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ABSTRACT: Covalent functionalization of single-walled

carbon nanotubes (SWCNTs) enables tuning of their optical Stabilized
properties through the generation of sp>-hybridized defects pefect
with distinct localized morphology. Groups with strong Geometries \ 2
electron-withdrawing abilities result in redshifted emission -
experimentally. Further redshifts can be generated by groups L
bound to more than one carbon atom in the SWCNT

(“divalent functionalization”). Depending on the type of Defect- /ﬁ/j
divalent functionalization, the spectral diversity is reduced |nduced Bond W =
compared to their monf)vale.nt counterparts. nge we stu.dy Fhe Selectivity /} /j
effect of divalent functionalization on the exciton localization /H’/)

at the defect site and related redshifts in emission of (6,5) e
SWCNT through low-temperature spectroscopy measure-
ments and time dependent density functional theory calculations. These effects are characterized for three classes of divalent
compounds distinct in the number of atoms in the functional group and bonding pattern to the tube. The bond character of the
two carbon atoms proximal to the defect site is found to have a notable impact on the system stability and spectral redshifts.
Functionalized systems are stabilized when the hybridization at the SWCNT remains sp*like due to its ability to form planar
bonds to the remaining hexagonal network, while bond character in the functionalized regions affects the redshifts. This is only
possible for certain bonding geometries in divalent species, justifying their decreased spectral diversity. We further show that
functionalization at spatially separated sites on the tube can be accompanied by a second chemical adduct, and the configuration
of the resulting defect is dictated by bond reactivity following the first addition. This behavior justifies the spectral trends of a
class of divalent systems with linker chains or high defect concentration. These results further corroborate that adducts
predominantly form chemical bonds only to the neighboring carbons on the SWCNT surface (ortho species) in experimental
samples. Our analysis of bond character in the vicinity of the defect sites rationalizes appearance of many spectral features
arising from monovalent and divalent defect states of functionalized SWCNTs. This emerging understanding enables tuning of
the emission characteristics through careful control of the defect structure.

1. INTRODUCTION

electronic fine structure that places the bright emitting band-
edge exciton state (designated E;;) above an energetically

One-dimensional confinement in single-wall carbon nanotubes
(SWCNTSs) leads to a rich array of exciton physics and related
potential for optoelectronic applications.'~* As such, a number
of computational studies have been enacted in recent years to
study the evolution of excited states’™’ and trion proper-
ties" '” in these systems. While such studies have provided a
great deal of insight into photophysical processes in these
systems, their use in applications is fundamentally limited by
low photoluminescence (PL) quantum yields resulting from
diffusive quenching of the mobile excitons'>~" and from an

-4 ACS Publications  © 2019 American Chemical Society

lowest-lying dark state.' ™ Reducing dimensionality further, via
localization of excitons into zero-dimensional states,®
enhances quantum yields and gives rise to quantum emission
behavior (i.e., single photon emission) in SWCNTs.'”~*° Such

Special Issue: Jean-Luc Bredas Festschrift

Received: April 11, 2019
Revised: ~ May 15, 2019
Published: May 16, 2019

6950 DOI: 10.1021/acs.chemmater.9b01438

Chem. Mater. 2019, 31, 6950—-6961


pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.9b01438
http://dx.doi.org/10.1021/acs.chemmater.9b01438

Chemistry of Materials

O
N

Emission Intensity (arb. Units)

Functionalized Ly Bond 0.0
Atoms Loy Bond
L3, Bond

1100 1200 1300

Wavelength (nm)

1000 1400

Figure 1. (a) Functionalization scheme and types of distinct bonds for (6,5) chirality SWCNTs. Purple carbon atoms (Cy,,) of the SWCNT
represent those that are functionalized, and the blue R, and R, represent the carbon atoms of the functional group bonded adjacent to the SWCNT
(Cfunc)- The orange arrows indicate the bond lengths that were scanned (see Methods). The Ly, Loo, and L_5, directions are highlighted with red,
blue, and green bonds, respectively, in the front of the picture. (b) Experimental photoluminescence spectra of (6,5) SWCNTs functionalized with
a high concentration of 3,5-dichlorobenzene diazonium reagent (0.020 mg/mL) exemplifying appearance of E;;* and E,;*~ features.

localization occurs in unfunctionalized systems around charge
centers.”””” A more tunable strategy for deterministic
localization of excitons is their trapping at defect sites
rationally introduced by low-level covalent functionalization
of SWCNTs with oxygen,””** aryl,” or alkyl species.”
Localization at such chemically defined defects brightens the
lowest energy optical transitions””>”** and redshifts emission
wavelengths relative to E;; PL by ~100—300 meV. >
Furthermore, such deep defect-state trapping potentials
provide efficient exciton localization at room temper-
ature,””! 733 leading to demonstration of defect states as
room-temperature single photon sources.””*> Such quantum
emission may be tuned to telecom wavelengths by pairing
chemical defects with appropriately chosen SWCNT chiral
structures of large diameter,** advancing the potential for
SWCNTs to act as single photon sources for quantum
information processing.’® The tremendous synthetic tunability
of molecular dopants provides an additional broad parameter
space for tailoring defect-state emission properties.”” Such
tunability through covalent functionalization is not limited to
SWCNTSs. Parallel efforts on graphene sheets®® and full-
erenes”” have led to the ability to tune their electronic
properties. Furthermore, promising studies on 2D transition
metal dichalcogenides (TMDCs) have used the foundational
work on SWCNTs as model systems.*”*" The principles of
tuning the optical properties of SWCNTs through the
introduction of molecular dopants can be applied to a broader
class of nanomaterials.

Defect-state emission wavelengths are defined both by the
molecular structure of the respective dopants”>>**** and by
the details of the local binding geometry of the defect
site.””*>** With aryldiazonium functionalization as an
example,” binding of the aryl group at one carbon site of
the SWCNT produces a reactive unpaired electron at an
adjacent (ortho) site or three carbons away (para), which
subsequently captures a proton, an OH group, or another aryl
dopant.””** As illustrated in Figure la, because of the chiral
structure of the SWCNT, the binding of this additional group
can occur in six different, chemically distinct configurations.
Each configuration is defined by the angle they form with
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respect to the SWCNT axis (labeled L, Lgg, and L_, for
(6,5) SWCNTs, where the subscript denotes the approximate
angle of the bond with respect to the SWCNT axis, Figure 1a).
Recent results by Saha and co-workers further show a reactivity
preference for the ortho configurations.** These configura-
tional differences translate to different electronic structures
that in turn have important spectroscopic consequences. In
practice, two defect-state emission bands are commonly
observed in ensemble PL spectra,42’44_46 shifted to lower
energy from E; by ~100 meV (E;;*) and ~200 meV (E, *7),
respectively. Both of these emission bands are present for (6,5)
SWCNTs functionalized with monovalent diazonium reagents
(Figure 1b).

Superimposed on these configurational effects of the binding
geometry are inductive effects introduced by the dopant
structure. Dopants incorporating electron withdrawing groups
perturb more strongly the z-electron network of the tube and
thus induce greater redshifts of defect states with respect to
E,;, while those with electron donating behavior display
reduced redshifts.”>***”** While useful as a guide to tuning
defect-state emission, this empirical understanding of inductive
effects is derived from functional groups bonded to the
SWCNT through only a single carbon atom (defined here as a
monovalent species, Scheme 1la). Dopants bound to the
SWCNT at multiple carbon atoms (ie., divalent species,
Scheme 1b—e) show more complex behavior, with divalent
species revealing larger redshifts than their monovalent
counterparts. For example, due to the presence of the
additional electronegative fluorine atom, monovalent CF;
species are more electron-withdrawing than the divalent CF,.
However, the latter exhibits a stronger redshift, demonstrating
the limitations of describing spectroscopic response in terms of
inductive effects alone. While the various aryl and alkyl defects
have been generally described as sp* defects introduced to the
SWCNT sp2 lattice,”>*° this comparison of monovalent and
divalent behaviors suggests that, in addition to the inductive
effects, changes in defect bond character must also be
considered and understood. With divalent systems having
potential to define specific binding configurations, they provide
an essential key to developing a further understanding of how
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Scheme 1. : Classes of Functionalization”

b) Type | c) Type ll

a) Monovalent

R, = CHj, CF,, CH,CF,, or CF,CF, for “alkyl”
CgHs, CgH,Br for “aryl”

R,=H

D;=CH,orCF, D;=CgH, Dj;;=-(CH,)-

“Classes include (a) monovalent species with a single bond, (b) type I
divalent functionalization with two single bonds attached to a single
atom in the functional group, (c) type II divalent with two single
bonds linked to independent carbon atoms of the functional group,
and type III divalent functionalization involving bridging alkyl chains
separating the defect sites both (d) with and (e) without R, = H
auxiliary groups at each functionalization position. Red bonds
highlight those atoms with significant electronegativity. Red atoms
are oxygen, gray atoms are carbon atoms, and magenta atoms are
those to which the dopant is bound.

the interplay of inductive effects, binding configuration, and
bond character define the electronic structure and emission
wavelength of SWCNT defect states.

Here we present a systematic experimental and computa-
tional characterization of divalently functionalized SWCNTs.
We distinguish three classes of divalent adducts (defined in
Scheme 1b—e). The first class (denoted “type I”) is defined by
a single atom in the functional group forming bonds to two
individual carbon atoms in the SWCNT (Scheme 1b). This
configuration requires that a functional group atom interacts
with two SWCNT carbon atoms simultaneously and therefore
introduces significant constraints on bond angles. Spectro-
scopic results indicate that this class of defects results in a
reduction of spectral diversity, where only E,* features are

present. Through quantum chemical modeling, we show that
specific type I defect geometries allow hybridization of the
functionalized SWCNT atoms (denoted as C,., purple
atoms in Figure 1a) to remain similar to that of the pristine
tube. The corresponding energetic stabilization results in the
exclusive formation of this ortho-Ly, defect geometry,
decreasing the spectral diversity of these systems. We further
correlate the strengthened redshifts observed in these systems
to bond character at the defect site. In the second class of
divalent compounds (denoted “type II”), the functional group
is bonded to the SWCNT through interactions between two
vicinal atoms in the dopant molecule and the SWCNT
(Scheme 1c). While this decreases the rigidity over type I
divalent interactions, the geometry of the system is still
constrained by the requirement of interactions through two
vicinal atoms in the functional group. Because of this reduced
rigidity, the bond character and therefore redshifts in such
systems are similar to the monovalent case. The third class of
divalency (denoted “type III”) involves functionalization at two
distant SWCNT carbon atoms with separate distal regions of a
single dopant molecule (Scheme 1d,e).*> This is the least
constrained example of divalent species that only requires both
functional groups be placed within a distance spanned by their
intervening carbon chains. This flexibility allows for the
formation of two distinct defects on the tube surface. Both
E,* and E;*~ emission bands appear prominently in the PL
spectra of type III species.”” While it has been suggested
previously that divalency alone is the source of the
simultaneous appearance of both bands,** our results contra-
dict this expectation. Instead, we find that because of their
spatial proximity, binding of the first functional group of a type
III dopant has a directing effect on which binding
configuration is preferentially formed by the second group,
thereby generating specific defect geometries and spectral
features. In particular, the directing effect leads to a preferential
formation of the binding configuration responsible for
generating the E; *” emission band. We show that this
directing effect may be understood in terms of z-orbital
mismatch effects and that the degree of selectivity is dependent
on the distance between the two defect sites. This analysis also
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Figure 2. Calculated structural characteristics of (6,5) SWCNTs functionalized in ortho binding configurations for monovalent and divalent
species: (a) charge on Cg,, (b) s-character on the SWCNT atom of the bond from the SWCNT to the functional group, and (c) molecular
orbitals for type I divalent functionalization. The colors represent the type of functional group, with green for alkyl and red for aryl. Filled (circles)
and open (triangles and squares) symbols represent monovalent and divalent functionalization, respectively. The size of each data point denotes the
inductive ability of each group as characterized by charge on Cg,,, in that species, where larger points represent a stronger electron-withdrawing

tendency.
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explains the previously reported alkyl-length dependence®” for
relative intensities of E;;* vs E|;*™ spectral features in divalent
type III systems and is further supported by our observation
that the E;;*” band becomes prominent at high defect
densities for monovalent dopants as well.

2. RESULTS AND DISCUSSION

We first characterize the thermodynamic stability of systems
functionalized with different chemical species by calculating
their total energy using density functional theory (DFT) (see
Methods). This provides a quantity that roughly reflects the
likelihood of forming a particular chemical species or defect
configuration in a reaction. We further calculate the optical
properties using time-dependent DFT (TDDFT). These
simulations fall short in providing a complete description of
the origins of the experimentally observed redshifts in the
optical spectra, so we further characterize the bonding
character and charge in the vicinity of the defect using a
natural bond analysis (NBO) to form a more complete basis
for such redshifts. A model producing continuous variation in
bond character by altering the distance between the function-
alized SWCNT atom (C,.,) and the functional group (Cg,ct)
is used to explore the hybridization of the atoms involved in
functionalization. Subsequent TDDFT calculations on each
resulting geometry are used to correlate bond character to
optical transition energies. SWCNT bond reactivity is
determined by considering the misalignment of the 7z-orbital
axis vectors (POAV),* 7" which are defined as the vector that
is equiangular to the bonds to other bonded atoms. This
analysis is possible using optimized geometries, as has been
previously described for the POAV2 method.”’

2.1. Charge Distribution near the Defect. Since the
inductive effects of functional s;z)ecies have been shown to
influence the degree of redshifts,” it is imperative to clearly
describe computationally how the charge localization in the
vicinity of the defect affects the optical properties. Charges on
both Cg, and Cg,,, determined with the NBO analysis are
shown in Figures 2 and S1. Due to their increased electron-
withdrawing nature, functional groups with a greater number
of electronegative atoms consistently generate a more positive
charge on Cg,. (Figures 2a and S1, top left panels).
Functionalization with the monovalent CF; produces the
most positive charge on Cgyp (Figure 2a). This strong positive
charge then pulls electron density from the SWCNT, resulting
in electron localization around Cg,.,,. This picture is consistent
with previous studies,””> where stronger electron localization
from certain defect geometries generates stronger redshifts in
functionalized SWCNT materials.””** Due to this localization,
charge at Cg,, is slightly negative but an order of magnitude
smaller than typical charges at Cg,,. Correlating the
experimental redshifts of E;* to calculated charges at Cg,
for the monovalent ortho-Lg, defect geometry (responsible for
the E; * emission feature)””*** suggests a trend that appears
exponential in nature (Figure 3a). Trends for other defect
topologies can be found in the Supporting Information (Figure
S2d). We provide a plausible explanation for this trend by
considering Fliigge’s ab initio model® consisting of a finite-
depth well (representing localization due to the defect) within
an infinite-depth well (representing the delocalization on the
pristine portion of the tube). Predicting the probability of
finding an electron in the center of the finite well in the lowest
energy eigenstate as a function of its depth reveals an
exponential dependence. Since the well depth correlates to
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Figure 3. Correlation between calculated (a) charges on Cg,, and
(b) bond character on Cg,., for (6,5) SWCNTs functionalized in the
ortho-Lg, configuration and the experimentally observed redshifts.
The colors represent the type of functional group, with green for
monovalent alkyl, red for monovalent aryl, and blue for type I
divalent. Filled and open symbols denote monovalent or divalent
functionalization, respectively. The dashed line for charge indicates an
exponential trend, and the dashed line for bond character points to a
linear trend.

emission energy and probability of finding an electron in the
center correlates to the charge at C,.,, this provides a
plausible description of the experimental result. The full model
is presented in the Supporting Information (Figure S3).

For divalently functionalized species, a slightly less positive
charge on Cg,, is observed for the CF, functionalized species
than for the monovalent CF; species (Figure 2a). This is
consistent with the stronger electron-withdrawing ability of the
latter. However, the former has been experimentally shown to
have a larger redshift.”® Both type I and type II divalent species
exhibit stronger experimental redshifts than would be expected
by the trends of experimental redshifts vs charge at C,,,, for
monovalent species (Figures 3a and S2d). Consequently,
consideration of charge at C,, is sufficient to qualitatively
describe optical energies, but we find that bond character plays
an additional role in the case of divalent defects. The type II
divalent defect (C¢H,) has slightly lower s-character (29.77%)
for Cy than either of the monovalent counterparts (29.82%,
and 30.05% s-character for benzene and bromobenzene,
respectively). This effect is even more pronounced for type I
divalent defects, where the s-character for Cg, in CF, and
CH, is substantially reduced from that of CF; and CH;. As will
be further shown in a later section, the stronger redshifts in
divalent species can be attributed to lower s-character in the
Chunct—Cavent bond at Cg. Since there is not a direct
correlation between charge at C,, and s-character in this
bond (Figure S4), the effects of these two system parameters
must be considered independently.

2.2. Stabilization in Divalent Species Due to Hybrid-
ization. Due to the rigidity of the system, the type I divalent
species demonstrate a significant decrease in bond angles at
Cunce accompanied by a significant decrease in s-character in
the bond to the SWCNT. This effect is most pronounced for
the ortho-Ls, species where the bond angle is reduced to 62°,
significantly below the 109.5° expected of sp® hybridized
carbon atoms. For ortho-Lg, this effect is much less
pronounced, with a 93° bond angle (Figure 2c). As with
charges at Cg,,;, the bond character is primarily influenced by
the angle of functionalization with respect to the SWCNT axis.
Near-planarity between the Cg,,,—Cy,cne bond and remaining
two bonds of the SWCNT results in an increase in s-character
approaching the 33% of sp” hybridized carbons for near-
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circumferential functionalization. In contrast, axial functional-
ization generates sp®> hybridization with 25% s-character
(Figure 2b). These hybridizations affect the system stability
for different defect geometries.

We have previously shown that the thermodynamic
stabilities of monovalent aryl-functionalized SWCNTSs with
different defect geometries differ by less than ~0.5 eV.”” This
is true for both ortho and para configurations. The complex
kinetics of chemistry in solutions due to the variety of reaction
pathways may overcome these differences, and therefore the
formation of all species is energetically viable in practice.”’
Functionalization with monovalent groups other than aryl does
not change this overall picture or the relative energetics of
different functionalization configurations: ortho functionaliza-
tion is typically more stable than para with the energy
stabilized from 0.01 eV up to 0.5 eV, as depicted in Figure SS.
Electron-withdrawing groups result in minor changes in overall
stabilities, but the trends are overall retained. The increased
rigidity of divalent systems, however, is met with significant
changes in stability. For type II divalent functionalization,
interaction with two adjacent carbon atoms in the aryl group
leads to more significant differences in stability for ortho versus
para species. In this case, additional bond-angle strain is
introduced in the latter. This effect is accentuated for
functionalization along the SWCNT circumference in the Ly,
direction due to the curvature of the SWCNT. This results in a
significant increase of energy by 3.8 eV for these species
(Figure S5).

For type I divalent functionalization, the condition of
functionalizing two carbon atoms in the SWCNT with a single
functional-group atom results in significantly tighter geo-
metrical constraints. For ortho functionalization at angles far
from the SWCNT circumference (Ly, and L_5,), the necessary
bond lengths and angles to meet these constraints lead to sp*
hybridization similar to that for monovalent species.
Consequently, the s-character in this bond is 20—25%, Figure
2b. Type I divalent functionalization along the SWCNT
circumference (Lqy), however, generates very different bond
character. Both carbon atoms of the SWCNT in this
conformation retain their sp> hybridization as shown by nearly
30% s-character, Figure 2b. The z-orbitals of these atoms are
oriented perpendicular to the tube surface in a similar way to
the unfunctionalized sp? hybridized tube atom, Figure 2c.
Allowing the two SWCNT atoms involved in the bond to
retain their sp> hybridization stabilizes divalent species with Ly,
defect geometries by ~1 eV, Figure SS. As with divalent type
I, para configurations of divalent type I systems are
destabilized due to angle strain. In this case, the destabilization
is so significant that the optimal geometries were not accessible
(i.e., no minima in the potential energy surface were observed).
These results suggest that type I divalent species (such as CH,
and CF,) would be expected to form only ortho config-
urations, since para configurations are unstable. Furthermore,
the ortho-Ly, defect geometry is expected to be substantially
more stable than any other. Previous spectral results with
monovalent species suggested the generation of both the
ortho-L3y and ortho-Ly, defect geometries, where the former
leads to E, * spectral features.””** Similar functionalization
with divalent species is expected to exhibit reduced spectral
diversity due to the formation of exclusively the ortho-Ly,
defect geometry.

To validate this expectation, we have performed spectral
measurements on (6,5) SWCNTs functionalized with
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monovalent methyl (CH;) groups as well as divalent CH,
and CF, species (see Methods). We use the spectral features of
these different systems to determine which functionalization
configurations are generated, Figure 4. Experimentally, the
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Figure 4. Low-temperature (4 K) emission spectra for individual
(6,5) SWCNTs functionalized with (a) CH;, (b) CH,, and (c) CF, as
well as the respective ensemble level spectra (d—f). The ensemble
level spectra are obtained from individual tubes using a wide area (50
um) illumination and are effectively histograms of the occurrences of
the wavelengths in the single-tube spectra. Each spectrum (d—f) is
thus an average response over a large number of individual SWCNTs.
The vertical red dashed lines indicate the boundary between E;;* and
E,,*” emission features. Due to the instability of the functionalization
configurations that lead to their generation, E|;*” emission features
are absent in the case of type I divalent functionalization with CH,
and CF,.

nanotubes exist in a relatively disordered surfactant environ-
ment, which can translate to individual defect sites
experiencing significantly different dielectric environments,
thus producing a broad range of emission energies even for
identical binding configurations. Despite this, divalent systems
exhibit noticeably reduced spectral diversity over their
monovalent counterparts. The single tube spectra for
functionalization with monovalent CH; exhibit features
extending to 1250 nm and longer wavelengths (Figure 4a),
while the divalent spectra exhibit these features less frequently
(Figure 4b and Figure 4c). The more statistically relevant
ensemble spectra for the monovalent CH; exhibit spectral
features at wavelengths longer than 1200 nm, even extending
to 1275 nm (Figure 4d). Both divalent species, however, are
devoid of E| *” features at wavelengths higher than 1200 nm
(Figure 4e,f and Table S1), which can be understood by the
absence of ortho-L;, configurations in these systems. Divalent
spectra instead are dominated by features attributed to the
stable ortho-Ly, species. Furthermore, due to the requirement
that two atoms in the SWCNT bond to a single atom in the
functional group, greater bond-angle strain is expected with
type I over other types of divalent functionalization. As a result,
the large strain in para-functionalized species precludes their
formation. The similarity of the features that are shared by
both monovalent and divalent functionalized systems (Figure
4a and Figure 4b) therefore supports the exclusive formation
of ortho-functionalized species since para- functionalized types
are energetically forbidden for these divalent species.

DOI: 10.1021/acs.chemmater.9b01438
Chem. Mater. 2019, 31, 6950—6961


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01438/suppl_file/cm9b01438_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01438/suppl_file/cm9b01438_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01438/suppl_file/cm9b01438_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01438/suppl_file/cm9b01438_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b01438

Chemistry of Materials

a) 8 T T b) T II T T C) 40 T II T T
—— Ortho Lg, 1 1~ Cswent - funct
< I < 351 [ R E
?‘.’, N | 0.0 | Covent 1 = | Crunct - swent
> 2 i Chunat 9 30+ 1
@ S 011 ! i 6 !
2 44 d o L I © 254
w o I ©
© (@] 5 20
5 2] 1 -0.2] ! 1 9
| 15
|
0 T T T T -0.3 T T T T 10
12 14 16 18 20 22 12 14 16 18 20 22 1
q Length (A) Length (A)
,\) 32 — ©) 550 — f) 3s00
Ll Z —_ 1.
o\ﬁ Benzene  Aryl Groups| 2} 2?3_ . Eus ] 3000
< CeH, Alkyl Groups| c ] ]
= oF : D 400 ] 2500 -
2 . 3 Divalent 3 350 1 2
becesreresbbes & CF,CF, = ‘@ 2000
o : « cr. Groups B8 300 1 < ]
T 26 : | 2CH,CF 2
< ‘ .CFs c 250 1 £ 15004
O : L £ 200 1 =
5 24- L gCH, 2
2 I £ 150 1 1000+
5 @ CH o
| I [ @ 1004
om 22 Scan Data || Q 500 4
5 © OptGeom |i | < 50
2 20 T T 0 s 0 T T T T
O 43 14 15 16 1.7 17 18 19 20 21 22 09 10 11 12 13
Bond Length in Scan (A) Energy (eV) Energy (eV)

Figure S. Calculated properties of methyl-functionalized (6,5) SWCNTs while varying the distance between the SWCNT and functional group.
Each geometry was functionalized with two methyl groups in the ortho-Ly, functionalization configuration, and the distance between the SWCNT
and functional groups was varied (scanned) homogeneously. (a) Total energy above the minimum over the scan coordinate, (b) charges on both

C

swent a0d Cgp represented with black and red curves, respectively, (c) bond character in the region of the defect, including each of the three types

of SWCNT atoms (green, red, and blue curves representing the s-character in Ly, Loy, and L_3, bonds, respectively), Cqene (black curve), and Cgyp
(black dashed curve). The curves for Ly, and L_;, functionalization overlap and appear as a single blue curve. (d) Interpolation of the bond length
in the continuous model (from panel c) that corresponds to the same bond character as directly calculated each functionalization species, (e)
optical transition energies for different ortho-Lo, species with varying bond length as calculated, and (f) experimental spectra of functionalized (6,5)
SWCNTs in solution phase. Due to approximations in the computations, only the qualitative energy shifts with respect to C—C bond length are of
interest and the absolute energies calculated are not comparable to those of the experimental spectrum in panel f. We note that marginal differences
in E;; energies in panel e are likely the effect of a finite-length computational system.

2.3. Role of Hybridization on Optical Properties. To
computationally demonstrate the effects of hybridization in the
region of the defect on optical properties in divalent systems, a
series of methyl-functionalized (6,5) SWCNTSs were generated.
In this model, two methyl groups functionalize a SWCNT. The
bond character was continuously varied by simultaneously
scanning the bond lengths between the SWCNT and both
methyl defects as represented by r; and r, in Figure I.
Transition energies and bond characters were calculated for
each system. Because of it is prevalence in experiment, we will
focus on the results from performing this analysis on an Ly,
defect. However, the results on an L;, defect are largely similar
and are presented in the Supporting Information. As the bond
lengths increase, the “degree of functionalization” decreases
and Cg,, closely represents that in a pristine SWCNT
(limiting case of sp® hybridization) accompanied by the
formation of a charged functional group (Figure Sb). The most
stable system is observed for a Cgy—Cpgunee bond length of
1.58 A, Figure Sa. This is the geometry at which Cy,, is sp®
hybridized and the s-character is ~25% in all its bonds, Figure
Sc. Decreasing the bond length below this equilibrium value
increases s-character at both Cg,, and Cg, The resulting
changes in optical properties are marginal, with only a slight
decrease in redshift of E;;*, Figure Se (from green to purple
curves). Increasing the bond length results in a decreased s-
character of each Cg,,, from ~25% for strongly interacting
systems to ~10% for weakly interacting systems. This parallels
the decreased s-character at Cg,, previously discussed for
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divalent species. This effect is met by an increase in the
calculated redshift of E; *. In contrast with decreasing the
bond length from equilibrium, elongating this bond results in
noticeable redshifts up to ~0.07 eV, Figure Se (from green to
red). This prediction agrees with experimental spectra of both
monovalent and divalent functionalized (6,5) SWCNTs in
solution phase, Figure 5f. The spectral features of CH, are
significantly red-shifted from those of CH;. The charge at
Cgwent in both of these species is predicted to be very similar
(Figure 3a). The redshift can be rationalized by the decreased
s-character for Cg,,, for the CH, group compared to CH;. In
fact, the s-character of Cg, for divalent type I groups in the
bond with Cg,, is lower than that of monovalent CH; (see
Figure SI, top right), which explains the trend in E;;* peaks
well. With this observation, it is possible to break down the
role of bond character in both carbon atoms that participate in
the SWCNT-functional group bond. Specifically, the s-
character of the SWCNT-functional group bond in Cg, and
Ciwent controls the energies of the optical features and relative
stabilities, respectively. Further redshift is experimentally
observed going from CH, to CF, (Figure 5f). This redshift
is due to charge as the s-character in these systems is similar
while the electron-withdrawing abilities of the fluorine atoms
drastically alter the charge at Cy,,, (Figure 3a).

Thus, examining s-character in Cg,,. provides a strategy for
estimating the degree to which the redshift of E;;* is affected
by hybridization for divalent functionalization. An s-character
range of 30—20% is observed for SWCNT-methyl bond
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lengths from 1.4 to 1.8 A (Figure S7c). The E;* variation
corresponding to this bond length range is 1.77—1.83 eV
(Figure S8). It can be therefore expected that changes in
hybridization in the vicinity of the defect generate redshifts of
~0.06 eV. As expected, this functional group dependence only
applies to E;* and does not affect the pristine-based E,;
transition (Figures S8 and S9). Because the bond character
characterizes bonds adjacent to the functional group, variation
in localization of the excited state wave function in this region
is the origin of the redshift. As the degree of s-character of
bond between the SWCNT and functional group decreases,
the s-character in the bonds between C,, and the other three
SWCNT carbon atoms increases (Figure S7c). The 7z-orbital
overlap becomes more similar to that between two sp*
hybridized carbon atoms. This results in the additional 7-
orbital perpendicular to the SWCNT surface relocating
electron density closer to the defect (similar to the orbitals
presented in Figure 2c). In this way, hybridization at the defect
site results in the redshifts consistent with the exciton
localization that has been previously described.”” Collectively,
all the data suggest that inductive effects from species with
electron-withdrawing groups lead to electrostatically induced
exciton localization, while bond character in the vicinity of the
defect results in hybridization-based localization. Estimating
the redshift from functionalization with any given species
requires accounting for both effects.

2.4. Defect Sites Associated with Type Ill Divalent
Functionalization. It is unknown if type III divalent
functionalization generates a single large defect or two distinct
defect sites. Toward addressing this question, we consider two
distant sites, each functionalized with methyl groups, and in
the presence (Scheme le) or absence of auxiliary groups
(Scheme 1d). Computationally, we find that the intensity of
the E;;* emission band becomes significantly quenched as the
separation between functional groups increases when H atoms
are not included as auxiliary groups (Fi§ure 6). This is
consistent with previous modeling efforts>*’ and indicates
that functionalization exclusively with a group that bonds to
the SWCNT at two distant locations without auxiliary groups
would result in lower-intensity emitting features. This is not
consistent with the experimental observations that the energies
and relative intensities of E;;* and E;;*  are essentially
unchanged for monovalent versus type III divalent function-
alization.*> However, when each of the two distant defects is
further functionalized with a second hydrogen atom (as in
Scheme 1le), the optical features in the energy range observed
are similar to the case with only a single defect site (solid
curves in Figures 6 and S10). The precise peak energy is
dependent on the functionalization configuration at each
defect and is consistent with the trends observed from the
monovalent functionalization. Since the experimental results
exhibit insignificant changes in optical energies, we conclude
that type III divalent functionalization generates independent
defect sites each functionalized with the auxiliary species.
Hence the resulting structures have optical features only
marginally shifted from their monovalent counterparts.

Thus, type III functionalization results in the generation of
two distinct defect sites in close proximity, each with a distinct
configuration. It is reasonable to expect that the formation of
the two distinct defect sites occurs sequentially, and therefore
the presence of the first defect may influence the configuration
formed in the second. Increased s-orbital misalignment in
certain SWCNT bonds results in an increase in chemical
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Figure 6. Absorption spectra calculated for type III divalent
functionalized compounds in the Ly, direction. For dashed curves,
two methyl groups were used in ortho and para configurations on the
same hexagonal ring as well as in 1,6-, 1,8-, and 1,10-positions on
different hexagonal rings. For solid curves, hydrogen atoms were
added to each defect site in ortho positions along the Ls;, Lgy, and
L_3 configurations for red, blue, and green curves, respectively. The
vertical line represents the energy of E;;* of the ortho-Ly,
configuration.

reactivity.**>* If the generation of the first defect impacts such
misalignment in the nearby bonds for the SWCNT lattice, it
would then have directing effects on the second group by
activating certain bonds to further react. To evaluate bond
reactivity in the presence of a single defect, we have performed
a POAV2 analysis (see Methods) on the bonds surrounding
such a defect. We find that the bonds that lie along the axis of
the SWCNT from the first defect experience increased 7-
orbital misalignment independent of the binding configuration
of the first defect, while the bonds that lie circumferential to
the defect are subjected to an opposite trend (Figure 7). For
functionalization along the ortho-Lgy bond (which has been
shown to be the most reactive for (6,5) systems),"* a greater
misalignment is observed in the remaining ortho-Ls;, and
ortho-L_;, bonds than that for ortho-Ly, bonds (Figure 7).
These bonds would then be more reactive, and the presence of
a defect in the ortho-Ly, orientation would preferentially form
further defects at ortho-Ls, and ortho-L_3, configurations. This
directing effect on the second defect would then lead to growth
of the E;*  spectral features, in agreement with spectra
previously reported for type III systems.”” This effect falls off
with greater distance from the first defect (Figure 7), also in
agreement with previous spectroscopic results showing that
short alkyl chain linkers in type III divalent functionalized
species generate stronger E;;* emission features.” As the
alkyl chain linkers increase in length, the second defect
becomes more distant from the first one and this feature is
weakened. In the large separation limit, our results indicate
that both defects will have a preference to adapt the ortho-Lg,
configuration, and the resulting emission spectrum is expected
to exhibit more intensity in the E;;* PL band. These results
demonstrate that the relative intensities of E,;* and E;;*” in
type III divalent systems are subject to differences in functional
configurations formed in the presence of two coupled defect
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Figure 7. Change in 7-orbital misalignment angle from that for a
pristine SWCNT after generating a defect in the (a) L, (b) Loy, and
(¢) L_so functionalization configuration. The black atoms are those
that are functionalized. Bonds highlighted in red become more
reactive due to an increase in misalignment angle resulting from the
defect, while bonds highlighted in blue exhibit lower misalignment
angles and therefore decreased reactivity. Reactivity effects diminish
with distance from defect.

sites. It is notable that the relative intensities of these two
features will further depend on the degree of exchange of the
excited state between the two defects in close vicinity. Such an
exchange could occur via tunnel hopping, thermal detrapping/
trapping, or others. This would result in draining of population
from the energetically shallower states to the deeper states and
would effectively result in the generation of a single
photoluminescence feature. Regardless of the mechanism,
this result requires the production of two defects of different
geometries in close proximity. Our analysis of the directing
effects of the initial functionalization site thus provides an
explanation for the previously reported spectral response of
type III systems.*> When compared to the spectroscopic results
observed for type I divalency (Figure 4 and also ref 16), it
becomes clear that divalency alone is not sufficient as an origin
for enhancement of the E,;*~ spectral features.

2.5. Concentration Dependence for Monovalent
Functionalization. In addition to type III divalent systems
with linking chains, the aforementioned directing effects are
expected to play a role for monovalent species as the reagent
concentration rises. The generation of defects can be expected
to be random. However, in the case of high reagent
concentrations (leading to a dense surface coverage) some of
the defects would be generated in close proximity to an
existing defect. As a result, the previously mentioned directing
effects are expected to play a role at high concentrations,
manifesting in the strengthening of the E;;*~ band. To test this
hypothesis, we have functionalized (6,5) SWCNTs at varying
concentrations of 3,5-dichlorobenzene diazonium reagents to
generate increasing surface concentrations of defects. These
results support our expectations: at low concentrations,
exclusively E; * is observed (see Figure 8). However, higher
concentrations result in the rise of the E;;*~ spectral features
(Figure 8) due to interacting sites formed in close proximity to
existing defects. These results further demonstrate the
directing role of a single defect on the sp lattice and provide
an additional method of tuning the relative intensities of
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Figure 8. Concentration dependence on emission intensities for 3,5-
dichlorobenzene-functionalized (6,5) SWCNTs. For low concen-
trations (0.002 mg/mL), only the E;;* emission feature is present.
However, at higher concentrations (0.020 mg/mL), the E; *~ feature
becomes prominent.

spectral features in functionalized SWCNTs. While the
directing effect is demonstrated here as an important factor
for relatively simple diazonium chemistry, it may also be
relevant to more complex functionalization chemistry.
Reactions involving more elaborate diazonium species or
propagative carboxylation,”” as examples, can also introduce
pronounced E;;* bands®® but may depend on additional
factors beyond the directing effects discussed here.

3. CONCLUSIONS

Our experimental and computational study across a rich variety
of divalent functional groups suggests that inductive effects are
the most significant factor governing the energies of optical
features in covalently functionalized SWCNTs in agreement
with previous results.”® Importantly, however, the bond
character (hybridization) at the defect site must be added as
a significant descriptor. The former can be characterized by the
charge on the carbon on the SWCNT surface (Cg,.,), which is
influenced by the electron-withdrawing nature of the adduct
independent of valency or binding configuration. This charge
at Cg,. results in a redshift due to an additional electron
localization near the defect site. The trend describing the
experimentally observed redshift with respect to the charge at
Cqwent 1S exponential in nature for all monovalent species.
Divalent species such as >CH, and >CF, generate a stronger
redshift than this exponential trend would suggest. Our
computational models suggest that this is due to differences
in hybridization observed at the defect site associated with
divalent species. Trends in both charges at Cg,., and
hybridization are dependent on angle of functionalization
with respect to the SWCNT axis for different binding
configurations.

As a route to quantifying hybridization, the degree of s-
character of the SWCNT-functional group bond at Cg,, is
highly dependent on the binding geometry, where a sharp
increase in s-character is observed for ortho configurations
oriented along the SWCNT circumference. Due to preferred
bond angles of ortho-Ly, divalent species, such conformations
result in a significant thermodynamic stabilization justifying the
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experimental presence of only spectral features associated with
this configuration. Furthermore, only ortho configurations of
type I divalent species (Scheme 1b) are plausible, due to a
significant steric strain associated with the para species.
Furthermore, divalent species exhibit spectral features very
similar to monovalent species, indicating the similarity in
chemical binding for both. Since divalent species are unable to
functionalize in para configurations, this further underscores
that experimental spectra for monovalent species are the result
of exclusively ortho-functionalization.™

Distinct trends emerge when comparing the calculated
natural charges of Cg,, to the experimental redshifts, where
the divalent defects exhibit stronger redshifts compared to their
monovalent counterparts. These trends are more consistent for
data from the ortho configuration functionalized along the
circumference of the SWCNT, further corroborating its
formation. The discrepancies between the monovalent and
divalent trends can be explained by the impact of hybridization
at Cg,,, where reduced s-character in the SWCNT-functional
group bond emerges as the result of bond angles imposed by
type I divalent functionalization and generates stronger
redshifts of E, *. This is validated through development of a
model that characterizes the impact of such bond character on
the optical properties in a continuous fashion. The model
demonstrates how divalent functionalization impacts hybrid-
ization in SWCNTs and describes the corresponding redshift
of optical properties for the first time. Our results further
suggest that functionalization by divalent species with spacers
(type III) results in two independent defect sites, each also
functionalized with an associated auxiliary group (such as —H
or —OH). Here rigid structural characteristics of the reactant
(such as alkyl chains) control the distance between two defect
sites. We suggest that the placement of the first defect site
impacts the reactivity of nearby bonds and thus results in the
directed generation of only specific configurations for the
second defect site. This effect also is expected to appear, and is
observed experimentally, in monovalent systems with high
surface coverage of defects due to high reagent concentration.

Thus, this study demonstrates that manipulation of both
inductive effects and bond character is a practical strategy for
precise tuning of optical properties of functionalized SWCNTs.
Such directing effects in attaining desired divalent binding
configurations are not yet widely harnessed for control of
nanophotonic behaviors. Our work shows the potential utility
of these effects for controlling light emission in SWCNT's and
other materials, for example, providing an important route for
narrowing response to a single emission line. The emerging
understanding of the origins of emission energies suggests the
rational design and selection of dopants that is currently
limited to purely empirical choices, an essential stepping-stone
toward use of these materials in practical applications.

4. METHODS

4.1. Computational Methods. We utilize density functional
theory (DFT) and time-dependent DFT (TDDET)* to simulate the
electronic structure and optical properties of finite-length tube
systems. Due to the abundance of experimental data detailing the
divalent functionalization, SWCNTs of (6,5) chirality were utilized in
this studg. Pristine systems were generated with Tubegen 3.4
software.”” SWCNTSs of experimental relevance are on the order of
micrometers in length, which are 6prohibitively expensive for
nonperiodic computational models.”®*”® A finite system of 12 nm
in length was constructed with dangling bonds at the ends passivated
with hydrogen atoms, a scheme that has been shown to properly

6958

replicate the electronic and optical properties of (6,5) SWCNTs and
preserve proper scaling relationships.”®> A single methyl group and
hydrogen atom were used to functionalize the SWCNT in three
distinct orientations with respect to the SWCNT axis. These
configurations have been previously described as synthetically relevant
species.”” Figure la highlights the bonds between the attachment
point of the methyl and hydrogen species lying along L;y, Loy, and
L_3, directions in red, blue, and green, respectively. The resulting
structures were optimized using the CAM-B3LYP®® density functional
and STO-3G basis set®* as implemented in Gaussian 09 software.®®
This methodology has been successfully implemented to calculate a
range of functionalized SWCNT phenomena, including optical
energies and reorganization energies.”® The methyl group on the
resulting optimized geometries was substituted with other functional
groups (as presented in Scheme 1) to generate a series of structures
with varying electron donating/withdrawing abilities and different
bond characters. The geometries of all resulting structures were
optimized with the aforementioned methodology, and the energies of
optical features were calculated as previously reported elsewhere.””’
In order to describe the redshift in terms of both inductive effects and
bond character, a natural bond orbital (NBO) analysis is performed
on both of the carbon atoms participating in the bond between the
functional group and the SWCNT using NBO v3.°° In this way, the
charge on the carbon atom in the functional group (“Cg,.") reflects
the group’s electron-withdrawing ability, while the s-character of the
carbon atom in the SWCNT (“Cg,.,.”) represents the bond character
of the species. All calculations were performed for isolated systems
using Gaussian 09 software.®® This methodology was successfully used
for optimization of all ortho-functionalized species. For divalent
species, para configurations are unstable due to the strong angle strain,
and therefore the functional groups translate along the tube resulting
in ortho-functionalization independent of the starting geometries.

While the methodology presented here was successfully used to
calculate the absorption and emission features for all functional
species (Figures S11 and S12), the predicted trends are not entirely
consistent with experimental observations,” likely due to the effect of
solvent molecules and surfactants in real systems as well as the
complex interplay between inductive and hybridization effects
discussed throughout this report. Despite this, the ground-state
calculations successfully establish the effect of changing functionaliza-
tion species on bond character and charges in the vicinity of the
defect. To further explore the effect of bond character on optical
properties, two series of geometries were generated, for which bond
length was varied (“scanned”) between the SWCNT and the
functional groups. In the first set of scan structures, the distance
between Cg,, on a single methyl group and the C,.,,, was varied with
a hydrogen atom fixed to an adjacent carbon atom (labeled by r, in
Figure 1a). In the second set of scan structures, the distance between
the SWCNT and two adjacent methyl groups was homogeneously
varied (both bonds labeled r; and r, in Figure la). These two
geometries simulate the functionalization of a SWCNT with a
monovalent and divalent species, respectively. Both sets of structures
were constructed with bond lengths varying from 1.0 to 2.2 A every
0.05 A. This method allows for characterization of the bond character,
localized charge, and optical properties for differing degrees of
functionalization. Charges and s-character on Cgy,; and Cg, in the
region of the defect are determined by performing a NBO analysis as
implemented by Gaussian 09. The absorption features of each
geometry are determined using the same methodology as described
above for different functionalization species. Such features are
sufficient to describe the role played by hybridization on emission
features as previous studies have demonstrated consistency between
absorption and emission features, with only configuration-dependent
Stokes shifts.

Type III divalent compounds were simulated using the same
methodology described above by functionalization of the SWCNT
with two methyl groups placed at distant positions. Such positions
were chosen to keep the vector between the two functional sites to lie
along one of the three bonding directions previously described. Since
long bridging alkyl groups are expected to have minimum impact on
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the electronic structure and simply serve as “spacers” directing
functional groups to distant positions on the SWCNT, they are
neglected in these calculations. Furthermore, the orientation of
functional groups has been previously shown to be the predominant
effect governing optical transition energies predicted by these
calculations, whereas the exact functional group is of much less
significance. Therefore, methyl groups were used to disrupt the sp*
hybridization in different orientations for computational simplicity. In
a first set of calculations, the closed-shell systems were maintained
through functionalization with only two methyl groups at distinct
functional sites, effectively representing functionalization with a single
bridged molecule. To demonstrate the optical effects of formation of
two distinct dopant sites, similar calculations were performed with a
second hydrogen atom at each functionalization position. Bond
reactivity was analyzed by considering the misalignment of the z-
orbital axis vectors (POAV),”~*° which are defined as the vector that
is equiangular to the bonds to other atoms. This analysis is possible
from optimized geometries, as has been previously described for the
POAV2 method.>" This allows for the characterization of bond
reactivity, where a higher orbital mismatch generates more reactive
bonds.

4.2, Experimental Methods. Preparation of (6,5) Enriched
SWCNTs. (6,5) SWCNTs that were individually suspended in 1 wt %
sodium deoxycholate (DOC) were obtained following aqueous two-
phase separation method, as reported previously.”” Before covalent
functionalization, DOC was exchanged with sodium dodecyl sulfate
(SDS) by centrifugational exchange against a 1 wt % aqueous SDS
solution.™

Divalency Dependent Measurements. Prior to aryl functionaliza-
tion, the nanotube concentration was adjusted to an optical density of
~0.1 at E,; peak absorption and then reacted with alkyl halides and
NaHCO; (EMD Chemicals, HPLC grade) at pH 8. For monovalent
functionalization with CHj;, 2 uL of iodomethane (Sigma-Aldrich,
>99.0%) was used. For divalent functionalization with CH, or CF,,
we added 1.2 yL of diiodomethane (Sigma-Aldrich, 99%) or 0.16 uL
of diiododifluoromethane (SynQuest Laboratories, 95%) to the
nanotube solution. A small amount (16 uL) of acetonitrile (Acros
Organics, HPLC grade, 99.9%) was also added to facilitate dissolution
of alkyl halides in the aqueous solution. After incubation for 1 h, an
excitation—emission PL map with the excitation from 300 to 800 at 5
nm increments was collected. The reaction was quenched by solvent
exchange with 1 wt % DOC.

Room Temperature Photoluminescence Spectroscopy. Solution-
phase ensemble photoluminescence spectra were obtained for
SWCNT samples in D,0O using a Horiba Nanolog spectrofluorometer
incorporating an 850 nm long-pass filter in the collection path.

Low Temperature Photoluminescence Spectroscopy. Individual
nanotube spectroscopy experiments were performed on a home-built
microscope-PL system at temperature between 3.9 and S K.
Functionalized SWCNT samples on glass covers coated by
polystyrene were loaded into a continuous-flow liquid He cryostat
(Oxford Instruments). A continuous-wave (CW) Ti:sapphire laser at
854 nm with an average power of ~2 §W was used to excite (6,5)
SWCNTs at E,; phonon sidebands. An infrared objective (Olympus)
with NA = 0.65, X50 magnification was used to focus the laser beam
and collect the PL signal. PL images and spectra were taken with a
two-dimensional InGaAs array camera and one-dimensional InGaAs
linear array detector, respectively.

Concentration Dependent Measurements. Prior to aryl function-
alization, E,, optical density was adjusted to ~0.03 in a 3 mm path-
length cuvette. Then amounts of S uL of 0.002 mg/mL, 0.00S mg/
mL, 0.01 mg/mL, and 0.02 mg/mL aqueous solution of 3,5-
dichlorobenzene diazonium tetrafluoroborate salt (Aldrich) were
added to different aliquots of 200 L of SWCNTs in 1 wt % SDS. The
SWCNT solutions were irradiated with 570 nm excitation (10 nm
bandpass) from a 450 W xenon arc lamp of Horiba Nanolog
spectrofluorometer. The doping reactions were quenched after 1 min
of reaction time by addition of 22 uL of 10 wt % aqueous DOC
solutions.** Final spectra were obtained after addition of the DOC.
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