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Supplementary Video S1. Computational visualization of an exciton–proton collision. Quantum 
chemical model illustrating how the defect-localized excitonic wavefunction evolves as an ion (red dot) 
approaches along a (6,5)-SWCNT nanopore. This visualization highlights the strong local-field sensitivity 
of defect-trapped excitons to protons confined within single-file water chains, providing a conceptual 
framework for interpreting the discrete spectral and intensity changes observed experimentally. 
 
Supplementary Video S2. Repeated exciton–proton collisions at the same defect site in a short 
(6,5)-SWCNT pore under pH 2 conditions. Time trace of Esp3 photoluminescence from a single defect 
site in a TIP device exposed to an acidic aqueous solution (pH 2.0). The data are recorded from the same 
atomic defect site throughout the experiment. Discrete intensity steps (highlighted in red) arising from 
reversible spectral shifts correspond to individual proton trapping and de-trapping events at the same 
defect site. The black trace provides a background reference. This TIP device is identical to that shown in 
Supplementary Fig. 17 and Fig. 4 of the main text. 
 
Supplementary Video S3. Suppressed exciton–proton collision frequency at a defect site deep 
within a long nanotube pore. Time trace of defect-trapped exciton PL from a defect site located deep 
within a long (6,5)-SWCNT TIP device exposed to a pH 2.0 aqueous solution. Compared to short 
nanotubes, discrete proton trapping events (red markers) occur with significantly reduced frequency, 
consistent with limited proton access to defect sites located far from the pore opening. The black trace 
indicates background intensity. This TIP device corresponds to Supplementary Fig. 19 and serves as a 
spatial-accessibility control.  
 
Supplementary Figs. 1–21. 
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Supplementary Fig. 1. Optical characterization of purified (6,5)-SWCNTs prior to defect incorporation. a, 
Photograph of a solution of chirality-purified (6,5)-SWCNTs stabilized by PFO-bPy in toluene. b, 
Absorption spectrum showing the dominant E11 excitonic transition at ~980 nm and the corresponding E22 
transition at higher energy. c, Excitation-emission (PLE) map confirming nearly single-chirality purity and 
the absence of native defects.  

 
Supplementary Fig. 2. Chemical characterization of the diazonium precursor used to create sp3 
quantum defect traps. a, 1H, b, 13C, and c, 19F-NMR spectra of synthesized 3,4,5-trifluorobenzene 
diazonium tetrafluoroborate in acetonitrile-d3. The spectra confirm the expected molecular structure and 
chemical purity of the diazonium salt used to generate sp3 quantum defects on (6,5)-SWCNTs. This 
controlled defect precursor enables the reproducible formation of well-defined, isolated exciton traps, 
which serve as the interaction sites for exciton–proton collisions investigated in this work.   
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Supplementary Fig. 3. Trap-in-a-pore (TIP) architecture for isolating single exciton–proton 
interactions. Schematic illustration of individual single-walled carbon nanotubes (SWCNTs) 
encapsulated between two Parylene C layers deposited on a quartz substrate. Lithographically patterned 
Parylene C protection pads selectively expose only the nanotube ends, forming an accessible nanotube 
pore while electrically and chemically isolating the remainder of the nanotube. This geometry confines 
small aqueous species to the nanotube interior while spatially isolating defect-localized excitons from the 
external environment, enabling repeated measurements of exciton–proton collisions at the same atomic 
defect site within a single nanotube pore.   
 

 
 
Supplementary Fig. 4. Optical identification of individual nanotubes, defect-localized exciton PL, 
and pore accessibility in a TIP array. a, White-light optical image of a lithographically patterned TIP 
array showing the 5 μm-diameter Parylene C protection pads. The alphanumeric labels indicate array 
locations on the chip. b, Corresponding PL image of individual (6,5)-SWCNTs under 561 nm laser 
excitation, showing spatially isolated nanotubes within individual pads. c, Defect-localized exciton PL 
(Esp3) from the same field of view, which is spectrally redshifted relative to mobile E11 exciton emission 
and arises from individual sp3 quantum defect sites. d, Composite image overlaying the nanotube exciton 
PL (white), defect-localized exciton PL (red), and Parylene C pad boundaries (cyan), enabling 
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unambiguous assignment of defect emission to individual nanotubes within a defined pore geometry. (e–
f) PL imaging and schematic illustrations of representative partially encapsulated nanotubes with exposed 
ends (TIP configuration, enabling access of water and protons to the nanotube interior) and fully 
encapsulated nanotubes (sealed controls), respectively. These configurations distinguish proton-
accessible pores from encapsulated nanotubes that serve as negative controls throughout this work.   
 
 

 
Supplementary Fig. 5. AFM characterization of lithographically patterned Parylene C pads that enable 
controlled nanotube pore access. a, Topographic AFM image of a representative array of Parylene C 
protection pads patterned on quartz, showing uniform circular pads with diameters of approximately 
4.5 μm. b, AFM height profile showing 325 nm thickness, corresponding to two stacked Parylene C layers 
used to encapsulate and protect the nanotube body. c, Three-dimensional AFM rendering and d, high-
resolution height profile of a representative pad showing the well-defined pad boundaries that spatially 
confine the exposed nanotube pore region. 



 

5 

 
Supplementary Fig. 6. Water filling of individual TIP devices probed by nanotube 
photoluminescence. PL spectra of two individual (6,5)-SWCNTs: a, a representative TIP device, and b, 
a pristine (6,5)-SWCNT control. In each case, measurements were performed on the same individual 
nanotube or TIP device under dry isopropanol (empty pore) and water (filled pore). Water filling induces a 
reproducible redshift of the nanotube E11 exciton PL peak by 15 meV and 13 meV for these two 
representative nanotubes, respectively, relative to their empty state.  
 

 
Supplementary Fig. 7. Statistical characterization of water accessibility and excitonic responses 
across multiple TIP devices. a, Averaged PL spectra of 11 individual, defect-free (6,5)-SWCNTs 
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measured under water-filled (blue solid circles) and empty (dry IPA, black open circles) conditions. Each 
spectrum represents an average over independently identified single nanotubes. b, Histogram showing 
the fraction of defect-free nanotubes that exhibit water-induced E11 redshifts, indicating pore accessibility 
following lithographic processing. c, Averaged PL spectra of 22 individual TIP devices, showing distinct 
spectral responses to water and dry IPA. d, Histogram of water-filled versus unfilled TIP devices, 
demonstrating that defect incorporation does not suppress pore accessibility. All measurements were 
performed on individual nanotubes under 561 nm laser excitation at 54.3 W/cm2. 
 

 
Supplementary Fig. 8. Statistical analysis of the spectral shifts in (6,5)-SWCNT exciton PL (E11) upon 
reversible water filling of individual TIP nanotube pores. E11 PL peak positions of 14 individual TIP 
devices were extracted by fitting with a Voigt function and compared between water-filled and empty 
states. Twelve out of the 14 TIP nanotubes exhibited a reproducible redshift in the E11 exciton PL peak 
upon water filling, confirming pore accessibility following lithographic processing. These measurements 
establish a quantitative, nanotube-by-nanotube criterion for identifying water-accessible pores prior to 
defect-localized exciton and proton-interaction studies.  
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Supplementary Fig. 9. Isotope-dependent spectral responses of defect-trapped excitons to H2O and 
D2O filling in a TIP nanotube pore. (a) PL image of a TIP device containing an individual (6,5)-SWCNT 
with a single sp3 quantum defect trap. Emission from defect-trapped Esp3 excitons (red) is superimposed 
on the E11 exciton PL. (b) PL peak position of the same nanotube and the same defect site monitored 
under sequential filling with H2O (pH 6.0), dry IPA (empty), and a 1:1 IPA-D2O mixture. The nanotube 
exciton (E11) and defect-trapped exciton (Esp3) PL show distinct spectral responses to H2O and D2O filling. 
 

 
Supplementary Fig. 10. PL responses of nanotube E11 excitons and defect-localized Esp3 excitons to 
H2O and D2O averaged over 26 individual (6,5)-SWCNTs. For each TIP nanotube, measurements were 
performed sequentially under H2O-filled, dry IPA (empty pore), and 1:1 vol.: vol. IPA-D2O conditions to 
ensure comparisons on the same nanotube. Water filling induces a redshift in E11 emission from 1.243 ± 6 
meV (dry IPA) to 1.225 ± 5 meV, which is reversed upon dehydration with IPA. Refilling with D2O 
produces similar but smaller redshifts. In contrast, defect-localized excitons exhibit a qualitatively different 
isotope response: D2O filling results in a blueshift from 1.073 ± 15 meV (dry IPA) to 1.084 ± 23 meV, 
whereas H2O filling induces a redshift to 1.064 ± 19 meV. This opposing isotope dependence of defect-
localized excitons is observed consistently across individual TIP nanotubes, supporting a mechanism 
involving proton-specific interactions and hydration dynamics at sp3 quantum defect sites, rather than 
generic dielectric effects. 
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Supplementary Fig. 11. Extended data set of Fig. 2D on the spectral responses of nanotube and 
defect-trapped excitons to water filling. a, PL image of a TIP (6,5)-SWCNT bearing a single sp3 
quantum defect (3,4,5-trifluorobenzene/OH). Emission from the defect-localized exciton (Esp3) is spectrally 
separated from the nanotube E11 emission. b, Super-resolution localization of the same defect exciton 
trap. c, Hyperspectral line scans acquired along the nanotube axis under exposure to a pH=4.0 aqueous 
solution. Photoluminescence spectra were recorded under 561 nm laser excitation at 54.3 W/cm2.  
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Supplementary Fig. 12. Atomistic models of water-filled and proton-containing water chains in 
pristine and defect-bearing nanotube pores. DFT-optimized atomistic models used to simulate the 
spectral response of excitons to protons in confined water: (a–c) Representative atomic configurations of 
a pristine (6,5)-SWCNT containing (a) an empty nanotube pore, (b) a single-file water chain ((H₂O)₅), and 
(c) a proton-containing water chain (H⁺@(H₂O)₅). (d–f) Corresponding configurations in a (6,5)-SWCNT 
bearing a single sp3 quantum defect (3,4,5-trifluorobenzene/OH), including (d) an empty pore, (e) a 
neutral water chain, and (f) a proton-containing water chain. The red sphere represents H+, while the light 
blue spheres denote neutral H2O molecules. All geometries were optimized at the CAM-B3LYP/3-21G 
level of theory. 
 

 
Supplementary Fig. 13. Proton-induced modification of defect-localized excitonic states in 
nanotube pores. Simulated electronic absorption spectra and corresponding natural transition orbitals 
(NTOs). (a–c) Computed electronic absorption spectra highlighting distinct spectral shifts in E11 and Esp3 
upon introducing (H2O)5 (b) or H+(H2O)5 (c) into empty (a) SWCNTs. Calculations were performed on an 
8-nm-long, defect-free nanotube (green curves) and on a nanotube bearing a quantum defect (3,4,5-
trifluoro benzene/OH), with the defect exciton peak indicated by shading. The spectra were calculated 
using TD-DFT (CAM-B3LYP/3-21G) and corrected by applying a -0.580 eV shift to align the E11 transition 
of the pristine empty model with the experiment. A Gaussian linewidth of 25 meV at 298.15 K was used.  
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(d–i) Natural transition orbitals (NTOs) illustrating the electron and hole wavefunctions of (d-f) the 
nanotube E11 exciton in response to (e) (H2O)5 and (f) H+(H2O)5, and (g-i) the defect-trapped Esp3 exciton 
under the same conditions. All calculations were carried out using TD-DFT at the CAM-B3LYP/3-21G 
level. 
 
 
Theoretical Model of Exciton-Ion Collisions. To simulate exciton-proton interactions inside a nanotube 
pore, we modeled a (6,5)-SWCNT as a hollow cylindrical shell of finite length L and radius R, capturing 
the essential electrostatic coupling between a defect-localized exciton and a proton inside the nanotube 
(Supplementary Fig. 14). This minimal model interprets exciton–proton collision dynamics observed 
experimentally.  

 
Supplementary Fig. 14. Cylindrical shell model for exciton–proton interactions in a nanotube. The 
nanotube is represented as a hollow cylindrical shell of radius 𝑅 and length 𝐿, with the axial (𝑧) and 
angular (𝜃) coordinates defining the relative positions of the electron and hole comprising the exciton. The 
electron (green) and hole (black) are confined to the nanotube surface at coordinates ሺ𝜃௘ , 𝑧௘ሻ and ሺ𝜃௛ , 𝑧௛ሻ, 
respectively, while the ion (red), representing a hydrated proton, is treated as a point charge located 
along the nanotube axis at position ሺ0, 0,𝑍௜௢௡ሻ. Distances between the ion and charge carriers (𝑟௤௘, 𝑟௤௛) 
and the electron–hole separation (𝑟௘௛) define the Coulomb interactions included in the variational exciton 
Hamiltonian.  
 
The nanotube is represented as a cylindrical shell with radius 𝑅 ൌ 7.05 𝑎଴ and length 𝐿 ൌ 300 𝑎଴, 
corresponding to a diameter of approximately 0.7 nm and a length of 15 nm. The electron and hole 
forming the exciton are described in cylindrical coordinates (𝑧௘ ,𝜃௘) and (𝑧௛ ,𝜃௛), respectively. The ion, 
carrying a point charge, is treated as a point charge located along the nanotube axis at position ሺ0, 0, 𝑧௤).  
 
The exciton is described using a variational trial wavefunction, 
ψtrialሺ𝑛௛,𝑚௛ ,𝑛௘ ,𝑚௘ሻ ൌ Ψ௘ሺ𝑛௘, 𝑧௘ሻΨ௛ሺ𝑛௛ , 𝑧௛ሻ𝑒ି஛భ௥೐೓𝑒

ି஛మ௥೜೐𝑒௜ሺ௠೐஘೐ା௠೓஘೓ሻ, 
where Ψ௘ሺ𝑛௘ , 𝑧௘ሻ and Ψ௛ሺ𝑛௛, 𝑧௛ሻ are one-dimensional particle-in-a-box wavefunctions for the electron and 
hole along the nanotube’s length: 

Ψ௘ሺ𝑛௘, 𝑧௘ሻ ൌ ටଶ

௅
sin ቀ

௡೐஠௭೐
௅
ቁ, 

Ψ௛ሺ𝑛௛ , 𝑧௛ሻ ൌ ටଶ

௅
sin ቀ

௡೓஠௭೓
௅

ቁ. 

The terms 𝑟௘௛, 𝑟௤௘ and 𝑟௤௛ are the electron-hole, ion-electron, and ion-hole distances, respectively: 

𝑟௘௛ ൌ ඨ4𝑅ଶ sinଶ ൬
θ௛ െ θ௘

2
൰ ൅ ሺ𝑧௛ െ 𝑧௘ሻଶ 

𝑟௤௘ ൌ  ටቄ 𝑅ଶ ൅  ൫ 𝑧௤ െ  𝑧௘൯
ଶ
ቅ 

𝑟௤௛ ൌ ට𝑅ଶ ൅ ൫𝑧௤ െ 𝑧௛൯
ଶ
 

The variational parameters λ1 and λ2 in the exponential terms represent the effective Coulomb interaction 
strengths between the exciton components and the ion. 
 
The total Hamiltonian 𝐻෡ is written as : 
𝐻෡ ൌ 𝑇෠ ൅ 𝑉෠ . 
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where the kinetic energy operator 𝑇෠  includes both axial and angular motion of both the electron and the 
hole: 

𝑇௭෡ ൌ െ
ℏమ

ଶ௠೐
∗
డమ

డ௭೐
మ  െ

ℏమ

ଶ௠೓
∗
డమ

డ௭೓
మ  , 𝑇஘෢ ൌ െ

ℏమ

ଶ௠೐
∗ோమ

பమ

ப஘೐
మ െ

ℏమ

ଶ௠೓
∗ ோమ

பమ

ப஘೓
మ 

The potential energy operator 𝑉෠  accounts for the screened Coulomb interactions between the 
electron-hole pair and the ion: 
𝑉෠ ൌ 𝑉௘௛෢ ൅ 𝑉௤௘෢ ൅ 𝑉௤௛෢ , 

with 𝑉௘௛෢ ൌ െ
௘మ

ସ஠கeff௥೐೓
, 𝑉௤௘෢ ൌ െ

௘మ

ସ஠கeff௥೜೐
, 𝑉௤௛෢ ൌ

௘మ

ସ஠கeff௥೜೓
.  

An effective dielectric constant εeff ൌ 9.0 accounts for the dielectric screening within the nanotube 
environment. 
The electron and hole effective masses are set to 𝑚௘

∗ ൌ 𝑚௛
∗ ൌ 0.2𝑚, where m is the free electron mass. 

Additional simulations explore mass asymmetry by increasing either 𝑚௘
∗ or 𝑚௛

∗  by 25%. 
 
The variational energy is obtained by minimizing 

𝐸ሺλଵ, λଶሻ ൌ
ർψtrial∣∣

∣𝐻෡∣∣∣ψtrial ඀

ൻψtrial∣∣ψtrial ൿ
, 

 for each ion position 𝑧௤ along the nanotube axis. Integrals are evaluated numerically using Gauss-
Legendre quadrature (120 points for z and 40 points for θ), and the energy is minimized with respect to 
the variational parameters 𝜆ଵ and 𝜆ଶ using MATLAB’s non-linear least squares minimizer. 

 
Supplementary Fig. 15. Proton-induced enhancement of electron–hole binding during exciton-
proton encounters. Exciton binding energy was calculated as a function of proton position 𝑧௤ along the 
axis of a defect-bearing (6,5)-SWCNT, based on the cylindrical shell model. As the proton approaches the 
defect-localized exciton, the electron–hole binding energy increases by up to ~0.13 eV, reflecting strong 
local electrostatic polarization during an exciton–proton encounter. Results are shown for three effective-
mass scenarios: equal electron and hole masses (green dashed line), a heavier hole (𝑚௛

∗ ൌ 1.25 𝑚௘
∗ , blue 

dashed line), and a heavier electron (𝑚௘
∗ ൌ 1.25 𝑚௛

∗ , red solid line). The ion traverses the nanotube from 
𝑧௤ ൌ 0 (left end) to 𝑧௤ ൌ 𝐿 (right end). The deepest energy minimum occurs when the proton is proximal to 
the defect site. 
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Supplementary Fig. 16. Local-field sensitivity of defect-trapped excitons. Calculated excitonic 
wavefunctions illustrate how an ion perturbs defect-trapped excitons inside a (6,5)-SWCNT pore. Shown 
are surface plots of the normalized squared excitonic wavefunction |𝜓|² projected along the nanotube 
axis for three representative ion positions: 𝑧௤ ൌ 0 nm (near the pore entrance), 𝑧௤ ൌ 3 nm, and 𝑧௤ ൌ 7.5 
nm (near the center of the pore). Results are shown for cases with (a–c) heavier electrons (+25%) and 
(d–f) heavier holes (+25%), exhibiting robustness of the response to effective-mass asymmetry. The ion 
position is indicated by a red dot in each panel. As the ion approaches the defect site, the excitonic 
wavefunction becomes increasingly compressed and polarized, reflecting strong local electrostatic 
coupling during an exciton–ion encounter.  

 
Supplementary Video 1 | Computational model of an exciton–ion collision inside a carbon 
nanotube pore. Visualization of the calculated excitonic wavefunction in a (6,5)-SWCNT as a positively 
charged ion (red dot) approaches and traverses the nanotube. The color map shows the normalized 
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squared excitonic wavefunction amplitude (|ψ|²), illustrating how the spatial distribution of the electron–
hole pair is distorted by the ion's local electrostatic field. The simulation is based on the cylindrical-shell 
model described in Supplementary Fig. 14 and captures the microscopic mechanism underlying the 
experimentally observed exciton–ion collisions. As the ion approaches the exciton localization region, the 
enhanced electron–hole binding and wavefunction distortion provide a physical basis for the discrete, 
reversible spectral shifts observed for exciton–proton collisions in confined water. 

 
Supplementary Fig. 17. Extended dataset of Fig. 4 demonstrating repeated exciton–proton encounters 
at a single, spatially localized defect trap within a short, open-ended (6,5)-SWCNT. a, Schematic 
illustration of a short SWCNT containing a single sp3 quantum defect site and embedded in a TIP device 
to allow controlled access of aqueous solutions through the exposed nanotube end. b, Superimposed PL 
image showing nanotube emission (E11, white) and defect-trapped exciton emission (Esp3, red) within a 
lithographically defined Parylene C pad. c, Super-resolution localization map of the defect-trapped 
exciton, confirming that all measurements originate from the same atomic defect site (localization 
precision <20 nm). d, PL spectrum recorded from the localized defect site, showing both mobile (E11) and 
defect-trapped (Esp3) exciton emission, confirming the presence of a single exciton trap within the 
nanotube pore. e, PL spectra from the same defect site measured in dry IPA and water, showing a 
reversible spectral shift of E11 that confirms nanopore accessibility to molecular filling.  
 
Time-resolved PL measurements from this same defect site under mildly acidic conditions (pH 5.9) exhibit 
discrete, reversible intensity steps arising from repeated proton trapping and de-trapping events. Because 
all spectral and temporal data are collected from the same spatially localized defect, these measurements 
demonstrate the ability to repeatedly probe exciton–proton collisions at a single atomic site over time, 
rather than averaging over different defects or nanotubes. 
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Supplementary Video 2 | Spectral response to exciton–proton collisions at a single defect trap in a 
short nanotube pore. Time-resolved photoluminescence (PL) responses to exciton–proton collisions at a 
single defect trap in a TIP device containing a short, open-ended (6,5)-SWCNT exposed to a pH 2.0 
aqueous solution. The data were recorded from the same individual nanotube and the same atomic 
defect site shown in Supplementary Fig. 17 and Fig. 4 of the main text. Discrete, reversible intensity steps 
(highlighted in red) arise from individual proton trapping and de-trapping events at the defect-localized 
exciton, while the black trace represents a background reference signal acquired from a nearby, defect-
free region. This video directly visualizes repeated exciton–proton collisions at a single defect trap under 
strongly acidic conditions, demonstrating the ability to monitor ion–exciton interactions within an individual 
carbon nanotube nanopore. 
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Supplementary Fig. 18. Negative control: no pore access, no exciton–proton collision signatures. 
Control experiment demonstrating the absence of exciton–proton interaction signatures in a fully 
encapsulated SWCNT, where the nanotube pore is inaccessible to water and ions. a, PL image of a 
defect-bearing (6,5)-SWCNT that is fully encapsulated, showing overlaid mobile nanotube exciton 
emission (E11, white) and defect-trapped exciton emission (Esp3, red). b, PL spectrum recorded from the 
defect region, showing well-resolved E11 and Esp3 emission peaks. c, PL spectra measured from the same 
defect site under immersion in water and dry IPA, showing no detectable E11 energy shifts, consistent 
with the absence of molecular access to the nanotube interior. d, Time-resolved PL intensity traces of the 
same defect trap under sequential exposure to mildly acidic water (pH 5.9), strongly basic solution (pH 
12), strongly acidic water (pH 2), and dry IPA. No discrete intensity steps, spectral shifts, or stochastic 
switching events are observed under any condition.  
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Supplementary Fig. 19. Reduced exciton–proton collision probability for defect sites deeper within 
nanotube pores. Spatial dependence of exciton–proton collision signatures in a TIP device containing a 
single long (6,5)-SWCNT with one open end. a, Superimposed PL image showing mobile nanotube 
exciton emission (E11, white) and defect-trapped exciton emission (Esp3, red) from a long, open-ended 
(6,5)-SWCNT. The dashed outline indicates the nanotube axis and defect location relative to the exposed 
pore mouth. b, PL spectra collected from an unfunctionalized nanotube region and from the defect site 
under dry IPA conditions, confirming the presence of a single defect-localized exciton trap. c, Comparison 
of PL spectra acquired under water and dry IPA exposure, showing E11 energy shifts that confirm 
nanopore accessibility in the long nanotube geometry. d, Time-resolved PL intensity traces of defect-
trapped excitons (Esp3) recorded from individual defect sites located at different axial positions within long 
SWCNT pores under sequential exposure to mildly acidic water (pH 5.9), strongly acidic water (pH 2), 
strongly basic solution (pH 12), and dry IPA. Defect sites located farther from the pore mouth exhibit a 
~75% reduction in the frequency of discrete intensity steps compared to near-mouth defects. 
 
This pronounced spatial dependence demonstrates that exciton–proton collision probability decreases 
with increasing distance from the pore entrance, consistent with reduced proton accessibility in deeper 
regions of the nanotube. These results further confirm that the discrete PL intensity steps observed 
throughout this work arise from pore-confined proton encounters with defect-localized excitons, rather 
than from surface adsorption or global environmental fluctuations. Data shown are representative of 
measurements performed across multiple independent nanotube–defect devices. 
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Supplementary Video 3 | Exciton–proton collisions at a single defect site under strongly acidic 
conditions. Photoluminescence monitoring of exciton–proton collisions at a defect trap in a TIP device 
containing a long, open-ended (6,5)-SWCNT as the nanotube pore fills with a pH 2.0 aqueous solution. 
The data correspond to the same individual nanotube and the same atomic defect site shown in 
Supplementary Fig. 19. Discrete, reversible intensity steps (highlighted in red in the intensity trace) arise 
from repeated proton trapping and de-trapping events at the defect-localized exciton, while the black 
trace represents a background reference signal. The accompanying PL images show the spatially 
localized defect emission within the nanotube during the measurement. This video directly visualizes 
exciton–proton collision dynamics at a single defect trap and illustrates how increasing proton availability 
leads to more frequent encounters, consistent with the stepwise intensity trajectories analyzed in the main 
text and Supplementary Figs. 17–20. 
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Supplementary Fig. 20. Kinetics of single-proton trapping and de-trapping at an individual defect 
trap. Time trace of photoluminescence responses to exciton-proton interactions at a single defect-trap 
showing discrete transitions associated with proton occupancy at the same atomic defect site. a, Logistic 
fitting of individual PL intensity steps recorded from the defect-trapped exciton in water (pH 5.9). b, 
Logistic fitting of PL intensity steps recorded from the same defect site in an acidic solution (pH 2.0). Each 
discrete intensity transition corresponds to a single proton trapping or de-trapping event at the defect trap 
and is well described by a sigmoidal (logistic) function. The extracted time constants (τ) quantify the 
characteristic kinetics of stochastic proton occupancy at an individual exciton trap, rather than ensemble-
averaged behavior. While trapping time constants are comparable across pH conditions, de-trapping 
transitions occur more rapidly at lower pH, consistent with increased proton–proton electrostatic repulsion 
at higher proton concentrations. All traces are recorded from the same defect trap shown in 
Supplementary Fig. 17, demonstrating repeatable, site-specific proton interaction kinetics at a single 
atomic defect within a nanotube pore. 
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Supplementary Fig. 21. Kinetic isotope effect confirms hydrated proton identity in exciton–proton 
collisions. Isotope-dependent kinetics of ion trapping at a single defect trap demonstrate that the mobile 
species responsible for the observed collision signatures is the hydrated proton. a, PL image of a 3,4,5-
trifluorobenzene defect-functionalized (6,5)-SWCNT showing E11 (white) and defect (Esp3, blue) 
emissions. The dot indicates the super-resolved defect site. The highlighted pixel marks the super-
resolved defect site monitored throughout the experiment. b, PL spectra of the same defect site 
measured in dry IPA, H2O (pH 4.0), and D2O (pD 4.0), showing distinct spectral responses associated 
with molecular and isotopic filling of the nanotube pore. c, Time-resolved PL intensity trajectories of the 
defect-trapped exciton recorded sequentially in H2O (pH 4.0, red) and D2O (pD 4.0, blue). Discrete 
intensity plateaus correspond to ion trapping events at the same atomic defect site. Deuterons exhibit 
systematically longer dwell times than protons, with an average dwell-time ratio of 1.54 ± 0.22 for the 
single defect shown and 1.40 ± 0.20 averaged across five independent defect sites. The observed kinetic 
isotope effect, manifested as prolonged occupancy in D2O relative to H2O, provides independent 
evidence that the observed exciton–ion collision signatures arise from hydrated protons (and deuterons), 
rather than from nonspecific ionic or molecular interactions. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2592.000 3456.000]
>> setpagedevice


