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A new peak with an increased intensity was observed in the photoluminescence (PL) spectra of single-walled
carbon nanotubes (SWCNTs), exposed to UV irradiation in the presence of sodium hypochlorite. It was concluded
on the basis of the spectroscopic data that the new PL peak is associated with oxygen defects in the SWCNT
structure. The impact of environmental acidity on the optical properties of oxygen-doped SWCNTs (O-SWNTs)
was investigated. An increased sensitivity of the new PL peak to the pH of the medium was observed. It was
concluded that the usage of a pH-neutral medium is of crucial importance for the creation of IR light sources based

on O-SWNTs.
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Introduction

Single-wall carbon nanotubes (SWCNT) — quasi-one-
dimensional cylindrical carbon structures demonstrating
stable exciton luminescence even at room temperature [1].
The dependence of the wavelength of the emitted light on
the chirality of the SWCNT, denoted by the chiral indices
(n, m), theoretically allows the use of the SWCNT to create
radiation sources with almost any desired wavelength in
the range from 800 to 2500nm [2]. However, SWCNTs
have a surprisingly low photoluminescence quantum yield
for a direct semiconductor, which is only a few percent,
which limits the possibilities of using SWCNTs to create
radiation sources [1]. There are two main reasons for
the low quantum yield of photoluminescence (FL) of
SWCNTs: a) free drift of excitons, leading to luminescence
quenching at the ends of the CNTs and other centers of FL
quenching [3], and b) the presence of a dark exciton state
in the energy exciton spectrum of the SWCNT, which has
less energy than the light exciton [4].

One of the possible ways to resolve these limitations
is to introduce zero-dimensional quantum defects into the
structure of the SWCNT due to the covalent attachment
of functional groups to their surface [5-8]. The presence
of a functional group leads to a distortion of the local
potential, in which excitons can have states other than
exciton states in the undoped part of the SWCNT [5-
38]. Excitons localized in an artificially created defective
potential do not drift along the SWCNT and are not subject
to scattering at the centers of FL quenching. In addition, the
energy gap between light and dark exciton states in the local
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potential may be smaller than in the non-functional region
of the SWCNT [23,32]. Taken together, these factors lead
to an increase in the brightness of exciton luminescence of
SWCNT, which makes functionalized SWCNTs a promising
material for creating IR radiation sources in the near-IR
region [15,39,40].

In the context of the creation of IR sources based on
SWCNT, an important role is played not only directly
by the ability of SWCNT to emit intense light, but also
by the sensitivity of the optical properties of SWCNT
to the local environment. Indeed, the influence of the
local environment on the excitonic luminescence of under-
formed SWCNTs has been studied in sufficient detail [41-
44]. In particular, it was found that the brightness of the
photoluminescence of the SWCNT strongly depends on
the acidity of the environment [45,46]. The prospects of
SWCNT with embedded zero-dimensional quantum defects
as a light source in the near IR range makes the question
of the sensitivity of zero-dimensional excitons to the local
environment, in particular, to the acidity of the medium,
relevant.

In this paper, we optimized the method of oxygen doping
of the SWCNT, which allowed us to increase the brightness
of the FL SWCNT. For the first time, we investigated
the effect of medium acidity on the brightness of one-
dimensional and zero-dimensional excitons in SWCNT func-
tionalized with oxygen. An increased sensitivity of exciton
levels introduced by oxygen doping to local environmental
conditions was found in comparison with freely drifting
excitons.
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Materials and methods

Commercially available SWCNT powder (CoMoCat) was
used as the starting material. SWCNT was suspended in a
2% aqueous solution of a surfactant (sodium lauryl sulfate),
after which ultrasonic treatment of the suspension was
carried out for 4h. Ultracentrifugation of the suspension
at an acceleration of 100000g for 1h was carried out
to separate the single SWCNTs from the beams. The
supernatant was used for further work.

The SWCNT functionalization technology with oxygen
in this paper is based on the method published in [9].
To prepare for functionalization, the resulting SWCNT
suspension was diluted with distilled water 10 times to
ensure the concentration of surfactant at the level of 0.2%.
50 ul of an aqueous solution of sodium hypochlorite (NaOCl
GOST A, diluted in distilled water in 10° times) was added
to 1ml of the suspension in a quartz cell. After that,
the cuvette was placed in a bactericidal chamber with a
10W lamp J-10 Ozone (UVL, Russia). The degree of
functionalization was regulated by the time of irradiation
of the suspension with UV radiation.

The FL spectra were recorded by the InGaAs IR detector
when excited by a tunable titanium-sapphire laser with a
wavelength of 840nm. The optical absorption spectra of
light are typed on an optical path equal to Smm. To
register the Raman spectra, the cuvette with suspension
was placed at an angle of 10—15% to the horizontal, the
focal length was selected so that the laser band was located
at a distance of 2—3 mm from the upper face. The Raman
spectra were recorded at a wavelength of exciting radiation
equal to 532 nm.

Results and discussion

Fig. 1,a shows the FL spectra of the initial SWCNT
(black line) and O-SWCNT obtained with different duration
of the functionalization reaction. As the duration of
UV irradiation increases, the suppression of the PL peak
with a position of 980 nm corresponding to the radiative
recombination of an exciton freely drifting along the one-
dimensional SWCNT (1D) is observed. In addition, a
new photoluminescent peak of 0D with a wavelength of
1130 nm is observed in doped SWCNTs, the intensity of
which increases during the first 25 min of UV irradiation,
and then begins to decrease. The spectral position of
this peak corresponds to the values previously obtained
experimentally and theoretically calculated for the energy
of excitons localized in a zero-dimensional defect potential
in the vicinity of an oxygen atom covalently attached to the
surface of SWCNT-(6,5) [5,36]. Also, a less pronounced
spectral feature with a position of 1050 nm is observed in
the spectra of doped SWCNT, which corresponds to the
radiative recombination of zero-dimensional exciton states
in O-SWCNT-(6,4).
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Figure 1. FL (a), OPS (b), Raman (¢) SWCNT spectra at

different durations of oxygen functionalization reaction.

In the optical absorption spectra of light in the SWCNT,
the appearance of a new spectral feature is also observed
when doped with oxygen (Fig. 1, b), the spectral position of
which is close to the position of the peak FL OD. However,
the dependence of the amplitude of the new peak of the
OPS on the duration of the reaction does not show an
inflection in the region of 25 min, but continues to grow. So,
after 80 min of the reaction, a new peak of the OPS is most
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Figure 2. (a) FL O-SWCNT spectra before and after the addition
of hydrochloric acid in various concentrations to the suspension,
(b) dependence of the intensity of 1D and 0D FL peaks on the
concentration of hydrochloric acid.

clearly expressed in the spectra of the OPS in the region of
1140—1150 nm, while the FL signal of the corresponding
sample is indistinguishable from the detector noise (Fig. 1, a,
green line).

The connection of new spectral features in the FL and
OPS spectra with oxygen defects in the SWCNT structure is
also confirmed by Raman spectroscopy. Fig. 1, c shows the
Raman spectra of the suspension of the initial and to varying
degrees functionalized SWCNTs. With an increase in the
duration of the oxygen functionalization reaction, there is an
increase in the defective (D) modes compared to tangential
(G) fashion, which indicates an increase in the density of
defects on the SWCNT

To study the sensitivity of FL 0D excitons to the
acidity of the environment, hydrochloric acid (HCl) was
added to the O-SWCNT suspension. Fig. 2,a shows the
photoluminescence spectra of O-SWCNT suspensions with
different concentrations of hydrochloric acid. With an
increase in HCI concentration, both 0D and 1D FL peaks
are suppressed, but the changes in the long-wavelength part
of the spectrum are more pronounced. Indeed, if the 0D

peak is about 2 times more intense than the 1D peak
before the addition of hydrochloric acid, then at a HCI
concentration of 25,nl/ml, these peaks have approximately
the same intensity, and at a very high HCl concentration
(130,nl/ml), the OD peak is almost completely suppressed,
while 1D the peak is still observed.

A significant difference in the sensitivity of 1D and 0D
exciton transitions to the acidity of the environment is
more clearly shown in Fig. 2,5, where the dependence
of the intensities of these peaks on the concentration of
hydrochloric acid in the suspension is constructed.

The discovered phenomenon of the dependence of the
intensity of the FL peaks on the acidity of the medium can
be used as the basis for fully optical pH sensors. On the
other hand, the data obtained indicate that it is necessary to
take into account the high sensitivity of 0D excitons to the
acidity of the local environment when creating IR radiation
sources based on O-SWCNT.

Conclusion

In this paper, we have optimized the method of func-
tionalization of SWCNT and demonstrated the possibility
of increasing the brightness of FL. SWCNT due to the
introduction of zero-dimensional quantum defects in their
structure.  For the first time, we found an increased
sensitivity of zero-dimensional excitons in the SWCNT to
the acidity of the medium, which should be taken into
account when creating radiation sources in the near-infrared
region. In addition, the effect of the dependence of the
ratio of 1D and OD exciton peaks in the FL spectra of O-
SWCNT on the acidity of the medium can be used to create
fully optical pH sensors.
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