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physical size, e.g., diameter and length.

Abstract: We report a series of shape-persistent molecular nanotubes with top rim connectivity traversing from an all-
meta- (my) to an all-para-phenylene (p4) bridged species, including all possible members in between them. Single-crystal
X-ray diffraction (SCXRD) and microcrystal electron diffraction (MicroED) data show a large torsional angle for meta-
phenylenes relative to para-phenylene rings. Density functional theory (DFT) calculations reproduce the experimental
torsional angles and also establish a correlation indicating a gradual increase in strain energy from my (~31 kcal mol~!)
to ps (~90 kcal mol™"). Structural transitions from my to p4 lead to additional correlations such as a shift in the lowest
absorption wavelength from 330 to 394 nm, a sizeable red shift in the maximum emission wavelength from 444 to 546 nm,
and a decrease in fluorescence quantum yield from 0.76 to 0.20, respectively. Time-dependent (TD)-DFT analysis of the
relaxed excited state (S;-) geometry shows a progression of exciton delocalization as para-phenylenes are introduced into
my en route to py, while the overall molecular size remains constant. This effect is directly related to increased 7 -conjugation
within the nanotube’s top-segment and demonstrates how exciton trapping can take place without changing the nanotube’s

J

Aromaticity is a central concept in science that describes
a class of highly stable cyclic molecules, in which the
electrons are delocalized through conjugated 7 orbitals.[!
In Hiickel and Clar-obeying systems, aromatic molecules
are typically planar for optimal orbital overlap.!>*! Synthetic
strategies to deviate aromatic frameworks away from pla-
narity have fascinated scientists for almost a century,* ]
becoming a standalone research field over the last three
decades.'"1*] These contorted aromatic systems exhibit
novel properties, such as singlet fission behavior,[>17]
record-breaking chirality in helicenes,'®?° develop into
molecular Mobius topologies,!?2°] serve as curved hosts
for supramolecular chemistry,?’4! function as bioimaging
agents,>%] and expand the toolbox of electronic materials
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for organic devices.”7*?l Radially 7-conjugated compounds
fall under the umbrella of contorted aromatics and were
first established in the late 90's.[343] Later, seminal synthetic
developments!*#] between 2008 and the 2010's created a
toolbox that led to a vast number of applications.[*7>!] Cur-
rently, synthetic strategies to build contorted radial aromatic
systems, specifically [r]cyclo-para-phenylenes ([n]CPPs), are
commonplace in the literature.’>>’ Novel phenomena have
been reported within the family of [n]CPPs. Notably, they
display a bathochromic fluorescence shift and vanishing quan-
tum yields (¢y) as the ring decreases in size,[*>**! accompanied
by a decrease in the HOMO-LUMO gap.[*"] These properties
follow the same trend even when the symmetry of [#]CPPs
is decreased to m[n]CPPs (Figure la). In contrast, linear
oligophenylenes display the opposite behavior.[00¢!]

Several interconnected factors contribute to the photo-
physical properties of [#]CPPs. In principle, increasing the
number of para-phenylenes in [n]CPPs leads to greater
surface for exciton delocalization. However, this increased
size also reduces strain energy between the phenylene
units and facilitates exciton self-trapping within a section
of the [n]CPPI®?l It is, therefore, challenging to decouple
the variables affecting exciton confinement in nanohoops as
these also change when varying the ring size.[®*%*] Herein,
we report a class of six nanotubes relatively maintaining
their overall molecular size throughout (Figure 1b), where
their top-rim connectivity dictates the extent of exciton
confinement therefore tuning their fluorescence emission
approximately from blue to yellow. In analogy to quantum
dots (QDs), while the size of the dot dictates the size of the
box (Figure 1a), in the classic particle-in-a-box model;[%5-%7]
here, the nanotube top-rim bond connectivity and changing
m-conjugation dictates the box size without changing the
physical size of the nanotube.

© 2025 Wiley-VCH GmbH
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Figure 1. Structure-electronic structure relationships of a) inorganic and
organic species compared to b) the molecular nanotubes reported
herein.

Our research group recently reported tubularene
p4,®! which is synthesized from 1 in one step via an
eight-fold Suzuki-Miyaura cross-coupling reaction with
1,4-phenylenediboronic acid bis(pinacol) ester (Scheme 1).
A slight change of the connecting para-phenylene to 5-
methyl-1,3-phenylenediboronic  acid bis(pinacol) ester
results in my with 2.9% isolated yield (for simplicity the
5-methyl-1,3-phenylene unit is referred to as 1,3-phenylene
throughout this manuscript).[”] Carrying out the cross-
coupling reaction with a 1:1 mixture of both bis(pinacol)
esters, 1,4-phenylenediboronic acid and 5-methyl-1,3-
phenylenediboronic acid, results in a complex mixture of
all possible members ranging from the all-meta- (my4) to the
all-para-phenylene (p4) nanotubes. Isolation of all members
in the series: my, m3py, anti-m;p,, Syn-m;p;, myp3, to pg,
was achieved through a combination of standard column
chromatography, preparatory thin layer chromatography, and
high-performance liquid chromatography as described in the
Supplementary Information. As noted in Scheme 1, isolated
yields range from as low as 0.08% for py4 to as high as 1.0%
for mzp;.

All species in the series from my to py are rigid. A large
rotational barrier of around 30 kcal mol~! was computed
for the bridging para-phenylene in p4,[®*1 which we expect
to be similar in magnitude for species containing one to
three para-phenylenes. The 1,3-phenylenes are not expected
to rotate as their connectivity already diminishes strain
in the nanotube. In solution, my4 displays an ideal Cg,
symmetry with five unique aromatic resonances in its 'H
NMR spectrum (Figure S1), akin to ps. The species mspq,
syn-m;p,, and myp;3 share an ideal C; point group symmetry
having 17 (Figures S6), 15 (Figures S16), and 18 (Figures S21)
unique aromatic resonances, respectively (see Supporting
Information). Moreover, the ideal C, rotation axis in anti-
m,p; raises its symmetry producing a fewer number of unique
proton environments collapsing the total number of aromatic
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resonances to 10 (Figure S11). Resonance is particularly
important as it serves as a direct reporter of the overall
molecular symmetry with chemical shift (§) positions at 5.96
in mg; a' = 6.11, @®> = 5.62 in m3py; 5.33 in anti-myp,; 5.78
in syn-m,pz; and 5.57 ppm in myp;. The small variation of
§ for “a” between 5.33 and 5.96 ppm suggest its relatively
similar environment across all nanotubes in the series. The
general upfield shift across this series indicates a strong
shielding effect coming from the inner section of the tube. A
similar phenomenon is observed in m[n]CPPs,”! for instance,
the series reported by Jasti et al. for n = 5-8, 10, and 12,
displays resonance “a” in their systems shifting upfield from
7.12 in m[12]CPP to 4.80 ppm in m[S]CPP as a result of
the nanohoop rigidification (Figure S26).7'] The same trend
is observed in cyano-m[n]CPPs, where resonance “a” shifts
upfield from 7.07 in cyano-m[10]CPP to 6.04 ppm in cyano-
m[6]CPP.7] Hence, changing the number of para-phenylenes
(n) in these series, m[n]CPPs and cyano-m[n]CPPs, cannot
inherently disentangle the effect of ring size and torsional
angles that lead to exciton trapping.

All species in the series from my to p4 display quadrupole
time-of-flight mass spectrometry (qToF MS) patterns match-
ing their corresponding simulated isotopic distributions
(Figure 2a-e). Gratifyingly, high-quality crystals of my,
m3p;, and anti-myp, allowed us to determine their molec-
ular structure via single-crystal X-ray diffraction (SCXRD,
Figure 2f-h). Crystals of syn-m,p, were too small preventing
their structure determination via SCXRD; however, they
were suitable for microcrystal electron diffraction (MicroED,
Figure 2i).[7*] Last, all attempts to determine the structure of
m, p; failed; hence, its structure was optimized via DFT at the
B3LYP-D3(BJ)/6-31G(d) level of theory (Figure 2j). At first
glance, all structures in this series of tubularenes display the
meta-phenylene rings played out and adopting a large torsion
angle « relative to their immediate quinoxaline nanotube’s
walls. The angle « is larger than the torsion angle g resulting
from the para-phenylenes and the wall (Figure 2). Overall,
spectroscopic and crystallographic characterization establish
all members in the series from my to p4 as rigid nanotubes.

Intrigued to understand the relationship imposed by the
molecular structure on the tubularene’s electronic properties,
we collected UV-vis absorption and emission spectra of my,
m;p;, anti- and syn-m;p,, and myp; in dichloromethane at
room temperature. We also reproduced previously reported
ps optical data for comparative purposes.’] Following liter-
ature precedent,’*) we simulated the absorption properties
of all nanotubes by conducting time-dependent (TD) DFT
calculations using their optimized ground state geometry
Sy obtained at the B3LYP-D3(BJ)/6-31G(d) level of theory.
First, the HOMO — LUMO transition is Laporte forbidden
in higher symmetry compounds: my, anti-mp,, and p4
(Table S2). We observe a low energy absorption band in
Ps at Ama = 394 nm (Figure 3a), which is described by
a combination of HOMO — LUMO + 1 and HOMO -
1 — LUMO. A bathochromic shift is observed for the
HOMO — LUMO + 1 absorption peak as 1,4-phenylene
rings are introduced into m4 by replacing 1,3-phenylene
groups until p; (Figure S34). Fluorescence spectra show
a similar bathochromic shift in emission maximum (Aem)
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Scheme 1. Nanotube synthesis. Isolated yields in red correspond to the reaction of 1 plus a 1:1 mixture of 1,4-phenylenediboronic acid bis(pinacol)
ester and 5-methyl-1,3-phenylenediboronic acid bis (pinacol) ester. Yields in black are from using a single diboronic ester. @ Yield from Ref. [68]

1597.6467 (exp) d) 1597.6505 (exp) ©) 1583.6327 (exp)
_ anti-m,p, |, synmp, ‘ x ' m,p,

1597.6493 (sim)

1625.6773 (exp) b) l \ 1611.6627 (exp) ©)

l l m4 ,,,A,,‘,,,\,,'l‘vjxh N m3p1 l l l I\
1625.6802 (sim) 1611.6640 (sim)

I [M+H]" | | [M+H]" [

1583.6328 (sim)

1597.6493 (sim)
l | I [M+H]

[M+H]" M+H]"

1 1 T I T T I

1525 1627 1629 1631 1633 1611 1613 1615 1617 1619 1597 1599
m/z m/z

D 0.

1603 1605 1597 1599 1601 1603 1605 1583 1585 1587 1589 1591

m/z m/z m/z

Figure 2. Characterization of molecular nanotubes my4, msps, anti-mzpa, syn-map,, and myps. a)—e) Experimental gToF MS molecular ion peaks

(colored traces). Black traces correspond to the simulated [M + H]* isotopic distributions. Molecular structures of f) my, g) mspr, and h) anti-m;p,
collected via SCXRD at 110, 140, and 100 K, respectively. i) The structure of syn-map; was collected via MicroED. Thermal ellipsoids of all structures
are set at 50% probability level. The H atoms, R groups (n-pentyl), and any solvent molecules are omitted for clarity. j) Structure of mips’ (R = Me)

optimized via DFT at the B3LYP-D3(BJ)/6—31G(d) level of theory. Insets: lllustrations of the torsional angles « and .

monotonically moving from my at A., = 444 nm to p4, which
emits at A., = 546 nm (Figure 3b). This trend is visualized
in dilute solutions of these nanotubes, e.g., under white light
they form relatively similar colorless solutions (Figure 3c);
however, when these are observed under UV light (365 nm)
a clear progression from blue to yellow emission is detected
from my to py4 (Figure 3d), respectively. In comparison, the
fluorescence maxima of [n]CPPs redshifts as their molecular
ring size decreases. For instance, [12]CPP (¢, = 0.81), [8]CPP
(¢r = 0.084), and [7]CPP (¢; = 0.007), emit at 450, 533, and
587 nm, respectively,[®>°%73] while the smaller [6]- and [5]CPP
are essentially nonemissive.[7*78] Theoretical and experimen-
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tal work explain this feature by determining that the lowest
singlet excited state (S;-) is no longer centrosymmetric on
[n]CPPs containing eight or more para-phenylenes due to
local distortion of the nanohoop that results in exciton
self-trapping.[®3747-%3] In the more rigid [6]- and [5]CPP,
emissive relaxation from S;- to Sy is Laporte forbidden due
to the conservation of orbital centrosymmetry. Breaking
the [#n]CPP’s symmetry and disrupting s-conjugation by
introducing a single meta-phenylene ring, m[n]CPP, turns on
fluorescence in the small congeners producing [¢f, Aem (nm)]
of [0.450, 491], [0.224, 510], and [0.014, 534] in m[7]-, m[6]-,

and m[5]CPP, respectively.!”"] Similar to [#]CPPs, the emission
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Figure 3. a) Absorption and b) emission spectra of mg (navy blue), mspy (cyan), anti-map2 (purple), syn-map2 (green), mps (dark yellow), and pa
(orange) in dichloromethane at room temperature. Emission data were collected by light excitation at 330 nm. Photographic image of dilute
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Table 1: Experimental and calculated metrics of tubularenes reported herein.

my mspg anti-mzpz syn-mzpz myp3 P4
SE (kcal mol~1)2) 30.6(7) 45.1(7) 56.9(8) 60.9(7) 74.2(9) 89(1.1)?)
HOMO (eV)9 —6.15 —5.80 —5.83 —5.63 —5.56 —5.42
LUMO (eV)9) —2.15 —2.28 —2.26 —2.38 —2.41 —2.42
Eg (eV)9 4.00 3.52 3.57 3.25 3.15 3.00
of 0.76 0.52 0.53 0.26 0.25 0.209
Amax (nM)® ND ND 365 ND 382 3940
hem (nM) 444 487 483 522 533 546°)

2 DFT-calculated values. Error on the average SE is determined from five DFT calculations at different levels of theory. P Data taken from
reference.l%] <) DFT-calculated values using B3LYP-D3(B))/6-31G(d) (see Supporting Information). 9 ¢ for ps was remeasured and corrected from
our previously reported value of 0.4.184] € Lowest absorption band. ND = not determined (unresolved low energy absorption band).

maxima in m[n]CPPs redshifts as the molecular size of the
nanohoop decreases. Herein, the overall molecular size of
tubularenes in the series from my4 to ps remains relatively
constant while their quantum yields decrease monotonically
from 0.76 in m4 to 0.20 in ps (Table 1). Most importantly,
the red shifting emission observed from m4 to ps must be
attributed to electronic structure changes emerging from their
unique connectivity patterns.

To better understand the relevance of molecular rigidity,
strain energies (SE) were determined using DFT methods
employing homodesmotic reactions described in Figures S42
and S43. The average of five different functionals show a
monotonic increase in SE from my at ~30 kcal mol™~! to p4
at ~90 kcal mol~! (Tables 1 and S4). On average, 15 kcal
mol~! of strain are introduced for every para-phenylene ring
added to my4, making a nearly linear correlation. Note that
anti- and syn-m,p, have almost the same SE. To quantify the
structural deformation in these nanotubes, torsional angles
o and B were defined as shown in Figure 2 (insets). The
torsional angles « and 8 monotonically decline in the series
from my to p, with a concomitant increase in SE (Figure 4a).
Interestingly, B8 remains relatively large across the series
compared to similarly sized [n]CPPs; for instance, [8]- and
[10]CPP have B angles of ~24(6) and ~27(4) degrees,[®] and
their strain energies are 72.2 and 57.7 kcal mol~1,1%] respec-
tively. Moreover, although a close structural resemblance
exists between m[8]CPP and m,ps, significant differences are
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noted when their DFT optimized structures are analyzed
in detail. For example, m[8]CPP displays «, 8, and SE of
50 degrees, 30 degrees, and 57 kcal mol~',[7!] respectively,
while the structure of myp; shows 64.02(5) degrees, 40.6(12)
degrees, and 74.2(9) kcal mol~!, respectively. Note that a
direct comparison to [#]CPPs is challenging since the family of
nanotubes reported herein has every other connecting group
in the top-rim fixed to the resorcin[4]arene template. Overall,
the latter comparison highlights the increased rigidity found
in the nanotubes reported herein.

We attribute the emission properties of these nanotubes to
be modulated by their overall structural topology. Reports by
Tretiak,7#%7] Jasti,|”!! Fernandez-Alberti,[®] Kanemitsu,[80!]
and Kim,®?] show that vibrational relaxation from the lowest
singlet excited state S; to the distorted emission state S;:
breaks [n]CPPs centrosymmetry for n > 6, allowing the
occurrence of the S;v — Sy emissive transition; whereas,
the S;- states of smaller [r]CPPs (n = 5, 6) maintain full
radial delocalization and centrosymmetry, leading to a
Laporte-forbidden emission.[®*] It is worth noting that
emission typically occurs from the S;- state per Kasha’s
rule.*”] Although a recent report by Du shows that symmetry
breaking within a bisnanohoop exhibits anti-Kasha emission
(emission from an S, to Sy); thus far, there is no indication
that this phenomenon is present in our system.[*’] Interested
in the S;- geometries of all compounds from my4 to p4, we
performed TD DFT geometry optimizations employing the
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Figure 4. a) Torsion angles « and B from crystallographic data and strain energies for all nanotubes in the series m4, mspy, anti-map,, syn-mzpa,
mp3’, and ps4. b) DFT-calculated torsion angles « and g in the ground state (Sp) and TD-DFT-calculated torsion angles o’ and g’ for the lowest
singlet excited state (Sy). Structures were calculated at the CAM-B3LYP-D3(B))/6-31G(d) level of theory with dichloromethane as the solvent. c)

Transition density plots at Sy geometries (isovalue = 0.004).

Coulomb-attenuated  hybrid B3LYP (CAM-B3LYP-
D3(BJ))/6-31G(d) level of theory, given that
long-range-corrected (LC) functionals are critical to
modelling the structural distortion that follows excitonic
and charged states.[”] Torsional angles « and g in Sy and
S;- are extracted from the DFT-optimized structures and
provided in Figure 4b (full details in Table S5). The calculated
ground state torsional angles reproduce B more closely
than « (Figure S44). Most importantly, the excited state
structures showcase a significant reduction of torsional angles
a and B where exciton localization takes place. For instance,
in the S;- state of my’> (R = Me)[*?! two sets of torsional
angles o’ are observed, one set averaging 63 degrees, close
to the value extracted from its molecular crystal structure,
and one set around 46 degrees (Figure 4b). The latter one
is the site of exciton localization, which is represented in
the transition density plot of my’ in Figure 4c. The rest
in the series containing both meta- and para-phenylenes,
specifically msp,’, anti-m,p,’, syn-mpp,’, and m;p;> show
exciton localization exclusively across para-phenylenes with
B’ monotonically increasing from ~24 degrees in mzp;’ to
~32 degrees in myps’. Note that anti-m,p,’ displays two
significantly different B’s, one at ~43 degrees essentially
unperturbed relative to the ground state and a second set
at ~28 degrees indicating the site of exciton localization.
Last, ps> shows B’ values averaging ~33 degrees, which is
smaller than the calculated ground state value of 8 = ~40
degrees (Bexperimentat = 38(2.4) degrees). Altogether, these
torsional angle metrics inform the site of exciton localization.
Furthermore, transition density plots at S;- geometries show
the extent of exciton self-trapping across the nanotube
series (Figure 4c). Qualitatively, the exciton distribution
in the nanotube’s aromatic topology increases from m4’ to

[91]
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ps’. Additionally, the nanotube’s quinoxaline walls increase
the m-conjugated surface for the self-trapped exciton to
delocalize (Figures S50-S55).1%%]

Finally, shifting of the fluorescence emission in organic
compounds or metal-based materials is traditionally ascribed
to a change in physical size, e.g., [n]CPPs*? linear
p-phenylenes,!”] polyaromatic hydrocarbons (PAHs),%%]
quantum dots,[*7%8] which in turn is correlated with the size
of their w-conjugated surface, in the case of organic materials,
or their particle size, when considering quantum dots. In this
study, we show that the my to p4 series exhibits a red-shifting
emission although the relative overall size of the nanotube
is conserved. We conclude that insertion of 1,4-phenylene
groups in the top rim section of the nanotube increases its -
conjugated surface, which effectively enhances delocalization
of the exciton from my to ps. Most importantly, maintaining
the overall size in this series of nanotubes, yet changing its top-
rim connectivity, provides a unique opportunity to disentangle
the effect of ring size and torsional angles in the study of
exciton trapping.
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