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We report the first-order hyperpolarizabilities (frs values) of individua-
lized, length-sorted (700 + 50 nm long) (6,5) SWNTs and corresponding
polymer-wrapped (6,5) SWNT superstructures. These SWNT-based nano-
hybrids feature semiconducting polymers that wrap the SWNT surface in
an exclusive left-handed helical fashion. Manipulation of the polymer
electronic structures in these well-defined nanoscale objects provides a
new avenue to modulate the magnitude of frs at long wavelength
(1280 nm).

The unique optical” and electrical properties® of semiconducting
single-walled carbon nanotubes (SWNTs) fuel the development of
SWNT-based nanohybrid materials for opto-electronic, and photonic
applications.® The near infrared (NIR) electronic absorptive
spectral signatures of SWNTs suggest these nanoscale structures
as components of non-linear optical (NLO) materials relevant to
the telecommunication spectral window (1000-2000 nm). While
SWNT linear optical properties are well characterized, only a
handful of studies have examined the NLO responses of SWNT-
based materials.>® Challenges faced in characterizing carbon
nanotube NLO response include: (i) probing SWNT samples that
feature homogeneous composition; (ii) organizing SWNTs into
hierarchical mesoscale materials that preserve electro-optic
properties manifest at the single-tube level; and (iii) developing
non-destructive SWNT functionalization strategies that exploit
pristine nanotubes and hyperpolarizable chromophores and give
rise to new materials having enhanced NLO properties.
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In contrast to covalent sidewall functionalization that disrupts
the delocalized nanotube electronic structure, molecular surfactants
exfoliate and individualize semiconducting SWNTs. Non-covalent
surfactant functionalization of SWNTs, however, suffers from the
inabilities to: (i) control the stoichiometry of molecular NLO dipoles or
octopoles at the nanotube interface, (i) structure electro-optically
functional SWNT-based nanohybrids over macroscopic length scales,
and (iii) engineer nanotube-soft matter assemblies in which NLO
properties can be rigorously elucidated and ultimately modulated.
This latter challenge is of critical importance, as optimization of first-
and second-order hyperpolarizabilities requires fundamental new
insights into the design of hybrid nanomaterial electronic structures.

Here we report for the first time the second order NLO
responses of SWNT-based nanohybrid compositions based on
(6,5) chirality enriched, length-sorted (700 + 50 nm long) SWNTs
([(6,5) SWNTs]), and chiral polymers that have previously been
established to wrap SWNTs in an exclusive left-handed helical
fashion (see ESIT).” All of these polymer-SWNT superstructures
have been structurally characterized.”® The semiconducting
polymers S-PBN(b)-Ph,PZn, and S-PBN(b)-Ph,PZn; feature
respectively dimeric and trimeric meso-to-meso ethyne-bridged
(porphinato)zinc(u) units integrated into the conjugated polymer
backbone,"® while the S-PBN(b)-PZnRuPZn polymer exploits a
PZnRuPZn supermolecular chromophore in the polymer repeat
unit where (porphinato)zinc(un) (PZn) and ruthenium(u)polypyridyl
(Ru) structures are connected via a macrocycle meso-to-4'-terpyridyl
ethyne bridge."*"® It is important to note that PZn,, PZn;, and
PZnRuPZn monomers have been established as potent octopolar
NLO chromophores.'*'> Depictions of the polymer-SWNT super-
structures based on these established NLO-active chromophores,
S-PBN(b)-Ph,PZn,-{(6,5) SWNT], S-PBN(b)}-Ph,PZn;-{(6,5) SWNT],
and S-PBN(b)-PZnRuPZn-[(6,5) SWNT], along with that for a bench-
mark superstructure, PNES-(6,5) SWNT], are shown in Scheme 1.

These chiral polymers are members of a class of highly
charged [arylene]ethynylene polymers that have previously been
established to exfoliate, individualize, and single-chain wrap the
nanotube surface with periodic and constant morphology.’ "
Extensive AFM and TEM data demonstrate a helix pitch length
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S-PBN(b)-Ph,PZn,
[(6,5) SWNT]

Scheme 1

S-PBN(b)-Ph,PZn,
[(6,5) SWNT]

(A) Depiction of a chiral [arylene]ethynylene polymer-wrapped SWNT. (B) Schematic representations of NLO active superstructures S-PBN(b)—

PNES-
[(6,5) SWNT]

S-PBN(b)-Ph,PZnRuPZn
[(6,5) SWNT]

Ph,PZn,—[(6,5) SWNT], S-PBN(b)—Ph,PZnz—[(6,5) SWNTI, S-PBN(b)-Ph,PZnRuPZn-[(6,5) SWNTI, and the control superstructure PNES-[(6,5) SWNT].

of 9 + 2 nm for the nanohybrid polymer-wrapped S-PBN(b)-
Ph,Zn,-[(6,5) SWNT] and S-PBN(b)-PZnRuPZn-[(6,5) SWNT]
super-structures, and 6 + 2 nm for the S-PBN(b)-Ph,Zn;-[(6,5)
SWNT] assembly (Fig. S7-5S10, ESIt). It is important to note that
(i) these semiconducting polymer-SWNT superstructures are
robust in a wide range of aqueous and organic solvents,” "¢
and (ii) this single chain polymer-wrapping mechanism solubi-
lizes the nanotube at a minimal polymer : SWNT molar ratio, and
provides a facile means to organize functional organic moieties
at predefined intervals along the SWNT surface.'> As the NLO
properties of the PZn,, PZn;, and PZnRuPZn units arise from
conformeric populations having D, and D,q symmetries at
ambient temperature in solution,"® probing the first-order hyper-
polarizability of these polymer-wrapped (6,5) SWNT nanohybrids
via the hyper-Rayleigh light scattering (HRS) technique provides
insight into emergent NLO properties of chirality enriched (6,5)
SWNTs, and opportunities to investigate the magnitude to which
the SWNT scaffold impacts the f value that characterizes con-
formationally restricted chromophores.

Linear optical properties. Fig. 1 and Fig. S13 (ESIt) chronicle
ground-state electronic absorption (EA) spectra of polymer-wrapped
(6,5) SWNT nanohybrids and a sodium cholate surfactant-dispersed
(6,5) SWNT (SC(6,5) SWNT]) sample; Table S1 (ESIf) summarizes
key optical transitions and associated full widths at half maximum
(FWHM) that characterize the unbound polymers and corresponding
superstructures. Poly[2,6-1,5-bis(3-propoxysulfonicacid sodiumsalt)-
naphthylene]ethynylene (PNES)"" has been utilized to engineer
a control superstructure, PNES-[(6,5) SWNT],"" in which the highly
charged semiconducting polymer acts solely as a (6,5) SWNT
exfoliating agent. Modest bathochromic shifts of the (6,5) SWNT
E;; and E,, transitions (22 meV and 26 meV, respectively) for
PNES-{(6,5) SWNTs] are observed relative to those characteristic of
SC-[(6,5) SWNTs] in aqueous solvent: previous work suggests that
such modest SWNT E,, spectral shifts derive in large part from
differences in the extent to which polymer-wrapped nanotube
samples are solvated relative to SC surfactant-dispersed SWNTs.'®

Fig. S13A and B (ESIf) display vis-NIR absorption data
pertinent to the S-PBN(b)-Ph,Zn,-[(6,5) SWNT] superstructure
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Fig. 1 Electronic absorption spectra of: (A) S-PBN(b)—Ph,Znz—[(6,5) SWNTs]
(violet) and the unbound S-PBN(b)—Ph,Znz polymer (burgundy) recorded
in 4:6 CH3CN/D,O solvent; [(6,5) SWNT] = 1017 nM. (B) S-PBN(b)—
Ph,PZnRuPZn-[(6,5) SWNTs] (pink) and the unbound S-PBN(b)—PZnRuPZn
polymer (green) recorded in 4 : 6 CHzCN/D,O solvent; [(6,5) SWNT] = 103.1 nM.
Note that in each panel, the spectrum of surfactant-dispersed SC—[(6,5) SWNTSs]
(black) is shown at [(6,5) SWNT] = 94.0 nM.
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and its component S-PBN(b)-Ph,Zn, polymer. The EA spectrum
of the chiral S-PBN(b)-Ph,Zn; polymer presented in Fig. 1A
manifests features reminiscent of the parent meso-to-meso
ethyne-bridged PZn; oligomer: (i) strong and complex absorp-
tive bands that span the UV-vis region (345-550 nm) with two
peak maxima at 399 and 490 nm assigned to B,- and B,-derived
n-m* transitions, and (ii) a low-energy Q-state derived n-m*
transition manifold centered at 808 nm (FWHM = 0.245 eV)
that is polarized exclusively along the long molecular axis."?
Similar to the S-PBN(b)-Ph,Zn,-{(6,5) SWNT] superstructure,
S-PBN(b)-Ph,Zn;-[(6,5) SWNTs] evince substantial Eyy — Eiq
and Ey, — E,, spectral red shifts relative to the SC-[(6,5) SWNT]
composition (39 and 52 meV, respectively; Fig. 1A). The PZn;
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Q,-derived transition manifold maximum in S-PBN(b)-Ph,Zn;-
[(6,5) SWNTS] (Amax = 901 nm) significantly red shifts relative to
that of unbound S-PBN(b)-Ph,Zn; polymer (1,.x = 808 nm).
The spectral breadth of the PZn; Q,-derived transition manifold
of the S-PBN(b)-Ph,Zn;-[(6,5) SWNT] superstructure (FWHM =
0.180 eV) narrows considerably relative to that determined for
the unbound S-PBN(b)-Ph,Zn; polymer (FWHM = 0.245 eV),
congruent with both a more limited range of accessible PZn;
conformers and a dramatically reduced mean torsional angle
between adjacent (porphinato)zinc units when the polymer
wraps the nanotube sidewall.

The chiral polymer S-PBN(b)-Ph,PZnRuPZn exploits a chromo-
phoric motif in which (porphinato)zinc(u) and ruthenium(u)poly-
pyridyl (Ru) units are connected via an ethyne bridge. In PZnMPZn
supermolecules, PZn m-n* and metal polypyridyl-based charge-
resonance absorption oscillator strength are extensively mixed,
and the respective charge transfer transition dipoles of these
building blocks are aligned along the highly conjugated molecular
axis.'#*>'%2° The non-dipolar PZnRuPZn building block defines an
exceptional class of octopolar NLO chromophores: HRS depolariza-
tion experiments show that the measured hyperpolarizability
(Burs values) of these structures arises predominantly from
conformers with torsional angles between the terpyridyl units
and the PZn plane that are approximately equal in magnitude
and opposite in sign, suggesting that modest solution-phase D, or
D,q structural subpopulations of these PZnMPZn chromophores
possess exceptional hyperpolarizabilities."> EA spectra of the parent
S-PBN(b)-Ph,PZnRuPZn polymer and the S-PBN(b)-Ph,PZnRuPZn-
[(6,5) SWNT] superstructure are shown in Fig. 1B. The unbound
S-PBN(b)-Ph,PZnRuPZn polymer evinces spectroscopic signa-
tures associated to PZnRuPZn derivatives: (i) a UV absorption at
311 nm that reflects substantial terpyridine-localized 'n-m* char-
acter, (ii) a strong (¢ = 205000 M~ " cm ") absorption manifold
centered at 460 nm which exhibits significant porphyrin-derived
'n-n* Soret (B) band character, (iii) a visible band centered at
529 nm which exhibits [Ru(tpy),]**-derived singlet metal-to-ligand
charge transfer ("MLCT) character and features contributions
from porphyrin ligand oscillator strength, and (iv) an EA manifold
having a maximum at 710 nm (¢ = 109000 M~' ¢cm™") which
exhibits substantial porphyrinic 'n-n* Q-state character and
augmented oscillator strength that derives from charge resonance
contributions driven by the ethyne-bridged porphyrin meso-
carbon-to-terpyridyl-4-carbon linkage.'*"*>"
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The apparent red shift of the (6,5) SWNT E,, — E;; transi-
tion in S-PBN(b)-Ph,PZnRuPZn-[(6,5) SWNTs] (E;; = 1011 nm,
AEy; = 38 meV) relative to the benchmark SC-(6,5) SWNT]
composition (E;; = 980 nm) is less pronounced than that observed
for S-PBN(b)-Ph,Zn;-{(6,5) SWNTs] (AE;; = 52 meV), and suggests
a weaker electronic interaction of the chiral polymer chain with the
nanotube. Equally notable are the modest bathochromic shift
(19 meV) of the Q,-derived absorption manifold maximum
observed for the S-PBN(b)-Ph,PZnRuPZn-{(6,5) SWNT] superstruc-
ture (Amax = 718 nm; FWHM = 0.154 eV) compared to that recorded
for unbound S-PBN(b)-Ph,PZnRuPZn polymer (A, = 710 nmy;
FWHM = 0.154 eV), and the fact that the superstructure’s

,-derived spectral band shape is essentially unperturbed relative
to that for the free polymer; these data thus suggest that in contrast
to the S-PBN(b)-Ph,PZn, and S-PBN(b)-Ph,PZn; polymers, helical
wrapping of the S-PBN(b)-Ph,PZnRuPZn polymer on the (6,5)
SWNT surface does not significantly impact the conformeric dis-
tribution of its constituent PZnRuPZn chromophores.

Non-linear optical properties of polymer-wrapped [(6,5) SWNTS].
With individualized, non-covalent functionalized PNES-(6,5)
SWNTs] and SC(6,5) SWNTs)], the experimentally observed hyper-
Rayleigh light intensity originating from these well-defined indivi-
dual scattering centers may be related to a single nanotube fugrs
value. The second-order nonlinear nature of this optical response
traces its origin to: (i) the energies of the E;; transitions, (ii) the
intrinsic chirality of these SWNTs, and (iii) for the polymer-wrapped
SWNT samples, the helically chiral nature of the superstructure.” For
the SC(6,5) SWNT] and PNES-{(6,5) SWNT] benchmarks, these
individual nanotube hyperpolarizability (fugrs) values correspond
respectively to 1050 4 140 and 1220 + 160 x 10 *° esu (Table 1);
note that these values are in excellent agreement with the bulk
susceptibility value, ;(Sfy)z, of ~107° esu calculated within DFT in the
local-density approximation (ESIT).*

Table 1 data demonstrate that it is possible to further
enhance the individual SWNT second-order NLO response by
exploiting highly charged semiconducting [arylene]ethynylene
polymers that provide single-handed SWNT helical wrapping.
For the S-PBN(b)-Ph,PZn,-[(6,5) SWNT], S-PBN(b)-Ph,PZn;-
[(6,5) SWNT], and S-PBN(b)-Ph,PZnRuPZn-[(6,5) SWNT] super-
structures, the detailed nature of the furs enhancements
derives from an intricate interplay between modulation of the
electronic properties of the nanotube by the semiconducting
polymer that wraps its surface, and the modulation of

Table 1 purs values for S-PBN(b)—Ph,PZn,—[(6,5) SWNT], S-PBN(b)—Ph,PZnz-[(6,5) SWNTI], and S-PBN(b)—Ph,PZnRuPZn-[(6,5) SWNT] super-
structures, benchmark SC—[(6,5) SWNT] and PNES-[(6,5) SWNT] samples, and those determined for their respective constituents. Note that fswnt is the
measured hyperpolarizability of the individualized (6,5) SWNT, fchromo the value of the chromophoric building block, fimono the hyperpolarizability of the
monomer determined in the free polymer, and fmonowrap is the calculated hyperpolarizability of the monomers determined from measurements of
polymer—SWNT superstructures (see ESI for detailed description of these measurements and calculations)

Opto-electronic material ﬂSWNTa ﬁchromo ﬁmonoa /j’mono,wrapa
SC-[(6,5) SWNT] 1050 & 140

PNES-[(6,5) SWNT] 1220 £ 160 10+ 2 8+2
S-PBN(b)-Ph,PZn,-[(6,5) SWNT] 2040 + 270 410 + 60°° 150 £ 20 95 + 20
S-PBN(b)-Ph,PZn;-{(6,5) SWNT] 1480 £ 190 580 =+ 50° 130 + 20 55 4 20
S-PBN(b)-PZnRuPZn-[(6,5) SWNT] 1720 + 210 800 + 30”2 150 =+ 20 95 + 20

“ Bugs,1280 in units of 107*° esu, irradiation wavelength = 1280 nm. ? fips 1300 in units of 107" esu, irradiation wavelength = 1300 nm.
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chromophore conformation that results from the tight polymer
wrapping around the SWNT.

A rigorous interpretation of the HRS intensity determined
for these polymer-wrapped SWNT superstructures is thus
complicated by the fact that in these chiral assemblies, the
electronic properties of both the polymer and the nanotube are
modulated relative to that of the free polymer and an SC-[(6,5)
SWNT]. While it is possible to measure fgs of the component
elements of these structures [i.e., the SC-[(6,5) SWNT] benchmark,
PZn,, PZn;, and PZnRuPZn chromophores (Bchromo, Table 1),
and that for the polymer repeat unit (f0no, Table 1)], such values
cannot be considered as invariant characteristics of the compo-
nents due to the electronic interplay between SWNT and polymer;
such an analysis is further complicated by the fact that it is not
possible to make conclusions regarding specific phase relations of
the polymer- and SWNT-derived signals that contribute to the
measured NLO response.

Within the scope of these considerations, certain qualitative
conclusions may be made regarding the factors that contribute to the
NLO responses determined for the S-PBN(b)-Ph,PZn,-{(6,5) SWNT],
S-PBN(b)-Ph,PZn;-{(6,5) SWNT], and S-PBN(b)-Ph,PZnRuPZn-[(6,5)
SWNT] superstructures. If the principle contributors to the enhanced
hyperpolarizabilities in these constructs derive from the modest
extent to which the (6,5) SWNT is electronically perturbed relative
to the SC-(6,5) SWNT] benchmark (Bugs = 1050 x 10~ *° esu), and
the degree to which polymer wrapping modulates the NLO response
of the chromophore component of the polymer repeat unit, these
superstructures may be approximated as two-component systems,**
and an estimate Bmonowrap (Table 1), the monomeric chromo-
phore hyperpolarizability when wrapped around the SWNT, may
be obtained. Note that in these superstructures, the lowest-energy
absorption maximum (Table S1, ESIt) red shifts relative to the
analogous absorption of their respective polymeric components.
Given the HRS 1280 nm fundamental irradiation wavelength, each
of the low energy transition manifolds in these superstructures
shifts away from the 640 nm second-harmonic wavelength: the
degree of two-photon resonance enhancement hence decreases for
each superstructure relative to that for the component polymer.
As this red shift correlates with the extent of chromophore
unit planarization, SWNT polymer wrapping likely renders
these D,-symmetric chromophores more centrosymmetric,
and, hence, less chiral and less second-order NLO active.™

In summary, we report for the first time experimental
measurements of the first-order hyperpolarizability of indivi-
dualized, length-sorted (700 £ 50 nm long) single chirality (6,5)
SWNTs. We determine a figgs (1050 x 10>° esu) value for
surfactant-encapsulated SC-[(6,5) SWNTs], and show that in
single-chain, semiconducting polymer-wrapped [(6,5) SWNT]
superstructures, manipulation of polymer electronic structure
provides a new avenue to modulate the magnitude of fggs at a
telecommunication-relevant wavelength (1280 nm). These (6,5)
SWNT-based nanohybrids, based on chiral, opto-electronically
active [arylene]ethynylene polymers that helically wrap the
nanotube surface in an exclusive left-handed, single-chain
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helical fashion, feature PZn,, PZn; and PZnRuPZn octopolar
chromophores as integral parts of the polymer backbone.
While the polymer-nanotube electronic interaction for these
chiral superstructures diminishes the magnitude of 2-photon
resonance enhancement of fyrg for a 1280 nm fundamental
irradiation wavelength, the combination of polymer-modulated
E,, — E,, transition red-shifts, the use of nanotube chiralities
having intrinsically smaller bandgaps, and polymer electronic
structural modification, offer opportunities to engineer electro-
optically active nanoscale superstructures that feature enhanced
hyperpolarizabilities over the 1.5-2 um spectral domain.
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