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Radially t-conjugated macrocycles with mixed aromatic and quinonoid units are considered. As a function
of including an increasing number of aromatic units into a ring-like nanohoop with quinonoid units,
a transition occurs where the HOMO and LUMO levels cross, leading to a topological transition
described for the first time. Such transitions have been seen before in ethynylene-linked oligoacene
polymers as a function of the acene size on gold surfaces and in various m-conjugated polymers as
a function of external strain, but not in small molecular nanohoops or any other zero-dimensional
system. Near the level crossing, the HOMO-LUMO gap becomes very small, offering novel

photophysical properties while maintaining extensive delocalization. The open shell character of the
Received 23rd January 2025 . h ti | th iti . dually ch d itching f inglet q
Accepted 23rd April 2025 rings changes continuously as the composition is gradually changed, switching from a singlet groun
state to a triplet, providing a zero-dimensional analogy to topological transitions between a non-trivial to

DOI: 10.1039/d55c00639b a trivial phase as observed in linear one-dimensional conjugated polymers. The spins of the triplet are

Open Access Article. Published on 24 April 2025. Downloaded on 2/15/2026 3:54:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

1. Introduction

In radial 7t-conjugation, the local m-orbitals point in the radial
direction in a macrocycle, directing the 2p-orbitals into and out
of the macrocycle core as illustrated in Fig. 1(c). The hypothesis
of the presented work is that by mixing aromatic and quinonoid
units in a w-conjugated macrocycle, a HOMO-LUMO crossing
can occur which profoundly effects the properties and can lead
to a switch between singlet and triplet ground states. We arrived
at this hypothesis by making a connection to the recently
discovered crossover of “trivial” and “non-trivial” topological
phases of conjugated polymers.

Typical radially 7t-conjugated molecules are [r]cyclo-p-phenyl-
enes ([n]CPPs, consisting of n para-linked phenyls), which belong
to the aromatic (A) category' as illustrated in Fig. 1(a) and offer
a number of potential applications.>* Recent synthetic develop-
ments expanded the available conjugated molecular elements
that can be included in m-conjugated macrocycles*> some of
which are relevant for this work and are illustrated in Fig. 1(b) and
(d). Note that a wide variety of conjugated molecular units
constituting the nanohoops have been synthesized; this list is
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localized near the two aromatic-quinonoid connections.

only a selection. The types of groups that were put into CPP
nanohoops so far have included various aromatic and anti-
aromatic units and fluorophores, of which representative types
are listed in Fig. 1(d), noting that in many cases, more than one
group is inserted. In several cases, due to steric crowding (for
example, 3 and 9), 7t-conjugation is interrupted, but other such
inclusions maintain the m-conjugation. This article focuses on
how unique inserted groups within radial 7-conjugated networks
may be designed such that they fundamentally change the char-
acter and electronic structure of these nanohoops. The key idea is
to use quinonoid (Q) units, which promote 7-conjugation, rather
than restrict it through Hiickel localization as aromatic units do.
It turns out that integrating these quinonoid units within the
aromatic (benzenoid) CPP macrocycles leads to dramatic changes
in their properties due to the integration of two drastically
different types of 7t-electron conjugation within one macrocycle.

Such quinonoid units have been designed and are in use* in
the field of conducting polymers - specifically to realize low band-
gap polymers - although most m-conjugated polymers are con-
structed from aromatic units.”° Generally, polymers with Q
structures display small HOMO-LUMO gaps compared to those
built from A structures, and small gaps go hand in hand with
fundamentally different electronic structures with a high degree of
electron delocalization along the m-conjugated chain.®® A few
typical examples of conjugated polymer repeat units are illustrated
in Fig. 2, where a shorter 1-1' bond length is associated with the Q
state, while a longer 1-1' bond is associated with the A structure.
These are the two fundamental types of linear 7-conjugation found
in conducting polymeric materials. Formally, a high-energy
quinonoid valence bond structure can be drawn, for example, for
(Th),. Likewise, a high-energy aromatic valence bond structure can
be drawn, for example, for (TPz),. The preference for one ground

Chem. Sci, 2025, 16, 14595-14604 | 14595


http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc00639b&domain=pdf&date_stamp=2025-08-08
http://orcid.org/0000-0002-6631-5991
http://orcid.org/0000-0002-9650-2210
http://orcid.org/0000-0002-7930-3260
https://doi.org/10.1039/d5sc00639b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc00639b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016032

Open Access Article. Published on 24 April 2025. Downloaded on 2/15/2026 3:54:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

()

Fig. 1

(a) llustration of [8]CPP, interring bond specified as 1-1'. (b) Generic t-conjugated unit (red circle, X) inserted into [8]CPP, denoted here as

[8IC(X),(PP)5. (c) Illustration of radial conjugation. (d) Typical 7t-conjugated units are inserted into various CPPs selected from the literature: 1,7 2,8°
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state vs. the other is determined by the electronic structures,
depending on the complex interplay of the connectivity of the 7t-
electron network and heteroatoms. Previous work has determined
these structural preferences for dozens of m-conjugated
polymers.***

Fig. 3 illustrates a case where TPz, a quinonoid-promoting
unit, is inserted in place of one of the phenyl components of
[8]CPP, designated as [8]C(TPz),(PP),. As this illustration shows,
there is a potential mismatch between the connecting bond of
the aromatic PP and the quinonoid TPz units at the 1-1’
carbon-carbon bond. This mismatch and its connection to the
topological phase transition between the “trivial” and “non-
trivial” phases are the subject of this work. The latter point is
particularly interesting, given the possibility of perturbing the
intrinsic A structure and moving it in the direction of the Q
structure along the topological phase transition,**=" resulting in
a fundamental modification of the electronic structure.

(T}:)n

A (1.432) A (1.4759)

Q (1.388)

As recently outlined, a convenient signature of a Q structure
in a m-conjugated polymer is the in-phase (bonding) combina-
tion of the atomic orbitals in the HOMO at the linking C-C
bond** indicated as 1-1" above. The LUMO displays out-of-phase
(antibonding) character at this location. For the A structure, the
roles are reversed, where the HOMO is antibonding and the
LUMO is bonding at this location. Both of these features are
related to the concept of quantum topological insulators®
where the A structure corresponds to the “trivial phase” and the
Q structure to the “non-trivial phase”.*>**%* A signature of the
non-trivial phase is a high diradicaloid (open-shell) character
represented by two unpaired spins at the two ends of the poly-
mer, which are absent in the trivial phase.**"** A transition from
the trivial to the non-trivial phase has been experimentally
observed and analyzed for a series of w-conjugated ethynylene
bridged [n]acene polymers fabricated on Au(111) surfaces
concluding that these display a topological phase transition as

Bl
4
I
4
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Fig. 2 m-Conjugated polymer repeat units with two types of ground states. Two aromatic (A) and four quinonoid (Q) ones are shown. The
aromatic ground state systems are polymers of thiophene (Th) and p-phenylene (PP). The quinonoid ones are thieno-3,4-[blpyrazine (TPz),
isothianaphthene (ITN), thieno[3,4-clthiophene-1,4-dione (TTD), and pyrrolo[3,4-clpyrrole-1,4-dione (PPD). Two chemical units are shown for
each, and the inter-unit CC bonds are indicated as 1-1'. The 1-1’ bond distances (in A) are provided in parentheses.3 ®For consistency, 1-1/
distance in (PP), is provided with the same method as in ref. 32.
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Fig. 3 A quinonoid unit, TPz (in blue), is inserted in place of one
of the aromatic phenyls (in turquoise) of [8]CPP, designated as
[8]C(TPz),(PP);.

a function of the linked acene size (1) between anthracene (n =
3) and pentacene (n = 5) from the trivial to the non-trivial
phase.**** We discuss to what extent the molecular macrocy-
clic (“0-dimensional”) case discussed here is analogous to the
topological transition seen in conjugated polymers.

View Article Online

Chemical Science

2. Results and discussion

In order to investigate the proposition of fundamentally modi-
fying the electronic structure of a molecule by mixing A and Q
units, we computationally modelled various radial m-conju-
gated nanohoops; one series of this selection is illustrated in
Fig. 4. The trend from longer (A) to shorter (Q) 1-1’ bonds is
clear. Table S17 lists further details for the 1-1' bond distances
around the [8]C(TPz)s_,(PP), and the [8]C(ITN)s_,(PP), series.
The choice of the TPz units as the Q units is based on earlier
work?? that shows their strong tendency for a quinonoid struc-
ture as indicated by the energetic preference of the Q vs. A
structures in m-conjugated linear homopolymers. One typical
aromatic and two typical quinonoid linear systems are illus-
trated in Fig. S1-S37 together with their respective HOMOs and
LUMOs. In the presented novel hybrid macrocycles, the Q units
are interspersed with para-phenylene (PP) units, the latter rep-
resenting a typical A-type unit. This allows further questions to
be posed: does the hybrid system maintain a high degree of -
electron delocalization and does the intermixing of the two
types of A and Q units allow the realization of getting near the
topological phase transition, where the HOMO-LUMO levels
cross, potentially leading to a very small gap? n values of 6, 8,

x=8

Fig.4 Optimized geometries (B3LYP-D3/6-311G(d)) of selected w-conjugated macrocycles for the [8]C(TPz)g_,(PP), series. Only isomers where
the TPz and PP units are completely segregated from each other are shown. For x = 8 the system is a pure [8]CPP. Color code: grey: C, white: H,

blue: N, yellow: S. Key bond distances are provided in A.
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and 10 appear most relevant because smaller values would pose
unsurmountable synthetic challenges due to ring strain from
the small size of the nanohoop,*** and larger values of n are
expected to be approaching environments corresponding to
polymer chains.

We first discuss the homogeneous macrocycles and establish
their aromatic vs. quinonoid characters with n = 6, 8, and 10.
Then we turn to the mixed macrocycles with 7 = 8 and a varying
number of PP units mixed in with x = 1 through 7. The mixed
systems have remarkably unique properties.

Fig. 5(a) shows the optimized geometries of n = 6, 8, and 10
for [n]C(TPz) and for [8]C(PP) homo-macrocycles, the together
with the HOMOs and LUMOs of the n = 8 cases. The 1-1’ bonds
indicate quinonoid ground states, and their variation with
respect to n is typical and approaches the limiting linear poly-
mer value of 1.370 A. The HOMO-LUMO gaps are quite small
and with increasing n approach the limiting value of 1.51 eV.
The respective HOMO and LUMO display bonding combina-
tions for HOMO and antibonding combinations for LUMO at
the 1-1' links as expected for quinonoid structures. For [n]CPPs,
the reverse situation occurs, as expected for the aromatic
structures. These orbitals are illustrated in Fig. 5(b). The n = 6
and 10 cases for [n]C(TPz) are shown in Fig. S4 and S5.7 Note,
that in agreement with their general reputation in the con-
ducting polymer field, the quinonoid macrocycles turn out to
have significantly smaller gaps than their respective aromatic
congeners. Since the cyclic [#]C(ITN) molecules display similar
properties as [n]C(TPz), the respective geometries, gaps, and
orbitals are shown in the ESIf section only.

[8]C(PP)

E,=3.49eV

Aromatic
Quinonoid

Fig.5
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We start now to describe the behavior of the hybrid macro-
cycles consisting of two different units, the putatively quinonoid
one (purely quinonoid in the polymer or cyclic forms) and p-
phenylene, the prototypical aromatic unit. The rest of the
investigation is based on n = 8, a reasonably large system, with
TPz as the Q unit. The ITN-based systems behave very similarly.
In order to obtain directly comparable results, we look at the
trends in the comparable unique series where the two types of
units (A and Q) are fully segregated, as shown in Fig. 4. From an
experimental perspective, synthesizing the most segregated
isomer should be the easiest and most promising to make.*
According to the Jasti method of CPP synthesis," a curved clip of
5 or more rings (as a mix of phenylenes and non-aromatic
cyclohexadienes) is used to form a CPP macrocycle precursor
after being covalently joined with a bridging unit. We anticipate
that small blocks of previously reported Q units (dimers/
trimers) should be suitable bridging partners for this macro-
cyclization, thus leading to the segregated nanohoops.

The segregated hybrid macrocycles display the dependence
of the HOMO-LUMO levels as a function of x for the prototyp-
ical case of [8]C(TPz)s_(PP), as shown in Fig. 6(a). Detailed
geometric information on the members of the series are given
in Fig. S6-S17.1

The reduction and then increase of the gap as a function of x
is dramatic. The implication is a level crossing and indeed, this
is confirmed by the inspection of the nature of the HOMO and
LUMO, which are shown in Fig. 6(b). The associated quinonoid
to aromatic change (for convenience, one can perhaps call it
a “transition”) in Fig. 6 is the key insight of this work.

(a) Cyclic [6,8,10]C(TPz) 1t-conjugated macrocycles, in their optimized geometries. The inter-unit 1-1' carbon—carbon bond distances (in

A) indicate quinonoid structures. Their respective HOMO-LUMO gaps are also shown. For comparison, [8]CPP is shown as a typical -
conjugated macrocycle with a significantly longer, aromatic-type 1-1' CC bond length (one of eight equivalent values are shown). (b) HOMO and
LUMO orbitals of the quinonoid [8]C(TPz) and aromatic [8]CPP. The 1-1" interactions are bonding for the HOMO of [8]C(TPz) and also bonding
for the LUMO of [8]CPP. The 1-1' interactions are antibonding for the LUMO of [8]C(TPz) and also antibonding for the HOMO of [8]CPP. Red
arrows highlight one of these eight 1-1' bonds.

14598 | Chem. Sci., 2025, 16, 14595-14604 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) HOMO-LUMO energy gap as a function of x in the [8]C(TPz)g_,(PP), series of t-conjugated macrocycles obtained by three different

DFAs. (b) Orbital level crossing when the number of PP unit in the [8]C(TPz)g_(PP), nanohoop series changes between x = 4 to x = 5 with B3LYP-
D3. The same orbital crossings with the other two DFAs are nearly identical (Fig. S22+).

The same effect is seen for the [6]C(TPz)s_.(PP), series
(Fig. S187) and the [8]C(ITN);_,(PP), series (Fig. S191). Fig. S207
shows the same type of level crossing diagram as Fig. 6 for both
these series: [6]C(TPz)s_x(PP), and [8]C(ITN);_,(PP),, indicating
that this is a general phenomenon (orbital details are shown in
Fig. S21-S237). These molecules provide a possible route for
designing very low-gap m-conjugated macrocycles. Note that, as
a practical matter, the [6]C(TPz)s_.(PP), series is the most
promising where the transition occurs after two replacements of
aromatic units by quinonoid ones. The reason for this earlier
transition is likely due to the strain in the nanohoops that is
larger for smaller sizes and favors quinonoid structures.**

What makes this transition possible is that for x = 0, the
cyclic systems maintain essentially the same quinonoid ground
state as found in the polymer. Starting with this structure and
mixing in one and then more aromatic PP units, the 1-1’ bonds
gradually experience a mismatch, pushing the structure in the
aromatic direction, eventually causing a level crossing between
x = 4 and 5. The same effect can be viewed in the reverse

direction, starting with the aromatic [8]CPP nanohoop and
adding gradually quinonoid units, starting with one as shown
in Fig. 3. As noted before, it is essential that aromatic and
quinonoid units be mixed in the right proportions for the level
crossing and the accompanying gap reduction to occur. The gap
reduction is accompanied by a significant red shift in the pre-
dicted UV-vis spectra shown in Fig. S24-S317 indicating char-
acteristic bimodality extending into the near-infrared for the
mixed A-Q nanohoops.

Near the level crossing, there is a possibility of the triplet
state being lower in energy than the singlet. In fact, that is the
case for both x = 3, and 4, at various DFT levels as shown in
Fig. 7 for the [8]C(TPz)s_,(PP), series where AEgy is plotted as
a function of the composition index, x.

AEST = ‘ES - ET‘ (1)

While the x = 2 composition is borderline, the x = 4
composition shows a clear case of a triplet ground state. The

a
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Fig.7 Singlet triplet energy difference, AEst, relative to the lower of the two energies, in the (a) [8]C(TPz)g_,(PP), series of nanohoops using three
different DFAs and (b) [8]C(ITN)g_,(PP), series of nanohoops. Both series show a more stable triplet for x = 3 and 4. For x = 2, the difference

between the singlet and triplet is very small.
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emergence of the triplet ground state near the aromatic-
quinonoid transition is unexpected and an essential finding.

A similar singlet-triplet-singlet transition is observed in the
[8]C(ITN)s_,(PP), series at the B3LYP-D3 level, with a triplet
ground state for x = 3 and 4 and a borderline case at x = 2
(Fig. 7b). Analogous behavior is also noted in the [6]
C(TPz)s_.(PP), series, where the triplet state is more stable for x
=3 and 4 (Fig. S321). These findings suggest that the emergence
of triplet ground states in mixed A-Q nanohoops may be
a general phenomenon.

To quantify the extent of conjugation and delocalization
within the macrocycle, anisotropy of the induced current
density (ACID)* plots were generated for the [8]C(TPz)s_.(PP),
series and shown in Fig. 8. The variation in ACID isosurfaces
across different x-values provides insight into the evolution of
aromaticity and electronic delocalization with composition. For
lower values of x (x = 0-2), where the system contains more TPz
units, the ACID plots exhibit strong and continuous diatropic
ring currents, suggesting significant macrocyclic conjugation.
The uniform current density clearly indicates efficient elec-
tronic delocalization patterns across the macrocycle, and TPz
units promote conjugation. As x increases (x = 3-5), the
induced current density begins to fragment, indicating
a disruption in conjugation. The current pathways appear less
continuous, with localized distortions forming around certain
regions of the macrocycle. This suggests that the benzene and
TPz units do not interact as effectively in maintaining global
delocalization, leading to a breakdown of the extended conju-
gation. The growing presence of benzene likely introduces
electronic mismatches that limit the seamless flow of -

X=0

Fig. 8 Anisotropy of the induced current density (ACID) plots for
cyclic [8]CPP derivatives containing varying numbers of benzene (x)
and TPz (8—x) units. The yellow isosurfaces (iso = 0.025) represent
induced current density under an external magnetic field applied
perpendicular to the macrocycle. As x increases, the global aromatic
ring current becomes more fragmented, indicating a transition from
extended conjugation (in quinonoid TPz-rich systems) to localized
aromaticity in benzene-rich systems.

14600 | Chem. Sci, 2025, 16, 14595-14604
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electrons. At higher values of x (x = 6-8), where the system is
predominantly composed of benzene rings, the ACID plots
show further localization of the induced current density. The
ring currents become confined to individual benzene rings
rather than forming a continuous macrocyclic flow. By x = 8,
where the system consists entirely of benzene units, the plot
suggests that the structure behaves more like a collection of
isolated benzene rings rather than a fully conjugated macrocy-
clic system.

To further support these observations, bond order and
harmonic oscillator model of aromaticity (HOMA)*' analyses
were performed and the results are plotted in Fig. S33.1 Bond
order data (black dashed lines in Fig. S331) exhibit a decreasing
trend with increasing x, reflecting a progressive disruption of
conjugation. The bond order values corresponding to average of
the 1-1' bonds (red-filled circles correspond to the singlet or
triplet, whichever is more stable) show a significant decline,
aligning with the observed fragmentation of delocalization in
the macrocycle seen in the ACID plots in Fig. 8. The HOMA
index (blue-filled circles) provides additional confirmation; the
index increases with x and plateaus near HOMA=1, indicating
stronger localized aromaticity in benzene-rich systems.

Further computational analysis surprising
connection to the topological phase transition. This connection
arises from the degree of open-shell character in the wave
function near the level crossing, which reflects variations in
radicaloid character. To quantify this, we utilize Yamaguchi's y,
index, obtained from the unrestricted Hartree-Fock (UHF)
method. However, since UHF may be inadequate for systems
with significant multireference character, it is crucial to assess
the extent of multireference effects in these systems.

To this end, we performed DLPNO-CCSD(T) calculations** on
(U)B3LYP-D3 optimized structures to obtain the T1 diagnostic—
a parameter used to estimate the extent of multireference
character. A low T1 diagnostic value (typically <0.02, as sug-
gested by Lee and Taylor*®) indicates that a multireference
approach may not be necessary. As shown in Table S4,f the T1
diagnostic values for all [8]C(TPz)s_.(PP), (x = 0 to 8) structures
are below 0.02, suggesting that these systems are well-described
by single-reference methods such as UHF.

Fig. 9 shows the evolution of the y, index,** which is often
used to characterize the radicaloid nature of the state, as
a function of x. The results are clear and show the dramatic
change of the nature of the ground state at and near the tran-
sition with essentially closed shell electronic structures near x =
0 (dominantly quinonoid) and x = 8 (dominantly aromatic),
while a clear diradical character emerges near the transition.

While any index of radical and open shell character has
limitations, including y,, by their nature of not being quantum
mechanical observables, y, certainly serves well as a tool to
compare the changes in these series of macrocycles.**¢

For a 0-dimensional system, especially in a cyclic system as
discussed here, there is an opportunity for a pair of localized
spins to emerge, which would represent a diradical state. Such
a pair of localized spin states are the analogs of a “non-trivial”
topological phase as described for polymers.**** The localiza-
tion is not as extreme as indicated by the VB diagram in

reveals a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Yo diradical index as a function of x (a) for the [8]C(TPz)g_,(PP), and (b) for the [8]C(ITN)g_,(PP),, series of -conjugated macrocycles.
Values for both the triplet and singlet states are given. The more stable state is represented by filled symbols, the less stable by empty ones. These

UHF y, values are based on (U)B3LYP-D3 optimized structures.

[8C(TPz)¢(PP),

Fig. 10

[8]C(TPz),(PP),

(a and b) Spin density (iso-value = 0.01) distribution for the two nanohoops of the TPz series near the transition, where the triplet states

are more stable than the singlet at the UB3LYP-D3/6-311G(d) level. The bottom portion are the TPz units, the top are the PP units. These are
separated by a CC bond indicated by the black arrows. Red arrows indicate the largest localization of the spin density that occurs at the carbon
site on the quinonoid side where the A and Q units meet. (c) The localization of spin in a hybrid nanohoop of segregated A and Q units is
anticipated by the VB diagram where a symbolically aromatic unit (in turquoise) is adjacent to a quinonoid one (in blue).

Fig. 10(c), but it is clearly present at the location where the
aromatic and quinonoid units meet each other and is a conse-
quence of the mismatch of the two structures at their linkage
points. These localized spins come in pairs due to the topology
of the nanohoop. The respective orbital energies are not exactly
degenerate, but are very close, typically within less than 0.2 eV,
as illustrated in Fig. S34.F This is one of the similarities with the
topological non-trivial phases of linear conjugated polymers.
A surprising but essential aspect is the robustness of the orbital
delocalization of the HOMOs and LUMOs near the minimum
gaps as shown in Fig. 6(b), and S22-S23.7 As it turns out, based on
our computations, we do not see significant charge transfer
between the different units in any of these hybrid macrocycles. A
typical charge transfer value in these systems is very small, of the
order of 0.02e, with the largest value of 0.06¢ obtained for PP in [8]
C(TPz),(PP),. This is another indication of a robust delocalization
of both the HOMO and the LUMO among the A- and Q-type units
in these systems. A number of examples of this wide-ranging
orbital delocalization are listed in the ESI (Fig. S4-S12).f This
property has important implications for the photophysics of new
derivatives, given the possibility of functionalization of these A-Q
hybrids into extended polymeric materials.*” The incorporation of

© 2025 The Author(s). Published by the Royal Society of Chemistry

quinonoid units into CPPs offers new ways to realize a very high
degree of radial-linear conjugation that is essential for their
functioning as novel electronic materials.**” These findings on the
[8]C(TPz)s_(PP), series have been replicated for the [8]
C(ITN);_,(PP), and the [6]C(TPz)s_,(PP), series very closely and
therefore the details are shown only in the ESI} section.

According to our further computational results, a similar gap
reduction does not occur for [8]C(TTD) and [8]C(PPD). The
orbitals and 1-1’ bond distances are illustrated in Fig. S35 and
S36.7 The polymer of TTD has a borderline quinonoid structure,
while the polymer of PPD has a quinonoid ground state.*
However, the HOMO-LUMO gaps of these two nanohoops are
still small near 1 eV with a singlet state lower than the nearby
triplet separated by only 10 kcal mol ' and 8 kcal mol " for [8]
C(TTD) and [8]C(PPD), respectively. Their respective T1 values,
shown in Table S4,t are also below 0.02.

3. Conclusions

Computational modeling of hybrid macrocycles with radial 7c-
conjugation consisting of both aromatic and quinonoid units
shows remarkably unique structural and electronic properties.

Chem. Sci., 2025, 16, 14595-14604 | 14601
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termination (non-trivial topological state). (c) Macrocycle of aromatic or quinonoid units (trivial topological state). (d) Macrocycle of mixed

aromatic and quinonoid units (non-trivial topological state).

1. Ring-strain of the nanohoop does not suppress the
quinonoid nature of the coupling between the repeat units in
four purely quinonoid nanohoops in the investigated cases of
[8]C(ITN) and [1]C(TPz) with n = 6, 8, and 10.

2. In the structures of the hybrid fully segregated macro-
cycles where a block of (n — x) quinonoid (Q) units are incor-
porated within a hybrid macrocycle with x other aromatic (A)
units, the structure can be gradually moved from Q to A as x is
increased.

3. A significant gap reduction can be achieved by exploiting
the Q to A transition along the series due to a frontier orbital
level crossing as a function of x.

4. Near the level crossing triplet states emerge as the ground
state. In these triplet states the two radical sites are spatially
separated, creating a diradicaloid state with the radical elec-
trons being localized in the regions where the aromatic and
quinonoid units join. This feature represents an analogy to the
non-trivial topological state observed for diradical states of
linear polymers, where the unpaired spins are localized that the
chain ends.

5. Full delocalization of the frontier orbitals is maintained in
many cases strongly affecting their photophysics.

6. We propose to think about these mixed macrocycles less
as donor/acceptor systems but rather as aromatic/quinonoid
ones. This approach helps to understand and to manipulate
the dramatic gap reduction, the emergence of the diradicaloid
triplet ground state as a function of composition, and the
associated changes in physical properties.

In addition to obtaining a tool to engineer the gaps and spin
states of these mixed radially conjugated macrocycles,
a connection to the related topological phase transition is
observed. This analogy is limited, as no real phase transition
can occur for a 0-dimensional insulator. Still, in designing new
radially conjugated systems, it appears as useful to think about
them as being on the scale between a trivial phase (quinonoid or
aromatic) vs. the intermediate structure where the HOMO-
LUMO nearly cross and a triplet state develops. This is

14602 | Chem. Sci, 2025, 16, 14595-14604

a completely different situation compared to the 1D topological
transition and is illustrated in Fig. 11 showing key similarities
and differences between the linear topological polymer energy
levels [in (a) and (b)] contrasting them with those in the radial
m-conjugated macrocycles discussed in this work [in (c¢) and (d)].
Note that in the polymer case, two different theories describe
the same effect. Due to their limited size, energy band theory is
not applicable for the macrocycles. Note the triplet state in (d).

The variation of the properties of the presented macrocycles
can be correlated with the varying degree of their quinonoid vs.
aromatic characters, as their physical properties (gaps and open
shell character) are controlled across a series. This research
opens up the possibility to obtain topological transitions in zero
dimensional molecular systems.

4. Methods

The traditional B3LYP-D3 hybrid density functional theory***
with the 6-311G(d) basis set was used in combination with full
geometry optimization in all cases except where explicitly
mentioned otherwise. Gaussian 16 (ref. 50) default optimization
criteria were used. Computed charges refer to natural pop-
ulation analysis, NPA, charges. The choice of this particular
density functional approximation, DFA, is based on extensive
validation on a variety of homo- and hetero-conjugated poly-
mers and oligomers. It is particularly important in this regard,
that the exact exchange component, 4,, in the hybrid should be
around 20% for obtaining accurate HOMO-LUMO gaps.*® The
correlation between the bandgap and A, is well known. B3LYP
uses this compromise value, and it is therefore particularly well
suited for the types of w-conjugated systems discussed here. We
note that the D3 dispersion correction® has a very small effect
on the geometry, see Table S2.1 To ensure the robustness of our
results, the PBE0-D3 (ref. 52) and MO06 (ref. 53) functionals were
also employed for the [8]C(TPz)s_.(PP), series. These func-
tionals, which include A, of 25% and 27%, respectively, further
confirmed that the results are not dependent on the choice of
functional. Functionals with A, ~20-30% reliably reproduced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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experimental An,.x values, whereas those with either higher or
lower A, values failed to provide accurate predictions (see
Fig. S257). Unless otherwise specified, the 6-311G(d) basis set
was used. All orbitals were depicted using an isosurface value of
0.015 a.u.

There is no significant charge separation in the mixed
nanohoops as tested for [8]C(TPz),(PP),, [8]C(TPz),(PP),-I1I, and
[8]C(TPz),(PP),. Calculations using UB3LYP coupled with the
computational “guess = mix” keyword in Gaussian 16(ref. 50)
did not show any open-shell symmetry-breaking solutions for
the cases where this issue was tested: [8]C(TPz), [8]C(TPz),(PP),,
and [8]C(ITN); where in all cases we find that <S> = 0.0.
Furthermore, the stability of the ground-state wavefunctions
has been confirmed using the “stable = opt” option in Gaussian
16 at both (U)B3LYP and (U)HF levels.

DLPNO-CCSD(T) (domain-based local pair natural orbital
coupled cluster with singles, doubles, and perturbative triples)*>
calculations were performed on the B3LYP-D3-optimized
geometries of both the singlet and triplet ground states to
estimate the multireference character using the T1 diagnos-
tics.** DLPNO-CCSD(T) calculations were carried out using
double-{ quality basis set, def2-SVP.>* The def2/j auxiliary basis
set was used for the Coulomb integrals within the resolution-of-
identity (RI) approximation, while the def2-SVP/C auxiliary basis
set was utilized for the correlation treatment. To enhance
computational efficiency, the RIJCOSX>® approximation was
applied for the evaluation of exchange integrals. All DLPNO-
CCSD(T) calculations were performed with ORCA 5.0.4.°°

The diradical y, index is based on the natural orbital analysis
and calculated using the following formula:**

2T,

w=l-—1
¢ (1+ To)

Ty = (Muono — MLuno) (2)
where nyono, and 7o refers to the natural orbital occupation
numbers of the highest occupied natural orbital and lowest
unoccupied natural orbital, respectively.

For completeness, TD-DFT (30 singlets and 30 triplets)
computations were performed for selected macrocycles
summarized in the ESI section (Fig. S24-S317) showing signif-
icant red shifts for the segregated hybrid nanohoops compared
to the homogeneous ones. Information on isomers of nano-
hoops are provided in Fig. S37-S39 and Table S3.7

Data availability

ESIt section: Tables of HOMO-LUMO gaps, structural param-
eters, images of HOMOs and LUMOs, information on isomers,
predicted UV-vis spectra, xyz coordinates of optimized geome-
tries, singlet-triplet gaps and energy levels, bond orders, HOMA
indices.
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