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Figure S1. PL map of (5,4)* sample acquired with silicon PMT (left) and InGaAs (right) array
detector. The * denote that the sample is enriched in (5,4) with other minor species.
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Figure S2. (8,4) resonance Raman spectrum collected using 597 nm excitation which is the Ez
value determined from the absorption spectrum. Inset figure shows the RBM of (8,4) enlarged
by two orders of magnitude.
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Figure S3. Spectrometer intensity correction factor shown in red (left axis) as a function of
photon excitation energy (bottom axis) over the range of SRMs to the lower energy limit used in
this work. Blue dots represent the ratio of integrated areas for the Raman-active benzonitrile
peaks at 460.9 cm™ to 1598.9 cm™? (right axis) versus the excitation wavelength (top axis) after
application of the intensity correction factor. Solid blue line indicates the average value of the
corrected benzonitrile peak area ratios. The error bar (10%) for each data point is estimated
from fluctuations in the laser power.
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Table S1. Value of Irem (using Ez» excitation) extracted from tabulated data in reference 1.

Dominant Intensity of RBM (arb. unit)
(n,m) under Ej; excitation
(5.4) 845
(6,4) 3515
(7.3) 136
(6,5) 516
(8.3) 5311
(10,0) 2336
(9,2) 1267
(7.5) 2165
(8,4) 84
(7.,6) 292
(11,1) 1936
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Figure S4. (a) G and G™ position vs diameter of different SWCNTSs. The red lines are generated
from the equations shown in the inset,? the black circles are the data observed in this work, and
the blue stars are reported values from reference 2. (b) Intensity ratio of G to G* vs. chiral angle

of different SWCNTSs.
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Figure S5. Full REP of (a) G* and (b) RBM of (7,5). The dots are experiment data points and
the colored curves, green for G* and purple for RBM, are fitted results. Equation S1 was used to
fit the data. (c) Fitted REP of G* (green) and RBM (purple) are normalized to one and the ratio
of the two are plotted as the red line. (d) The incoming resonance patrt in (c) was enlarged. The
arrow indicates the excitation energy which is used to determine the RBM/G"* intensity ratio
reported in Table 1. The maximum of the ratio should appear at a slightly higher energy than at
the excitation energy, which is consistent with our experiment observation.
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Figure S6. (a,b) Full REP of (8,4) RBM and G*. (c,d) Full REP of (6,5) RBM and G*. The dots
are experiment data and the lines are fitted following the Equation S1. All the spectra are
normalized to one.
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Description of broadening factor I' within an (n,m)

Both the incoming and outgoing resonances contribute to the RBM and G* REP
intensity at E22.  Moreover, the incoming and outgoing resonance contributions can
vary given not only the differences in energy of the RBM and G* modes and the
asymmetry of the G* REP, but also the broadening term, I". In order to more fully assess
these contributions, we have completed Raman REPs (RBM and G*) on (8,4), (6,5) and
(7,5) in Fig. S5 and Fig. S6, along with the corresponding analysis and modeling.
Equation S1 and S2 were used for REP fitting.3

During the analysis, we assumed a constant REP broadening factor (I") for both
the RBM and G* within the same chirality. Our assumption is based on literature3# and
our experiment results. In Table S2 we show that the variation of '-RBM to '-G* within
a specific chirality is relatively small for (7,5) and (6,5) (% difference of 5 % and 12 %,
respectively) which supports the assumption. However, in the case of the (8,4), the
difference between the N-RBM and I'-G* is larger (~25 %). Of note, the extremely low
signal strength of the (8,4) RBM results in a higher uncertainty for each experimental
data point and thus leads to a higher uncertainty in the REP fitting used to determine I'-
RBM. In summary, the literature and our experimental results generally support the
assumption that REP broadening factors are similar for RBM and G* within the same
chiral species.

Equations used to fit the REPs

2
M M
I x - T + : I
EL_Ezz_fE EL_Ezz_Eph_fE
Equation S1
M+ M,
- M- M,
Equation S2

Where

| = Raman intensity (arb. unit)

C = non-Condon parameter

M = the matrix elements for both the absorption and emission processes of the exciton-photon
interaction, as well as for the exciton-phonon coupling of incoming resonance

M. = the matrix elements for both the absorption and emission processes of the exciton-photon
interaction, as well as for the exciton-phonon coupling of outgoing resonance

E. = laser excitation energy (eV)

E., = the second electronic transition energy (eV)

Eph = phonon energy (eV)

[ = broadening term (eV)
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Table S2. REP fitting parameters

E.. / eV r mev M1
(n,m) C
RBM G* RBM G* RBM G*
(7,5) 1.886 1.889 81+2 91+2 0.0688 | 0.0592 0.12
(6,5) 2.164 2.165 114+ 7 120+ 7 | 0.0693 | 0.0860 0.26
(8,4) 2.063 2.073 138 + 9* 106 +4 | 0.0145 | 0.0772 0.19

* The I value of (8,4) RBM and the associated error are significantly larger than that of its G*
compared with the other two chiralities shown here. This effect is likely due to the extremely low
RBM signal of (8,4) through the resonance window.

Description of effects of varying parameters (I and C values, Raman mode
frequencies) on RBM/G* ratio

We used our data to approximate the variance of -RBM and I-G* and then
modeled the REPs using Equation S1 on the intensity ratio at E22. Our full REPs yield
I's that vary by approximately +/-19% between chiralities (Table S2). A similar variance
in the I of E22 excitation was measured from the photoluminescence excitation (PLE)
spectra of all 11 (n,m)s shown in Fig. 1(c) and Fig S1. This observed I" variance could
affect the intensity ratio by at worst 25% as seen in the curve for Fig. S7 (a).

The degree to which variations in the frequency of G* and RBM could affect the
overlap of the outgoing resonance and hence the RBM/G™ intensity ratio at E22 was also
assessed. The small variation in the G* frequency, from our data specifically (1583 cm-?
and 1591 cm™), results in a negligible contribution to the intensity ratio (< 0.1%) as seen
in Fig. S7 (d). The larger variation in the RBM frequency across the range of our 11
SWCNTs (259 cm™ to 372 cm), however, results in a correspondingly larger effect
(~+/- 15%) on the E22 intensity ratio as seen in Fig. S7 (b).

Finally, we examined the effect of the asymmetry of the outgoing resonance on
the G* REP, as quantified by the non-Condon parameter C on the RBM/G™ intensity
ratio.> Changing C from 0 to 0.5, which is much larger than both our measured values
(Table S2) and the typical range reported for multiple semiconducting SWCNTs® did
not affect appreciably the intensity ratio (< 2.5%) as seen in Fig. S7 (c).

Our analysis of the effect of various incoming and outgoing resonance
parameters on the intensity ratio of RBM/G™* reveals that variations in the broadening
factor ' and the RBM frequency provide the largest effects. The RBM frequencies were
measured (see Table 1) and correction for their variance is straightforward. In the
absence of I values from Raman REPs for all 11 (n,m)s, we used the I's from our PLE
data, scaled appropriately to coincide with the three measured Raman I values. The
resulting correction factors from both the RBM frequencies and the I's have been
applied to the intensity ratios and are shown in Fig. S8. Furthermore, from fitting the
three full REPs, we obtain the incoming resonance matrix elements M1 and plot the ratio
squared [|Mi, rem|?/|M1, c+|°] ON the same figure. These plots all follow the theoretical
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prediction and agree with the intensity ratio determined at E22 further validating the use
of this technique.
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Figure S7. Results of modeling the effects of indicated parameters on the RBM/G™ intensity
ratio, intensity of RBM, and intensity of G* at Ez. excitation: (a) Intensity ratio of RBM/G™ vs.
broadening factor I (eV), (b) Intensity of RBM vs. frequency of the RBM phonon, (c) Intensity of
G* vs. non-Condon parameter C, and (d) Intensity of the G* vs. frequency of the G* phonon.
Vertical axes are plotted in arbitrary units scaled to unity.
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Figure S8. RMB/G" intensity ratios (log scale) as a function of chiral angle 6 for SWCNT (n,m)s
as labeled. Mod1 and mod2 appear in the lower and upper halves of the figure, respectively,
with dashed lines to guide the eye. Experimental RBM/G* intensity ratios obtained at E»»
excitation as reported in Table 1 and those values corrected for RBM and G are shown as open
black diamonds and filled blue circles, respectively. Red circles represent the values of [|Mq,
rem|?/|M1, c+|?] (scaled by x1/2) for (8,4), (7,5) and (6,5) derived from full REPs. Pink crosses
represent the predicted RBM intensities (scaled by x1/2400) from Popov et al.t
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Figure S9. G- and G* modes of (7,6) derived from spectra decoupling process from (7,6)*
Raman spectrum using RBM intensity as an internal reference.

(n’.m
= (9,2)
l_|_|_|_l_|_|_
(n’m) 156015801600

Raman Shift {crn'1}

Figure S10. (a) Absorption spectrum of (9,2)* at E»» region. The G resonance window of the
minor species are indicated with double side arrows. From the figure we can see only (8,4) will
contribute to the G* peak of (9,2)*. (b) Decoupling process shows how to subtract the (8,4)
contribution from (9,2)* spectrum and isolate the (9,2) G* peak.
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