-
length conversion and result in low self-absorption. In particu-
lar, luminescent species with large Stokes shifts are used
widely as materials in luminescent solar concentrators.*™®
Organic dye materials with dimeric molecular structures
can cause noticeable emissions with large Stokes shifts owing
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to the presence of self-trapped exciton (STE) states, which are
attributable to the coupling between the excitons and phonons
in the crystal lattice because the nonlinear interaction leads to
exciton localization.”® However, not only does an increase in
the temperature lead to the transfer of excitation energy to the
surrounding materials, but variations in the intermolecular
distance in the dimeric structure can also result in the spectral
broadening of the emissions. This is because of the sensitivity
of the emission peaks to the molecular arrangement.’ There-
fore, the geometrical confinement of the organic dyes is
necessary for controlling their optical properties.'® The spatial
confinement of other components within single-walled carbon
nanotubes (SWCNTs) has been employed for a wide range of
purposes such as synthesizing hybrid nanostructures, modu-
lating the photophysical and electronic characteristics of
SWCNTs, and improving the stability and robustness of the
chemical and photophysical properties of the guest
components."™” In particular, the individual molecules are
isolated on the nanometer scale by the walls of the nano-
tubes.’® Hence, the encapsulation of fluorescent molecules
within SWCNTs can be expected to prevent aggregation-caused
quenching.

The molecular dye perylene is one of the most interesting
guest components for the encapsulation of planar w-conju-
gated compounds. The compound exhibits visible fluo-
rescence, the properties of which depend on its molecular
configuration; its emission wavelength, spectral shape, and
fluorescence lifetime change dramatically with changes in its
molecular arrangement.”®'°7? In particular, perylene dimers
and a-perylene, which is a crystal with a dimeric structure,
exhibit characteristic emissions from the STE states that lead
to large Stokes shifts. Moreover, depending on the tempera-
ture, perylene exhibits a Y (Yellow) or E (Excimer) emission;
two different STE states (i.e., the Y- and E-states) are respon-
sible for these emissions.>>?* At temperatures lower than 50 K,
the Y-emission, identifiable by a vibronic fine structure, occurs
because the Y-state is metastable and there is a potential
barrier between the Y- and E-states. In contrast, at higher
temperatures, an E-emission with a broad spectral shape
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occurs owing to thermal fluctuations, resulting from relaxation
from the Y-state to the E-state. Furthermore, the optical
properties of perylene, such as its emission spectrum and
fluorescence lifetime, are determined by the crystal size and
the surrounding molecules.>"?*?>727

In this work, to demonstrate the effects of the isolation of a
low-dimensional molecular arrangement of an organic dye on
the optical properties of its fluorescence emissions, we encap-
sulated perylene molecules within SWCNTSs via a vapor-phase
doping technique'>*®?° that involved the sublimation of the
guest molecules. We then examined the properties of the
encapsulated perylene molecules by optical spectroscopy. We
found that the perylene confined within individual SWCNTs
exhibited different emission spectra, which varied with the
tube diameter (d;). Specifically, the emissions of the encapsu-
lated dimeric perylene chains exhibited large Stokes shifts but
were different from those of perylene dimers and a-perylene at
room temperature, suggesting that the phenomenon of
geometrical confinement has a significant effect on exciton—
phonon coupling in dimeric perylene.

When perylene molecules are encapsulated within
SWCNTs, the arrangement of the molecules depends on the
diameter of the SWCNTs. High-resolution transmission elec-
tron microscopy (HRTEM) images of perylene molecules con-
fined in two types of SWCNTs (small-diameter tubes: HiPco-
SWCNTs with d; = 0.8-1.3 nm and large-diameter tubes: Arc-
SWCNTs with d; = 1.2-1.6 nm) are shown in Fig. 1; the images
indicate that the molecular arrangement of the perylene mole-
cules encapsulated within the SWCNTs varies with the value of
d.. Further, the molecular arrangement can be classified into
three different types. As shown in Fig. 1a and b, the encapsu-
lated perylene molecules form monomeric and dimeric
perylene linear chains along the tube axis in the case of small-
diameter tubes with diameters lower than ~1.0 nm and inter-

—

*

Dimeric chain] 222
Fig. 1 Typical HRTEM images of (a) a monomeric perylene chain, (b) a
dimeric perylene chain, and (c) the disordered dimeric structure corres-
ponding to perylene molecules encapsulated within SWCNTs with
different diameters. The insets show the configurations of the perylene
molecules. The monomeric and dimeric chains were observed in pery-
lenes@HiPco-SWCNTSs; the disordered dimeric structure corresponds to
perylenes@Arc-SWCNTs.
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mediate-diameter tubes with diameters of 1.0-1.3 nm,
respectively. On the other hand, in the case of large-diameter
tubes with diameters greater than 1.3 nm, the longest axis of
the perylene molecules tilts in the radial direction of the
SWCNTs, as shown in Fig. 1c. Consequently, the encapsulated
perylene molecules form a disordered dimeric structure. The
three different types are supported by the molecular arrange-
ments which we simulated to speculate about the encapsu-
lated perylenes (Fig. S1 in the ESIf).

To characterize the fluorescence profile of the encapsulated
perylene molecules at room temperature, the emission spectra
of perylenes@HiPco-SWCNTs dispersed in D,O with sodium
dodecylbenzene sulfonate (SDBS) were obtained at different
excitation wavelengths (380 and 470 nm); the spectra are
shown in Fig. 2. In addition, the excitation and emission
spectra are shown in the inset to indicate the Stokes shifts.
Using the monomer emission shown in Fig. 2 as a reference
spectrum, it can be seen that the emission spectrum obtained
for an excitation wavelength (4.,) of 380 nm exhibits two peaks
(at approximately 444 and 474 nm) that confirm the presence
of the monomeric perylene linear chain shown in Fig. 1a, as
well as high-intensity peaks centered at approximately 514 and
548 nm, along with a shoulder at approximately 590 nm. The
spectral component in the long-wavelength range has a mark-
edly different shape from that of the spectrum of the perylene
monomers. Moreover, when perylenes@HiPco-SWCNTs are
excited under visible light with a wavelength of 470 nm, which
is longer than the absorption wavelengths of the perylene
monomers (340-450 nm),”**° the monomer-related emission
component disappears from the spectrum. Consequently,
perylenes@HiPco-SWCNTs exhibit an emission spectrum with
only the two high-intensity peaks and the shoulder; the other
prepared solutions of perylene@HiPco-SWCNTs also exhibit
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Fig. 2 Emission spectra of perylenes@HiPco-SWCNTs in SDBS/D,0;
the reference spectrum (dotted line) of perylene monomers in SDBS/
D,O (concentration of 8 x 107> g L™) is also shown for comparison. The
energy difference between the two peaks marked by arrows is approxi-
mately 1200 cm™. The inset shows the excitation and emission spectra
of the perylene molecules confined within SWCNTSs, indicating a large
Stokes shift of approximately 40 nm for dimeric perylene chains.
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this spectral component. The fact that different emission
spectra are obtained for different excitation wavelengths indi-
cates that the perylene molecules are arranged in different
arrangements in the SWCNTs in the case of perylenes@HiPco-
SWCNTs; this is supported by the different morphologies
shown in Fig. 1a and b. It is interesting to note that, for
visible-light excitations that have lower energies compared to
the absorption bands of perylene monomers, the shape of the
emission spectrum is determined by vibronic coupling; thus,
these emissions are more similar to the Y-emission observed
at low temperatures in the case of dimeric a-perylene crystals
and perylene dimers than to the E-emission observed at high
temperatures. The peak position is consistent with that of the
Y-emission of perylene dimers; the perylene dimers are
characterized by a large Stokes shift (~45 nm).>"*> Moreover,
normally, in the case of the spectrum of Y-emission, there is a
difference of approximately 1100 cm™" between the first two
peaks, because these peaks are attributable to one-phonon-
assisted transitions associated with two intramolecular
vibrational modes;”® the emission spectrum of perylenes@
HiPco-SWCNTs also shows such an energy separation
(approximately 1200 cm™"), as represented by the two peaks
(marked with arrows) in Fig. 2. That the shape of the
emissions of the dimeric perylene chains is such, suggests that
the Y-state becomes stable at room temperature owing to the
isolation of dimeric perylene, which, in turn, is attributable to
the encapsulation of perylene by the SWCNTs.

As shown in the inset of Fig. 2, the excitation spectrum of
perylenes@HiPco-SWCNTs for an emission wavelength (Aep) of
514 nm also has a shape different from that of the excitation
spectrum of the perylene monomers®' and contains a peak
centered at 470 nm. Further, the lowest energy-absorption
band of perylenes@HiPco-SWCNTs is significantly lower than
the lowest energy-absorption band of the perylene monomers
(Fig. S2 in the ESI}).>**° This red-shifted excitation peak is
probably attributable not to the monomeric perylene structure,
but to the dimeric perylene structure, given the absorption
and excitation spectra of dimeric a-perylene crystals and pery-
lene dimers.>**' Moreover, the Stokes shift of approximately
40 nm is significantly larger than that observed in the case of
perylene monomers (a few nanometers); also, the Stokes shift
of perylene monomer emissions in the mixture of perylenes
and HiPco-SWCNTs dispersed in SDBS/D,O is about 6 nm
(see Fig. S3 in the ESIf). Using the relationship between the
polaron binding energy, E,, and the Stokes shift, S
(for example, E;, = S/2 for the Y-state),® we can surmise from
the large Stokes shift that the Ey, is 805 cm™'. This value is as
large as the 650 cm™" value derived in the case of dimeric
a-perylene crystals. As the STE states, which occur in the
dimeric molecular structure, are distinguished by large Stokes
shifts and long fluorescence lifetimes,® the large Stokes shift
observed also supports the conclusion that the emission spec-
trum of perylenes@HiPco-SWCNTs for excitation wavelengths
longer than 470 nm is attributable to dimeric perylene chains.

In addition, the fluorescence lifetime suggests that this
long-wavelength component in the emissions of perylenes@
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HiPco-SWCNTs is caused by the STE states. Fig. 3a shows
the fluorescence decay curves of the solution of perylenes@
HiPco-SWCNTs; the curves were obtained using light sources
with excitation wavelengths similar to those used for the emis-
sion spectra shown in Fig. 2. For comparison, the fluorescence
decay curves of a solution of a mechanical mixture of HiPco-
SWCNTs and perylenes are also shown in Fig. 3b, along with
its emission spectrum (see the inset). The mechanical mixture
has an emission profile whose spectral shape and peak
positions are similar to those of the perylene monomers
(see Fig. 2). This suggests that the perylene particles in the
mechanical mixture, such as the dimeric a- and monomeric
B-perylene crystals, were removed during ultracentrifugation of
the solution while preparing the sample solution.

According to the multiexponential model for the fluo-
rescence intensity, I, namely, I(t) = A exp(—t/z;) + Bexp(—t/7,)
(where A and B are coefficients representing the relative contri-
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Fig. 3 Fluorescence decay curves of (a) perylenes@HiPco-SWCNTs and
(b) a mechanical mixture of HiPco-SWCNTs and perylenes in SDBD/
D,0. The single and multi-exponential decays are plotted along with the
estimated lifetimes (z), which are represented by solid lines to act as
visual guides, while the instrument response function for each measure-
ment is represented by the black symbols. The inset shows the emission

spectrum of the mechanical mixture when excited at a wavelength of
380 nm.
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butions of the two fluorescence components and ¢ and ¢ are
the decay time and fluorescence lifetime, respectively),®* the
fluorescence lifetimes of the short- and long-wavelength com-
ponents of the emissions of perylenes@HiPco-SWCNTs can be
estimated from their fluorescence decay curves. The decay
curve for the 444 nm emission obtained using 390 nm exci-
tation radiation exhibits a lifetime of approximately 6 ns. This
value is close to those of the emissions of perylene mono-
mers,**** as well as that of the emission of the mechanical
mixture (see Fig. 3b), suggesting that the short-wavelength
component of the emissions of perylenes@HiPco-SWCNTs is
caused by the monomeric structure of perylene. In contrast,
the decay curve of the 514 nm emission obtained using
460 nm excitation radiation exhibits not only a short-lifetime
component but also a longer-lifetime component with a life-
time of approximately 23 ns; the short fluorescence lifetime
(71 = 6.3 ns) appears because the tail of the lowest energy-absorp-
tion band for monomer-related emissions is red-shifted (see
Fig. S4 in the ESIt). The long fluorescence lifetime of perylenes@
HiPco-SWCNTs is comparable to that of the Y-emissions
observed at 25 K in a-perylene crystals.>® The presence of the
longer-lifetime component suggests that the long-wavelength
component of the emissions includes emissions from the STE
states. Moreover, as is the case with the spectral shape of the
long-wavelength component, its lifetime is also more similar
to that of the Y-emission than that of the E-emission.”®>*
Therefore, the emissions of the dimeric perylene chains in
perylenes@HiPco-SWCNTs, which have a long lifetime, can be
considered as Y-emissions in terms of their spectral shape,
which exhibits a vibronic fine structure and a large Stokes
shift.

Normally, a system consisting of a mixture of different
molecules with spectral overlap between the emission donor
band and the absorption acceptor band exhibits a large Stokes
shift in terms of energy transfer from the donor molecules to
the acceptor molecules.”® However, the large-Stokes-shifted
emissions in the inset of Fig. 2 occurred when perylene-
S@HiPco-SWCNTs were excited at an energy corresponding to
the lowest energy absorption peak (centered at approximately
470 nm), suggesting that the perylenes had a dimeric struc-
ture; the excitation energy is lower than the absorption bands
for monomer-related emissions (see Fig. S4 in the ESI}). There-
fore, this large Stokes shift, which is related to STEs, occurs
because of a photophysical process different from the transfer
of energy from the donor molecules to the acceptor molecules.

Interestingly, when perylene molecules are encapsulated
within larger-diameter SWCNTs, it results in the spectral
broadening of the long-wavelength component of their emis-
sions (see Fig. S5 in the ESI{). In perylenes@Arc-SWCNTs, the
encapsulated perylene molecules form a disordered dimeric
structure, owing to the large diameter of the encapsulating
tubes, as shown in Fig. 1lc. The resultant variations in the
intermolecular distance in the structure can lead to the broad-
ening of the absorption and emission spectra. In fact, pery-
lenes@Arc-SWCNTs exhibit a broader Y-emission with a peak
centered at approximately 550 nm when excited at 470 nm

This journal is © The Royal Society of Chemistry 2016
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(Fig. S5 in the ESI{); owing the disordered molecular configur-
ation, the excitation spectrum also has a broader shape
(Fig. S6 in the ESIt) and the broad absorption band is similar
to that of perylene aggregates.’” Moreover, with an increase in
the excitation wavelength, the shape of the emission spectrum
changes and the peak at 550 nm is suppressed. The shapes of
the spectra obtained at the longer-wavelength excitations also
are similar to that of the E-emission of perylene aggregates
(see also Fig. S7 in the ESIt).*” This similarity between the
E-emission of perylene and the emissions of perylenes@Arc-
SWCNTs suggests that the interactions between dimeric pery-
lene and the surrounding environment (adjacent perylene
dimers or SWCNTs) are enhanced because of the disordered
structure and that this promotes the relaxation of the mole-
cules from the Y-state to the E-state.

Similar to the energy shifts related to the optical transitions
due to fullerenes encapsulated within SWCNTs,***%?° whose
tube structures were identified by their chiral indices (n, m),
perylenes@HiPco-SWCNTs also exhibited tube-structure-
dependent energy shifts in the optical transitions of SWCNTs,
as determined from the photoluminescence excitation (PLE)
map (see Fig. S8 in the ESIf). Moreover, although an investi-
gation of the interaction of the encapsulated perylenes with
the different (n, m) species of the SWCNTs will require a
detailed spectroscopic analysis of the optical properties of the
SWCNTs, in the PLE map of perylene@HiPco-SWCNTs, for
example, the (12, 5) SWCNTs did not induce noticeable energy
shifts. This suggests that a smaller strain acts on the SWCNTS;
the tube diameter of the semiconducting SWCNTs being
1.20 nm allows for the formation of dimeric perylene chains.
In addition, the PLE map characterized by the well-resolved PL
peaks of the different (n, m) species is different from that of
the bundled SWCNTs indicating significant exciton energy
transfer,’ suggesting the transfer of less energy from the
small-diameter tubes with the encapsulated monomeric pery-
lene chains to the larger-diameter tubes with the encapsulated
dimeric chains.

The effect of confinement on the fluorescence lifetime of
the encapsulated molecules will also be dependent on the
tube structure, which governs the inner space and the elec-
tronic characteristics of the SWCNTSs, because of a change in
the interaction between the SWCNTs and the encapsulated
molecules. In fact, although the variation in the fluorescence
lifetime is small, a relatively strong interaction leads to a
decrease in the fluorescence lifetime of the encapsulated mole-
cules,'” whereas a weaker interaction, which results in the iso-
lation of the encapsulated molecules, leads to an increase in
the fluorescence lifetime.*" Therefore, the fluorescence life-
times for both the Y-emissions of the dimeric perylene chains
and the monomer-related emissions of the monomeric pery-
lene chains may also be influenced by the tube structure of the
SWCNTs. In order to be able to control the optical properties
of dimeric perylene, the perylene molecules should be encap-
sulated within semiconducting SWCNTs with specific
diameters. Semiconducting SWCNTs with the desired
characteristics can be prepared using selective-extraction

Nanoscale, 2016, 8, 7834-7839 | 7837
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methods such as the polymer wrapping technique.*? There-
fore, the confinement effects of perylene molecules encapsu-
lated within SWCNTs and the use of selective-extraction
techniques to obtain SWCNTs with the desired characteristics
should promote the use of encapsulated organic dyes for
photovoltaic devices.

Conclusions

We demonstrated the effects of the confinement of organic
dyes on their optical properties via the encapsulation of pery-
lene molecules within SWCNTs. The arrangement of the
encapsulated perylene changes from monomeric linear chains
to dimeric linear chains and finally to disordered dimeric
structures with an increase in d.. These changes in the
arrangement of perylene lead to changes in the spectral shape,
Stokes shift, and lifetime of its emissions. In particular, the
encapsulated dimeric perylene not only leads to large Stokes
shifts, owing to the formation of STE states, but also exhibits a
room-temperature Y-emission with a vibronic fine structure
corresponding to the dimeric perylene chains. However, in the
case of a-perylene crystals and perylene dimers, the Y-emission
occurs only at low temperatures. In addition, the fact that the
emissions of disordered dimeric perylene encapsulated in
larger-diameter tubes are broader suggests that the Y-emission
at room temperature is attributable to the confinement effect.
Thus, by exploiting this confinement effect and using
selective-extraction techniques to obtain SWCNTs with specific
diameters, it would be possible to control the emissions of
encapsulated organic dyes with precision.
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