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Fluorescentquantum defects an emerging synthetistructurethat can be
covalentlyattached t@ semiconducting sing&alled carbon nanotube. Incorporation
of fluorescent quantum defebteaks the symnty of carbon nanotubes at a defect
center, creating newptically allowed,low-lying states in the electronic structure of
carbon nanotubeExciting electronic and optical properties arise from the defects,
including the generation of new photolumineseeieatures, which cabe usedor
applications, such as chemical sensing, bioimaging, and quantum light sasrce.
excitons dominate the optical properties of carbon nanotubes, understanding the
exciton photophysics in a defeetilored carbon nanotube is essent@lefficiently
harness the emission properties of fluorescent quantum defects

In this dissertation, aim to understanthe exciton photophysics in fluorescent
guantum defectén orderto explainthe origins and behavior afovel phenomena

arising from then. First, the structuregroperty relationships of fluorescent quantum



defectsarediscusseptheseguide the systematic tuning of defestiuced emission and

the binding energy of defettapped excitonsThen, the discussion mavéo the
exciton dynamics at fluorescent quantum defects. Particuladgscribehow the
chemical nature of defects the censity of defects influensethethermaldetrapping
energy of excitons. The excitatectron interaction at a fluorescent defectalso
discussedOur results suggest that a fluorescent quantum defect colocalizes an exciton
and an electron as a-tthargecarrier and the brightening at the defect can be
chemically tuned. Finally, I introduce supefresolved hyperspectral
photoluminescencspectroscopy, enablirgpth direct proking of a single fluorescent

defect andhe quantitativeevaluaion of the brighening of dark excitons.
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1 I ntroducti on

Carbon is one of the most abundant and stable elernretthe world. The
bonding configuration and crystal structure of carbons produce various allotropes,
including diamond, graphite, graphene, and carbon nanotubend\tiese carbon
allotropes, carbon nanotube has peculiar propertieswhich arise from its one
dimensional (1D) structurandthe hexagonal configuration ofsgarbons Since the
discovery of hollow graphitic carbon fibers by Radushkevich and Lukyanawich
19521 researchers have been extensively invesitigaarbon nanotubes to understand
thematerialproperties. 39 years later, lijima revealed the molecular structure of carbon
nanotubes as multilayer graphitic tubular structures using electron micrgstopy.
multi-walled carbon nanotube is analogous to graphite in terms of the electrical and
electronic properties due to the interactions betweeerimnd outer walls in the
nanotubeThus, the early stage of carbon nanotube research was primarily related to
the structural singularity, for example, high mechanical strength, combined with high
electrical and thermal conductivity of carbon nanotififes.

In 1993, the NEC and IBM groups discovered the first syntlpesisesses for
singlewalled carbon nanotus¢SWCNTS), which canbe describedsa single layer
of graphene, rolled uim a helical fashiof® This discovery has greatly expanded the
field of nanosciencéy enabling investigation of th&undamentalproperties and
applications of carbon nanotubd$e interest in this new material is primarily due to
the unique potentiabf SWCNTSs inexploting the intriguing properties of quadiD

materials. For example, metallic SWC8@xhibit high ballistic electronic conduction



and behave as Luttingéiquids due to the& 1D nature’ The large binding energy of
excitons in semiconducting SWCNTtwo orders of magnitude larger than in 3D
semiconductor§y enableselucidaton at excitonic properties irlD system through
nearinfrared photoluminescence (NIR PlsSpectroscopyat room temperaturé.
Furthermore, the optical properties of semiconducting SWCat€sbeneficial for
manyoptoelectronic and biological applications;luding their use assinglephoton
sourcé! andin bioimaging?

Even though the unique electronic and optical properties of semiconducting
SWCNTshavebeen intensively studietivo critical limitations have blockdtie broad
use of SWCNTs: (1) LowPL quantum yield and (2) Difficulty in chemically
controllingtheir optical properties.

Our group found that fluorescent quantum defects can help mitigate these
challengesCovalently bonding functional groups to semicoating SWCNT<reates
a whole new class of quantum emitters, called fluorescent quantum défécts.
Fluorescent quantum defects introdumav optically allowedquantumstates in the
electronic structure of SWCNT#s the defeetnduced states reside lower in energy
than the intrinsic excitonic states, an exciton can be tdagpe defect site and brightly
fluoresce from there. As a result, the defiecbrporated SWCNTs can fluoresce an
order of magnitude brighter than unfunctionalized SWCNTSs. By varying the functional
groups attached to SWCNTthe defecinduced states ammolecularly specific and
chemically tunable.

However, complete solutions for the challemdmve notbeenfound For

instance, the brightening mechanism of fluorescent quantum defects, the control of



exciton traffic in defectailored SWCNTSs, and the origin of the defewuced novel
properties argssues requiringivestigation.

In my PhD., | address these questions by spectroscopic studies as well as
guantum chemical modeling of defect tailored SWG. Chapter degins with the
introduction of the basic physical and electroniproperties of the host material
(SWCNT), the definition and features of fluorescent quantum defects, and challenges
to be addresseid this thesis.

In this dissertation, introduce some ahy PhD. works particularly relevant to
exciton photophysics in fluorescent quantum defeletsChapter 3,1 discussthe
structureproperty relationships of fluorescent quantum defects. This work explores the
systematic tuning of defeatduced emission and the electronic coupling between
fluorescent quantum defects and SWCNT host by chemically tailoring the functional
groups and choice diie hoststructure. Chapter describeiowthe exciton dynamics
at fluorescent quantum defectsan be probed by temperature dependent PL
spectroscopy and quantum chemical modeling.

Chapter Sdiscussesiow the defect system can trap actiarge carrier (trion)
in a fluorescent quantum defect and how the brightenitigedfion can be chemically
tuned. Clapter 6 presents a direct measurement of quantum yield of a single fluorescent
defect using supeesolved hyperspectral PL spectroscapyl investigatethe origin
of brightening and the contribution dérk excitons.

Finally, in the conclusion and outldg | summarize the work discussed in the
dissertationand look into thepotential underlying fluorescent quantum defects

experiments tde performedand what novelty we should sefek.



2 Fluorescent QuandWaimml df €at donn

Nanot ubes

Adapted from a mangept by Brozena, A.Kim, M.; Scammell, L.; Wang, Y.

Fluorescent quantum defects are an emergent class of quantum emitters that can
be incorporated by covalent attachment of a functional gootgp a semiconducting
SWCNT. As their namendicates fluorescent quantum defects exhibital quantized
energy levels that deviate from the extended electronic structure of the SWCNT host.
This system is fundamentally importantttee study of optical properties in 0ELD
hybrid materials. Furthenore, tlese types of synthetic quantum defects feature
molecularly tunablenearinfrared PL emission and thus hold vast potential for
photoni¢ sensing and optoelectronic applications. In this chaptevill provide
information on our model system, carbon nanotubes, fluorescent quantum defects, and

exciton dynamics in defet¢hilored SWCNTSs.

2.1 SingleWalled Carbon Nanotubes

Graphite iscomposed omulti-layered hexagonal $parbons conjugated with
aaisbnia 3D manner Figure 2-1a). Isolating a single layer of graphite produces
graphene. As electrons can move freely on a grapbkeetin any diretion, its
physical structure and electronic properties represent thos@Dfmaterial Figure
2-1b). Connecting two lattice points msingle grapene layer creates SWCNT A
SWCNT s a hollow cylindrical structurgvith a sp? hybridized hexagonal lattice of

carbons Figure 2-1c). Due totheir 1D structure, SWCN3 havedistinct optical and
4



electronic properties and cdre differentiatedrom multi-walled carbon nanotubes
(MWCNTSs). MWCNTSs areanalogous to 3D graphiite terms ofthe dimensionality of
charge carriemand the absence dtrong quantum confinemenEven though the
curvature ofa SWCNT significantly influencesdts electronic structure and optical
properties, the physical and chemisahaviorof graphenean explain some properties
of SWCNTs. Herd begin withthe physical structure and symmetry of graphene
extendSWCNT propertiesrom those ofjrapheneandexplainhow the 1D nature and

curvature effects influence the unique properties of SWCNTSs.

Figure 2-1 Graphical illustration ofa, graphite,b, graphene, and, carbon
nanotube.



2.1.1 Physical Structure of Carbon Nanotubes

As graphene is rolled up to form SWCNT, its diameter, rolup angle, and
enantomerism carwidely vary depending on which two graphene lattice points are
connected. Theypical diameter range of SWCNTSs is 0165 nm and the rolip angle

varies fr om -Qpconfiguratiorécabe ddsdritseth y ot h eveabod hi r a l

®, a vetor wrapped abouhe SWCNTcircumference connecting two carbon atoms,

(0,0) and ,m) on the graphene sheet. The chiral vector is defined in terrige of

primitive lattice vectors of a graphene unit celhanddp, shown inFigure2-2; ®
€wP G wp Heren and m are integers and thgair of integers if,m) denotes the
chirality of a particular SWCNT structure. One can derive the diametexhdnadlangle

from the following correlationgith n and m

DiameterQ 2 ¢ & & Eqgn.2-1

Chiral angle— OA1 il

Eqn.2-2

in which acc is the distance between two?sgarbons in the lattice (1.44A). To study
structure dependence of SWCNT,) chirality is categorized by mod and family.
(nim) mod categorizesSWCNTs with similar chiral angle but varying diameter.
(2n+m) family groupsSWCNTSs with similar diameter buvarying chiral angle. The
structure variations closely related to the electronic structure of SWCNJexause

this rolling of the graphene sheet imposes specific boundary conditions on the

electronc wavefunction in the dection of rolling.



Figure 2-2 Carbon nanotube chiral indices,r) mapped onto a graphene
sheet. Filled lattice represents metallic SWCNTs. All other species are
semiconducting SWCNTSs. Depending on the chiral ve®dhe diameterd)

and chiral angled) aredetermined. As a demonstration of chiralttye chiral
vector ofa (5,4)SWCNTis shownin the left bottom.



2.1.2 Electronic Structure of Singié#/alled Carbon Nanotubes

Becausethe building block of SWCNTs is graphene, we start from the
electronic structures of graphefégure2-3 shows thdand structure of graphene near

the Fermi level. In the 2D Brillouin zone, the Fermi level lies at the crossing points

bet ween an occupied °~ bangKandkK Tleh aemdty °*
"* bands have a | inear di sgneéthesvalemae aralr ound t
conduction bands meet at t he Bepheneisd evel a

zerogap semiconductor.

Figure 2-3 Graphene Brillouin zone and electronic energy dispersion.

In contrast, SWCNTSs can be metallic or semiconducting with different energy
gars, depending on the diameter and chiral anghe physics behind thisariationof

the electronic structures can be explained by trigonal wrapping effastsile the

8



electron wavevector of parallel direction is continu@w/CNTs havejuantization of

the electron wavevector along the circumferential direction because of the periodic
boundary conditions on the electron wavetion. This leads to the formation of
energy sukbands associated with cutting line$ allowed wavevectorgk lines),
separated from one another by a distané@ligmeter of SWCNTJ and quantized
along the chiral vector, shown kigure2-4. Astheklinecrosses he K or K26
is metallic with linear dispersion whre withnonvanishing density of states at the
Fermi level Figure2-5a). If thek line does notut througt he K poi nt , t
dispersion does not cross its apex, whidelscribesa semiconducting SWCNwith a

finite band gap Kigure 2-5b). Based on the correlation betwettie SWCNT chiral

angle andhedispersion band structure, it is possible to deduce the electronic structure
of SWCNTs.An (n,m)-SWCNT is metallic,f i m) = 3p, wherep is an integer. Ifr§ i

m) is Jp+1 or P+2, the SWCNT is semiconducting with rearo bandgap at room

temperature.
(5,5) SWCNT (6,0) SWCNT (5,0) SWCNT (5,4) SWCNT
Metallic Metallic Semiconducting Semiconducting
Ko Ko K 6
[e] [e]
/ —— oK Ko oK Ke & oK
— T S — —
Go —ge— —{—— j],./
J— /
/ e T N P
— 00— ] O
K K K

Figure 2-4 Brillouin zone of SWCNTs. The solid cutting lines denote khe
lines which creatsubbands in SWCNTThek line crossinghe K point (left
two) resuls in zero band gap ithe density of states therefora metallic
SWCNT. When thek linesdo not crosshe K point (right two)the SWCNT
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dispersion band structure haéinite band gapindicatinga semiconducting
SWCNT.

DOS

Figure 2-5 Band structures (left) and density of states (righth,ahetallic
andb, semiconducting SWCNTdhe vertical arrows in the density of states
of semiconducting SWCNT denoke; excitation (¢ Y 2¢cthe second sub
band transition) andikErelaxation (€Y iy the first sukband transition).
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In the electronic structure of SWCNTSs, one can find sinquoants, called van
Hove singularities Kigure 2-5). Each ,m)-SWCNT has itauniqueset oftransition
energies between the conduction and the valeaoces, which are closely related to
van Hove singularities ithe density of statesThe optical properties of SWCNT
mainly arise from a series of allowegtEansitions, indicating the electronic transitions
betweenth van Hove singularities of conduction and valence bands (Notth&at
(iijl 0) excitation can occur but is )pticall
Ei optical excitation of semiconducting SWCNTs promogeselectronfrom the
valence bandvi) to the conduction band (i leaving a hole ivalenceband (V). The
photoexcitedelectron and hole neradiatively relax to cand v and then radiatively
recombine, emitting £ PL.Y’

As the curvature increas these structurdependentproperties lead to
significantchanges in the electronic behavior of the SWCN®wever, the simple
band structure cannot precisely predict the optical transitions and strpobpesty
relationships oA SWCNT. In particular adiscrepancy between the bandgap energy of
a SWCNT and the k1 optical transition exists (several hundre@\fi. The energy
discrepancys due to the fact thahe optical transitions in SWCNTSs are excitoimic
nature In the next section,will take into account excitons orderto describea more

accuratepicture of the optical properties of SWCNTSs.
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2.1.3 Excitons in Carbon Nanotubes

The strong quantum confinement ahSWCNT induces an electron inthe
conduction band and a hole the valence band tde closely correlatety their
Coulomb attraction. The tightly bounelectrori hole pair is calledan exciton. An
exciton carries a quantum of energy and dominates the excited states in SWCNTs. The
excitonic picture explains the discrepancy betwtberband structure model (Section
2.1.2 and experimental measurementsvad-photonexcitationenergiegFigure2-6).

Wanget al.® found that the twgphoton absorption occur only when the two
photon excitation energies of SWCNTs were substantially greater than tpbatoa
PL emission energieHl.the two-photon excitation energy was the same as the emission
energy, one of theSWCNTsfluoresce(Figure 2-6a, redline). This behaviorcan not
be explained by the simple band picture of the optical transitkkigare 2-5b) andis
an evidenceof theexistenceof excitonsat room temperatur&he discrepancy between
thePL emssionenergy and the excitation energy corresponds to the binding energy of
excitons in SWCNS$. The binding energies of SWNT excitons are unusually large
(on the order of several hundred meV, accounting for a significant portion of the ~1 eV
nanotube bandgap energy) compared to the exciton binding energies of bulk
semiconductors (just a few meV). This enhanced binding emaspits from the
increased Coulomb interactiomsreduced dimensions, as wellfasm the decreased

dielectric screening effects typical of 1D materfals.
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Figure 2-6 Optical resonances in SWCNTs arisifrgm excitons. a, 2D
contour plot ofthe two-photon excitationspectrumof SWCNTs. ThePL
intensityis shownin a falsecolor representation as a function of the two
photon excitation energy and the gptgoton PL emission energy. The two
photon excitatiorpeaks aren general 200300 meV blueshifted from the
energy of the corresponding emission featiitee red line is to guide where
the excitation and emission energiaie identical The circles indicate (7,5),
(6,5), (8,3), and (9,1) SWCNTSs from bottootdp.The figureis adaptedrom
ref 9. b, Schematic of the first sdband ofa semiconducting SWCNT (left)
andthe correspondinglensity of states (right)The lowest excitorenergy
level is shown by the solid horizontal linEhe exciton energy (B is smaller
than the bandgap energygEue to the exciton binding energw)E
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In the excitonic picture, wk to the spin multiplicit}? and intervalleyshort
rangeCoulomb interactionsfe x ci t ons (t he pr ed°SWENIs of K
impose selection rulem electronic transitions<Combinatiors of thespin ofanelectron
andahole of an excitogenerat@ne singlet and three triplet states by spin multiplicity.

Each spin state further divides infour st at e s : KK, K @ Keéch K6 K
indicatingthe location ofanelectron inthe conduction band anahole inthevalence

band Figure2-7a). As a resultatotal of 16 excitonic states exjstith 12 triplet and}
singletstatedor each 1D sulband ofa SWCNT

Theoretical studies revealed that amdhese 16 states, only one singlet state
is optically allowed®?! Figure2-7b displaysthe exciton dispersion relation of the first
and second | owest singlets (KO6Kosplibyd KK,
an exchange n er gy 6 mdV, agdthd higher eargy exciton carries abyf the
oscillator strength and therefore is optically allowed (brightereaghe lower energy
exciton is dark.The emaining two singlet excitonare doubly degenerate-
momentum excitonK K6 and K6 K, )i Thdsestateschave eertefi t o n s
mass momenta onnecti ng t heEvdh thaughdtheK ldrgeprmmenta s .
prevent the excitons from directly coupling to photons (optically forbidden), exciton
phonon couplinff enablesthe observation othe K-momentum dark excitonic
sideband in optical spectf&?* The energies of the¥homentum excitons adi 40
meV higherthan thebright exciton stategFigure 2-7c). Triplet states are lowen
energythan singlet states because no exchange interactions exist in triplet excitons due

to the Pauliexclusionprinciple.
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Figure 2-7 Optical selection rules of SWCNTa, The four possible electron

hole configurations inhe K and K 6Thevsaid dn@ gashed arrows

indicate the direct and indirect excitons, respectivie]yExciton dispersion
relation f or t hbrighdanddark éxcitonk eartoenttr K6 K 6 )
of-mass wavenumber ¢§ = 0. c, Schematic of the exciton energy levels
including indirect dark excitons (KK©®

2.1.4 Spectroscopic Characterization of Carbon Nanotubes

Spectroscopic characterizatigermitssensitiveanalysis ofthe 1D properties

of SWCNTSs Thisis attributedo the fact that the unique optical properties of SWCNTs
are associated with the 1D confinement of their electronic states, resulting in van Hove
singularities in the density aitates Figure 2-5). The singularitiesn the electronic
structureenable optical spectra tisplaysharp spectral features. Howeveryould

like to note that for the spectroscopic characterization, SWCNdigdibe individually
isolatedbecause bundled SWCNTs have energy interruption to the electronic states,
making the spectrum broad or featureless. Bundled SWCNTs can be individually

dispersed by tip sonicatidfi, spontaneousexfoliation?>2° or surfactansupeacid
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exchang€ methods, and stabilized ian aqueous solution witla surfactant ora

polymer.

2.1.4.1 Absorption spectroscopy

The structuredependent excitonic transitions of SWCiNTan be directly
scannedhrough absorption spectroscofhe series of optically allowee&lectronic
transitions, E(i= 1, 2 caBiesé&tiong oscillator strength and thus can be observed
in an absorption spectrum. F@aISWCNThaving a relatively small diameter (0165
nm), E1, Ex», and ks transitions appeaimn the NIR, visible, and UVregions,
respectivelyFigure2-8a). The D-phonon sideband of each &ansition appears 200
300 meV lower than the primaryi Bbsorption band and igmates from phoon
assisted indirect transitions into dark excitostates (Kmomentum dark excitons in
Figure2-7).

Becaus@ach SWCNT has characteristic values of electronic transition energies
and molar extinction coefficients, it is possible to identify the composition and fraction
of a SWCNT mixture by applying the BeerLambert law. Although absorption
spectroscopy is useftdr identifyingthe SWCNT chirality, quantitative analysis using
absorption spectroscopy is difficult famixture of two or more SWCNTSs with similar
transition energies. In thiregard, chirality sorting is important to resolve the well
defined properties of SWCNTs. Gel chromatograpbypolymeraqueouswo-phase
separatioft3° can be adapted to obtadhirality-enriched SWCNT solutiondigure

2-8b).
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Figure 2-8 Absorption and PL spectra ahunpurified SWCNT mixtureg,c)
and a gelpurified, (6,5)enriched SWCNT solution in 1% SEZO (b,d).
The ranges of each sdiand transition for semiconducting SWCNTs are
marked ima. E11 (980 nm), &2 (568 nm), and k& (350 nm) transitions of (6,5)
SWCNTsare markedn b.
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2.1.4.2 Photoluminescence spectroscopy

The quantum yield of SWCNIis influenced bythe chirality, length, defect
density, and environment, making PL spectroscopy a sengivdor studyingthe
excitonic progrties of SWCNTs. The excitati@mission PL mapshown inFigure
2-8 provide a basis for identifying SWCNT PL as a function of excitation enérgy.
vertical slice othePL map at & of (n,m)-SWCNTs is calledthe PL excitation (PLE)
spectrum othe (n,m)-SWCNT. The PLE profile traces the absorption profile because
the nonradiative relaxation from higher sodnds (&2 or higher) to k is efficient!’
The PLE spectrum igseful for investigatinghe electronic coupling between SWCNTs
or identifying the origin d the PL emission. Converselghorizontal slice othe PL
map is the PL emission spectrunaatpecificexcitation energy. lthe PL spectrum of
an (n,m)-SWCNT, the strong PL emissioiis associatedwith the radiative
recombination of Iz excitons (the first suband of excitonic transition,1g. At ~140
meV lower in energyhan the & PL, there is dow intensityD-phonon sideband. The
D-phonon bandesults fronphononassisted excitonic recombinatiét?* As such, PL

specta provide rich information otthe optical properties of SWCNTSs.
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2.1.4.3 Raman spectroscopy

Raman spectroscopy @dso ausefultool for nanotubestructural analysis from
several characteristic Raman pedksyure 2-9). First, the radial breathing mode
(RBM) is unique to SWCNTslue to the curvaturendis not observed in othesp?
carbon materials. It is totally symmetric vibrational mode related to thibration of
carbon atoms ithedirectiors radialto the nanotube axis. Tleaergyof theRBM peak
is inversely proportional to the diametertie SWCNT and ranges from 50 to 500°cm
! for a diameter range ofi 8.5 nm3! Due toits narrowfull width at half maximum
(FWHM) and diameter dependencéhe RBM peak provides complementary
informationin SWCNT chirality analysis. SecoralRaman band around 1580 ¢ris
related to the G band in graphifehis peak represents amplane tangential optical
phonon involving the stretching of the bond between the two atoms in the graphene
unit cell* The curvature effecies SWCNTSs split the G band in®+ (1590 crit) and
G- (1572 cmb). The G- and G bandsare related to the circumferential and axial atomic
vibrations. Even though tHameshape and Raman shifts of theddd G+ bandsre
largely dependent on SWCNT types., metallic vs. semiconducting, the G band does
not provide clear quantitative or gitative analysis on nanotube electronic structure
becausehe banddepends omoo many variable® The lastkey feature ofSWCNT
Raman spectra is thaisorderinduced D bandat 1350 crit. This is induced by
symmetry breaking on the hexagonaf sarbon lattice of SWCNTS he RamanD-
bandto-G-band ratiois usedfor characterizing the relative density of defects in
SWCNTs. SWCNTs witha high density of structural defects haaeelatively high

RamanD-to-G ratio32
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Figure 2-9 Raman spectrum ofchirality-enriched (6,55WCNTs at an
excitation wavelength of 532 nm. TRBM, D band, and G barateshown

in blue, red, and green, respectivelylarge peak at 2700 chis anovertone
of the D band.The insetshowsthe enlarged RBM bands atiAD0 cm’.
Becausethe RBM frequencyis inversely proportional to the nanotube
diameter, it is possible to identify SWCNT chiralities in the sample.

2.2 Fluorescent Quantum Defects

As discussed in the previous section, dark statiss in the vicinity of the bright
state. The lowying dark statesre mainlyresponsible fothe low quantum yields of
SWCNTs. The incorporation of fluorescent quantum defects ceerntav, optically
allowed statein SWCNTSs. The defecinduced states reside below the lowest dark
excitonic state, leading substantiabrightening of SWCNTPL. In this section| will
discuss the definition, characteristics, synthetic protocols, spectroscopic

characterization, and applications of fluoregaguantum defects.
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2.2.1 Definition of Fluorescent Quantum Defects

Fluorescent quantum defeetse chemically creatdd the sp carbon lattice of
semiconducting SWCNTs through covalent attachment ¢dwa density of non
emitting functional group&*® Experimental results from our lab have shown that a
covalently incorporated aryl or alkyl defect can prodacew, defectinduced peak
(E1r). The symmetry breaking dhe sg? lattice byan sp® defect center creates new
energy states that are spatially isolatedleep potential well at a fluorescent quantum
defect trapsa mobile exciton and makes the exciton fluoresieeE11 (Figure2-10).

As the qgrantum defectare strongly coupletb the SWCNT host, interesting effects
may occur.The available functional groups range from aoyhlkyl, and differ by the
synthetic method5>153435 This new class of emitters opens opportunities to probe
defects experimentally and to understand thefundamental effects of chemical

functionalzation inlow-dimensional materials.

1D diffusion Trapping at E, ;-

eht
Free exciton \v/

Figure 2-10 Schematic of defeanodulated exciton diffusion and
recombinationA free exciton diffuses along the SWCNT, is trapmd
fluorescent quantum defect, and radiatively recombines, emi&mEgi1
photon.
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2.2.2 Exciton Dynamics in Defect Tailored Carbon Nanotubes

Exciton transport properties in defgailored SWCNTs are significantly
different fromthose inunfunctionalized SWCNTdn reduced dimensions, a single
defect becomes important, so much so that its electronic and optical nature can
dominate the properties of the SWCNT. In the case of fluorescence, exciton diffusion
and trapping dynamicare charactestic parameterthat largely determine the role of

defectsIn this section| discuss how an exciton behawves defecttailored SWCNT.

2.2.2.1 Diffusion Limited Model
Becausen exciton diffusealong the SWCNT axis, the exciton dynamics and

PL-related propdies canbe modeledby the diffusion-limited 1D kinetic modeF®
Hertel et al. hypothesized thadiffusion-limited contact quenching of excitons
determineghe PL quantum yield in unfunctionalized SWCNT#&is exciton kinetics
is analogous to the generic bimolecular reaction mechanism,
0° VO o0 v, Eqn.2-3
where A" is a mobile excitonQ is a stationary quenching sit@vhich includes the
SWCNT end¥ andA is the quenched exciton state. The change of mobile exciton

population carbe expresseds

z

0 6 Q & 0], Eqn.2-4

in which [A"] is the densityof mobile excitonger unit length [Q] is the density of
quenchers per unit lengtandk.a¢ andknr are the rate constants of radiative and-non

radiative decays, respectively. The rate constantdiffusionlimited contact
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guenchingknr is time-dependent and scales with the exciton diffusion coefficient (

and time {).

~

Q o — Eqn.2-5

Solving Egn2-4 with Eqn.2-5 gives the concentration ofobile excitons at time t:
6° 0 o AgPQogrt 7 Eqn.2-6

in which [A']o is the concentration of mobile excitons at timen@d (4 is a characteristic

t i me s OKJY)eThe intéglatibnof Eqn. 2-6 over timegives the number of

photons Ko) emitted from the E state

z

5 @ —. Eqn.2-7

The quantum yield afinfunctionalized SWCNTdp) is

- , Eqn.2-8

in which Napsis the number of & excitons generated after photoabsorptBacause
the number of photons emittedthe E11 energy is proportional to the PL intensity of
Ei11 (I11) by N11 = al11, wherea is a constant, we can estimate the relative density of
effective quenching sites from the PL intensity of E

Incorporation of fluorescent quantum defects adds effective quenching sites for
E11 excitons ina SWCNT Thereby, for thelefecttailored SWCNT we can obtain the

following correlation

5 6 — Eqn.2-9

in which nq andni1” are the number of defects on the SWCNT induced by intrinsic

guenching sites and fluorescent quantum defects, respectively.
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2.2.2.1 ExcitonTrappingat a Fluorescent Quantum Defect

The exciton diffusion and trapping model has been applied to study the
brighteningmechanism and quantum vyield of defect trapped excitamslthe rate of
covalent functionalizatiaf®

Considering the diffusion of photogenerated 1D excitons and successive
trapping by the local defect statei(ff the number of photons emitted from tha E

state N11) canbe expresseds:

5 0 - — —— Eqn.2-10

in which di1 is the PL quantum yield of a single fluorescent defectagitékqir is the
effective decay rate of the Fexcitons due to exciton diffusion and successive trapping
at the local quenching sites (including intrinsic quenching sites and aryl defects). The
factor ki is the effective decay rate for all possible mechanisms of exciton
recombination other than théfdsion-limited mechanism. | note that the contribution
of ki is negligible ki << kair) and thereforégii/ (ki + kir) ~ 13738

The exdton diffusiontrapping modesuggests the necessityaintrolling the
density and spatial tunability of defects in SWCKDh.theone handit is important to
retain enough conjugated?sgrystal structure tproduce the number ofiEexcitons
and to maitain the excitonic transport propertiesthe SWCNT. On the other hand,
the higher number of fluorescent defects present, the brighter the defect PL would be.
Therefore either fluorescent quantum defectsust be spatially isolated within the
excitondiffusion length, or they must be clustered together in a functional band to
promote efficient kI emission. The experimental observationseflect these

correlations.As the degree of functionalization increases (controlled by the initial
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reactant ratitf*° or the reaction tim&=%), brighter &1 PL can be observed. However,
if the defect pitch approaeb~5 nm along the SWCNT length (E11 exciton diffusion
length, 100500 nm), the excess number of defects irreversibly quenches faathce

Ei1 PL.

2.2.3 Chemical Synthesis of Fluorescent Defects

Theuse of a chemical reaction to implant fluorescent quantum defects provides
the opportunity to control the defect density on the nanotube, and also implies that the
molecular structure and inductive nature of the defeate been carefully selected
An erormous number of organic synthetic methods can be explored to generate
covalent bonds to nanotuband other carbon nanomateri#i\s organic synthesis is
used to generate these quantum defects, their molecular nature can be readily
controlled, which impacts the localized electronic structure. Hevall introduce

several chemical reactions that produce fluorescent quantum def8M&CNTSs.

2.2.3.1 Billups Birch Reductive Alkylation
The BillupsBirch reduction is one of the first covalent functionalization
chemistries to lead to the observation of fluorescent quantum d&f@tts.reaction,
involving the solvation of electrons using sodium or lithium in liquid ammadr8a (
°C), is highly effective at disrupting the van der Waals attractions between nanotubes
to generate individually dispersed materials, which is necessaepactscalablywith
the SVCNT sidewalls Alkyl halide reactants can then be added to this solution to form

radical intermediates upon electron transfer from the reduced SWCNTs, which then
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react with the nanotube sidewalls to form covalently attached alkyl gf®apsew PL

feature appears in the emission spectrum of theitimadtzed SWCNTS3DFT results
reveals that the SWCNT bandgap in the density of states decreases by 70 meV by
adding the propagative alkyl groups to a modeled SWCNT.

Deng et al. revealed that the Billups Birch allgtion is propagative. The
functional bands were clearly resolved in scanning electron microscopy images for
highly functionalized SWCNTs over repeated alkylation cycles. DFT calculation
suggested that Mulliken charges localize around existing or addectsjedeiving
subsequent functionalization to occur near these sites for a propagating reaction that
results in the formation of bands of alkyl functional groalesigthe nanotube lengtt.

Using this chemistry, one can introduce alkyl defects and achieévaeV
tunability in the k1~ energy for (6,5SWCNTs. The narrow range of tunability is due
to the limitations of the chemistry that only worked &fiew alkyl defects including
perhydrogenatedcarboxylicgroup terminatedand amine terminated hexyl defedts (

CeH13, 1 CeH12COOH, and CeH1oNHy).

2.2.3.2 Diazonium chemistry
Diazonium salts, such aschlorobenzenediazoniunetrafluoroborate, have
been used as a means to reselectively with metallic SWCNT# to diminish
conductivity and improve on/off ratios of SWCNT transistditse mechanism behind
this metallic electivity is thought to be a result of the relatively rapid-nowalent
adsorption of the diazonium molecule to metallic nanotubes due to the higher density
of states at the Fermi level compared to their semiconducting counterparts, followed

by a slowercovalent reaction initiated by electron transfer from the nanotube to the
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reactant to form a radical that readily initiatesiaCond with the graphitic surface.
The physisorption of diazonium satis semiconducting SWCNTSs induces stepwise
quenching of I PL because the adsorbed diazonium molecules act as effective
quenching sitefor excitons>®4® However, following the physisorption of diazonium
salts tothe SWCNT, electron transfer frothe SWCNT tothe diazonium creates an

aryl radical that can initiate covalent functionalization of aryl groups to the SWENT.
Even though diazonium chemistry hdmen extensively studiefior SWCNT
functionalization, the synthesis of fluorescent quantum teféa the diazonium
reaction has onlgeerrecently discoveredPiaoet al.explored the regime of low defect
density (0.33 mol% diazonium reagent relative to carbon), where the average defect
spacing is comparable or slightly shorter than the excitdusilin length surface
(approximately < 1 defect/20 nm length) Reacting SWCNTs dispersed in 1% wt/v
sodium dodecyl sulfate inJdD or water with aryl diazonium salts at room temperature
leads to the evolution of defeittduced PL (k1), redshifted by up t@54 meV from

the native nanotube fluoresceriée.

Diazoniumchemistryis the most widely useahethod forcreatng fluorescent
guantum defects because of its simpli@hd its potential fowide tunabilitywith a
variety of functional groups. Varying the terminating groupsao§l defects from
electrondonating (4-N(CzHs)2) to electronwithdrawing groupsi(3,5(NO2)2) can
shift the &1 PL emission from 1120 nm to 1158 nm (36 meV tunability) for ¢6,5)
SWCNTs. Furthermore, the overall quantum yield of (6)VCNTs is in fact
erhanced from ~1% to 16% due to the addition of the &mission through aryl

defectst*
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2.2.3.3 Diazoether chemistry

Diazoether chemistry uses thediazoether molecule (3-O-4-
nitrobenzenediazoascorbacid NO2Ar-DZE) for covalentfunctionalization with4-
nitroaryl defectson SWCNTs in1% wt/v SDSD,0.3* DZE moleculs comprise
ascorbic and aryl groups that are coupledahyazo bondand can exist ak or Z
isomers. The two stereoisomers have different stability dilne Wifference istructure
and bond length. In contrasttttereactiveZ isomerthe E isomer is inert to SWCNTs
at room temperature. Without exposure to light, (@BJCNTs remain intact,
evidenced by no & PL evolution.However,under light excitation aa narrow pH
window (centered around 3.8he E isomer can react with SWCNTs and create a
covalently bodedaryl defect orthe SWCNT sidewalllnterestingly the reactivity of
the E isomer is switchable either by illumination or by pH cha(fggure2-11). The
selectivity comes frona high barrierto isomeirze theinert E form into the reactiveZ
form. This degree of reaction control using light suggests the potential for lithographic
patterning of fluorescent quantum defe€tZE chemistry also offerst level of

chirality selectivity thacannotbe achievedby diazonium chemistry.
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Figure 2-11 Switching of NO-Ar-DZE reactivity towarda SWCNT a, A
schematic showing the localized isomerization of the ieidomer to the
reactive Z-isomer by tuning of the barrier to isomerization with pH and
resonant optical excitation of the SWCND, Reversible activation of
reactivity of E-diazoethewia illumination and pH to covalently attach aryl
defects to SWCNTSs. Stepise reactivity of th&-isomer with (6,5SWCNTs
was realizedthrough 565 nm excitation (green) and pH switching (gray)
compared to the dark control.

2.2.3.4 X-bond chemistry

Kwon et al. demonstrated the extent of molecular tunability possible for
fluorescent quantum defects with tdevelopment of relatively simple alkyl halide
chemistry!® This reaction, involving SD8lispersed SWCNTSs in aqueous solution, an
alkyl iodide reactant, acetonitrile, and the mild reducing agent sodium dithionite, has
demonstrated the abilitfor covalent attaament of over 30 functional groups to
SWCNTs at room taperature (remaining stable in aqueous solution for several
months), including both morand divalent moieties, enabling the defectuced k1
peak of (6,5SWCNT to be redshifted by as much as 190 meV from the native E
emission and increasing the qiiam yield compared to the parent nanotube by an order

of magnitude Figure2-12). The molecular tunability of this reaction is made possible
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bythe©remi stryds fl exi bl «ontaising (aodfa feaw bronciedet any i
/chloridecontaining) hydrocarbebased compounds. DFT calculations also suggest
that like the BillupsBirch reaction, functionalization is favored near existing defects
(specificdly the paraposition) Charges tend to accumulatethese regionaccording
to Mulliken analysis, suggesting the likelihood of propagative functionalization for
banding or clustered defect structures.

Furthermore, Wit al. have found that photoinducéahctionalization of aryl
halides carbe achievedy exciting the host SWCNTs resonignt® The reaction is
temperaturéendependentbutis strongly dependent on photon energy. ((BBYCNTs
were excited with various wavelengths of light in the presencead@ganiling which
absorbs in the UV region. When the solutions were exaitéek third and second sub
band transibns of (6,55 SWCNTs (&3 and E2), the rapid evolution of & PL was
observed. Meanwhile, the lack of functionalization undeekcitation was posited to
be a result of insufficient photon energy to overcome the reaction barriese The
experiments suggst a reaction mechanism in which theitationof an electron from
the SWCNTO6s ground st at exvamHotediateresulsmduct i on
subsequent electron transfer to the lowest unoccupied molecular orbital of the
physisorbed aryl halidé\s the reduced-tbdoanilinereadily dissociates into an aniline
radical and iodine anion, the radical can then covalently bond with the nanotube.
Similar to diazoetherchemistry, aphotoswitching experiment demonstrated the

sensitivity of the reactioto light.
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Figure 2-12 Tunable neamfrared PL from defeetailored (6,55 SWCNTs.a,

PL spectra of (6,55WCNTSs functionalized with sigarbon alkyl chains with
increasing numbers of fluorine substitueris Comparison of monovalent
and divalent fluorescent quantum defects. The SWCNT solutions were excited
at 565 nm. The E PL appears ta980 nm whereasthe Ei PL is
systematically tunable by changing the functional group. The spseta

fitted with Voigt functions. The figureare adaptetrom ref 15.



2.2.4 Spectroscopic Characterization of Fluorescent Defects

Covalent functionalization of fluorescent quantum defesh SWCNTSs
changsthe hybridizatiorof a defect centdrom siF to sp’. Various spectroscopic and
imagingtechniques can distinguish these types of carbon on the ensemb|atelel
can be used to detect the presence of quantum defects in SWCNTSs.

As discussed abov&aman spectroscopy is one of the most commonly used
tools for characterizing the density of defs iInSWCNTs(Figure2-13). Similarly, X-
ray photoelectron spectroscopy can be used to determine the presence of defects
through the shpeak of C as function of the applied chemistry. The disruption of the
sp’ crystal with sp defects will also decrease the electrical conductivity of the
nanotube.Using substratenhanced scanning electron microscoiine location of
clustered defects on SWCNTSs damresolved, as evidenced by the alternating regions
of the nanotube that are insulatidge to the prevalence of3sparbon thus creating a
localized charging effect that appears brighter in contrast with the more conductive

regions of the carbon structufe.
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Figure 2-13 Raman spectra of unfunctionalized (green) aramnoaryl
defect tailored (6,53WCNTSs (red and black). The intensgynormalizedo

the G bandThe excitation waveingth wa$32 nm. The integrated intensity
ratio of the D band to G band increased from 0.016 to 0.040 by the aryl defects.
The figureis adaptedrom ref35.

However, the most salient optical feature of fluorescent quantum deéféws
generation of a new optical transition redshifted from the nativergissioni is the
most direct way of monitoring the presence of these chemical changes. Increasing
covalent functionalization is known to disturb the intrinsic electronic structiire o
SWCNTs and decrease the effective absorptioss sectiof SWCNTsdueto the
disruption of the spsymmetry. As such, the reaction progress and the degree of
functionalization carbe monitoredthrough the decrease ofilEand E2 absorption
bands. At bw degrees of functionalizatiorat which a sufficient fraction of the
graphitic crystal remains intact, both the optical absorptions and PL emissions
originating from the van Hove transitions in individual SWCNTSs loametained* At
a higher density of defestfor whichthe van Hove transitions almost disappear, the

defectinduced states cdme observedn the absorption spectrum. The energy of the
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new absorption band is consistent with the emission energy d?IE suggesting that
sp’ defects create new electronic statethe SWCNT Figure2-14). PL spectroscopy
is the most sensitive method to monitor the fluorescent quantum defects. The covalent
functionalization oSWCNTSs evolves a new PL peak at 1800 meV redshifted from

E11 PL, wherea<s:: PL continues to decrease.
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Figure 2-14 Emergence ochdefectinduced low-lying state in the absorption
and PL spectrdy the covalent functionalization of (6;9WCNTswith 4-
nitroaryl defectsAs thedegree of functionalizatiomcreaseglight gray to

dark gray), the & absorption band continues to decreaseénew absorption
bands (k" and E1) evolve. The PL spectra éie unfunctionalized (blue)
and functionalized SWCNTSs (red) unambiguously show that the evolution of
redshifted absorption bandi(f is associateavith the defecinduced state.
The excitation wavelength was 565 rifile figureis adaptedrom the work

by Piaoet al14
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2.2.5 Applications

Enabled by the flexibility of functional groups and tunability of emission
energy, fluorescent quantum defects hold a strong potential to be widelypsised
guantum light source and sensing and imaging applications. Herstroducea few
important applications.

2.2.5.1 Sensing

The intensity and emission wavelength of SWCNT &le sensitive to
environmental factorsEven though he optical properties have ma@VNCNTs
obvious choices for sensing applicationafunctionalized SWCNTgenerallyhave
poorselectivityand limitedvariationonthe chemical respons€heselimitations may
be addressedith fluorescent quantum defects that can be chemically tailored to create
bioimaging probes and chemical sensors with bagtsitivity and selectivityAs defet
PL is extremely sensitive to the local environment, as demonstrated by the shifting
emission wavelength as a function of the electrithdrawing nature of the functional
group!**® This sensitivity carbe capitalizedon for sensing small molecules or even
ions by taking advantage of chaolegdas t o
specificbinding.

Kwon et al demonstrai@ the sensing potential of fluorescent quantum
defects®™ SWCNTs withN,N-diethy+4-aminoaryl defectswere testedfor optical pH
and temperature sensingidure 2-15a). The covalent addition dfl,N-diethyl-4-
aminoaryldefectsto thenanotube surface indug¢he E1 emission at 1120 nm at a
pH of 7.40. Lower pH solutions resedtin protonation of the amino group and a

significant redshift of the &£ wavelength whereaghe wavelength of & remaired
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constantin this manner, the pi®n of Ei1” shiftsas the pHs changedrom 4.5 to 8.5,
which covers the physiological pH range {8®), across which PL shifts can be
resolved down to changes as small as 0.2ipité

Furthermore aminoarytfunctionalized SWCNTs can be used to monihe
temperature of the solution from PL intensity changes. At higher solution temperature,
the increased thermal energy enables defapped excitons to escape the potential
well, diminishing the integrated intensity ratia/l11. The detailed desigtion of the
temperature dependence vii# addresseid Chapter 4. These results demonstrate how
the defect PLcan be utilized to develop a nattermometer and pirheter, which
should have direct application for higésolution sensing in complex, iorvivo.

2.2.5.2 Bioimaging

Compared to visible light, NIR ligh760 1400 nm)exhibitslow scattering and
deep penetration depth in biological tisS4&WCNTs have always been considered
promising candidates for bicimagingdause of their remarkably narrow emission
lines (FWHM ~23 meV at room temperat), but most importantly due to their ability
to fluoresce in a range of theR (800' 1600 nmhat effectively covers theIR tissue
transparency windowAdditionally, unlike molecular fluorophoré¢§, SWCNTs are
exceptionally photostable; they do notink or photobleach under prolonged
excitation?’

SWCNTswith fluorescent quantum defects have brighter PL emission than
unfunctionalized SWCNTsandcan exhibitnew defecinduced emission in the NiR
Il region (10001500 nm)t? where light can penetrate biological tissue extremely well

with minimal scattering and lower background fluorescence. The presence of defect
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induced state may enable totAlIR excitation and emission, whichenables

nondestructive and higtesolution bioimagingRigure2-15b).

2.2.5.3 Single photon source

Physical systemwith OD quantum confiement of carriefssuch asitrogen
vacancycenters in diamondexhibit photon antibunching. The optical anharmonicity
in such quasi 0D systems arises from phasce fillingd a consequence of the Pauli
exclusion principlehatprevents carriers from ocpying identical quantum states. The
applications of single photon emission are numerous, including quantum information
processing, cryptography, and telecommunications.

Hogeleet al found that a local trap afinfunctionalizedSWCNT can emit
photons oneYone atcryogenictemperaturg!! However, &ahighertemperature, the
trapped exciton can readily escape from a shallow trap by thermal energy. These
limitations make SWCNTSs less efficient systemsingle photon emission.

Fluorescent quantum defecrreatedeep potential wedl(several hundred meV
| KT) that strongly localize excitenThe potential well is deep enough to suppress
the thermal detrapping of a defécapped exciton and make the exciton asigely
decay from k1 state. As a demonstration of this conceptet. have reported photon
antibunching at room temperature from aryl defect tailored SWCHKgarg2-15c) 4
49The combination of the diverse functional groups and the strud&pendent optical
tunability of SWCNTs enabled to generate retamperature singiphoton emission

spanning théroadtelecom band (up to 1550 niff).
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Figure 2-15 Applications of florescent quantum defects, Optical pH
sensing in complex solutionThe keft schematic shows protonation and
deprotonation at a-Ml,N-diethylaminoaryldefect at (6,55WCNT. The iight
plot shows the defect PL shifts observed by changing pt8,6F§ SWCNT-
CsHaN(C2Hs)2 solution reported by Kworet al®® b, In vivo imaging of
polymersuspende@®,5)>SWCNT-CsHsN(C2Hs)2. The keft figure displays the
intensity distribution of SWCNT PL in a moushr after the SWCNT
injection. The iight plot shows the defect PL spectra of the functionalized
(6,5-SWCNTSs. pH difference between tumor and liver barprobedy the
wavelength of defect Pl(unpublished results from our group) Single
photon sourceThe kft figure is a schematic of &ubrescent aryl defect as a
single photon sourcé he tight graphs show the PL spectrum a®tond
order time correlatiorof defect PL in (7,58WCNT-CeHsOCHs. These
figuresare adaptetrom ref48.
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2.3 Challenges tobe addressed inthis dissertation

In myPhD., | explorehow optically forbidden dark excitons can be brightened
to improve the quantum yield of SWCNT Hor instance, how does an exciton behave
at a defect site? How can the defect trapped exciton be controlled? What is the limit of
PL brightening through fluescent quantum defects?

There are two bighallenges imnsweing these questiongirst, thecomplexity
of the system makes difficult to synthesize fluorescent quantum defects itk
desired photophysical responde be specificthe chemical nater of defects, the
density of defects, and the structure of SWGHKIfongly influence the energy of defect
PL, electronic couplingvith the SWCNT host, the interaction between exdtand
electrors, and the trapping of excitons at fluorescent quantum wef€ao resolve each
factor and clarify the system] studied the dependence of SWCNT structumehe
defect PL and the binding energy of defeapped excitons (Chapter 3). The density
of defects and the chemical nature of defects are systematiaaliyl to control the
exciton trapping depth at a defect site (Chapter 4). Alstydied the brightening of
trions by colocalization of an electron and an exciton at a defect site (Chapter 4).

Another challenge is the lack of adequate analyticalstéol prdoe the
fluorescent quantum defects in a molecidsel precision Although single tube PL
spectroscopy is a sensitive tdol optically explore the functionalized SWCNTits
precision is diffractiodimited. Because the defect Bypically occursin theNIR, the
spatial resolution of the defect PL is low (several hundred naihough
superlocalzatiortechnique can be used to define the number of defects and their

location below the diffraction limit, the spatial information does not provide the
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completepicture of the emissive defect state. Correlating the spectral information into
spatial information for a single functionalized SWCNT would be adequate to study the
emissive defect state, btihe scarcity of the ultraensitive NIR camera makes
obtainingthe PL spectrum of a single defect difficiMy colleagues antladdress this
challenge by building up a novel supesolved hyperspectral PL imagenabling us

to probe a spatially and spectrally resolved fluorescent quantum defects in SWCNT at

the sirgle defect level (Chapter.6)
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3 Mappbngu-Pt opRaltagyt i onshi ps of
Quantum Defects

Adapted from a manuaspt by Kim, M.; Wu, X.; Ao, G.; He, X.; Kwon, H.; Zheng,
M.; Doorn, S.K.; Wang, Y.
Y.W. and M.K. conceived and designedekgeriments. M.K., H.K., and Wu, X.

performed experiments. Ao, G., He, X. performed carbon nanotube sorting. M.K. and
Y.W. wrote the manuscript with inputs from alaghors.

3.1 Introduction

Fluorescent quantum defeare an emerging class of synthetic defect emitters
that canbe chemically incorporatethto the sidewall of a singlealled carbon
nanotube (SWCNT) through covalently bonding functional groups to the
semiconductor host:1>% An introduced chemical defect locally modulates the
electronic structte of the SWCNT host to enable trapping of excitomsich can
exhibit strongsingle photoremission The defecinduced emission (&), which is in
the near IRcan be significantly brighter than the native photoluminescengg ¢E
the nanotube, suggésy vastpotential for applications in imagirt§,sensing’® and
creatingsinglephoton sourcei thetelecom bads*&4°

The electronicand optical properties dfluorescent quantum defactvary
substantially with the structure of the SWCNT host, each of which is assigned a specific
(n,m) chirality that describes its construction as a relipdgraphene sheéthere are
an increasinglyarger numbers of functional groups that beeng identifiedcapable of
creatingfluorescent quantum defegtsuggesting virtually unlimited opportunities in

broadly applying organic chemistry in this emergent fiéf@3551>*% The
41
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unfunctionalized SWCNT hosts are quaBl nanostructure with electronic structure
and optical properties of highly predictaBteParticularly, the excitonic transition
energies of semiconducting SWCNTs show strong dependence on both demdeter
chiral angle, as summarized in correlation plots known as the Kataurg'pfolis.
contrast, systematic analysis of the structtependenceof fluorescent quantum
defect has yet tde performed It is important to understand how the defect state is
related to the nanotube family pattern and chirality, and how the 1D SWCNT couples
to the OD quantum state of the organic colour centres, in order to provide a predicative
understanding that will enablbe design and synthesis of this family of quantum
emitters for bioimaging, biosensing, quantum computing, and nanophotonics, as well
as probing the rapidly unraveled fundamentally new phenomena of defect chemistry
and physicsEven simply knowing the engies of these defect states for specifio]
structures andfluorescent quantum defectwould be important not only for
fundamental photophysics of defdrpped excitons, but also for applications in
infrared imaging, chemical sensing, and tailoredigle and synthesis of quantum
materials.

Herein, we stabliststructureproperty relationships fofluorescent quantum
defecs through controlled synthesis and comparative spectral studies of 30 chemically
distinct fluorescent quantum defeceind 14 purigd nanotube host8Ve observed
distinct defecinduced photoluminescence (PL) features for 14 semiconducting
SWCNT species (ranging from 0.62 to 0.94 nm in diameter and from 0 to 27.5° in
chiral angle) using 30 different functional groups. Based on thetrsflaorometric

measurements gierfluorohexyldefecttailored f,m)-SWCNTSs, we analyzed tha £
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as empirically fitted functions of nanotube diameter. Our results show that the
measured & PL energy is tunable by 400 meV in the nedrared via SWCNT
diameterHowever, the emission energy of def&etpped excitons is nearly free from

chiral angle and family patterns, suggesting that an exciton at a fluorescent quantum
defect to some degree behaves independently from the nanotube host but this quantum
defect-host coupling is chemically tunable depending on the chemical nature of the
defect in terms of the groupbés electron
These findings provide a comprehensive picture of the struptoperty relationship

of fluorescent quantum defects thiat required to guide controlled and tailored

synthesis of this new family of quantum emitters.

3.2 Experimental Section

3.2.1 High Purity SWCNTSorting.

SWCNT powders (CoMoCAT SWCNTs from Southwest Nanotechnologies
and HiPcoSWCNTs from Rice University) were dispersedaimagueous solution of
surfactant or DNA by tigsonication at 8 W fot h. Supernatants were collected after
1.5 h centrifugation at 17,000 g for SWCNT purification. (6(4)3) and (5,4)
SWCNTs were purifiedusing polymer aqueous twihase separation (ATP), as
previously reported by Hartmaret al®’ After ATP, the purified SWCNT solutions
were pressurélitrated (Amicon, no. 5123, using 100 kDa ultracel regenerated
cellulose filter membranes) using 1 wt/v% sodium deoxycholate (DOC) to dilute the

polymer concentt#on by a factor of 1®and concentrate the solution voluniil, 1),
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(10,3), (11,0), (7,5), (6,5), (9,1), and (68EWCNTs were sorted by DNA mediated
ATP method$® The DNA sequences used for the DMAP separatiorare listedin
Table 3-1. In this work, we sorted4 types of semiconducting SWCNT species into
samples highly enriched in single chiralities in toEag(re3-3).

After ATP, purified SWCNTswere preipitated from the polymer solution
using sodium thiocyanate (Sigma Aldrich, 98%), and the wrapping molecules for
agueoussuspension of SWCNTs were substituted from DNA to 1 wt/v% DOC.
Alternatively, HiPco SWCNTs (Rice University, batch #194.3) were sausdg
Sephacryl £00 highresolution chromatography resin (GE Healthcare), as described
previously by Liuet al?® to produce (7,6)+(8,4), (8,3)+(8,4), (8,3)+(7,3), and (6,5)
SWCNT enriched samplefor subsequent functionalization, the purified SWCNTs

were stabilized as individual nanotubes #OYCambridge Isotope Laboratories, Inc.,

99.8%) byl wt/v% sodium dodecyl sulfatsSPS Si gma Al dioprevént O 9 9 %)

inner filter effects in spectroscopic characterizatite SWCNT concentration was

kept low, with an optical density of 0.03.12 atE;1.

Table 3-1 DNA recognition sequences for the A‘EBrted SWCNTs

SWCNT chirality DNA sequence

(11,1) TaCaTa

(10,3) CsTCe

(6,4) AszTeA3

(11,0) GCui1, Ca2, TCeT, AC10A, AC11
(9,1) (GTC)2GT, (TG)2T4(GT)2
(6,5) TTA(TAT)ATT

(7,5) (ATT)s, TGG(GTG)2GGT
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3.2.2 CovalentFunctionalization oFluorescenQuantumbDefecs

Diazonium chemistry wathe primary methodsedfor covalent attaament of
aryl functional groups to the SWCNT¥®5 A series of diazobenzene
tetrafluoroborate saltswas synthesized from aniline derivatives, as reported
previously* A small amount of diazonium salt was added to the chiralityched
SWCNTs with a SWCNT-carbonto-diazoniumsalt molar ratio of 100B000. To
accelerate the reaction for low reactivity SWCNT species, such as,(Whj@ light
illumination was require@®® On the other hand, for some aryl defects tlaainot be
incorporated using diazonium reactions, such as divalent argimaroaryl defects
(e.g., >GHsNHy), light activated arylation was usé&tFor the reaction, a small aliquot
of aryl halide @&molar ratio of 50) in acetonitrile (Aos organics, HPLC grade, 99.9%)
and 7.6 mM of sodium bicarbonate (EMD chemicals, HPLC grade) was taitiedl
of (6,5FSWCNT (optical density ati£~0.1).Then the SWCNT solution was exposed
to excitation lightresonant to the SWCNT chiralitp activate the arylation. The PL
spectrumwasin situmonitored Once the defect PL intensity was sufficient to identify
the peak position, the excitati@mission PL mawas collected

We followed the experimental protocols reported in ¥6fto create alkyl
defects. Briefly, a small aliquot of alkyl iodide (or bromide) dissolved in acetonitrile
was added to the chiralignriched SWCNs witha SWCNTcarbon to alkyl halide
molar ratio of 10300. The solution phivas adjustedo 8 by adding 7.6 mM sodium
bicarbonate. Then3.6 mM of Na$0s (Sigma Aldrich, 85%)was addedo the
mixture. After2 h of reaction, the SWCNT solutiomas charaerizedby excitation

emission PL mapping.o increase the density of the defects or drive reactions for low
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reactivity SWCNTsthe concentration of the reactants can be increased proportionally

to the concentration of the nanotubes.

3.2.3 Spectroscopi€haracteization.

The SWCNT Plwas characterizeadi t h a NanolLog spectropuo!
Jobin Yvon) using a liquidN2 cooled InGaAs array. The SWCNTs were excited with
monochromateselected light (10 nm slit width) from a 450 W Xenon arc lamp. The
excitation pwer was lower thahO mW with an integration time ofi110 s. The spectral
resolution was 10 nm for the emission detection channelvis"WIR absorption
spectrawere obtainedvith a spectrophotometer equipped with a broadband InGaAs
detector (Lambda 1050, PerkinElmer). The path length of absorption measurements

was 10 mm.

3.2.4 TemperatureDependenPhotoluminescencgectroscopy

3,5-dinitroarylfunctionalized (6,5)and (8,4)SWCNTsin 1% SDSD-0 with
the intensity ratioih /111 of ~2.8 at 25 °Qvere usedThe SWCNT solutions were heated
from 25° to 60 °C using a circulating water bath, and theptictravereobtainedin
increments of B10 °C. The SWCNT PLwas characterizedvith a NanolLog
spectrometer. The temperature dependent PL speeteaobtainedt Ex, excitation of
(6,5) and (8,4)SWCNTs (565 nm and 590 nm, respectively). The solution temperature
was measuredith a surfacetemperaturesensor(LabQuest 2Vernier). The Plpeaks
of E11 and &1 were fitted with Voigt line shapes using Peakfit v4.12 (SeaSolve).

integrated peak areagere plottedas a function of temperaturgigure3-1).
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Figure 3-1 Temperature dependence3b-dinitroaryl defect functionalized
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3.3 Results and Discussions

3.3.1 Incorporation ofFluorescenQuantumDefect in SWCNTs

We covalently attached functional groups into a series of {BWALCNTs to
study the correlation of the photon energy emitted from the resuitiogescent
guantum defest with the structure of theVBCNT host Figure 3-2). The chirality
sorted SWCNTSs were stabilized in 1 wt/v% SDZO for subsequent functionalization
(see ExperimentaBection for detailed protocols). The semiconducting SWCNT
structures studied in this work ranged from 0.62 to 0.94 nm in diameter and from O to
27.5° in chiral angle Table 3-2). We used diazoniuth or alky*>aryl halide®
chemistryfor covalent attaament of 30 different functional groups to the selected
SWCNT chiralities. The attached functional groups vary in electron withdrawing
capability and bonding configurations, enabling us to modify the energy level of the
defect statesystematicallyrelative to the native electronic structure of the nanotube.
The funtionalized SWCNTs were characterized by Mig-NIR absorption and PL
spectroscopyThe E1and E1 wavelengthsvere determinetly fitting the PL spectrum

resulting fromEzz excitation using Voigt profiles.
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Figure 3-2 Fluorescent quantum defegh semiconducting SWCNT hosts.
Schematic representation fiiorescent quantum defecincorporated as
perfluorohexyl defects into a series af,n)-SWCNTs. An individual
guantum defectreatesa hoststructuredependent potential well where a
mobile exciton can be trapped and fluoresce brighbly.UV-vis-NIR
absorption spectra of purified (5,4), (6,5), and (10,3) SWCNT solutions
dispersed in 1 wt/v% SDS in2D. c, Excitationemission PL maps fo
perfluorohexyl functionalized (5,4), (6,5), and (10,3) SWCNTSs, from top to
bottom.
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Table 3-2 Chirality dependence of defect. PNote that the PL spectra were
obtained from SWCNTs in 1% SB3;0. Note that soméeyap Values are
derived from linear extrapolation of experimentally measured series

(asterisked).
(n,m)-SWCNT-CeHsNO2

(n,m) mod Angle (deg) d (nm) E1 (nm) E11” (nm) @E ( meV) Ewap(meV)
(5.4) 1 26.3 0.620 849 1052 282 211
(6,4) 2 23.4 0.692 879 1066 247 185
7,3) 1 17 0.706 999 1160 172 129
9,1) 2 5.2 0.757 917 1115 240 180
(6,5) 1 27 0.757 983 1145 178 133*
(8.3) 2 15.3 0.782 955 1159 229 171
9.2) 1 9.8 0.806 1144 1310 137 123
(7.5) 2 245 0.829 1025 1189 167 152
(8,4) 1 19.1 0.840 1114 1276 141 127
(7,6) 1 27.5 0.895 1124 1281 135 121
(11,1) 1 4.31 0.916 1277 1486 137 123
(10,3) 1 12.73 0.936 1266 1455 127 114

(n,m)-SWCNT-CeF13
(n,m) mod Angle (deg) d (nm) E1 (nm) E1r” (nm) @E ( meV) Ewap(meV)
(5.4) 1 26.3 0.620 842 1027 265 199
(6,4) 2 234 0.692 879 1082 264 198
(7,3) 1 17 0.706 999 1190 198 148
9,1) 2 52 0.757 925 1128 241 181
(6,5) 1 27 0.757 979 1152 190 142*
8,3) 2 15.3 0.782 955 1169 238 178
(7,5) 2 245 0.829 1032 1206 173 156
(8,4) 1 19.1 0.840 1112 1284 149 134
(7.6) 1 275 0.895 1133 1291 134 120
9.4) 2 17.48 0.916 1114 1270 137 123
(11,1) 1 4.3 0.916 1277 1487 137 123
(10,3) 1 12.73 0.936 1260 1445 126 113

(n,m)-SWCNT>CF2
(n,m) mod Angle (deg) d (nm) E1 (nm) E11” (nm) @E ( meV) Ewap(meV)
(5.4) 1 26.3 0.620 835 1025 275 206
(6,4) 2 234 0.692 881 1097 277 208
(7.3) 1 17 0.706 1008 1211 206 154
(6,5) 1 27 0.757 983 1168 200 150

(n,m)-SWCNT-CeH13
(n,m) mod Angle (deg) d (nm) E1 (nm) E11” (nm) @E ( meV) Euap(meV)
(6,4) 2 234 0.692 879 1049 228 171
(7.3) 1 17 0.706 1005 1150 156 117
9.1) 2 5.2 0.757 923 1086 202 151
(6,5) 1 27 0.757 985 1105 137 103*
(8,3) 2 15.3 0.782 955 1124 195 146
(7,5) 2 245 0.829 1032 1174 145 130
(8,4) 1 19.1 0.840 1114 1228 102 92
(7.6) 1 275 0.895 1124 1228 92 83

(n,m)-SWCNT-CsHaN(C2Hs)2
(n,m) mod Angle (deg) d (nm) Eu (nm) Eu” (nm) ®E ( meV) Eusp(meV)
(6,4) 2 234 0.692 880 1053 232 174
(6,5) 1 27 0.757 987 1132 161 121*
(8,3) 2 15.3 0.782 955 1127 200 150
(7,5) 2 245 0.829 1032 1164 136 122
(8.4) 1 19.1 0.840 1114 1242 114 103
(7.6) 1 275 0.895 1124 1227 92 83
(n,m)-SWCNT-CeH3(NO2)2

(n,m) mod Angle (deg) d (nm) E1 (nm) E11” (nm) @E ( meV) Euap(meV)
(5.4) 1 26.3 0.620 839 1000 238 178
(6,4) 2 234 0.692 876 1029 210 225*
(7.3) 1 17 0.706 880 1084 265 138
9.1) 2 5.2 0.757 920 1169 287 215
(6,5) 1 27 0.757 985 1160 190 143*
8,3) 2 15.3 0.782 957 1171 237 160*
(7,5) 2 245 0.829 1031 1192 162 146
(8,4) 1 19.1 0.840 1114 1282 146 132*
(11,0) 2 0 0.873 1058 1225 160 144
(7,6) 1 275 0.895 1136 1281 124 112
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Figure3-2 displays the absorption spectra and emissixtitation PL maps of
three representativenanotube specieg5,4), (6,5), and(10,3). Incorporation of
perfluorohexylfluorescent quantum defeqiroducea new k1 PL peak at a redshifted
wavelength from the nativeiEemission of the nanotube host. The Beak originates
from the radiative recombination of trapped excitons from fluorescent defect'sites,
evidenced by the fact that batte E11 and E1” PL peaksare correlatedvith the E»
excitation of the SWCNT in excitatieemission maps of the functionalized samples
(Figure 3-2). Although the attached functional group€dfi3) are the same, the
emission wavelength ofiE was found to vary dramatically with the nanméspecies,
which implies a correlation with the host structures.

We tabulated the emission wavelengths of &d &1 PL for the different
nanotube chiralities studied and the energy difference between these two PL peaks
(optical e n e diy) ingrabje3-1. ThE& results frovida basis for an
empirically determined energy plot of defect PL versusm) chirality for
semiconducting SWCNT$-{gure3-5 andFigure3-6). Among the species investigated
here, the longest wavelength of defect Plpesgrs at 14B nm for perfluorohexyl
functionalized (11,1) nanotuge(11,1)SWCNT-CsF13. The shortest wavelength of
defect PL occurs at 1000 nm for (53WCNT-3,5CeH3(NO2)>. The |waluegest oE
was 282 meV for (5,4pWCNT-CeHaNO2, whereaghe smallestvas 92 meV for (7,6)
SWCNT-CeH1z. This wide emission wavelength range covers the biological
transparency windot¥ and most of the telecommunicatisange*®“® and canbe
exploitedfor applications that require brigltigh-qualitylight sourcesatnear infrared

wavelengthg54&49.58
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Figure 3-4 Tunable defecPL as a function of host chirality. Experimentally
determined k& wavelength ofa, (n,m)-SWCNT-CsHisNO2, b, (n,m)-
SWCNT-CsF13, and ¢, (n,m)-SWCNT-CsH3(NO2). on a graphene sheet
showing 6,m) lattice points. Theolor bar shows the emission wavelength of
the defect PL. A lattice with diagonal stripés nonemitting metallic
SWCNT. A filled latticeis a semiconducting SWCNT studied in this work.
The ble arrow andfin a represent the chiral vector and chiral angle of{6,2)
SWCNTSs as a demonstration of SWCNT chiralitile molecular structure of
thedefectss specifiedn each part of the figure.
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3.3.2 StructureProperty Relationships of th®efect PLEmisson

Each SWCNT structure can be uniquely indexed by a pair,mj (ntegers to
indicate the chirality of theanotube baseodn the roltup vector of a graphene sheet
(Figure3-4). The direction of rolling determines not only the physical structure, such
as diameter and chiral angfe,but also the electronic band structure of the
nanotube®>>%¢ Specifically,becasue SWCNT imposes boundary conditions on the
electron wave function in the direction of rolling, for semiconductmgntSWCNTS,
dividing (n1 m) by 3 leaves a remainder of 1 or 2, which are classified as mioh,(

3) =1 and modr(i m, 3) = 2, respectivelyif (nT m, 3) is evenly divisible by 3, the
SWCNT is metallic and therefore does not emit.

Covalent functionalization may break the intiinsymmetry of the SWCNT by
converting sp carbors to sp, which modifies the energy level of the functionalized
nanotube locally at the site of the defet At this local defect state, the optical
properties, incluithg the emission energy atite size okexciton®” are different from
those of the intrinsic &£ excitons. Hence, we analyzed the structiependent
properties of defedrapped excitons inn(m)-SWCNTs with perfluorohexyl, 4
nitroaryl, and 3,&initroaryl defects, and mapped out the structdependencef the
E11 emission wavelength onto the graphene lattiigure 3-4). The results show in
general that the £ for larger SWCNT diameters emits lanhgerwavelength, but it
also depends on the chiral angle of the nanotube.

We observed a positive correlation betwé#enE:; and B1 emission energies
for the studied chiralities with the same perfluorohexyl functional grdtigare3-5a),

indicating that the defect state is closely related to theXcitonic state. The energy
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difference betweenitand E1 ( o Eégre examinedor dependence ogiameter @),
chiral angle(d), and mod i1 m, 3). We explored the diameter dependence by fitting

E with the inverse se¢tgm3d). or der equati on

ywdi A6 p@A cuvk poy Eqn 3-1
in which d is the SWCNT diameter in nnirigure 3-5b showsin generalan inverse
correlation between @E and di ameter. Howev
on average from eq. 1 fordlrange of diameters studied, suggesting diameter alone
cannot a c c wauatidn, tHus the chidlity effect should be considered.
Al t h o u g hversushchiralitp plot displays no obvious pattérmgure 3-5¢), we
found that the deviation of ®@E is mod depe
ofmod(ni m 3)=2thanformodh(im, 3) = 1. This mod depende
is reminiscenbf whatwas reportedor the B1 energy and diameter correlatié?>
The mod dependent deviation represents the degree of electronic decoupling and will

be discussed in the next section.
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Figure 3-5 SWCNT structure relationship feerfluorohexyldefects Closed

and open circles indicate mod 1 and mo@,2ositive correlation between

Ei1and B1 wavelengths. The solid line is a quadratic function drawn to guide

theee.b,Di amet er dependence of @E. The solid
toEgn 3-1.c,Chiral ity effect on @E. The dashe:
armchair SWCNTSs witll = 3(°. Each point represents differentr(l) species

thatare covalently functionalizewith perfluorohexyl defects.
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3.3.3 ExcitonTrapping Potentiaht FluorescenQuantumbDefecs

The exciton trapping potentidEfap) is the minimum energy required detrap
the E1 exciton from the defect trap to restore as a fraeskciton. It is an important
parameter to understand the structiglated properties of excitons as well as to predict
the PL stability. As established in our previous wiithe trapping potential of a defect
state can be experimentally determined by monitoring thartel E1 PL as a function
of temperature or calculated from the diffese@a b et ween t he optical €
and the reorganization energy (@&).

Reorganization occurs due to deformation of the nanotube geometry upon
exciton trapping at the defect Stand is related to the exciton localization at the defect
site8¥%2with greater localization presumably leading to a larger reorganization energy.
When the density of defects increases, the exciton wavefunction may be delocalized
across multiple defestleading to weaker localization of excitons at the defect site and
smaller reorganizatiorenergy For the series of perfluorohexyl defeatlored
SWCNTs, we also experimentally derived a |
< 0.84 nm,Figure 3-1). Such greater spatial localization of the wave function
effectively increases the amount of excHmmonon coupling and thus increases
reorganization engy in small diameter SWCNTSs. By linear extrapolation from the
experimentally determined seriégable3-2), we derived that the trapping potential of
perfluorohexyl defectrapped excitons ranges from 1280 meV, as shown iRigure
3-6.

Our results suggest that the trapping potential is related to the size of the trapped

exciton (electrorhole separation). For a larger trapping potential, the wavefunction of
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the exciton, which can be computed using density functional thsryore spatially
localized at the defect sité®%®® This is congruent with our previous theoretical
prediction that an & exciton of a (6,55SWCNT is squeezed by 17% in size when
trapped at an aryl defet®.The inverse correlation betweensf and diameter
(regardless of & values) implies that in
effectively reduce the exciton size and increase the oscillator strength of the defect
state®® Strong localization at a deep tramynenhance the binding energy of the E
exciton, and improves the stability of the defect trapped excitons. This may be related
to the diameter dependent quantum yield enhancéfmantl PL stability of &
excitons in single photon emissif® Although the photon conversion efficiency is
an important parameter for many potential applications of fluorescent quantuns,defect
it remains a challenging and lakiotensive task?which warrants the development of
more efficient techniques to quantify this value. Extrapolateygpnd d > 0.94 nm (the
largest diameter studied here), our empirical fittinde@g, (solid line inFigure 3-6a)
predicts that spdefects created by covalent functionalization create shallow traps in
large diameter SWCNTSs (e.qg., few meV for d > 1.3 nm), making trapping and radiative
recombination of i~ excitons less efficient.

Another interesting finding is that only a weak cliiyadependence was
observed for the f£ fitting. Figure3-6b shows the empirically fitted emission energy
of the 1 and E1 exciton as a functionfaliameter for 12 SWCNT chiralities that are
tailored with perfluorohexyl fluorescent quantum dededthere is a clear inverse
correlation between nanotube diameter and exciton emission energy. The deviation

from the diameter fitting is due to the chirahgle dependence. This dependence
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becomes more apparent if we group the same nanotube familiem)2vith a solid

line, indicating the set of SWCNTs with similar diameters but different chiral
angles>!%2! |t is also clear that the curvature effects i Bre less significant than

those in k1. These two trends may be understood by examiningéc&@hic structure

of the nanotube host and the molecular nature of the defects. Tleadtgy levels
influence the energy levels of the defect states because the defect state originates from
the splitting of the doubly degenerate frontier orbitals ofSWCNT host+?? and thus
exhibits some degrees of chiral angle dependence that arises from the trigonal wrapping
effect inherent in the host.Meanwhile, once a mobile exciton is trapped at ah sp
defect, the trapped exciton manifests photophysicsstdferent from the k; exciton,

which is governed by the $pymmetry of the SWCNT lattice. Thus, our data suggest
that as the defect trap becomes deeper, the exciton localization is stronger, and the
optical and electronic properties of the trapped excitons become closer to an isolated
zerodimensional system witweaker dependence on the chiral angle of the nanotube
host.

Finally, Figure 3-7 demonstrates that the trapping potential and emission
energies of defcttrapped excitons are highly tunable depending on the chemical
nature of the defects. Here we specifically studied {8\ CNT because it is easier to
prepare high purity samples compared to other chiralities. The spectral characterization
of all defecttailored (6,5 SWCNTs studied in this work is available Table 3-3 of
the Supplementalinformation. We note that this correlation between the chamic
natures of the defect and @ETable3-2ouser ved f

to the wide choice of defects (30 different functiogadups), the defect PL of (6;5)
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SWCNTSs can be broadly tuned over the emission wavelength of 1084 nm. We

found that in generaEuap, as wellastheiz wavel engt h and oE,

electron withdrawing ability of the defects became strongez.electron withdrawing
ability can be quantified using Hammett constants for aryl défens Taft constants
for alkyl defect$® From the study presented here, we show thathkenical nature of
defects has a significant impact on the fluorescent quantum gjedsananifested in
Evapwhi ch f ol l ows a | i near chkgure37h) and iTatn
c o n st a rFigwe3-bfi €gmbirfing the results dfigure 3-6 andFigure3-7, we
derived empirical predi ct i o-randmlkytdefécts

tailored SWCNTSs. For andeefect functionalized SWCNTSs,

Yy 8 8 >
7 7— P1& YhopH — Eqn 3-2

For alkyldefect functionalized SWCNTS,

Yy 8 < 2z 8
- - puL UYL ¢ - Eqn 3-3

i n whi cho7@&flandpd * 7 487.Dae to the chiral angle dependence of

ncr

wi t h

of

the &1 and E1 PL, the chiral angle dependence generates on average 9% deviation

from the experimentally determined values from the diameter fitting.
Lastly, we note that bonding configuration alefluencesEwap and &1 PL (Figure

3-7¢). Divalent defects, including >GF>CH,, >CsHa, and >GH3NH>, tend to create

deeper defect potentials amtiease the exciton trapping potentials compared to their

monovalent counterpartsgFs, -CHs, -CeHs, and-CeHaNHy).
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Table 3-3 Chemical tunability of defect PL in (6 9WCNTs. The position
of the substituent in aryl defects is para if not specified.

(6,5)-SWCNT-aryl

(6,5)-SWCNT-alkyl

R Eiy (nm) Ein(nm) @E ( me R Ein (nm) Ein(nm) oE ( me
-C,H,-N(CH,), 990 1130 155 -CH, 980 1094 132
-C,H,-N(C,H)), 987 1132 161 -CH,(CH,),CH, 984 1099 132
-C,H,-NH, 990 1132 157 -CH,(CH,),CH, 981 1096 133
-C¢H,-3,5-(NH,), 990 1141 166 -CH,(CH,),CH, 980 1097 135
-C,H,-OCHs 983 1125 159 -CH,(CH,),CF, 980 1099 137
-C¢H,-C(CH,), 983 1131 165 -CH,(CH,),COOH 980 1102 140
-C,H,-CH, 983 1127 161 -CH,(CH,),CF, 981 1101 140
-C,H,-NHC ,H,CONH, 985 1128 160 -CH,(CH,),CF, 979 1104 143
-CoHy 984 1134 167 -CH,CH,CF, 981 1110 147
-CH,-CO, 985 1134 165 -CH,(CH,),CF.CF, 980 1107 146
-CeH,l 980 1131 169 -CH,(CF,) ,CF, 980 1114 152
-CH,-Cl 980 1130 169 >CH, ("C) 979 1125 164
-C H,-Br 982 1135 170 >CH, (°C) 980 1125 163
-C,H,-NO2 985 1147 178 -CH,CH,(CF,),CF, 983 1137 170
-C.F, 983 1150 183 -CH,CH,(CF,)).CF, 983 1139 173
-C,H,-3,5-(NO,), 985 1160 190 -CF,(CF,)CF, 979 1152 190
-C,H,-2,4-(NO,), 985 1157 187 -CF,(CF,)CF, 981 1155 190
>C,H,-0-NH, 986 1141 171 -CF,(CF,),CF, 979 1155 193
>C,H,N 980 1145 182 -CF, 980 1158 194
>CH, 986 1162 190 >CF, 980 1164 200
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3.4 Conclusion

In conclusion, we have synthesized a series of fluorescent quantunsdefect
semiconducting SWCNTs and determined the diameter and chirality dependence of PL
emission wavelengths and the thermal trapping potential for eleé@pted excitons.
Similar to the native exciton (B in unfunctionalized SWCNTSs, the £PL is strongy
correlated with nanotube diameter. The emission energy of dedppied excitons,
however, is largely free frorohiral angle and family patterns of the semiconductor
host, suggesting that an exciton atfarorescent quantum defetdt some degrees
decoyles from the onelimensional nanotube host. Our work establishes the structure
property relationships for fluorescent quantum defébtit may help guide the
controlled and tailored synthesis of this new family of quantum emitters for

applications in bionaging, quantum information, and optoelectronics in general.
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4 Exciton Trapping and Detrappi ng

Def ect

Adapted fronKim, M.; Adamska, L.; Hartmann, N.; Kwon, H.; Liu, J.; Velizhanin,

K.; Piao, Y.; Powell, L.; Meany, B.; Doorn, Sietiak, S.; Wang, .XJ. Phys. Chem.

C 2016, 120, 1126811276

Y.W. and M.K. conceived and designed the experiments. M.K., N.H., H.K., Y.P., and
L.P. performed experiments. B.M. pied carbon nanotube solution. L.A., J.L., and

S.T. performed DFT calculans. K.V. constructed ¢éoretical models. Y.W., S.KK.D.,
and M.K. wrote the manuscript with inputs from all authors.

4.1 Introduction

A fluorescent quantum defects can trap a mobile excikaguie 2-10),
allowing the excitorto decayradiativelyvia Eir PL. The defect Ploccurs at red
shifted energies from the native PL(E*® The unique optical properties of these
fluorescent defects have spurred intensive investigations on exciton trapping and
brightening at defect sité$%26¢7% Beyond a desire to understand the origins and
behavior of this novel emission, studies are matiddbythe promise defect emission
holds for photonicoptoelectronic sensing, and imaging applications, afforded by
potential for enhanced quantum yield#&3"5%" new functionality?®> and as photon
upconversioff and quantum light sourcé%*®

An important aspect of defectduced photophysics that remains to be
understood is determining the factors underlying exciton trappmpgarticular we
seek to understartie depth of the trapping potential and how it impdlceobserved

emissionbehavior. Trap depth is a determining factor in such fundamental behavior as
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the degreeof exciton localizationand for relaxation processes or impact on band
positions (of relevance to dopasite redox behavior and potential impact on energy
harvestingability).®® Trap depth can also impact the quality and stability of defect PL
emissiorn®®2 Furthermore, thermal detrapping is an important step in recently observed
photon upconversion from similarly defemtgineered SWCNT%. Studies of
thermallyinduced excita detrapping in oxygedoped and alkylated nanotubes
indicate the trap depth is significantly lower, with detrapping energigse(ma) being

less than 50% ofEopiical (€Nergy difference betwedfi1 and Exr, marked inFigure
4-1b).%"* Combined experimental and theoretical studies of the dsfiectredox
behaviors also indicate a reduction in bandgap that is significantly smaller than the
associated optical energy sHffiwhile a simplistic picture of grouhstate perturbation

of exciton energies at the oxygen dopant site provides an initial understanding of the
difference in observed energi€ghe origin of the large discrepancy betwedpiical
andqgEermalis Not yet established.

Herein, we quantitatively probe the thermal activation of dedfapiped
excitons as a function of theanical nature and density of defects and generalize the
behavior to a new class of defects. A series of fluorescent aryl defects were chemically
created in (6,58WCNTs through controlled diazonium chemistiyDetrapping
energies for each defect type are derived from nHofb flots constructed based on
the intensity ratio of & and E1 PL as a function of temperature. The measured
detrapping energieare directly correlatedith the optical gapsEoptical determined
from defect PL. We found that botfEoptica andqEmermaiare linearly dependent on the

electronwithdrawing nature of specific functional groups, as measured by the
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Hammett substituent constant. At relatively high defect densiti®gsmais more than

half of qEoptica- However, we found a strong dependence of the energy mismatch on
defect density, with differences betweagnermaiandgEopticaiON the order of 100 meV
found in the lowdensity limit. Based on these observations, we propdbkeory that
highlights as the origin of thgEwermai and gqEoptical €nergy differencea substantial
vibrational reorganization energy between the excited and ground state of SWCNTs in
the presence of a fluorescent defect. This proposed aggupportedby density
functional theory (DFT) calculations of reorganization energies that agree with the

experimental trends and magnitude of measured trapping energies.
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Figure 4-1 Temperature dependemof defect PL in functionalized SWCNTSs.
a, Energy diagram ofh SWCNT with a fluorescent quantum defect: An
exciton trapped at the defect levek{lEcan thermally escape the quantum
defect well and recombine via the bright singlet exciton channél (& UV-
vis-NIR absorption (black) and wNIR photoluminescence spectra of (6,5)
SWCNT-CeHsNO2. ¢, Peak fitted PL spectra of (6;9WCNT-CsHaNO2
(synthesized from [Dz]:[C] = 1:500) at increasing temperatures wWith 5
incrementsd, Thev a nHofb flot as derived from the PL spectra in Figure
c. Open circles where surfactant reorganization effects are domanant
excludedfor calculating the potential well depth.
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4.2 Experimental Section

4.2.1 Chirality-EnrichedCarbonNanotubes

HiPco SWCNTs (Rice Universityaich #194.3) were sorted using Sephdttyl
S-200 highresolution chromatography resin (GE Healthcare), as described
previously?®to produce (6,55WCNTSs enriched samples. The purified SWCNTs were
stabilized as individual nanotubes i (Cambridge Isotope Laboraies, Inc.,
99.8%) byl wt.% sodium dodecyl sulfate (SDS) for subsequent studies. Alternatively,
a polymer aqueous twphase (ATP) separation proces8 wasusedalso b generate
(6,5FSWCNTs enriched material used for doping with ozone and covalent
functionalization with 3,5lichlorobenzenediazoniutatrafluoroborate. After chirality
isolation the SWCNTs were exchanged ifitavt.% SDS inMillipore H20 or 1 wt.%
sodium dodecylbenzenesulfoné&DBS)in Millipore H20O surfactant environmenria

pressure filtration (100 kDa regenerated cellulose membrane).

4.2.2 ChemicalCreation ofFluorescenfryl Defects in SWCNTs

Aryl defects werecreated through controlled functionalization of SWCNTs
with aryl diazonium salts as we previously descrifetve note that a modified
functionalization protoc6f was used for (6,5pWCNT-CsHsCl,, which was
suspended byl wt/v% sodium deoxycholate (DOC) while in all other cases the
functionalized nanotubes were stabilizedlwt.% SDS. Briefly, the concentration of
(6,5rSWCNTs was adjusted to give an optical dignsf 0.1 at theO absorption. A
4-nitrobenzenediazonium tetrafluoroborate GgHsNO2N2*A B solution was then

added to this nanotube solution for a starting molar ratios of reactants, [Dz,
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diazonium]/[C, nanotube carbon], at 1:4,000, 1:2,500, 101,51,000, 1:750, 1:500

and 1:250. These reactant ratios were slightly adjusted for the other diazonium salts to
accommodate the difference in reactivity. The reaction occurs at room temperature with
a pH of 5.5 and was monitored by following the defdwbtpluminescence with a
NanoLog spectropuor omet e-vissNIRBbsorptiorawithtlao b i n
Lambda 1050 UWis-NIR spectrophotometer (PerkinElmer). The corresponding
Raman D/G ratio was calculated from Raman spectra collected under both 58&@ nm a

633 nm excitation (LabRAM ARAMIS Raman microscope, Horiba Jobin Yvon).

4.2.3 Introduction ofOxygenDefects in SWCNTs

Oxygen dopants were introduced by following a doping protocol described
previously’! (6,5-SWCNTs in 1 wt.% SDBS (OD of 0.04 Ei11) were diluted with
nanopureH,O to a concentration of 0.2 wt.% SDBS. OzonatadopureH,0 was then
addedwith a volume ratio of 1:1The reaction mixture was illuminated férh by a
guartztungsten halogerdamp and subsequently quenched by pressure filtration

through a 100 kDa cellulose membrane using 1.04 wt.% DOC solutelnaie

4.2.4 TemperatureDependenPhotoluminescencgoectroscpy

To probe the energy levels of fluorescent aryl defects, both the defera(il
original (E.1) PL were collected as a function of solution temperature. The temperature
of the nanotube solution was controlled using a circulating water bath stadéZFL
Horiba Jobin Yvoih The temperaturevas measuredvith an immersion Surface
Temperature Sensor and LabQuest 2 (Vernier). At e&€hirficrement from 15C to

85°C, a photoluminescence spectruras collectedTheO andO were fitted with
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Voigt profiles using Peakfit v4.12 (SeaSolve), and the integrated intensity ratios were

plotted against temperature.

4.2.5 QuantumChemicalModeling

The computations were performed using Gaussian 09 softwarésit®. nm
long (6,5-SWCNT segment, with open ends terminated by hydrogen atoms, was used.
The system contained about 1000 carbon atoms. Density functional theory (DFT)
calculations were done using Coulomttenuated B3LYP functiondland STG3G
basis set. The optical transitions were computed usingdependent DFT (TEDFT).
If not mentioned otherwise, the calculationere donein vacuum Some test cases
have utilized solvents effects in the framework of condtidterpolarizable continuum
medium mod€P using experimentally relevant water solvent. The functional group
was addedh the middle of the nanotubka the case of oxygen doping, only the lowest
energy structure (named etkebin ref’!) was studiedin the case of aryl defectsew
show the results for a special defect configuration consistingoodhoaryl ring and

hydrogen atom adddd the nearest neighbor carbon along the tube axis.

4.2.6 Characterization oDefectDensity througlRamanSpectroscopy

Raman spectra were collected fr@olid SWCNT samples using a Raman
microscope Kloriba Jobin Yvon, LabRAMARAMIS) in duo scan mode, which
averages spectra from a 30x30 juarea. Eactdatawas sampled from at leaSt
different regions and averaged to ensure data is statistically mednirgfiexcitation

wavelengths were 531 nm a6d2.8 nm.
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4.3 Results and Discussions

4.3.1 DefectDetrappingEnergy Derived from Temperature Dependeoice

PL evolution

To determine the defect detrapping energy, we measured the PL spectra at 5 °C
increments (over @tmper at ure range from 15 to 85 AC)
plots based on the intensity ratio of tha Bnd 1 PL as a function of temperature
(Figure 4-1). We note that the PL intensities discussed here are integrated PL
intensities. The van o6t Hoff anadeyebi s i s r
system at thermal equilibrium where at finite temperature the ratio of populations of
twostates is given by a Boltzmann exponent,
between the two stateSor the case of SWCNTSs that involve trappeéi jEand free
(Ei) excitons the situation i s impthedreecompl i c
excitan, is not a single state, or a discrete number of states, but a continuum of freely
moving excitons with a thermal distribution of kinetic energidse partition function
for such a system is given By

G o o 0 =0T am 7 Eqn.4-1
wherethe first righthand side terris the number of defect sita® {s the concentration
of defect sitesand L is the SWCNT length). The dimensionality of the sysiem
denotedby N (1 in the case of SWCNT). The second rHighhdside term represents
the summation over the thermally exditieee exciton states, where M is tkeciton
total mass, k is the Boltzmann constant, and T is temperature. The integral here can be

evaluated exactly, leading to the ratio of trapped and free exciton populations as
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— e yTQVT Eqn.4-2

with the result being similar to the classical result for a thermally excited population of
electrons in an extrinsic-type semiconductof The ratioof populations irEqn.4-2
i's not exactly of the van 6t Hoff type. Ho
is directly accessed experimalty. Instead, what is analyzed is the ratio of
photoluminescence intensities, which is essentially different from the ratio of
populations if the oscillator strengths are temperadegpendent. The oscillator
strength of the zerdimensional trapped exon is constant. However, thermally
excited free excitonare decoupleffom photons, so the average oscillator strength of
free excitons in a 1D systera.¢, SWCNT) is pr Ofbhetesulbimal to
that the square roots of temperature, originating from the ratio of populations, and from
the oscillator strength considerations, cancel each other, resulting in the ratio of PL
intensities being the Boltzmann factor:

l1/1117° exptpE/ k T) Eqn.4-3
in which k1 and k1 are the integrated PL intensities ofiland k1. Therefore, the
energy between the trapped and free excitonic states can be effectively derived by the
van 06t Hohfsmehbody @i f f edegatocddferentisteil enot ed
from t he oofach Whickd detgrraimpedrapEhe emission energies. We note
that this analysis neglects the possibility of dark exciton and trap states, which will
introduce additional temperature dependences to observed PL intensities at low
temperatured’®8! In the temperature range of our experiments, however, such an
approxi mation is suitable. We further note
toward smdl e r wem@IEthere exists an inhomogeneous distribution of trap depths.
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This effect is minimized here by integrating over the entire line width of the emission

to better account for the contribution from the entire population of both native excitons

ard defecttrapped excitons. Quantification of this effect may be possible by applying

similar techniques as developed by Grateral. and Schillinget al.to determine the
inhomogeneous broadening of the native exciton) (Band due to a distribution of

energy barrier§Z83 Experimentally, we found that the PL of atgilored nanotubes

systematically responds to changes in the solution temperature. Above 25 °C, the PL

intensity of both ki and E1 gradually decrease with temperatuFég(re 4-1c), but
the relative decrease is more rapid fat EThe behaviorof i s due t o
intensity dependence, as discussed above, while the intensity logs anides from
thermally induced exciton detrapping from tthefectsite. As shown irFFigure4-1d,

the integrated intensities ofifand k1 PL are correlatedvith temperature by the

foll owing van o6t Hoff relati on:
< y “
o e— o2 Eqn.4-4
inwhi ch A® i s a cor r ec tviaoniofbfilatthtisgorovidesTite e

thermal detrapping energy equal to 131 meV for (EBJCNT-CsHaNOs.

4.3.2 DefectDetrapping Energy as a Function of the Chemical Nature of

Defects

The ability to synthetically tune the aryl dopants to alter optical properties

proviles a route to probe the gener @lmdty

behavior . We constructed van o0t Hof f

with differentsubstitutionamoieties Figure4-2). In all cases, a good linear fit Egn.
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43 i s f oun dgematolbé extracted dor egudh dopant (Jedble4-1). We

found thatop Eermalis linearly correlated with the electravithdrawing capabilities of
the terminating groups, as e s sincreasas by
from 1 0-NMNIliethylaminetd 1.42 for 3,5d i n i twem@incregses by 41
meV (Figure4-3, reddata, and alsdable4-1) . Thi s wema€lasaly tracas oE
what was observedwvith o Bptica (Figure 4-3, bl ack giacteasgs, theAs
magnitude of Epiical @lSO increases (see al3able 4-1) and directly parallels the
change observed op mermar In OUr previous experiments it was concluded that a larger
dp could effectively lower the & state, creating a deeper trap for excittrEhe linear
correlation betweep Eermai@andm Bpticaithus consistetty suggests that greater energy

will be required for an excitoto thermally escape a deeper trap, as expe€éd
significant interest, However, is the observation of a large energy off§etSomeV

bet wewmaa B opiepEhat remains nearly ostant for each type of aryl defect.
Notably, in allcasesthe magnitude of the observeulmerma values are significantly

lower (on the order of 70%) than the correspondpigpica Values Figure4-3). This

energy mismatch across the aryl defect series is also larger than that reported by the

Weisman group for oxygedioped nanotubes We note that ifrigure4-1d andFigure
4-2, for temperatures below 25 °C, the intensity ratio aft& Ei11~ begins to rise again
as the temperatureis lowered further. This behavior is likely due to surfactant

reorganizatia at low temperaturé§:88

t

h e

Here, we conclude that tenganedneglE®y mi s ma

now seeras a gneral phenomenon over a wide range of defect tailored SWCNTSs.
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Figure 4-2 v a n Hofi plots for fluorescent quantum defdabeled (6,5)
SWCNTs. The chemical nature of the defsajivenin each plot. The defect
densityis maintainedat a similar level for the aryl functional groupsd).
The defect density for the-@oped sampleh] is at a lower level
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Figure 4-3 Correlations of optical a p s opiich, dplBCK open circles) and
t her mal det r apephd redyclosedh araleg) iasefenctignepd the
chemical nature (as measured(y of fluorescent aryl defects. The defect
density of each (6,53WCNT sample was adjusted to produg#li1 > 2.
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Table 4-1 Tabulation of trap site optical emission energies Jfoptical band

gaps (phkpica), thermallyd et er mi ned

experimentally determinede or gani zati on

defects (X).

energi es

Eoptical OEthermal

(&)

*% -

X E11 (hm) E11” (nm) (meV) (meV) a&(meV)

O-doped (low)* 994 1125 146 24 122

-NEt2 989 1127 154 102 52

3,5-Clz (low)* 992 1133 155 35 120

3,5-Cl2 (high)* 992 1133 155 134 21

-OCHs 988 1130 158 117 41

-COz- 992 1143 165 123 42

-Br 988 1143 170 149 21

-NO2 (low)* 982 1139 174 76 98

-NOz (high)* 981 1141 177 131 46

-HNEt2* 989 1146 172 130 42

3,5-(NO2)2 988 1163 189 143 46
*Val ue shemhi@dnmd g f or t hes are fivenfor highs c e n' t

and/or low defect density cases. THew density limit is most directly
comparable to the DFT results of Table 2. All other valuese obtainedt
relatively high defect densities, wheig/l11 > 2 at 25C

**X represents the terminating moieties of an aryl defect except for an oxygen

dopant (ethed).
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4.3.3 PotentialEnergy Surface Model for Excitons

Figure4-4 depicts the energy diagram of defeitored SWCNTsin terms of
overlapping moleculalike potential surfaces for free and trapped excitons. Such a
molecular view haveen demonstrateas useful for understanding certain aspects of
free excitonbehaviorin carbon nanotub&Sand is particularly appropriate for an
exciton localized at a trap site. Within this view, the energy mismatch may be
interpreted to arise dm major contributions from reorganization energy at the defect
site. Consider the electronic terms of our systéhmese may include the potential
energy surfaces for the ground state (G), defagiped (X) exciton, and free exciton
(X), as schematicallpresented ifFigure4-4. The HAconfiguration coo
been arbitrarily chosen as zero at the optimal ground state geometry, so thatghe ene
minimum of the ground state parabola is located at rFh0s, coordinate r represents

the distortion of the SWCNT geometry relative to the ground state geometry.
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Energy 4

0 Configuration coordinate, r

Figure 4-4 Potential energy surfaces for ground (G), trapped excitgngid

free exciton (X). AConfiguration coordin
deformation (reorganization) of the SWOCNT geometry. Here the
reorganization energy is dominated by displacegneémuclear coordinates

since changes in vibration frequency, or curvature of potentials, are negligible

in rigid systems such as SWCNTSs. Note that the energy separations between

the states are not to scale.

Following initial optical excitation to X, difisional transport to a defect site
results in exciton trapping and relaxation to staté’$%’° We focus on energies
associated with thermal acition out of X to X or relaxation from X to G via
emi ssion of a photon. Because of excitonip
state parabolas are in general located at finite r. Trap state PL originates from the
optimal geometry of the Xstate (pointcifrigure4-4) . Because of the Fra
principle, the optical transitions, are AfAv
theeforeeoccur s bet ween'cpuorivnet afincddo poofi nttheidd of
surface, with energ¥ca = EcT «E Poi nt Afdo represents an e

configuration of the ground state surface. Its energy difference with the ground state
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equ | i brium conf i gwr artd prne sad ntpsoitnhte fAraedo r(gea n i
the transition between™and G el ectr oni c ofica€is thesefore Our def
equivalent to Ea1 <d&EThermal activation out of the trap state, on the other hsuad,
sl ow process relative to optical excitatiao
invalid for thermal detrapping. The required thermal activation energy is therefore
equivalent to the energy difference between the minima of the X aodrifes: k. =
P ermar Referring toFigure 4-4, the difference between the optical and thermal
activation energies is
o Bptical T P Ererma= (Eval Ecd) T Enc=Esa= o >0 EQgn.4-5
We note that in arriving &qn. 45, we have neglected for simplicity any independent
reorganization energy associated with optical excitation of the initis@xX€ited state
at pointibo of t hrhis isXa reasonable approximation, as the relatively
delocalized nature of theEexciton (in contrast to that of the trap state) naturally leads
to a reducedeorganization energy. Such a simplification is supported by experimental
observations of small Stokes shifi3d meV) in &1 emissiof® and by Raman studies
showing weak exci®oni phonon coupling.
Inspection ofFigure4-4t hus suggests that tbwa Oorigin
vs g ermaliS due to a reorganization energy component associated with the optical
transition. Such an energy casexpectedrom the associatl large coordinate changes
that should arise from significant localization of the exciton wave function imposed by
trapping®?’® We note that while we have discussed changes in the reaction coordinate
r (Figure4-4) as arising from a distortion of the SWCNT geometry, other contributions

can exist, including solvent polarization and surfactant reorganization as examples.
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Any such contribution can only increase the total observable reorganization energy, so
the final expression for the difference between the optical gap and the detrapping
energy would be

3% Y% Bl m Eqn.4-6

where each contribution is positive.

4.3.4 QuantumChemical Modeling of theunhctionalized SWCNTs

From t he mena8 ndeptnEwpEan further derive that the
reorganization energy can be on the order of 50 nf@l€4-1) and, in the limit of
low defect density, can be as large as 100 meV. Vihigica andop Eermahave similar
origins in the trap state, they are nevertheless physically distinct, as they describe
vertical and nonvertical transitions, respectvéh particular,Eqn 45 and4-6 imply
t hatpca®PB al ways herdal Winiehris consistent with Bur experimental
observations and those of Ghasthal’* Furthermore, it is important to recognize that
our proposed model based Bigure4-4 indicates that the experimentally determined
thermal barrier most closely equates to the actual depth of the trapping pofential.
described below, our DFT results further support this interpretation. Our previous
computational studies of oxygeloped or defeetailored carbon nanotubes have
provided a detailed viewn the structure and properties of SWCNT excited states and
electronic levels at defect sit€s:462709293 Here we focus on the vibrational relaxation
of ground and excited electronic states in representative exampéegeorganization
energy (&) i1Is computed as the difference o

state, at the ground state optimal geometry (r =Figare4-4) and in the ground state,
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but at the configuration coordinate (r) corresponding to the optimal geometry of the
excited state X (point d inFigure4-4), which directly corresponds to the definition
given byEgn 4-5. Ground and excited state optimal geometries were obtained using
DFT and timedependent DFT (TEDFT) formalisms, respectively. The relevant
computational detailare proviledin Experimental Section. In addition to the pristine
10 nm long (6,5) tube, we have considered oxyd@med (ethed) and 4bromoaryl
( T6K4Br) defecttailored species. In the pristif@WVCNT, we consider the lowest
el ectronic states. HexagitenistthneVitissuppartéoaurt ed & o
earlier approximation where this quantitgs neglectedVhen defectare introduced
we observe lower energy electronic states in our calonkatSpecifically, the lowest
state (k1) in the aryl defect tailored tube has substantial oscillator strength and thus is
emissive. In stark contrasttotheE x ci t on of a p'risissbstantialy t ube,
larger, being 101 meV (sdable4-2).

Miyauchi et al. suggests the occurrence of bright and optically forbidden (dark)
defect states for oxygesoped tubes’ Our DFT results also indicate this. Interestingly,
for oxygendoped nanotubes the dark defect statmesgetically below the emissive
state while for aryl defects, the bright defect state is the lowest. At the optimal geometry
of the dark state, we find the lowest electronic transition in oxggged tubes in the
etherd geometry is this dark state, whasehe optically allowedk transition is state
number 2. The calculated splitting between these bright and dark states at this geometry
is 13 meV. These results are in agreement with’refhich suggested the existence of
a dark state at 16 meV below the Eransition for oxygerdoped tubes. We calculate

a small o of -ddgomety¥ortherdark state. Ineedntnastrat the optimal
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geometry for the bright state, the ordering of the states is reversed, with the bright state
found to cross the darstate and become the lowest energy dopant state. The bright
state optimized geometry is found to occur at a larger configuration coordinate (r,
Figure4-4). Consequently, the reorganization energy of the brightt&ansition (70

meV) is larger than that of the lowest energy dopant state for oxdamed SWCNTSs.

To rationalize the observed trendsaand to link them to the underlying
wavefunction poperties, we further analyze calculated transition density matrices
corresponding to the excitonic wavefunctions of the excited states. These quantities for
native k1, etherd Ei1- and 4bromoaryl (CsH4Br) defect k1 excitons are depicted in
Figure 4-5a thru c, respectively. In these plots, the horizontal and vertical axes
correspond to electron and hole coordinates, respectively. The diagonaf $iee
matrix corresponds to the delocalization of exciton wave function along the SWCNT
axis, and the width of the matrix reflects electimie separation, which is aboufl
nm in all cases. We observe that the nativeekcitonis delocalizedver abait 6 nm
(Figure4-5a). For the dark & excitons in the oxygedoped tube (state 1) we find a
localization to about 3 nm in sizEigure4-5b). Moreover, both the bright.E excitons
in the oxygerdoped tube (state 2) and for the aryl defect tailored tube are localized
even more, on about a 1 nnmdgh scale (seEigure4-5c¢). Such spatial localization of
the wavefunction effectively increases the amount of exgtwnon coupling and thus

increases reorganization energy across these cases.
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Table 4-2 Calculated reorganization energies for pristine fmdtionalized
(6,5rSWCNTSs.

Dopant System a(meV)
Pristine 13
Ether-d (state 1, dark) 18
Ether-d (state 2, bright) 70
2x(CeH4Br+H) (1 nm spacing) 28
2x(CeH4Br+H) (2 nm spacing) 78
2x(CsHaBr+H) (3 nm spacing) 92
Single isolated -CsH4Br+H 101
Isolated -CsH4Br+H with solvent 125
a  Pristine

hole density )

2nm

0]

() electron densityy)
d 21 C¢H,Br (1nm)

Figure 4-5 Exciton plots of optically active states in a pristine (§SYCNT

(a), and the lowest electronic transitions for oxygeped b) and 4
bromoaryl defect (denoted da<sH4Br) tailored ¢-f) 10 nm long (6,5)
SWCNTSs. Horizontal (vertical) axis correspondstte distribution of electron
(hole) density along nanotube axis. White dashed lines mark the positions of

dopants. The size of one pixel is 0.4 nm.
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Finally, we investigated computationally the effect of defect density in aryl
defect tailored SWCNTSs omé¢ value ob- We have used twodB4Br+H defects on a
single (6,55 SWCNT separated by 1, 2, and 3 nm distance. The computational results
are summarized ihable4-2. Our analysis shows that if the two defect sites are situated
closely to each other, at distances comparable to the exciton size at the defect site, their
electronic states overlap and strongly interact. Subsequently, the lowest optical
transition with Exr~ character becomes delocalized between the twWalsfects as
shown inFigure4-5d, suggesting a reduced excHphonon coupling. As a result, the
reorganization energig strongly reducetfom 101 meV to 28 meV. When the distance
between defects increasesgradually increases and approaches the value found for
isolated sp defects (~100 meV). For exampla,is equal to 78 meV for defects
separatedyp2 nm distance. Here, the exciton wave funcitsotontainedo about 2 nm
length Eigure 4-5e). For larger separation distances, the defect sites become
uncorrelatecandthe vibrational dynamics containedo a single site. For example,
Figure4-5f shows that the excitois localizedon one of the sjdefects, and its wave
function resembles the isolated defect site c&sgufe 4-5¢c). The reorganization
energy for a system with two $gefects, separated by 3 nm, is 92 meV, approaching
that of an isolated defect of 101 meV. The computed trersdoggests that observed
reorganization energy (the difference betwgEspticaiandqEmerma) Should depend on

the defect density. This predicted tremdfact,agrees with our experimental results.
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4.3.5 DefectDetrappingEnergy as a@unction of theDensityof Defects

As a route to a more 4depth understanding on the origins of this energy
mismatch, we employ density functional theory to model the energies of the relevant
states and transformations between them within a molecular picture of the defect site.
We confirmed this theoretical prediction experimentally by measugiBgermal in
(6,9-SWCNT-CeHsNO> as a function of the defect densityidure 4-6). The defect
density is chemically controlled simply by changing the [Dz]:[C] reaatatid and
guantified by Raman spectroscopyiqure 4-7). The Raman D/G ratio is directly
correlated with the defect density because the D phonon (abed@F0 cni?) is due
to symmetry breaking by the covalently attached aryl groups while the G bar@d (~15
cm?) is an inplane stretching mode of the?dponded carbon lattic®.As SWCNTs
react with increasing amounts ofnétrobenzenediazoniunsalts, the D/G ratio
proportionally increases, consistent with previously reported trends in the reaction of
(6,5-SWCNTs with 4bromobenzenediazoniusalts* From the constructed a n 6 t
Hoff plots, we found thathe slopesdEmnema) are linearly correlatedith the defect
density Figure4-8). TheqEopticalis only weakly dependent on the defect density, with
a change of onlp meV across the range of densities explored. In contf&simalis
strongly affected by the densit§ defects, varying from 76 meV at the lowest density
(synthesized at [Dz]:[C]=1:2500) to 134 meV at the highest (synthesized at
[Dz]:[C]=1:250). At the lowest defect density that damexperimentally measuraud
(6,5FrSWCNT-CeHsNO», the mismatchd) betweengEhermaiandgEopticaliS as large as
98 meV, in close agreement with the DFT results for the isolated defect casal{kee

4-2). Similar resultswere obtainedwvith a defect density series based on the 3,5
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dichloroaryldefects as well, for whichavalue of 120 meV was determined in the low
defect density limit, again in agreement with the DFT results. We also note that the
oxygen dopant result dFigure4-2h was obtainedh this low defect density limit, thus
providing an explanation fothe difference in our result fogEwmema (24 meV)

compared to that initially reported in the work of Gheslal (61 meV)’*

a b c d
1.2 1.4 1.2 0.6
1:4000 1:2500 1:1500 1:1000
10 80 meV 12 76 meV 10 83 meV 04 91 meV
(3
~ 08 ~ 10 ~ 08 —~
= ] = = 02
=06 =08 =06 ]
=S = £ £ 00
0.4 0.6 0.4
02 04 02 -0.2 Y
0.0 0.2 0.0 -0.4
28 3.0 3.2 34 2.8 3.0 3.2 3.4 28 3.0 3.2 34 2.8 3.0 3.2 34
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f -0.2 g 0.0
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115 meV -0.4 131 meV -0.2 134 meV
02 06 ~ 04
= 1,/ &
= 0.4 G -B% = 06
£ 06 10 £ s
0.8 12 -1.0
-1.0 14 1.2
2.8 3.0 3.2 3.4 28 3.0 3.2 3.4 2.8 3.0 3.2 3.4
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Figure 4-6 v a nHofb glots of (6,5 SWCNT-CesH4sNO: at increasing defect
density due to the increased [Dz]/[C] reactant ratios as labeled on each plot.

The noted energig derivedfrom the slope of the fitted line through the black
dofts.
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Figure 4-7 Correlated PL and Raman scattering of ((BYCNT-CsH4aNO>

with increasing density of fluorescent quantum defextRaman spectra of
nonfunctionalized (blue) and covalently modified SWCNTs by reacting at
increasing [Dz]/[C] reactant ratios. The speetere collectedinder 633 nm
excitationandthe intensities are normalized by théb&nd b, The Raman D

peak intensit increases as a function of the [Dz]/[C] reactant ratio. Both 633
nm excitation (green dots) and 532 nm excitation (orange dots) show a similar
trend. ¢, PL spectra of noffunctionalized (blue) and (6, WCNT-
C6H4NO2 at increasing [Dz]/[C] reactant ratidd) Thev a n Hofi plot
characteristics (slope and intercept) as a function of Raman D/G ratio at 633
nm excitation.
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Figure 48 Cor r el at i ons  Oofica, gk dpenailclespang s ( pE
thermald et r a p pi N g weRared clgsedeciscles) ap Eunctions of the

density of 4nitroaryl defects in (6,55WCNTs.Both the emission energy

di f f er ewacf®M PLoaE room temperature) and the potential well

dept hemd fEN thermodynanai probing experimentsare linearly
correlatedwvith the Raman D/G ratio

At high defect densities, there is a finite probability that a single trapped exciton
can be delocalized over two (or more) defect sites. This probability is small if the
position d defects is completely random along the SWCNT. However, the probability
can increase if the functional groups do effectively interact with each other; for
instance, during a propagativeaction a second functional group has a high
probability to attachio a SWCNTnear the first defeét Evidence of defect coupling
is suggested by the graduagverthelespersistent redshift (b§ meV in Figure4-8)
and peak broadening (from 44.7 m&/73.2 + 7.9 meV at 3C) of theO PL at
increasing defect densities.

As indicated by our DFT results, there are two consequences of a trapped
excitonbeing delocalizedver two defect sites. First, at fixed ground state geometry

its electronic energdecreases due to the delocalization of the trapped exciton. As a
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result, the corresponding Barabola irFigure4-4 would shift downward in energy by
an amoung-. Second, due to the decrease of the elegitmmon interaction upon the
delocalization, the minimum of the resulting parabola shifts towards The(resulting
potential energy surface is shown by a dathed parabola irFigure 4-4. The
corresponding reorganization energy & @sis smaker than the originat These two
results have consequencestfue observed behavior of bdt andgEerma

For a trapped exciton that is delocalized over two (or more) defectEites,
andqgEtermaienergies become

O O o 3 1 1 Eqn.4-7

3% O 3% 3 Eqn.4-8
and Ei11 remains the same if the concentration of defects is not large enough to
significantly alter the ground and excited states of the entire SWCNTqibliserved
experimentally).Egn 4-7 shows that the trap state emission energy, whilshédted
by the coupling between interacting sites, may be offset in the opposite direction by the
reorganizational change accompanying the expected exciton delocalization at higher
dopant densities. Q@xperimental observation of only minor changei:inas defect
densityis increasedndicates these two effects nearly balance each odlseseen in
Eqgn. 4-8 on the other handyEwmemal is affected only by changes op Thus, the
detrapping energy évacted from ther a nHofb flots is expectetb steadily increase

with the defect density
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4.4 Conclusions

We observed a substantial mismatch between optical energy gap and detrapping
energy in a series of fluorescent aryl defects in SWCNTSs. Both tlealogap and the
detrapping energy reveal a linear correlation with the electron withdrawing/donating
capability of the aryl substituents. However, depending on the chemical nature and
density of the defect, the detrapping energy is7Z4 smaller than theptical gap.

The observed energy mismatches banunderstoodn terms ofvibrational
reorganization due to significant deformation of the nanotube geometry upon exciton
trapping at the defect site. The reorganization energy is experimentally determined to
be as large as 100 meV for (6 SVCNT-CsHsNO2 and 120 meV for (6,5pWCNT-
CeH3(NO»)2, and is strongly dependent on the defect density. These experimental
findings are analyzedwith our electronic structure simulations, which map the
observed trends into defedeépendent vibrational reorganization energy in the
molecular pictee. Our findings are consistent with spectroelectrochemical
measurements from oxygeloped SWCNTs that show smaller redox potential than
the optical energy gépand provide new insights on the origin of the large discrepancy
betweenthe optical gap andthe detrapping energy in farescent quantum defects.
These insights establish a comprehensive picture of the energetics of fluorescent
defects in SWCNTSs, of direct relevance for thechanisticsof recently reported
photon upconversion processes in defaitbred SWCNT<E?Zand may help guide their
design and synthesi$ molecularly tunable quantum deféétior applications in near
infrared bioimaging, sensirfg,energy harvesting, and single photon sourc&&*9°+
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5 Gener atlit-bbrai tgrhitouns at fl uorescen

def ect s

Adapted from a managpt by Kwon, H* Kim, M.” Hartmann, N. F.; Meany, B.;
Clark, C.; Doorn, S. K.; Hoegele, A.; Wang, Y.

AThese authors equally contributed to tivsrk.

Y.W., H.K.and M.K. conceived and designed the experiments. M.K. and H.K.,
performed the synthesis and spectroscopic experiments. N.F.H. performed lifetime

measurements. B.M. performed nanotube sorting. Y.W., M.K. and H.K. wrote the
manuscript with inputs from alloeauthors.

5.1 Introduction

A negative trion is arelectronhole-electron (eh-e) tri-carrier quasiparticle
similar to the anions of hydrogen and positronifrim contrast to electrehole pairs
that are known asxcitons, a trion features a net charge halftintegerspin, which
allow for the manipulation of electron spirand opically probing local electrostatic
fluctuations®® Governed by optical selection rules different from those of excifons
trions can also significantly impact the dynamics of optically forbidden dark
excitons'® Because of their unique properties, trions have been intensively explored
for a broadange of potential applications, including quantum informati@ensing®
energy harvestin® lasing'®* and lightemitting devices??

However, trions have been observed only as aorntjnspecies at room
temperature. In fact, although this quasiparticle was theoretically predicted by
Lampert® as early as 1958, trions escaped experimental observation for decades until
their recent identification byghotoluminescenc@L) spectroscopin low dimensional

semiconductors at cryogenic temperatifé$*10%1% One of the ky factors that
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fundamentally limig trions torise as a dominant speciegheir low binding energy (2

i 45 meV)'%%% |n Jow-dimensional semiconduat such as singiwalled carbon
nanotubes (SWCNTs) and atmally thin 2D transition metal dichalcogenides, the
binding energy of trions increases due to the stronger Coulomb interactions at reduced
dimensionality, allowing trions tbe detectedt room emperaturg®%1%®In SWCNTSs,
trions have been generated by high power laser excitéftifS8hand dopind®®*'! of the
host material, or by chemically chargingpvalently functionalized SWCNTS®
However, in all previous reports, including the one froni®uson PLwas typically
rather weak and in the caseSWCNTSs, weaker than the PL of natigecitonsature

As it will become clear through this studize challenges there are due, in part, to (1)
the chemistry usé@that does not allow for trions to be probed and tuinesitu, (2)
lack of high purity nanotube semiconductor hosts, and (3) lack of toolalkatfor
directly imaging and probing of trions at the single molecule level.

Here we report the first direct experimental evidence of -bitight trions,
enabled by trapping at chemical defects that are synthetically created in semiconducting
SWCNT hoss through the incorporation of salkyl defects into the $arbon lattice
using a highly tunable trion chemistfhese chemical defects are quantum organic
color centerg*154%49 gllowing excitons tde channele@nd radiatively recombined
emitting nearly 100% pure single photons. Byl@calizing a charge with the exciton
at these organic color centers we now show that it is even possible to produce bright
trions at these chenally tailored light emitting centers. Througingle molecule
fluorescence imaging, we experimentally resolved strong localization of trions around

defects along the nanotube hoBhe trap-localizedtrions fluoresce brightlyat room
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temperature, evewith weak excitation (< 1 kW/cf), which is otherwise impossible

in the absence of strong localization due to trappifg.experimentally determined

the binding energy of the defdcicalized trions to be as large as 119 meV in ¢6,5)
SWCNT, which are signifantly larger tharthat of mobile trions in the same host (54
meV),1%%111 0D quantum dots {25 meV)°%1%and also 2D materials (185 meV)*?

and can even be cqrared to the 327 meV binding energy of positronium anibfike
trapped trions have an emitting probability thasignificantly larger than that of the
native exciton, by a surprisingtBnes, as well aa photoluminescence lifetime that is
more thantweo r der of magnitude | arger than fAfree
Our defect dependence studies araignetoluminescence spectroscopyovide the

first experimental evidence that unlike native excitons and free trions, these trapped

trions are intrinsically bright (their lowest energy state is optically allowed).
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5.2 Experimental Section

5.2.1 High Purity SWCNTHosts.

CoMoCAT SG65i (Southwest Nanotechnologies, lot 8&65tL39) were
stabilizedin water as individual particles wrapped with DNA (TTA(TAANT,
Integrated DNA Technologies) usingpnication (Misonix, model-8000) at 8 W
and 10°C for2 h. Chirality pue (6,5} SWCNTswere then isolateby polymeraqueous
two-phase separatidfi Long (6,5)SWCNTs were isolated from raw SGa@singthe
superaciesurfactantexchange’ Other chiralityenriched SWCNT solutions were
isolated from HiPco materials Rice University, batch no. 194.3) by gel
chromatograph?f using Sephacri¥ S-200high-resolutionchromatography resin (GE
Healthcare). The sorted SWCNTs were stabilized wO OQCambridge Isotope
Laboratories, Inc., 99.8%) with 1% wt/v sodium dodecyl sulfate (Sigma Aldrich, >
98.5%) for subsequent functionalization. The concentration of the chiealitghed
solutionswas determinedrom absorption spectra based on the extimctoefficient

of (6,5rSWCNTs!3

5.2.2 ChemicalCreation of Quantum Detts in SWCNHosts.

7.6 mM ofNaHCQ; (EMD chemicals, HPLC grade), 0.16% v/v €N (Acros
organics, HPLC grade, 99.9%) and various alkyl halidesTable5-1) were added
sequentially to each SWCNT solution, which was kept in a capped glass vial covered
by aluminum foil to block out light3.6 mM of NaS;04 (Sigma Aldrich, 85%) was
then added to #hmixture and stirred with a magnetic stir bar at room temperature.

After 2 h of reaction, the SWCNT solution was characterized in situ by PL spectroscopy
94



at 565 nm excitation or excitati@mission mappingTo increase the density of
defects the concensation of the alkyl halide was increased proportionally to the

concentration of the SWCNTSs.

Table 5-1 Alkyl halide precursorsised for the synthetic creation of quantum
defects in SWCNT hosts.

Chemical Manufacturer Purity Batch No.
I(CF2)sCF3 Sigma Aldrich 929 % MKBJ8925V
I(CH2)2(CF2)sCF3 Fluka Analytical 95 % BCBH7887V
I(CH2)2CF2CF3 TCI 98 %

I(CH2)4CF2CF3 Matrix Scientific 97 % VO5H
I(CH2)2CFs3 Sigma Aldrich 97 % MKBF3292V
I(CH2)sCFs3 Santa Cruz Biotechnology 99 % C3114
I(CH2)sCFs3 Oakwood Chemical 97 % F17N
I(CH2)sCHs Sigma Aldrich 98 % MKBW2847V

5.2.3 Spectroscopi€haracterization offrion PL

The reactions were monitored in situ
(HORIBA Jobin Yvon). The samples were excited with a 450 W Xenon source
dispersed by a doublgrating monochromator. The slit width of the excitation and
emission beams was 10 nm. Eatibrremission maps and single excitation PL spectra
were collectedusing a liquidN2 cooled linear InGaAs array detector. Absorption
spectra were also measured, usingaanbda 1050 UWis-NIR spectrophotometer
(Perkin Elmer) equipped with both a photorplier tube and an extended InGaAs
detector. For singlaubePL imaging,a small aliquot of (6,55WCNT-CeH13 solution
in 1 % wt/v sodium deoxycholate (Sigma Aldrich, >99%) was deposited on poly D

lysine coated glass slides (Part No. P35@G00-C, MatTek Wrporation). The imaging
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was performed using a custdmilt system that integrates an inverted microscope
(Eclipse Ti#U, Nikon), a volume Bragg grating system (Photetig), and an oll
immersion objective (UAPON 150XOTIRF, NA = 1.45, Olympus). The nanotubes
were excited by a 730 nm diode laser at a power density of 0.5 Kd\éoih the PL
emission was collected using a ligthld cooled 2D InGaAs detector (Cougar 640,

Xenics) with an integration time of 16 s.

5.2.4 Brightnessof Trion PL on theEnsembld_evel

Therelative PL brightness ofsEand ki1 was calculated using the following

equations:

B —— Egn.5-1

B —— Eqn.5-2
inwhi ch A i s t he rleahdai arevhe intedrateth PLiinteiSities ofs s ,
Erand &1 of the functionalized SWCNTSs, respectivdbjis the integrated PL intensity
of the unfunctionalized SWCNTED sesnmis the optical density of the functionalized
(6,5FSWCNTs at the E excitation, andODsgsnm is the optical density of the
unfunctionalized (6,55WCNTSs at the £ excitation. The PL peaksere fittedwith

Voigt functions using PeakFit software v4.12. blseline correction was applied.

5.2.5 TheProbability for aTrappedTrion to RadiativelyDecay

The number of & photons (NJ) is proportional to the PL quantum yield6if
exciton ¢ ) and the number of absorbed photons to a SWGENT J:
0 0 - Eqn.5-3
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Considering the diffusion and trapping afiExcitons at defect staf&s’, here &1 (or

Er), the number of photons emitted from the Eor Er) state, N1~ (or Ny) is:

0 0 - Eqgn.5-4

0 0 - Eqn.5-5

in whichk; is the radiative decay rate fopexcitons,Q is the decay rate of the £

excitons due to exciton diffusion and trapping at defect sites (quenching defgcts, E

and E defect sites), ani is the effective decay rate for all possible adiative
recombination other than exciton trapping and the radiative decay befqumdr.amp

is the number of the quenching defects, andamd r+ are the numbers of neutral and
charged quantum defect Si tieando arg the SWCNT,
probabilities for a trapped exciton and trion, respectively, to radiatively decanand

a photon.

Note that in this kinetic model we assume once trapped an exciton cannot
escape the defect site (indeed, thermal detrapping makativelylow efficiency as
previously demonstrated for Eexciton$?). We also assume that the defect sitiess
evenly distributedcilong the nanotube; more rigorous treatment may need to take in
account the effect of spatial distribution of defeéts

The quantum yields of {& excitons in unfunctionalized-() and quantum

defecttailored SWCNTs-« ) are given by:

— Eqn.5-6

- Eqn.5-7

in whichl is the average nanotube length & the exciton diffusion constant.
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From Eqgns 5-1, 5-6, and5-7, the changes in the number afi Bhotons by covalent

functionalizationY) can be calculad as:

6 - p —m p — Egn.5-8

UsingEqgns. 54 and5-8, we obtained

v p — Eqgn.5-9

At the low defect density limit gh nm1+nr), ———* -, We further assum®
QL 'Q , as supported bprevious studies oniE exciton PL**® and therefore
X p. The number of emitted photons (N) is proportional to the integrated PL

intensity (I). ScEgn 5-9 is simplified to

— —p — Eqgn.5-10
Similarly, fromEqgns 5-5 and5-8, we obtainedqgn 5-11 (an equivalent form cited as
Eqn 5-17 in Section5.3.2

— —p — Egn.5-11
From single nanotube PL imaging experiments, we confirmed thiat nr and¢

nmf or our experi ment ahranafodd— im@ kas follosnd obt a

(see als@able5-2)
pP@®YL - o &— Eqn.5-12

Xy - Eqn.5-13
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Table 5-2 Lower-bound probability for a trapped trion in (6SWCNT-
CeH13 to radiatively recombine and emit a phatdrhe probabilities were
calculated usig Eqns 5-10 and5-11 where— is determined from lifetime
measurement to be 1%.

[CeHaal]/[C] pl/lo ~ (%) Minimum — b
3 0.22 1617 33 7.88
4 0.31 157 30 7.63
6 0.42 157 24 6.29
8 0.45 147 28 7.62

5.2.6 BrighteningEffects by k; Excitation

Nabs, ot he number of excitons generated up
mol ar extinction coefficiengnhandtheE MCNTs at
Exbranching ratio (92). i1Bexdtens byiw ant By , t he
excitationscanbe expresseds:

6 © @, Eqn.5-14

6 © roQ Eqn.5-15
respectivelyHerebis a correction factor to account for the nonradiative recombination
of E11 excitons.Using Eqns 5-14 and5-15, the collective PL intensifp 8 0
0 0 at different excitation wavelengths can be comparaa brightening factor

by excittion at k1 (versus k) can then be expressed as:

- Eqgn.5-16

in which ketal is the integrated PL intensity, and OD is the optical densithat t

excitation wavelength.
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Experimentally, we used a 450 W Xenon arc source dispersed by a double
monochromator system within the Nanolog spectrometer to excite theS@,ENTs
at B2 and k31, with a slit width of 3 nm. The photon fluence at each wavéhengs
measured using an optical power meter (Newport 81 eéquipped with a silicon
detector (Newport 918L-OD3). The PL intensity was corrected based on the
excitation fluence. To simultaneously excite SWCNTsatafd detect thez PL, a
980 nm noth filter with a full width at halimaximum (FWHM) of 41 nm (Thorlabs,
NF98041) was placed between the sample and detector. The spectral resolution for the
emission detection channel was 1 nm. The@eak was reconstructed based on the
lower energy trace of the;EPL. To avoid potential errors in peak fitting, ultrapure

(6,5FSWCNT samples were used for the experiments.

5.2.7 Hole Doping Experiments

The (6,5 SWCNT-CgH13 solutions weralltrafiltratedusing a 100 kDa ultrafiltration
centrifugal tube (Amicon, EMD Millipore)at remove the reaction byproducts and
unreacted reagent$he quantum defedtilored SWCNTs were then hetimped by
hydrochloric acid. The solution pH was adjusted from 2.98 to 8.72tyng small
aliquots of 20 mM HCI (Sigma Aldrich) or NaHG®olutions. The pH was determined
using a pH meter (AccumetTM AB15+ Basic and BioBasic pH meters, Fisher
Scientific). Hole doping by 2,3,5:;8etrafluore7,7,8,8;tetracyanoquinodimethane
(FsTCNQ) was performed bgequentially increasing the concentration of GNQ

(Sigma Aldrich, 97 %, lot no. MKBR1477V) from 0 to 1 mM in the SWCNT solution.
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5.2.8 PL Lifetime Measurement through Tis@®rrelated Single Photon
Couning

The surfactant environment of tl@,5)SWCNT-CsH13z sample was exchanged with

1% wt/v sodium deoxycholate by ultrafiltration (Amicon, no. 5123, using 100 kDa
ultracelregenerated cellulose filter membranes). 4006f the SWCNT solutionsvere
transferrednto NMR tubes for the measuremeni$ie PL lifetimes were measured
using 568 nm excitation (4 psilsewidth 40 MHz repetition rate) and a single quantum
nanowire detector. Spectral filtering to resolve each PL peak was achieved with
appropriate bang@ass (BP)/longass (LP) filters in frot of the detector, including BP
1000/50 for k1, BP 1100/10 for &', and LP1200 for £ The collected decay curves
werereconvolutiorfitted with the corresponding instrument response function for each

detector in FluoFit (Picoquant).

5.2.9 Magnetoluminescenddeasurements

The unfunctionalized (6,5pWCNT control and (6,5pWCNT-CeH13 in 1 % wt/v

DOC were dropcasted onto Si@substrates and subjected to magnetic fields of up to

8 T in a homebuilt confocal microscope immersed in a heliumhbatyostat with a

base temperature of 4.2 K. Individual nanotubes were selected for collinear orientation

with the magnetic field axis using the wkhown antenna effect.

101



5.3 Results and Discussions

5.3.1 SpatialLocalization ofTrionsat Quantum Defect Sites

We chemically created quantum defects in individual (&GSYCNTs by
covalently attaching hexyl groups to the semicondgc® WCNTSs'® producing a 0B
1D hybrid quantum system hereafter labeled as BVBLNT-CeH13 (Figure 5-1a).
The defect creates a discrete state”(Emitting at 1095 nm) that lies below the native
E11 excitonic state of the nanotube (emitting at 980 Rigure5-1b). NaS04, which
is usedas a radical initiator, also acts as a reducing agent that introduces electrons to
the nanotube enablingroductionof negatively charged trions {Eemitting at 1226
nm). In stark contrast to free trions in unfunctionalized SWCNTSs that are mmbile
weakly bound at shallow potential wetf$!tin the presence of quantum defects, we
found that trions are localized in a deep potemi&ll, with a depth offEr (the energy
difference between i and E in the PL spectraFigure 5-1a). By controlling the
density of defects, we show it is possible to finely tune the defect and trion PL
intensities Figure5-2). We found that the fz emission decreased over the course of
the reaction whiléhe intensityf E11 and & PL peaked after around 30 min of reaction
and stabilized withirl h. This correlated PL evolution pattern afiEand E indicates
that trion formation is directly relatdd the fluorescent quantum defects.

Single defecresolved hyperspectral PL imaging provides direct evidence that
trions are spatially localizedt the quantum defect&igure 5-1c-f). Note that this
observation is made at low excitation power (0.5 kW/atoff-reasonanivavelength,

730 nm) to avoid possible optical generation of trivfsVhile Ei; PL is distributed
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along the whole length of the imaged nanotube (7 um), theaBd trion PLare
spatially confinedvithin the diffractionlimit of our PL microscope (430 nm). The PL
emission of Eis also spatially correlated to the intensity profile of Evhich similarly
shows localization as previously observed for ether and aryl défemtsl low PL
intensity of k1. This complementary nature of intensity distribution suggests that trion
PL originates from the hexyl defects and spatially correlates witlstates.

In the absence of the hexyl defects, &4 does not induce & Hole doping
experiments further confirm that the observedE originates from negative trions in
(6,5FSWCNT-CsH13. Our results showed that the PL intensity of all three peaks (E
Eir, and E) decreased upon additionfofdrochloric acid as a hole dopant, due to the
knownguenching effect of holdoping for &1 excitons'® butthe E peak responded
even more sensitively to the doping comparediio(Eigure5-3d, e). When he proton
concentration is higher thdhmM, the trion PLbecomesompletely quenchedhis
doping effect is also consistently observed for another hole doping &2/&,6
tetrafluore7,7,8,8;tetracyanoquinodimethan@&igure 5-3b,c). This doping effects

attibutedto the hole dopants that can readily neutralize the negatively charged trions
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Figure 5-1 Spatial localization ofrions at fluorescent quantum defeds.
Schematic of a trion trapped in a defewtuced quantum well with a depth of
o E. b, Excitationemission PL maps showing the rise of bright trions as-(6,5)
SWCNT (top)is chemically tailoredvith alkyl quantum defects (middle and
bottom).c, Localized tion PL in a 4.4 um long (6,53WCNT-CgH13 resolved

by hyperspectrai magi ng. Sc al &he lrianr PL i(red) i
superimposed on the BPL (blue) of the nanotube host, with the PL intensity
of Er scaledby a factor of 4 for clarityHyperspectral Plimages ofd, Ei11
(992 nm),e, E11 (1108 nm), and, Er (1224 nm) emission, resolved using a
volumetric Bragg grating with a spectral resolution of 4 nm.
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Figure 5-2 Creation of quantum defects by covalently attaching hexyl
functional groups to the semiconductor host.UV-vis-NIR absorption
spectra of (6,55WCNT-CeH13 at increasing concentrations of theHgsl
reactant. At the highest reactant molar ratio o§H@GIJ/[C] = 16 (purple
trace), the defeahduced k1 statecanbe identifiedas an absorption band
centered at 1100 nnib, Raman spectra of unfunctionalized (68)NCNTs
(black) and (6,55WCNT-CsH13. The inset is the integrated intensity ratio of
Raman Dband(1200 1400 cm') to G band1500 1650 cm') as a function

of the molar ratio of reactant§he excitation wavelength is 633 nm.The

PL spectra, from bottom to top, are of (EBNCNT-CeH13 for [CeH13l]/[C]
molar ratios of O (unfunctionalized), 3,@ 8, 12, and 16, respectivetly.The

PL evolutionprofiles of &1 (blue), &1 (black), and E (red) as a function of
reaction time. The PL intensity is the integrated PL intensity of the Gaussian
fitted PL peaks.
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Figure 5-3 Hole dopingof (6,5rSWCNT-CeH13 by RRTCNQ and HCl.a,
Schematic of hole doping in SWCNJsH13. The hole dopants neutralize the
extra negative charge of tivgon, resulting in reducedE°L intensity b, The
defect PL changs as a function of /FCNQ concentrationNote that the
integrated intensity of trion PL+({l11) at a specific pH was normalized by the
PL intensity (+/111) at the starting pH 8.72, Normalized PL spectra of (6;5)
SWCNT-CgH13 hole-doped with 0 mM (red), 0.36 mM (gray), and 1 mM
(blue) of ETCNQ. The trion Plis completely quenchest1 mM of F4TCNQ.

d, The defect PL changes as a function of solution @HNormalizedPL
spectra of pH 8.72 (red), 5.25 (grey), and 2.98 (bilie.trion PL completely
guenched at pH 2.98.
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5.3.2 Bright PL fromTrapped Trions

In stark contrast to free trions in unfunctionalized SWCN¥ur alky+
functionalized SWCNTSs exhibit surprisingly brigPL. In the absence of intentionally
implanted quantum defects, the PL brightness of trions is far below thataridecan
only be resolvedt high doping (> 0.7 nth ref 119 or power densities (> 1 kW/é&n
ref 199, In our system,he observed trion PL intensity is 3ifnes the native fz PL
intensity of unfunctionalized SWCNTSs, @v though the quantum defect sites are
outnumbered by the lattice atoms of SWCNTs by more than 100 times, and
approximately 7.38imes as high as the brightest trion ever repéttédsed on
ensemble measuremenBdure5-4a). By exciting the nanotube at theiEransition
instead of the typicaE22, we further demonstrate that the triBh intensity can be
further increased, by another factor of 2.7, to a taftahore tharB8 times figure5-5).

Consistently, PL lifetime measuremenigure5-4 andTable5-3) show that
the PL decay of & in (6,5-SWCNT-CsH13 is dominatedy the bright state({~24 ps)
and a small, longived component (103 ps; amplitude less than 5%). These time scales
are simiar to thosenbserved irunfunctionalized contrabampleq25 ps and 147 ps)
where the long component originates from daik &citons®’ In the presence of
quantum defects, the PL decays ef Bnd E arealso biexponential. However, the E
PL lifetimes (154 + 12 ps fdd and 374 #8 ps forU)) areconsiderably longer than the
EuPL and @fr ee 02ps)ii%rnesamplitude sfsfor Ertwasrb3.7 +
1.6%, which is also significantly higher than those afdad &1 (4.8 £ 0.3% and 18.6

+ 0.4%, respectively).
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Figure 5-4 Ultra-bright PL from trapped trionsa, PL spectra of (top)
unfunctionalized (6,55WCNT, the semiconductor host, and (bottom) (6,5)
SWCNT-CeH13. The excitation wavelength is 565 ntn.The PL decay®sf
E11from (top) (6,5 SWCNT and (bottom) £ Ei11, and k&1 of (6,5)SWCNT-
CeH13. Note that the instrument response function (IRRB)so plotted

Table 5-3 PL lifetime of (6,53 SWCNT-Ce¢H13 in comparison with the
unfunctionalized control.

PL peak U (ps) A ()% @ (ps) A ()G

Unfunctionalized (6,5)-SWCNT

Eun 24+1 98.1+1.9 103+ 6 19+0.2

Functionalized (6,5)-SWCNT-CesH13

Eu 25+1 952+21 147 +5 48+0.3
Eir 68+1 81.4+13 206+ 3 18.6+0.4
Er 154 + 12 46.3 £ 3.5 374+ 8 53.7+16
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Figure 5-5 Brightening of SWCNT PL by & excitation.a, Experimental
setup of k1 excitation experiments. A notch filter (NF), centered at 980 nm
with 41 nmFWHM, was placed to rejectiEexcitation light from detection.

b, PL spectra of (6,55WCNT-CeH13, measured with this experimental setup
at &1 (975 nm, red) and & (565 nm, green) excitations. The 980 nm notch
filter blocks the PL emission from 960000 nm.c, Excitationemission PL
map and PL excitation spectra of (B®NVCNT-CeHiz. All PL peaks,
including E&1 (blue), &1 (black), and E (red), resonate to the eteonic
transitions of (6,55WCNTs. We note that the shapes for all three excitation
spectra are identical, PL intensity ratio of i vs. B excitation as a function

of the molar ratio of reactan{&;e¢H13l]/[C].
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Based on fluorescent lifetimmeasurements, the QY of thaiEexciton is
estimated at 1%, consistewith reportsfor unfunctionalized SWCNTs in aqueous
dispersior® To determine the emitting probability of quantum defeapped trions,
we considere@xciton diffusion, trapping at local defeéfs$>’ and the formation of

trionsat the defect site in the low defect density limit, and derived that
- — p — Eqn.5-17

in whichdr a n @ arajthe emitting probabilities ofrand &1 excitons, respectively,
IristhePL i nt ensi t yauuisthe chahge inizPL iotensty duepd the
incorporation of quantum defects, amdand n1” are the number of £ and & defects
on a SWCNT(seeSections.2.5for the derivation)Based on this calculatiowe found
that the PL QY of a trapped exciton in (6WCNT-CsH13 is approximately 16.4
32.7% which is consistent with Piaat al,* while a trapped triomas a lowebound
probability ofat least 7.9% to emit a photon, nearly 8 times as bright as tleedfton
in unfunctionalized SWCNTSs.

Surprisingly E11 and E areboth brighter than the statistical upfEund limit
of bright &1 excitons in SWCNTSs basl on spin and symmetry selection rules afdhe
These observations suggest that dark excitorst mantribute to the observed ultra
bright PL from trapped excitons and trions. Furtherma®; shows a strong
dependence on both timanotubechirality and diameter(Figure 5-6 and Table 5-4).
The (2 + m) family patterno f 1 gp&iches that of free trions in unfunctionalized
SWCNTS%®while the diameter dependenimdlows the inverse second order equation,
which isanotherevidence of dark excitorrightening'#?! It is important to note that

our experiments do not reveal the detailed mechanisms by which the dark excitons may
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Figure 5-6 Diameter dependence oftBn (n,m}SWCNT-CeH1s. Trion
emission energy is correlated with SWCNT diameder ( b y= BEpEEr =
A/d + B/d? +C. Deviations from the fitted line are related to the chiral angle
dependence.

Table 5-4 Chirality dependence of trion PLEach chirality was clearly

resolved due to the use of high purity samples.

(n,m) d (nm) E11 (nm) Eir" (nm)  Er (nm) gE11" (meV) oET (meV)
(6,4) 0.683 879 1044 1138 223 321
(6,5) 0.747 982 1102 1229 138 254
(8,3) 0.772 960 1126 1231 190 284
(7,5) 0.818 1027 1174 1270 151 231
(8,4) 0.829 1117 1228 1316 100 168
(7,6) 0.883 1128 1228 1332 90 168
(11,3) 1.000 1207 1326 1386 92 133

111

exci

t



5.3.3 Magnetoluminescencgpectroscoppuggests Absence of Dark States in

the Energetic Vicinity of Trapped Trions

In order toprobe the presence of potential dark states in the energetic vicinity
of E1r and E states, we performed magnetoluminescence spectroscopy on individual
SWCNTSs. The upgr and lower panels d¢figure5-7a show the evolution of thei:E
peak for an unfunctionalized (6;SWCNT in response to an increasing magnetic field.
The nanotube PL exhibits both characteristic features expected for an unfunctionalized
SWCNT subjected to a coaxial magnetic fiéldvith increasing magnetic field, the
lower-lying singlet dark state brightens progressively by acquiring oscillator strength
at the expense of the bright state (as evident from the peak fits of the bright and dark

PL emissions in the upper panel as well ahécolorcoded PL representation in the

lower panel ofFigure5-7a); additionally, the brightt ar k s pl i tt i n)g of t he
evolves fromitszerd i el d value of 4.5 meV ac?cording
g’ + agp (solid line in the inset of #hlower panel ofFigure 5-7a).'8 The field

induced enerfssgy Odipliist td ngo s e q uBohnt flux o f he

i = ?Byf4 due to the fraction of the magnetieliBj= B cos d that is pa
SWCNT with diameter (d) and magnetic coupling constantBa$ed on the fit to the

data with d = 45A for this meyrémm?ivhich nanotu

is consistent with a (6,5) tube diameter@76 nmand values found in previous
experimentg*®

In stark contrast to the:EPL of the unfunctionalized SWCNT igure5-7a,
neither the k& nor the E peaks of the covalently functionalized nanotube showed
sizeable effects in magnetic fields of up to 8 T (upper and Ipeseels ofFigure5-7b
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and c, respectively). BothhEand E remained solitary peaks throughout the magnetic

field sweep, without displaying any significant shifts or splitting within the energy
boundaries given by characteristic spectral fluctuations (~2 meV) and the resolution

limit of our spectrometer (~0.1 meMespectively. These observations provtafirst

experimental evidence suggesting that &d E are the lowest energy states for these
defecttrapped quasgparticles. This further explains why the trapped excitons and

trions are much brighter thath e i r Afreeo counterparts, w |
dominated by nomadiative decay mechanisms due to the lelyierg dark states, and

thus may present a new quasirticle state that istrinsically bright.
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Figure 5-7 Spectroscopy of unfunctionalized and quantum de#eldred
SWCNTSs in a magnetic field, PL spectra (upper panel) of the:Emission

for a single, unfunctionalized (6;9WCNT without a magnetic field (grey)
and in magnetic fields of 4 T and 8 T (brown and orange, respectively). Grey
solid lines show Lorentzian fits to the bright and dark exciton peaks with their
total contritution to the PL spectrum, shown as a solid blue line. The lower
panel shows the colaoded PL energy dispersion of the same nanotube in
magnetic fields ramped up in steps of 1 T, highlighting the transfer of the
oscillator strength from the bright to dagkciton. The inset shows the
evolution of the brightlark splitting of the singlet & excitons with the
tve.®, magnetic
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line).b, c, PL spectra for thei£ and & peaks of an individual (6,53WCNT-
CeH13. No brightening of dark satellites was observed within the energy range
of 100 meV around theiE and B peaks, suggesting that lowlgng dark

exciton states are absentthe quantum defedailored nanotubes.
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5.3.4 Extraordinarily Large Binding Energies of Trions in Deep Trapping

Wells

To better understand the origin of the unexpectedly bright trions, we further
determined the binding energies, Bf these quantum defetctapped specie€aught
in a deep trapa trion is expected to hawelargerbinding energy due to enhanced
Coulomb interactions between the exciton and elecffon

The binding energy of a negative trion is the minimum energy required to bind
an exciton and an electron. Foobile trions in unfunctionalized SWCN;f®!! this
binding energy cahe determinetly subtracting frongEr the energy splitting between
the triplet dark k1 exciton, which is the lowest energy state, and the singlet bright E
By subtracting fromgqEr (253 meV) the darkriplet brightsinglet splitting (69.7
meV),2° we obtainedh bindingenergy of 183 meV for (6,8 WCNT-CsH13, compared
to 54 meV formobile trions in unfunctionalized (6;%9WCNT.109111

Intriguingly, for a trapped trion, as it dissociates, either the exatothe
electron may remain trapped. Since it takes more energy for an exciton than an electron
to escape the trap, the binding energy of a trapped trion would be the minimum energy
required todissogateinto an exciton, which remains trapped at the quardefect,
and an electrorOn the energy ladder, bothe trapped trion and trapped exciton are
located deeply and well below that of the lguwng dark states of & excitons Figure
5-8; Table5-5). Furthermore, since dark stag® not observenh the energy vicinity
of the trapped trion or trapped exciton, the lowest energy state is optically allowed for
both excitons and trions when thaye trappedat a quantum defect. Therefore, the
binding energy of a quantum defdapped trion is simplythe energy difference
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between the trapped trion and trapped exciton, which can be experimentally determined
directly from & and E1 to be 119 meVThis binding energy is lower than that is
derived from the conventional picture (183 meV), but even with ¢bnservative
lower-bound value (119 meV) the binding energy of a trapped trion is still significantly
larger than that of mobile trions in unfunctionalized (&SYCNT (54 meV):%%1110D
quantum dots (25 meV)!%1%and also 2D materials (185 meV)!?

This extraordinarily large binding energy explathe unexpected brightness
observed for trapped trions. By systematically varying the chemical nature of the
guantum defects, ranging from nonfluorinate@sH3), partially fluorinated, and
perfluorinated {CeF13), we found it is possible ttune thewell depth and the binding
enegy of the trapped triofFigure5-8; see alsdable5-5). We also observed that as
the potential well became deeper (as indicated Y, Er PL is weaker Figure5-9).

This observation was initially unexpected, lzain be understood as a result of the
electronic inductive effects of fluorine on the alkyl defeantsl carbe quantitatively
correlated o t he Taf t )cOGnthsonaehardthe fliorine pushesd down

the well allowing the exciton to be trapped more deeply. On the other hand, with its
electron withdrawing capability the fluorine may pull electron density away from the
trappeal trion andas a consequencey, & the trapped trion decreased by 38 meV for
(6,5ySWCNT-CeF13 compared to theCsHi13 defects.Extrapolatingthe 1 and &
curvesinFigure>-8, we suspect that the t rbécontes may
significantly more negative, since it would cross the dark states, while on the other side
the binding energy may decrease & level inadequate to bind the electhule

electron as a quasiparticle. This inductive effect suggestotstdity of electrically
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gating the generation of excitons and trions at chemically incorporated defect sites,

which will be verifiedin future experiments.

E. mobile excitons
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dark states
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Figure 5-8 Binding energies of quantum defacapped trionsThe emission
energies of " (black dots and line) andrHred dots and line) decrease
linearly with the Taft constants of the functional groups that create the
guantum defects in (6, 88WCNTSs. The brightlark splitting of k1 excitons

is plotted as theoretically predict@&nergies of dark states (shaded), bound
by the lowlying singlet dark state and the lowest, triplet state which is dark.
The energy level of the mobile trithis also plottedor comparison.
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Table 5-5 The binding energy of trions in (6;9WCNT-R as a function of
the chemical nature of the quantum deféct t e cdicib thet Tafticonstant
for each alkyfunctional group calculated based on an empirical fortatla

R Ocalc Eir (nm)  Eu (nm) Er(nm)  gEr (meV) Eb (MmeV)
-(CF2)2(CF2)3CF3 4.48 986 1168 1265 277 81
-(CH2)2(CF2)3CF3 1.09 984 1133 1248 267 101
-(CF2)2CF2CF3 0.69 978 1112 1239 267 114
-(CF2)4CF2CFs3 -0.13 980 1112 1232 259 109
-(CH2)2CF3 0.31 980 1108 1240 265 119
-(CH2)2CH2CFs3 -0.03 980 1104 1231 258 116
-(CH2)2(CH2)3CF3 -0.46 980 1100 1229 256 118
-(CH2)2(CH2)3CH3 -0.77 981 1098 1227 253 119
a 2000 b 4000
__oo08 o008 E;
€ €
1500 3000
§ 0.06 Eu P § 0.06 P
3 5 8 5
£ oos 1000 £ £ oos = 2000 £
= Ez oy 5 o
2 0.02 g, |50 2 0.02 Ez 1000
0.00 0 0.00 0
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
Wavelength (nm) Wavelength (nm)

Figure 5-9 Optimizedtrion brightening in (6,5SWCNT-Ce¢F13 and-CeH13
from ensemblemeasuremenfbsorption and PL spectra af(6,5-SWCNT-
CeF13 and b, (6,5rSWCNT-Ce¢H13. Based onEqn 5-1, the relative PL
brightness for trions are calculated to be 0.6 and 5.66f6F SWCNT-CeF13
and (6,5SWCNT-CgH13, respectively.
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5.4 Conclusions

We observed ultraright PL from trions trapped at quantum defects Wexe
synthetically created in semiconducting SWCNT hdstsovalent bonding of alkyl
groups to the Spcarbon lattice The trapped trion is nearly-tdnes as bright as the
native nanotube excitons, Wita photoluminescence lifetime that is more than 100
times largerthafif r ee 0 t ri ons i n THislueexpsctednmightmess t
arises from strong localization of the trion in the deep potential well of the quantum
defect, giving rise to an esordinarily large binding energy for this -trarrier
guasiparticle 119 meV in (6,55SWCNT-CsH13). Magnetoluminescence spectroscopy
suggestshatthe lowest energy states for these quantum défggped quasparticles
are optically allowedWith ultra-bright trions, it is now possible to manipulatearged
excitons with norezero spin, whiclprovides an ideal platform for studying fundamental
photophysics, including dark exciton states in-dwensional carbon materials and
manybody physics. Manyromising applications derived from these materials can
also be expected, including infrared bioimagthgcarrierdoped field effect

transistorg®®1% and quantum information sciente

119

mat €



6 Dark Exciton Brightening at

Adapted from a mangspt by Kim, M.; Wu. X.; Qu, H.; Huang, Z; Xu,B; Wang, Y.
Y.W. and M.K. conceived and desigtieel experiments. M.K., X.W., and H.Q.

performed the experiments. Z.H. and B.X. prepared substrates for imaging. M.K.
wrote the manuscript.

6.1 Introduction

Because of the unique electronic structure and optical properties,
semiconductingSWCNTs canbe usedfor singlephoton source¥ imagingl?
sensingt?? and other important optoelectronic applicatibtidtdowever, the quaom
yields of SWCNTs are surprisingly low (3% + 1% in waf&rand even worse for
aggregated nanotubd®s limiting their practical applicationsTheselow quantum
yields havebeen attributedo thetrappingof E11 exciton at quenching sites, including
hole-dopants €.g, protong® and oxygeh'), impurities?311312° and structural defects,
which increase the probability of nonrative recombinatiof®'!4 Various strategies
have beenmplementedto minimize the nonradiative decay E;1 excitons at these
quenching site§/87124126127 For instance, one can avoid the creation of structural
defects by the nondestructive SWCNT proceséinigple passivatiorvia oxygen
excluding surfactant organizatidi® and removal of quenching defects using reducing
agents’

Even though these methods can brighten the SWCNT PL, the brightening
effects may not be perman&fitand more importantlywill be limited by the
probability distribution of bright exciton population {€%) due to the lowying dark

states in the electronic structure of SWCN¥$he intrinsic electronic structure of
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SWCNTs is composed of 12 triplet and 4 singlet excitonic states due to the spin
degeneracy and inervalley shorrange Coulomb interactiort$ Within the manifold

of excitonic states, only one singlet state is optically allot#é8There are 13 dark
statesbel ow the bright state, making excitons
triplet stateg*2! from which energys typically lostas heat?®

Miyauchi et al3’ have reported that the PL quantum yigidoxygendoped
SWCNTscan exceed the limit of intrinsic 1 exciton$®'?” by the dimensionality
modification of excitons (18% for OD exciton vs. 1% for 1D exciton). Exciton
localization at an oxygen doped siteailSWCNT ! not only reduce the probability of
nonradiative decay of 1D excitons at quenchsitgs but also confine the exciton in
the OD state, increasings radiative decay rateHowever, the quantum vyield
enhancement through the dimensionality modificaisastill limited by the population
of bright E11 excitons.Becausette bright excitonsnly account for 10% od total k1
exciton populatiorin unfunctionalized (6,53WCNTs3®a way to harness the optically
inaccessiblelark excitons is the key to achieve significant enhancement of the quantum
yield of SWCNTSs.

Fluorescent quantum defecise sp defect centers that can be synthetically
incorporatedn SWCNTSs by controlled chemical reactiohi2® The synthetic quantum
emitters trap mobile excitoffsand allow the trapped excitons to fluoresce as Even
though the fluorescent quantum defects are analogous to the edypged staten
terms of dimensionality modification, various electronic properties make them
distingushable from other defect systems. For example, the fluorescence quantum

defects feature deep trapping potensiatl the reversed ordering of bright and dark

121



states in B excitons®® which may improvethe stability of defect PLemission
However, how thesgropertiedbenefit the optical properties of SWCNTSs dnmvdark
excitons behave at the fluorescent quantum detest®e not been unambiguously
explained.

In this contribution, we report the eviderfoe dark exciton brighteninfrom
fluorescent quantum defecitBo access thérightening factor bylefect trappedlark
excitors, we employedsupetresolved hyperspectral PL imaging, which enables direct
measurement cfpatially localized defect PL spectra of SWCNTSs at the single defect
level. Remarkably the quantum yieldof defecttrapped excitons i§1.5% in (6,5)
SWCNT-CeH4OCHs, which is at leasbh times greaterthanthe fundamental limibf
bright excitons in unfunctionalizeWCNTs To explain the origin of brightening,
both extrinsic and intrinsic factors B enhancement are analyzddhe unexpected
brightening result from the characteristics of fluorescent quantum defedisep
trappingof excitors at thelowestlying bright defect stateOur findingsreveal the
contribution of dark exciton brightening inii/EPL (at least by a factor of 1.5) and
suggessignificant potential fochemically engineered fluorescent quantum defects as

an effective system to harness dark excitons.
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6.2 Experimental Section

6.2.1 SamplePreparation of Chirality Enriched Lon($,5-SWCNTs

CoMoCAT SG65ISWCNTgSouthwest Nanotechnologies, lot no. SGE59)
were stabilizedn ozonatednanopurewater as individual particles wrapped with
%wt/v sodium deoxycholatébOC, Sigma Aldrich, > 97%) using gentle stirring at 25
°C for several month®.Chirality pure (6,5SWCNTs were then isolated by polymer
aqueous twgphase separatiof The sorted SWCNTs were stabilized in 1%wt/v DOC
D>O (Cambridje Isotope Laboratories, Inc., 99.8%) to retain the stability in the

agueous solution.

6.2.2 CovalentFunctionalization ofLong (6,5)SWCNTs by 4Methoxyaryl

Defects

For the subsequent functionalization and spectroscopic characterization, the
optical density of(6,5FSWCNT solutionswas adjusted).06 0.12 at 988 nm by
diluting the concentrated (6;9WCNT into 1% SD9>0 (Sigma Aldrich, > 98.5%).
UV-Vis-NIR absorption spectravere measureaith a spectrophotometer equipped
with a broadband InGaAs detector (Lamidd®0, PerkinElmer).

The covalent functionalization of aryl defects follows the steps established in
ref >3, An adegate amount of aqueousdethoxybenzenediazoniutatrafluoroborate
(Sigma Aldrich, 98%jvas addedo the SWCNT solution. The illumination of 565 nm
light (resonating withEy, transition of (6,5 SWCNT) accelerates the covalent
functionalization and enables monitgg the reaction progress bin situ PL
spectroscopy. When the desired defect PL intemgigreachedthe functionalization
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was quenchedy diluting the solution usg 4 %wt/v DOC. Adding 2mL of 4 %wt/v
DOC-D20 to 0.5mL SWCNT solution is sufficient to stabilize the SWCNT dispersion
as well asto stop the further reaction. Also, DOC coating protects SWCNTs from
photobleaching by laser excitation during PL imagiitpe PL of the SWCNT
solutions, (6,55WCNT-CeH4sOCHs was characterized with a Horiba Jobin Yvon

NanolLog s pe cequippedwiha liquadiceoted INnGaAs array.

6.2.3 SamplePreparation for PLImaging

For PL imagingusinga 100x objectivethe substratesere preparety thermal
deposition 060 nm thick Auand5 nm thickTi layerson asilicon wafer. The Au and
Ti layers improve the photon collection efficiency by reflecting the NIR lighbr
imaging with theoil-immersion 150x objective, a cover glass(Ted Pella, Inc.,
Goldseal® Cover Glass, 0.08 13mm thickwas useds a substrat©n the top of the
AU/Ti/Si substrateor cover glass3% polystyren€PS)in toluene was sphtoated to
form a 50 nm thick layeandthen, the substrates were baked at@@inder vacuum
for several hours to remove charge trap statessapgress blinking of SWCNT$*
130We note that the potential variation in the thickness of polystyrene layer is almost
independenof the reflectivity inthe 850' 1550 nmrange where SWCNT fluoresce
(Figure6-1). To achieve the sparse coverage of SWCNTSs on a subsirats\M\CNTs
i n 1 6),6 ulafthe SWCNFin 3.4wt/v% DOCwas addean the substrate and

immediately blowrdry with air.
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Figure 6-1 Reflectance ofPSAU/Ti/Si substrates in the visible and NIR
region. The NIR reflectivity of the substrates is nearly 100% regardless of the
thickness of polystyrene layer.

6.2.4 SuperResolvedHyperspectraPL Imaging

Single tube PL imaging was performed artustombuilt hyperspectral PL
imager as shown ifrigure 6-2. The instrument comprises inverted microscope
(Nikon, Eclipse TtU) equipped with a 100x objective (LCPLN100XIR, NA = 0.85,
Olympus)and a 150x objective (UAPON150XOTIRF, NA=1.45, Olymp@&NCNTs
were excited with continuousave diode laserat 730 nm (Shanghai Dream Lasers
Technology) and 561 nm (Cobolt) at <100 W#gmower densityThe power density
of excitation sources was modulated by controlling the input current (only for 730 nm
laser) and placing neutral density filter (Edmund Optics) the excitation light path
(NDF in Figure6-2). The excitationpower densityat the sample stageas measured

with an optical power meter (Newport 1909 and silicon detector (Newpt 918
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SLOD3).The emission wavelengths were selected@ bglume Bragg gratingvhich
allows broasfield imaging at 4 nm spectral resolution in the NIR (8B&b0Onm),
providing a highthroughput tool for studying a large number of SWCNTSs in the field
of view. Because tlte angular selectivity of the grating results in a gradient in
wavelength(50 nm) across the field of view in the vertical axis in each PL image, a
stack of PL images was rectified to obtain a hyperspectral cube with monochromatic
images.The PL emission was collected using a lighiglcooled2D InGaAs detector
with 648x520 pixels (Cougar 640, Xenics, Inalsing Read While Integrate mode
(RWI). TheRWI mode readthe accumulated photoelectrons raestructively during
the integration period without resetting the buffering capacitors, enablinglavtra
noise levelgfew electrms per second)The nonlinear responses to wavelength and
intensity of eaclpixel were calibrated using a calibrated light source (Ocean Optics,
HL-3P-INT-CAL-EXT) and integrating sphere (Thorlabs, IS2@B8causé¢he detector
displays the accumulated charas the counts ianalogto-digital converter units
(ADU), we generated aorrectioncubefor wavelength calibratiothat convers the
ADU to the absolute photon counts, emitting from a sample at each wavelength. A
series of Matlab algorithmsasimplemented for posfprocesmg of the data.

To collect the blinking profiles off£and &1 PL in a field of view, appropriate
longpassor bandpass filtedenoted by LP or BP iRigure6-2 (Thorlabs FB98G-10
and FELH1100) were used instead of Wbtume Braggrating system. The videos of
SWCNT blinkingwere recordedor 10 min with aframe rateof 2i 6 framesper
second. Aftethe video recording, the blinking profilegere obtainedrom the linear

regression of the raw data. Differential images of the blinking profiles were analyzed
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to find the on/off blinking from particular defect sites. Each spot in a differential image
wasthen fitted by a 2D Gaussian profile with the piagcDSC SMLM (ImageJ), as
used in single moleculelocalization microscopy>***® to retrieve the emitter

localization with suldiffraction precision.

Sample stage

Objective
(100x; NA 0.85
150x; NA 1.45)

RWI mode .
video Data processing

InGaAs NIR recording using Matlab
camera (70K) > >

Excitation Filter NDF

561/730nm
laser

Dichroic
Mirror

LP or BP yd
Volume
Bragg ;
Grating | /

Tube Lens

Tube Lens

Mirror

Figure 6-2 Schematic of the supeesolved hyperspectral imaging system.
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6.3 Results and Discussions

6.3.1 Incorporation ofSpatially IsolatedFluorescenfQuantumbDefects

Figure 6-3 showsthe PL spectra ofhe unfunctionalized and functionalized
(6,5FSWCNT-CsH4OCHzin 1% SDSD20. To resolve individual fluorescent quantum
defects from single tube imaging, fectionalizZd SWCNTSs with a low density of-4
methoxyaryldefects. Thelensityof defectswas adjustetb few defects im SWCNT,
where the k& PL (centered at 988 nm) decreagekess than 10% of its initial intensity
and the k1 (centered at 132nm) is observeds a small peak in the ensemble PL
spectrum. The new PL is distinguishable frotow intensityshoulder peak at 1110
nm, which arises from #¥nomentum dark excita?>2* The 1 emission wavelength
is a signature of nethoxyaryldefects in (6,56WCNTs!* confirming the covalent

attachment of aryl defects to SWCNTSs.

/

Figure 6-3 PL spectra of the unfunctionalized starting (6%YCNT (black)
and 4methoxyarylfunctionalized (6,556WCNT in 1% SDD,0 (red). The
peak at 878 nm corresponds ta & (6,4»SWCNT. The molecular structure
of the fluorescent quantum defe given in the plot. The excitation
wavelength was 565 nm.
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