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1 Il ntroducti on

Partsof this introductionare adaptedirom published work | co-authored
Qu, H.; Wu, X.; Fortner, J.; Kim, M.; Wang, P.; Wang, Y., Reconfiguring Organic
Color Centers on thgy? Carbon Lattice of SingtValled Carbon Nanotubes. ACS

Nano 2022, 16, 20#Z087.

Carbon is the4™ most abundant elemeonn earth It can formallotropes of
different dimensiors, including fullerenes(0D), carbon nanotubeglD), graphene
(2D), andgraphite(3D). The discovery otarbon nanotubes ménetracal all the way
back to1952when hollow carbon fibers were observddater in1991 lijima revealed
the molecular structure ahulti-walled carbon nanotube@MWCNTS) as multiayer
graphitic tubular structures using transmission electron microgcbipgse MWCNTSs
are analogous to graphite in terms of their electronic properties. Therefore, research in
the early stage was primarily focused on the mechamiogperties electrical
conductivity® and thermal conductivityln 1993 the first synthetic process feingle
walled carbon nanotubes (SWCNT#s discovered bthe NEC and IBM grops® ®
These SWCNTsanbeseemassingle layers ofjraphene rolled um a helical fashion
This discovery has enabled a great expansion of the nanomaterial aliel
investigation of the fundamental properties and applications of carbon nanotubes

The interest ISWCNTSsis primarilydriven bythe intriguing properties dhese
guast1lD materialsThe smooth 1D interior channethemical stabilitywell-defined

nanopors, and distinct optical properties SWCNTshave led teenhanced transport



rates inside these 1D pipé$, alteration of freezing point of the encapsulated
moleculegt! and applications, such as electrdfid® and optical device¥;!®
biosensing,” 18 and single photon sources fquantum communicatioft$2* among

many others.

1.1 Chirality of SWCNTs

The rolledup directionof SWCNTs can be described by a specific wrapping
vector6 &d® G ek &£hy (Figurel-1).2The chiral vector is defined in terms
of the primitive lattice vectors of a graphene unit @glandce. This vector, denoting
the chirality of SWCNTSs, determiaghar physical and chemical properties. Each
specific chirality has a wellefined diamete(d) calculated byequation 11, a chiral
angle (& calculated by equationd, a smooth wall made by $phoneyombcarbona

well-definedonedimensionapore and distinct optical properties

Q — & od E ecar Equationl-1

— OATL

Equationl-2

whered s the distance between two?sgarbons in the lattice (1.44%). To study

structure dependence of SWCNTg,() chirality is categorized by mod and family.

(nfm) mod categorizes SWCNTs witsimilar chiral angle but varying diameter.

(2n+m) family groups SWCNTs with similar diameter buarying chiral angle.

Depending on the (n, m), SWCNTSs can be grouped into meBAMENTsa € @

Gho 1 ,andsmall bandgap semiconducting SWCNTg '@ dho  pé ic .

I f m = 0, nanot ub-esnyand &n Tm, hdn&ubes Are caled a g 0 (

Ailar mc haiorm@The¢ structure variation is closely related to the electronic

2



structure of SWCNTSs, becausas rolling of the graphene sheet imposes specific

boundary conditions on the electronic wavefunction in the direction of rolling.

(X I Right-handed
(8,4) SWNT

Figurel-1. Schematigllustrationof. a,a SWCNT rolled up from a graphe sheetb,
the chirality related to the wrapping vector (n, Figurel-1b adapted from re23.

1.2 Optical Properties of SWCNTs

The electronic structurefea SWCNT can originate from that of single layer
graphene according to the hexagonal Brillouin zdfigure 1-2a shows the band
structure of graphene near the Fermeleyn the 2D Brillouin zone, the Fermi level
|l ies at the crossing points between an
by K and Ko6. The °~ and " * bands have a
and the valence and conduction bandstmeeat t he Fer mi l evel
Hence, graphene is a zegap semiconductor.

In contrast SWCNTSs can be metallic or semiconducting with different energy
gaps, depending on the diamefEine physics behind this variation of the electronic
strudures can be explained by trigonal wrapping effét®or a mod 0 SWCNT, a
cutting line(k line) crosses the K point, artdus it is metallic with continuous density

of states (DOS) at the Fermi enenggulting in no photoluminescence (REigure

at



1-3a). On the other hand, for semiconducting, there is no allowlatelcross K point

(Figure1-2b), exhibiting chiralitydependent transitional energies)EFigure1-3b).23

(5,5) SWCNT
Metallic

(5,0) SWCNT
Semiconducting

Figure1-2. Brillouin zoneof Graphene (a) and SWCNTSs (b).
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Figure1-3. Density of States (DOS) plots of metalianotubes (a) and

semiconducting nanotubes (b).



The DOS of SWCNTs exhibit the Van Hove singularity (VHSs) characteristic of
1D electronic systems. Distinct optical resonance occurs between the VHs peaks.
Under light illumination, excited electrons and tolre generated by absorption of
photons. These electrons are excited to conduction bandisaaretioles in the valence
band. A negatively charged electron and a positively charged hole interact through the
attractive Coulombic force forming a twgarticle boundstate, called the exciton,
which are stabilized by the binding energyoEthe two particles with opposite charges.

In SWCNTSs, the Eon the order of 500 meV is significantly higher than that of bulk
semiconductors (~26 meV¥) As a result, the optical resonance in SWCNTSs occurs at
the photon energy (wavelength) corresponding to the exciton energy emitting as E
photoluminescence (PL) instead of the quasi particle bandgap energy. Note that the
SWCNT$ optical properties mainly arise from a series of optically allowed E
transitions which indicates the transition between ith VHs of conduction and valence

band, wiie the E (i | ) i§ optically forbidden due to strong depolarization).

1.2.1 Spectroscopic Characterization of SWCNTs

Multiple instruments can be used to detect th@ical transitionHowever,
the optical signatures of SWCNTSs are significantly differ€or example, the optical
absorption spectra of @gown bundled SWCNTSs are considerably different from those
of individualized SWCNTSs. In the case of PL, it is generally difficult to observed PL
from asgrown bundles owing to the rapid nonradiative rateon of excitons in
semiconducting SWCNTs into metallic SWCNTs that are burdldhis can be

avoided by individually dispersing bundled SWCNTstipysonicatior?® shear force
5



mixing,?” and superacidurfactant exchangé&,?® and stabilized imqueoussurfactant
solution or polymer organic solution. Therefore, in this dissertation, we mainly focus
on individualized SWCNTSs that allow detection of their PL.
1.2.1.1 Optical AbsorptionSpectroscopy

Optical absorption spectroscopy is one of the most fuedéhtechniques for
directly probing electronic transitions in SWCNT#e chiralitydependent excitonic
transitions (k, i = 1,2,3,¢) of S S dlvEdby absonptionb e  di r e
spectroscopyRigurel-4a). For SWCNTs that have relatively small diameters-1066
nm), their & transitions appear in the naafrared (NIR), visible andiltraviolet UV)
regions. The Ephonon sideband of each tansitionis 200-:300 meV lower than the
primary E absorption band originating from the phoressisted transitiongigure
1-4a shows an absorption spectrum Hilgh-pressure carbbo monoxide (HiPco)
SWCNTSs.The optical absorption specteovidea fingerprint to identify the chirality
of SWCNTs The absorbance of the peak can be dgedquantitative analysis dhe
composition and fraction @hirality-sortedSWCNT accordingto LabertBe er 6 s | a w.
In addition, the sharpness of the peaks indicates the percentage of individually
dispersed SWCNTs in solutioBundled SWCNTs do not have sharp absorbance

features.
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Figurel-4. Optical proerties of SWCNTSs. a, absorption spectroscopy showing E
E22, and Bstransitions for HiPco SWCNTis 1% DOC/DO. b, PL excitation map
for HiPco SWCNTsn 1% DOC/BO.
1.2.1.2 Photoluminescence spectroscopy

The bandgap and large exciton binding energgemiconducting SWCNTs
enables NIR PL at room temperatd?@his PL and its quantum yield are influenced
by the chirality, length, defect density and surrounding environment. Ther€lore,
spectroscopy is a sensitive tool for studying the excitonic properties of SWCNTSs. The
PL excitation(PLE) map of HPco SWCNTs shown iRigurel-4b provides a basis for
identifying the chirality of SWCNTs as one can identify the Bbsorption and
correspoding E1 emissionA vertical slice of the PLE map atfof (n, m}SWCNTs
traces the absorption profile while the horizontal slice of the PLE map represents the
PL emission spectrum excited at specific wavelength. In the PL spectrum of-(n, m)
SWCNTs, the strong PL emission related to the radiative recombinatidfi1
excitons.A low intensity Dphonon sideband can be observed at ~140 meV lower in
energy than & PL, which originated from phoneassisted excitonic recombinatiéh.

In addition, this & PL is sensitive to #environment both outsitfe®? and insidé>3°

the hollow nanotubesAs such PL spectra provide rich information on the optical
7



properties of SWCNTS as well abeir surrounding. Furthermore, the optical
properties of semiconducting SWCNase beneficial for manypptoelectronic and
biological applications,including their use as a&inglephoton sourc€ and in
bioimaging®’
1.2.1.3 Raman Spectroscopy

Raman spectroscopy #suseful tool for graphitic materials, such as carbon
nanotubes and graphemsthese structurdsave signature G band and D bdRajure
1-5). G band commonly at 1560600 cm'® in the Raman spectrunepresents the an
in-plane tangential ogtal phonon involving the stretching of the bond between two
atoms in the graphitic unit ceft.*® This G band of SWCNTs split into'G~1590 cm
1y and G band (1572 cnm) due to the curvature effects, as they are related to the
circumferential and axial atomic vibration. In addition, lthe shapeand wavenumbers
of peaks are determined by the SWCye. D bandat 1350 crtt represents disorder
relatedvibration induced by symmetry breaking on the hexagorfatabon lattice.
Therefore, the D/G ratio is used for characterizing the relative density of defects on the
SWCNTSs.

Another featured Raman sigins radial breathing mode (RBM) of SWCNTSs.
It represents the vibration in thadial direction of nanotubes and is not observed in
other sp carbon materials. The peak position strongly depends on the diameter of

nanotubes following the equatiéh:
] — Equationl-3
wherg andd are the RBM frequency and diameter of the SWCNT, respectively.

This RBM is also sensitive to the surrounding environment both inside and outside
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nanotubes as the molecules or ions in the environment directly affearbosmatom?!®
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Figure1-5. Raman spectrum of CoMoCat SG65i SWCNTSs excited with 532 nm laser.
The RBM band are zoomed (imset).

1.3 Nanopore and1D Channelof SWCNTs

Single Digit Nanopores (SDNs) are nanopores that have characteristic
diameters or conduit widths less than 10 awna have only recently been accessible
experimentally for precision transport measurerfiefihe recent studies of transport
in SDNs reveal many counterintuitive behaviors that often defgontinuum
description of fluid flow. Specifically, SDNs can be tailored to sieve foom salt
water and serve as membranes for seawater desaliffatiodifferentiate liquid flow
and serve as sensotsand enhance proton transpit.

As a hollow cylindrical structure, the interior 1D channel of SWCpldssesses

interesting proprtiesas SDNsThe SWCNTnanoporas atomically smooth, providing
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an enhanced flux for liquitb penetrate through the chanfref® with well-defined
porediameterllowing ion or molecular selectivii#.*’ The diameter of SDNs depend
onthe SWCNT chirality which can benrichedby several sorting method, which will
be discussed in later sectgon

The asgrown SWCNTs are commonly capped or efmbed with smi-
fullerene structure or catalysts. Additional thermal oxidation is required to open the
ends and allow liquid to access the SDN intefitre resulting SWCNTSs can be filled
with a variety of liquids depending on their diaméfeNote that dispersion of
nanotubes in aqueous solution via tip sonication commonly sll@ter moleculeo
spontaneously fill in and ressin a redshift in £.3%4° This shifted k1 can be used as
an indicator to find the status thfe SWCNTinterior.

Empty SWCNTs can serve as essential control to differentiate the interior
confinement effect from that caused by outside environment chBegsity gradient
ultracentrifugation (DGU) has been used for sorting empty SWCNTs from-fitketer

SWCNTSs due to the buoyant density difince between thefh>°

1.4 Preparation of Chirality -Sorted SWCNTs

Carbon nanotubes are synthesized as a mixture of different chiralities, although
current synthesis mettls, such as CoMoC3tHiPco, aredischarge, anthseroven
can produce CNTs in certain diameter ramgéerefore, nordestructive methods are
necessary teeparatsemiconducting nanotubesspecific chiralitesfrom the mixture.
The purified SWCNTs aressential requirement for comprehensible studyPan

emissions as the OCCs emissions can overlap witbfother chiralities.
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Purification has been achieved via several methods. Zétesligdemonstrated
high purity of single chirality enriched SWCNDBg the aqueous twphase extraction
(ATPE) with the assistane of DNA sequences that recognize particular nanotubes
speciest %2 More than 21 species can be enriched via this method. Eaghvaries
the surfactantoncentration ilPATPE to achieve a versatile sorting of SWCNTs with
diameter ranging from 0.6 nm to 1.4 fAfnThis is a powerful method without
introducing additioal compound to modify the nanotube surfacand the polymer
used in ATPE can be easily removed by ultrafiltratiamle leaving the nanotubes

intact.

1.5 Organic Color Centers (OCCs)

Even though the unique electronic and optical properties of semiconducting
SWCNTshavebeen intensively studiedhe low PL quantum yield of ~1%* and
difficulty in chemically controllingtheir optical propertieafter synthesis have been
hindering the application of SWCNTs

Our group found thatovalently bonding a low density of functional groups to
thesemiconducting SWCNTSs creating a whole new class of emitters, named as organic
color centers (OCCshelpsto mitigate these challenge®® OCCsintroducenew
optically allowedquantumstates inthe electronic structure of SWCNTEhis new
guantum state is lower in energy than theekcitonic stats, thus an exciton diffusing
along the nanotubes cée trapped locally at the defect site and embiirght OCC
emissionEir (Figurel1-6a). This energy level is lower than the dark state. As a result,
the OCC emissions are orders of magnitude brighter and have higher quantum yield

compared to pristine SWCNTsPiao et al. first reported the new, bright
11



photoluminescence through sgefects with aryl diazonium saf$.This method
induces photoluminescenbdghteningup to 8fold for (6,5rSWCNTs and 28old for
(6,4>SWCNTs
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Figurel-6. PL of OCC functionalized (6,8 WCNTSs.a, PL excitation map of
functionalized (6,55WCNTs. b Excitatiori emission maps of (6,5 BWCNTSs with
chemically tailored fluoresceuantum defectszigure1-6b adapted from ref.

By varying the functional groups attached to SWGNfhe defectinduced
states are molecularly specific and chemically tundbBlgure 1-6b). Therefore, it

enables a family of OCGamitting at a variety oémissionand application of OCCs,

such as proton sensifigy

1.5.1 OCCs Functionalization Methods

The controlled functionalization of OCCs on SWCNTs provides the
opportunity to manipulate and tune the defect emission propertiadefectdensity.

A number of methods have been explai@denerate covalent bonds to nanotubes.
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A most widely studied method is to use diazonium salt, such -as 4
nitrobenzenediazonium tetrafluoroboraftee mechanism behiride selective reaction
is the rapid norcovalent adsorption of the diazonium molecutethe nanotubes due
to their higher density of states at the Fermi level compared to other semiconducting
parts, followed by a slower covalent reaction initiated by single electron transfer from
SWCNTSs to the diazonium salt to create a radical that yeiadtiites a GC bond with
the graphitic surface. The physisorption of diazonium salts on semiconducting
SWCNTs induces stepwise quenching of L 5! Although the quenching nature of
Ei1induced by diazonium salts have been widely recognized and studied for SWCNTSs,
the synthesis of OCC was recently discovered by Btaal®® ®> When the defect
density isas low as 0.33 mol% [Diazonium]:[G3prresponding to approximately < 1
OCC per 20 nm lengtlthe aveage defect spacing is comparatder slightly shorter
than the exciton diffusion length.

Diazoether chemistry was also used to covalently functionalized nanotubes
with the diazoether molecule3-Q-4-nitrobenzenediazoascorkcid; NQAr-DZE) to
produced-nitroaryl OCC<2 DZE molecules consist of an ascorbic and an aryl group
that are bonded by an azo bond, thhey can switch conformation between E and Z
isomers by light or pH. In contrast to the stable E isomer which does not react with
SWCNTs,theZ isomer reagwith SWCNTSs at a narrow pH window of ~ 3.8 creating
a covalently bonded aryl defect on the SWCNTs

Furthermorehalidesas a good leaving group can tether aryl or alkyl group and
create a radial species to functionalize SWCNK@&on et al demonstrated the

molecular tunability of OCCs using a simple alkyl halide chem#$tihis reaction
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uses alkyl iodide reactant with acetonitrile and a mild reducing agent sodium dithionite
to create covalent attachment of over 30 functional groups including monovalent and
divalent OCCs at room temperature. The products remain stable fadhsnd\s a
results OCC emissions are generated, for example-$8\EI}NTs can have iE
redshifted by as much as 190 meV from the natimMesEhission.Similarly, Wu et al
demonstrated the photoinduced functionalization using iodine tethered aryl toups.
The reaction is temperature independent, bugtiongly dependent on the incident
photon energy. (6,53WCNTs vereexcited with different wavelengths of light in the
presence of 4odobenzene, which absorbs in the UV region. When the solutions were
excited at the & and B3 band of nanotubes, thepid evolution of ki occurs
Meanwhile, the creation of OCCs was not observed when excitad dudto lack of
sufficient photon energy to overcome the reaction activation barrier. This suggests a
single electron transfer from SWCNTs to the physiosordstl halide, creating a
benzene radical and iodine anion. The radical can bond to the nanotubes, ting creat
an OCC on the SWCNTSs.

Among this organic synthesihe mechanisns an addition reaction to the C
C double bonds and the asymmetri€ sgrbonlattice. The resulting covalent products
wouldresultin at least 6 different isomers called bonding configuratiBar example,
diazonium chemistry, the most widely used approach for generating ©€®8 ¢ is
believed to leave a reactive carbon at either the adjacent (ortho) positidmeeor t
carbons away (para) from the first bonding carbomhese reactive species then
presumably bond to an available H or OH groupdimplete the reactiof?.®’ This pair

of functional groups may take one of many possible positions onleargon lattice,
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resulting in a large number of bonding €&gaorations that are chemically,
thermodynamically, and energetically distif®t®® % As a result, multiple OCC
emission peaks are observed when carbon nanotubes, such eSWEBN)Ts, are
modified with diazonium chemistry, prodag a broad distribution of OCC emission
peaks in the range of 110850 nm, even for the same functional groups on the same
(6,5) chirality’®

To deal with the complex bonding configuration, proposed anaming
convention to describe the rich structures afforded by these quantum defects,
particularly OCC defect pairs. This naming system is inspired by the Miller-iigex
description of the gpcarbon lattice, which is widely used to distinguish the different
(n,m) chiralities of tubular structures, such as carbon nanotubes and hexagonal boron
nitride nanotubes, as well as graphene ribBbhdefine the position of the first defect

as the origin, (0,0). The atomic configuration of an OCC can then be uniquely

determined bythe pairing position, PP(x,y), which follovBs0@U ®® @0,

whered andd® are the two base vectors for thé sprbon lattice. With this naming

system,one can identify each of the para and ortho defects, and any other atomic
configuration,br a speci fic nanotube host. For exa
take up to three distinct atomic configurations, which can be differentiated as PP(1/3,

1/3), PP(1/3;2/3), and PR@/3, 1/3) on a (6,55WCNT host Figure1-7). Similarly,

the Apar aodo ?Emcude RP@#/B;2/3),iPB{&/Z -2/3), and PRQ/3, 4/3).

This naming system can be readily expanded to associate each atomic bonding position

with the specific functional group along with the chirality of the nanotube host. A

comparison of our naming ggsn and existing onés®® is shown inTable1-1. | note
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that such a rich structural variability may also occur with other low dimensional
materials such as transition metal dichalcogenides and graphene ribans] this
naming system can similarly be applied to this increasingly rich family of atomic
defects on different hosts.

Tablel-1. Comparison among different OCC nomenclatures reported in the literature
for each bonding configuration on (6SWWCNTSs.

|\w‘Chl r a b aAsnegd

Coor dNomeetnec | Not at i on 68
Nomenc®®at ur

PP ( 2//33) orthot+t Ortho L
PRZ/ 3, 1/ 3) ortho Ort o L
PP(1/3, 1/ 3 ortho++ Ortho L
PRZ/ 3, 4/ 3) parat+ Parsa L
PP ( 42//33) pa+ a Parao L
PRZ/ -2/ 3) par a++ Parosa L
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PP =n'a; + m'a,
Cp=na; +ma,

Figurel-7. A naming system for the rich OCC bonding configurations. a, A graphene
sheet with an OCC that contains a pair of covaleattlyched functional groups. The
bonding site for the first groupGsHs here) is defined as the origin of this coordinate
system, and the carbon (gold and green atoms) for bonding the pairing group (H or
OH, not shown here) is defined by the pairing posit0 0&dd 6). The

corresponding pairing position vector is definedby £ & @& &, whered® and

@& are the two basis vectors for the hexagonatapbon lattice. The chiral vector

0 €W d&w forthe nanotube host is also shown. b, wecular model for an
OCCGttailored (6,55 SWCNT which is rolled up from the graphene following the

chiralvecto® i n a. The pairing positions for the
including PP(1/3;2/3),PP{2/ 3, 1/ 3), and P#®d 1¢38nfilddnat iam
(gold), including PP(4/32/3), PP{2/3,-2/3), and PRQ/3, 4/3), are indicated on the

lattice.

17



1.6 Overview of This Dissertation

This dissertationdemonstrate an application of SWCNTsfor molecular
sievingandaddresshallengegertainirg to controlled synthesis ddCCs

Following this introductionChapter2 describes aingledefectimaging system
thatwe custom builto achievesuperresolved hyperspectrathaging in the shortwave
infrared whereSWCNTsandOCCsemit

In Chapter 3] introduce the environmentglsensitive optical properties that
can be used fasensing molecules thaecomeencapsulated inside SWCNTs which
can affect the emission.exploredthe application oimolecular sieveusing (6,5
SWCNTSsto purify liquid mixture.The work alsaeveast the fundamental mechanism
behind molecules enterinmgn@ores that are smaller than the filling molecules

In Chapter4, | discusshe spectraheterogeaity of OCC emissiors that arise
from thedifferent bonding configuratiorenthesp’ carbon lattice This work explores
the non-destructive light irradiation method that tunes the heterogeneous emission of
OCCs hy converting the kinetic OCCs to thermodgitaOCCs.Chapter 4describes
an alternative way to deal with the OCC emission heterogeneity by introducing a [2+2]
cycloaddition chemistry to create OC®8y work shows thathis functionalization
mechanismgreatly reducs the number of configurationsompared tomonovalent
OCC chemisies

Finally, inthe Conclusion andutlook, | summarize the work discussedtfs
dissertatiorandproposeurther improvemerstthat can be performed to narrow down

the OCC emissions
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2 Si nDdfesSgactroscShpy t ima vimhree d

This chapter is dapted fronthe following published manuscriptvu, X.; Kim, M.;

Qu, H.;Wang, Y SingleDefect Spectroscopy in the Shortwavieadred. Nat.

Commun. 2019, 10, 2672.

Y.H.W. conceived the experiments and supervised the project; X.W., M.K., and H.Q.
performed the measurements; X.W. analyzed the results; X.W. and Y.H.W. wrote the

paper with inputs from all authors.

2.1 Introduction

Chemical @fects are nearly ubiquitous in lesimensional materials. However,
their roles are largely unknowff®. The challenges are primarily due to the small
footprint of these defects and the extended lattich@fsolid substrate, which make
the task of finding a defect like searching for a needle in a haystadditionally,
defects may occur in random clusters that are indistinguishable from each other or they
may present in different atomaonfigurations, each of which modifies the host to a
different degre® " 8182 The ability to study defects at the single defect limit will
circumvent the limitations imposed by ensemble averaging and unravel the roles of
defects on the chemical, optical, and electronic properties of a mat&tial

The shortwave infrared (typically 9001700 nm, but may also refer to
17 3 um) is a spectral window that presents exciting opportunities for bioim&tfifig
telecommunicatioft, and quantuntechnologie® &’. For instance, opticdiber-based

guantum communications requitiege photon sources that emit in the telecom bands
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(12601 1625nm)*> 88, Color centers (emissive point defects in crystal lattices) that emit
light in the shortwave IR are also important for fiowasive in vivo fluorescent
imaging® 8. The deep penetration of shortwave IR light in living tié&uss well as
the negligible tissue autofluorescence within this optical wirt§oeffers enhaned
resolution and contra®t®, Although spectroscopic studies of individual color centers
in the visible range have been repotfed, single defect spectroscopy in the shortwave
IR is challenging due to the diffraction limit, which is approximately half of the
wavelength of the emitted light, anddium gallium arsenide (InGaAs) detectors,
which are noisy for lowight measurement® °’. Additionally, the throughput of
existing methods igypically low because the sample is scanned goyrpoint.

Herel show it is possible to perform high throughput sindgdect spectroscopy
in the shortwave IR to spectrally identify and quantitatively count chemical defects at
the single defect level. show that nondestructive readartd cooling the InGaAs
detector array te190°C (vs.-100°C typical of liquidNz cooled detectors) collectively
improve the signalo-noise ratio by more than three ordefsnagnitudel have also
designed a Shased filuciary marker that works in the shortwave IR to correct the stage
drift at a resolution of 5 nm. As an illustration of this higisolution high throughput
single defect spectroscopy methadshow it is possible to simultaneously resolve
chemical defectsn carbon nanotube semiconductors at the single defect limit,

collecting a full spectrum for each defect within the entire field of view.
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2.2 Results and Discussion

2.2.1 Counting chemical defects

Our strategy for counting defects is based on quantitative analfysise
stochastic blinking of defect photoluminescence (Phypothesize for an emitting site
that contains only one defect, photoluminescence blotkand off at a constant
intensity stepRigure2-1laand b). If multiple defects are present at an emitting site, the
PL time trajectory will have a variable number of intensity states and multiple step sizes
depending on the number of defegi®sent. For example, when three defects are
blinking independently, they will collectively produce four PL intensity states and three
step sizesKigure 2-1c and d). Athough less likely, adjacent defects may blink in a
correlated manner, such that two or more defects are turned on or off in synchrony.
However,| can retrieve the defect locations in a manner equivalent to the- super
resolution approach used in stochastigtical reconstruction microscofly By
analyzing the twestate nature of fluorescence blinking frensingledefect emitting
site in correlation with its supeesolved location] can optically identify single
defects. This approach, when combined with the hyperspectral capabilities of our

imaging system, makes it possible to study emissive defetts single defect level.
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Figure2-1. Counting defects based on photoluminescence (PL) blinking. a,
Schematic illustration of a single chemical defect that switches bef\een (green
shade)ndoff states due to surface chargése gray arrows represent reversible PL
state switchingb, The illustration of PL intensity timgajectoy (black solid Ine)

and histogranfrom a single defect features two statesoRlandoff. The red and

blue bells in the histogram represent the distribution of PL intensity of on and off
states respectivelfpashed lines are added as a guide to theceffer a clusteof
defects, each defect randomly tuamsandoff. d, The stochastic blinking of clustered
defect PL is collectively shown as multiple intensity steps.

2.2.2 Superresolved hyperspectral imaging system

To perform single defect spectroscopy in the shortwave tRstombuilt a
superresolved hyperspectral imaging system that allows the acquisition of PL spectra
from all pixels in the camera frame simultaneousligre 2-2a). To achieve this, a
volume Bragg grating is placed in front of the detector on the light path and an image
stack is collected, one wavelength at a time, and reconstructed to provide the PL
spectrum for each pixel over the entire field of view (see Metsaxt®n). This grating

can be bypassed so the system can be switched between the spectrum mode and the
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imaging mode. In imaging mode, the stochastic blinking of defect emissimtorded
and analyzed to supeesolve defect locatiofs The teamcan thus spectrally and
spatially resolve the same defects at the single defect level by simultaneous super

resolution and hyperspectral imaging.
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Figure2-2. Single-defect spectroscopy sep. a, Schematiof the system, which
integrates a volume Bragg grating for hyperspectral imaging and an InGaAs 2D array
detector that operates-490 € to significantly suppress the dark current in the
shortwave IR. b, Schematic of the imaging substrate that incoegokaon-Si

markers and polystyrene (PS) insulating layer for drift correction in the shortwave IR.
¢, A PL image with both SWCNTSs and the markers simultaneously resolved. Note
that nanotubes with length smaller than the diffraction limit (~600 nm farneerical
aperture 0.85 objective collecting emission at 1000 nm) appear as white dots in the
image. d, The comparison of signals of the same pixel from an image sequence
captured by the integratBenread (ITR, blue filled circles) and readhile-integrae

(RWI, red empty circles) demonstrates the working principle ofdestructive RWI
mode. The integration slopes for different images in ITR (dashed lines) do not have
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identical starting point, caused by reset noise. Unlike ITR, RWI does not reset the
detector, thus eliminating the reset noise. For each image (red filled circles) in RWI,
the noise can be further suppressed by linear regression of different data points to
retrieve the integration slope (black solid line). e, The comparison of background
signals from images captured by the ITR (blue) and RWI (red). Under otherwise
identical conditions, RWI demonstrates more than an order of magnitude lower noise
level than ITR, with a standard deviation of merely 1.75 andigial unit (ADU)

(vs. 18.5 ADU br ITR). Note that 0.168 ADU corresponds to one photon arriving at
the detector.
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Figure2-3. Schematic for photolithographic fabrication of the imaging substrate that
contains fiduciary markers for samplefdcorrection in the shortwave infrared.

Additionally, we have developed a drift correction method that works in the
shortwave IR. Although fiduciary markers, such as fluorescent beads immobilized on
the sample substr&fe have been used to correct stage drifts, they work only in the
visible range. Our design makes use of silicon, which is transparent in the shortwave
IR since its bandgap absorption cuts off at 1100 nm, to directly create shortwave IR
markers on the imaginsubstrate. The markers used in this experiment are 5 pn
diameter dots of shortwave HRansparent windows, which are patterned at a pitch of

30 um on a silicon wafer by photolithography, with Au covering the rest of the substrate
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(Figure2-2b andrigure2-3). This design results in a photomdiie structure allowing

the shortwave I R component of the microsco]
patterned Si dots to create bright markers while the visible component is blocked by
the silicon Figure2-2b). The Au layer concomitantly acts as a mirror to enhance the
collection efficiency of photons emitting from the sample while blocking the
fluorescence from the underlying silicon substrate. To prevent photolwamees
qguenching by Au, a ~50 nm thick polystyrdRs)layer was spircoated on top of the

Au layer. With this substrate design the collection efficiency of the nanotube PL is ~5
times higher than when imaged on bare glaggufe2-4). This observed increase can

be attributed to the reflective gold layer acting as a mirror to enhance both the
absorption of excitation photons by the carbon nanotubes and the colledtmmeyf

of emission photons by the objective, as well as the PS layer, which minimizes surface
charges that would otherwise quench the Pigure 2-2c shows the markers
simultaneously resolved along with singl@lled carbon nanotubes (SWCNTS) by the
InGaAs cameral fit the intensity profile of each individual dot marker with a 2D
Gaussian to locate its centéiqure2-5c¢), and this process was repeated for all imaging
frames in a time sequence, allowing us to plot the sample drift traje&liguyré 2-5d

and e). The standard deviation of an individual drift trajectory from the averaged one
defines the precision of this drift correction, whicetermined to be 5 nnkigure

2-5f). We note that to achieverim drift correction precision, we ensured there were

at least 5 markers in the field of view.
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Figure2-4. The polystyrene/gold (PS/Au) sulst increased the PL intensity by ca.
5-fold. PL images of SWCNTs on (a) bare glass and (b) the PS/Au substrate. The
excitation wavelength was 730 nm and the integration time was 2 s. The color bar is
the PL intensity ADU count. (c, d) The correspondirgidgrams of the SWCNT PL
intensity distribution based on the PL images shown in (a) and (b).
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Figure2-5. Proposed mechanism for drift correction in the shortwave infrared. a, The
PL image, bintensity profile, and c, center position of an individual fiduciary

marker. Note the center position is located by fitting the intensity profile with a 2D
Gaussian. This process was repeated for all frames in a time sequence, allowing us to
plot the centepositions versus time and construct a trajectory of the corresponding
sample drift in the d, X and e, Y directions. At least five such trajectories (blue in d
and e) from different markers in the same field of view were averaged together (red in
d and ejand applied to correct the spixel stage drift. f, The drift curve of an

individual marker. The standard deviation from the averaged one defines the
precision of this drift correction, which is determined to be 5 nm. Example ofsuper
resolved defect lations g, before and h, after the drift correction using the obtained
average X and Y sample drift trajectories.

To detect extremely low light stemming from individual defects in the
shortwave IR, we integrated a liquid nitrogen cooled InGaAs detecty @fougar

640) that is optimized forl90 € operation.Note that liquidN2 cooled InGaAs
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detectors are typically operated at temperatures no lower1Bar. Cooling down
to nearly the truéiquid-N2 temperature suppresses the dark current to justgigel
s, which is 500 times lower than achievable by InGaAs detectors cool&aQdC.

Another enabling feature of our system is the implementation of anieiel
integrate (RWI) readout mode, which significantly reduces the read noise. Umdike t
conventional integratthenread (ITR) mode, RWI is nedestructive, which
eliminates the reset and read nolsgure2-2d compares the signals of the sgmes|
from an image sequence captured by the two modes to demonstrate the working
principle of RWI. In the RWI mode, the signal is read without resetting the detector
while the ITR mode resets after each signal readout. Since the pixel is reset tdya slight
different value each time, this causes significant reset noise irHigRré2-2d). This
reset noise is effectively removed in the RWI mode since the reset isavbdenoise
in RWI can be further suppressed by linear regression to eliminate the read noise. For

each imagel, accumulaten readouts, from which the slope of every pixel is calculated

by
Equation2-1

where x is the readout count anglthe readout valuel. then multiply the
calculated slop&with the total number of accumulated readautsr each pixel (i.e.,
0 "Qc ‘G ) to obtain the signal intensitfhe effect of the RWI mode on reducing
the image noise is dramatic, increasing the sigmabise ratio by more than 10 times
(Figure2-2e). The clean background significantly improves the image corfigste
2-6a and b show PL images of the same SWCNT with the same integration time (1 s)

capturedn the ITR and RWI modes, respectively. The nanotube is clearly resolved in
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RWI but almost invisible in ITR. The much higher image contrast in RWI is due to a

much lower noise level while maintaining the signal intensity, as shown in the intensity

profile (Figure2-6c¢).
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Figure2-6.No-dest ructi ve
s hor t w®&lvimagés Bf.the same SWCNT taken in the a, ITR mode and the b,
RWI mode with 1 s integration time. c, PL intensity profiles along the yellow line in

(a) and (b) show much Her signalto-noise ratio in the RWI mode (red) compared
to the ITR mode (black). d, The PL time trajectory from the same pixel on the
nanotube as shown in (a) and (b), which demonstrates netames$ less fluctuation
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The RWI mode also greatly reduces the background signal fluctuation over time

in an image sequence. RWI is a continuous readout ntogeré 2-2d), which reads

the accumulated signal at a preset time interval. In order to capture the PL time
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trajectory,| recorded the luminescence image sequence at 2 frames per second and then
computed the difference between two adjacent imagéeireadout sequence (which
accumulate the signal from time zero up to the point of each readout) using MATLAB
codes to obtain the tirdapse images at equal time interv&lgure2-6d shows a 60 s
intensity trajectory of the same pixel taken using the RWI and ITR modes under the
otherwise same conditions. RWI demonstrates a background fluctuation significantly
lower than the ITR mode, providing the sensitivity requit@grobe the defect PL

fluctuation in a time sequence.

2.2.3 Characterization of organic colecenters

As an illustration of this high sensitivity single defect spectroscdpy,
characterized organic coloenters which are synthetic defects chemically
incorporated into SWCNTSs by covalently bonding functional groups to the sid&walls
59100101 The introduced chemical defect locally modulates the electronic structure of
the SWCNT in such a way that mtebexcitons can become trapped at the defect site
where they emit brightly as single photons in the shortwa¥e®iR® 8. | excited the
sample at an offesonant wavelength at low power densities (below 64mvY) to
avoid excitorexciton annihilation effecté? | find that the defect emission is highly
localized Figure2-7a) and the defect emission shows stochastic PL intensity changes.
This PL blinking can be suppressed when the SWCNT is sandwiched between two
layers of polystyrene, which form a chatfgee environment® confirming surface
charges as the cause of blinking. This intermittency in defecsemignables us to
identify single defects by analyzing the PL intensity time trajectory from a defect

emitting site Figure2-7c shows the PL intensity trajectories airgd over 10 minutes,
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revealing the presence of multiple intensity states for the emitting defect sites marked
in Figure2-7a.| quantified the number of intensity s#a by analyzing the PL intensity
distribution, presented as a histogram in Figure 3d, which is bimodal for (i) and (ii),
but trimodal in (iii). Although the defect emitting sites in all 3 cases appear as similar
diffraction-limited spots, the PL intensityme trajectories are bimodak. trimodal,

which are characteristic of one (vs. two) emitting centers in thoselsitete that the
majority (>80%) of defect emitting sites observed in the current study show multiple

intensity steps, indicating the prevalence of clustered defects.
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Figure2-7. Supetlocalization and PL blinking of individuatditroaryl defects. Note

that the images on the same row are associated with the same defect sites. a, The
diffraction limited PL images of the defect emission sites (blue) and intrinsic E
exciton emission (white) reveal the localized nature of the defects hlemanotube
length. b, Individual defects within those emitting sites marked in (a, white square)
are resolved with supixel resolution. Here, individual defect localization is

displayed as blue spots with the corresponding localization precisionteg diotles.

¢, PL intensity trajectories (red solid line) from each defect emitting sites reveal
stochastic blinking behavior and d, the corresponding PL intensity histograms show
bimodal (i) and (ii), and trimodal (iii) intensity states. Dashed linesdded as a

guide to the eye.
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To spatially resolve defects within a clusteretrieved the defect locations by
fitting the differential images (between successive images before and after each PL
blinking event), as we have previously shown to supsdve ultrashort nanotub®s
with a Gaussian approximation of the pgaspread function of our setup. Since each
differential image represents the appearance or disappearance of the PL stemming from
a defect within a clustel, can compute and compare the locations of defects to
determine the number of defects at the linfithe localization precisiorkigure2-7b
shows the defect localizations for several emitting defect sites markeguire 2-7a.

Here, individualdefect localization is displayed as blue spots with the corresponding
localization precision as dotted circles. Note that each localization has different
localization precision, determined following a literature method* and the
localization precision is as higls &5 nm in our experiments. The localization confirms
the presence of only one single defect at emitting site (i) and two defects at (iii), which
are in consistent with their PL blinking behavior.

Unexpectedly] identified two defects from emitting si{@) even though the
PL from this site shows twstate blinking. In addition, the PL time trajectory of (ii)
showsblinking at step heights that are quantitatively correlated with two defects. This
observation suggests the two defearis strongly couplednanifesting as a twetate
on and off mode just like a single defecthis correlation makes it possible to
distinguish independent defects from coupled defects that are in very close proximity
to each other. This technique suggests the possibility oftitpta/ely measuring the

coupling effect of two or more closely spaced defects. We note that this coupling effect
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was observed only occasionally (~5%) in the current study and will be further exploited
in future experiments.

| further showed it is possilto address the outstanding challenge of
unambiguously determining the chemical nature of defects at the single defe€t level
81105 To demonstrate this possibility,synthesized (6,53WCNTs containing two
types of defects: methoxyaryl (MeOAm@nd nitroaryl (NQAr-) (Figure2-8). Figure
4a shows a PL image with the defect locations sugmvlved Figure2-8a). Note that
the defects are located inhomogeneously along the nanotube letingth.plotted the
PL spectra from each pixel along the tube length in a spatially and spectrally correlated
map with the defect PL resolve#&igure 2-8b). From this particular nanotube, we
identified three defect emitting sites with overlapping defect emission spectra but
distinct center wavelengths, spatially corresponding tdhitee superesolved defect
groups inFigure2-8a. By comparing these results with the spectra of isolated defects
(Figure 2-8c), we can unambiguously assign each defect as (i) nitroaryl defects; (ii)
methoxyaryl defects; and (iii) both.note that the two defects at site iii show a 5~6
meV redshift in emission engrgompared to the corresponding defects at sites i and
ii. This shift is relatively small compared to the energy difference between these two
types of defects (~19 me¥?} and was also observed in the Emission Figure2-9).
This behaviomay arise from coupling between neighboring defectherdifferent
locd dielectric environment caused by inhomogeneous surfactant coverage on the
nanotube surfad® or the partial filling of water inside the SWCRPTFurther studies

are warranted to understand and quantify these different effects.
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Figure2-8. Resolving and identifying two types of defects along a nanotube. a, The
superfresolved defect locations superimposed on themission of a (6,55WCNT.
Three major defect groups can be found. Thetsnsee close looks of the resolved
defect locations from these three defect groups. Red, blue and magenta represent 4
nitroaryl, 4methoxyaryl and mix of the two defect types, respectively (scale bar 100
nm). b, Spatially and spectrally correlated PL rakqmg the nanotube centerline as
indicated by the green dashed line in (a). THaxig represents the physical positions
on the centerline, starting from the left nanotube end. Three defect sites with
emission wavelengths in the range of 1080 to 1200ambe identified, which

spatially correspond to the three supesolved defect groups in (a). ¢, PL spectra
from the 3 identified defect sites. Site i and ii aneitfoaryl and 4methoxyaryl

defects, respectively, and site iii contains both.
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Figure2-9. The normalized PL spectra of a (6SYWCNT with two types of defects,
methoxyaryl and nitroaryl. TheiEemission of at site iii has a 4 meV redshift from
that of site ii.

2.3 Conclusioms

In summary,l have demnstrated a supeesolved hyperspectral imaging
technique capable of performing hitiroughput singlelefect spectroscopy in the
shortwave infrared. Distinct from conventional single point spectroscopy, which
requires poinby-point scanning, our methalows all 640 x512 pixels of an InGaAs
detector array to simultaneously acquire a full PL spectrum to achieve hyperspectral
function. Notably, by cooling the detector array to nearly the true hgidgen
temperature-090°C vs.-100°C) and implemeting a nondestructive readosicheme,
| reduced the dark current by nearly 50@ and achieved another Himes
improvement in the signdb-noise ratio due to the lewoise readout, collectively
improving the signato-noise ratio by more than three ordefsmagnitude.
Additionally, | have designed a fiduciary marker that works in thetalawe IR to

achieve a correction precision as high as 5 nm. As an illustration of thisrespkred
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hyperspectral imaging techniguegesolved individual chemical defects, both spatially
and spectrally, along SWCNT semiconductor hasteow it is posible to capture low

light fluorescent events at the single emissive defects, allowing us to quantify the
number of defects within a diffraction limited spot and spatially resolve them with a
resolution of 15 nm in the shortwave infrared with simultanelyserspectral
capabilities to unambiguously determine their chemical identities. This-segumdved
hyperspectral imaging technigue may open possibilities to screen shortwave IR
fluorophores, resolve functionalization patterns, capture single molecotmnsaand
probe chemical defects with high throughput ainth spectral details at the single

defect limit.

2.4 Methods

2.4.1 The singledefect spectroscopy imaging system

The system was built on a Nikon Eclipse U inverted microscope with IR
optimized objectivesncluding a 100x objective (LCPLN100XIR, Numerical aperture
(NA) = 0.85, Olympus) and a 150x objective (UAPON150XOTIRF, NA=1.45,
Olympus). A continuous wave laser beam at 730 nm (Shanghai Dream Lasers
Technology Co., Ltd.) or 561 nm (JNVeCobolt AB, Sween) was shaped through a
beam shaping module to produce a top hat profile, with the top flat part bathe
effectively overfilling the field of view on the sample surface. The laser was then
reflected into the objective through a long pass dichroic mi@b nm edge, Semrock,
USA) and focused to create a uniform excitation field on the sample surface.

Fluorescent emission from the sample was collected by the same objective and filtered
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through the long pass dichroic mirror to remove the photons prodiyceldstic laser
scattering at the sample surface. The detector for the fluorescent signal was a Cougar
640 imaging camera (Xenics, Leuven, Belgium) with an InGaAs focal plane array with
640 x 512 pixels, cooled with liquid nitrogen t490 °C. To performhyperspectral
imaging, a volume Bragg grating (VBG, Photon Etc., Montreal, Cat¥daps
situated between the long pass dichroic mirror and the liquid nitrogen cooled InGaAs
detector array. The farescent signal was filtered by the VBG and only the diffracted
light with a narrow bandwidth of 3.7 nm was directed to the detector to form a
spectrallyfiltered image. A hyperspectral cube containing a stack of images at spectral
intervals of 4 nm wasatlected by rotating the VBG to continuously tune the diffracted
wavelength. To record the defect emission blinking in the full field of view, the VBG
was bypassed, where instead a 1100 nm long pass filter (Thorlabs, FELH1100) was
placed between the lon@gs dichroic mirror and the InGaAs detector atmaiplock

the fluorescent signal from the semiconductor nanotube itself (~980 nm for (6,5)
SWCNTs) and image the defect emission only (~1150 nm). The videos of defect

blinking were recorded for 10 min withfaame rate of 2.0 framespersecond.

2.4.2 Covalent incorporation of defects into (6S)VCNTs

Aryl defects were chemically incorporated into the nanotube structure using a
light-activated diazonium reacti®m Briefly, we conducted the chemistry by mixing
aqueous suspensions of (BBNCNTs with 4methoxybenzenediazonium
tetrafluoroborate (Sigma Afich, 98%) or 4nitrobenzenediazonium tetrafluroborate
(synthesized from-fitroaniline and nitrous acid) then irradiating the solution with 565

nm light using a Nanolog spectrometer (Horiba Jobin Yvon). The reaction was
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monitoredin situ by measuring thevolution of a new emission that originates from
the created defect sites, which is-gdfted from the intrinsic nanotube emission. The
reaction was terminated when the desired defect PL intensity was reached by diluting
the solution to 3.2% wt/v DOO20 using 4% wt/v DOED20. For (6,5SWCNTs
containing two types of defects (MeGAand NOAr-) a twostep reaction was
performed by first reacting (6;9WCNTs with 4methxoyaryl diazonium salt and then
4-nitroaryl one.l confirmed the successful incorpacat of each defect type at each
step by PL spectroscopki@ure2-10). The pristine (6,55WCNT has a characteristic
Ei1 peak at ~988 nm. Reaction withndethxoyaryl diazonium created a new emission
peak that was 155 meV lower in energy than thepEak, confiming the successful
incorporation of MeOAudefects. Following the addition of then&roaryl diazonium
reactant, the intensity of this defeelated new emission peak increased while its
emission energy further reshifted to 170 meV below theiEpeak,as the NQAr-

defects become dominating the final product.
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Figure 2-10. Incorporating two types of defects in the same nanoflibe.ensemble
level PL spectra of the pristine (6;SWCNT sample (black), reting first with 4
methxoyaryl diazonium (red), then withndtroaryl diazonium (blue), and only with 4

nitroaryl diazonium (green). The excitation wavelength is 565 nm and the integration

timeis 3 s.
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3 Sel ectiveHdxdne nign od hHi ght Nanoca

This chapter is dapted fronthe following published manuscripgpu, H.;

Rayabharam, A.; Wu, X.; Wang, P.; Li, Y.; Fagan, J.; Aluru, N. R.; Wang, Y.,
Selective Filling of N\Hexane in a Tight Nanopore. Nat. Commun. 2021, 12, 310.
Y.H.W, H.Q.,and N.R.A. conceived and directed the research. H.Q., X.W., P.W., and
Y.L. performed the experiments, and J.F. sortedoamgped nanotubes. A.R.

performed MD and AIMD simulations. All authors contributed to data analysis. H.Q.

and Y.H.W. wrote the manugarwith inputs from all ceauthors.

3.1 Introduction

Nanopores play an important role in chemical separations and selective mass
transport that underlie many basic biological functions and industrial prot¥ses
Biological systems, for emple, have evolved a diverse array of specialized nanoscale
protein channels that can allow only selected ions and molecules to cross the cell
membrané'l. Synthetic porous materials, such as zeolites, have also demonstrated an
impressive level of molecular sieving capabilities for chemicalgwing the
separation of minor components from heterogeneous miktérds is generally
believed that the selectivity enabling such separations arises from the ability of
molecules with smaller kinetic diameter (KD) to enter the pore while larger ones are
excluded®1e,

However, in examining nanopores defined by siwghdl carbon nanotubes
(SWCNTSs),l find unambiguous evidence that molecules can adapt their conformation
to enter smaller pores. The SWCNT nanopores are chemieity structurally rigid
(Youngds mo d°uandiagomically smodth eylinders, featuring inflexible

pores that are wellefined by the nanotube cylinder that is constructed from a
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conjugated spcarbon latticeThese nanopores are tunable in size within thensoib

range based on their individual atomic structuee, (hanotube chirality, as defined by

a pair of integersnim))*’, and they exhibit itriguing molecular transport properttés

119 Many of these SWCNT nanopores have a pore size comparable to small molecules.
For exampe, (6,5-SWCNT hasa van der Waals pore size of just 0.422 mrhich is

even smaller than-hexane (KD 0.43 nmj?® 21 andcyclohexane (KD 0.60 nmj?t

122’ pdditionally, the excitonic photoluminescence (PL)saimiconductinggWCNTSs

is sensitive to both the exterior and interior environments of the hollow nafStttie

due to changes in the dielectric microenvironrttéras well as from molecuimduced
straint?®,

Here,l showthat rhexane is able to enter (6:SWWCNT, while cyclohexanis
excluded. This is despite the fact that plausible filling configurations of both molecules
suggest that neither molecule should be able to enter the rigid pore when observed from
the view of KD Figure3-1a,b).Our series of experimenfsirther confirm that even a
trace amount of 0.1 %Imexane in 99.9 % cyclohexane can be selectively captured and
removed from the mixture. In contrast, for SWCNGres only 0.025 nm larger, both
molecules are able to enter and the selectivity isBystapturing the optical response
of the nanotube, as schematig illustrated inFigure 3-1c, and combiningab initio
molecular dynamics simulations, uncover a molecular level of insights for the

nanopore selectivity
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Figure3-1. Photoluminescence response of a carbon nanotudeapsulated
molecules. Crossectional views of a, cyclohexane and {haxane with respect to a
(6,5FSWCNT (purple cylinder). The nanotube pore (as indicated by the black circle)
is smaller than the molecule (as indicated by the dashed yellow circlé)e

nanotube fluoresces at different wavelengths in response to different encapsulated
molecules. The yellow arrow represents theeRlission from unfilled nanotube
segments, while the PL emission from the filled positions are shifted depending on
the encapsulated molecules.

3.2 Results

To prepare samples of molectibed SWCNTSs,| first thermally oxidized the
nanotubes to open their ends, and then incubated thesependd SWCNTs in
cyclohexane or4mexane (see Methods for details). This opening steggisred as the
ends of raw SWCNTs are typically capped or blocked, which would prevent the
molecules from entering the pét&'?’. | note that the nanotubes retain their structural

integrity during this oxidative opening process. The amount of oxidative defects
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introduced, if any, is negligible, as evidenced by the nearly unchanged Raman D/G
peak ratio Figure 3-2a) and bright PL from the ermpened nanotubeside infra).

After exposure to either-hnexane or cyclohexane, the opened nanotubes were then
stabilized as individual particles in water by the surfactant sodium deoxycholate for
ensemble measuremts or deposited on a substrate for single nanotube hyperspectral
imaging. As controlsl, prepared both empty (ertdpped) SWCNTs and watbiled
endopened nanotubes. The watdled SWCNTSs are a necessary control because the
particle dispersion procesequired to achieve individualized nanotubes is also known
to cut the nanotubes shorter and cause them to fill with ¥&atéf. To prepare both
controls,| dispersed endapped SWCNTs and separated those that remained intact

from the wateffilled endopened structures based on their difference in buoyant
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Figure3-2. Raman spectra ofimexanefilled (6,5-SWCNTs in comparison with
H20O-filled and endcapped controls. a, Raman spectra forepehed SWCNTs

(black curve) and endapped SWCNTSs (red curve). b, Raman spectra of-(6,5)
enriched SWCNTSs that are filled withhexane (black curve) and@ (red curve). c,
RBMs of the rhexan€filled and HO-filled (6,5-SWCNTSs. Note that all the spectra
are normalized to the G or RBM peak intensity. Note: Raman spectra were collected
under 532 nm laser excitation.
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3.2.1 Hyperspectral Imaging of Individual, Molecdiled SWCNTs

| confirmed moleculafilling by comparing the nanotube PL for thenaxane
exposed samples against both the empty and Afibéel nanotube controls. Using
hyperspectral imagirté® 12° | directly measured and mapped the PL response along
the lengths of individual nanotubdghen fit the spectrum capturet each detector
pixel with a Gaussian functiofsee Supplementary nodl andFigure 3-3) and plot
the peak PL emission wavelength as a psaadared map along withhe intensity
image Figure3-4a, b). Generally, hexarfédled (6,5FSWCNTs emit af 998 nm, in
contrast with the empty and watidted (6,5-SWCNTs, which emit & 982 nm and
© 987 nm, respectivelyHgure3-4a, c, e)l find that hexandilled (6,5-SWCNTSs are
redshifted by (12 £1) meV from the empty control and by (8 £2) meV compared with
the watetfilled counterpart. In some iretces (21 out of 81 individual long nanotubes
that were analyzed),observed patrtially filled (6,55WCNTSs, as shown in Figure 2b,
d. The PL peaks shift from 994 nm to 987 nm at different points along the nanotube
length, suggesting a single file ofhexane molecules intermittently spaced along the
nanotube. A simplified estimate of the numbers -biemane molecules in each pixel
region is provided in Supplementary N&&. More examples of empty and partially

filled (6,5), (8,3) and (7,5pWCNTSs are shen in Figure3-5.
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Figure3-3. Hyperspectral PL imaging spectra of individual (688)/CNTs fitted with
Gaussian, Lorentzian and Voigt functions. a, Empty {6\B)CNTSs fitted with

Gaussian, Lorentzian and Voigt functions. The peak positions from these fittings are

all at 1.263 eV. b, Watdilled (6,5-SWCNTs fitted with Gaussian, Lorentzian and
Voigt functions. The peak positions from these fittings are all at 1.256 eV. ¢, n
hexanefilled (6,5-SWCNTSs fitted with Gaussian, Lorentzian and Voigt functions.

The peak positions from these fittings are all at 1.243 eV. These results show that the

peak position isiot affect by the fitting functia) although their line widths do.
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Figure3-4. Hyperspectral imaging and photoluminescence spectroscopy of-alkane
filled individual SWCNTSs. a, Hyperspectral images of thefFL from a single (6,5)
SWCNT that is filled with Fhexane along its length. Left: PL intensity image. Right:
Map of the PL peak positions. b, PL image of a (gBJCNT partially filled with A
hexane. Top: PL Peak position map. Bottom: PL intensity imgdeL spectra along

the center of the-hexane filled nanotube (indicated by the arrow in a) in comparison
with an empty control. d, PL spectra along the center of the nanotube partially filled
with n-hexane (indicated by the arrow in b). e, PL spectna findividual (6,5)

SWCNTs that are empty (blue), watdled (orange), andmexanefilled (red). f,
Ensemble PL spectra of engiened (red) and erchpped (6,55WCNTSs (blue) that

had been incubated inlrexane. Scale bars in a and b represent 500Noie.that in

2a and 2b, the peak position is from spectral fitting of each data set with a Gaussian
function. The other spectra are fitted with a Voigt distribution function.
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Figure3-5. Hyperspectral mapsf individual SWCNTSs that were incubated with
cyclohexane, fhexane, or left empty. a, A cyclohexaneubated (8,35WCNT. b,
An n-hexaneincubated (8,35WCNT. ¢, An empty (8,3pWCNT. d, A
cyclohexanancubated (7,55WCNT. e, An Fhexaneincubated (7,pSWCNT. f,
An empty (7,5SWCNT. g, A cyclohexanecubated (6,55WCNT. h, An A
hexaneincubated (6,55WCNT. i, An empty (6,55WCNT. For each nanotube, the
PL peak position is plotted as a false color image along with the intensity image.
Scale bars resent 500 nm. Note that the peak position is from spectral fitting of
each data set with a Gaussian function.

3.2.2 Origin of PL Shift

| note there are two possibilities that could produce the observed shifts in the
(6,5FSWCNT spectra: surface adsorptionemdohedral filling. If the PL shift were
due to the surface adsorption ehexane on the nanotubes, themould expect there
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to be no observable difference in the PL spectra ofcepged versus ermpened
nanotubes. Howevel, find that the PL of the @hopened nanotubes is clearly
redshifted compared to that from the exappped nanotubes after both samples had been
incubated with rhexane [Figure3-4f). This result confirmed that the PL shift is caused
by endohedral encapsulation ehaxane molecules. Furthermore, spectroscopy studies
confirm the fact that without opening the ends ofrthrotubes, the interior channel is
inaccessible for filling regardless of how large the pore is relative to the molecule
(Figure3-6 andFigure 3-7), which, again, supports that surface adsorption of hexane

or cyclohexane is not the cause of the observed spectral shifts.
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Figure3-6. Eneemble PL spectra of erchpped and erdpened SWCNTs that were
incubated with rhexane or cyclohexane. a, PL spectra and b, schematic-of end
opened (green) and ewdpped (6,55WCNTSs (red) that were incubated with n
hexane. ¢, PL spectra and d, schentdtendcapped (6,55WCNTSs that were
incubated with rhexane (light red) and cyclohexane (dark red). e, PL spectra and f,
schematic of endapped (8,45WCNTs that were incubated irhexane (light red)
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and cyclohexane (dark red). Note that
and offset for clarity.
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Figure3-7. Endopened Nanotube photoluminescence responds to filling molecules.
a, (6,5); b, (7,6); c, (8,3); d, (7,5); e, (8,4); an(®f4) SWCNTSs respond to
cyclohexane (red curves) andhaxane (black curves) with a spectral shift. The
nanotube ends were opened prior to incubation with the solvents.

Molecular filling can induce strain on the nanottiBas wvell as change its
interior dielectric environmeht®, both of which may cause the observed PL shifts.
However, stain-induced PL shifts are strongly dependent on the nanotubemrad (
3). Expansive radial strain is predicted to shift the emission of mad @) = 1

SWCNTSs to the red.€., longer wavelength emission) and moehf, 3) = 2 SWCNTs

to the blue when congped to an unstrained nanotide>L In contrast, the dielectric
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environment is expected to induce the same effect on all nanotubes of the same
diameter.l can differentiate these effects of stram the dielectric environment by
comparing rFhexane, cyclohexane, and watdled nanotubes of different mod and
relativdy larger pore sizd.note that water filling also causes a spectral shift due to the
dielectric effect, but it features little to no strain since the molecular size of water is
relatively smaff® %, | observe that PL from (8,4and (7,6)SWCNTSs, both being mod
1, are redshifted when incubated with cyclohexanelwxane compared with water
filled controk (Figure3-8). In contrast, mod 2 nanotubes, including (8,3), (7,5), and
(9,4), show blueshifts. These trends closely follow the theoretical model by Yang et
al.**2, which predicts a modiependent, radial strainduced electronic effect. The
larger the strain, the larger the change in the band gap gjapiijyfollowing

EE6 (-1)Mmodem3A § A si n ( 3Hgpation3-1
in which G is the radial straim3)isthe i s the
nanotube modin particular, the Fermi point is pushed away from or closer to the
Brillouin zone vertices due to expansive strain depending on the mod of specific
SWCNT specie$?®. The moddependent behavidr observe Figure 3-8) strongly
suggests that strain induced from molecular encapsulation, rather than change in the

local dielectric environment, is the primary cause of the observed spectral shifts.
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Figure3-8. Response of nanotube photoluminescence to filling molecules. Excitation
emission PL maps of SWCNTSs that are incubated with a, cyclohexane and b, n
hexane. Note that the black dots mark the PL peak positimaterfilled SWCNTSs.

The PL intensity beyond 1060 nm is plotted at 1.5xscale to make the minority
nanotube species visible. ¢, Peak position of he€’E for SWCNTSs incubated with
cyclohexane (red) or-hexane (black), and those filled with water @)lor empty
(green). The arrows indicate the direction of the spectral shift between water and
alkanefilled species.

| also conducted Raman spectroscopy to further confirm that the observed PL
shift is indeed induced by strain (see Supplementary 8t8)el observed & 3 cnt
downshift of the Gband Figure 3-2b) and® 4 cmi! upshift of the radial breathing

modes (RBMs) of the-hexanefilled (6,5-SWCNTs Figure3-2c) compared with the
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waterfilled control. These shifts are indicative ofhexane generating strain on the
nanotube sidewalls, consistent with previous observafibhs,

| defined the spectral shift betweerhe@xane and cyclohexanécubated
SWCNTs 1g=$11 @pbnexanel Ei11,nhexane @ N d 11@3 aofunctiop Bf the pore
diameter for each filling moleculé&igure3-9, van der Waals pore sizes are provided
in Table3-1).1f i nd that for mod 1 nanabecdmess ( (6, 5
more negative with increasing pore diameter, as shown by the orange curve in Figure
3, while for mod 2 chiralities ((8,3), (7,5), and49, ) 11 pddmes more positive.
These trends unambiguously support a stirmilticed electronic effetf due to the
molecular filling. Interestingly,o b s e r viea® Oame\jdar (6,5 SWCNT, while
for | arger di ainhedtmeV.This acousstbechuseswhap Ehcubating
(6,5FSWCNT with cyclohexane it was not cyclohexane, but trace contaminant n
hexane that filled the nanotube. Even though the labeled purity for the commercially
available high purity cyclohexane is 99.9 %hexane exis as a trace impurity that is
difficult to remove completely, ak confirmed by composition analysis using gas
chromatography coupled with a mass spectrometesNISL(Figure3-10). In contrast,
both nhexane and cyclohexane can fit in larger diameter SWCNT hosts, such as (8,3),

(7,5), and (8,4), and cause the ru®pendent PL shiftd={gure3-9).
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Figure3-9. Molecular filling of nanotube pores is size dependent. The PL energy
differences between cyclohexane (99.9%#)d rhexaneincubated enepened

S WC N T s 11 Egp&ciohexand Ei1, nhexand Obtained from experiments are plotted as
a function of the van der Waals pore size of the nanotubes. Bawkame and
cyclohexane can fit in those nanotube pores in the yellow colored area, while only n
hexane can enter the, 5-SWCNT pore, suggesting the existence of a threshold pore
size below which fhexane can enter but cyclohexane cannot. Note that the curves are
added to guide the eye. The curves connect nanotubes of Mod 1, with-m8¥1,

and Mod 2 (mod{-m, 3)=2). The error bars represent the standard deviation of the
E11 emission peak position measured from multiple different SWCNT samples.
Uncertainty in the calculated points are represented by error bars equal to one
standard deviation.

Table3-1. van der Waals pore sizes of the nanotubes used
SWCNT chiral car bon -tceeenntteery van der Waal s ¢
di amet é%¥* (. nr

(6,5) 0.757 0.422
(8, 3) 0.782 0.447
(7,5) 0.829 0.494
(8, 4) 0.840 0.505
(7,6) 0.895 0.560
(9, 4) 0.916 0.581

* calculated by subtracting the van ®éaals diameter of carbon atom from the
carbon centeto-center diameter of SWCNTSs. Note that the van der Waals diameter
of carbon atm used here is the interlayer spacing in graphite (0.335 nm). The

diameter of l,m)-SWCNT is calculated frordt:@ Vin2+m2+m nbased on
wrapping a graphene sheet with &®ond distanckeco f 1. 4 4
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Figure3-100GCMS anal ysis of a commerci al cycl ohe;

99.90 %). a, Gas chromatogram of the cyclohexane. b, Mass spectrum of the
component eluted at 4.62 min, which is assignedhexane. Although there is no
obvious peak in the gas chromatogram, the trace amourhexane can be detected

by the coupled JEOL high resolution magnetic sector mass spectrometer with an El
ion source (the detection sensitivity is on the order as low as 1 femtogram). ¢, Mass
spectrum othe component eluted at 5.28 min, which is assigned to the majority
cyclohexane component.
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3.2.3 Molecular Sieving of #iHexane from Cyclohexane

As cyclohexane and-hexane are nearly identical in chemical identity, the pair
serves as an excellent model systenchallenge the ability of nanotube pores for
possible molecular sievingprepared a mixture of 0.1 % (by volumehaxane in 99.9
% cyclohexane solution, in whichincubated endpened SWCNTs composed of
primarily (6,5)SWCNTs at room temperatur€igure 3-11). After incubation with
different amounts of SWCNTSs, the nanotubes were removed from the solvent mixture
by filtration and the purity of cyclohexane was quaatifoy GCMS. Figure 3-11b
shows the cyclohexane purity (%, vol/vol) andi®e x ane concentration (¢
function of the SWCNT mass added per unit volume. Natethie removal ofimexane
occurs only with operended SWCNTSHigure3-12a). These experiments demonstrate
that the Rhexane was selectively removed by the additidch@endopened SWCNTSs.
| estimated the percentage of the pore volume occupiedhaxame inside the (6,5)
nanotubes was in the range of {&2) % for the SWCNT concentrations measured, as
shown inFigure3-11. The detailed calculation is described in Supplementary Blote
2.

Our series of experiments provide unambiguous evidence thatiSWB/ENTs
can be selectively filled with-hexane. However, the widely used concept of KD failed
to capture his phenomenon. This observation thus challenges our current
understanding of the nanotube pore and may have broad implications for nanopore

applications where molecular filling is the critical first step to selectivity and transport.
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Figure3-11. Molecular sieving of fhexane from cyclohexane. a, Schematic of the
molecular sieving of #mexane and cyclohexane by (6®WCNTSs. Only Fhexane
molecules can enter the nanopore of EEBYCNTs. Note that for clasi the carbon
atoms are displayed in two different colors: goldeihérane) and red (cyclohexane).
b, Molecular sieving of #mexane from 99.9 % (volume/volume) cyclohexane by
(6,5-SWCNTSs. Plotted are cyclohexane purity adgexane concentration as a
function of the nanotube mass per unit volume added to purify the mixture. The
cyclohexane purity was determined by quantitative & The two trendlines are
added to guide the eye assuming linear extrapolation. Uncertainty in the calculated
points are repiented by error bars equal to one standard deviation.
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Figure3-12. GGMS experiment for thexane concentration measurement. a,
Selective adsorption ofnexane comparison between adsed and uncapped
narotubes. b, GEVS calibration curve of concentration. The peak area ratio of
hexane and toluen@hexanéAwluend IS plotted as a function of the concentration ratio
(Cn-hexanéCroluend. The slope of the fitting curve is the response factor, whith is
0.3918. R=0.99. Uncertainty in the calculated points are represented by error bars
eqgual to one standard deviation.

3.2.4 Molecular Dynamicsndab-initio Molecular DynamicSimulations

To understand how hexane enters the tight poreerformed molecular
dynamics (MD) andab initio MD simulations.l terminated the nanotube ends with
hydroxyl (OH) groups, as expected from oxidative @mtapping, and held the tube
in place with graphene walll then kept the SWCNT in arlrexane/cyclohexane bath
at 300 K, as shown iRigure3-13, and modeled the system as an isothetisaaric
ensemble, in which the numbef molecules, pressure, and temperature were held
constant.Because the cuature effects® become s pronounced in these small
diameter nanotubes, the concept of van der Waals radii of ‘&folfls which model
atoms as hard spheres, and the kinetic diameter of molEéulelsich are calculated
based on the van der Waals radii, cannot fully capture the nanmwdeeule
interactions.| incorporate these effects by foeming ab initio MD where the

electronic structure calculations are combined with all atom MD (see Methods for
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details) and calculate the projected radial distagtbétween rhexane atoms and the
SWCNT carbons in the molecule filled nanotubgy(ire3-14). By subtractingpfrom
the nanotube diametércan define an accessible pore siag that can be directly
compared with the minimum projected diameter of the §limolecule Figure3-15).
For the nhexane filled (6,5B5WCNT,| obtain agpof 0.244 nm and an accessible pore
size of 0.269 nm for (6,53WCNT. Interestingly, #hexaneenters (6,55WCNT only
when it is in the stretched state, whereas thetreiched rhexane is excluded from
the pore of (6,55WCNT (Figure3-16). Compared to the relaxed state.( the most
probable configuration) in the bulk solution, thaexane molecule is stretched by 11.2
% (elongated along the length) inside the @BWCNT pore (Table 3-2). MD
simulations on (6,55WCNT, (8,3)SWCNT as well as other SWCNTs
(Supplementary Not8-5) corroborate experimental observations (showiigure
3-9) that there exists a threshold pore diameter below which ehgxane enters the

pore whereas cyclohexane cannot.
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Figure3-13. The system used in the MD simulations, with SWCNTs emptying into
cyclohexane (or4mexane) baths kept at 300 K and 1 atm pressure. The ends of the
SWCNT are terminated with hydroxyldH) groups. Note that completely redak

angle parameters are used fdnexane in this simulation. The dimension of the
cyclohexane (or4mexane) bath is 2.5x2.5X.5 ninand the length of the SWCNT is
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Figure3-14. Accessible pore sizedm AIMD simulations. a, Schematic of the
accessible pore size, which is defined as the nanotube diameter subtracting the
minimal atomcenterto-center distance between the (6EB)/CNT wall and rFhexane
hydrogens. b, Probability distribution of the progettadial distanceg between the
carbon and hydrogen atoms of thexane molecule and the (6,9WCNT wall.
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Figure3-15. Schematic showing the minimal projected diameter of a molecule. a,
cyclohexaneb, nhexane. Note, the projected diameter calculated in our simulations
are atom centetio-center distance. Geometries fehexane and cyclohexane are
optimized using Density Functional Theory (DFT).

n-hexane at
initial timestep

Un-stretched
n-hexane at
final timestep

Stretched
n-hexane at
final timestep

Figure3-16. AIMD simulations of filling a (6, 5SWCNT with stretched and un
stretched rhexane. a, The-hexane molecule is placed in the pore mouth att = 0. b,
The final configuration of wstretched rhexane at the end of the silation at t = 2

ps. ¢, The final configuration of the stretchetexane at the end of the simulation at
t = 2 ps. The AIMD simulations were performed at 300 K.
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Table3-2. The molecular configurations oflrexane under the confinement of (6,5)
SWCNT (stretched) and in the bulk solution-@tretched) at 300 K and 1 atm. These
values are calculated by averaging the respective bond lengths and angles for one
sample configuradin of stretched and estretched rhexane (provided in the
supplementary file). The sample configuration for stretchkdxane is obtained

when rhexane is under confinement of (6B)VCNT and for urstretched fhexane

is obtained from the most probablenfiguration of shexane in the bulk solution at
300 K, 1 atm. These values are obtained from MD with systems described in the
Methods section.

Cc-C C-H C-C-C C-C-H H-C-H length of n- ' minimum
bond bond bond bond bond angle = hexane (A)* | projected
length length angle angle diameter
AR) (A) AR)
un- 1.52 1.09 114.2¢106.65109. 83 8.084 2.80
stretched
stretched = 1.52 1.09 144.72101.1€¢€115. 24 9.045 2.510

*Lengths of nRhexane molecules are etwend hydrogen distances.

To further understand the stretched molecule Sizmlculate the minimum
projected diameter of-hexane in each of its different molecular configurations, or
stereoisomers, and observe that the most probable configuration occurs at a minimum
projected dameter of 0.28 nmHKjgure 3-17). Importantly,| find that the stretched
configuration of rRhexane (with a minimum projected diameter of 0.251 nm) exists in
the bulk soltion at 300 K anaverallthere is a 28.5 % probability (bhshaded area

in Figure3-17) for a free Rhexane molecule to exist in molecular configurations that

are smaller thanthe (699 WCNTO6s accessi ble pore diameter

for cyclohexane, the minimum projed diameter for the most probable configuration
is 0.398 nm and there is zero probability for the molecule to exist at a configuration
that is smaller than the (69 YWCNTO6s accessible pore s

complete exclusion from the nanopore.
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Figure3-17. Molecular dynamics simulations revealing thdtexane adapts a
stretched molecular configuration to enter a tight pore. Plotted are the distributions of
the minimum projected diameter for easthreoisomer of4hexane (black dots and
line) and cyclohexane (red dots and line) in bulk solution at 300 K, which are
sampled from a total of 222039 and 1131188 molecular configurationshfxamne

and cyclohexane, respectively. The molecular modelalaoeshown for the most
probable configuration of-hexane in solution and in its stretched state (in bulk
solution or under confinement of the (6SYWCNT pore). The #mexane molecule
extensionally stretched 11.2 % with a minimum projected diameter Ar@%thich is
smaller than the accessible pore size of theBWLNT @ = 0.269 nm). The

overall probability that any particular freehexane molecule exists in a conformation
sufficiently narrow to enter the (6;9WCNT interior, calculated through thatio of

the integral of the shaded blue area in the figure to the entire minimum projection
curve, is 28.5 %, as highlighted by the blue shaded area. In contrast, there is zero
probability for cyclohexane to exist at a molecular configuration smallerthiegpore
size of (6,5 SWCNTSs.
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3.3 Discussion

KD is a concept that has been widely used to represent the molecular size in the
field of molecular sievintf®4%. Our work, however, provides an example that this
static viev of molecular size fails to capture the flexible nature of molecules in entering
a tight space. The structural rigidity of SWCNTs allows us to study the foundation of
such observation by isolating the flexibility of the absorbateekxane or cyclohexane
in our case) from the pore deformation which could occur with flexible pores such as
met al organic frameworks due to the struct
modulus®!. Instead of using the KD,simulate the dynamic changes of the molecules
in solution to obtain the minimal projected diameter, which resolves the discrepancy

and better captures the molecular origin of such a molecular sieving phenomenon.

3.4 Conclusions

In summary, | experimentally observed molecular sieving between two
competing moleculethat are both larger than the pore size of a precision nanopore
defined by a carbon nanotube. MD simulations show tHaxane enters the tight
nanopore at its stretched state (elongating by nearly 11.2 %), which exists with an
overall probability of 2&% in the bulk solution at 300 K. The encapsulated molecules
cause a straimduced PL shift thak used as a sensitive optical signature to directly
resolve the molecular filling along the length of individual nanotubes by hyperspectral
imaging. These ux@ected observations provide insights on nanopore selettvity
and suggest a strategy for molecular separd@fidf® by exploiting the molecular

degrees of freedom.
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3.5 Supplementary Notes

3.5.1 SupplementariNote 3-1: Estimation of the numbers of filledhexane

molecules in(6,5-SWCNTs based on hyperspectral imaging

To estimate the number of filledhexane molecules, have to consider the

diffraction limit. The pixel size9 160 nm) is smaller than the diffraction limit, which
stands at 580 nm in our case (calculated fogﬁq/—x whereais the wavelength of the

980 nm emission from (6,5JWCNT, andNA = 0.85is the numerical aperture of the
objective used). For thiswolkused | ong nanotubes (> 3 em)
spatial resolution of PL imaging. It is not possible to completely deconvolute the
complexity formed by so many emitting nanotube segments when they are partially
filled. However,| may estimate the numbef m-hexane molecules in each pixel based
on the assumption that strain and PL shift correlation is linear.
In the case of#mexane filling, the major cause of the photoluminescence (PL)
shift is the strain, wHanddtherilitsratwterepot€i bed by
The PL shift (@wE) is observed®bDuetothe | i near
singlefile packing,l can consider the system as one dimensional such that the strain is
linearly correlated with the number of filled molecules. If this assumption holds, the
strain and resulting PL shift is then directly proportionathis number of thexane
molecules within the nanotube pore.
By considering a linear scaling of the PL peak shift for the empty (0 %) up to
the fully filled (100 %) nanotubekgcan obtain the percentad® (©f the nanotube filled
with n-hexane from the £z peak wavelength by the following relation:
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P=kE;, b Equation3-2

whereEi1 is the PL emission peak wavelengimm, k andb are two constants
due to the linear relationship of strain and resultinglRhensubstitute E11 = 982,P
= 0%) and E11 = 998,P = 100%) into the equation to obtakn(=0 . 0 6a@dd
(=6 1 . Jorthig caseWhen one rhexane fills inside a nanotubegment, the length
of this segment is roughly equal to the length of the stretciinexane (1.14 nm, based
on the atom centdp-center length of #hexane, 0.90 nm, plus the van der Waal radii
of the two hydrogen atoms, 2 x 0.12 nm = 0.24 nm). Basd¢dese, the numbers of n
hexane can be derived. For example, for pixels that havaigme&k of 990 nm in
Figure 2b,l can calculate the percent filling of the nanotube is 50Bk@xane by
plugging inEi1 = 990 nm. can further derive that on average there®ade43 hexane
molecules per nanometer length of (6SB)/CNT.

| note that the peak positiorisigure3-4a,b) used in the above calculations are
from fitting the spectra with a Gaussian profile. The spectra are best fit with a Voigt
distribution function which is a result of the cahwtion of a Gaussian profile
(inhomogeneous broadening) and a Lorentzian profile (homogeneous broadéning).
Although the linewidths are different, all these functions give the same peak positions
in our case, as shown kigure 3-3. Because the Voigt function is computationally
more expensive to implement to fit the cubes from hyperspectral imadiage used
a Gaussian function for the spectral fittimdpen only the peak position is needed,
including Figure 3-4a, 2b andrigure 3-5. In all the other cases, a Voigt function is

used.
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3.5.2 Supplementary Not&2: Estimation of the percentage of the pore

volume of the tubes filled withhexane.

In Figure3-11, | show that the #fmexane can be removed from the mixture by
(6,5FSWCNTSs. To estimate the filled pore volurhassume all the SWCNTSs are (6,5)
SWCNTSs, though note thenanotube raw material is synthesized as a mixture of
different chiralities, with (6,55WCNTs being the major componenalso considered
the SWCNT purity{77. 1 mass % based on the manufact

Adsorption of Rhexane should result the nrhexane molecules packing single
file inside the (6,585WCNTSs due to the size limitation. Thereforean estimate the
percentage of the pore volume filled witlhexane based on the length of the molecule
and that of the SWCNTSs. Since only stretchdtexane can enter (6;9WCNTSs, the
molecular configuration that fits the nanotube has a length of 1.14 nm. Therefmne,
estimate when 100 % filled, these nanotubes can densely encapsulate at least 2.07
emarL/, 3. 68 & mol / mL-hex&anSide 2.81mg/mL, /47 mg/inL, n
9.13 mg/mL (6,5SWCNTSs, respectively. The actual amount dfiaxane removed
was experimentally determined to be 1.56
respectively Figure3-11). From the ratiod,obtained the percentage of the filled space
to range from 52% to 82 % for the experiments performed here. These data suggest that

the molecules are loosely packed inside tneotube pore.

3.5.3 Supplementary Not&3: Raman spectroscopy

| conducted Raman spectroscopy to further investigate the effect of SWCNT

strain. The D peak of SWCNTs, which originate from the structural disorder, are
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commonly | ocantedwhaitl ed G 3p5e5a klamdrapresentahe & 15 8°F
ordered graphiticteucture Supplementary Figui& shows the G and D peaks of the

Raman spectra from the engened and enrdapped nanotubes. After the end opening

process, the D/G ratio slightly increases from 0.021 to 0.UBR. low increase of

disorder suggests the anmbwof nanotube oxidation during the opening process was

small. Furthermore, such oxidative defects are known to quench the SWCNT
photoluminescence (PL¥2However,| observed bright PL from the nanotubEg(ire

3-4 andFigure 3-5), indicating the effect of changing PL properties in terms of peak
wavelength and intensity caused by these defects was negligible.

Figure 3-2b shows the G peaks ofhexane and wateffilled (6,5)-enriched
SWCNTSs. Note: Due to the ensemble averaging, thaia and D band signal may be
convoluted with contributions from other mingpecies, such as (8,3) and (7,5). The
downshift (3 cm) of the G peak of the-hexanefilled SWCNTs compared to the
waterfilled nanotubes indicates endohedral encapsulationtwxane creates radial
expansive strain on the nanotube sidewalls, whicbnsistent with ret°. The radial
breathing mode (RBM) peak of thenexanefilled (6,5-SWCNTSs i< 313cm?, which

is upshifted4 cm! comparedvith the waterfilled control (Figure3-2c).

3.5.4 Supplementarilote3-4: Grid size used in simulation

To have more confidence on the inferencesght have made from the 1x1x4
grid, I performed additional simulations to compare the energies obtained from using a
finer grid.l find that the energies obtained from the 4x4x1, 2x2x2 and 4x4x4 grid differ
from the values obtained from the 1x1x4 by around 0.005T@¥l€3-3). These finer

grids have higher number ofgoints, making them computationally impractical and
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too expensive to perform AIMD simulations since the number of atomsn(kie

system exceeds 400 and the computational cost scales as ~O(N3). However, the
energies obtained from the 1x1x4 grid are close to those from the finel gitgtsnote

that the value used for the enff energy (400 eV) is right on the border of wé¢he

plot in Figure3-18b starts converging. Using 400 eV, the error in the energy from its
converged value 0f3963.3562 eV is 0.07%, which makes iteasonable balance

between precision and computing cost.

Table3-3. Grid size and corresponding total electronic energy (eV) in AIMD

Grid size Total electronic energy
(eV)

1x1x4 -3963.3504 eV

2x2x2 -3963.3556 eV

Ax4x1 -3963.3554 eV

Ax4x4 -3963.3562 eV
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Figure3-18. Convergence from AIMD. a, Convergence as a function of grid size. b,
Convergence as a function of @ff energy
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3.5.5 Supplementary Not&5: Conformational changes oftrexane in MD

simulation

OPLSAA potential** is used to model -hexane and cyclohexane, which

determines the bond lengths, angles and dihedrals of these molecules. This potential
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allows for small deforntéons about the mean for bond lengths, angles and dihedrals.
However, completely relaxing angle parameters (while keeping the bond and dihedral
parameters the same as the OASmodel), achieved by setting the force constants
(kg) of all angles in fhexare and cyclohexane to ze@lows for large conformational
changes in these molecules, thereby allowing them to freely stretch and compress. Only
after relaxing the angle parametdrgbserved that-hexane molecules could enter
(6,5FSWCNT, with cyclohe&ne still being excluded and this result is consistent with
AIMD calculations. To estimate the threshold at which the hexane enters whereas
cyclohexane cannot, a range of SWCNTSs in increasing order of diameter, i.e,, (6,5)
(8,3), (7,5), (8,4}, (7,6) and (9,4)SWCNT ((van der Waals pore size ranging from
0.422 nm to 0.581 nm) were investigatddthen kept the SWCNT in an-n
hexane/cyclohexane bath at 300 K, as showfignre 3-13, and modeled the system

as an isothermasobaric ensemble, in which the number of molecules, pressure, and
temperature were held constant. The MD results corroborate our experimental
observations that (8, BWCNT and large diameter nanoéigbexhibit no selectivity
(both nhexane and cyclohexane are observed to enter the SWEIgIF€3-19) while

(6,5FSWCNT exhibits selectivity allowing only-hexane tenter the nanopore.
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Figure3-19. MD simulations at 300 K, 1 atm of (6;5nd (8,3)SWCNT incubated

with n-hexane or cyclohexane. a, A (6BWCNT placed in an-hexane bath at t=0.

b, Single file on-hexane molecules filling in the pore of (6SYWCNT at the final

step t a 200 ps ( Sup p-BWGN& placediny cynlahexane 3 ) . cC
bath att=0.d, Empty 6B WCNT at the final step t & 200
4). e, A (8,3)SWCNT phced in an fhexane bath at t=0. f, Single file ohexane
molecules filling the (8,3 WCNT at the final step t & 200
5). g, A (8,3)SWCNT placed in a cyclohexane bath at t=0. h, Single file of

cyclohexane molecules filling the, S WCNT at the final step t
(Supplementary movie 6). In all these snapshots, carbon atontseahne are

depicted in yellow, carbon of cyclohexane depicted in maroon, hydrogen in light

blue, (6,5) and (8,3)SWCNTs in dark blue. Note that thergension of the

cyclohexane (or4mexane) bath is 2.5xX2.5X.5 ntnand the length of the SWCNT is

4 nm.
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3.6 Methods

3.6.1 Process to Uncap the Carbon Nanotubes

To enable filling of SWCNTS4, modified a published procedd?to maintain
the nanotube length while removing the capped ends. 60 mg of-catigtdenum
catalyst (CoMoCat) SG65 SWCNTSs (Sigma Aldrich, lot MKBS9734Myere placed
on a glass slide and akzed at®300 °C in air for 30 min and kept at the same

temperature under 0.1 MPa (1 atm) of argon for 30 min, resulting in a 15 % mass loss.

3.6.2 Endohedral Filling of Alkanes

A powderof the uncapped SWCNT8J0 mg) was placed in a 10 mL round
bottom flask with 5 mL #hexane(0 99.0 % Uvasdl, Sigma Aldrich, lot

K49581572804) or 5 mL cyclohexane (99.9 %, Fisher Scientific, lot 176413), which

was then incubated at 56 for 48 h. The mixture was then incubated 48 h at 55

°C, which is below the boiling points of bothhexane and cyclohexane, with the aid

of a condenser to minimize evaporation. Post incubation, the mixtures were filtered
(Millipore VVLP membrane, 0.1 esemmtihere si ze€
solid nanotubes. The resulting cake, (2 to 10) mg, was manually crumbled loose and

placed in a vacuum chamber for 24 h at room temperature to evaporate any residual

alkane sticking to the outer walls of the nanotubes.
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3.6.3 Carbon Nanotube Dispersion étess

For ensemble spectroscopy measureménispersed (1 to 2) mg nanotubes
in 2 mL of 10g/L sodium deoxycholate (DOC) in@by ultrasonication with a power
of 4 W and at 10 € for 30 min, followed by centrifugation 28000 g {717 rad/s,
16400 rpm for 1 h (Eppendorf centrifuge 5417 R). In the case of separating empty
nanotubes from watdilled ones by density gradient ultracentrifugation (as described
in the next section), the ultrasonication power was lowered to 0.5 W/mL solution.
To obtain log and moleculdilled nanotubes for hyperspectral imagirg,
performed a superacid surfactant exchange (S2E), as previously réfSanextder to
avoid ultrasonication that can cut nanotubes. Briefly, the alkenubated SWCNTs
were dissolved in chlorosulfonic acid (Sigiakdrich, 99.9 %) at a concentration Of
0.2 mg/mL and the mixture was then added evplrop to a solutiorof 0.75 mol/L

NaOH and 0.8 g/IDOC (SigmaAldrich, & 97 %) aqueous solution until the solution

pH decreased t® 8. To concentrate the SWCNTSs, the pH of the solution was then
tuned td® 6 by adding HCI (1 mol/L) to coagulate the SWCNTSs. The precipitates we
then collected and redispersed in Nanop{ingater by increasing the pH 07 to 8

with NaOH solution (1 mol/L). The final concentration of DOC was 20 g/L.
Undissolved particulates were then removed by centrifuging the solutk8Pé4 g

(1467 rad/s14000 rpm) for 60 min on a benchtop centrifuge (Eppendorf Centrifuge
5810R). (Safety note: the neutralization process of the chlorosulfonic acid is extremely
aggressive and should be performed in a fume hood with proper personal protective
equipment, includingoggles, lab coats, and agekistant gloves, due to the generation

of a significant amount of heat and fumes.)
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3.6.4 Separation of EndCapped SWCNTs by Density Gradient

Ultracentrifugation

To obtain the endapped empty SWCNTs|, used a density gradient
ultracentrifugation procedufé’ to separate the empty SWCNTs from those that were
waterfilled based on their density differences. Due to the absence-acbpped empty
SWCNTs in CoMoCat SG65, which was only avaksd$ chemically purified material,
| used raw Hileo SWCNTs (NoPo Nanotechnologies, LOT: R1A®10) dispersed at
a concentration of 20 g/1° (2 %) DOC/HO by mild sonication (45 min, 6 mm tip,

0.9 W/mL) then centrifugation for 2 h with a8 rotor a39086 g (885 rad/s18000

RPM) to prepare a stock solution for this purpose. The SWCNTs in 2 % DOC were
layered on top of 4 mL of 10 % (mass/volume) iodixanol (OptiPrep, Aldrich), 1 %
DOC/H0O and centrifuged using a VTi 65.2 rotor (Becka@oulter) operatedat
414829 g 6807 rad/s65000 RPM) for 1 h at 28C. The enriched empty SWCNTs
were collected from the top of the band in the middle of the tube. The iodixanol was

removed by ultrafiltration through a 30 kDa membrane (Millipore 8003).

3.6.5 Characterization

To probe the optical properties at the ensemble level, the-BIWECNTs were
further diluted in 2 mL of 10 g/L DOC in4D. Samples were diluted in 10 g/L DOC
in D20 to avoid the absorption o8 at® 1200 nm, which is very close to the SWCNT
PL emission rage.

The PL was collected using a NanoLog spectrofluorometer (Horiba Jobin

Yvon). The samples were excited with a 450 W Xenon source dispersed by a double
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grating monochromator. The slit width set bandpass of the excitation and emission
beams were both s 10 nm. PL spectra were collected using a lidi@ooled linear
InGaAs array detector. The emission spectra were collected with excitation light at the
E22 wavelength of each specific chirality. The integration time for the 1D and 2D
spectra were 2 ®© 60 s and 5 s, respectively. Note that all samples had an optical
density at the & band of less than 0.5 (A/cm), measured using a PerkinElmer Lambda
1050 spectrophotometer with a broadband InGaAs detector.

The Raman spectroscopy was performed usihgklrRAM ARAMIS Raman
microscope (Horiba Jobin Yvon) with an 1800 or 2400 groove/cm grating, 532 nm
laser excitation (46 mW), and a 1.0 neutral density filter to prevent sample damage.
The integration time was 1 s, taken 10 times in total. The dispersetlibarsolution
was precipitated with ethanol and then deposited on a Si substrate, which
simultaneously served as a reference with the Si peak at 52017 during the
measurement.

To demonstrate the selective filling, the samples were prepared fM&C
anal ysi s as f ddxdnewas mixed With 30lnL oyélohexane to prepare
a 0.1 % rhexane in cyclohexane (vol:vol) solution. A powder of-epeéned SWCNTSs
(from CoMoCat SG65 nanotubes, which contains a mixture of chiralities, but the
majority of he sample is (6,53WCNT)with different masses was placed in 3.7 mL
vials with magnetic stir bars. 2 mL of the 0.1 %exane in cyclohexane solution was
added to each vial. The vials were sealed with a cap and P&afi@ whole system
wasstirred at room temperature for 7 days to ensure it reaches equilibrium. Note: the

boiling points of rRhexane and cyclohexane are 687and 80.7°C, respectively.
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Therefore, a sealed system was used to minimize any potential bias possible from
differential evaporation. After incubation with different amounts of SWCNTSs, the
nanotubes were removed by filtration using
size). The purity of cyclohexane was analyzed in a GC auto sampler vial within 5 min
to minimize the eaporation

The GCGMS measurements were performed on an Agilent 6890N system
coupled with a JEOL highesolution magnetic sector mass spectrometer {JM5
MStation) with arelectron ionizatioEl) source (70 eV). The mass spectrometer was
operated in thenode of high scan speed with a mass range from (50 to 200) Daltons.
A silica capillary column (Agilent DBL 7 MS 30 m |l engt h, 250 &m
the experiments with helium (at 1 mL/min) as the carrier gas. The analysis was
performed as follows: injgci on vol ume = 1 €L, splitless
commercial cyclohexane (Fisher Scientific, certified ACS, Lot 176413) and split mode
(ratio = 1:20) for the mixture of-hexane (Sigma Aldrich, Lot K49581572) and
cyclohexane (volume:volume = 0.1:99.8)e front inlet temperature was 250 C, the
column temperature was programmed from 40 € at 2.0 min, increased to 150 € at a
rate of 25 €/min, then increased to 280 € at a rate of 50 €/min, and held at 280 €
for another 1.0 minl used the fragmenian patterns obtained byl to identify the
structures of ions observed in the mass spectra based on the NIST mass spectral
library'#”. To obtain the absolute concentration digxane after the SWCNTs were
incubated in the liquid mixture,used toluene as an internal standard witlolame
concentration of 0.1 % (volume/volume) to construct the calibration ciigeiré

3-12). The concentration of-hexane was then calculated with fblbowing equation:
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Cn-h o x a:n'?gt—hoel xua‘e'nn<cetRoFl uene Equati0n3-3
inwhichC, e x a0dC; 0| &Bch& t he concentratien i n un

hexane and toluene, respectively, A, e x 20dA: o1 A6 the peak areas for n

hexane and toluene, respectively, &tes the response factor.

3.6.6 Hyperspectral Photoluminescence Imaging

To collect single nanotube PL images, the fHR@/CNTs were dispersed in 10
g/L DOC in DO with an optical denty (OD) of ©0.1 at the I peak wavelength of
(6,5rSWCNT, then diluted fold with 10 g/L DOC in RO. 5 eL of the di
solution was then drepast onto a polystyrene coated Au on Si substrate. The
polystyrene layer acts as an insulating layer togmethe SWCNTs from contacting
with the Au, which would quench the PL. The Au layer is added as a mirror to double
the excitation and emission lighthe hyperspectral imaging was performed on a
custombuilt microscop&?. In the current experimentsused an infrared optimized
100x objective (LCPLN100XIR, numerical aperture (NA) = 0.85, Olympus) along with
a continuous wave laser at 730 nm (Shanghai Dream Lasers Technology Co., Ltd.) or
561 nm (JivéY Cobolt AB, Sweden) as the excitation light source. Fluorescent
emission from the sample was filtered through a long pass dichroic mirror (875 nm
edge, Semrock, USAyvhichremovel the elastic laser scattering from the sanghel
dispersed by a volume Braggating (VBG; Photon Etc, Inc. Montreal, Canada). Only
the diffracted light with a narrow bandwidth of 3.7 aras collected on the detector to

form a spectral image.
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| expored the PL spectra from the hyperspectral cube and read out the
coordinate or location for each fluorescent nanotube. Thep&k position was
obtained by fitting the spectrum from each pixel with a Gaussian pr(fde
Supplementary NotedndFigure3-3) andl then reconstructed the peak positions along

with spatial information as a color map image by MATLAB.

3.6.7 Molecular Dynamics (MD)

MD simulations were performdd simuate the molecular filling and calculate
the distribution of the minimum projected diametBrg(re 3-17) of n-hexane and
cyclohexane in bulk. These simulations ugéé Largescale Atomic/Molecular
Massively Parallel Simulator (LAMMPS¥ MD toolkit. To simulate organic
molecules in MD) use the alatom optimized potentials for liquid simulation (ORLS
AA) potential*°to model carbortarbon and carbehydrogen interactions. The atoms
in the SWCNT are simulated using the Adaptive intermdéeceactive empirical bond
order potential (AIREBJY¥?. Interactions between carbon in the SWCNT and carbon
and hydrogen in hexane and cyclohexane are modeled tisengennardJones
potentiat®! with parameters given ifable3-4. The parameters for carbon were taken
from ref!® and hydrogen were taken from féfand oxygen were taken from réf.

The SWCNTs are terminated witbH groups, and the pressure is maintained at 0.1
MPa (1 atm) and temperature at 300 K to model the experimental condifimns.
identify the threshid at which the hexane enters whereas cyclohexane cavibot,
simulations were performed for thgclohexane, hexane, and SWCNT syste{@®d)

, (8,3), (7,5), (8,4), (7,6}, (9,4 SWCNT)with the angle parametefsr n-hexane

and cyclohexane completely relaxed to account for large conformational changes in
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these moleculegFigure 3-13 and Figure 3-19). The configurations to calculate the
distribution of the projectedliameterin Figure 3-17 were collected fromthe
simulations of rFhexane/cyclohexane placed in a bath of volume 25 2.5 nn¥ at

300 K and 0.1 MPa (1 atm). The simulations are equilibrated for 5 ns, before post
processing is done to bin the molecules based on their progiatedter A time step

of 0.25 fs was used, with data being sampled every 100 timesteps and the system was
run until enough statistics were obtained to ensure a smooth distriljotixane

system was run fdr 125 ps and the cyclohexane system°f@&00 p3. The damping
parameters used in LAMMPS for the thermostat and barostat are 2.5 fs and 25 fs
respectivelyunder the NPT ensemble duritige productionrun.

Table3-4. LennardJones parameters used in MD simulations.

Atom pairs * (A) 5 (eV)

C-C 3.4 0.00286
C-O 3.024 0.0049

C-H 2.9 0.00192
O-H 3.166 0.00667
O-0 3.166 0.00667
H-H 2.4 0.00129

3.6.8 Density Functional Theory (DFT)

DFT was used to optimize the geometries used in AIMD simulations (described
in the next section) and to verify that the minimum projected diametehexane and
cyclohexane in their relaxed state (most probable configuration) match with the results
obtaned from MD. Thesesimulations are performed using the Vienna Ab initio
Simulation Package (VASPf. T he P e r-ErreeshofRRBE)Knetional®is
used for exchange correlation energy. A 1 x1 x4 grid has been used in these

simulations along with an energy eit of 400 eV. Convergence with respect to the
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grid size and the energy eoff is shown in Supplementary Figurd. 1 note that using

400 eV, the energy difference is 2.91 fed theconverged value, which occurs at an
energy cuff of 500 eV, but the latter siulation isU 40 % more expensive, which

is why 400 eV was chosen as a compromise. It was verified that the optimization of the
n-hexane and cyclohexane geometries leads to positive vibrational frequencies only
and that the projeéed diameters of the mogtobable configurations of-hexane and
cyclohexane are in agreement with those obtained from MD (0.28 nm and 0.4 nm,

respectively).

3.6.9 Ab initio Molecular Dynamic Simulations (AIMD)

AIMD simulationswere performed to show thathexane moves int6,5)
SWCNT only when it is stretchedrigure 3-16) and to calculate the accessible pore
size of (6,5rSWCNT (Figure 3-15). These simulations were performed for the
hexaneand (6,5 SWCNT systens starting from two configurations: (1)-mexane
(both stretched and unstretched) is placed at the pore mouth;efZhstt Fhexane
placed inside the SWCNT, away from the hydroxyl groups at the pore nidwh.
modeled (6,5SWCNT has unit cell consisting of 364 carbon atoms, with an
additional 44 atoms of hydroxyl group®H) at the end of the nanotube. In total, the
systems have 428 atoms with the volume of the simulation box being2Z22% 80
A3. The startinggeometry of the stretchedhexanemoleculeis calculatedrom MD
simulations by relaxing all the angle parameters, allowing the molecule to freely stretch
within the nanotube poré&IMD simulations were performed in VASP and all the
parameters used were same as those used for geometry optimization in DFT (mentioned

in the previous section). In addition, the isothermabaric ensemble was used, with
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the tempeature and pressure maintained at 300 K and 0.1 MPa (1 atm). For the system
described in the first configuration, the simulations were performed until it was
sufficient to determine whether the molecule was being excluded or not, which is

ps as showmiFigure3-16.
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4 Reconfigurin@€e®t gasf@anrCwohner s p

LatticeWafl S&dngGadebon Nanotubes

This chapter is dapted fronthe following published manuscrigpu, H.; Wu, X.;
Fortner, J.; Kim, M.; Wang, P.; Wang, Y., Reconfiguring Organic Color Centers on
the sp? Carbon Lattice of SinghValled Carbon Nanotubes. ACS Nano 2022, 16,
207 7+2087.

Y.H.W, and H.Q.conceived and dacted the research. H.and X.W., performed

the experiment${.Q., K.M., and J.FperformedDFT simulations. All authors

contributed to data analysis. H.Q. and Y.H.W. wrote the manuscript with inputs from
all co-authors.

4.1 Introduction

Organic colorcentes (OCCs) are quantum defects that can be synthetically
incorporated into singlvalled carbon nanotube (SWCNT) hosts by covalently
attaching organic functional groups to thé sarbon lattic&> °8 59 156 157 These sp
defects are exciton traps that produce bright photoluminescence (PL) in the shortwave
infrared. This defect emission, labeled as, ks distinctly different and redshifted from
the B exciton PL native of the nanotube hd$t®® Notably, the £ PL emission
energy can be molecularly tuned in the Aieénared range by changing either the OCC
functional group or nanotube chirality**® Furthermore, some OCCs have been shown
to generate single photons at room temperature with a high purity of 99% along with
excellent photostability® °° Additionally, these single photons can occur in the
telecom Gband with high indistinguishabilit, making OCCs a promising candidate

for solid-state quantum technologi¥8. However, all known chemistries used to
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generate OCCs produce a variety of bonding configurations that result in a broad
distribution of multiple emission peaR%?8 5% 6466.€8 70,157 \whjich pose a significant
materials and synthetic challenge to s@ldte quanturtechnologies.

The diverse atomic configurations of OCCs arise from addition reactions to the
double bonds of the graphitic host, which can produce a pair of functional groups for
every OCC in various possible bonding configurations. For example, diazoniu
chemistry, the most widely used approach for generating OC€s> % is believed
to leave a reactive carbon at either the adjacent (ortho) positions or three carbons away
(para) from the first bonding carb&fThese reactive species then presumably bond to
an availab® H or OH group to complete the reactf8i’ This pair of functional groups
may take one of many possible positions on tRecagbon lattice, resulting in a large
number of bonding configurations that are chemically, thermodynamically, and
energetically distinct® %8 ©° As a result, multiple OCC emission peaks are observed
when carbon nanotubes, such as (G®BJCNTs, are modified with diazonium
chemistry, producing a broad distribution of OCC emission peaks in the range bf 1100
1350 nm, even for the same functional groupste same (6,5) chirality.Previous
work by us and others have shown that the bonding configurations can be reduced by
choosing atmically symmetric SWCNT hostsi.€., (n, 0) nanotubegy, divalent
bonding groups® 1% or via thermal annealing (at 500 for over 80 min}%2However,
these methods only work for zigpg SWCNTs, which have awoabundance and
purification yield®? or result in significant loss of the material (33% by weight) and
substantial removal of OCCs from the SWCNT surfaé&surthermore, none of these

approaches allows for localized control of the bonding configuratidich will be
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required to study the coupling effect of identical quantum defects. A method that can
be generally applied to all semiconducting SWCNT hosts to reconfigure the defect
structure, ideally locally so it could potentially be integrated withlecwar
patterningt®3would provide a powerful means for controlling the atomic configuration
and thus quantum emission and coupling of OE¢%

Herein, | show that laser irradiation of OCEWCNTs can locally convert
kinetic configurations of the OCC functional group pair to the more thermodynamically
stable structure, leading to a single defect PL peak. This process is driven by a laser
that resonantly exies the SWCNT host at itg£excitonic transition to promote local
rearrangement of the OCC bonds while keeping the carbon lattice fhiguate4-1).
| confirmed ths structural transformation by measuring the change in the OCC PL at
both the ensemble and individual nanotube levels, which show significantly narrowed
distribution of the OCC emission peaks by ~26%. Density functional theory (DFT) and
time-dependent DFT(TD-DFT) simulations suggest that OCCs with Kkinetic
configurations transform into the more thermodynamically stable ortho structure upon
laser irradiation, with the calculated spectral shifts resulting from this structural
rearrangement in good agreememth the observed experimental trends. These
findings demonstrate the feasibility to locally reconfigure OCCs, providing a possible

synthetic approach to achieve identical quantum emitters.
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Figure4-1. Lase irradiation transforms kinetic bonding configurations of OCCs to

the thermodynamically stable structure on the sp2 carbon lattice of semiconducting
carbon nanotubes. The schematic shows an OCC that consists of an aryl group along
with a pairingi H group(yellow atom) covalently attached to the sidewall of a (6,5)
SWCNT. The pairingH group can attach to carbon at different location (an example

of para configuration is shown on the left), such variety of possible bonding
configurations can generate muld@mission peaks (left inset). However, irradiation
with an E22 resonant laser restructures the OCC, changing the pair of functional
groups from the kinetic to thermodynamic configuration (e.g., from para to ortho
bonding). As a result, the OCC PL emissimarrows and blueshifts (insets).

4.2 Results and Discussion

| synthesized model OGEWCNTSs by covalently attaching 3,4y&fluoroaryl
groups on CoMoCat (6,8WCNTSs using a scalable, aqueous diazonium cheffistry
followed by purification (see Methods for more details). Excitagonssion PL
mapping of the resulting OC(®,5SWCNT solution revealed three major peaks
(Figure4-2a), including the & PL of the nanotube host at ~987 nm and convoluted
OCC PL bands centered at ~1150 nm{Eas well as a sideband extending from 1200
nm to ~13001400 nm, which we label asi. Thesedefectinduced emissions are
broad and complex. Howevdrfound that continuous irradiation of the OQ&5)

SWCNT solution at room temperature with 565 nm light, which resonantly excites the
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E22 band of the (6,55WCNT host Figure 4-2b), changes both the position and
intensity of the OCC peak#-igure4-3a). Over the course of idating the sample
(265 s),l observed 2 stages in the change of b realtime. During the first 50
seconds of irradiation, the intensity of ther Eemission decreased, followed by a
gradual increase of the intensitffigure 4-3b). Meanwhile, the & wavelength
blueshifted from 1153 nm (1.075 eV) to 1142 nm (1.085 eV) over the first 50 s and
then stabilized at ~1142 nrRi¢ure4-3c). Notably, the &~ sideband centered at 1218
nm (1.018 eV), which can be better resolved by fitting the PL spectra with Voigt
functions Figure4-4), disappeared after irradiationobserved a similar reduction of
Eir” with 4-nitroaryl OCCs on (6,45WCNTs Figure 4-5), suggestig this
phenomenon may be generalizable to other chiralities and OCCs. However, in this
work, I chose to focus on 3,4tfluoaryl OCCs on (6,55WCNTs as a model system,
since 3,4,8rifluoaryl is less prone to possible polymerizatiéthywhich can complicate

the interpretation, while (6,83WCNT is the most studied chirality in the literature.

85



800

E/ - 400.0
= 700
()]
C
o - 300.0
(0]
>
©
5 600
5 - 200.0
©
€
% 100.0
500
0.000
1000 1200 1400
Emission wavelength (nm)
b 06
0.5 E,
L 041 561 nm 730 nm
E 03-
Zo2. B2z
< i
0.1
0.0- |
400 500 600 700 800 900 1000 1100 1200 1300

Wavelength (nm)

Figure4-2. The optical properties of the OG6,5-SWCNTSs. a, A PL map of the
OCG(6,5-SWCNTs.b, The absorption spectrum of OGE5)FSWCNTSs after
purification. The k2 band peaks at ~570 nm and the liand peaks at ~988 nm. The
molar extinction coefficient at 561 nm is-fithes higher than that at 730 nm.
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Figure4-3. Spectral shifts in the OCC peak emission under light irradiation. a,
Ensemble PL measurements of O@X5)SWCNTSs dispersed in 2 w/iv% DOCGMH
solution and irradiated by 565 nm light at ~10mW/¢an increasing time. Unlike the
native SVCNT Eu1 emission peak at 988 nm, which remains unchanged, the OCC
Ei1 wavelength shifts from ~1153 nm to ~1142 nm over 265 s of laser excitation.
Additionally, the overall OCC emission intensity decreases. b, Comparison afithe E
and k1 emission intesity as a function of the irradiation time. ¢, Evolution of the
Ei1 peak wavelength as a function of the irradiation time.

Figure4-4. Deconvolution of the ensemble PL spectr®©@iC(6,5-SWCNTSs. a,

The OCC emission before laser irradiation showed two OCC peaks at 115@:nm (E
and 1218 nm (E"), respectively. b, The OCC emission after 265 s of irradiation with
565 nm light at ~10 mW/cfnin which only the & peak at 1142 nmemains. The
integration time of each spectrum was set to 0.01 s to minimize changes to the OCCs
during the spectral measurement. The black circles indicate the original data points,
while the black curve is the cumulative curve obtained from the Voligigft of E1
(notshown), k1 (blue), and & (red). The small tail (marked by *) may be due to

minor amounts of (8,4pWCNT impurities in the solutio®ur individual SWCNT

PL measurements did not observe this small peak from-@EESWCNTS.
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