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Inverse design of guanine-defects in carbon nanotubes
for high-resolution emission tuning
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Cong-Qiao Xu?, Zhiwei Lin"3*

Defect engineering in single-wall carbon nanotubes (CNTs) offers a powerful means of tuning their properties. How-
ever, existing strategies predominantly rely on post hoc characterization of defects, and rational approaches for the
pre-design of defects remain lacking. Here, we present an inverse defect-design strategy that leverages DNA-
directed, guanine-specific chemistry to introduce guanine-defects into CNTs. We assign these modifications as sp?
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defects, which—unlike conventional sp® defects—largely preserve the t-conjugation of CNT lattice while enabling
tunable property modulation via lattice restructuring. This approach was applied to five distinct single-chirality CNT
species, yielding a chirality-dependent modification index, M(n, m), capable of predicting defect-induced property
changes, even for CNTs lacking prior experimental data. Guided by this index, we achieved deterministic control over
emission wavelengths with an accuracy of +1 nm and Raman profiles within 1% deviation from predictions. These
precisely engineered CNTs were further utilized for pattern switching and multilayer information encryption, high-
lighting the potential of precision defect design in advancing next-generation CNT-based materials.

INTRODUCTION
In crystalline materials, many of the most fascinating properties arise
not from the perfect lattice, but from the defects within. A prime ex-
ample is doped crystalline silicon, where the deliberate introduction
of defects transforms an intrinsic semiconductor into either N-type or
P-type, enabling precise control over its electronic properties (1-3).
Single-wall carbon nanotubes (CNTs), with their exceptional electri-
cal and optical properties, present an especially compelling platform
for defect engineering (4-8). Unlike bulk crystals, the entire lattice of
CNTs is exposed at the surface, rendering them highly amenable to
chemical modification. Extensive efforts have demonstrated that
introducing defects by chemical modification can profoundly alter
CNT properties (9-21). Oxygen doping, for instance, modulates
near-infrared band gaps (9, 12, 20, 21), while low-density quantum
defects markedly enhance photoluminescence (10, 11, 13). These
defect-modified CNTs have facilitated encouraging applications rang-
ing from single-photon emission to cancer diagnosis (12, 14, 22, 23).
Despite these advances, chemical modifications of CNTs have so
far depended entirely on post hoc analysis (Fig. 1A, left), and an effec-
tive strategy for pre-designing defects to confer specific, targeted CNT
properties remains lacking. The key challenges are twofold: (i) how to
effectively integrate the intrinsic electronic structures of CNTs with
defects, as most chemical reactions introduce sp’ defects into the sp”
lattice of CNTs (10, 13-15, 24, 25). The resulting properties of modi-
fied CNTs are governed by the combined effects of both the disrup-
tion of lattice structures and the chemical nature of functional groups
(10, 14, 26, 27); and (ii) how to establish a generalized principle for
predicting the impact of defects across various CNTs chiralities, as
each chirality type of CNT exhibits distinct sensitivity to defects.
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In this work, we introduce an inverse defect design strategy that
allows for the precise functionalization of CN'Ts with predetermined
optical properties (Fig. 1A, right). Our approach modifies CNTs
through a DNA-directed, guanine (G)-specific chemistry (28-32).
While our previous work demonstrated the feasibility of using this
chemistry for spatially ordered G-functionalization on (8,3) CNTs
(16), the underlying nature of these modifications and the physical
principles governing their optical response across different CNT
chiralities remained elusive. In the present study, we move beyond
phenomenological observations to establish a predictive framework
for defect engineering.

By combining systematic experiments with theoretical calcula-
tions, we elucidate the fundamental mechanisms by which these
guanine-defects modify the CNT lattices and regulate their proper-
ties. Critically, we demonstrate that these modifications effectively
preserve the n-conjugated system of the nanotubes, leading us to as-
sign them as sp” defects. This nature is intrinsically distinct from the
extensively studied sp> defects, which typically disrupt the lattice
conjugation. Our results show that the properties of the functional-
ized CNTs are predominantly determined by defect-induced lattice
restructuring rather than covalent disruption. The modification of
five distinct types of single-chirality CN'Ts has revealed a quantitative
framework, defined by a modification index M(n, m), that guides
precise defect design. This framework enables the tailorable modifi-
cation of CNTs, yielding emission wavelengths accurate to within
+1 nm and Raman profiles that align within 1% of theoretical mod-
els. Finally, we showcase the application of sp” defect-modified CN'Ts
with customized optical properties in pattern switching and multi-
layer information encryption.

RESULTS

Construction of guanine-defects in CNTs

This study employs high-purity single-chirality CNTs for chemical
modification, allowing for an unambiguous assessment of the im-
pact of defects on the structure and properties of functionalized
tubes. Six distinct types of chirality-pure CNTs were separated using
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Fig. 1. Design and construction of guanine-defects in CNTs. (A) Comparison of conventional and inverse-design strategies for CNT defect engineering. Conventional
approaches (left) typically rely on the post hoc characterization of stochastic modifications, where the resulting properties of F-CNTs are unpredictable prior to reaction.
In contrast, this work introduces an inverse-design strategy (right) that enables the a priori calculation and implementation of specific defect configurations. This deter-
ministic approach allows for the precise engineering of targeted, high-resolution optical properties of F-CNTs. (B) lllustration of the reaction between CNTs and guanine
to introduce sp? defects (see more details in fig. $2). (C) Raman spectra of F(6,5) with varying defect densities, where the D-peaks enhance as defect density rises. (D) Ab-
sorption spectra and (E) 2D excitation-emission spectra of F(6,5) with different defect densities. The intensities were normalized to clearly visualize the defect-induced
emission peaks. LDD-F(6,5) and HDD-F(6,5) were modified with 30-mer DNA oligonucleotides containing 5G and 10G, C5(GCs)4GC;, and C(GCC)oGC, respectively. LDD, low

defect density; HDD, high defect density.

a DNA-based protocol through an aqueous two-phase system (33-
36) (fig. S1). We first introduced defects into the (6,5) species using
the one-pot guanine chemistry (Fig. 1B and fig. S2), adapted from
our previous work (16) (see figs. S3 to S5 and Materials and Meth-
ods for details). The defect densities in the functionalized (6,5)
nanotubes (denoted as F(6,5)) can be modulated by altering the
guanine (G) content in the reactive DNA sequences. We first ana-
lyzed two F(6,5) samples with low and high defect densities, labeled
as LDD-F(6,5) and HDD-F(6,5), which were modified using 30-mer
DNA oligonucleotides containing 5G and 10G, C5(GCs)4sGC; and
C(GCC)yGC, respectively.

Raman spectroscopy provides direct evidence of defect incorpora-
tion in CNTs (17). The D band, arising from defect-induced double-
resonance phonon scattering (37), exhibits a pronounced increase in
intensity relative to the G band upon functionalization (Fig. 1C). The
normalized D intensity (Ip, normalized to the G band) was measured
to be 0.212 for LDD-F(6,5) and 0.357 for HDD-F(6,5), consistent
with the increased defect density. X-ray photoelectron spectroscopy
(XPS) was employed to quantify the defect density of these modified
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CNTs. By analyzing the N/C atomic percentage ratio, the defect den-
sity of HDD-F(6,5) was estimated to be 3.6 & 0.3 defects per nanome-
ter (see fig. S6 for detailed analysis). For nanotubes with comparable
Ip values, the defect density in these G-functionalized CNTs is 1-2
orders of magnitude higher than that in sp’-defect modified nano-
tubes, which is approximately one defect per 20 nanometer (10). This
disparity can be attributed to the sp” nature of G-induced defects,
which causes minimal disruption to the sp® lattice and -conjugation
system of the nanotube framework (38-40), in contrast to sp3 defects
(41). This notion is further supported by density functional theory
(DFT) calculation, as discussed in the following section.

The observed Raman spectral variations induced by guanine-
defects align well with several previous studies on sp* defects. For
instance, a comparative study of sp” and sp’ defects demonstrated
that while sp” defects generate a D-band, it is typically weaker than
the band associated with sp3 defects (39). Furthermore, studies on
carbene/nitrene-based sp’-defect modifications showed that such
functionalization leads to D-band enhancement and subtle pertur-
bations in the electronic structure of CNTs (42-44). While some
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literature reported negligible D-band enhancement from sp* defects
(38), this discrepancy may stem from lower defect densities (fig. S7)
or the use of CNTs with reduced bond curvature. As discussed
later, these defect-induced spectral variations are highly sensitive to
CNT chirality.

UV-Vis-NIR absorption and photoluminescence (PL) spectra were
used to further investigate the modified nanotubes (Fig. 1, D and E).
The absorption spectrum shows a broadening and red-shifting of the
E,, excitonic transition peak compared to the pristine (6,5) nano-
tubes. Despite the spectral broadening, the integrated absorbance
intensity of the E, transition remained virtually constant after modi-
fication (see additional discussion in fig. $8), indicating that the fun-
damental optical transitions of the nanotube framework in F(6,5) are
preserved, rather than quenched or blocked. In contrast, previous
studies on sp” defects-modified CN'Ts reported a dramatic decrease
in absorption (10), which was attributed to the disruption of the ex-
tended m-network in CN'Ts (40, 41, 45, 46).

The excitation-emission maps (Fig. 1E) and the corresponding
1D PL spectra (fig. S9) exhibit a unimodal, red-shifting E,, emission
peak upon functionalization. The observed red shift in the E;, wave-
length positively correlates with defect density. These observations
are distinguished from sp’-induced defects, which typically produce
an additional E;, emission peak in CNTs (9, 10, 47), with the wave-
length of both E;; and E; remaining unaffected by defect density
(10, 26, 48). While recent theoretical simulations suggested that G-
functionalization may induce sp® defects on adjacent carbon sites
(32), such configurations are characteristically associated with deep-
trap emission features (Ej;) (49, 50). In our system, we observed a
continuous redshift of the primary E, , rather than the emergence of
a discrete E7| state. The absence of these deep-trap features signi-
fies that these DNA-guided defects do not function as localized sp’
traps, but rather induce a more delocalized sp® modification of the
nanotube’s T-system.

To facilitate a rigorous quantitative comparison with sp” defects,
we specifically functionalized (6,5) CNTs using a C;5GC;5 DNA
sequence (31-mer). This ensures a defect density identical to that re-
ported in a recent study (24), which employed iodine-bearing 31-mer
DNA to introduce sp” defects. In that study, the sp>-defect modified
CNTs exhibited a distinct, dramatically redshifted emission peak (E};)
at 1168 nm (a 178 nm shift), and a robust Raman Ip/Ig ratio of 0.157.
In stark contrast, our G-functionalized CNTs display only a minimal
5 nm redshift in PL spectrum, and a remarkably low Ip/Ig ratio of
0.037 (fig. S7). Furthermore, the characteristic £}, peak of sp’ defects
was entirely absent in our samples. These results provide definitive
evidence that the G-modified defects are fundamentally distinct from
typical sp’ defects, further validating their sp® nature.

Understanding guanine-defects by DFT and TA studies

To understand why guanine-defects impose distinct effects on the
structures and properties of CNTs compared to sp3 defects, we con-
ducted a DFT analysis on the G-modified nanotubes. The LDD and
HDD scenarios were modeled by attaching one and two hydrogen-
capped guanine molecules to the sidewall of a hydrogen-capped
(6,5) segment with one unit cell (fig. S10). For pristine (6,5), the
energies of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) were calculated to be
—4.657 eV and — 3.597 eV, respectively, resulting in a CNT-HOMO-
LUMO gap of 1.060 eV (Fig. 2A). Upon functionalization, a minor
change in the LUMO energy was observed: —3.572 eV for LDD-F(6,5)
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and — 3.561 eV for HDD-F(6,5), respectively. However, the HOMO
energies exhibited more substantial variations, with the values of
—4.068 eV and — 4.028 eV (Fig. 2A, grey energy levels). Further anal-
ysis revealed that these new HOMOs originate from the guanine
groups rather than CNTs (fig. S11 and additional discussion). The
electronic density of these orbitals is largely localized on the gua-
nines, with minimal overlap with the n-conjugated system of the
CNT framework. This signifies that the guanine-localized orbitals
do not predominately dictate the electronic properties of the G-
modified CNTs. We thus analyzed the HOMO-1 levels of LDD-F(6,5)
and HDD-F(6,5), which correspond to the nanotube framework
in modified CNTs. Their values are —4.622 eV for LDD-F(6,5)
and —4.585 eV for HDD-F(6,5), yielding CNT-HOMO-LUMO gaps
of 1.049 eV and 1.024 eV (Fig. 2A), respectively. The reduction in
these gaps from pristine (6,5) to LDD-F(6,5) and then to HDD-F(6,5)
aligns well with the observed red-shift in absorption spectra (Fig. 1D).
Based on the changes of CNT-HOMO-LUMO gaps, we schemati-
cally outlined the density of states of CNTs (Fig. 2B), where Abs and
Abs* denote the absorption of pristine and modified CNTs, respec-
tively. Compared with Abs, the reduced E;; transition gap in Abs*
accounts for the observed red shift (a more detailed discussion fol-
lows in subsequent paragraphs).

The results above indicate that the electronic properties of G-
modified CNTs are primarily governed by the defect-induced lattice
structure changes, rather than by the guanine functional groups. To
further validate this hypothesis, we replaced guanine with a -CH,
group (Fig. 2A and fig. S12) and calculated the CNT-HOMO-LUMO
gap for this CH,-F(6,5) model. The calculated gap was 1.045 eV,
nearly identical to that of LDD-F(6,5) (1.049 eV), consolidating our
hypothesis. Notably, the spatial distributions of HOMO and LUMO
in G-modified CNTs are markedly different from those observed for
sp° defect-modified CN'Ts. Previous DFT studies on sp’-defect mod-
ified CNTs have shown that their HOMO and LUMO were delocal-
ized between the functional groups and CNT framework, resulting
in pronounced changes in the electron density of the CNT frame-
work (13, 51). Instead, our DFT results suggest that the electron den-
sity on the CNT framework with guanine-defects remains largely
unchanged (Fig. 2A). These findings further support that the sp” de-
fects cause minimal disruption to the m-conjugation system of the
nanotube framework.

The DFT analysis has offered valuable insights into the electronic
structures of sp® defect-modified CNTs in their ground states. To
further explore the electronic properties of these modified tubes in
excited states, we conducted femtosecond transient absorption (TA)
experiments. TA spectroscopy monitors the temporal evolution of
excited-state populations across various energy levels, providing in-
formation on carrier relaxation and recombination processes follow-
ing photoexcitation (52-54). Figure 2, C and E, displays the 2D and 1D
TA spectra of pristine (6,5) CNTs, showing the differential absorp-
tion (AA) as a function of pump-probe delay time. A prominent
negative peak around 988 nm was observed, corresponding to the
ground-state bleach (GSB) at the E, | transition for pristine (6,5). This
peak manifests as a negative signal arising from the transient deple-
tion of the ground-state population following photoexcitation (55).
At 0 ps, electrons were excited from the valence band (VB) to the
conduction band (CB). The initial GSB wavelength matches the val-
ue observed in the steady-state absorption spectrum (988 nm),
marked with black arrows as a reference. The GSB intensity increased
rapidly, reaching its maximum at 1.2 ps, indicating the saturation of
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Fig. 2. DFT calculations and transient absorption (TA) spectroscopy. (A) DFT calculations on pristine and modified (6,5) CNTs with varying defect density. The black
and gray energy levels correspond to the CNT framework and guanine functional groups, respectively. Note that CH,-F(6,5) represents the (6,5) CNTs functionalized by a
-CH, group. (B) Schematic of electron transition, relaxation and recombination pathway in pristine and modified CNTs. The pink and blue regions represent the VB/CB of
pristine and modified CNTs, respectively. Dashed and solid line arrows indicate the electron relaxation pathways in pristine and modified CNTs, respectively. The shaded
regions in modified CNTs represent the band-tail states induced by guanine-defects. (C to E) 2D TA spectra of (6,5), LDD-F(6,5), and HDD-F(6,5). The gray crossed dashed
lines indicate the PL peak positions at the steady-state. The black arrows highlight the steady-state absorption peak positions, while the red arrows illustrate the gradual
red-shifting of the GSB over time. (F to H) Early-time (0.1 ps to 200 ps) 1D TA spectra of (6,5), LDD-F(6,5), and HDD-F(6,5). The vertical dashed lines mark the steady-state

PL peak positions.

excited electrons (Fig. 2F). Between 1.2 ps and 100 ps, the GSB inten-
sity gradually decreased and underwent a slight redshift (Fig. 2F), as
indicated by the red arrow in Fig. 2C. After 100 ps, no further red-
shift was observed, and the excited electrons relaxed at a constant
wavelength of 992 nm, which corresponds to the emission wave-
length in the steady-state PL spectrum. Upon modification, a similar
relaxation dynamic was observed, but a much more pronounced
redshift was detected. The extent of red-shifting increased with de-
fect density (Fig. 2, D and E and G to H). Specifically, the GSB peak
of LDD-F(6,5) shifted from 1002 nm to 1026 nm at 100 ps, while that
of HDD-F(6,5) shifted from 1024 nm to 1068 nm.

The guanine defect-modified CNTs exhibit one set of unimodal,
red-shifting GSB peaks, which distinctly differs from the behavior
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observed with sp3 defects (53, 54). In the latter case, two sets of un-
shifted GSB peaks are typically observed—one corresponding to the
intrinsic energy level E;; of the CNT, and the other associated with
the defect-induced energy level E;,. The prominent red-shifting
GSB observed during relaxation is noteworthy and rarely reported
in modified CNTs. We attributed this redshift to the formation of
band-tail states induced by the sp” defects, a phenomenon well doc-
umented in other luminescent materials such as perovskites (56, 57).
Within the band-tail states (shaded region in Fig. 2B), excited elec-
trons progressively relax to lower energy states, while holes migrate
to higher energy states. Their recombination leads to a gradual red-
shifting GSB over time. Eventually, electrons that have relaxed to the
lowest energy states recombine with holes that have moved to the
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highest energy states (as indicated by the solid line arrow in Fig. 2B),
halting the redshift and resulting in relaxation at a constant wave-
length after 100 ps (denoted as PL"). Since band-tail states are high-
ly sensitive to defect density, an increase in defect density results in
deeper tail states, leading to a more pronounced redshift. Addition-
ally, the band-tails broaden the electronic distribution in both the
VB and CB, which is reflected in the widening of the PL and absorp-
tion spectra in the modified tubes.

Taken together, the slight changes in energy levels observed after
functionalization, as suggested by DFT calculations, indicate that sp”
defects introduce shallow potential traps in CNTs (56, 57), which ex-
ert minimal influence on the electronic structure of the CNT frame-
works. These shallow traps also account for the absence of additional
emission peaks (i.e., E)) that are typically seen in sp’ defect-modified
CNTs. While the overall electronic structure of CNT framework re-
mains largely unaffected, the incorporation of sp” defects alters the
symmetry of the CNT lattice (i.e., lattice remodeling). This, in turn,
broadens the sharp energy band edges of CN'Ts and induces the for-
mation of band-tail states. These band-tail states create new electron-
ic transition and recombination pathways, thereby altering both the
absorption and emission characteristics of the F-CNTs. The time-
dependent red-shifting and broadening of the GSB peaks observed in
the TA spectra strongly support this conclusion.

Tailoring the optical properties of CNTs by inverse design

of guanine-defects

The results above reveal the fundamental mechanisms by which
guanine-defects alter the lattice structure of CNTs, thereby changing
their electronic properties. Since CNTs exhibit chirality-dependent
lattice structures, this opens up ample possibilities for manipulating
their properties. To explore this further, we selected four distinct
species— (9,1), (8,3), (6,5), and (7,5)-for systematic investigation.
DNA sequences with varying G contents (6.7%, 13.3%, 20%, 26.7%,
and 33.3%, table S1) were employed to modulate the defect density.
The G bases are evenly distributed within each sequence to mini-
mize potential effects arising from the defect distribution pattern.
The PL and Raman spectra of the modified CNTs are illustrated
in Fig. 3, A and B. These four CNT species displayed varying degrees
of PL-peak shifts and D-peak enhancements as the G content in-
creased. For instance, at a G content of 33.3%, the observed PL peak
shifts were 70 nm for (6,5), 40 nm for (7,5), 26 nm for (8,3), and
10 nm for (9,1). The corresponding I, values were 0.40 for (6,5),
0.37 for (7,5), 0.31 for (8,3), and 0.09 for (9,1), respectively. Figure 3,
C and D, depict the variation of AA (XPL* —hppo ) and Ip with respect
to the G content, where A« and Ao represents the PL wavelengths
of modified and pristine CNTs, respectively (see fig. S14 for de-
tailed analysis). All four CNTs demonstrate a strong linear correla-
tion (R* > 0.97), with the slopes of the fitting lines denoted as k
and kp,. Notably, both k,, and k, followed a similar trend: k (6,5) >
k (7,5) > k (8,3) > k (9,1). Given that (6,5) and (9,1) have the same
diameter, this observation challenges the conventional understand-
ing that the spectral variation of modified CNTs is inversely propor-
tional to their diameter (10, 11, 58).

To understand the chirality-dependent spectral variations in-
duced by defects across various CN'Ts, we present the following anal-
ysis. Previously, we proposed that guanines preferentially react with
the carbon-carbon (C-C) bonds along the armchair line of CNTs
(16). In this study, our calculations show that these armchair C-C
bonds do exhibit greater curvature and larger 6-n angles than the
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other two types of C-C bonds (figs. S15 and S16). These geometric
features render the armchair C-C bonds more reactive. To facilitate a
quantitative assessment, and drawing upon established correlations
between emission shifts in G-modified CNTs and local bond curva-
ture (28), we used the curvature (C) of the armchair line as an indica-
tor of the average effect of each guanine-defect on CNT properties.
This approach is justified as C directly reflects the local bending of
C-C bonds (Fig. 3E, left panel). A higher C corresponds to a larger
2£om, indicating a concomitant increase in bond energy (fig. S16 and
table S2). Consequently, the incorporation of defects into these C-C
bonds will exert a more pronounced impact on the CNT properties.
The following equations (Egs. 1 to 3) quantify C, with the derivation
process detailed in fig. S17

2D
conm= M

72

Dza\/n2+m2+nm 2)
T

h=aV/n*+m?+nmtan 30°—cos_1<2n$) (3)
2y n? +m? + nm

where D is the CNT diameter, / is the pitch of armchair line, a is the
lattice constant of a graphene, a = 2.46 A (37), n and m are chirality
index of CNTs. Both D and h are functions of the chirality indi-
ces (n, m). Based on Egs. 1 to 3, the C values for the (9,1), (8,3),
(6,5), and (7,5) CNTs were calculated to be 0.220, 0.242, 0.267, and
0.242 A™!, respectively. Among them, C(6, 5) is the largest, indicat-
ing that defects have a more pronounced impact on the (6,5) tubes.
This explains why the modified (6,5) shows a more pronounced PL
redshift and a stronger D-peak compared to other modified CNTs.
Conversely, C(9, 1) exhibits the lowest value, accounting for its rela-
tively minor spectral variation after modification.

Note that (8,3) and (7,5) share an identical C value, which does
not interpret their differences observed in Fig. 3, A to D. To under-
stand this discrepancy, we considered another factor: the number of
defects (N) within a unit length of CNT (Fig. 3E, right panel). For a
given reactive DNA sequence with a fixed G content, N is propor-
tional to the D of CNTs, as larger tubes require more DNA to wrap
around them (see further discussion in fig. S19). Thus, N also de-
pends on the chirality indices (n, ), and can be expressed as Eq. 4

N(n,m)xzn X (D + 2dn_n) (4)

where d,__ is intermolecular distance between nucleobases and
CNT surface, which is approximated as d,_,= 3.3 A (59, 60).

By combining the contribution of C and N, we define a modifica-
tion index, M(n, m), to assess the overall impact of guanine-defects
on the properties of modified CNTs. This index considers both the
effect of individual defect and their density per unit length, and can
be expressed as Eq. 5

M(n,m) x C(n,m) X N(n, m)
2an\/n? + m? + nm + 4n’d,_
avn? +m? + nm{l + tan? [30° —cos—1<2”¢>] }
2y n2+m2+nm
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Fig. 3. Precise modulation of CNT properties through guanine-defect design. (A) PL and (B) Raman spectra of four F-CNTs with varying defect densities, modulated
by DNA sequences with G contents of 6.7%, 13.3%, 20%, 26.7%, and 33.3%, respectively. The dashed lines in panel A represent the PL spectra of pristine CNTs. (C and
D) Linear fits of the PL shift (AX) and Raman Ip with the G content, where A\ denotes the PL wavelength difference between pristine and modified CNTs for each species.
Data points in panels (C) and (D) represent the mean of three independent measurements. (E) Schematic illustration showing how C (n, m) and N (n, m) affect the proper-
ties of G-modified CNTs. (F) Relationship between 1/ ka; and M (n, m), where 1/ ka;, represents the G content (%) required to induce a 1-nm redshift in PL after functional-
ization. The curve was fitted with an inverse function (R> > 0.99). (G) Experimentally measured PL spectra of seven F-CNTs with targeted Ap, values of 900, 925, 950, 975,
1000, 1025, and 1050 nm. The resulting Ap values were 901, 925, 949, 976, 1001, 1026, and 1050 nm (fig. S24), respectively, in excellent agreement with the intended
targets. (H) Linear fit of Ap versus Ip for four F-CNTs (R?> 0.98). Pink horizontal reference lines indicate samples with the same Ap|_ but different I values, while blue vertical
reference lines indicate samples with identical Ip but different Ap. Experimental data for intersection |, marked by a red pentagram, was obtained through defect design
in CNTs (fig. S27), which corresponds to the F(6,5) with Ap. = 1029 nm and Ip = 0.27.
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A higher M(n, m) value indicates a more pronounced defect ef-
fect, leading to a larger PL redshift and a stronger D-peak. We then
quantified the M(n, m) values for four CNTs, which follow the or-
der: M(6,5) > M(7,5)> M(8,3) > M(9, 1). This trend is in excellent
agreement with the observed behaviors for k,, and kp, as shown
in Fig. 3, C and D. To further test the robustness of M(n, m), we
calculated the value for an untested CNT, M(6, 4), which was found
to be higher than that of M(6, 5). This implies that the modified (6,4)
should exhibit larger k,, and k, values compared to (6,5). Ex-
perimental results for the modified (6,4) yielded k,, = 2.03 and
kp =0.0124 (figs. S20 and S21), both of which exceeded the cor-
responding values of F(6,5), 2.02 and 0.0115. These findings indi-
cate that the M(n, m) effectively predict the impact of defects on
CNT properties.

The understanding of how guanine-defects affect various (n,
m) CNTs allows us to customize the optical properties of modified
CNT through defect design. To facilitate this, we plotted 1/k,, as a
function of M(n, m), where 1/k,, represents the G content (%) re-
quired to induce a 1-nm redshift in PL after functionalization. As
shown in Fig. 3F, it exhibits a strong inverse proportional correlation
(R? > 0.99). The relationship between M(n, m) and 1/kp, was plotted
in fig. S22. These correlations provide a powerful platform for de-
signing defects in selected (1, m) CNTs to achieve predetermined
}\PL and ID.

We first demonstrate the ability to precisely tune the Apy, of mod-
ified CNTs. For instance, to achieve a target App 0of 900 nm, we start-
ed with pristine (6,4) CNTs, which exhibit an initial Apy, of 885 nm.
By inducing a redshift of 15 nm, the target Apy+ could be reached. As
shown in Fig. 3F, a G content of 0.49% produces a 1-nm redshift in
the Apy, of modified (6,4); therefore, achieving the full 15-nm red-
shift requires a DNA sequence with a G content of 7.35%. Based on
this, we designed the C¢GC;3GC; sequence to functionalize (6,4)
CNTs. The resulting PL spectrum of F (6,4) is shown in fig. $23, with
ApL+ = 901 nm, aligning well with the target value.

In principle, this approach enables the synthesis of F-CNT with
any desired App+. To further validate this strategy, we designed and
synthesized six additional F-CNTs with target App+ of 925, 950, 975,
1000, 1025, and 1050 nm (Fig. 3G and fig. S24). The detailed design
protocol is outlined in fig. S24H. The experimentally measured Apy
values closely match the targets, with an error margin of only +1 nm.
A particularly noteworthy result is the successful design of F-CNTs
with App, = 1025 nm using the (7,3) species—a chirality for which no
prior experimental data regarding guanine-based covalent function-
alization was available. Our model accurately predicted how defects
would influence the PL of F(7,3) (fig. $25), and the experimental re-
sults were in excellent agreement with these predictions (fig. S24F).

Beyond designing Apy +, our approach also enables precise control
over the Ip of F-CNTs. For example, by targeting an Ip value of 0.2,
various CNTs can be modified to achieve the desired outcome. Fig-
ure S26 shows the Raman spectra of the modified (7,3), (6,4), and
(6,5), with measured Ip values of 0.198, 0.201, and 0.198, respec-
tively. These results closely match the target, with an average error
below 1%. These findings, combined with the App+ modulation dis-
cussed above, validate the accuracy and reliability of our approach
for encoding CNT properties through rational defect design.

Since both Apy, and Iy of F-CNT are directly correlated with defect
density, we incorporated them into a plot to better illustrate their re-
lationship. As shown in Fig. 3H, a strong linear correlation was
observed across all four CNTs. By adding vertical and horizontal
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reference lines, we pinpointed specific F-CNT samples at the inter-
section, where the Ap; and Ip values match those of two other sam-
ples. For instance, at intersection II, its Apy is identical to that of I,
while its Ip matches that of IV. These unique orthogonal dual-optical
signals at the intersection present exciting opportunities for the ap-
plication of G-modified CNTs, which will be discussed further in the
next sections.

Four intersections were identified in Fig. 3H, with the inter-
section I—marked by a red pentagram—corresponding to a Apy, of
1029.8 nm and an Ip of 0.268. However, experimental data for this
point were not available in Fig. 3, C and D. To address this gap, we
customized an F-CNT by reacting C,(GC4)sGC3GC; with pristine
(6,5). The resulting F(6,5) exhibited a Apy, of 1029 nm and an Ip of
0.270 (fig. S27), effectively bridging the data gap. This example fur-
ther underscores the accuracy of our defect-design strategy in tai-
loring the optical properties of CNTs.

Tailored guanine defect-modified CNTs for pattern switching
The results above highlight the distinctive role of guanine-defects in
modulating the electronic properties of CNTs, particularly in the
precise control of PL and Raman profiles. In the following two sec-
tions, we explored the applications of these precisely tuned CNTs.
We first demonstrate their use in pattern switching, utilizing the
four samples identified by the intersections in Fig. 3H. Sample infor-
mation and corresponding PL and Raman spectra are presented in
Fig. 4, A to C. These samples exhibit identical Ap, but distinct Ip
values, and vice versa. This dual-optical behavior is key to pattern
switching, as it allows for orthogonal control of optical signal output
during PL and Raman mapping.

As a proof of concept, we constructed a 2 X 4 sample plate with
8 wells, into which four types of CN'Ts samples were injected in a pre-
defined order (Fig. 4D). PL and Raman mapping experiments were
then performed on this plate. During imaging, each well generated a
color block or pixel. For data analysis, PL wavelengths from 990 to
1029 nm were mapped onto a green color scale, from dark to light, while
Ip values from 0 to 0.27 were mapped onto a blue color scale (Fig. 4E).
As a result, in PL imaging mode, samples I and II appeared as lighter
green blocks whereas samples III and IV formed darker green blocks,
creating a “Z-shaped” pattern (Fig. 4F). In Raman imaging mode, sam-
ples I and IIT displayed lighter blue blocks, while samples II and IV ap-
peared as darker blue blocks, producing a “chessboard-like” pattern.

To demonstrate the capability to image and switch more complex
patterns, a 20 X 20 sample plate with 400 pixels was employed. The in-
creased number of pixels allowed the creation of higher-resolution pat-
terns. The assignment of CNT samples in each well across the plate is
illustrated in figs. S28 to S32. To better showcase the outcome, five
20 % 20 plates were arranged into an array, with each plate displaying a
distinct pattern. In PL imaging mode, the array displayed the letter pat-
tern “CHINA’, whereas in Raman imaging mode, the pattern switched
to “WORLD?” The precise conversion between these patterns highlights
that the signal from each pixel was orthogonally controlled by the PL
and Raman of CN'Ts. We emphasize that, in principle, this method can
be extended to generate arbitrary patterns with customizable resolution
by adjusting the number of pixels and the variety of CNTs.

Tailored guanine defect-modified CNTs for multi-layer
information encryption

In this section, we demonstrate the use of guanine defect-modified
CNTs for multi-layer information encryption, an application that
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Fig. 4. Tailored guanine defect-modified CNTs for pattern switching. (A) Overview of the four samples identified by the intersections in Fig. 3H. (B) PL and (C) Raman
spectra of the four samples. (D) Schematic of the PL and Raman imaging setup. The imaging plate consists of 8 wells, each with a 4 mm diameter and 5 mm center-to-
center spacing between adjacent wells. Each well was filled with 5 pL of sample solution. A 532 nm laser was directed vertically into the wells to sequentially collect the
PL and Raman signals, with automated software controlling the movement between wells. (E) Data processing workflow, where Ap. and Raman Ip values were extracted
from the collected signals, mapped to false-colors, and used to generate the patterns. (F) Various patterns obtained from PL and Raman imaging. Note that the gray
numbers are sample indices, not derived from imaging. (G) Higher-resolution imaging with a 20 x 20 sample plate. Five plates were arranged into an array, with the PL

images displaying the word “CHINA” and the Raman images displaying “WORLD."

extends the programmable tuning capabilities established in the pre-
ceding section. This encryption platform serves as a rigorous ‘stress
test’ for the precision and stability of our functionalization methodol-
ogy. By generating spatial patterns with orthogonal PL and Raman
profiles, we provide a tangible validation of the unprecedented level of
structural control afforded by our inverse-design strategy.

While optical encryption has been extensively studied (61-66), we
propose a distinct multi-layered encryption system that substantially
enhances information security. Much of the field employs ultraviolet
and/or visible (UV-vis) light for encryption (62, 64, 65, 67), which are
susceptible to facile detection and decryption. In contrast, our plat-
form leverages the inherent confidentiality of the near-infrared (NIR)
window and vibrational Raman signatures. The combined utilization
of these two independent optical channels substantially increases the
complexity of unauthorized decryption, demonstrating the robust
utility of precision CNT functionalization.

Figure 5A illustrates the encryption process and its underlying
principle. First, the text information to be encrypted is converted
into a character string (e.g., ASCII code) and organized into an n X n

Lietal, Sci. Adv. 12, eaee8922 (2026) 10 July 2026

pixel array, forming a character matrix [Fig. 5A (i) to (iii)]. Follow-
ing a predefined rule (e.g., 0 = dark pixel, 1 = light pixel), the char-
acter matrix is transformed into a pixelated pattern, forming the
information-carrying layer [Fig. 5 (A) to (iv)]. Next, an interference
layer is incorporated, which can be an arbitrarily selected image. Us-
ing a panda image as an example, we first convert it into a pattern
with the same pixel count as the information carrying layer, forming
the interference pattern [Fig. 5 (A) to (vi)]. This interference layer is
then overlaid onto the information carrying layer, creating a superim-
posed pattern that contains both the encrypted and interference in-
formation. Finally, based on the superimposed pattern, we design and
encode the CNT sample matrix to complete the encryption process.
To make our encryption protocol readily accessible, we have devel-
oped a Python software tool [InfoEncrypt Compiler] (68) that inte-
grates all the design steps, from encoding the text message to
generating the CNT sample matrix. Users simply need to upload a
text message and an image to be encrypted, and the CNT sample ma-
trix will be generated automatically. A detailed demonstration of the
encryption process using this tool is provided in fig. S33.
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Fig. 5. Tailored guanine defect-modified CNTs for multi-layer information encryption. (A) Schematic illustration of the encryption process and its underlying prin-
ciple. The encryption workflow is facilitated using the [InfoEncrypt Compiler] software package developed by us. (B to D) Experimental results of encrypting an Einstein
quote into a 40 x 40 CNT matrix, with a panda image serving as the interference layer: (B) Pattern derived from PL mapping, which corresponds to the interference
pattern. (C) Pattern derived from Raman mapping, which corresponds to the information-carrying pattern, and (D) Text information decrypted from the pattern in
panel (C). (E) Demonstration of the decryption process. Three representative regions in panel (C) were selected for demonstration. Each region consists of eight consecu-

tive pixels, marked in red, orange, and green in panels (C) and (D).

To experimentally test the method described above, we encrypt-
ed a famous quote by Einstein into a 40 X 40 CNT matrix, using
a panda image as the interference layer. Fig. 5, B and C show the
experimental results. In the PL imaging mode, a panda pattern was
clearly visible (Fig. 5B), in line with our design. Meanwhile, the
Raman imaging mode revealed a QR-code-like pattern (Fig. 5C),
corresponding to the information-carrying layer. The QR-code-like
pattern can be decoded by following the protocol outlined in the up-
per panel of Fig. 5A, but in a reverse order. It was first converted into
a character matrix, then into a character string, and finally into text.

Lietal, Sci. Adv. 12, eaee8922 (2026) 10 July 2026

Upon decryption, the entire sentence was revealed (Fig. 5D): ##%#%*
“Imagination is more important than knowledge. For knowledge is
limited, whereas imagination embraces the entire world, stimulat-
ing progress, giving birth to evolution” -Albert Einstein ****. This
quote decrypted from Fig. 5C exactly matches the pre-encrypted
message in the CNT sample matrix.

Figure 5E interprets the decryption process. Three representative
regions in the Raman pattern were selected, each consisting of eight
consecutive pixels, marked in red, orange, and green, respectively.
Following the established rule that dark blue pixels represent “0”
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and light blue pixels represent “1,” these pixels were converted into
binary character strings: “01001001,” “01100111,” and “00100010.
These binary strings can then be transformed into decimal num-
bers, “73,” “103,” “115,” respectively. According to the ASCII table,
these numbers correspond to the characters “I;” “g,” and “s” (fig. S35).
By applying this protocol to all pixels in Fig. 5C, the entire quote-
including punctuation-was successfully decoded. The encryption
and decryption processes are both straightforward and rigorous,
forming a seamless, closed-loop system.

DISCUSSION

In summary, we have developed an inverse sp” defect design strate-
gy to precisely encode the optical properties of carbon nanotubes
(CNTs) using guanine chemistry. The combination of experimental
and theoretical investigations elucidated the structural features of sp*
defects and the mechanisms by which they govern the properties of
modified CN'Ts. In contrast to conventional sp® defects, these sp” de-
fects largely preserve the electronic structure of the CNT frame-
works while modulating their properties through lattice remodeling.
Through a systematic study of sp> defects in five distinct single-
chirality CNT species, we established a chirality-dependent modifica-
tion index, M (n, m), which accurately describes the effects of defects
on various (n, m) CNTs, even in the absence of prior experimental
data [e.g., for the (7,3) species]. The index facilitates the rational pre-
design of defects, enabling the precise tailoring of CNTS optical prop-
erties with unprecedented accuracy. This signifies a fundamental shift
in the engineering of defects in CNTs, moving away from conven-
tional trial-and-error approaches and retrospective characterization
methods towards a more deterministic and predictive framework for
materials design. The resulting defect-engineered CNTs, exhibit-
ing orthogonal PL and Raman signatures, were employed in pat-
tern switching and multi-layer information encryption.

Beyond these demonstrations, the capacity to engineer a vast,
programmable library of high-resolution “optical barcodes” holds
great potential for advanced analytics. The precisely-tailored pat-
terns shown in Fig. 5, B and C highlight the utility of modified CNTs
in multiplexed detection. This workflow can be seamlessly integrat-
ed into assays to generate distinct fingerprinting signals, enabling
the simultaneous resolution of multiple analytes (8). Crucially, the
multilayered optical signatures of these modified CNTs enhance
both sensitivity and specificity—a vital advantage when navigating
complex biological matrices prone to interference. We are currently
leveraging these innovative materials for perception-based biofluid
sensing in disease diagnostics (22, 69), where rapid biomarker identi-
fication is paramount. We envision that the integration of structurally-
defined CNTs into bioassays represents a promising advancement in
biosensing (70), paving the way for more effective disease diagnosis
and enhanced monitoring of health conditions. This work not only
standardizes the precise tuning of CNT optical properties but also
lays the groundwork for next-generation optoelectronic devices and
biochemical sensing platforms.

MATERIALS AND METHODS

Materials

CoMoCAT SWCNT powders (tradename SG65i) were obtained
from Sigma-Aldrich. Oligomers of ssDNA were purchased from
Sangon Biotech. Polyethylene glycol [PEG; molecular weight (MW),

Lietal, Sci. Adv. 12, eaee8922 (2026) 10 July 2026

6 kDa; Alfa Aesar], potassium phosphate dibasic (K,HPOy, J&K Sci-
entific), potassium phosphate monobasic (KH,POy, J&K Scientific),
phosphoric acid (H3POy, 85%, J&K Scientific), sodium phosphate
dibasic (Na,HPOy, J&K Scientific), sodium phosphate monobasic
(NaH,POy, J&K Scientific), sodium chloride (NaCl, J&K Scientific),
sodium thiocyanate (NaSCN; Sigma-Aldrich), sodium phosphate
buffer solution (NaPB; 1 M, pH = 7.4, Sigma-Aldrich), sodium de-
oxycholate (SDC, Sigma-Aldrich), and rose bengal (RB, dye content
95%, Sigma-Aldrich) were used as received.

Purification of single-chirality CNTs

Following previously reported procedures (35, 36), DNA-CNT
dispersions were prepared by sonicating SG65i SWCNT powders
(1 mg) with DNA oligonucleotides (2.5 mg) in 1 mL of buffer solu-
tion. The choice of buffer depended on the target chirality: sodium
phosphate buffer (30 mM, pH = 4) was used for C3(CCG)3-(9,1),
(T3C3)2C3-(8,3), (C3G)2C4-(7,3), (GCCC)3G2C2-(6,4), while sodi-
um chloride solution (30 mM) was employed for C3;GCsGCy-(7,5)
and TTA(TAT),ATT-(6,5).

DNA-wrapped single-chirality CNTs were sorted using the
well-established aqueous two-phase (ATP) technique (33, 34).
TTA(TAT),ATT-(6,5), C3(CCG)3-(9,1), (T3C3)2Cs-(8,3) and C3GCe-
GCy4-(7,5), were purified following our previously reported protocols
(52, 71). (GCCC)3G,C,-(6,4) and (C5G),C4-(7,3) were purified using
an adapted ATP system, containing PEG 6 kDa, NaH,PO4*H,0 and
Na,HPO,*7H,O0. In the 7:3 stock solution, their respective mass frac-
tions were 12.3%, 4.43%, and 12.2%, respectively.

The purification process involved mixing 3 volumes (60 pL) of
DNA-CNT dispersions with 7 volumes (140 pL) of the 7:3 stock solu-
tion. After vortexing, the mixtures were centrifuged to collect the top
fraction (1 T), which contained highly pure single-chirality CNTs. To
isolate the purified DNA-CNT species, precipitation was induced by
introducing 0.5 M NaSCN, followed by centrifugation at 17,000 g for
3 minutes. The pellets were then resuspended in the appropriate me-
dium: ultrapure H,O for optical characterization or NaPB buffer for
chemical modification.

CNT functionalization by guanine chemistry

CNT functionalization was performed using a protocol adapted
from a previously reported one-pot methodology (16). The fol-
lowing procedure outlines a representative reaction, using 30-1G
(C14GCy5)-functionalized (6,5) as an example. The reaction mixture
was prepared by combining 5 pL of TTA(TAT),ATT-(6,5) (OD
~25), 5 pL of NaPB buffer (20 mM, pH =7.4), 2 pL of 10% SDC, and
5 pL of 30-1G DNA (10 mg/mL), followed by vortexing. This ini-
tial step resulted in complete replacement of TTA(TAT),ATT with
SDC. Subsequently, 100 pL of MeOH was added dropwise under
vigorous vortexing conditions (5 pL per drop for 10 additions, fol-
lowed by 10 pL per drop for 5 additions). During this MeOH addi-
tion, SDC was displaced from the (6,5) CNTs, while 30-1G DNA
were wrapped onto the nanotube surfaces. The reaction condi-
tions were then adjusted by adding 81 pL of NaPB buffer (20 mM,
pH = 7.4) and 2 pL of RB (6 mM) to give a final MeOH content of
50% v/v. The final concentration of RB was maintained at 60 pM,
providing a twofold excess over the established functional threshold
(20-30 pM) to ensure optical reaction efficiency (28). The com-
plete reaction mixture, placed in a 2 mL glass vial, was illuminated
with paired 525 nm LED lamps (PR160 Rig with Fan kit, Kessil) for
1 hour at room temperature.

100f 13

9202 ‘2T AInc uo ABojouyda | Jo AIsBAIUN BUIYD YINoS e 610:90us1os mmmy/:sdny woly papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

Following the photochemical reaction, the functionalized CNTs
were isolated by precipitating with NaSCN (added from a 5 M stock
to a final concentration of 0.5 M) and centrifuging at 17,000 g for
3 minutes). After complete removal of the supernatant, the pellets
were resuspended in 20 mM NaPB buffer (pH = 7.4) for subsequent
characterization.

It is important to note that reaction outcomes—specifically the
relationship between spectral shifts and guanine (G) content—can
be influenced by parameters such as RB concentration, irradiation
flux, and temperature. To ensure the reproducibility and transfer-
ability of the observed slopes (Fig. 3), all reactions in this study were
conducted under a standardized ‘reaction-to-completion’ protocol.
By utilizing a saturating RB concentration (60 pM) and an irradiation
duration (60 min) that substantially exceeds the observed kinetic pla-
teau (see fig. S3), we ensure the functionalization reaches a stoichio-
metric limit. Under these optimized conditions, the modification
index, M(n, m), becomes an intrinsic property of the DNA-CNT con-
jugate, independent of minor variations in the experimental setup.

UV-Vis-NIR absorption spectroscopy

UV-Vis-NIR absorption measurements were carried out on a Hitachi
UH-5700 spectrophotometer using a quartz microcuvette with 1 cm
path length. Spectra were acquired in the wavelength range of 350-
1350 nm, and background correction was applied to each spectrum.

Steady-State PL spectroscopy

PL spectra were acquired using the NS Super NanoSpectralyzer
from Applied NanoFluorescence (Houston, TX), employing an ex-
citation wavelength of 660 nm.

Excitation-Emission spectroscopy

Two-dimensional Excitation-Emission spectra were collected using
the Edinburgh FLS1000. An automated excitation-emission matrix
was generated with the FLS1000’s Fluoracle software. The excitation
wavelength was scanned from 500 nm to 650 nm in 10 nm steps,
and the excitation intensity was corrected using the FLS1000’s refer-
ence detector. The photoluminescence emission was measured be-
tween 900 nm and 1400 nm in a single capture using the InGaAs
NIR camera.

Raman spectroscopy

Raman spectra were collected using the XploRA PLUS system, with a
laser excitation wavelength of 532 nm and a power range of 1-5 mW.
The functionalized CNT samples (~5 pL) were deposited onto alumi-
num foil. Following complete solvent evaporation, the laser was fo-
cused on the solid samples for analysis. The typical integration time is
30 s, with three accumulations per measurement. Spectra were re-
corded over the range of 200-1800 cm™".

Femtosecond transient absorption (TA) spectroscopy

TA experiments were performed using an integrated Helios setup
(Ultrafast Systems LLC) in a nondegenerate pump-probe configu-
ration, with a maximum time delay of approximately 7.6 ns. Pump
pulses were generated by a Coherent TOPAS-C optical parametric
amplifier, pumped by a 1 kHz Coherent Astrella F regenerative am-
plifier (800 nm, 100 fs, 7 m]J/pulse) and split into two beams. The
amplifier was seeded by a mode-locked Ti-sapphire oscillator (Co-
herent Vitara, 30 fs, 80 MHz). The signal beam underwent twice
frequency doubling using beta-barium borate (BBO) crystals to
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generate a 400 nm pump pulse, with the power adjusted to approxi-
mately 80 pW using neutral-density filters. The second beam was
converted into a white light continuum probe pulse (820-1600 nm)
via an yttrium aluminum garnet crystal, which probed the sample
states after photoexcitation by the pump pulse. A 450 nm short-pass
filter was placed in front of the sample to block residual light. A 400 pL
sample with an optical density of approximately 1.5 was loaded into
a 2 mm path length cuvette for testing.

X-ray photoelectron spectroscopy (XPS)

To remove residual Rose Bengal and free DNA, the functionalized
CNT samples were purified through three cycles of precipitation,
followed by three rounds of ultrafiltration using 100 kDa molecular
weight cut-off centrifugal filters (Cobetter). The purified samples
were ultimately concentrated to an optical density (OD) of ~20. For
XPS measurements, the concentrated solutions were evenly drop-
cast onto indium tin oxide (ITO) glass substrates and subsequently
dried in a vacuum freeze-dryer. XPS spectra were then acquired us-
ing a ULVAC-PHI GENESIS 500 Surface Analyzer. The acquired
data were processed and analyzed using MultiPak software.

PL and Raman mapping experiments

The functionalized CNT samples (as specified in Fig. 4A) were load-
ed into a custom-engineered aluminum alloy plate according to the
predefined spatial arrays (Fig. 4D and figs. S28 to S32 and fig. S34).
The mapping mold featured an #n Xn array of wells, each with a di-
ameter of 4 mm, a depth of 5 mm, and a center-to-center pitch of
5 mm. Each well was filled with a 10 pL aliquot of the respective
CNT dispersion, standardized to an optical density (OD) of 1-2.

PL and Raman mapping were performed independently and se-
quentially using a Horiba XploRA PLUS microspectroscopy system.
To ensure data integrity across the entire array, the automated acqui-
sition was structured into two distinct sessions: a complete PL map-
ping sequence was conducted for all sample wells, followed by a
standalone Raman scanning session. To mitigate the effects of sol-
vent evaporation and potential fluctuations in the liquid level during
these extended measurements, the confocal objective was precisely
focused at the bottom of the wells for both sessions.

All spectral data were collected using a 532 nm excitation laser with
the power maintained at 10 mW. The specific acquisition settings were
as follows. PL spectra were recorded over a range of 960-1040 nm with
an integration time of 3 s per pixel. Raman signatures were captured
from 1000-1800 cm ™" with an integration time of 1 s per pixel.

The mapping protocols were scaled according to the complexity
of the encoded patterns. A 4 X 2 configuration (8 data points) was
used for initial characterization (Fig. 4, D to F). A 20 X 20 configura-
tion (400 data points) was utilized for large-scale screening (Fig. 4G).
A high-resolution 40 X 40 (1600 data points) was acquired to render
the spatial information maps (Fig. 5, B and C).

During acquisition, the Analysis module in LabSpec 6 processed
the data in real-time. For PL-based data, the emission maxima (Apr)
were automatically extracted. For Raman spectra, the Ip (normalized
to Ig) was calculated by integrating the designated D-band (~ 1280-
1030 cm™") and G-band (1560-1610 cm™) region. The resulting Apy,
and Ig values were exported as numerical matrices, imported into
Origin software, and rendered into high-resolution pseudocolor im-
ages using a predefined color-scale mapping (Fig. 4E). This automated
workflow allows for the rapid decryption of complex spatial patterns
without manual spectral analysis.
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Computational methods

A hydrogen-capped (6,5) CNT molecular model consisting of a single
unit cell was employed for DFT calculations. The model was 4.06 nm
in length, comprising 16 hexagonal rings and approximately 400 at-
oms. The geometric optimizations were performed for pristine (6,5),
LDD-F(6,5), HDD-F(6,5), and CH,-F(6,5) CNT (see fig. S10) using
the ORCA 6.0 software (72). These calculations utilized the PBE func-
tional (73) with the def2-SVP basis set (74) to ensure a balanced
trade-off between accuracy and computational cost. Subsequent mo-
lecular orbital visualizations were rendered using the Jmol package,
enabling clear interpretation of electronic structure features.

Supplementary Materials
This PDF file includes:

Figs. S1to S35

Tables S1 and S2
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