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Abstract

Single-walled carbon nanotubes (SWCNTs) have been widely applied in biomedical fields such
as drug delivery, biosensing, bioimaging, and tissue engineering. Understanding their reactivity
with biomolecules is important for these applications. We describe here a photo-induced
cycloaddition reaction between enones and SWCNTs. By creating covalent and tunable sp’
defects in the sp” carbon lattice of SWCNTs through [27 + 21t] photocycloaddition, a bright
red-shifted photoluminescence was gradually generated. The photocycloaddition
functionalization was demonstrated with various organic molecules bearing enone functional
group, including biologically important oxygenated lipid metabolites. The mechanism of this
reaction was studied empirically and using computational methods. Density functional theory
(DFT) calculations were employed to elucidate the identity of the reaction product and

understand the origin of different substrate reactivities. The results of this study can enable



engineering of the optical and electronic properties of semiconducting SWCNTs and provide

understanding into their interactions with lipid biocorona.
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Semiconducting single-walled carbon nanotubes (SWCNTs) exhibit chirality-
dependent near-infrared (NIR) photoluminescence (PL) when their bundles are exfoliated by
suspension using surfactants." > Each single-chirality semiconducting SWCNT displays
characteristic E» excitation — Ei; emission peak, related to its optical transition between
corresponding van Hove singularities. In addition to this band-gap fluorescence, the emergence
of a red-shifted fluorescence emission, designated as Ei;~ or Ej*, was reported.’” The

activation of the red-shifted PL has been achieved by reactions with ozone,” © lipid
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hydroperoxide,” hypochlorite,® alkylation,* diazonium chemistry,> guanine
nucleobases,'” and other chemical treatments.'®** This emission is a single-photon in nature,**
can facilitate up-conversion® and be generated from trions trapped at chemical sites at room
temperature.' '* These features enable the applications of functionalized-SWCNTs as
promising fluorescent probes with excitation and emission in the NIR region well suited in
noninvasive in vivo detection and bioimaging.® Additional applications include single-photon
emission at room temperature in photonic devices,’*** as well as chemical sensing.”’ However,
even though the mechanism of this optical behavior has been extensively studied,*® *' the
chemical types of created quantum defects are still limited.”> ** Beyond oxygen-containing
defects on the SWCNTs,* ¢* alkyl* *'* and aryl> '> ' 1¥2! groups have been also shown to

generate Ei;~ emission. Among them, only few studies'® !> %2

reported the creation of the
fluorescent quantum defects other than oxygen by means of photochemical reaction activated

under either E,; transition of nanotubes or UV light.



Polyunsaturated fatty acids (PUFA) are one of the basic lipids composing microcellular
membranes.** Oxidation of PUFA can yield an array of bioactive oxygenated lipid mediators
such as octadecanoids, eicosanoids, docosanoids, and other lipid metabolites.*® For example,
oxidation of linoleic acid (LA) via the 15-lipoxygenase (15-LOX) or non-enzymatic pathway
can produce two main classes of octadecanoids, hydroxy-octadecadienoic acid (HODE) and
oxo-octadecadienoic acid (KODE).***** Our group has previously demonstrated that the defect-
induced PL in SWCNTSs can be achieved through photo-oxidation by lipid hydroperoxides.’
We hypothesized that lipid hydroperoxides can photochemically oxidize SWCNTSs resulting in

the formation of ether functional groups on the SWCNT sidewalls.’

In this work, we investigated the interaction between SWCNTs and linoleic-acid-
oxidative products, especially KODE and HODE. Compared to the previously reported linoleic
acid hydroperoxides,’ these compounds are not strong oxidants, thus rendering them unlikely
to generate similar oxygen-defects on the sidewalls of nanotubes. We found that these
compounds can also photochemically react with SWCNTs through a [21 + 27t] cycloaddition.
The photochemical reaction results in a gradual increase of the red-shifted defect-induced PL
(Ei1") accompanied by the decrease of E;; under illumination. To further confirm the feasibility
of proposed [2m + 2m] cycloaddition doping in SWCNTs, we performed the reaction with
shorter-chain commercially available organic compounds containing a carbonyl functional
group with or without a conjugated carbon-carbon double bond. Our results indicate that 3-
decen-2-one, a class of a,B-unsaturated carbonyl compounds (enones), can effectively
functionalize SWCNTSs through [27 + 27t] photocycloaddition. Density functional theory (DFT)
calculations were performed to investigate the relative thermodynamic stability of a number of
possible cycloadducts, including [2t + 27%] and [4n + 27] products involving different C-C
bonds on the chiral nanotube and products with different stereoselectivity. A detailed analysis
on the steric repulsions and London dispersion interactions between the enone substrate and the
SWCNT surface was performed to reveal factors that stabilize the [2n + 27] cycloadducts.

While 1,3-dipolar and Diels-Alder cycloaddition reactions with carbon nanotubes and other
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carbon nanosurfaces have been studied extensively using computation to understand the origin
of reactivity as well as regioselectivity of these transformations,*>* [2n + 2x] cycloadditions
with SWCNTs are less explored computationally,***’ because they are usually kinetically less
accessible. Additionally, most of the computational efforts have involved smaller organic
substrates, without alkyl chain substituents, and in turn, the substituent effect on the chemo-
and regioselectivity has been overlooked. This photo-activated reaction enables creation of
fluorescent quantum defects in SWCNTs through a controllable, facile, and inexpensive

synthetic route.
Results and Discussion

The photo-activated reaction between SWCNTs and 9-KODE was conducted by
irradiating the reaction mixture under 566 nm light. This wavelength corresponds to Ez
electronic transition in (6,5)-SWCNTs.! The selected wavelength is exclusive to SWCNTs,
because 9-KODE does not absorb light at 566 nm, as shown by the absorption spectrum in

Figure S1.

Figure la shows the excitation-emission (EE) maps of SWCNTs before and after
reaction with 9-KODE for 1 h under illumination at 566 nm. Before the reaction (6,5)-SWCNTs
displayed a characteristic bandgap E;; emission at ~990 nm with 566 nm E,, excitation,
consistent with the previously reported fluorescence of (6,5)-SWCNTs.! The emission

shoulders could be attributed to the photon sideband peak*'*

and the remaining impurity of
other SWCNT chiralities.** After 1 h illumination by resonant light at nanotube Ey; transition
(566 nm), Ei; peak faded away and a red shifted Eii~ peak, centered at ~1114 nm, appeared
accompanied by weak tail PL at longer wavelengths. It should also be noted that an even
brighter PL peak centered at ~1114 nm emerged corresponding to the excitation by NIR light
at Ei; transition of SWCNTs (Figure la, right panel). The PL intensity excited at Ei; is
significantly higher compared to that excited at E», is the result of higher E;; absorption

intensity of SWCNTs. However, this feature is less obvious in pristine nanotube due to the

overlap with Rayleigh scattering (Figure la, left panel). The Rayleigh scattering (diagonal



stripes on the upper-left corner of both EE maps in Figure 1a) is a result of the inherent optical
filter configuration of the spectrofluorometer, the ineffectiveness of the equipped 830 nm long-
pass filter to reject the scattered excitation light longer than 830 nm. Similar scattering effect
has also been shown in the work using a 1150 nm long-pass filter.® Figure 1b shows the spectra
changes over 1 h photoreaction under 566 nm illumination, revealing the disappearance in the
original E;; emission and gradual increase of two defect-induced PL peaks Eii” and Ei*,
centered at ~1114 nm and ~1255 nm, respectively. The existance of the isoemissive point at
~1050 nm is indicative of the direct conversion of the E;; emissive species to defect-induced

emissive species, without the formation of an intermediate in the transition between them.***’

Figure 1c compares the UV-vis-NIR absorption spectra of reaction mixture at different
time points under 566 nm irradiation. 9-KODE gives a characteristic absorption centered at 285
nm corresponding to the m to m* transition of o,B-y,0-diene ketone structure based on
Woodward-Fieser rules.***° This peak decreased with the progress of the reaction and finally
disappeared after 6 h irradiation; simultaneously a peak has appeared at ~230 nm with extended
6 h illumination. The ~55 nm blue-shift of the absorption indicates the complete consumption
of 9-KODE with the destruction of the acyclic dienone structure and the formation of

cyclobutane and/or oxetane ring.’'™>*

The expanded inset in Figure lc, showing vis-NIR absorbance of SWCNTs on a
magnified scale, reveals Ei; and Ex peaks drop by 21.1% and 3.7%, respectively, after
treatment. The spectra change is analogous to those observed during oxygen® and alkyl®
functionalization, which could be attributed to perturbations in the m-electron system from
covalent doping. Besides, there is an obvious ~5 nm blue-shift at Ei; transition after 6-h
illumination. This observation can be correlated to the decreased length of the pristine,
nonfunctionalized regions of SWCNTs as the reaction proceeds. When the defect-defect
distance (Figure S2) shortens to sub-10 nm scale, this could cause increased quantum
confinement effect along the SWCNTSs.* 53¢ Figure 1d shows the changes of emission intensity

of Ei, Ei, and E;1* peaks over 6-h 566 nm irradiation. The E;; emission decreased



monotonically within ~1 h of the reaction and then plateaued, while E;; intensity increased to
a maximum after ~1 h and then subsequently decreased. The decline in E;;~ was caused by
excessive functionalization after achieving optimal defect density on SWCNTs. The same
observations were reported by Piao et al’ with diazonium functionalization. Notably, the
intensity of the second red-shifted emission band, E;*, concurrently changed at a rate slower
than Ei;". In contrast to the sharp drops of Eii~ by 63%, another defect-induce peak, Ei1*, only
decreased by 23% after reaching its maximum. Here, similarly to previously reported dual red-
shifted emissions with alkyl'* and aryl* group functionalization, we observed the finite initial
slopes of the time-dependent kinetic curves for E;;”and E;;* and significant slower decay rate
of Ei1* compared to E;;". The above kinetic features of E;; and E;* more closely related to
that of the parallel reactions than to the consecutive reactions.”’ Specifically, if Ei;~ is an
intermediate species and E;* is the final product, the kinetic curve of Ei* would continue to
increase after E11 species reaches its maximum at around 60 min. It could be thus inferred that
Ei1* emissive species, with a binding energy as high as ~260 meV, were formed in parallel
processes to Ej1 emissive species rather than through sequential conversion of E;;™ sites into

E11* emitters.?”
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Figure 1. EE maps of SWCNTs (a) before and after 1 h reaction with 9-KODE under 566 nm
illumination. (b) Fluorescent emission spectra change over 1 h (spectra taken every 5 min with
566 nm excitation). (¢) UV-vis-NIR absorption spectra of the reaction mixture at different time
points; expanded insets show E;; and E; absorption peaks. (d) Emission intensities of Eq1, Ei1,

and E;1* of SWCNTs (with 566 nm excitation) reacted with 9-KODE over 6 h.

To ensure the observed effects were caused by the reaction between SWCNTSs and 9-
KODE, one control experiment was conducted without the addition of 9-KODE. As shown in

Figure S3, after 1 h 566 nm irradiation, neither obvious E;; decline nor evolution of both defect



peaks (Eii~ and E;1*) was observed. To confirm the doping was achieved through radical
reactions, another control experiment was performed with radical scavengers, morin or ascorbic
acid. When the reaction mixture was pretreated with radical scavenger to terminate any radical
reactions, no enhancement of Ei;~ and E;1* emission was observed (Figure S4). Moreover,
saturated steric acid (18:0) without dienone functional group did not produce any spectra
changes as well.” Thus, it could be concluded that the produced red-shifted PL peaks were
induced by photoinitiated radical reaction between SWCNTSs and dienone structure in 9-KODE.
Similar radical reaction mechanism has been proposed for other photochemical reactions aimed
to generate the defects in SWCNTSs.” '> 1 2° In addition to 566 nm light activation, we also
conducted the reaction under 285 nm illumination, resonant light to © to ©* transition in 9-
KODE (Figure S1). In this reaction, the photoexcited species are 9-KODE instead of SWCNTs.
285 nm is beyond the E4 transition (~ 300 nm) of (6,5)-SWCNTSs,*" at which the molar
extinction coefficient of SWCNTSs is order of magnitude lower than that of 9-KODE.?*%
Similar approaches have been reported using UV light to excite only the dopants not the
SWCNTs. 2 Interestingly, we observed the emergence of the same defect-induced PL under
lh 285 nm illumination (Figure S5). The generated defect peaks, together with the

corresponding energy shift, well matched those created under 1 h 566 nm illumination treatment

(Table 1).
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Figure 2. (a) Raman spectra of SWCNTs before and after reaction with 9-KODE under 6-h
566 nm and 285 nm illumination, respectively. (b) Normalized apparent quantum efficiency
(AQE) of the reaction illuminated at different wavelengths (285, 345, 566, and 988 nm) for 1h.

The emission spectra were recorded under 566 nm excitation before and after illumination.

The successful defect formation under both 566 nm and 285 nm illumination was
further confirmed by Raman spectroscopy. Figure 2a shows the Raman spectra of SWCNTs
with an increase of D/G ratio from 0.05 to 0.17 and 0.12 after 6-h reaction under 566 nm and
285 nm illumination, respectively. The rise in D/G ratio indicates the increased defect density
of SWCNTs after reactions. The comparatively higher defect density after 566 nm irradiation,
compared to 285 nm irradiation, is consistent with both PL emission and UV-vis-NIR
absorption spectra (Figure 1 and Figure S5) due to more doping under 566 nm irradiation. The
aforementioned results suggest that the mechanism of the reaction involves the excited state of
either SWCNTs or 9-KODE as demonstrated by the effective E;;” formation at 566 nm and 285
nm excitation, respectively. Prior reports of light-assisted creation of fluorescent defects in

3. 7.10.15.19 ¢ dopants.® ® 2 Our light-driven

SWCNTs involved the excitation of either nanotubes
functionalization of SWCNTSs can be triggered via dual pathways under resonant excitation of

both dopants and SWCNTs.

To further investigate the photochemical nature of the reaction between SWCNTSs and
9-KODE, the reaction mixture was stored in dark for 1h. As shown in Figure S7, without
irradiation, no evolvement of any defect PL peaks was observed. Besides, the action spectrum
(Figure 2b) displaying the reaction efficiency at various illumination wavelength (285, 345,
566, and 988 nm) was also provided. Interestingly, we observed the highest reaction efficiency
under 285 nm irradiation, the wavelength which matches the absorption band of 9-KODE
(Figure S1), followed by the 345 nm illumination. This result further indicates that the doping

reaction can be induced by direct excitation of either SWCNTSs (E». and Es; transitions) or 9-



KODE. The mechanism of the reaction involves the excited states of both SWCNTSs and 9-
KODE. Notably, under excitation energy corresponding to E; transition (988 nm) of (6,5)-
SWCNTs, almost no defect PL evolved. The molar extinction coefficient of (6,5)-SWCNTs is
the highest at 988 nm compared to 345 nm and 566 nm. The photon flux at 988 nm illumination
is of the same order of magnitude as that at 566 nm illumination, and even orders of magnitude
higher than that at 345 nm and 285 nm illumination (Table S2). However, the calculated
apparent quantum efficiency (AQE) under 988 illumination is still three orders of magnitude
lower compared to the highest AQE at 285 nm illumination (Table S2), which leads us to
conclude that the photochemical reaction scarcely occurred at 988 illumination. The lack of
functionalization under 988 nm was assumed to be a result of insufficient photon energy to

overcome the reaction barrier."

Here, in order to further explore the mechanism of observed photochemical reaction,
we also performed similar photo-reaction under 1 h 566 nm illumination between SWCNTs
and other 14 commercially available octadecanoids (Table S1). The ratio of the intensity of the
defect-induced E1; peak (I1:") with respect to Ei; peak (111), together with the energy shifts (AE)
are shown in Table 1. 9-0xoODA and 13-KODE, similar to 9-KODE, have a diene structure
conjugated to a carbonyl functional group. Thus, similar doping chemistry with ~135 meV
energy shift was observed. The relative lower reaction efficiency of 9-oxoODA with respect to

9-KODE could be a result of the E-Z isomerization of diene functional group.®'

The second group of compounds, HODE, compared with KODE group displayed a
significant 10 meV higher energy shift with 145 meV, the defect PL further shifted to ~1120
nm. Besides, we also investigated the role of chirality on the reaction efficiency by testing both
R- and S-HODE compounds (Table S1, data not shown). Our results indicated that the chirality
of hydroxyl functional group did not affect the cycloaddition reaction with SWCNTs in terms

of similar defect PL energy shifts and reaction efficiency.

The third group compounds, 10E,12Z-CLA and 9Z,11E-CLA, though remained the

dienes functional group as those with HODE, missing the conjugated hydroxyl group.

10



Compared with HODE, similar energy shift at ~145 meV was observed, indicative of same type
of cyclobutene ring formation with respect to HODE. However, the reaction between CLA and
SWCNTs proceed at a much slower rate as shown by the low intensity ratio of 0.6 (Table 1).
The less effective functionalization can be further confirmed by compared the intensity ratio
with that before the reaction, namely for pristine SWCNTs, which is ~0.3. A similar effect has
also been reported by Kwon et al., who observed the dependence of Ei;~ emission wavelengths
and I;,7/I;; ratios on different substituted (fluoro)alkyl/aryl sp*-defects.'® Linoleic acid oxidative
products containing only one carbonyl group (3-oxo-stearic acid), or conjugated triene or
tetraecne groups (Table S1, No. 11-15) were also tested for reaction with SWCNTs under 1 h

566 illumination. As shown in Figure S8, no defect PL was observed.

Table 1. Comparison between different compounds after 1 h reaction with
SWCNTSs under 566 nm illumination.

Eu Eun- AE _
Compound name Skeletal structure (nm) (nm) (meV) L /T

9-KODE 993 1114 135 3.2

9-KODE )OKW)OM
(285 nm illumination | " D 993 1112 134 0.9

for 1 h)
o [0}

9-0x00DA oo~~~ Ao~ | 991 1109 133 1.5
13-KODE Hol B | 993 | 1114 135 2.5
9R-HODE oo~ | 991 | 1121 | 145 | 10
13R-HODE HO o 990 1120 145 1.4
10E,12Z-CLA ”Owﬁw 991 1120 143 0.6
9Z,IIE-CLA | ol @~ | 991 | 1121 | 145 | 0.6

Furthermore, we tested this reaction with other commercial enone compounds.
Compared with PUFA compounds, these commercial enones are less expensive thus enabling
potentially to scale up the synthesis of SWCNTs with quantum defects. Figure 3a shows the
EE maps of SWCNTs before and after 1 h photoreaction with 3-decen-2-one under 566 nm
illumination. A bright red-shifted PL peak centered at ~1126 nm with as high as 151 meV
energy shift (Table 2) was appeared. Figure 3b showed the progressive spectra within 1 h

reaction, which further confirmed the gradual increase of two defect-induced PL accompanied

11



by the decrease of original E;| peak. Figure 3c displayed the change of the UV-vis-NIR spectra
over 6 h reaction. Consistent with previous results (Figure 1c), SWCNTSs absorption peaks,
especially at E;; transition, decreased progressively, demonstrating the successful
functionalization of the SWCNTSs. Besides, the shrinkage of the absorption peak at 300 nm due
to n to w* transition of enone functional group of 3-decen-2-one were indicative of the
consumption of 3-decen-2one in the process. Kinetics curve (Figure 3d) showed the change of
PL emission peak intensity over 6 h reaction. With the continuous decrease of the original E;;
peak, two defect-induced PL peaks (Ei; and E;1*) gradually increased and then plateaued.
Furthermore, reaction under illumination with 300 nm light, resonant with n to «* transition of
3-decen-2-one absorption instead of SWCNTs, was performed. As shown in Figure S9 and
Table 2, same defect-induced Eii~ peak centered at ~1127 nm with 154 meV energy shift

appeared.
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Figure 3. EE maps of SWCNTs (a) before and after 1 h reaction with 3-decen-2-one under 566
nm illumination. (b) Fluorescent emission spectra change over 1 h (spectra taken every 5 min
with 566 nm excitation). (c) UV-vis-NIR absorption spectra of the reaction mixture at different
time points; expanded insets show Ei; and Ex absorption features. (d) Emission intensities of

Ei1, Eir, and Ei1* of SWCNTSs (with 566 nm excitation) reacted with 3-decen-2-one over 6 h.

We also compared 3-decen-2-one with other similar structure compounds (Table S1,
No. 17-20) by their photo-induced reactivity with SWCNTs. As shown in Table 2, across all
the tested compounds, 3-decen-2-one was the best in the emergence of the defect-induced PL

as indicated by the highest I;; /111 ratio of 1.1.
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The reaction between SWCNTs and 3-octen-2-one, an organic molecule containing
same enone functional group as 3-decen-2-one though with shorter 8-carbon chain length,
proceeded at a very low efficiency. The intensity ratio I;; /I;; was only 0.39, barely increased
compared with 0.3 for pristine SWCNTSs. Furthermore, the reaction with another even shorter
molecule 3-hepten-2-one under 1 h 566 nm irradiation did not induce any defect PL (Figure
S10). Here, we believe the length of carbon chain played a determining role on the reaction
efficiency with SWCNTSs. Longer chain organic molecules have more favorable interactions
with the hydrophobic surface of the nanotubes. Besides, when the reaction was initiated with
the light that is resonant with the n to «* of corresponding organic molecules, a radical of the
organic molecules is formed. As the lifetime of radials is usually very short, longer chain
molecules are more likely to react with the surfactant-wrapped SWCNTs more quickly before

the radicals are quenched.

Two more compounds containing only keto functional groups, 2-decanone and 2-
octanone, have been tested as well. As shown in Table 2, the reaction between SWCNTs and
both molecules were slow under 566 nm illumination with intensity ratio of 0.49 and 0.46,
respectively. This indicates that carbon-carbon double bonds can form four-membered ring

structure with double bonds of SWCNTSs more effectively than carbonyl groups through [27 +

27] photocycloaddition.

Table 2. Comparison between different compounds after 1 h reaction with
SWCNTs.

# of | Illumination | Ei; Ei~ AE i
Compound name Skeletal structure carbon | wavelength | (nm) | (nm) | (meV) L /i
+-decen O " 566 990 | 1126 | 151 1.1
-decen-c-one E 300 088 | 1127 ] 154 | 082
0 566 988 | 1130 | 157 | 0.39
3-octen-2-one )J\gw 8 296 988 | 1130 | 157 | 0.39
0
2decanone | J| | 10 566 088 | 1120 | 147 | 0.49
0
2-octanone )J\/\/\/ 8 566 987 | 1121 150 0.46
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Based on the experimental findings where the reaction was not observed under thermal

conditions, as well as past studies on photo-functionalization of SWCNTs,'* ¥

we propose a
reaction mechanism (Scheme 1) that involves initial single electron transfer (SET) from the
photo-excited SWCNT to the enone substrate, or, alternatively, SET from SWCNT to the
photo-excited enone, to generate a radical anion (II). The radical anion is rapidly trapped onto
the SWCNT surface to form a C—C bond in a diradical intermediate (III, IV, or V). The
subsequent C—C bond formation from the diradical intermediate may lead to several possible
cycloaddition products, including the four-membered ring product (VI) via [2n + 2x]
cycloaddition and six-membered ring products (VII and VIII) via Diels-Alder ([2n + 4x] or
[4n + 27]) cycloadditions where the substrate serves as the diene and the dienophile component,
respectively. These stepwise cycloadditions are not expected to be stereospecific. Thus, either
cis or trans stereoisomer may be formed in each pathway. Because different cycloaddition
products (VI, VII, and VIII) are all formed via diradical intermediates (I1L, IV, and V) that are
under rapid equilibrium, we expect that the product ratio is thermodynamically controlled and

the relative energies of the cycloaddition products can be used to predict the major defect

formed on the SWCNT surface.

Scheme 1. Proposed reaction mechanisms for generating different cycloaddition

defects on (6,5) SWCNT.
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diene (4 componeni) = substrafe
dienophile {2 component) = SWCNT

[4= + 2n]
diene (4 componentf) = SWCNT
dienophile {2 component} = subsirate

We performed density functional theory (DFT) calculations to investigate the Gibbs
free energies (AG) of the [2n + 27|, [21 + 47] (substrate as diene), and [4n + 27| (substrate as
dienophile) photocycloaddition products in the reaction between (6,5) SWCNT and (3E,57)-
undecadiene-2-one (Table 3). Because there are three distinct types of C—C bonds on the
SWCNT (bonds a-c, Scheme 1), cycloaddition products involving each of the three types of C—
C bonds were calculated. Here, we define bond (a) and (c) as the C—C bonds relatively parallel
to the axis of the nanotube and bond (b) as the C—C bonds nearly perpendicular to the axis.
Furthermore, both cis and trans stereoisomers of the cycloaddition products and the
diastereomers formed via addition of either of the prochiral faces of the alkene substrate were
also considered (Table S3-S5). Our DFT calculations indicate that the [27t + 27t] cycloaddition
products are thermodynamically much more stable than the Diels-Alder products. The two most
favorable products (1 and 3, Table 3) are formed via [2n + 27] cycloaddition with bonds (a)

and (c) on the SWCNT, which are relatively parallel to the axis of the nanotube.
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Table 3. Gibbs free energies (AG) of different cycloaddition products between photoexcited

(6,5) SWCNT (with 566 nm light) and different substrates.”

Sub Cycloadditi AG
l;asrg:te Substrate skeletal structure y;r(():iucltt”l on (keal/mol)
[2n(a) + 2n(d)] (1) -19.5
[2n(b) + 27(d)] (2) —-16.0
[27(c) + 2n(d)] (3) -18.4
[2n(a) + 4n(de)] (4) —9.6
3E.5Z)-undecadiene{ 9 _
( )2111:) nzca iene o [2m(b) + 4m(de)] (5) 11.3
[27(c) + 4n(de)] (6) —7.8
[4n(ab) + 2n(d)] (7) —9.6
[4n(ac) + 2n(d)] (8) 50.2
[4n(bc) + 2n(d)] (9) -2.3
[2n(a) + 27(d)] (10) ~25.6
ethylene d
[2n(b) + 2n(d)] (11) -25.8
[2m(a) + 4n(de)] (12) -27.5
1,3-butadiene \\d Vi
[27(b) + 4m(de)] (13) ~25.7

“ See Tables S3-S5 for energies of the less stable stereoisomers in each reaction pathway. ” See
Scheme 1 for the three different types of C-C bonds (a-c) on the SWCNT surfaces involved in

the cycloadditions.

Analysis of the steric repulsion and attractive London-dispersion interactions between
the substrate and the nanotube surface revealed multiple factors that affect the stability of the
[27 + 27| and Diels-Alder products. In the most stable [2n + 27t] cycloaddition products (1 and

3, Table 3) the alkenyl and alkyl substituents on the four-membered ring can align along with
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the axis of the nanotube and are stabilized by London-dispersion interactions (Figure 4A). The
addition to the perpendicular bond on SWCNT (i.e. product 2, Figure 4B) places the alkenyl
and alkyl substituents are further away from the SWCNT surface due to the perpendicular
alignment, leading to decrease in the favorable dispersion interactions between the nanotube
and the substrate. Furthermore, all Diels-Alder adducts are sterically more demanding, due to
the formation of a six-membered ring, as opposed to a smaller four-membered ring. The Diels-
Alder adducts are destabilized due to steric repulsions between the alkenyl and acyl substituents

and the SWCNT surface.
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A. [2+2] cycloaddition parallel to the axis of nanotube
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B. [2+2] cycloaddition perpendicular to the axis of nanotube
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Figure 4. Structures and energies of representative [21 + 271t] cycloaddition and Diels-Alder
products. “ Dispersion energies (AEgs,) between SWCNT and the substituents on the
cycloadduct were calculated using Grimme’s DFT-D3 method from the dispersion-free HF

functional %
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The analysis above suggests that the [21 + 21t] cycloadducts 1 and 3 are stabilized due
to attractive dispersion interactions with the substituents on the four-membered ring, while the
Diels-Alder adducts are destabilized by steric repulsions with the substituents. To further test
this hypothesis and elucidate substituent effects on product stability, we compared the reaction
energies of model [2n + 27] cycloadditions with an unsubstituted ethylene and Diels-Alder
reactions with 1,3-butadiene (Table 3). Our results indicate that the two [2w + 27| cycloadducts
with ethylene added to either bond (a) (10, Table 3) or bond (b) (11, Table 3) on SWCNT have
similar energies (AG = —25.6 and —25.8 kcal/mol, respectively). These results highlight the
significance of the substituents on the olefin to stabilize regioisomers 1 and 3 as compared to 2
(Table 3). To further understand the origin of this difference, we computed the attractive
dispersion interaction energies between the alkyl and alkenyl substituents on the cyclobutane
and the nanotube. Adduct 1 has substantially larger dispersion interactions between the
nanotube and the substituents than adduct 2 (AAEq4sp = —3.9 kcal/mol) (Figure 4). This
difference is consistent with the relative stabilities between these two product isomers (AAG =
—3.5 kcal/mol, Table 3). The Diels-Alder cycloaddition of unsubstituted butadiene and SWCNT
is slightly more exergonic than the [2n + 27] cycloaddition with ethylene. These results suggest
that the lower stability of Diels-Alder adducts 4-6 as compared to [27 + 2x] adducts (1 and 3)
are due to substituent effects that lead to greater steric repulsions with the SWCNT and the loss

of enone conjugation in the Diels-Alder adducts 4-6.
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Table 4. Reaction energies to form different cycloaddition products and reduction potential of

substrates.
AG (kcal/mol) Substrate
Substrate Substrate Most reduction
name skeletal structure favorable Diradical potential®
[21 + 27] intermediate | (V vs SCE)
product
(0]
() ,
(3E,57)- )I\/E/\/\/ -19.5 -10.9 -1.58
undecadiene-2-one 2
Ol-}E)
2-hydroxy-(3E,5Z)- )\/E/\/\/ -23.1° -9.8 —2.68
undecadiene (2)
(E)
(3E,5Z)- NN —22.1° ~10.4 .92
undecadiene @
(0]
2-undecanone )J\/\/\/\/\ —1.6¢ 6.1 -2.85

@ See SI for computational details of the reduction potential calculations. Single point energy calculations for
reduction potentials were performed at the PBE-D3-6-311++G(d,p)/SMD(water) level of theory. ? Cycloaddition

between Z alkene and bond a on SWCNT. ¢ Cycloaddition between carbonyl and bond ¢ on SWCNT.

With the understanding of the [2r + 27| cycloadducts as the major product of
the photocycloaddition, we investigated factors that may contribute to the observed reactivity
trend of different substrates. Based on the experimental intensity ratios (I11 /111, Table 1), it was
apparent that dienone (KODEs) was more reactive than a-hydroxy-diene (HODEs), which was
more reactive than unsubstituted diene (CLAs). To investigate the origin of the reactivity, we
calculated the energies of [2n + 27| cycloadducts and diradical intermediates in reactions with
substrates (3E,5Z)-undecadiene-2-one, 2-hydroxy-(3E,5Z)-undecadiene, (3E,5Z)-undecadiene,
and 2-undecanone (Table 4). (Because the geometries of open-shell singlet diradicals
cannot be successfully located in our geometry optimizations after multiple attempts,

h., geometry optimizations of the diradical intermediates were performed at triplet state.

Single point energies were then computed as an open shell singlet). In reactions with
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(3E,5Z)-undecadiene-2-one, 2-hydroxy-(3E,5Z)-undecadiene, and (3E,5Z)-undecadiene,
formation of both the cycloadduct and the diradical intermediate are highly exergonic, and
experimental reactivity trends do not correlate with the exergonicity. On the other hand, the
computed reduction potentials of these substrates have good correlation with the observed
reactivity trend. The reduction of dienone, (3E,5Z)-undecadiene-2-one, was significantly more
favorable than the reduction of o-hydroxy-diene, 2-hydroxy-(3E,5Z)-undecadiene. The
reduction of unsubstituted diene, (3E,5Z)-undecadiene, is the least favorable. The difference in
reduction potential can be attributed to the relative stability of the radical anion, where the anion
in dienone is better stabilized by resonance resulting in a large difference in reduction potential
and reactivity. On the other hand, the difference between diene and a-hydroxy-diene is less
significant, and the difference can be attributed to the stabilization of the negative charge by an
inductive effect with and electron withdrawing hydroxy group on the a carbon. These results
suggest that the rates of these reactions are affected by the initial single electron transfer to the
substrate. Finally, we investigated the addition of 2-undecanone to SWCNT. This reaction is
much less exergonic and involves a less stable diradical intermediate than the reactions with
dienone, (3E,5Z)-undecadiene-2-one (Table 4). Therefore, the low reactivity of 2-decanone and
2-octanone (Table 2) can be attributed to the thermodynamically disfavored formation of the

oxetane product.
Conclusions

We demonstrated that oxidative products of linoleic acid, particularly KODE and
HODE, can efficiently functionalization the sp® carbon lattice of SWCNTSs at ambient
conditions through [27 + 27t] photocycloaddition. The reaction occurs in aqueous solution at
room temperature upon mixing the compounds with nanotubes in the presence of light. Notably,
the sidewall cycloaddition can occur through two-sided photo excitation, with resonant
excitation of either the nanotubes with visible light or the compounds with UV light. The
aqueous medium also allows for in situ probing the evolution of the sidewall cycloaddition and

provides a molecular level control. The observed chemistry of molecular engineering the
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surface of SWCNTs provides understanding of the reaction between SWCNTs and lipids, and

can be potentially applied to in vivo lipid detection.

More importantly, this exciton-tailoring chemistry is not limited to 18-carbon fatty acid
but also applicable to shorter enone-containing organic molecules with only 10-carbon length.
The reaction efficiency largely depends on the chain length, while remains low with molecules
containing only keto functional group. These findings provide a more economical and

potentially scalable way to synthesis SWCNTSs as being single-photon emitters.

Our computational results further supported the above proposed [2n + 27x]
photocycloaddition mechanism by comparing the stability of the products with those through
[2n + 47] photocycloaddition. Additionally, dispersion interactions and steric effects were
found to play key role in determining chemo- and regioselectivity of the reaction with SWCNTs.
Products involved C=C pointing along the axis of SWCNTs are more favorable compared with

those pointing perpendicular to the axis.
Materials and Methods

Cobalt-molybdenum-catalyzed (CoMoCAT) single-walled (6,5) carbon nanotubes
were purchased from Sigma-Aldrich (SG65, 0.7-0.9 nm diameter) and used without further

purification. Morin hydrate and ascorbic acid were also purchased from Sigma-Aldrich.

SWCNT suspensions were prepared at 0.5 mg/mL with 0.5 wt % sodium cholate (SC,
Sigma-Aldrich) as a surfactant in nanopure water. The suspensions were sonicated for 1 h and
centrifuged at 7000 rpm for 30 min (Centrifuge 5804, Eppendorf) to remove large SWCNT
bundles. The top 90% of the supernatant was transferred to a separate container and used as

stock.

The prepared surfactant-coated SWCNT stock solution was diluted 25 times, and
mixed with either 170 uM of a series of 18-carbon fatty acids (Table S1, No. 1-15) or 20 mM
of each No. 16-20 compounds (Table S1). Samples were illuminated with 566 nm light at a

power density of 6.13 mW/cm? for 60 min unless stated otherwise.
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NIR photoluminescence measurements were performed on a Nanolog
spectrofluorometer (HORIBA Jobin Yvon) equipped with a xenon lamp (400 W) light source,
double excitation monochromators, and Symphony II InGaAs array (NIR) detector. Spectra
were obtained using 566 nm excitation wavelength, which is in resonance with the first
absorption band of the (6,5) SWCNTs. Slit widths were set at 10 nm for both excitation and
emission. All measurements were obtained with an 830 nm long-pass filter at ambient
temperature. Power density was measured independently with an optical power meter (Thorlabs
PM200) and detector (Thorlabs S120VC). Power densities at different illumination

wavelengths for the reactions are available in Table S2.

UV-vis-NIR absorption spectra were obtained using PerkinElmer Lambda 900

spectrophotometer over the wavelength range of 200—1200 nm.

Raman spectra were acquired on XploRA plus confocal Raman microscope (Horiba)

with 638 nm laser (24 mW) operating at 10% power.

All the DFT calculations were carried out by using the GAUSSIAN 16 program.®® Full
geometry optimizations were performed with the PBE* functional with Grimme’s D3
dispersion correction® and the split-valence 3-21G basis set. Single-point energy calculations
on the PBE-D3-optimized geometries were performed in water using the SMD solvation
model® at the PBE-D3/6-31G(d) level of theory, with thermal corrections to Gibbs free
energies calculated by harmonic vibration frequency analysis at the PBE-D3/3-21G level of

6768 and terminal carbons were

theory. A 15 angstrom nanotube was generated using Avogadro,
capped using hydrogens. To ensure 15 angstrom model was sufficient for this study, electronic
energies of key structures were also calculated using longer (50 A) nanotube model (Table S7).

Single point energy calculations for reduction potentials were performed at the PBE-D3/6-

311++G(d,p) level of theory in water using the SMD solvation model.
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