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Figure 4-8. Temperaturelependence of£ and g for (6,5rSWCNTsCsH1s. a,
Integrated PL intensity arlg 565 nm emission spectra as a function of

PLs

temperature. The vano6t Hoff plots ar

intensity ofc, E1v/E11 andd, E11/ Ex. coooee i, 104

Figure 4-9. Trion intensity of (6,5SWCNT-CeH13 strongly depends on solution
pH. a, Integrated PL intensity as a function of g4.565nm emission
spectra under different pH. pH dependence is reproducible and
reversible from acidic to basic, or vice versa.............ccccccvviieennnnnnns 105
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Chapterl.l nt r o dairc@Qvieanw i ew

In this chapter, the definitionmodels of &citons, andtheir effects orthe
electronc andopticalpropertief semiconductorwill be discussedNe will focus
onlow-dimensionahananaterials particularlycarbon nanotubeandinfluenceof

defectsand charges otheir optical and electroniproperties

1.1 Excitons innanomaterials

1.1.1. Excitons: definitiomand models

Semiconductors havabandgap (E) betweerthevalenceband maximum
(VB) and the conduction band minimum (CBFig. 1-1). Optical excitation of
semiconductors causean electron(e) transition from the valance bantb the
conduction band, (he akw ivVB.gTheeedtbdielearongzanii hol e
stronglyinteract with the hie due toelectrostaticoulombic attractiorby forming
a bound statef thee-h pair, defined as an excitdn a pefect semiconductor, the
number of eletrons remairs constant in the case of optical extida with photon
energies in an electronvolt (e band gap region while it brings the system of
electrons from the ground state to excited st&besitons are stailized due to the
overlap of the electron and hole wave functiaesulting in an extended lifete
(typically 10° s in semiconductors$) The excited electron can hop back into the
VB by releasing theirxxess energy, defined as recombinatiércitons can be
de<ribed with various conceptsuch as hydrogen analqglyrenkelmodel and

Wanniermodel
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Figure 1-1. Schematic illustration of an exciton in a semiconductor. a,
an electron is promoted from the valence band to the conduction band
by absorption of a photon (hv) leaving behind a hole. b, the electron
and the hole are correlated by coulombic attraction screened by the
medium to form an exciton.

First, an exciton isunderstood aanalogous ta hydrogen ator(Fig. 1-2a)"
2, The energy required faan electronto be dissociatedfrom the nucleusof a
hydrogen atonis called hydrogen ionization energy or Rgdg energyRy, ~ 13.6
eV). Likewisg the exciton binding energig called Rydberg Exciton Energy (B
and heexciton radius is defined aslstance between an electron arftbke, called
exciton Bohr Radius &*). The exciton binding energy and radius can be

calculated,

2° ——2 Exciton Rydberg Energy eq (1)

(%4

W WR — Excitonic Bohr Radius eq (2)



wherer is the relative permittivity, [ is the mass oén electronj is reduced
exciton mass, and is Bohr RadiusUsing the material parameters for typical
semiconductors, we firkd

1 meW 00200<m®V eq(3)
and

50 nam O Gml @)
This estimationshows that the exciton binding energy semiconductorss
typically in the range of a few to hundeedfmeV, which is muctsmaller than that
of hydrogen It is explained bymallereffective electron and hole masses than the
free electron and pton masses in hydrogen nucleesr example, in GaAghe

electron effective mass is, = 0.067m, andthe-hole mass isn, = 0.45m, where

m, is thefree electron mass in vacuuso, the screening of th€oulombforce

by other electrons in the semiconductor reduceseisiton binding energy by
roughly an order of magnitie less than that dfydrogen.

The interesting poins in eq(4), whichshowsthelargerorbits of electron
and hole around their common center of mass average over mamglls. This
type of excitons calledWannierMott excitons introducel by the Swiss physicist
Gregory Wannier and English theorist Nevil FesrMottin 1937 (Fig 1-2b)3. The
concept ofVannier-Mott excitors fits well with semiconductingnorganiccrystals
with small energy gaps ardgh dielectric constantsuch asGe, GaAsandCdS
This model describeslectrons and holes as free particlesimg a parabolic
dispersion, which can beharacerized by effective mass approximation. It allows

neglectingthe periodic crystal potential and the effective masses of carriers are

3



lighter than the free electron mass in vacutmgmThe WannierfMott excitons move

like free particles andhe exciton size can extendover many unitcells andits

binding enery is only fewmillielectronvolts

n
=

| o

_®_ __y__A
—— A

| VB| SO“§"Z‘

Figure 1-2. Schematic eciton models. a, the hydrogen atom as an
analogy of exciton. Schenmtic illustration of b, Wannier-Mott (left)
model and c, Frenkel model (right) and their electronic structures
(bottom) . Note: Figure not drawn to scale.



It should be mentioned thdté first concept of excitons wagroduced by
Russian theorist Yakov Frenka 193¥ before the WannieMott model He
treatedthe crystal potential as a perturbation to the Coulomb interacetwedzn
an eleaton and a hole which exist in one unit délig. 1-2c). Unlike the Wannier
model,this model ismod effect in insulata such as dts (e.g.NaCl) and organic
crystals(e.g.anthraceneg)butnot valid for semiconducting materials agifedive
mass approximatioriThe binding energy of Frenkel excioan be relatively
large, up toseveralhundredmeVs and the motion of Frenkel excitons can be
describe as hopping from one site to anotlteis useful to illustratemolecular
picturesof exdtonssuch as singlet and triplet states frolocalizedexcitor?.

The simple exciton pictures Ve givenabasic understanding of excitons in
nanomaterials althouglthere is controversy concerninghese early models
introduced inthe 1930s andsome appropriate corrections to the simple exciton
model have been determingdExcitons in semiconducting carbomanotubs
(CNTs) are believed to have both Frenkel an@annierMott exciton
characteistics. Due to strong coulombic interaction in ratted dimensional
nanostructures, carbon nanotube excitwangerelatively strongbinding energies
ranging from gew hundredneVto 1 eV similar to Frenkedxcitorf. On the other
hand,the excitonradius extensl over several nanometdilse the Wannier-Mott
modelfrom semiconductingrystalsbecausehe excitorwaveunction delocalize

along the circumferenaiue toreduceddimensionalityand high dielectric constant



1.1.2. Quantum confinement effedts nanomaterials

Nanasize semiconductingnaterials havalifferent electronic and optical
properties from bulk matermithat shoutl be takeninto accountfor complete
understanding ofundamentalexciton propertiesWhenthe nanomateriasize is
smaller tha an exciton Bohr radiugag*), theexcitonwavefunction is confinednd
the energy levelsef the materialcan split, resulting in very different electronic and
optical properties from bulk materialEhis isdefined asheic onf i nement ef f ec
This phenomenonan be explained hysing theclassicalparticlein-a-box model
In the absence af defecta particle oanexcitation is described in terms of Bloch
waves and the crystal is finite by two fixed barriers, separated by a distafbe
Bloch waves are then said to be spatially confined along the z direction.

1 ¢dfin T 1,2,3¢é eq(5)
wherel is a wavelenth andL is distance between two barriers. A wavevector
Q of Bloch waves in a confined crystal is given by

T ¢m AT, h 1T 1,236 eq 6)
The ground state of energy is increased by the amount of energy, rébesisethe

confinement enercgiemef the particle (@E

J J

Y% - - —, eq(7)

wherethel “ is effective mass athe free particle and is the reducedPlanck's

constant. Here, we can see tomfinement energig inversely proportional tthe

square othepatrticlesize,L, or exciton Bohrradiusaf). | n ad d i dnfe@ed t 0 @E
t he exciton beiit)@lsomeed te beecongidered tapiaderstand

electronic properties of eions in semiconductors (€¢)) because this attraction
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provides stabilizing energy resultingaslightly lowerenergy gap compared to the

unbounded electron and holeis describedhsa negative energy irq(8) from eq
1)

Y% ——2 2° eq(8)
This energy also strongly depends on size (see size relatea teffinerefore, the

energy in confined nanostructuremde explained as €8) in ananocrystal.

% Y% Y% Y%

Y% _ —  2F eq(9)

A +

CB

Eq

V-

Bulk
Structure

—
---
¢

Decreasing size

Figure 1-3. Schematic representation of controlling energy level
structure of semiconducting nanocrystals arising from quantum
confinement effects.



Aswe can see in eq (Fheenergy in a&onfinal system isubstantiallynfluenced
by the size ofthe particle and thusts excited state energies become quantized
resulting in photon emission at a sizedependentwavelength Larger size
nanarystals possesssmaller band gap than bulk materials,whereas higly
confinedsmallernanocrystalfavelarge band gap(Fig. 1-3)%. Size engineering
through quantum confinement effects hasen he central idea of material
nanomaterial engineering anabtivated advance synthetic approaches to control
electronic properte

Beside size effectgshapes and dimensionaliégye alsocritical factors for
confinement effectsConfined structures are adsifiedby their dimensionality:
three, twe, one, and zeredimensional structur€D, 2D, 1D and @) as shown in
Fig. 1-4. The dimensimality is closely related t@nergy statesnd excitonic
properties.In bulk 3D semicondctors, they have continuou®rity of states
(DOS) and their excitons can move freely in all directions. Howene@QDsas a
0D structure excitons are confined iall three dimensionswhich makes them
exhibit discrete atorike energy spectrumFor 1D semiconductorssuch as
guantum wires (QWSs) and carbon nanotubes (CNekgjtonsare confined in two
dimensions by moving ienly one drection chanmg the of energy leved from
continuous to discreteHighly confined 1Dmaterialshavevery well defined and
guantized energy l@ls. They havea higher density of electronic states near th
edges ofthe conduction and valendgands giving sharp discontinuous spiké@s

their DOS. This is known athe Van Hove singularity (VHS)which presentghe



optical propertieand provids a hghly useful toolfor structure assignmetiat

will be discussed in Chapte2l.

3D bulk 2D 1D 0D

Figure 1-4. Schematic illustration of density of state (DOS) as a function
of energy for 3D bulk, 2D, 1D and 0D.

DOS

1.2. Carbon nanotube excitons

1.2.1.Structures of carbon nanotubes

Carbon nanotubes (CNTSs) are tedd®ped nanomaterials with only carbon
atoms in a hexagonal structure like honeycomb, having a nanometer scale diameter
with a several hundred nanometer (ortapmillimeters depending on synthetic
proces} length. Carbon nanotubes are classlifby their structuresinglewalled
carbon nanotubes (SWCNTsloublewalled @rbon nanotube€DWCNTSs), and
multi-walled carbon nanotube$MWCNTSs) (Fig 1-5). DWCNTs are coaxial

nanostructures of only two SWCNTSs, one nested in ano#met MWCNTSs are



multiple nestedSWCNTs. Carbon m@anotubes havenany excellent properties
including high electical conductivity @ x 10° Acm™ for singlewalled metallic
tube, 1000 times higr than copper), thermal condudtiy (> 3000 WK™ for
CNTs produced by arc dischargmethod comparable with diamondand
mechanical strengi®.2-1 . 8 T Pa Y ous,n5Q times higleedthah stgl
DWCNTs and MWCNTsare usually zergap metad and have continuous
electronicdensity of stateslue tostrong intelayer interactionsSemiconducting
SWCNTs exhibit typical sharpVan Hovesingularities (VHSs)a characteristic
property of 1D materiat§ 1. Therefore,semiconductingSWCNTs havebeen

considered aan ided platformfor excitonstudy.

SWCNT DWCNT

Figure 1-5. Structure of SWCNT, DWCNT, and MWCNT.

The structure of SWCNTSs is classifibgt the number of wrapping vectors
Ch=na + ma (Fig. 1.6) and denoteavith certain (, m) indices Tubes having n
=m are called "armchai(thiral angle =30°) andif m = zerg nanotubearecalled
"zigzag'(chiral angle =0°). Thosetubes having chiral anglé®) between G 30°

are cal | @id 1-6)'4 fAHe relactranic properties of SWCNTs strongly

10



follow their chiral angleswhen|n-m| =3 (j = 1, 2, 3 é )metallic propertiesre
foundotherwise semiconductirgroperties are found fgm- m|  3j. The armchair
is metallic whereazigzag and chiral can be either semocting or metallicThe
current synthetic methods provideraxture of differentSWCNT chiralities rather
thana single chirality There areseveral techniques thaave beerdeveloped to
separatdighly enrichedsingle chirality tube fromthe syntheticmixtures thatwill

be discussed in Chapter 1.4.

U=0° 0<U <30° U=30°
Zigzag Chiral Armchair

Figure 1-6. Structure of SWCNTs. The (n, m) nanotube naming scheme
as a vector Ch= nay + ma) in an infinite graphene sheet(top). The three
different types of SWCNTSs by chiral angle (b) (bottom).

11



1.2.2. Optical properties of single walled carbon nanotubes

Theinterestingoptical properties of carbon nanotslaise fromreduced
dimensionalityon thenanoscaleTheinherited characteristiad sharpvHSsallow
selectiwe excitationof a specific nanotubeith a certain (, m) indexin an infinite
graphene sheéFig 1-7a)'°. Optical transitions betweeinth valence (§ andi-th
conduction (9 bandarelabeled as E wherei is the van Hove singularity integer.
Only transitiors betweensamevan Hove singularity integefe.g.E11 or Ex, eto),
areoptically allowed whereas crossover transitiofesg.Ei2 or B, etc) are dipole
forbiddert*. Electronic transitions fromato ¢ (Ez22) or v to ¢ (E11) are relatively
sharpand are typicallyused for assigning nanotubges For example(6,5) and
(7,6)SWCNTs are distinguished by absorptifeatures The Ez> and the Ei1
transition of (6,5SWCNTs occurs at 56Bm and 980 nm, respectivelyhile
(7,6)SWCNTs absorb at 58mm and 1110 ninrespectively resulting in
correspondinly sharp absorption bands (Fig-7lh). In the case ofensemble
SWCNTSs, similar E22 or Ei1 absorption peakérom different chiralities bring
spectral overlaping and broadening of peak&hich makeit difficult to observe
optical propertiesrom asingle chirality

The other interesting optical properties efrsconductingCNTs emerge
from light absorption at photon energy.2Eor Ess followed by fluorescence
emissionat E11. The Exo/Ess excitation and the following &z emission arglotted
asa photoluminescence (PL) mdpig. 1-7c). This PL mapcanalsobe used to
assigrthechirality of acarbon nanotube. For exampleeémission PL peaéirising

from excitation at 565 nm followed by emissiah980 nmgcorresponds t¢6,5)

12



SWCNTs while PL peak arising from excitation &90 nm and emssionat 1110

nm is (8,4)SWCNTs (Fig 17c). Theemission intensity reaches theaximum

when the excitation wavelength resonates withh Excitation energy The

fluorescence intensity is highly sensitive to matgions occurring from impurities

and otherchiralities The energy transfer from semiconducting to metallic or

smaller gap semicondting tubes in bundiecan substantiallyeduceradiative

relaxation otthe photoexcited excitorilherefore, isolatin@ single chirality is one

of thecritical steps to investigatexcitonstates using optical spectroscopy.
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Figure 1-7. Electronic structure and optical properties of SWCNTSs. a,
Electronic energy level of a semiconducting SWCNT as a function of
DOS.b, Absorption spectra and c, excitation -emission 3D map of HiPco
SWCNTsindividually dispersed in 1 % SDSwater.



1.23. Carbon nanotube excitons

The VHS of SWCNTsprovide a connection between optical transitions
andmolecularstructurs with a single particlexcitationmodel® >, However, their
optical propertiescannot be fully explained by thene electrorexcitation
approximation moddbecausef all influenceof electronelectron (ee) interaction
andexcitonproperties. In reality, the spectral PL properties should be determined
by the population withN interacting pairs to one witN-1 pairs, includinghe ee
interaction or mampody system rathethan recombination of a singlehepair.
This issue wabrought into thegreatattention due téhe experimentally observed
firati o ! dhHeltheoredical calculationseglecting electromlectron
interaction expedhatthe ratio of B2/E11 equas 2 within the simplest tight binding
model. Inthesingle particle model, diameter dependent curvature effects can cause
this ratio to deviate from 2, while large diameters shelildinate suchdistortion
and restore the ratio & However,in experimental resultghe ratioapproacks
1.7- 1.8 15 Kaneet al explained the ratio problemith the electrorhole states
andsulband electronitransitions in carbon nanotuB&sTheexperimental results
using two ploto excitation spectroscofy Wanget al® unambiguously explained
the existence of subbands atite excitonic nature of the low energy transitions
below optically active states.

The excitonic states oémiconducting SWNTare complicated because of
the existence okubband structures, indicatidgd d a r k Godstatesfotically o n
forbidden states) B dopticaly alowesl stéds)'si Ay ht o

number of subbands arise framo degeneratgalleys (K andK Hin momentum

14
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space with electron and hole sgihs®. Intervalley mixing and singldtiplet
splitting are caused by shadnge Columbic interaction, resulting in 16 different
states including four singlet and twelve triplet stqtég. 1-8). Only one of four
singlet states is predicted to &e optically active bright statevhereas all others
are optically forbidden dark states.

Dark excitonic states have been studied and their energetic positions
calculated at low temperatwer under strong magnetic fieldsow temperaturg
such as 4 6 K, enhance direct monitoring of dark states du¢hmincreased
radiative lifetimefor a single 1D ex¢on with a parabolic dispersioihe radiatie
lifetime (z in a defectfree 1D system is known to vary &Y 1”20, A strong
magnetic field can induce the splitting of bright and dark excitonic levels to enhance
the effect from dark states. The combioatbf magnetic and temperature studies
can provide more information of energy splitting patterns on nanomatérials
For instance wo degenerate dark singldtave beerstudiedat low temperature
They areknown to belocated about 36 meV above the bright sindtet (6,5)
SWCNTS® andarereferred asK-momentum singlet dark excitonEx) because
they have centenf-mass momenta near the graptitend K Gsymmetrypoints.
Theyare experimentally observed as phonon sidebahtbwer emission energy
than &1in photoluminescereand interpretedsstrongcoupling between excitons
and K-point phonon&. In the lowest spin singlet daktates sidebands appears
only afew meV below the bright singlet for SWCNTs%dL - 1.3 nm}” 22 This
statecannot be detectad the absence oflsigh magnetic fieldo splittheenergy

levels or at ambient temperaturé&s For the tripletdark excitons, energetic states

15



are generally believed to beower than that of tight exciton. It is difficult to
directly measure triplet states because of optically forbidden pastexagpt ifthe
enhanced spin orbit coupling induces spin flipping before recombination of
electronhole?”® 2%, There are two reportezkperimental observatisof triplet states
including the tripletinvolved photocurrent with EG coated SWCNTS or the

pumg probe and sphsensitive photoluminescertée

continuum

— dark (E)

— bright

dark

Singlet Triplet

v

Figure 1-8. Excitonic states of SWCNTs.16 different exciton states of
SWCNT including 4 singlets and 12 triplets where only the exciton
from bright singlet state can radioactively recombine.

Dark states are one of the crucial factarsting the quantum yield (QY)
to 0.1 % 7 % of photoluminescence QY for single isolated CNF?8 2. The
SWCNT fluorescence QY is extremely low compared to other nanomatstieks

as quantum dots or organic d$fedn SWCNTs,manyexcitonscreated by light
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absorption undergscatteing into dark states as the exciton populagpproaches
thermal equilibrium. Additional extrinsic factorsalso decrease and quench
photoluminesceng¢euch ashe presence of metallic tubes, exciciton transfer
between mixed chiralitie& 0.05 % of QYJ°, bundling of tubes, solvent effects or
defectsRecent studiegvolving higher qualitysorted sampgls in which undesired
species are removetavereducel extrinsic factors for low QYIntrinsic factors

still limit the optical study of SWCNTSs. Therefore, understanding and controlling
exciton states including dark states are important to enhance fagres QY

toward advanced applications in carbon nanctdsed material engineering.

1.2.4.Defect induced photoluminescence

Photoexcited exciton dynamicare strongly affected by defectsjther
intrinsic or intentionally introducetf. Wanget al found that defects atte most
important factors affecting fluorescence Qather than inherent weakness of non
radative decay channgf. The radiative lifetimeof excitors in SWCNTSs is 110
ns whichis relatively rapid compacdeto optically forbiddemonradiative decay
However, this transition timeexceeds the lifetime of many other molecules,
indicating a large portion of carbon nanotube excitocen be localized and
subsequently quenched to ndiative pathway at a defesite For this reason,
defectsin SWCNTSare generally considerachdesirableandareresponsible for
low quantum vyield.Lee et al repored the transient passivation of defedb
increase QY througlhe addition ofreducing agentso DNA-wrapped pristia
SWNTs in aqueous solutionssupporting existing defect sites as axciton

17



quenchetl. Surprisindy, the presence of defeatsn bringa number of benefits,
including introduction of anchor points for chemical functional groups, charge
injection, and symmetry breaking effects, thus facilitating spectroscopic
characterization in semiconducting matefaf&34. The controlledutilization of
defects openspossiblenew directiors toward optimization and modulan of
optical and electroniproperties.

Defects induced byntentionaldopants leado a new satellite PL peain
SWCNTS?3 Thenew satellitePL peakappears at0i 15 % longer wavelengstin
oxygen doped SWCNTs, and are distincfrom phononrsideband®®. This was
explained byexciton diffusion alongcarbon nanotubefllowed byrecombination
at oxygendoped sitesThe structure of oxygedoped SWCNTSs are suggested
coexist in two forms ether and epoxid® where the ether form is
thernodynamically favorableand 20 kcal/molmore stable thanthe epoxide
structureon the basis of PMB8alculatiors®3. Oxygendoped SWCNThavebeen
proposedor in vivo bioimaging due tgheir emission in theecondnearinfrared
(NIR-11) window, where deepiissue penetration is possible and auttecing from
tissues is mininzed

This new feature is further elucidated by Zhanal®* in the Wang Lab
through alkyl functionalized SWCNTSs by Billups Birch Reductforndividually
dispersed SWCNTSs react with alkyl halide precursors to yield alkylated SWCNTs
in NaNHs solution at-78 °C and then the soli#SWCNTs as a product are
dispersed irsodium dodecyl sulfateSDS-water for optical measurements. The

SWCNTSs show the propagative mode of alkylation around an initial defective spot
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that promotes subsequent addition next to the first functional groupsiFhe
functional band structure is identified by scanning electron microscopy (SEM)
operated by low et#ron beam of 1 kV, clearly showing contrast between intact
regions and functional bands due to increased yield of secondary electrons at the
functional band regioll. However, the sidewall reaction with the Billups Birch
alkylation is limited in only alkyl groups excluding aryl groups abder alkyl

groups like perfluonated groups because of low reactivity f@23ype reactions.

The harsh conditions in liquid ammonia at low temperature require exées
including filtration and redispersion,which makesit impossible tomonitor the
reactionin situ.

Piaoet al reporedthe new, bright photoluminescence throsghdefects
with aryl diazonium sal8. This method induces extremely bright
photoluminescence up tef8ld for (6,5-SWCNTs and &-fold for (6,4)SWCNTs
through dark exciton brightenin@he attachment atrongelectronwithdrawing
substituentge.g. nitro group;NO») to carbon nanotubdarther pushes down the
energylevels at a defegtcreating the first path to harness ¥ying dark excitons
However,the reaction ratef this diazonium chemistrg low and typically takes
240 hto complete the defect planting reactiéarthermorethe processs limited
to aryl groupsand cannotbe extendedto alkyl diazoniums and activatedya
diazoniums due to instability of reagents and high reduction poterAiatsore
versatiledefect chemistry that allows incorporatiorvafious aryl/alkyl groups and
even divalent groups at aqueous phase wifnificantly broaden exciton

engineerindy defects
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1.3. Charged excitorin semiconducting materials

1.31. Formation of charged excitem nanomaterials

Charge carriers are of considerable interest to explore optical and electronic
properties in semiconductd?s®. In intrinsic un-doped semiconductors, the
concentration of both carriers includietectron and hole are idealllye same. In
carrierdoped semiconducting materials, excess charge cataailsadto stable
bound state of exdton-carriess, calledfirions ,0with noticeable consolidation of
three particleslamped togethé}. For hole-doped systes) positive triors form
consisting oftwo holes and an electron-éh, X*), whereasn negatively doped
systens, negative trios form consisting oftwo electrons and a hole-fee, X)

(Fig. 1-9).

Figure 1-9. Schematic view of an exciton and a trion. a, An electron
(blue)-hole (red) pair, exciton, in a undoped SWCNT. b, A negatively

charged exciton & the bound state of a hole and two electrons in a
SWCNT.
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Like an excibn, thesemiconductoanalogof atomic hydrogen, triamhave
further anabgs with hydrogen ios namelyH' and H*. The concept of trionvas
first introduced by Lampert in 1958 but hal not been identified in bulknaterials
because ofhe negligible binding energy of three particles3D materids. After
several decades,trion werefirst experimentally observed ilow-dimensional
materials such as quantunelg (QWs§® 4% 43 quantum dts (QDs}° and carbon
nanotubegCNTsY*5. Control of carrier densityin low-dimensional materials is
one ofthe mosteffective methods to modukaian extensive range of interesting
optical properties through a mabgpdy bound stateTherefore, trios in low-
dimensional material are attracting increasing attentidor fundamental
photophysics of spin manipulaticend device applications such as glespin
devices in the area ofuantum information, singledopant transistorsand

bioapplication§” 8,

1.3.2. Optical properties afrionsin semiconductors

Trions in varioussemiconductorfiave ben investigated under magnetic
fields, and different carrier denit excitation energy dengsor temperaturgto
understand their dynamit®$*. Researchieveals that trions and excessive charges
are localized at ddect traps®. Trions also interactstrongly with triplet states
exhibiting quantum behavioFor examplesp-doped CdTe/Co.yMgxZnyTe QWs
shows the localized trions (X in the neaffield PL at low temperatures K>3,
Strongly reduced scattering efficiencyadasiparticlescompared to free excitons

account for this behavio€oxet al. developghe trion in organic semiconductéts
21



created by highphotocarrier density. Thisorganic semiconductindrion is
localized at deeprapsites ands formed by mixing spin states frotmplet excitor
polaron effect¥. Theincreasedrion life timewith magnetic fieldsurther supports

the spindependent formation of triplet excitons at trap sites and their subsequent
spin selectiveassemblyinto metastable trionsrion formationwill provide new

insights to excinic statesspin states, and defacicorporateceffects

1.3.3. Trions in carbon nanotubes

In semiconducting carbon nanotubésons aredetecable even at room
temperature without external high magnetic fiethlee tolimited screeningand
highly enhanced binding energy of excitongjuasi 1D structuss*+46 55, Several
methodsare reported foexperimentabbservation otarbon nanotube trionkole
dopind"* 5255, high power density, and electrical methotfs6. The tole doping
methodsreportedthe first experimentally observed positive tridnsSWCNTS
using 2,3,5,6tetrafluora7,7,8,8tetracyanoquinodimethan®s+TCNQ) as a hole
dopant Thep-type trion of SWCNTSs shoswa large energy separation (10Q00
meV) from a bright excitostate The electrorholeexchange interaction originates
from the shortrange Coulomb interactiéh®2. All-optical methodnvolving high
power densies (> 1 kW/cn?) were also usetb generaterions®. Santoset al.
suggestd that electrons and holes are localized to avoid their spatial oyerlap
followed by exciton annihilation process to generate dissociated c&riérs
subsequent photon absorption evamtl he dissociated charge carrier calitee
formation of either a positive or a negative triobastly, Park et al
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electrochemically generd both positive and negse trions with isolated
SWCNT-indium tin oxide (TO) films*. A common binding energyfor the
negative and the positive triswasattributed to identical effective masses of holes
and electronsAlthough dl methodsllustratethe creation of trionghe PLintensity
is far belowthoseof excitons.

Recently,Brozenaet al in the Wang Lalrepored defectbound trionPL
(E7) in functionalized SWCNT¥. In these systemsiion PL is nearlyasbright as
that ofpristineexcitors (E11). The separation energy 260 meV for 5carboxylic
hexyl groupfunctionalized(6,5rSWCNTs which is80 meV hrger than triogin
pristine (6,5-SWCNT due tothe localizationat defectsThe defect and charges
are createdby Billups Birch alkylationwith doping fromexcessive amount of
sodium metal in liquid ammonia or by arylation usingitudiazonium reaction in
sulfuric acid for holedoping. The dopeiSWCNTSs are raispersed in surfactant
solutions for optical measurement of trion.PL

Further studies are required to illuminate the propertiedetéct bound
trions, such asn situ profiles of defect photoluminesceneasolution with high
concentratiorof trions, trion response as a function cbntrolled defectlensity
andcomparison oflefecttrappedtrion PL (E7) to defecttrappedexcitonPL (Ex1r
). Moreover the bright (optically allowd) trion with the lowest energysuggested
as a bound state of a dark (optically forbidden) exoitdh spin 3/2and an extra
electron or holdéy means of the exact diagonalization of the realistic ikianian
andthe screened Hartrdeock approximation This indicaestriplet-dark exciton

associated trioR& Experimental evidencef such predictedriplet trions is still
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lacking Defectbound trions in carbon nanotubes cathus further reveal
complicated triplet dark states and mdmdy correlationsin low-dimensional

structures.

1.4. Preparationof high purity semiconducting carbon nanotubes

Sample with population of identical chirality tubes is the essential
requirement focomprehensible study @xcitons Pure single chiralithasn 6t b e e n
achieved bycurrent syntheticmethodsuntil now, while several purification
methods have developed to provide high purity of single chialitiched
sampled>®L, Zhenget al. demonstrate high purity SWCNTs sepaiah with aid
of short DNA sequencébatrecognizeparticular nanotube spect&sMore than 12
semiconducting carbon nanotubeere isolatedfrom the symhetic mixture of
SWCNTSs.

Despitesuchpowerfulseparatiomethod, SWCNT separatiostill suffers
from problems such as low yields and high cbat. et al develogd a scalable
separation with gel chromatographyhich is efficient and more affordablé®.
Chirality-selective interactions with agarose gels successfully isolate 13 single
chiralities of semiconducting tubgsoviding unigue optical spectra and solution
colors depending on their electronic structuhost of the metallic tubes and
remaining catalysts fromanotubesynthesis are removed ggl chromatography
This methodprovides a high purity of (6,53WCNTsas a major produgctvhile a

few other chiralities also are isolated withativelyhigh purities.
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Recently,Ao et al developedanadvanced separation technique by using
agueouswo phasegATP) formed by the addition of polyethylene glycol (PEG)
and polyacrylamide (PAM)8% 62 A proper DNA sequence with polymers in
agueous twigphase system effectively modulates the partition to sepasateny
as 15 singlechirality nanotube specidsom a synthetianixture, resulting in a
highly simple, fast and scalabieethodwith resultinghigh purity. While the gel
chromatography method is mainly uded isolating single chirality tubes this
thesis work, th& TP method is also used to rule out effectpotential impurities

coming from purification methods.

1.5. Overviewof thesis work

Excitons and dfects in nanomateriat&ave receivedreat attention because
they not only influence optical and electronical properties, but also play a
important role in ancdevices. Theontrolledutilization of defectsunexpectedly
brings many benefits iluding symmetry breaking effects, exciton engineering,
and charge arrier localization Therefore, dvelopng new strategieso control
excitonic stateand defectss highly desirable In thisthesis, fluorescent quantum
defects in carbon nanotubes will imroduced andliscussedn depth Chapter 2
explores the understanding of exciton engineerimy semiconducting carbon
nanotubes throughew defectchemistrybased a alkyl/aryl halides.Thesewell-
controlledversatilefunctional groupsindtheir electronic effectait defectswill be
revealed Chapter 3presens optical probing of pH and temperature in complex

fluidsthrough defect photoluminescence in SWCNm<hager 4,brightening of
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carbon nanotubérions through fluorescent quantum defeatfl be illustrated
Lastly, Chapter 5 summarizethe tunable fluorescence quantum defects and

discussscurrent challenges and possihlesearch directions.
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Chapter2. Mo | éac LTy n a IFll .o r e@ucaennttu m
Def ect s

Adapted fromH. Kwon, A. Furmanchuk, M. Kim, B. Meany, Y. Guo, G. C. Schatz,
Y. H. Wang 2016. (submitted)Y.H.W. and H.K. conceived and designed the
experiments. H.K., M.K.and B.M. performed experimentd.F and G.CS
performed DFT calculations. Y.H.W. and H.K. wrote the manuscript with inputs
from all ccauthors.

2.1 Introduction

The excited states of many semiconducting nanocrystals and polymers are
characterized by excitons, electrbale pairs bound byZoulomb interaction’s
Excitons are hydrogeatomlike quasiparticles, each carrying a quantum of
electronic excitation energyn exciton can return to the ground state by emitting
a photon, producing phot ol umi ntaesfrone n c e
which the energy is lost as heat. The ability to control the fate of excitons and their
energy is crucial to imagifig)®4, sensin’, photovoltaic®, lighting and displa¥/,
and many other ingrtant electronic functions.

Over the last few decadesyo major classes of approaches, quantum
confinement and doping, have been developed to tailor the exciton properties
within a nanocrystal. Ais quantum confinement effect has motivated the
development of many innovative synthetic approaches that control the size and
shape of nanocrystals, aodnsequently their electronic and optical propeftiés
Examples include nitrogevacancy in diamond! and metal iordoped
nanocrystalg.

In the case of singlealled carbon nanotubes (SWCNTSs), the excitonic
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properties depend on both the diameter and chiral angle of each nanotube crystal,
collectively known as chirality, which can be denoted by a pair of integgrs-{

15 Recent work by (S and other® has demonstrated thie optical properties of
SWCNTSs can also be modified lopping with oxyge®® or incorporation ofp’
defect$® through diazonium chemistryThes defects can induce a new near
infrared emissiofi, brighten darkexciton$®, facilitate up conversion(ansitoke
shift)’®, and stabilize trions at room temperatirenaking themparticularly
interesting for emergent photonic applicatiblowever, both methods for defect
creations have thus far bound by the extrenlighited chemical and optical
tunability. Particularly, oxygen doping leads to mixed ether and epstagetures,

and diazonium chemistry works only for specific aryl groups and monovalent
bonding, and has low reactioates. For these reasorsxamples bthis type of
defects are pale in comparison with the large number of quantum dots that have
been synthesized based on the quantum confinement effect. Although it has been
suggested, the prospect of using defects for materials engineering has not been
denonstrated.

In this chapterye describe a new synthetic approach for tailoring excitons
within a single material through molecular engineering of covalently attached
surfacefunctional groups (Fig2-1). We illustrate this new approathrough the
synthesis of more than 30 new fluorescent nanostructures from SWCNTs of the
same crystal structuley creating molecularly tunable fluorescent quantum defects
in thesp? carbon latticeEach of the new synthetic nanostructures may be viewed

as a diamondh-graphene structure reminiscent of an island in an elecean
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Figure 2-1. The fluorescent quantum defect approach to material
engineering. a, In a quantum confinement system, the exciton
wavefunction is confined as the particle size reaches the Bohr radius of
the quasi-particle, lending the capability to control optical properties
by size engineering. b, In the proposed quantum defect systems, the
mobile excitons can be trapped and their optical properties can be
controlled by molecular engineering of the trap. c, The creation of a
fluorescent quantum defect by reacting a SWCNT semiconductor with
different types of alkyl iodides (R-I).

More gecifically, in the case of semiconducting nanotubes, these strucinres
viewed as hybrid quantum systems that allow excitation energy (carried by the
exciton) to be channeled along a @hmensional (1D) antenna and then harvested

using a zeralimensonal (0OD) funnel. Compared with quantum confinement,
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which controls the optical and electronic gap by size engineering, these fluorescent
defects in SWCNTSs create local potential wells that can be chemically tailored with
molecularcontrol as shown hereiiio recognize their molecular nature and the fact
that the local potential well is a result of defextuced splitting of frontier orbitals,

we propose to call these fluorescent quantum defects. Furthermore, unlike atomic
color-center dopants, our defeaiducing surface functional groups are themselves
nonemitting and readily accessible chemically, thereby affording unprecedented

molecular control and engineering flexibility.

2.2. Experimental and theoretical calculation methods

2.2.1.Aqueoudispersons ofindividual SWCNT cystals

SWCNTSs (HiPcdatch # 194.3Rice University; or COMoCATSG65i Lot
#0000036,SouthWest NanoTechnologies, Inwere stabilized by 1 wt.% sodium
dodecyl sul fate ( Sidgueaum AJiddD.0, Cambridge9 8 . 5 %)
Isotope Laboratories, Inc., 99.8%) by tip ultrasonication (Misonix) at 35 WG 10
in a stainless steel beaker for 2 hours, followed by ultracentrifugation with an
Optima LE8OK Ultracentrifuge (Beckman Coulter) at 170,498r 2 hours to
remove bundled nanotubes and residual catalysts. The individually dispersed
SWCNTSs were sorted for high purity (6;SYWCNTs using gel chromatogragfy
Thesamples were dited to an optical density of 0.1 at the Bbsorption peak of
(6,5FSWCNTs in 1 wt.% SDS in fD. The concentrations of HiPco and
CoMoCAT were determined with a calibration curve from correlated optical

density andthermogravimetric analysiShe concentrgon of chirality-enriched
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solutions was calculated based on the extinction coefficient previously determined

by Zhenget al’™

2.2.2. Synthetic creation of fluorescent quantum defects in SWCNTs

Sodium bicarbonate (EMP Chemicals, ACS grade), acetonitrile (Signal
Aldrich, 99.9%) and aid halides were added sequentially to each SWCNT
solution, which was kept in a capped glass vial covered by aluminum foil.
Acetonitrile was used as a-solvent for the alkyl halide. Sodium dithionite (Sigma
Aldrich, 85%) was then added to the mixture atided with a magnetic stir bar at
room temperature. For aryl defects, only arghtaining iodides are required and
the reaction was triggered by optically exciting the tEansition of the nanotubes
for single valent groups. For the divalent aryl gr&up0G800 nm excitation was
required to develop a defect PL. The degree of functionalization was controlled by
adjusting the relative amounts of reagents. The reaction was monitored at various

times by UV Vis-NIR absorption and fluorescence spectroscopy.

2.2.3.In situ UV-Vis-NIR absorption and photoluminescence spectroscopy

The reactions were monitored situ using a Lambda 1050 UVis-NIR
spectrophotometer (Perkin Elmer), which is equipped with both a PMT detector
and an extended I nGaAs detector, and a Nanc
Yvon). For fluorescence spectroscopy, the samples were excitech W0 W

Xenon source dispersed by a douptating monochromator. Excitatie@mission
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maps and fluorescence spectra were collected using a-hguaboled linear
InGaAs array detector on a 320 mm imaging spectrometer. The spectrofluorometer
was calibratedgainst NIR emission lines of a persiyle neon spectral calibration

lamp (Newport).

2.2.4. ResonarRaman scattering and-dy photoelectron spectroscopy

The SWCNTs were precipitated out from solutions and deposited on glass
slides for Raman scatteg or goldcoated silicon substrates for XPS measurement.
XPS was taken withKratos Axis 165 at 28C and 175°C under an ultrahigh
vacuum (< 1 x 16 Torr). Raman spectra were measured on a LabRAM ARAMIS
Raman microscope (Horiba Scientific). The samplese excited with a Héle
(632.8 nm) laser or a 532 nm laser at a power density of- 0.0%4mW pn?. Each
spectrum was obtained by averaging the data collected from three different spots.
Absorption and PL spectra were fitted with Voigt functions uBiagkFit software
v4.12. No baseline correction was applied during the fitting for PL while a linear

background correction was used for the &bsorption.

2.2.5. Theoretical calculation methoddlaorescent quantum defects

The inductive constant wasalculated using equations describby
Cherkasovet al’®. The structure of alkyl functionalized (6;SWCNTs was
constructed using Nanotube Modeler (JCrystalSoft) and HyperChem 8.0

(Hypercube, Inc). The distanbetween two atoms and the covalent radhalf of
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the bond length) wagbtained from molecular structures optimized by Molecular
Mechanics.

For the density functional theory calculatiotiee geometries of ainm (2
unit cells) long (6,5SWCNT with vaiousquantum defects were optimizading
the B3LYP functional in @hem 4.The nanotube ends are terminated with
hydrogen atoms to minimize emdfects and to avoid introduction of edge states
into the band gap of the nanotube. Most calculations coesidetn alkyl groups
(to avoid radical character) covalently attached near the center of the 8 nm
nanotube, although single, triple and higher functionalization were also considered.
The DFT level of theory with a-B1G* basis set was used for minimizatién.
Mulliken analysis was performed to reveal the charge distribution around the

created defects.

2.3. Results and discussion

2.3.1. Creation of alkylated fluorescent quantum defects

Our starting material is (6, 9WCNTs that are approximately 0.75 nm in
diameter and 500 nm in length (or 125 unit cells) on average. The nanotubes are
sorted using gel chromatograghio a hidh level of optical purity and stabilized as
individual particles in water or deuterium oxidex(®@) by 1 wt.% sodium dodecyl
sulfate (SDS). Note that our chemistry readily extends to other nanotube chiralities;
(6,5FSWCNT is chosen for this study due te gynthetic abundance and better

established literature.
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Figure 2-2. Chemical creation of fluorescent (6,5FSWCNT-
CF,(CF,)4CFs. a, Defect photoluminescence arises farther in the near
infrared, 190 meV to the red of the parent nanotube excitonic emission.
b, Correlated visible near-infrared absorption (black line) and PL (red
line) spectra for (6,5FSWCNT-CF,(CF,).CFs. The SWCNTsare excited
at the Ex transition (565 nm). ¢, Evolution of E;; and E;- emission.

The (6,5 SWCNTSs have intrinsic absorption gpldotoluminescencgeaks
at 979 nm (k) and 568 nm (k), which arise from their excitonic transitions (Fig.
2-2)1°. Covalent attachment of perfluorinatéxyl groups to the nanotubes
produces a bright defect PL peak(JEat 1155 nm. The observed peak is redshifted
from the parent nanotube PLyEby 177 nm@E 180 meV), and the full width

at haltfmaximum (FWHM)of the peak increases from 37 meV to 69 méNis
34



new feature arises within minutes of the start of the reactionreaches the
maximum after 12 minutes and thplateaus in 25 minutes. The bright feature

remains stable over at least nine months undéiearhconditiongFig. 2-2c).
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Figure 2-3. Control reactions with different reagent conditions.
Emission spectra are monitored with 565 nm excitation at 0 h, 2 h, 24 h,
3 days and 7 days. Only the reaction condition (a) shows the strong

defect PL (Exr).
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Table 2-1. Control reactions with different reagent conditions.

Reaction | SWCNT  CH,CN CeFysl NaHCO;  Na,S,0, E,
a 1 0.2 10 20 10 strong
b 1 0.2
c 1 10
d 1 20
e 1 10
f 1 10 20 10 Weak
g 1 0.2 - 20 10
h 1 0.2 10 - 10
i 1 0.2 10 20

We have developed the new excH@aioring reaction that occurs in
aqueous solution upon mixing an alkyl halide with nanotub#®e presence of the
mild reductant sodium dithionite for the first tinjléig. 2-3). Alkyl halides alone
cannot generate alkyhdicals that covalently attach to the carbon latitcg. 2-3c
and 23i). Control experiments suggest thattbaction is facilitated by acetonitrile,
which acts as a esolvent for the alkyl halides, not required to generate defect
photoluminescencéFig. 2-3b and 23f). Sodium bicarbonate serves as a base to
balance acidic byproducts of sodiunthtbnite (Fig. 2-3d and 2h) as explained
with organic small moleculé%’’.

The PL of the alkylated carbon nanotubes shows a strong dependence on
nanotube diameted, by pE  =o? withl A = 18.7 meV nrf, suggesting that the
new emission peak arises from Irigning of dark excitons (Fig-4 and 25)%> 78,
Notably, the (6,58WCNT-(CFR)sCFRs exhibits PL that is brighter than that of the

parent nanotube by more than an omfanagnitude (Fig2-6).
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Figure 2-4. Emission energy of defect photoluminescence is dependent

on the nanotube diameter. All chirality enriched carbon nanotube are
used and functionalized with -CeF13 groups.
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Figure 2-5. Nanotube structure -dependent defect photoluminescence.
The excitation-emission maps of a, (6,5-SWCNT; b, (8,3) and (8,4)
SWCNT; c, (7,6} and (8,4)enriched SWCNTs; and d, the mixed
chirality of HiPco. Controlled sidewall alky lation induces new PL
peaks in e, (65rSWCNT-CF(CF,)«CFs; f, (8,3)/(8,4)-SWCNT-
CFR(CR)4CFs; g, (7,6)/(8,4)-SWCNT-CF»(CF)4CF3; and h, HiPco-
SWCNT-CF,(CF,)4.CFs. The nanotubes are stabilized in D,O by 1 wt.%
SDS.
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Figure 2-6. Emission spectra of (6,5)pristine and (6,5)-SWCNT-
(CF2)sCF; that show the brightening PL by more than an order of

magnitude.

Correlated measurement of PL, Raman scatteringXaray photoelectron

spectroscopy (XPS)nambiguously confirm that the new PL originates frgph

guantum defects due to the covalent attachment of a small number of the alkyl

groups to thesp? carbon latticg(Fig. 2-7). The formation of a covalent-C bond

between the alkyl groupnd the carbon nanotule evidenced by the rise of the

symmetrybreaking, defeeinduced Raman scattering of the D phonon (~1,300

cm Y7 The intensity ofis Raman band with respect to theplane stretching

mode (k) of thesp? bonded carbon lattice (G band, ~1590%rimcreases from

0.10 to 0.98 in highly functionalized nanotubes (Fig.a3 Both he Raman D/G

ratio and the XPS intensity of the flaoroalkyl group increase in proportion to the

relative concentration of alkyl halide (Fig.72a, 27b and Fig. 2). High resolution
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XPS of SWCNT(CFR)sCFs shows the growth of thep® C1s peak at 285 eV as a
shoulder to thep? C1s peak (284.7 eV), resimlg in substantial peak broadening
of the C1s peak (FWHM of 1.46 eV versus 0.83 eV for the starting nanotubes) (Fig.
2-8). The fluorine (F1s) signal of the functional group remains constant at high

temperature (17%C) in ultrahigh vacuum<( 1 x 107 torr), in which there are no

physisorbednolecules (Fig. 20).
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Figure 2-7. Correlated spectral characterization of functionalized
SWCNTs at increasing molar reactant ratios of CR(CF,).CF.l (RX) to
the mixed chirality of HiPco SWCNT carbon. a, Raman scattering. The
excitation line is 532 nm. b, XPS (taken at 25°C). The O1s peak is
marked with an asterisk (*). c, PL. d, The ratio of covalently attached
function group to nanotube carbon, [R]/[C], as determined from XPS,
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increases linearly with the reactant ratio, [RX]/[C]. e, Raman D/G ratio
of SWCNT-CF,(CF,)4CFs at increasing [RX]/[C].
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Figure 2-8. High resolution XPS of C 1s at 175°C for SWCNT-

CF,(CF,)4CFs. a, Non-functionalized control . b, [C]:[RX] = 1:50.c, 1:500.
d, 1:2500. The nanotubes used here are a sample of mixed chirality
HiPco SWCNTSs.
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Figure 2-9. High resolution XPS of F 1s at 175°C for SWCNT-
CF,(CF,)4CFs. a, Non-functionalized control . b, [C]:[RX] = 1:50, c, 1:500,
and d, 1:2500.
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Figure 2-10. High resolution XPS of full spectra at 175°C for SWCNT -

CF,(CF,)4CFs. a, Non-functionalized control . b, [C]:[RX] = 1:50, c, 1:500,
and d, 1:2500.
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We furtherinvestigatedhe new defect PL witldifferent SWCNT samples
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spectral characterization of f-CoMoCAT
SWCNTSs at increasing ratio of -Cg¢F13 groups. a, PL, b, absorption, and
¢, Raman D/G ratio as a function of [RX]/[C] molar ratio. Raman
spectra with d, 632.8 nm ande, 532 nm excitation laser, respectively.
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such as HiPco ensemble, CoMoCAT ensenthkcolumnpurified SWCNTSs, and

the aqueouswo phaseassisted SWCNTSto rule out the possibility of impurity

effects(Fig. 2-5). They all show the consistepositiors of defectPL for the (6,5)

chirality tubesfor all tested samplesFurthermore, the correlated emission,
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absorpton and Raman with (6,5J0MoCAT-(CF,)sCFs shows identical results of
close relationship between covalent attachment and defect PL brighEign2-
11).

By changing the concentrations of the reagentsangable to control the
intensity of the defect PL. TheiEintensity of (6,5 SWCNT-(CR)sCFs peaks at
a carborto-alkyl halide reactant molar ratio otd 0.4 (Fig 2-2). Correspondingly,
the Ramam/G ratio increasettom 0.10 to 0.18, indicating that a small amount of
alkyl groups are covalently attached on the nanotubes. ConsistenRantan
scattering, the visible nearfrared absorptiorbarely decreasedBased on XPS
(Fig. 2.7), we estimate that the attach€@F)sCFs groups are at a density of one
group per 166 carbons or 1.8 nm of nanotube length on avaraigedensity is
much higher than that produced by diazonium %atiad may suggest distinct

reaction propagaticfi

2.3.2. Tumble fluorescent quantum defeatith alkylation

This synthetic quantum system provides exceptional chemical tunability of
the neaiinfrared PL energyFig. 2212 and Fig. 214). We can continuously red
shift the &1 emissionsimply byincreasing the number of fluorine atoms along a
six-carbon alkyl backbon@-ig. 2-12b and Table2-1). The energy shift goes from
133 meV for-(CH2)sCHs to 190 meV for(CF)sCFs. A consistent trens observed
in a series of partially fluorinated groups in which the distance between the electron
withdrawing moiety {CFs) and the defect site is varied by the chain length,

(CH2)nCRs (n =0 - 5) (Table2-1), resulting in the energy shift from 137 meV to
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194 meV. When the first carbon of alkyl chains that is directly attached to a
SWCNT is fluorinated, it significantly affects the energy separation indicating
strong distance effect.

The optical properties dlunable fluorescent quantum defects with alkyl
groups are strikingly different from those of nanocrystals. The size engineering of
nanoparticlesesult insignificant change in band gaps and thus both absorption and
emissionto besizedependent. Howeveour alkylation on samsize nanotubeat
low defect density can modulate emissions that are created at defect center while
retaining similar absorption featuring through chemical engineering of the surface
(Fig. 2-13).Using this technique, ghabsorptiomf f-SWCNTsare comparable with
that of pristine while their emissiongan be efficiently tuned by changing

functionality.
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Figure 2-12. Tunable near-infrared PL from quantum defect -tailored
(6,5rSWCNTswith six-carbon alkyl chains with increasing numbers of

fluorine substituents.
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Table 2-2. Spectral characteristics of alkyl fluorescent quantum defects
in (6,5)-SWCNTs and calculated inductive constants of the covalently

bonded alkyl groups.

(6,5)-SWCNT-R (Erlﬁ) FVI\E/lHlM 5#1) Fv%/lﬁM (n‘fe'f/) (cg;c)
(meV) (meV)

Non-functionalized 979 37 - - 0 -
-CH,CH,CH,CH,CH,CH, 981 45 1096 56 133 -0.774
-CH,CH,CH,CH,CH,CF, 980 45 1099 56 137 -0.462
-CH,CH,CH,CH,CF,CF, 980 38 1107 59 146 -0.127
-CH,CH,CF,CF,CF,CF, 983 40 1137 76 170 1.086
-CF,CF,CF,CF,CF,CF, 981 42 1155 69 190 4.867
-CH,CH,CH,CH,CH,CF, 980 45 1099 56 137 -0.462
-CH,CH,CH,CH,CF, 979 40 1104 59 143 -0.287
-CH,CH,CH,CF, 980 42 1101 55 140 -0.034
-CH,CH,CF, 980 42 1110 59 147 0.310
-CH,CF, 982 42 1114 67 150 1.244
-CF, 980 45 1158 63 194 3.961
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Figure 2-13. Correlated UV-Vis-NIR absorption and PL of (6,5)-

SWCNTs with different functional groups.
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Figure 2-14. Emission spectra of (6,5}SWCNTs with six carbon alkyl
chains before peakfitting. Note that the additional satellite peaks are
observed and marked as asterisk (*) arising from a charged exciton

(trion).
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2.3.3 Inductive effect®f alkyl defects

a b c
220 220 220
200 200 200 -CF,
P o CF: —CSFB.//.
% 180 CHCFs " -CeFis| $ 180 3 180 CHCFy
E s E E o
- v - = ' =
W' 160 -CSHIDCFS/// ul' 160 CoH,CF u' 160 { -C,H,CF, ~
. ~ ; Y ' “CH,CF
o o ® _CH,CF B é 3
Y140 "GP Y140 o Y140
-C,H,CF, 8" .C,H,CF,-C,HC, s
-C4H, CF -C¢H,,CF
120 { “Cohis 120 ST 120 | CeHs * 7 °
2 0 2 4 6 -2 0 2 4 6 -2 0 2 4 6
Inductive constant, s * Inductive constant, o* Inductive constant, o*
Figure 2-15PL ener gy shifts versus calcul ated i ndi

a, CeHiznFn (n =0, 3, 5, 9, and 13)b, -(CH2),CF: (n = 0-5). ¢, The
combined graph of aand b.

Our experimental results agdantum chemical theory consistently suggest
that his tunability originates from inductive electronic effects associated with the
covalently attached functional gro(fpig. 2-15). Thesanductive electronic effects
can be described by the empirical Tadte st ant or i nducti ve
guantifies the electronic influence of a substitubnbugh sigma bonding in alkyl
chains excluding resonance effects that also occur in conjugated mbiéfles
Consistent with this inductive picture, all perfluorinated alkyl defects in-(6,5)
SWCNTSs, including-CRs, -(CR):CRs, -(CR)sCRs, and i (CF)7;CFs, produce
similarly redshiftecE11 peaks (by 190194 meV), indicating comparable inductive
constants regardie of he carbon chain lengtfFig. 2-16). For Ck-terminated
alkyl defects, the defect PL energy decreases exponentially with chain length (or

approximately, the distance from the defect site) (Tadlg

a7

const



Quantitatively, the inductive constants can be calculated from the equation

proposed by Cherkas@t al.”,
a* = BTIY?840

where¥? is the difference between the electronegativities-tf atom in the
substituent and the reaction cengris the covalent radius of thi¢h atom, and
is the distance from this atom to the defect site on a SWCNT. We find that the PL
energy shifts are linearly correlated with the calculated inductimesco a ndds (U *
(Fig. 2-15). This linear correlation confirms that the inductive effects associated
with the alkyl groups on the fluorescent quantum defects are responsible for the
observed energy shiftk.is a note thamore than 20 different types sfales exist
for inductive constants reported. They correlatdl with one anotheMWe found
the reported inductive constaritem literature for few alkyl groups used in this

studythat matches with our calculated results.
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S *
R-(6,5)-SWCNT By E; gl O o
' (nm) (nm) (mél\/) (ref) (calc)
I-CF, 981 1158 193 0.44 4.4766
I-CF,CF,CF,CF, 983 1158 191 0.44  4.4766
I-CF,CF,CF,CF,CF,CF, 982 1158 192 - 4.8668
I-CF,CF,CF,CF,CF,CF,CF,CF, 982 1156 190 - 5.1057
I-CH,CH,CF,CF,CF,CF,CF, 982 1133 168 - 1.0858
I-CH,CH, CF,CF,CF,CF,CF,CF,CF, 983 1137 171 - 1.3264
I-CH,CH, CH,CH, 980 1093 131 0.01 -0.6952
I-CH,CH, CH, CH, CH,CH, 981 1096 133 0.03 -0.7745

Figure 2-16. Energy shift Vs calculated inductive constant with non -,

partially -, and per-fluorinated alkyl groups.
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2.3.4.Creation of &tended fluoresceémuantum defects: aryl and divalent defects
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Figure 2-17. (6,5rSWCNT>CF.. a, PL maps of pristine SWCNTs (left)
and divalent alkyl -functionalized SWCNTSs (right). b, 565 nm excitation
emission spectra,c, UV-Vis-NIR Absorption spectra, d, Raman spectra
with 532 nm laser and e, Raman spectra with 632.8 nm laser. The
pristine is black solid and the -SWCNTs are red solid line.
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