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Asymmetric dyes align inside carbon nanotubes to
yield a large nonlinear optical response

Sofie Cambré™, Jochen Campo'’, Charlie Beirnaert', Christof Verlackt!, Pegie Cool?

and Wim Wenseleers'™

Asymmetric dye molecules have unusual optical and electronic
properties’3. For instance, they show a strong second-order
nonlinear optical (NLO) response that has attracted great
interest for potential applications in electro-optic modulators
for optical telecommunications and in wavelength conversion
of lasers?>3. However, the strong Coulombic interaction
between the large dipole moments of these molecules
favours a pairwise antiparallel alighment that cancels out the
NLO response when incorporated into bulk materials.
Here, we show that by including an elongated dipolar dye
(p,p’-dimethylaminonitrostilbene, DANS, a prototypical asym-
metric dye with a strong NLO response?) inside single-walled
carbon nanotubes (SWCNTs)>%, an ideal head-to-tail align-
ment in which all electric dipoles point in the same sense is
naturally created. We have applied this concept to synthesize
solution-processible DANS-filled SWCNTs that show an
extremely large total dipole moment and static hyperpolariz-
ability (fo = 9,800 x 10~3° e.s.u.), resulting from the coherent
alignment of arrays of ~70 DANS molecules.

Encapsulating molecules inside SWCNTs is a common strategy
to add new functionalities’. Here, we exploit the one-dimensional
nature of SWCNTS’ internal channels to induce molecular order
that leads to an enhancement of the NLO response. At the molecu-
lar level, a large NLO response (expressed by the hyperpolarizability
) is typically achieved by combining the highly polarizable back-
bone of a conjugated molecule with the necessary asymmetry
induced by substitution with electron-donating and -accepting
groups at opposite ends. Compared to the currently widely used
inorganic crystals such as lithium niobate, the NLO response of
such organic molecules is intrinsically stronger and faster, and
they also promise cheaper, solution-based processing, but their
mutually parallel alignment is an important issue. Very exception-
ally, specific (and rather unpredictable) intermolecular interactions
result in suitable, non-centrosymmetric crystals'® or J-aggregates!!,
but for the vast majority of efficient NLO chromophores, dipole-
dipole interactions dominate, resulting in a pairwise, side-by-side
antiparallel alignment. Therefore, suitable parallel alignment is
instead typically pursued by electric-field poling of the dipolar
molecules in a heated polymer film!2, but this intrinsically
results in a thermodynamically unstable state, and long-term
degradation of the orientation remains a problem. In contrast, in
one dimension the desired supramolecular head-to-tail alignment
is expected to occur in thermodynamic equilibrium (Fig. 1 and
Supplementary Section 6).

Dye-filled SWCNTs (p,p’-dimethylaminonitrostilbene (DANS)@
oSWCNT, where the prefix ‘0’ refers to opened SWCNTs as
opposed to pristine, end-capped SWCNTs, and ‘@ refers to

filling) were synthesized using SWCNTs with different diameter
ranges (see Methods). Although the synthesis is straightforward,
characterization of these complex materials and the obtained align-
ment requires an extensive combination of spectroscopic infor-
mation. A first indication of the encapsulation is obtained from
optical absorption spectra (Fig. 2a—c). Besides the typical series of
SWCNT absorption bands'®, the DANS@oSWCNT samples show
an additional absorption band around 500 nm, corresponding to
the dye molecules, which is not observed for analogous samples syn-
thesized starting from closed SWCNTs (Supplementary Fig. 3). It
also shows a pronounced redshift compared to free DANS mol-
ecules in solution (Fig. 2¢), which is consistent with the envisaged
head-to-tail coupling of the dipolar molecules, stabilizing the
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Figure 1| Stacking of dipolar molecules in different dimensions. a, In two-
or three-dimensional bulk materials, Coulomb interactions tend to favour a
pairwise antiparallel ordering, thus cancelling asymmetric properties such as
the NLO response. b, In one-dimensional confinement, a polar head-to-tail
order is naturally favoured, as oppositely charged ‘heads’ and ‘tails’ attract each
other, leading to a constructive addition of the molecular NLO responses (and
dipole moments). ¢, Chemical structure of p,p’-dimethylaminonitrostilbene
(DANS), a prototypical NLO molecule. d, Theoretical model (optimized at
the Hartree-Fock level with the semi-empirical AM13° Hamiltonian) of
these NLO molecules in a (9,7) single-walled carbon nanotube (diameter,
1.09 nm), showing that the internal channel just fits a single file of
molecules (for clarity the SWCNT is represented by a thin wire frame and
partially removed, and two dye molecules are continued periodically outside
the nanotube). e, Axial view of the same structure, with all atoms
represented with their van der Waals radii, showing more clearly the relative
size of DANS molecules and the SWCNT internal channel.
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zwitterionic excited state of the DANS!. Indeed, a simple model
shows that the electric field of the neighbouring dipoles in the
one-dimensional array acting on a given DANS molecule is oriented
in the same sense and of even larger magnitude than the reaction
field of a very polar solvent (Supplementary Section 7).

The encapsulation of the dye also influences the electronic tran-
sitions of the SWCNTs (both semiconducting and metallic). The
absorption peaks of the largest-diameter (longest absorption
wavelength) SWCNTs are blueshifted and narrowed relative to the
corresponding oSWCNT solutions, which are water-filled!>!8
(D,O@oSWCNT, Fig. 2ab; also relative to solvent-filled
SWCNTs: Supplementary Fig. 4). However, they are still redshifted
and slightly broadened compared to the empty, closed SWCNTs
(Supplementary Fig. 4). This is consistent with DANS encapsulation
occurring in these larger-diameter SWCNTs, preventing water from
entering and hence eliminating the large inhomogeneous broadening
and dielectric screening induced redshift'® associated with water filling.

Using infrared photoluminescence-excitation (PLE) spectroscopy,
which resolves each individual type of semiconducting SWCNT"?
(with their diameters and chiral structures indicated by their chiral
indices (n,m)), more detailed information on the encapsulation and
its effect on the electronic transitions of the SWCNTs is obtained
(Fig. 2d-i). The PLE peaks of each of the DANS@oSWCNT's show
a shift (see below and Fig. 3) and narrowing of both the Ej;
(bandgap emission) and E,, (excitation) transitions relative to the
water-filled reference sample D,O@oSWCNTs (Fig. 2d,e; see
Supplementary Section 3 for other samples). Moreover, an additional
band located at the excitation wavelength of the dye but at the emis-
sion wavelengths of the SWCNTs (Fig. 2f-i and Supplementary
Figs 7-9) demonstrates energy transfer from the dye to the
SWCNTs, direct proof of a close interaction between both. The
high efficiency of this energy transfer is illustrated by a nearly
complete quenching of the DANS molecules’ own fluorescence
(Supplementary Section 3f). This energy-transfer band is more
clearly visualized after proper normalization over and subtraction of
the pure SWCNT PLE signals (Fig. 2f~h) and shows a quite sharp
onset at an emission wavelength of ~1,350 nm (Fig. 2g,h), a strong
indication of a critical diameter for filling: the thinnest tubes for
which the energy-transfer band is observed are the (9,7) and/or
(13,2) SWCNTs (whose emissions coincide, Supplementary Fig. 7),
corresponding to a minimum encapsulation diameter of 1.08-1.1
nm. The dye excitation profile shows subtle variations with nanotube
diameter (emission wavelength; Fig. 2h, Supplementary Fig. 7), indi-
cating slight differences in the molecular stacking in different
SWCNTs. The integrated excitation profile of this energy transfer
band is also in good agreement with the absorption data (Fig. 2i).

To accurately determine the SWCNT PLE peak positions and
linewidths for each individual chirality and their changes upon
filling, a two-dimensional fitting procedure was developed
(Supplementary Section 3e, Supplementary Fig. 10). The results
show that for small-diameter tubes up to the (8,7) chirality (that
is, d < 1.02 nm), DANS molecules are not encapsulated, as no differ-
ences are observed between the DANS@oSWCNT and
solvent@oSWCNT samples (Fig. 3a), while for larger diameters,
the electronic transitions are clearly shifted. Most SWCNTs reveal
a redshift with respect to the solvent-filled tubes (and with respect
to the D,O-filled SWCNTSs; Supplementary Fig. 11) and thus an
even larger shift compared to the empty tubes, indicating a stronger
interaction of the SWCNT excitons with the highly dipolar and
highly polarizable DANS molecules. Note that the DANS dipoles
are forced to be nearly parallel to the tube axis, while water mol-
ecules have larger orientational freedom, which also explains the
larger inhomogeneous broadening for water-filled SWCNTSs!8, For
SWCNTs with diameters between 1.02 and 1.08 nm, the PLE
shifts indicate DANS-encapsulation, but Raman experiments
(discussed in the following) show that this filling is only partial.
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High-resolution resonant Raman spectroscopy is even more sen-
sitive to the presence of molecules inside the SWCNTs. We have
shown previously that the radial breathing modes (RBMs) of
SWCNTs shift to higher frequencies upon water filling and that
(unlike the electronic transitions) the RBMs of empty and water-
filled SWCNTSs can even be resolved in mixed samples, allowing
the fraction of filled tubes to be quantified'>!”. For the
DANS@oSWCNT samples we find RBMs with yet another fre-
quency, which is associated with DANS-filled SWCNTs, starting
from the (9,7) tube (that is, d > 1.08 nm; Fig. 3b-d), in perfect agree-
ment with the PLE results. For most chiralities this RBM of
DANS-filled SWCNTs is shifted to even higher frequencies than
the RBMs for water- or solvent-filled SWCNTs. For diameters
near the threshold for filling (1.02 nm < d < 1.08 nm; for example,
the (10,5) tube, Fig. 3b) a clear difference is observed between the
solvent@oSWCNT and DANS@oSWCNT Raman spectra (as well
as between their PLE spectra), but fitting the Raman spectra
shows that only a fraction of these tubes are DANS-filled, while
others are water-filled (Supplementary Figs 12-16). Thus, DANS
molecules fit in SWCNTs with d>1.02 nm, but whether filling
actually occurs for d<1.08 nm may still depend on the exact
structure of the tube ends. The relative amplitudes of the RBM
peaks corresponding to empty, water- or solvent-filled and
DANS-filled SWCNTs also allow the fraction of DANS-filled
SWCNTs to be estimated for each chirality, which is close to
100% for most chiralities (96% on average for diameters > 1.1 nm;
Supplementary Section 4). A high filling efficiency (270%) is
also indicated by thermogravimetric and elemental analysis
(Supplementary Section 1f).

Having established that the encapsulation was successful, the
ultimate test of whether the molecules had indeed adopted the envi-
saged head-to-tail alignment and whether the DANS-filled
SWCNTs indeed showed an enhanced NLO response was to
measure the NLO polarizability (hyperpolarizability ) by second-
harmonic light scattering (hyper-Rayleigh scattering, HRS') from
the DANS@oSWCNT solutions. Total DANS concentrations were
calibrated based on the absorption data (Supplementary Sections 2
and 5a). For a solution of free dye molecules, HRS is a fully incoherent
process and the intensities of N individual (randomly oriented)
molecules simply add up linearly'*:

L, < N(B")I; (1)

where () is an orientational average of the appropriate 3 com-
ponents, I, is the incident fundamental laser intensity, and L,
is the total second-harmonic intensity. If the same number of dye
molecules are grouped in arrays of n head-to-tail aligned molecules
(with unchanged hyperpolarizability f of the individual molecules),
the second-harmonic field amplitudes of molecules within one array
add up coherently (hence intensity increases quadratically with #),
while the resulting intensities of different arrays (randomly oriented
in solution) add up incoherently,

Loo o (B

< nN(B*)I;,

2

that is, an » times higher second-harmonic intensity is generated
by the same total number of molecules. The extremely sensitive
wavelength-dependent HRS set-up? used allows the NLO response
to be measured throughout and beyond its resonance associated
with the DANS absorption band (Fig. 4; also confirming DANS
as the origin of the nonlinearity, as opposed to the SWCNTs them-
selves, which show a non-zero?!, but much smaller NLO response,
Supplementary Section 5). Combined with an adequate dispersion
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Figure 2 | Absorption and PLE spectroscopy. a,b, Absorption spectra of DANS@oARC and DANS@oHiPco (1 mm path length) compared to the rescaled
spectrum of the D,O@oARC and D,0O@oHiPco samples (ARC and HiPco samples are synthesized by arc discharge and high-pressure carbon monoxide
methods, respectively). The different regions of the characteristic SWCNT absorption bands (due to the diameter- and chiral structure-dependent van Hove
singularities in the density of states'®) of the semiconducting (E3¢) and metallic (E}') SWCNTs are indicated. In the region around 500 nm, absorption of the
encapsulated DANS molecules can be observed (blue boxes), which is clearer after subtraction of the SWCNT absorption (c). ¢, DANS absorption band,
obtained by subtracting the D,O@oARC absorption spectrum from the DANS@oARC absorption spectrum, compared to the spectra of free DANS
molecules in solvents with increasing polarity (cyclohexane, tetrahydrofuran and dimethylsulphoxide). The observed redshift for the encapsulated molecules
is consistent with polar alignment (Supplementary Section 7). d, PLE map of DANS@oARC. The ellipse indicates the position of the energy-transfer band,
which can be more clearly visualized by subtracting the pure SWCNT PLE signals (f). e, PLE map of D,O@oARC (for other maps see Supplementary Figs 5
and 6). f, PLE difference map obtained by subtracting D,O@oARC from DANS@oARC (red, positive; green, O; blue, negative), revealing clearly the energy-
transfer band located at an excitation wavelength of ~500 nm (that is, excitation in the absorption band of the DANS molecules followed by infrared
emission by the SWCNTSs). The imperfect subtraction of the nanotube peaks (mainly in the upper half of the panel, corresponding to excitation in E55)
illustrates the shifts of the electronic transitions, resulting in residual negative peaks next to positive peaks after subtraction. g, PLE difference map, that is,
DANS@oHiPco - D,O@oHiPco, showing the onset of the energy-transfer band at 1,350 nm, indicative of the critical diameter for filling. However, one should
be careful in concluding directly from these raw difference maps, as the energy-transfer signal here is still modulated by the abundance (and fluorescence
efficiency) of the SWCNTSs emitting at different wavelengths. To account for this, we also constructed difference maps after normalizing the PLE over

the intensity of the intrinsic SWCNT signals (directly excited in their Ex, transition at longer wavelengths) at the corresponding emission wavelength

(h; Supplementary Fig. 9). h, Joint PLE subtraction maps for the HiPco and ARC samples, after normalization on the SWCNT E,, excitation, prominently
showing the onset (red arrow) of the energy-transfer band (between the white lines). This clearly confirms that energy transfer only occurs for SWCNTs
emitting at ~1,350 nm or longer, corresponding to a critical diameter for filling of 1.08-1.1 nm (Supplementary Figs 7-9). i, Comparison of the DANS
absorption and the excitation profile of the energy-transfer band (that is, integral of h over emission wavelengths 1,300-1,700 nm).

model?? (Supplementary Section 5b), this allows f3 to be extrapolated
to the static (low-frequency) limit f3y, which is the more appropriate
quantity to compare for different samples, as the near-resonant
values are difficult to compare due to the differences in both the
absorption band position and width. We obtained HRS signals
from DANS@oSWCNT, which are enhanced by a factor of 54-69

250

(depending on the SWCNT diameter range) compared to the free
DANS molecules in chloroform solution. Using equation (2) this
implies effective average domain sizes of perfectly head-to-tail
aligned molecules of up to ~69 molecules. This also allows us to
derive the hyperpolarizabilities of the entire DANS@oSWCNT
hybrid assemblies (Fig. 4 and Supplementary Section 5), which
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Figure 3 | Raman and PLE shifts showing the critical diameter for DANS encapsulation. a, PLE peak positions from the two-dimensional fits (Supplementary
Fig. 10), showing that for small diameters no difference is observed between the solvent-filled and DANS-filled SWCNTSs. Green arrow goes from higher to

lower diameter tubes. Inset: Electronic shifts (AE;, = EQANS@oSWENT

E%"'Ve”’@"SWCNT), with a clear onset starting at 1.02 nm. The intermediate region, that is,

partial filling, is indicated by the coloured band. b,c, Raman spectra of empty (black), DANS-filled (red) and solvent-filled (blue) SWCNTSs excited at two
different wavelengths. Vertical lines indicate peak positions of DANS-filled SWCNTs. In b, for the slightly thinner (12,1) and (11,3) tubes, no difference is
observed between the DANS@oSWCNT and solvent@oSWCNT samples, while for the (9,7) tube a clear shift can be observed, as well as for larger-
diameter tubes excited at 514.5 nm (c). For the intermediate diameter range, only partial filling is observed ((10,5) in b; see Supplementary Section 4 for fits

and other chiralities). d, Results of the Raman fits (Supplementary Figs 12-16) presenting the vibrational shifts (Avggy =

DANS@oSWCNT

solvent@oSWCNT
= Uram ~ Uram ) also

showing the onset of encapsulation at ~1.02-1.08 nm. All error bars represent standard deviations as determined from the fitting procedure.

are the tensorial sum of the molecular hyperpolarizabilities, yielding
an extremely high static value of 8, = 9,770 x 107*° e.s.u. and a peak
value f3=68,800 x 10>’ e.s.u. (compared to f,=141x 10" es.u.
and B=1,600x 10 es.u. for the free DANS molecules). The
assemblies also have a huge total dipole moment, scaling with the
same factor (also ~n times the molecular dipole moment, ignoring
the additional enhancement of the molecular dipole moment
through polarization by its neighbours), hence on the order of
500 D for the present systems. This largest enhancement factor is
obtained for the thinner SWCNT samples (Fig. 4b), which ensure
all DANS is included as a single molecular file, while some of the
larger-diameter SWCNTs might allow for a double file (possibly
antiparallel) stacking. In general, the fact that in larger-diameter

SWCNTs a less-than-ideal alignment may occur implies that
the actual number of perfectly aligned molecules in the
thinnest SWCNTs fitting exactly one row of molecules may be
even somewhat higher than the effective ensemble average
observed experimentally.

To assess the degree of alignment that could be expected theor-
etically, we devised a simple model accounting for dipole-dipole
interactions (Fig. 4c and Supplementary Section 6) and using realis-
tic parameters based on the structure of DANS. This is essentially a
one-dimensional Ising model® (as has also been adopted for single
files of hydrogen-bonded water molecules*!), with ferroelectric
coupling between dipoles, but note that here the configuration of
the dipoles is fixed at synthesis. The model yields an estimate of
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Figure 4 | Wavelength-dependent NLO polarizability. ab, 5 (red) compared with DANS absorption spectra (black; 1 cm path length) and fitted with the g
dispersion models (blue) for the free DANS molecules in chloroform solution (a) and the DANS@oARC (b, left) and DANS@oHiPco (b, right) hybrid
assemblies. Error bars (5% in a, 10% in b) represent a conservative estimate of the standard deviation from multiple measurements. ¢, Theoretical
simulation of the degree of alignment for a one-dimensional array of 100 molecules with a dipole moment of 9.14 D each, using the shown schematic model
(top: depicted with a defect separating two ordered domains shown as red and blue areas), with realistic parameters for DANS obtained from semi-empirical
calculations at the Hartree-Fock level (a=16.88 A, 2/=12.17 A, see main text and Supplementary Section 6).
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the expected HRS enhancement factor of ~42 molecules, on the
same order of magnitude as the experimental results. This high
degree of order is remarkable considering that Ising already
pointed out that no phase transitions can occur in a one-dimen-
sional system with short-range (dipole-dipole) interactions®.
Moreover, as the average domain size is determined by the
Boltzmann statistics of defect formation and thus depends exponen-
tially on the dipole-dipole interaction energy divided by kgT, slight
modifications to the molecular dipole moment or to the exact
spacing, as well as to the temperature used during synthesis,
can easily improve the degree of alignment by another order of
magnitude or more.

In summary, asymmetric molecules can be inserted into
SWCNTs with a diameter above a well-defined critical value, yield-
ing head-to-tail aligned arrays with extremely large hyperpolariz-
abilities. Moreover, these dye-filled SWCNTs form chemically
inert building blocks that are solution-processible as individual enti-
ties (in contrast to inclusion in zeolites*>?); their huge total dipole
moment and size promise good and stable alignment in electric
fields. Thus, this unusual polar order achievable inside carbon nano-
tubes is a useful approach towards the rational design of solution-
processible yet stable NLO materials. We also note this concept
can be readily extended to other directional properties.

Methods

To cover the appropriate range of diameters d to fit a typical dipolar NLO molecule
(such as DANS*), SWCNTs produced by the arc discharge method® (ARG;
d=1-1.5nm) and by the high-pressure carbon monoxide method?” (HiPco;
d=0.7-1.2 nm) were used. Details of the encapsulation procedure are provided in
Supplementary Section 1. In brief, the SWCNT's were first chemically treated to open
the nanotube ends (resulting in opened SWCNT samples denoted 0ARC and
oHiPco). The Raman spectra of these opened SWCNTSs (Supplementary Fig. 17)
hardly show a D-band (defect-induced band®), demonstrating a negligible number of
defects in the SWCNT walls. The high quality of the oSWCNTs was further
confirmed by the narrow RBM line widths and the occurrence of significant
photoluminescence (Supplementary Section 3). The encapsulation was then
performed by refluxing the opened nanotubes in a saturated solution of DANS in
tetrahydrofuran. The excess DANS molecules were removed by repeated rinsing and
filtration with dichloromethane, and the resulting filled SWCNT's
(DANS@0oSWCNT) were solubilized in D,O with sodium deoxycholate (DOC) as
surfactant®® and further purified by density gradient ultracentrifugation!'®*,

thus separating the individually solubilized SWCNTSs from any SWCNT bundles
and other impurities based on their different densities (Supplementary Fig. 1). For
spectroscopic characterization of the DANS encapsulation, various reference
samples were also prepared (Supplementary Table 1), for example by following the
same procedure but without opening the SWCNTs or without adding DANS
(solvent@oSWCNT). Extensive characterization data and details of the methodology
are provided in Supplementary Sections 2-5.
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S1. Materials
a. Opening of the SWCNTSs

Raw (closed) arc-discharge SWCNTs (ARC) were obtained from Nanoledge (batch PO0508D)
and opened by air oxidation and acid treatment. This procedure has previously been shown to be
100% efficient in opening the SWCNTs for filling with other molecules'”. In brief, the SWCNTSs
were heated in air at 365°C, up to a total weight loss of 50%, to remove other carbonaceous
material present in the raw SWCNT sample. In a second step, the SWCNTs were treated
ultrasonically (bath sonicator: Bransonic, 1510E-MTH, 70W, 42kHz) in concentrated (37%) HCI
at 60°C, to remove the catalytic nanoparticles and open the SWCNTs. Afterwards, the SWCNTs
were neutralized by excessive rinsing with deionised water and vacuum filtration (Sum
polycarbonate filter, Whatman). Finally, the so-obtained powder was annealed at 800°C for 1
hour in vacuum to remove any residual functional groups which can block the SWCNT-ends.
We will further denote these opened SWCNTs as oARC.

Purified high-pressure CO conversion SWCNTs (HiPco) were obtained from Carbon
Nanotechnologies Inc. (batch P0279). These tubes are already partially opened and water
molecules, as well as solvent molecules (i.e. tetrahydrofuran (THF) or dichloromethane (DCM)
used in the encapsulation procedure (see section S1.b)) can be encapsulated. Filling with the
larger DANS molecules however required an additional opening procedure (most probably
functional groups on the SWCNT-ends prevent the DANS encapsulation). Complete opening
was achieved by applying the same procedure as for the ARC tubes but using an oxidation
temperature of 375°C (determined based on thermogravimetric analysis of the raw sample),
resulting in the oHiPco sample.

b. Encapsulation procedure

The encapsulation procedure is based on the work of Yanagi et al.**. Opened SWCNTs (15mg)
were dispersed in a saturated solution of DANS (50 mg, 4-dimethylamino-4'-nitrostilbene,
Sigma, >99.8%) in THF (15mL, solubility DANS in THF=3.2mg/mL) and refluxed for 15 hours
under nitrogen atmosphere. THF was chosen as a solvent with moderate solubility and optimal
stability for the DANS molecules. Non-encapsulated DANS molecules were removed by
washing with DCM (~150mL, 3-4 washing cycles), in which DANS is more soluble, using a
vacuum filtration setup with a PTFE membrane (0.5um pore size). The so-obtained powder
samples were subsequently dried in air for 3 days at room temperature before solubilisation,
yielding DANS@oARC and DANS@oHiPco (~15-16.2mg). The overall yield is close to
quantitative, with a maximum loss of SWCNTs of <~5% (e.g. sticking to the glassware and filter
membrane).

To allow for characterisation by thermogravimetric (TGA) and elemental analysis, the
encapsulation procedure was repeated on a larger scale (~50-80mg SWCNTSs) with commercially
purified (and, as a side effect, opened — as verified by high resolution Raman spectroscopy'~)
SWCNTs, namely plasma torch SWCNTs (oPLT) from Raymor Nanotech (RN-220,
Lot#RNL14-220-219) and arc-discharge SWCNTs (0ARC2) from Carbon Solutions Inc. (P2-
SWCNT, batch#02-153). The oPLT sample has an identical diameter distribution as the oARC
sample (as determined by optical absorption spectroscopy; with ~1.4nm average diameter), while
the 0ARC2 sample has slightly larger average diameter (d,~1.5nm). Both SWCNT samples
were first annealed in high vacuum up to 800°C to remove any residual functionalization®. The
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encapsulation was verified with optical spectroscopy. Optical absorption spectra show that not
only the diameter distribution, but also the ratio of DANS absorption to SWCNT absorption is
identical (within a few percent) for DANS@oPLT and DANS@oARC. The powder samples
(DANS@oPLT and DANS@OARC2) were analysed using thermogravimetric (TGA) and
elemental analysis (see section S1.f).

c. Solubilization procedure

The DANS@oSWCNT samples (10mg) were solubilised in a 1% DOC/D,0O solution (3mL),
using a combination of bath sonication (1 hour) followed by magnetic stirring for several weeks
in order to get a high amount of DANS@oSWCNT individualized in solution. D,O is used for its
increased optical transparency in the infrared compared to H,O.

The solutions were centrifuged at 16215g (14000rpm; Sigma 2-16KCH centrifuge with swing-
out rotor) to remove large bundles and undissolved material. For DANS@oSWCNT, the
centrifugation time was limited to 1 hour, in order not to lose too many DANS-filled SWCNTs
in this pre-centrifugation step, while for most SWCNT reference samples a 24 hours pre-
centrifugation was applied. In a second step, the solutions were further purified (i.e. to remove
bundles, essential for the spectroscopic characterization) wusing density gradient
ultracentrifugation (DGU, see section S1.e).

d. Reference samples

Several reference samples were prepared to ultimately prove the encapsulation of the DANS
molecules and distinguish it from adsorption on the outer walls, or from encapsulation of solvent
molecules that are used in the preparation procedure (i.e. DO, THF and DCM).

As a first set of reference samples, the opened SWCNTs were solubilised without exposing them
to THF or DCM, thus resulting in water-filled SWCNTs'”: samples D,O@oARC and
D,O@oHiPco. Secondly, by following the entire encapsulation procedure without adding the
DANS-molecules to the solution, the opened SWCNTs can get filled with the solvents:
solvent@oARC and solvent@HiPco. The encapsulation procedure was furthermore applied
using closed SWCNTs, in which the DANS-molecules cannot be encapsulated. For this purpose
we used the raw ARC and HiPco tubes: DANS/ARC and DANS/HiPco. Note that the as-
received HiPco sample was found to be partially opened already, as evidenced by the solvent
filling (resulting in RRS peak shifts which are identical for solvent@oARC and solvent@HiPco
in the overlapping diameter range, but different from those of the water-filled samples), but not
sufficiently so to yield efficient filling with DANS, indicating that functional groups at the tube
ends (remaining from the acid treatment used during purification) were blocking the entrance to
the larger DANS molecules. Therefore the opening procedure and annealing as described in
section S1.a was performed for both SWCNT types before filling with DANS: DANS@oARC
and DANS@oHiPco. Finally, also a reference sample with closed and thus empty SWCNTSs was
prepared as described in ref. [7], using a carefully solubilised SWCNT sample and isolating the
empty tubes by DGU: empty ARC and empty HiPco.
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Table S1. Short description of the different samples studied in this work.

Sample names Description

D,0O@oARC and D,O@oHiPco opened SWCNTs filled with D,O

solvent@oARC opened ARC SWCNTs filled with a combination of
THF, DCM and/or D,O

solvent@HiPco HiPco SWCNTs filled with a combination of THEF,

DCM and/or D,0O (these commercial HiPco tubes were
found to be opened sufficiently to encapsulate the
solvents)

DANS/HiPco HiPco SWCNTs refluxed in a saturated THF solution of
DANS, washed with DCM and solubilised in DO (these
commercial SWCNTs were found to be insufficiently
opened for DANS encapsulation)

DANS/ARC closed ARC SWCNTs refluxed in a saturated THF
solution of DANS, washed with DCM and solubilised in
D,0

DANS@oARC and DANS@oHiPco | DANS molecules encapsulated in the opened SWCNTs

empty ARC and empty HiPco empty (closed) SWCNTs

DANS@oARC2 DANS molecules encapsulated in industrially opened

arc-discharge SWCNTs (d,, ~ 1.5nm): large batch for
TGA and elemental analysis

DANS@oPLT DANS molecules encapsulated in industrially opened
Plasma Torch SWCNTs (identical diameter range as
0ARC, d,, ~ 1.4nm): large batch for TGA and elemental
analysis

e. Density gradient ultracentrifugation (DGU)

After solubilisation and pre-centrifugation at 16215g, DGU was performed to remove all bundles
from the solution, essential for the spectroscopic characterization of the DANS-filled SWCNTs.
Thus, we collected the entire band of individualized SWCNTs from the centrifuge tubes (as
opposed to performing any chirality/diameter sorting, for which DGU is mostly known®), as here
the purpose was only to achieve a very thorough removal of bundles — more thoroughly and
more efficiently so than possible by the usual, rate based separations without gradient medium.
The density gradient medium, iohexol (5-(N-2,3-dihydroxypropylacetamido)-2,4,6-triiodo-N,N’-
bis(2,3-dihydroxypropyl)isophthalamide, tradename “NycoDenz”’), was obtained from Axis-
Shield in powder form, and dissolved in D,O at appropriate concentrations to obtain the desired
density ranges, as detailed below. Gradients were prepared, in a similar way as described in ref.
[7], in 1.3mL polyallomer centrifuge tubes. A low density layer (p=1.20g/mL, 0.7mL), including
the SWCNTs, was superimposed on top of a high density layer (p=1.265g/mL, 0.6mL). A quasi-
linear gradient was achieved by tilting the centrifuge tube and rotating it around its long axis to
mix the two layers. The surfactant concentration was kept constant throughout the layers at

S4

© 2015 Macmillan Publishers Limited. All rights reserved




0.7%w/v DOC in D,O, which we found to be very efficient in separating the individual
SWCNTs from the bundles. Ultracentrifugation at 122000g for 48 hours (until equilibrium) then
allows for isolating the individualized DANS@oSWCNTs, which possess a density of 1.21-
1.22g/mL. In comparison, the density of DANS-crystals dispersed in a 1%w/v DOC/D,O
solution (in which DANS is completely insoluble) was determined to be 1.32g/mL and also the
bundles are much denser than the individualized (DANS-filled) SWCNTs (= ~1.3g/mL), hence
ending up close to the bottom of the centrifuge tube. The empty, closed SWCNTs can be found
at a density of 1.16-1.19g/mL. Figure S1 shows a typical photograph of the centrifuge tubes after
DGU-centrifugation.

For the absorption experiments, part of the solutions after DGU were dialyzed (10KDalton
MWCO dialysis cassettes) in 1%DOC/D,0O solution for removal of the gradient medium, which

absorbs strongly below 300 nm.

\ .

Figure S1. Photograph of the centrifuge tubes after DGU. Left: a DANS@oARC sample, center: a D,O@oARC
sample, right: DANS-crystals dispersed in DOC/D,0. Since the D,O@oARC sample was pre-centrifuged for 24h,
no bundles are visible in the centrifuge tube, while for the DANS@o0ARC (only 1h pre-centrifugation) the bottom of
the centrifuge tube is filled with bundles. The black bars indicate the fractions that were collected for the
experiments, containing the individualized DANS@oSWCNTs and D,O@oSWCNTs. For comparison, also the
DANS-crystals dispersed in DOC/D,0 are shown, that have a much larger density than the individualized DANS-
filled SWCNTs. The DANS@oARC sample clearly has a more reddish colour than the D,O@oARC SWCNTs,
giving a first hint of the DANS-encapsulation.

f. Thermogravimetric and elemental analysis

In the wavelength-dependent RRS data (see also section S4), the relative amplitudes of the
RBM-peaks of empty, water- or solvent-filled and DANS-filled SWCNTs (Figures S12-S16)
give detailed information (for each chirality separately) on the fraction of SWCNTs that is filled
with DANS, which is close to 100% for most chiralities (96% on average for diameters >1.1nm
or ~91% for the DANS@oARC sample as a whole ; see section S4) — however, it does not
provide the density of DANS molecules in these filled (sections of) SWCNTs. In contrast,
thermogravimetric (TGA) and elemental analysis provide the mass-fraction of DANS molecules
with respect to SWCNTs, thus yielding complementary information on the filling efficiency.

For the theoretical model of a completely filled (9,7) SWCNT as shown in Figure 1d this mass
fraction is 10.14% (with very small uncertainty, <~0.3%, as sterical hindrance excludes
significant variation in molecular orientation). For smaller diameters, the DANS molecules
cannot be encapsulated. For larger diameters, this maximum mass fraction is expected to reduce
initially (inversely proportional to d), as long as only a single molecular file enters the SWCNT
(potentially reducing the mass fraction down to ~7.88-7.35% for 1.4-1.5nm thick SWCNTs).
However, for the larger SWCNTs among the ARC and PLT materials, significant tilt and overlap
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of subsequent molecules in the array might occur, potentially compensating for this reduction,
such that for the very largest SWCNTs present among the ARC and PLT materials, the
theoretical mass percentage of DANS for 100% filled tubes may be anywhere between ~6-10%.

Thermogravimetric analysis (TGA) was performed on a Mettler Toledo TGA/SDTAS851e
thermobalance. Samples were heated from room temperature up to 800°C at a rate of 1°C/min
under O, flow. Figure S2 presents the TGA and derivative TGA (DTGA) curves of the
DANS@oPLT and DANS@o0ARC2 samples, in comparison with the pure DANS powder and
the annealed oARC2 and oPLT powder samples. The pure DANS molecules decompose in two
well-resolved steps, of which the first component corresponds to 32.16% of the total DANS
mass. The TGA curves of the oPLT and 0ARC2 materials show that at high temperature about
27.5% resp. 13.5% of non-combustible material, i.e. the catalyst particles (as metallic particles
and/or their oxides), remains (the slight increase in weight of the oPLT material above 640°C, to

Q100+ oPLT d 100 0ARC2
90] —— DANS@0PLT %0 —— DANS@0ARC2
—— DANS 1 —DANS
80 804
70 704
IS g
é 60 .é 60
< 504 50
R 3
F 40 F 40
304 30
204 20
104 10
0 T T T T T T T 0 T T T T T T T
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)
b 0.0 e
-0.2
g g
3 04 =
2 =
@ 5]
T .06 =
< <
(U] (O]
5 -0.8 5
——oPLT 144 ——0ARC2
-1.04 —— DANS@0PLT 161 —— DANS@0ARC2
——DANS ’ ——DANS
-1.2 T T T T T T T -1.8 T T T T T T T
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)
C oo /T~ f oo
g f $ -0.2-
E B
= =
) 2 04/
<
3 3
5 02 &
—— DANS@oPLT .0.64| —— DANS@oARC2
Fit: ’ Fit:
—— DANS component 1 —— DANS component 1
—— oPLT + DANS component 2 —— 0ARC2 + DANS component 2
0.8 . A

150 200 30 4o 00 sbo 780 sbo 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)

Figure S2. TGA analysis of the filling efficiency. a,d) TGA for the pure DANS powder (blue), the annealed
SWCNTSs (black) and DANS@oSWCNT (red), b,e) DTGA of each of these samples and ¢,f) Experimental curve
(black) and multi-Gaussian fit (green) of the DTGA curve of DANS@oSWCNT (black), consisting of one
Gaussian for the first component of DANS (red) and several for the other organic material (0OSWCNT + second
component of DANS, blue). The red arrow in each of the panels indicates the first decomposition component of
the DANS molecules when encapsulated in the SWCNTs.
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~30% at 800°C, is attributed to further oxidation of the Ni Fe Co catalyst). The non-
carbonaceous material is not considered in the further analysis to assess the filling efficiency, i.e.
mass fractions refer to fractions of the total combustible (organic) content (which consists largely
of SWCNTs, as the purification of SWCNT samples removes most non-SWCNT carbonaceous
material, at least for ARC2). Mass fractions of different decomposition components are derived
based on multi-Gaussian fits of the DTGA curves.

For the DANS@oSWCNT samples, the first decomposition component of DANS can be clearly
distinguished in the DTGA curves, as an additional contribution compared to the DTGA of the
pure oOSWCNT samples, and is shifted to higher temperature (from 251°C to 296°C), nicely
illustrating that the organic chromophores are strongly protected by the (encapsulation in the)
SWCNTs. Since the other component overlaps completely with the decomposition of the
SWCNTs, the total DANS mass can be more accurately evaluated based on the first component
only, assuming the ratio of both decomposition steps is the same as for the pure DANS
compound. This yields total DANS mass fractions of 7.6% for DANS@oPLT and 6.0% for
DANS@oARC?2, within the theoretical range expected for completely filled SWCNTs.

Because of the non-negligible uncertainties associated with the analysis of the TGA
measurements, we also obtained more specific information on the sample composition by
elemental analysis of these samples (ALS Environmental, Tucson Arizona). Results are
presented in Table S2. The mass-percentage of DANS in the DANS@oSWCNT samples was
derived by fitting the elemental compositions to a linear combination of the experimental
composition of the corresponding pure oOSWCNT material, and the formula composition of
DANS. The most precise measure of DANS concentration is provided by the percentages of N
and H only, which are not present to a significant extent in the SWCNT materials themselves, as
opposed to carbon, as well as oxygen which moreover can be either taken up or released by the
partly oxidised catalyst particles. Therefore, we only considered the H and N contributions in the
fit. As such we obtain a mass percentage of DANS of 5.4% in DANS@oPLT and 6.8% in
DANS@oARC?2. The uncertainty on these percentages is estimated to be <~0.5%, based on the
agreement with the other elements. Within the theoretical model of a perfect one-dimensional
(1D) chain of molecules, and average-diameters of both SWCNT samples, this corresponds to
~69% of the SWCNTSs being filled for DANS@oPLT and ~93% for DANS@o0ARC?2. The lower
percentage obtained for the DANS@oPLT may in fact be influenced by the much lower purity of
the oPLT material (containing a significant fraction of carbonaceous impurities). Thus, even
though uncertainties vary in the 5-30% range, all data from RRS, TGA, and elemental analysis
show that the large majority of SWCNTSs are filled with DANS.

Table S2. Results and fits of the elemental analysis for DANS@oSWCNT compared to oSSWCNT. The 0ARC2
results are an average of two separate measurements. The mass percentage of DANS is determined from a best fit of
the H and N percentages, as described in the text.

Element | DANS@oPLT | oPLT | Fit (5.4% DANS) | DANS@0ARC?2 | 0ARC2 | Fit (6.8% DANS)
C 76.35 77.77 77.44 87.02 87.18 87.19
H 0.45 0.05 0.37 0.83 0.35 0.74
N 0.57 0.07 0.63 1.22 0.58 1.26
©) 1.42 1.14 1.72 2.03 1.12 1.88
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S2. Absorption spectroscopy

UV-VIS NIR absorption spectra were collected with a Varian Cary5E spectrophotometer in the
range of 200-2500nm, using fused silica optical cells with different path lengths (where
indicated, spectra are scaled to a common Imm path length).

Figure S3 presents the absorption spectra of the solutions before DGU (i.e. after 16215g pre-

8J —— DANS/ARC
—— ARC (rescaled)

8- —— DANS@o0ARC
0ARC (rescaled)

v v — —
4 — DANS@oHiPco

Absorption (Imm path length)

oHiPco (rescaled)

400 800 1200 1600 2000 2400

Wavelength (nm)
Figure S3. Absorption spectra acquired before DGU. For the opened SWCNTs (0ARC and oHiPco), the
absorption band of DANS (at around 500nm) is clearly distinguishable, while it is absent for the samples
prepared with the closed SWCNTSs. The different regions of the van Hove singularities of the semiconducting

(E,fc) and of the metallic (Ef ) SWCNTSs are indicated.

centrifugation only). For DANS@oARC and DANS@oHiPco the additional absorption band due
to the encapsulated DANS-molecules can be clearly observed, while it is absent for the closed
SWCNTs (DANS/ARC). The washing procedure thus fully removes the excess of DANS
molecules, while retaining the encapsulated ones.

After DGU, the resolution of the absorption bands increases (i.e. no bundles present, as
confirmed by Raman spectroscopy) and the shifts of the electronic transitions become clear (Fig.
2). Figure S4 compares the absorption spectra of DANS@oSWCNT with those of the empty
SWCNT and solvent@oSWCNT samples. The electronic transitions of the DANS-filled
SWCNTs are clearly red-shifted in comparison with the empty tubes, and, more importantly, for
the larger diameter tubes (i.e. longer wavelengths), this red-shift for the DANS@oSWCNT
samples is significantly less than for the D,O@oSWCNT and solvent@oSWCNT samples (i.e. a
clear blue-shift is observed for the DANS@oSWCNT samples with respect to D, O@oSWCNT
and solvent@oSWCNT samples).

Besides providing a qualitative indication of the presence of the dye, the dye absorption band can
also be used to determine the absolute concentration of dye molecules in the sample solutions, as
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used in the analysis of the NLO data (see section S5), because the extinction coefficient of
DANS is accurately known from literature, and is known to be almost independent of the
molecular environment: the extinction coefficient of DANS has been shown to vary by as little
as 8.7% (standard deviation) over a very wide range of solvent polarities’, where moreover the
largest deviations occurred in solvents showing solubility problems, and hence are likely just
experimental errors rather than actual variations in extinction. In addition, it is in principle also
possible to use the absorption data as an independent (albeit much less accurate) cross-check of
the relative concentration of DANS to SWCNTs (also available from TGA and elemental
analysis), or alternatively, of the relative extinction coefficients of DANS and SWCNTs. The
accuracy of this cross-check is however limited by the accuracy of the TGA and elemental
analysis determination of the DANS mass fraction, and, more importantly, of the extinction
coefficient of SWCNTs, for which unfortunately no well-established data are available in
literature to date (values varying by ~ an order of magnitude)'”'". A lower limit to the SWCNT
oscillator strength (because based on a direct measurement, but assuming a complete
solubilisation of a small, known mass of SWCNTs) is ~ 0.00125 per C atom for the £} transition
of semiconducting arc-discharge tubes'’. A probably more accurate estimate is provided by the
less direct, but very elaborate work in ref. [11] for a number of specific, thin SWCNTs. Scaling
their result for the thickest SWCNT they considered ((9,7) SWCNT) to the diameter of ~1.3nm
of our Arc samples (using an inverse proportionality with diameter'>"), yields oscillator
strengths of 0.0035 and 0.0031 for the £}, and E»; transitions respectively. With these oscillator
strengths, the integrated SWCNT absorption bands can be converted to the SWCNT
concentrations, and combining this with the mass ratio of DANS to SWCNTs of ~(6.5+1)% from
TGA and elemental analysis, then yields another (less accurate) estimate of the DANS
concentration, and hence a rough double-check of its extinction coefficient: 13200 or 41900 L
mol” cm™”, when the SWCNT oscillator strength from ref. [10] or from ref. [11] is used,
respectively. While obviously much less accurate than directly using the known extinction
coefficient of DANS (~(28500+600) L mol™ cm™)’, this cross-check shows that the experimental
results are internally consistent, and can in fact be considered as a confirmation of the literature
estimates of the SWCNT absorption cross-sections.
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Figure S4. Absorption spectra after DGU. a, Comparison of the DANS@oSWCNT absorption spectra with
empty SWCNTs and water-filled SWCNTs (the empty tubes were dialyzed in H,O instead of D,0, and therefore
show high absorption above 1850nm, and around 1400-1500nm). b, Comparison of the DANS@oSWCNT
absorption spectra with those of D,O@oSWCNT and solvent@oSWCNT (the solvent@oSWCNT samples were
not dialyzed and therefore show high absorption below 350nm due to the gradient medium).

S3. Photoluminescence-excitation spectroscopy (PLE)
a. Experimental details

Two-dimensional (2D) IR band-gap PLE spectra were recorded using a home-built dedicated set-
up: The sample was excited with a pulsed Xe-lamp (Edinburgh Instruments, Xe900-xP920), and
excitation wavelengths were spectrally selected with a 300mm grating monochromator (Acton
SpectraPro 2355). Emission was collected at 90° and analyzed using a 150mm grating
spectrograph (Acton SpectraPro 2156) with a liquid nitrogen cooled extended InGaAs
photodiode array detector (Princeton Instruments OMA V:1024/LN-2.2), sensitive up to 2.2um.
Spectra were recorded with 5nm steps in excitation wavelength and an instrumental resolution of
8nm in excitation and 10nm in emission wavelength. Appropriate filters were used to eliminate
stray light and higher order diffractions from the spectrometers, and all spectra were corrected
for detector and spectrograph efficiency, filter transmission, and (temporal and spectral)
variations of the excitation light intensity.

Note that the mere occurrence of significant band-gap PLE is already an indication of the high
quality of the nanotubes, because even very low defect densities can completely quench the PLE
of these one-dimensional emitters, as the exciton diffusion length in SWCNTs is as large as
~200nm.'* This high quality is further confirmed by Raman spectroscopy (see section S4).
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b. PLE maps of the various samples
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Figure S5. PLE maps for the ARC-samples. PLE maps for DANS@oARC and the corresponding empty ARC,
D,0@oARC and solvent@oARC. To visualize the electronic shifts, the position of the empty (12,7) nanotube is
marked by the dashed lines. An additional band located at the excitation wavelength of DANS but at the emission
wavelength of the SWCNTs for the DANS@oARC sample demonstrates energy transfer from DANS to the
SWCNTs (highlighted by the ellipse). This energy transfer band is more clearly visualized in Fig. S7.
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Figure S6. PLE maps for the HiPco samples. PLE maps for DANS@oHiPco and the corresponding empty HiPco,
D,0@oHiPco and solvent@HiPco. To visualize the electronic shifts, the position of the empty (9,7) tube is marked
by the dashed lines. Here too, the energy transfer band is observed, for the largest diameters (emission above
1350nm; see also Fig. S7).
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c. PLE difference maps: energy transfer
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Figure S7. Energy transfer. a-b, Difference PLE maps obtained by subtracting the reference SWCNT
(D,0@oSWCNT) spectra from the DANS@oSWCNT spectra (a = ARC and b = HiPco). The energy transfer band
is clearly visualized, as well as the onset of the energy transfer around 1350nm. ¢, Narrow 1D vertical slices from
the difference PLE maps (ARC = blue, HiPco = red), representing the excitation spectra (including energy transfer)
from a discrete subset of SWCNT chiralities. In this way, the energy transfer excitation band for these subsets of
SWCNTs, i.e. the excitation band of the DANS molecules encapsulated in these specific SWCNTSs, is obtained
(selected emission wavelength ranges and corresponding SWCNT chiralities are indicated). For diameters smaller
than the (9,7) and/or (13,2) tubes, no energy transfer is observed. The slices are normalized over intrinsic SWCNT
PLE intensity in the specific ranges, showing very similar intensities of the energy-transfer for different SWCNT
chiralities above the minimum diameter for filling. Small spectral changes of the energy transfer band can also be
observed, indicative of different stacking of the encapsulated molecules in SWCNTSs with different diameters.
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d. Normalization of the PLE maps

When interpreting the 2D PLE difference maps (Figs 2f-g and S7a-b) it is important to note that
the intensity of the energy transfer band depends strongly on the abundance (and
photoluminescence [PL] efficiency) of the SWCNTSs in the different samples. The intensity of
the energy transfer band in these difference maps is thus modulated by the abundance of the
SWCNTs for each specific emission wavelength. When taking the narrow vertical slices as in
Fig. S7c, one can normalize the energy transfer band over the intrinsic SWCNT PLE intensity in
that specific emission region, resulting in very similar intensities of the energy transfer band for
the different SWCNTSs above the minimal diameter for filling.

Instead of taking these selected vertical slices, one can also apply this normalization to the entire
PLE maps, by normalizing the intensities for each emission wavelength over the intrinsic £
PLE intensities of the SWCNTSs at that emission wavelength. To define the E,, excitation range,
we use the previously introduced’ grid of constant diameter and chiral angle in the PLE maps
(Fig. S8). These gridlines were derived using the empirical relations for the electronic transition
wavelengths of empty SWCNTSs’, by treating diameter and chiral angle as continuous variables.
At each emission wavelength, the intrinsic £, PLE intensity over which to normalize is then
given by the corresponding PLE intensity integrated over the excitation wavelength range
between the two outer red lines of the grid (extended by 20nm on either side to account for
spectral linewidths and minor spectral shifts ; Fig. S8). This normalization results in Figs 2h and
S9.
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Figure S8. Example of the constant-diameter, constant chiral angle grid used for the normalization. PLE map
of the empty ARC SWCNTs. Black dots are peak positions obtained by the empirical formula for empty SWCNTs
derived in ref. [7]. Green lines are lines of constant diameter, using 0.1nm steps. Red lines are lines of constant
chiral angle, with the middle line corresponding to a=0° and the two outer lines corresponding to a=30° for tubes
with (n-m) mod 3=1 and 2, respectively. Normalization is then performed over the PLE intensity for each emission
wavelength in between the two outer red lines of the grid (£20nm, see text).
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Figure S9. Normalized PLE maps. Normalized PLE maps from (a) DANS@oARC, (d) DANS@oHiPco, (b)
D,O@oARC and (e) D,O@oHiPco. After normalization, the D,O@oSWCNT map is subtracted from the
DANS@oSWCNT map, thereby creating the difference maps for () oARC and (f) oHiPco SWCNTs. The energy
transfer band is now clearly visible (at excitation wavelengths around 500nm), with a distinct onset at the emission
wavelength of ~1350nm. Panels ¢ and f were combined to create Fig. 2h, using oHiPco data for emission
wavelengths below 1470nm, and oARC data above.

e. Two-dimensional fitting procedure

To accurately determine the shifts of the electronic transitions (i.e. Ej; (emission) and E»;
(absorption)) as a consequence of the dye encapsulation, an empirical model was developed to
perform a two-dimensional fit of the PLE maps. This essential step is not straightforward and
hardly discussed in the literature', as it is complicated by the presence of overlapping signals
from multiple chiralities, with both excitonic and band-to-band transitions as well as phonon side
bands. Therefore, especially the excitation line shape has not been modelled accurately before.

Our empirical model consists of the following:

e Emission profiles are fitted using a Voigt line shape, with transition wavelength A;; and
Lorentzian and Gaussian FWHM as fit parameters, from which also the overall linewidth
FWHM;,; is derived.

e Excitation spectra are fitted taking into account both excitonic and band-to-band transitions:
0 E»; excitonic transitions are fitted using a Gaussian line shape, with peak position A, and

linewidth FWHMZZ
0 Band-to-band transitions are modelled as o«c 1/./E —E,, , and convoluted with a Gaussian

line shape with width FWHM),,, using the same peak position 4,; and linewidth FWHM;,
as the excitonic curve. These band-to-band contributions account for the broad tails of the
excitation profiles, which are generally ignored in literature, but clearly observed in PLE
maps as vertical stripes extending between the sharp excitonic transitions.
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0 The relative amplitudes of the band-to-band transitions to those of the excitonic
transitions were fitted, but were taken to be the same for all chiralities in the sample.
Since the band-to-band transitions are much weaker than the excitonic transitions (>20
times for ARC, and >4 times for HiPco, even at the peak of the convoluted van Hove
singularity), and mainly needed only to model the tails far from resonance (where such
contributions from multiple SWCNT chiralities accumulate), it is indeed reasonable to
neglect the exciton binding energy (i.e. the small offset between band-to-band and
excitonic transitions).

0 Similarly also a band-to-band contribution from the first electronic transition (4;;) was
included in the fit of the excitation profiles (using the overall FWHM;,; from the emission
profiles for the Gaussian convolution).

0 For the HiPco SWCNTs, we furthermore implement a phonon side band, residing at
approx. 0.2eV above the E», excitation. The precise position was fitted, but was taken to
be the same for each chirality and the linewidth was kept the same as the excitonic
linewidth. To account for the changes of the relative amplitude of the phonon side band
as a function of diameter (electron-phonon coupling decreasing steeply with diameter), a
diameter-dependent (modelled through the emission wavelength) fitting parameter was
included for the amplitude. For the ARC spectra, which only contain the larger diameters
that do not show this phonon side band, the phonon side band was not included in the fit.

For two SWCNT chiralities, an additional side band at longer excitation wavelength ((8,6)
SWCNT) or a splitting of the PLE peaks ((10,6) SWCNT) was observed. These anomalies were
taken into account as an additional peak in the 2D fit, not used itself in the further interpretation,
but required to allow other nearby peaks to be fitted reliably.

Figure S10 presents the fits for the DANS@oARC and DANS@oHiPco samples, showing an
almost perfect reproduction of the experimental data. The resulting peak positions are plotted in
Figure 3a (in comparison with the peak positions of the empty SWCNTs and
solvent@oSWCNTs) and Figure S11 (in comparison with those from the empty SWCNTs and
D,O@oSWCNTs). For most of the DANS-filled SWCNTSs an even larger red-shift than for the
solvent- or water-filled SWCNTSs is observed, indicating a stronger interaction of the excitons
with the highly dipolar DANS molecules. Interestingly, some DANS-filled SWCNTs (in
particular the (15,2) and (16,3) families, which have (n-m) mod 3 = 1) show a /ess red-shifted
emission than the water-filled SWCNTs, which is possibly related to the different orientation of
water dipoles compared to DANS dipoles (which are forced to be nearly parallel to the tube
axis).
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Figure S10. 2D PLE fits for DANS@oSWCNT. a-c, Experimental data of the DANS@oARC and
DANS@oHiPco samples; b-d, 2D fits of these PLE maps; e-g, Horizontal slices of the experimental data (black)
and fits (red); f-h, Vertical slices of the experimental data (black) and fits (red), showing that the model fits the
experimental data extremely well.
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Figure S11. Comparison of PLE peak positions. Peak positions for the empty SWCNTs, DANS@oSWCNTSs and
D,0O@oSWCNT samples as obtained from the two-dimensional fits of the PLE maps.

© 2015 Macmillan Publishers Limited. All rights reserved

S16



f. Quenching of the DANS fluorescence

After encapsulation, the DANS fluorescence is nearly completely quenched, in agreement with
very efficient energy transfer to the SWCNTs, which was also observed through the SWCNT
emission in the PLE maps. To estimate the quenching factor, we measured the PL of DANS
dissolved in toluene and THF (excitation at 447nm), and compared this to the PL of the DANS
molecules in the DANS@oSWCNT samples. Samples were diluted (optical density less than
0.05 in a 1cm path length fused silica cell) to avoid effects of reabsorption. The PL arising from
the SWCNTs and from the gradient medium was subtracted from the DANS@oSWCNT spectra.
As such we find that the DANS fluorescence efficiency for DANS@oARC (DANS@oHiPco) is
reduced by a factor of at least 670 (320) with respect to DANS in toluene; and 225 (100) with
respect to DANS in THF. These values represent lower limits to the actual quenching factors
because trace amounts of free DANS molecules or other impurities could easily explain the
remaining fluorescence.

S4. Resonant Raman scattering spectroscopy (RRS)

a. Experimental details

Raman spectra were collected in backscattering geometry using a Dilor XY800 Triple
spectrometer equipped with a liquid nitrogen cooled CCD detector. Several excitation
wavelengths from three different lasers (Ar', Kr', and tunable Ti:sapphire laser) were used for
resonant excitation in the electronic transitions of the SWCNTs.

b. Radial breathing modes (RBMs)

The frequency of the radial breathing mode (RBM) vibrations of SWCNTs is inversely
proportional to their diameter, and is also very sensitive to interactions with their environment
and to the encapsulation of molecules'™’. Previously we have shown that the RBMs of all
SWCNTs exhibit a blue-shift after filling them with water, and that the relative amplitudes of
RBM peaks corresponding to empty and filled SWCNTs allows for quantifying the fraction of
filled SWCNTs'””". Also the encapsulation of other solvent molecules (i.e. THF/DCM) and the
DANS molecules can be studied by fitting the RBMs in the various samples (Figs S12-S16).
First the peak positions of the empty and D,0O-filled SWCNTs were fitted simultaneously (using
Lorentzian line shapes), since the empty sample might still contain a small fraction of water-
filled tubes. As such the peak positions of the empty and water-filled tubes can be most
accurately determined. Subsequently the solvent@oSWCNT spectra were fitted, which either
contains tubes filled with water, or filled with other solvents (THF/DCM). Since the oSWCNTs
samples contain a negligible amount of empty SWCNTs, the empty RBMs were omitted from
the fits of the solvent@oSWCNT and DANS@oSWCNT spectra. For the large diameter tubes,
no difference is observed between the D,O-filled and solvent-filled SWCNTs. For the smaller
tubes, significant differences can be observed, and thus these spectra were fitted using a
combination of the known D,O-filled SWCNT peak positions and linewidths and adding
additional peaks (if necessary) to obtain a good fit. Finally, the DANS@oSWCNT spectra were
fitted, taking into account the already known D,O-filled and solvent-filled SWCNT peak
positions determined by the previous fits, and only adding additional RBMs for those tubes
where a fit with water- and solvent-filled SWCNT RBM peaks is not sufficient. In the
overlapping diameter range of ARC and HiPco SWCNTs, the spectra of the ARC and HiPco
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tubes were also fitted simultaneously to obtain a more accurate determination of the peak
positions and linewidths.

The RBM frequency shifts that are presented in Figure 3d, are the RBM frequencies of the
DANS-filled SWCNTs minus those of the solvent-filled SWCNTs. For chiralities for which no
contribution from DANS-filled SWCNTs was observed, and an accurate fit of the RBM peaks
was obtained without this additional contribution (i.e. those which are too narrow for DANS to
enter), this shift is zero by definition, and the error bars presented for these SWCNTs are the
error bars from the fits of the solvent-filled SWCNTs.

Assuming that the RRS cross-sections of the DANS-filled and solvent-filled SWCNTs are not
drastically different (note that Figs. 3a and S11 show that the resonance conditions do not change
much between solvent and DANS filling), we find that most SWCNT chiralities with diameters
above the critical diameter are nearly 100% DANS-filled SWCNTs: For the (9,7) chirality (d =
1.088 nm) 72% (DANS@oARC sample) resp. 89% (in DANS@oHiPco) of the RBM signal
corresponds to DANS-filled SWCNTs, while for all larger diameters (d >1.1nm, starting from
the (13,2) SWCNT) filling percentages in the range of 88—100% are observed (on average 96%
for diameters >1.1nm, or ~91% for the DANS@oARC sample as a whole, considering that based
on optical absorption this sample contains about 4.5% of [non-filled] SWCNTs with d<l.1nm).
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Figure S12. Fits (green) of the Raman spectra (black) of the oHiPco (left) and 0ARC (right) SWCNT samples
excited at 790nm, by means of Lorentzian contributions from RBMs of empty (red), water-filled (blue), solvent-
filled (cyan) and DANS-filled (magenta) SWCNTs (all spectra from both ARC and HiPco SWCNTs were fitted
simultaneously with common position and linewidth parameters). The spectrum for the DANS-filled SWCNTs
contains RBM peaks (corresponding to the (9,7) and (10,5) SWCNTs) that are clearly not fitted correctly by a
combination of solvent-filled and water-filled SWCNTs only (DANS fit 2), and for which therefore an additional
peak, corresponding to DANS-filled SWCNTs, is added.
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2) Excitation Wavelength = 568.2nm
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Figure S13. Fits (green) of the Raman spectra (black) of the empty HiPco, DANS@oHiPco and
solvent@HiPco samples excited at 568.2nm, by means of Lorentzian contributions from RBMs of empty (red) and
solvent-filled (cyan) SWCNTSs. There is no difference in peak positions nor linewidths for the DANS@oHiPco
samples with respect to the reference solvent@HiPco sample, indicating that the DANS molecules are not
encapsulated in these narrow diameter SWCNTSs.

3) Excitation Wavelength = 514.5nm
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Figure S14. Fits (green) of the Raman spectra (black) of the empty ARC SWCNTs, the D,O@0ARC,
DANS@0ARC, and solvent@oARC samples excited at 514.5nm, by means of Lorentzian contributions from
RBMs of empty (red), D,O-filled (blue) and DANS-filled (magenta) SWCNTSs. The solvent@oARC sample does
not show differences with the D,O@oARC sample indicating that during the solubilization the solvent molecules
are exchanged by water-molecules. The fit shows that (among the SWCNT chiralities observed at this laser
wavelength) the DANS@oARC sample contains almost exclusively SWCNTs that are filled with DANS molecules.
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4) Excitation Wavelength = 725nm

Figure S15. Fits (green) of the Raman spectra (black) of the empty HiPco, D,O@oHiPco, DANS@oHiPco,
and solvent@HiPco samples excited at 725nm, by means of Lorentzian contributions from RBMs of empty (red),
D,0O-filled (blue) and solvent-filled (cyan) SWCNTs. The DANS@oHiPco sample does not show differences with
the solvent@HiPco sample indicating that DANS molecules are not encapsulated in these small diameters, however
solvent-molecules are encapsulated and show a different RBM peak position and linewidth than the D,O-filled
SWCNTs (also implying that the solvent molecules are not replaced by water in these smaller diameter SWCNTSs).
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Figure S16. Fits (green) of the Raman spectra (black) of the empty ARC SWCNTs, the D,O@0ARC,
DANS@0ARC and solvent@oARC samples excited at 860nm, by means of Lorentzian contributions from RBMs
of empty (red), D,O-filled (blue) solvent-filled (cyan) and DANS-filled (magenta) SWCNTSs. Again, the fit shows
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that the DANS@oARC sample contains mainly SWCNTs that are filled with DANS molecules.
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c. Higher frequency modes

Additional evidence for the DANS-encapsulation is provided by RRS measurements of the
higher frequency vibration modes, including both modes of the SWCNTSs themselves and of the
encapsulated molecules (Fig. S17). First of all, note that the opened oSSWCNT do not show a
significant defect induced D-band (e.g. black curve in Fig. S17, Raman spectrum of D,O@oARC
excited at 514.5nm: G/D ratio >220), indicating that even though the SWCNT ends are opened,
the number of defects along the length of the tubes is extremely low (The D band is a symmetry
forbidden mode, centred at 1350cm™, which is known to gain intensity when the SWCNT
symmetry is broken by defects — such as missing or dislocated carbon atoms in the SWCNT
wall, or covalent bonds formed to the SWCNT wall, changing the carbon atom’s hybridisation —
and in that case can be of comparable, or even larger, intensity as the G band'®). For the
DANS@oSWCNT sample, several additional bands originating from the encapsulated DANS-
molecules can be observed: (i) 1150-1200cm™ corresponding to C-C-stretch vibrations of the
benzene ring and C-H bending vibrations; (ii) 1275-1350cm™ corresponding to the NO,
vibrations, (iii) 1550-1650cm™ corresponding to the C=C-stretch vibrations and the NH, bending
vibrations'’. The inset of Figure S17 zooms in on these specific regions, after subtraction of the
SWCNT Raman modes, and compares the vibrations of the encapsulated molecules with those of
the molecules dissolved in methanol (for the solution spectra the fluorescence background was
subtracted, while for the DANS@oARC no fluorescence background is observed (see section
S3.f on quenching of the DANS PL)). Clear red-shifts and changes in relative intensities of the
DANS vibrations can be observed due to the confinement inside the SWCNTs.
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Figure S17: Raman spectra including the higher frequency range, excited at 514.5nm (hence also in resonance
with the DANS molecules), for the DANS@oARC sample compared to the D,O@oARC sample. RBMs and G-
bands can be clearly distinguished and no significant defect-induced band can be observed (~1350cm™). The inset
zooms in on the region of the C-C vibrations of the dye molecule, and compares them with those of the dye
molecule dissolved in methanol.
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S5. Hyper-Rayleigh scattering spectroscopy (HRS)

a. Experimental details

Hyper-Rayleigh scattering (HRS) is incoherent second harmonic light scattering occurring in
disordered media'®"®. Briefly, our highly sensitive and broadly wavelength-tunable HRS setup
(described in detail in ref. [20]) consists of a Ti:Sapphire chirped-pulse regenerative amplifier
(Spectra-Physics Spitfire) which is pumping a dual stage optical parametric amplifier (Spectra-
Physics OPA-800CP, pulse duration ~2ps, repetition rate = 1kHz). Parallel detection of a narrow
wavelength range around the second harmonic is achieved by use of a liquid nitrogen cooled
CCD coupled to a spectrograph, enabling fast and complete correction for any multi-photon
fluorescence which is then easily distinguished as a broad background®***. With this unique
setup, accurate HRS measurements are possible covering a broad wavelength range™™°,
throughout and beyond resonance with the DANS molecules. The high sensitivity in particular
allows the pure solvent, which itself has a weak and accurately known 2 dispersion”, to be used
as the internal reference standard. The solutions were stirred during the measurement to
continuously refresh the exposed molecules (limiting local heating and the effect of local
decomposition, if any), and linear absorption spectra were recorded to check for decomposition.

For the HRS measurements on DANS in chloroform solution, the effective |f,,,| value of
0.49x10 esu for chloroform as determined in ref. [27] was adopted as internal calibration®***,

and the dispersion of this value was taken into account as described before™. The calibrated HRS

signal per DANS molecule S/ was calculated as

HRS HRS
SHRS . NCHC}3 (SDANS _SCHCJ3 ),32
c - N S HRS CHCLy »
DANS CHCl,

(ST)

were N is the number density. For the present case of free DANS molecules in solution, this

signal is directly related to the molecular hyperpolarisability by S’ B = (BT

7). Significant
fluorescence was observed in all measurements involving detection at the long wavelength side
of the DANS absorption band. In fact, at 1550nm no accurate measurement was possible for the
free DANS molecules, due to a too strong fluorescence background (roughly 450 times the HRS
signal). Samples were sufficiently diluted in order to keep the signal correction for reabsorption
of the second harmonic light well below 5% (absorbance < 0.1/cm). Within good approximation,
a single significant f tensor component along the z-axis (i.e. the direction of the elongated
conjugated chain) was assumed for DANS®°. The experimental error on the S values for
DANS in chloroform, disregarding the systematic error on the reference value, is estimated to be
+5% (or 10% on the signals).

For the HRS measurements on the dye-filled SWCNTs, signals were recorded alternatingly for
SHRS

solvent »

the pure surfactant solution (1% DOC in D,0O; signal
the reference sample D2O@oSWCNTs (Sg;gs@osm) and the isolated DANS@oSWCNT sample

for internal calibration, see below),

(S s @oswyrs )- The signal from the empty SWCNTs themselves (.. Spog sy, Minus Sy )

was first subtracted from the DANS@oSWCNT signal (after rescaling the SWCNT signals (by
less than 17%) for small differences in concentration, as determined by absorption spectroscopy).
Then, from the remaining signal corresponding to the encapsulated DANS arrays in the
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DANS@oSWNT hybrid assemblies, S;;,, and the signal of the 1% DOC in D,O solution

HRS
S

solvent »

the calibrated HRS signal per DANS molecule S was calculated as

HRS HRS
SHRS _ Nsolvent (Shybrid B Ssolvent ) . ﬂ2 (SZ)
sMe - N SHRS solvent
DANS solvent

were N is the number density. The concentration of DANS in the DANS@oSWCNT samples

N, Was estimated from the DANS absorption band, and making use of the extinction

coefficient of (28500+600)L-mol'-cm™ for DANS in tetrahydrofuran solution (extinction
coefficients in other solvents are in a similar range’, with a standard deviation of only 8.7% for a
wide range of polarities). For the internal calibration®?, the reference value B is taken to

solvent
be the effective f,,, for water, which we previously calibrated extensively (and wavelength
dependently) against chloroform™. Deuteration is not expected to have a significant effect on the
L value, nor its dispersion, as the NLO response in this wavelength range is of electronic origin.
Indeed, (i) we previously demonstrated this for (deuterated) dimethylformamide®, (i) we did not
observe any significant vibrational contributions to £ for an extensive series of solvents,
including water™, and (iii) also by other authors isotope effects have been found to be
insignificant’’. The contribution of DOC (at the concentration of 1% used) to the HRS signal was
determined to be negligible: even for more than four times higher DOC concentrations, no
significant increase of the HRS signal compared to pure D,O was observed. Also the HRS
contribution of the remaining density gradient medium (“NycoDenz”), present in the diluted
SWCNT samples but not in the DOC/D,0O sample, was found to be negligible. We obtained an
effective f,,, value of only about 4.4x10%%su at 1220nm in D,0 for NycoDenz. This
corresponds to a contribution to the signal of less than 1% at the concentrations of NycoDenz in
the oOSWCNT samples used for HRS, which were strongly diluted (typically more than an order
of magnitude) with pure 1% DOC/D,0 to limit the corrections for absorption at the fundamental
and second harmonic wavelength®®. More in particular, absorbance at the second harmonic
wavelength was kept well below 0.1/cm (keeping the signal correction well below 5%), and
fundamental absorbance (excluding fundamental absorption of DOC/D,0 which does not need to
be corrected for as it is identical for all samples and references) was typically kept below
0.06/cm (signal correction below 15%). A significant, but extremely broadband fluorescence
background was observed for all SWCNT samples at all wavelengths, but in all cases the sharp
HRS signal could still be accurately distinguished and was subtracted by means of a linear up to
a quadratic fit (also thanks to the strong quenching of the DANS fluorescence in the
DANS@oSWCNT samples, see section S3.f).

Chemical stability of the DANS@oSWCNT assemblies, as well as of the D, O@SWCNT
samples was found to be excellent: even the strongly diluted samples used for HRS showed no
sign of decomposition after many months of storage (in line with the high stability of
encapsulated f-carotene in ref. [3]). When exposed to the full power from the amplified pulsed
laser system (pulse energy ~40uJ), significant photodecomposition of both the
DANS@oSWCNT and the D,O@SWCNT samples occurred (as evidenced from the absorption
spectra; probably due to local heating), but no decomposition was observed at the reduced
powers used for the HRS measurements (pulse energy ~1-4uJ near resonance and ~5-8uJ at the
longest wavelengths). Finally, apart from the DANS-arrays inside the SWCNTs, also the (much
weaker) HRS signal of the SWCNTs themselves showed significant, but very different,

S23

© 2015 Macmillan Publishers Limited. All rights reserved



wavelength dependence. The integrated HRS signals of the reference samples D,O@oARC and
D,O@oHiPco respectively ranged from 1 to 4 and from 2 to 5 times the HRS signal of
DOC/D,0, increasing towards longer wavelengths.

The experimental error on the calibrated signal values, excluding the systematic error on the
original reference standard chloroform®®?’, is estimated to be £20% (corresponding to 10% error
on the hyperpolarisability). These errors represent an estimate of the standard deviation obtained
from multiple measurements (typically four per laser wavelength) at the different wavelengths,
and also includes the error on other experimental parameters such as sample concentration, but
excludes the systematic error on the original reference standard chloroform®*?’. The relative
error is taken constant for all data points (statistical errors are dominated by laser fluctuations ra-
ther than shot noise), and is representative for the variations seen in the outer wavelength ranges,
even if smaller variation is often observed in the central wavelength range (where laser power
and stability is highest), and is therefore a conservative estimate for most wavelengths. The
choice for a fixed relative error was made because the number of independent measurements per
wavelength is too small to determine reliable standard deviations for each data point separately.

b. Results
Wavelength dependent HRS measurements were first performed on DANS in chloroform
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Figure S18. Tunable wavelength HRS data for the free DANS molecules. Experimental HRS data obtained
for DANS in chloroform (red squares), shown together with the absorption spectrum of DANS in chloroform at
the second harmonic wavelength (black curve). The blue curves represent the best fit of the homogeneously and
inhomogeneously broadened vibronic (HIV) S dispersion model from ref. [37] (with Gippom=1924cm™). The top

panel shows the calibrated HRS signal per DANS molecule S LH kS (Eq. (S1)), while in the bottom panel the

effective f3,,, values (=4/S fRS ) are plotted.
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solution (Fig. S18), showing a pronounced two-photon resonance in the region of the DANS
absorption band. This resonance is red-shifted relative to the absorption maximum as observed
previously for different NLO molecules””**%, and explained by inhomogeneous broadening
effects due to polar solvation”. The experimental, wavelength dependent S values for DANS
were successfully modelled by means of the vibronic S dispersion model including both
homogeneous and inhomogeneous broadening developed in ref. [37] (HIV model with
Ginh0m=1924cm'1). This model (as opposed to the almost universally used two-level model’*®
correctly describes both the resonantly enhanced data, including the red-shift, and the long
wavelength tail, yielding an extrapolated signal S in the static limit of
(0.020140.0020)x10*esu, corresponding to a static hyperpolarisability £ of (141+7)x10>%su
for DANS.

The wavelength dependent HRS results obtained for the DANS@oSWCNT samples are
summarized in Figs 4 and S19. A pronounced two-photon resonance associated with the
encapsulated DANS molecules is again clearly observed for both the DANS@oARC and
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Figure S19. Tunable wavelength HRS data for the DANS@oSWCNT hybrid assemblies. Experimental
HRS data (red squares) obtained for the DANS@oARC (left) and DANS@oHiPco (right) samples, shown
together with the absorption spectra of the encapsulated DANS molecules (black curves). The blue curves
represent the least squares fit to the data of our purely homogeneous vibronic-like (HV) model'”-*), including an
additional red-shift (see text, Aegopima=525nm in the two cases, ,Bo,my:7660><10'3oesu and 9770x10*esu for
DANS@oARC and DANS@oHiPco respectively). In the top two panels the calibrated HRS signal per DANS
molecule (Eq. (S2)) is plotted, while in the two bottom panels these signals are converted to actual S values of

the encapsulated DANS arrays (ordered domains) based on the S ¢H RS Values at the static limit (see text).
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DANS@oHiPco samples, and very large calibrated HRS signals S CH *5 are obtained (Fig. S19, top

panel). Note that here an even larger red-shift of the HRS maximum compared to the linear
absorption maximum occurs, with a pronounced tail towards longer wavelengths. This can be
understood as the DANS-filled SWCNT samples form a highly inhomogeneous system,
consisting of nanotubes with different diameters and therefore a different stacking of the DANS
molecules, which therefore exhibit different absorption and NLO behaviour. It is indeed
expected that stackings closer to the ideal head-to-tail alignment, hence those with the largest
contribution to £, also exhibit the more strongly red-shifted absorption. These effects are clearly
more complicated than the simple inhomogeneous broadening due to solvation considered in the
HIV model’’, which is hence not expected to yield a good description, but taking these peculiar
stacking effects explicitly into account would introduce far too many free parameters. Therefore,
we applied the HIV model while allowing an ad hoc additional red-shift (i.e. treating the
transition wavelength A, as one additional fit parameter), and found that a good overall fit could
be obtained. This best fit was obtained in the homogeneous limit of this model (Ginnom=0; 1.e. the
purely homogeneous vibronic-like (HV) model**’, Fig. S19), which may seem surprising, but
this simply means that the ad hoc red-shift alone (combined with the broad tails of the
homogeneous model) succeeds in effectively accounting for the abovementioned stacking
effects. The excellent fit again allows an accurate extrapolation of the HRS signals to the static
limit, yielding values of (1.09+0.22)x10™*su and (1.39+0.28)x10>*esu for the DANS@o0ARC
and DANS@oHiPco samples respectively. The ratio of these values to that of the free DANS
molecules ((0.0201+0.0020)x10™%esu) yields the effective average number of consecutively
head-to-tail aligned molecules in the assemblies (~ average domain size, see section S6 below),
i.e. ~54 and ~69 for the DANS@oARC and DANS@oHiPco samples respectively. This means
that the hyperpolarisabilities of the entire assemblies (or of the ordered domains, if these are
shorter than the SWCNTSs) are respectively equal to 54 and 69 times the £ of DANS in solution.
This yields huge static values B of 7660x10°%su (DANS@o0ARC) and 9770x10*’esu
(DANS@oHiPco), and extremely large peak f values of 63600x10* esu and 68800x10*esu
respectively (Fig. S19, bottom panel). The highest values are obtained for the DANS@oHiPco
sample. This is consistent with the fact that the DANS-filled tubes among the HiPco distribution
have more ideal diameters to ensure a single molecular file, while some of the larger diameter
tubes among the ARC SWCNTs might allow for a double file (possibly anti-parallel), or at least
tilted stacking.
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S6. Theoretical modelling of the polar alignment

In order to estimate the degree of alignment of the one-dimensional (1D) chain of molecules that
could be expected theoretically, we devised a simple model accounting for dipole-dipole
interactions, approximating each dipolar molecule as two point charges: We consider a finite
chain of N molecules, placed on a lattice with lattice constant a, and the charges, +¢ and —¢, are
located at distances /. and /_ from either sides of the lattice points (Fig. S20); while the currently
used molecule DANS has the charges at either ends, i.e. [;= [, many other NLO molecules have
a less symmetrical geometry, hence we start from this more general description). Due to the 1D
confinement, each dipole i (i=1,..,N) is allowed to adopt one of only two possible orientations,
described by the variable o;: along the positive (o; =+1) or negative (o; =-1) x-direction.

The energy of a given configuration of the chain is then given by the Coulomb interaction
energies Ej; between all pairs of dipoles (not counting the irrelevant interactions between both
charges of the same dipole, which are independent of the molecular orientation), i.e.

N-1 N
H ZZ ZEU

i=l j=i+l

_qZNzli( I 1 1 1 j

= + —_ —
drey T S\ (U —Da+o,l, —ol,  (j—iDa—-o,l +ol (j—iDa+ol +ol (j—i)a—o,l —ol,
(S3)

Based on this energy, the thermodynamic equilibrium of the chain order can be simulated
numerically through Monte Carlo calculations using the Metropolis algorithm.

However, in the relevant regime with large ordered domains, it is more convenient to describe
the state of the chain in terms of isolated defects (domain walls) separating ordered domains
(Fig. S20). For sufficiently large domain sizes (low defect concentrations), we can neglect both
defect-defect-interactions and interactions of defects with chain ends, such that the total energy
(relative to the energy of the perfectly ordered “ground state”) can be written simply as

H=n,E, (54)

where n, is the number of defects, and E; is the energy (heat of formation) to create one defect.

a
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Figure S20. a, Definition of the model to describe the thermodynamics of the alignment of the 1D array of dipolar
molecules. b, Perfectly ordered “ground state” of the chain and c-d, states with a single defect.
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In fact, for the asymmetric case with /i;# [, two inequivalent defect types exist, with
neighbouring dipoles pointing towards each other or away from each other (Fig. S20), but it is a
good approximation to set £, equal to the average energy of both types (this can be understood
as, neglecting end effects, a finite domain size requires both types of defects to occur
alternatingly).

In a chain of N dipoles there are N-1 potential defect locations, and the probability p for a defect
to occur at any given position is determined by Boltzmann statistics,

o EalksT

P=——%T (S5)

- 1+ ¢ FalksT

where T is the temperature at which the chain was formed (synthesis temperature). Thus, the
average number of defects in the chain is

o EalksT

<nd>:(N—l)m (S6)

and the average domain size D (number of consecutive parallel aligned dipoles) is
N

<D> = < > (87)

1+(n,

The total hyperpolarisability S of the chain is given in terms of the hyperpolarisability S of the
individual molecules (which is assumed to be dominated by the diagonal tensor component along
the long axis of the molecule) by

N
Br= Zoiﬁ (S8)

i=l
Thus the calculation of the mean square hyperpolarisability < ﬂT2> as measured by HRS boils down
to a calculation of the mean square polarization, i.e. of <(Zol.)z>. To this end, we first calculate

the correlation function P,=P(0=0;+,), i.€. the probability that two dipoles spaced by n lattice
units have the same orientation, which can be expressed as the probability of having zero, or any
other even number k of defects between these two dipoles (i.e. a sum of binomial distribution
probabilities),

" (n
P = k 1_ n—k

k even

where the binomial coefficient expresses the number of ways to distribute k& defects over n
potential defect sites. The sum over even k can be split into an average of the sum over all &, and
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the analogous sum with alternating signs, both of which can be calculated using the binomial
theorem (and the former summing to 1 as the binomial distribution is normalized) to yield

P, =%(1+(1—2p)") (S10)

The mean square hyperpolarisability can then be calculated as

i=1 j=1 i=1 j=1 i=1 j=1

(B?)= 52<(ﬁ“o,) >= ﬂzii@ioj) = ﬂzﬁ:i[(ﬂ)P(oi =0,)+(~1)P(0, #0,)|= ﬂzﬁ:ibP(q —0)-1]
(S11)

Note that in the above equation, £ and fr stand for the zzz components (where z is the axis of the
1D system) of the hyperpolarisability in the frame fixed to the molecule and DANS-filled
nanotube respectively, and that the angle brackets “<>” only stand for the thermodynamic
ensemble averaging over the different ordering states within the DANS-filled nanotube, not the
orientational averaging which occurs in the HRS measurement in liquid solution, and which
affects both the signal from the free molecules and from the DANS-filled nanotubes in the same
way (e.g. scaling it by a factor of 6/35 in case of an unpolarised measurement™, thus cancelling
out in the enhancement factor of Eq. (S15).

Eq. (S11) can be worked out, making use of Eq. (S10), as
N N )
(B)=pD > (1-2p)" (S12)
i

i=l j=

or, by substituting variables d:=|i-j|,

<ﬂrz>:ﬁ2{N+2E(N—5)(l—2p)‘g} (S13)

5=1

which yields the closed-form analytic expression (through expression 0.113 in ref. [40])

(1—2p)(2Np—1+(1—2P)N)} (S14)

(p7)= /32{N+ 2
or, for the enhancement factor of the HRS signal compared to that of the same number of free
molecules,

(#) |, 1-2pfenp-1+0-2p)") (S15)

Np? 2Np?

where the defect probability p can be obtained via Eq. (S5) from the defect energy E;, which is
defined as the energy E'” of a chain with a single defect minus the ground state energy £ of the
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perfectly ordered chain. This could be calculated numerically from Eq. (S3) for a finite chain, but
more elegantly, as we are considering isolated defects, we can take the limit of E; for infinite
chains. The perfectly ordered chain is described by o=+1 (i € Z) while the one with a single
defect is defined as o/~=+1 for i >0 and o/~=-1 for i <0 (or vice versa for the other type of defect).

The energy difference can then be expressed in terms of the pair interaction energies E{" = E\"),
where only pairs of dipoles interacting across the defect (hence depending only on the distance j-

i) need to be considered:

Eg=) Y EY-E], (S16)

j=0i=—1

Grouping terms with the same distance j-i:=k this simplifies to

E, = k(E,f,” —E,f,")) (S17)

0
k=1

Filling in the Coulomb interaction energies as in (S3) yields the required terms:

2 —
—kE” -4 —2+ k + k
4re,\ a  ak—(L+1) ak+(L+1,)
2 (S18)
kED* = 4 k__ k Lk
Y dmg\ak 21 ak+(—1) ak¥F2I,

where the superscript index + refers to the two types of defects (+ for the defect with dipoles
pointing towards each other, which carries a positive charge). By combining terms on a common
denominator and rearranging k£("* into partial fractions with denominators of order K, these

expressions can be rewritten as

_kE© — q’ 2L +1,)°
Y dne, kP —a(l+1,)
’ o S19)
(= q2 41’ + 2(L _l+)2 4l+2 (
kEk = e 3k2 o Zk] *T— 3 + T 3
o\ @k t2a’kl. a’kta'k(l_—-1) ak”F2ak,

Note that the sum over k of the individual terms in Eq. (S18) does not converge, but that of those
in Egs. (S19) does. Physically, this reflects the fact that charge-charge interaction energies
(proportional to 1/r) in an infinite chain of (net) charges diverge, but dipole-dipole interactions
(falling off more rapidly, as 1//), constructed here from opposite point charges, do converge.
Making use of the series expansion of the digamma function y (expression 6.3.16 in ref. [41],

w(l+z)=—y+ ki n(nz+ J (S20)

and of the expansion in partial fractions of the cotangent function (expression 4.3.91 in ref. [41]),
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cotz=ti2y L (S21)

2_2
z oz —k'm

the sums of Egs. (S19) over k£ can be worked out analytically to yield the defect energy

2 _ _
£t 4 {1_1+l+mtl+l+ﬂﬂy,(1;%Jilv,(1i%]¢ L ’w(ulal*ﬂ (S22)

4reya a a a a a a

Taking the average of the energies of both types of defects, £, = (£ +E;)/2, and using the

recurrence and reflection relations of the digamma function (expressions 6.3.5 and 6.3.7 in ref.
[41]), this reduces to

2 —
E, = el [l—l+l*7rcotl+l*7r—li7zcot£7r—l—7rcoti7z+l +7ZCOtL l+7Z':| (S23)

4rs,a a a a a a a a a

which for the symmetrical case with /,=/_ =/ further simplifies to

2
E, -4 (1—ﬂcotﬁj (S24)

=
2regya a a

Realistic model parameters ¢, a, and / for the NLO molecule DANS were obtained from
quantum-chemical calculations at the Hartree-Fock level using the semiempirical Hamiltonian
PM7***. First a calculation for an individual DANS molecule in vacuum was performed,
yielding a dipole moment £=9.142D (in line with results from ab initio calculations, giving
dipole moments in the range 7.68-9.65D and a dipole length 2/, taken to be the distance
between both nitrogen atoms, of 12.27A. From these two parameters, the effective point charge
to create this dipole moment is derived: g=0.1564e. The lattice constant a was derived from a
calculation of a head-to-tail DANS dimer in which the four nitrogen atoms were forced to stay
on a straight line to simulate the 1D confinement, yielding a=16.88A. Inserting these parameters
into the above model yields the results shown in Fig. S21. Over the entire relevant temperature
range, the analytical model for the low defect concentration regime is in good agreement with the
full Monte Carlo simulation based on the full Coulomb interaction energy from Eq. (S3).
Interestingly, the enhancement factor of the HRS signal of the dye-filled nanotubes compared to
that of the same number of free molecules closely follows the average domain size itself. In other
words, the finite domains are effectively (almost) equivalent to shorter, independent, i.e.
randomly oriented dye-filled nanotubes. The HRS measurements can thus be used effectively to
measure the average ordered domain size — no matter whether it is determined by nanotube
length or by defects in the assembly. For the temperature used experimentally for the synthesis
(339K, the boiling point of THF), the model yields an HRS enhancement factor of 43.3 (and 41.7
for the full simulation), reproducing the order of magnitude observed experimentally remarkably
well, considering the simplicity of the model, and the steep dependence on temperature and other
model parameters involved. For instance, relatively minor differences in dipole moment and
spacing obtained by using the less accurate Hamiltonians AM1 or even PM6 (in fact, both of the
most recently developed Hamiltonians, PM6 and PM7, have been shown to yield accuracies
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Figure S21. a, Results for the ordering of a 1D array of 100 DANS molecules from the model of Egs.
(S5),(S7),(S15) for the regime of low defect concentration, using the analytical expression (S24) for the defect
energy, and comparison with the Monte-Carlo simulation based on the full Coulomb interaction energy of Eq. (S3),
both using the model parameters from the quantum-chemical calculations with the PM7 Hamiltonian. Both the
average size of the ordered domains, and the resulting enhancement of the HRS signal (compared to that from the
same number of free DANS molecules) are plotted as a function of (synthesis) temperature. For each temperature,
20000 independent simulations were performed (400000 at the experimentally used synthesis temperature of
339K), with 600000 Metropolis steps each. Convergence was ensured by checking that simulations starting from a
completely random initial state and from a completely ordered initial state (as well as from an initial state based on
the low defect concentration limit approximation) yielded the same result (within a statistical error of ~0.18% at
T=339K). Note that the analytical approximation is in good agreement with the full simulation over the entire
relevant temperature range, and that the HRS enhancement closely follows the average domain size: Effectively,
the domains act as shorter, independent, randomly oriented assemblies. b, Comparison of results (in the analytical
approximation) using model parameters obtained from the more accurate Hamiltonian PM7, and two earlier semi-
empirical Hamiltonians, AM1 and PM6, illustrating the critical dependence of the degree of ordering on relatively
subtle changes in molecular dipole moment and spacing.

similar to or even better than DFT calculations at the hybrid B3-LYP level***"), yield substantial

differences in the degree of alignment (Fig. S21b). This is easily understood as the defect
probability, and thus the average domain size, depends critically (through the Boltzmann factor
in (S5)) on the Coulomb interaction energies, and thus equally critically on synthesis
temperature. It is therefore to be expected that important further improvements will be possible
through engineering of the molecules (dipole moment, spacing,...) and synthesis procedure. For
instance, similarly sized zwitterionic NLO molecules can have several times higher dipole
moments™™’, and would thus allow the defect probability to be further reduced by multiple
orders of magnitude, yielding domain sizes only limited by SWCNT length and dye purity.
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S7. Solvent reaction field vs. electric field in the 1D array

The optical absorption spectra of free DANS molecules in solution show a pronounced red-shift
with increasing solvent polarity (Fig. 2¢). Despite the very apolar nature of the SWCNT internal
channel, the DANS molecules in the SWCNTSs show an even larger red-shift. This can be easily
understood as the chromophores in the 1D array of dipoles in a head-to-tail arrangement
experience an electric field due to the other dipoles which is comparable but even larger, and
oriented in the same sense, as the reaction field experienced by the same dipole in a polar solvent
(see below and Fig. S22). This reaction field is responsible for the solvatochromic shift: DANS
is a typical dipolar chromophore with a positive solvatochromism’, meaning that it has an even
higher dipole moment in its excited state than in the ground state. Therefore, the excited state is
stabilised (lowered in energy) more than the ground state by this polar environment (reaction
field), resulting in a red-shift of the transition with increasing solvent polarity. To quantify the
comparison of these electric fields in a polar solvent and in the 1D array, we calculated both
using simple models.

The reaction field of a dipolar chromophore in a solvent can be obtained quite accurately from
the well-known Onsager reaction field model, provided its generalization to an ellipsoidal cavity
shape is used (even though the traditional model in which the molecule is assumed to occupy a
spherical cavity is often used in literature, this is inappropriate for NLO chromophores, which
are clearly elongated®). In this model, the solvent is described as a continuum with dielectric
constant &, and the chromophore is assumed to occupy an ellipsoidal cavity in this solvent, with
its (point) dipole moment centered in the ellipsoid.'* The reaction field due to the dielectric,
polarized by the chromophore with dipole moment along the z-axis, is then given by

b # 3 A(-A)e-D
f drey ror,r, e+ (1-6)A,

(S25)

where r,, r,, r, are the semi-axes of the ellipsoidal cavity, and 4. is the so-called ellipsoidal shape factor given by

;®@§ 0Z
SH==S
S

Figure S22. Schematic illustration of the electric fields experienced by the dipolar chromophores. a, In a
polar solvent, the chromophore (red) experiences a reaction field due to the surrounding solvent molecules (black)
which are polarized and oriented by the chromophore’s electric dipole field. This reaction field can be well
approximated as that of a dielectric continuum (yellow) surrounding the chromophore, in which the chromophore
occupies an ellipsoidal cavity. b, In the 1D array of head-to-tail aligned dipolar chromophores, each chromophore
also experiences an electric field due to the other chromophores, which is oriented in the same sense with respect
to the dipole as its reaction field in a polar environment. This electric field can be calculated directly from the
point-charge model defined in section S6.
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To obtain realistic cavity dimensions, we used the geometry of DANS optimised using the PM3
Hamiltonian, and fitted an ellipsoid to the corresponding Van der Waals volume, yielding semi-
axes r, = 1.91A, ry = 3.43A, r. = 10.49A. Inserting these in the model yields a reaction field of
8.33 x 10® V/m in DMSO (&= 48 ; see Fig. S23 for other solvents).

The field experienced by a chromophore in the 1D head-to-tail array, due to all other dipoles in
the array, can be calculated directly from the point charge model defined in the previous section.
Using the model parameters from the PM7 calculation, this field, averaged over the length of the
molecule (i.e. averaging along the z-axis from —a/2 to a/2), amounts to 9.49 x 10® V/m.

Thus the field acting on a DANS chromophore in the 1D head-to-tail array is indeed larger than
the reaction field acting on the same dipolar chromophore in a very polar solvent such as DMSO,
in line with the larger red-shift observed in the absorption spectra of DANS@oSWCNT
compared to the free dye in solution (Fig 2c). The field in the 1D array will actually be even
larger if one considers the additional influence of the (albeit small) polarity of the environment.

1D array
500 + m] -

(nm)

480 -

‘max

460 + -
DMSO
u

440 — —
THF
u

Absorption maximum A4

cyclohexane
420 u

T T T T T T T T T T T T
4 5 6 7 8 9 10

Reaction Field (108 V/m)

Figure S23. Experimental absorption maximum plotted as a function of the calculated electric fields
experienced by the dipolar chromophores, in polar solvents (Onsager reaction field model with ellipsoidal cavity
from equations S25-26; solid squares) and in the 1D head-to-tail array of dipolar chromophores (open square).

" Different quantumchemical methods yield very similar results. The PM3 geometry was chosen because it is more
planar: The PM7 geometry is more twisted around the central vinylene link, which is expected to have very little
effect on the reaction field, but lends itself less to fitting with an ellipsoid. Nevertheless, fitting the PM7 geometry
instead yields an ellipsoid with very different rx/ry aspect ratio (r, = 2.64A, r, = 2.91A, ., = 10.32A), but very
similar reaction field (8.39 x 10® V/m in DMSO), because the reaction field only depends on the ratio of the long
axis (7., along the dipole moment) to the cross-section in the xy-plane.
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