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ABSTRACT

Far-field near-infrared fluorescence microscopy of single-walled carbon nanotubes (SWNTs) has been hampered by the diffraction limit to
resolution. A new analysis method is presented that allows subwavelength (< A/10) mapping of single-molecule chemical reaction sites on
semiconducting SWNTS, enabling precise localization of excitonic luminescence regions along the nanotube axis through a nonperturbing,
far-field optical measurement. This method is applied to reveal the subdiffraction lengths, curvatures, and defects of luminescent SWNTSs in
unprecedented detail.

Optical excitation of semiconducting single-walled carbon  We prepared samples containing highly luminescent and
nanotubes (SWNTSs) leads to near-infrared luminescencerelatively long nanotubes by dispersing raw HiPco SWNTs
through radiative recombination of excitol&This emission in aqueous SDBS surfactant using very brief tip ultrasoni-
allows the detection of individual nanotubes in a range of cation® To immobilize the nanotubes while keeping them
physical, chemical, and biological environments through in aqueous environments, the dispersed tubes were diluted
fluorescence microscopy® However, spatial resolution in  and mixed in a melted 5% agarose gel preparation. The pH
the far field is limited by diffraction to a value much larger in the samples was adjusted using sulfuric acid and kept
than the~90 nm exciton excursion range at room temper- constant. A drop of the melted mixture was then sandwiched
ature, which defines an important scale for elementary petween a glass slide and a cover slip and sealed with silicone
photophysical processésilthough blinking has been ob-  grease to prevent drying. The samples were mounted onto
served for some nanotubes dried on a surfeueotolumi- an inverted microscope (Nikon TE-2000U) equipped with a
nescence of SWNTSs in aqueous suspensions is generallysg, objective (NA= 1.4, Nikon). An additional 1.5 mag-
reported to be stabfel We show, however, that the pification was used such that a single pixel width cor-
luminescence of isolated SWNTs suspended in sodium egnonded to 335 nm. Samples were continuously excited
dodecylbenzenesulfonate (SDBS) displays unceasing inter-.,m above by a 658 nm diode laser beam. The infrared pho-
mittency in controlled acidic environments, due to localized toluminescence emitted by the SWNTs passed through long-
individual protonation/deprotonation reactions. We isolate ass infrared filters (FEL 946, Thorlabs) and was detected
these sudden changes in luminescence intensity by computin£y aliquid-nitrogen-cooled 16-l’)it InGaAs 2D array (OMA-V

Srgfrireesml?ric;vmvli?jese gfihweefnr;cfgsr‘f:C;gveomtdseorergggaigggz 2D, Princeton Instruments). Laser intensities were kept below
: 9 LY P 1 kW/cn? to avoid excitor-exciton annihilation effect8

is then used to extract the positions of the localized single- . .

. . . S that would shorten the exciton excursion range. We recorded
molecule reaction sites with subwavelength precision. When luminescence image sequences with an integration time of
the positions of multiple reaction sites are combined, the .

P P y 50 ms and a readout dead time of 4 ms for up to 10 000

reveal a high-resolution map of the nanotube’s luminescent . .

regions. c_onsecu.tlve frames. A second port of the microscope was
fiber-optically coupled to a near-IR spectrograph with a 512-

~ *Corresponding authors. E-mail: Icognet@u-bordeauxl.fr, weisman@ channel InGaAs detector array for recording SWNT emission

rice.edu. spectra. Both spatially unresolved and micrometers-long

T Rice University. ) A :
*UniversiteBordeaux. SWNTs were identified in the near-IR photoluminescence
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Figure 1. Acid-induced photoluminescence intermittency of dif- P T T T T T N I

fraction-limited segments of individual SWNTs immobilized in
gels. (a) Emission intensity from two segments of the same nanotube‘I 50+ e 1504 f
at pH 7. (b and c) Emission intensity from different nanotubes at @ 0]
pH 4. e e
o | 2 .
(PL) images. Ther(m) identity of an individual SWNT was § §
deduced from the peak wavelength of its narrow Lorentzian @ 0 604
emission spectrurit. 0 30 60 0 30 60

The pH in the sample gels was held constant within the N (103photons) N (103photons)

range from 4 to 84£0.5). For pH values above 7, most of
the nanotubes displayed highly stable PL for tens of minutes Figure 2. Generation of single-molecule reaction site map for a
under continuous laser illumination at intensities near 900 SWNT at pH 4. (a and b) Consecutive 50 ms photoluminescence
W/c?. At pH 7, some SWNT segments showed occasional image frames before processing. (c) The color-coded difference

. i ' : ) i image between frames shown in a and b revealing the presence of
PL intensity steps that were highly localized (Figure 1a). At one positive (red) and one negative (blue) intermittency spot
pH 4, these local intensity changes became very frequent(i-spot). (d) Positions of the two i-spots (red and blue open circles)
(Figure 1b). Furthermore, a fraction of the SWNTSs that were deduced from 2D Gaussian fitting as described in the text. Black
shorter than the diffraction limit displayed complete on/off symbols show the positions of all other intermittency spots found

L . . . from the 10 000 frame video recording. (e and f) Distributions of
blinking behavior (Figure 1c). We have previously reported the spatially integrated signal amplitudes in the positive and negative

the transient occurrence of intensity steps as the PL of.gpots, respectively, obtained by the fits. All scale bars arenl
individual SWNTs was quenched during acidificatiowe

attributed such steps to single protonation/deprotonationthan A. More generally, PL intermittency would originate
reactions at the nanotube side wall. In the present work, thefrom the on/off blinking of nanotube segments whose lengths
observation of continuing PL intermittency at constant pH are directly related ta\, which is well below the diffraction
confirms that single protonation/deprotonation reactions canlimit and therefore not directly accessible through conven-
occur repeatedly under steady-state conditions, supportingtional microscopy. We present below a new analysis method
the proposed mechanism for acid PL quenching. This that retrieves with subdiffraction resolution the locations of
mechanism is thought to involve the injection of a hole into these blinking segments created by stochastic single-molecule
the nanotuber-system near the protonation st&:3If an reactions.

exciton encounters such a chemically induced hole before it We first computed differential images of the differences
recombines radiatively, then the exciton’s PL is quenched between successive near-IR image frames (see Figure)2 a
efficiently through nonradiative Auger processé# such Positive and negative intermittency spots (i-spots) became
a scheme and for nanotubes that are longer than-b@ apparent in these differential images, reflecting the sudden
nm exciton excursion rangeAf§,” only a fraction of the PL changes occurring along the nanotubes at pH 4 (Figure
excitons generated within a diffraction-limited segmelig ( 2c). The majority of the i-spots are diffraction-limited (2
~ 600 nm) would be quenched by a single protonation- pixels correspond to 670 nm in Figure 2c), as is consistent
induced hole. Subsequent deprotonation would remove thewith a PL wavelength much greater thAnand they appear
quenching site and restore the original PL intensity. In this mainly uncorrelated in time and space. We then statistically
model, the complete on/off blinking behavior displayed in fit each i-spot spatial distribution to a Gaussian approximat-
Figure 1c is expected only for nanotubes with lengths less ing the true point-spread function. These fits retrieve the
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Figure 3. Subwavelength determination of morphology and length of individual SWNTSs. (a, d, and g) Luminescence images of three
nanotubes. Scale bars ar@ih. (b and c) Maps constructed from positions of positive and negative i-spots, respectively, for the nanotube
shown in a. (e and f) Maps constructed from positions of positive and negative i-spots, respectively, for the nanotube shown in d. (h) Map
constructed from both positive and negative i-spots for the nanotube shown in g. (i) Distribution of i-spot locations along the major axis
of the nanotube mapped in h.

locations of the i-spot centroids with subwavelength accuracy i-spots. This image illustrates that our method can provide a
and provide their spatially integrated amplitudes, correspond-high-density map of reaction events (typicatihl000f:m)

ing to the change in number of detected photdh®, 17 As even within diffraction-limited regions.

an example, the red and blue circles on Figure 2d show the The top row in Figure 3 presents fluorescence images of
positions of the two i-spots in Figure 2c. For this nanotube, three different SWNTs. The shape of the one in Figure 3ais
we have analyzed 453 negative and 471 positive i-spots andnot evident, and the two others, which have lengths shorter
plotted their locations as black points in Figure 2d. Figure than the diffraction limit, at first appear identical. However,
2e and f show the distributions of their amplitud&syvhich the i-spot maps shown in frames b, c, e, f, and h reveal a
can be seen to be equivalent and mainly unimodal. This distinct “C” shape for the first one (likely reflecting high
confirms that single protonation and deprotonation reactions stress exerted during preparation of the gel sample) and show
dominate the PL intermittency because multistep eventsthat the lengths of the two other ones are very different. More
would lead to broad, multimodal distributions. If background precisely, the length of the tube presented in Figure 3d is
noise can be neglected relative Np then the error in the  slightly below the diffraction limit £500 nm, Figure 3e and
fitted position can be approximated by, ~ N'2, where f) and its orientation is also unambiguously revealed. We
sis the standard deviation of the fitting Gaussiaf660 nm confirmed this orientation using linearly polarized excitation
for a PL wavelength of 1300 nm§:18Given that each i-spot  light.5 In contrast, the length of the tube presented in Figure
typically represents a change of more thart fiotons, a  3g is much shorter (100 nm full width at half-maximum
resolution below 10 nm would be expected. However, the (fwhm)), as can be seen in Figure 3h and i). This i-spot map
measured transverse resolution wa40 nm for the (9,2) illustrates the axial resolution limit imposed By Interest-
SWNT presented in Figure 2. This indicates that our NIR ingly, the complete on- and off-blinking behavior presented
detector is not operating in the shot-noise limited regime. in Figure 1d was measured from this SWNT, exactly as
The minimal dimension that will be resolved parallel to the expected for such short nanotubes.

nanotube axis in our experiments is given by the convolution The SWNT length determination described here reveals
of the transverse resolution withh. This result is ap- only nanotube segments in which excitons recombine radia-
proximately 100 nm, a value less tha#i0. Figure 2d shows tively. If the nanotube ends act as quenching sites, then
the map of the nanotube constructed by compiling 924 excitons created within a distanceof\/2 of the ends will
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Figure 4. Subwavelength determination of luminescence defects in individual SWN¥€) (auminescence image, i-spot map, and
distribution of i-spot locations along the major axis of one nanotube. (d and f) Luminescence images of two different nanotubes in the
presence of 10 nm gold nanoparticles. (e and g) i-spot maps corresponding to the nanotubes shown in d and f. Triangles indicate the
locations of luminescence defects. All scale bars arenl

not recombine radiatively. The apparent nanotube length can reveal and locate quenching perturbations within a
deduced from the i-spot map would then be shorter than thenanotube with subwavelength resolution.
physical length byA. Additional studies will be needed to Recently, several ensemble and single-molecule ap-
confirm this assumption. Nevertheless, our single-particle proaches have been developed to image features below the
study provides the first direct evidence that very shett@0 diffraction limit.?* The method presented here is conceptually
nm) segments within nanotubes can luminesce efficiently. related to those single-molecule methods that extract the
The i-spot maps corresponding to protonations or depro- positions of luminescent objects separated by only a few
tonations for the same nanotubes are indistinguishablenanometers. Small numbers of fluorophores or quantum dots
(Figure 3b and c and 3e and f). For most SWNTSs that appearlocated within the diffraction limit were resolved by using
uniformly bright, we find i-spots that are uniformly distrib-  their photobleachirig-23or blinking propertieg# In order to
uted along the nanotube lengths (Figure 2 and 3). Onlocate single molecules at higher densities, Betzig et al.
occasion, however, the maps reveal the presence of a shortecently used serial photoactivation and subsequent bleaching
subwavelength segment {00 nm) in which no i-spots are  of numerous sparse subsets of photoactivatable fluorescent
detected (Figure 4&c), even though the nanotube’s near- protein molecule$® Zhuang et al. developed a stochastic
IR fluorescence image appears entirely uniform. We hy- optical reconstruction microscopy scheme (STORM) that
pothesize that such segments originate from isolated permaretrieves the position of pairs of molecules that are switched
nent physical or chemical defects in the nanotube that quenchon and off using different excitation waveleng#i3’ By
the excitonic PL within a range af\. Our samples also  comparison, in our method the PL intermittency produced
contain some long (multimicrometer) nanotubes that show by single-molecule reactions is analyzed to reveal intranano-
nonuniform images in conventional fluorescence micros- tube features with subwavelength resolution. This allows fine
copy!® However, these SWNTs are difficult to study using far-field measurements of nanotube lengths, curvatures, and
i-spot mapping because of their weak emission within regions orientations. In addition, our method can map the small
of high defect density. In an attempt to control the number nonemissive regions caused by permanent defects or chemi-
of quenching defects, we mixed a high concentration of 10 cal derivatization of a nanotube side wall. It will thereby
nm gold nanoparticles~<1—10 particles pepum?®) with the allow measurement of the density and spatial distribution of
nanotubes during gel preparation to act as extrinsic local these “dark” regions in greater detail, allowing improved
quenching site$®> The density was, however, kept low insight into the processes that generate exciton quenching
enough to ensure that the induced defects remained invisiblesites and their abundance in different samples.
in normal fluorescence imaging. Bright nanotubes with
relatively uniform emission profiles were then imaged atpH  Acknowledgment. This work was supported by grants
4, as described above. Analysis of their i-spot maps revealedfrom the NSF Center for Biological and Environmental
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