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Herein, we report the design and synthesis of alternating donor-acceptor nanorings [3]C-NA and [4]C-NA,
along with a reference linear molecule [3]L-NA, via electrochemical oxidation-induced reductive elimina-
tion of alkynyl platinum(Il) complexes. Unlike [3]L-NA, which exhibits charge defects at its end-groups,
the cyclic structures of [3]C-NA and [4]C-NA facilitate enhanced electron delocalization, enabling effi-
cient charge transfer in low-polarity toluene. In the polar solvent dichloromethane (DCM), the increased
flexibility of [4]C-NA promotes intramolecular charge transfer and suppresses charge recombination. The
observed faster intramolecular charge transfer and slower charge recombination rates in these nanoring
acceptor materials suggest their potential for improving the power conversion efficiency of organic solar
cells, providing valuable insights for the design of nanoring acceptor materials.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

m-Conjugated macrocycles, especially those with strained -
systems, possess equivalent sites in the symmetrical cyclic struc-
ture and exhibit restricted conformational flexibility, making them
ideal candidates for optoelectronic materials [1-7]. In a previous
report, Colin Nuckolls and colleagues investigated the impact of
structural flexibility of nanorings on the performance of devices,
revealing that the less rigid nanorings have higher reorganisation
energies, which in turn lead to a superior charge transport capa-
bility [8]. Therefore, establishing a connection between structural
flexibility and excited-state dynamics on ultrafast time scales of
these nanorings is of paramount importance.

In the realm of m-conjugated chain design, steric hindrance of-
ten leads to the formation of substantial dihedral angles between
aromatic rings that are directly linked by single bonds, thereby at-
tenuating the effectiveness of w-conjugation [9]. In contrast, the
strategic incorporation of alkyne bridges, particularly butadiyne,
serves to mitigate this spatial strain and promotes the adoption
of a coplanar orientation among adjacent aromatic units [10,11].
Moreover, the increasing conformational flexibility found with in-
creasing nanoring size in butadiyne-linked nanorings [12,13].

In this paper, we use dimers of 1,4-diethynylbenzene (D-DEB)
as the donor unit and naphthalene diimide (NDI) as the acceptor
unit [14] to construct alternating donor-acceptor molecules [15,16],
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referred to circular NDI-containing alkyne molecules [3]C-NA, [4]C-
NA and a reference linear NDI-containing alkyne molecule [3]L-
NA (Fig. 1). Furthermore, we investigate the effect of the structural
flexibility of this series of molecules on the intramolecular charge
transfer properties to provide insights for building efficient nanor-
ing acceptor materials [17].

Because of the low stability and high reactivity of angle-
strained alkynes, the synthesis of alkyne nanorings presents an ex-
ceptionally formidable challenge [11]. In the previously reported
methods, the key step is to construct less-strained macrocycle
precursors using syn-conformation corner units and then achieve
alkyne nanorings by sequential bromination and elimination [18]
or reduction aromatization [19-21]. Herein, we propose a strategy
to construct radial 7 -conjugated alkyne nanorings and the synthe-
sis procedure for NDI-based alkyne nanorings [3]C-NA and [4]C-
NA is summarized in Fig. 2. The key building block is the lin-
ear terminal alkyne 1, which can react with PtCl,(L,) (L, =dppp
or dppf) to obtain triangular platinum complexes 2a/b and square
platinum complexes 3a/b [22]. In order to achieve reductive elim-
ination of Pt(L,) from platinum complexes, we treated 2a/b with
different chemical oxidants (I,, AgBF4, XeF,, and NOBF,) [23,24]
but ultimately proved unable to obtain the target nanoring [3]C-
NA. Then, inspired by the previous work of our group [25,26], con-
stant potential electrolysis was used to achieve reduction elimi-
nation of platinum complexes. Electrochemical oxidation-induced
reduction elimination of 2b and 3b could be achieved by pass-
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n =1, [3]C-NA
n = 2, [4]C-NA

n =1, [3]C-NA: 43% (from 2b)
=2, [4]C-NA: 23% (from 3b)

L, =dppp, n =1, 2a: 25%, n = 2, 3a: 26%
L, = dppf, n =1, 2b: 23%, n = 2, 3b: 14%

Fig. 2. Synthetics procedure toward [3]C-NA and [4]C-NA.

ing a constant potential (1.2 or 1.3V vs. Ag/AgCl, Fig. S2 in Sup-
porting information) through their DCM solutions containing elec-
trolyte ("BuyNPFg), which gave [3]C-NA as a purple solid in a 43%
yield and [4]C-NA as a dark blue solid in a 23% yield, respectively.
The size of nanorings is closely related to their ring strain, which
in turn significantly influences the structure and properties of the
cyclic molecules. To better study the structure and properties of
the alkyne nanorings, we further synthesized a reference ternary
linear molecule [3]L-NA (see Supporting information).

The successful synthesis of [3]C-NA, [4]C-NA and [3]L-NA can
be confirmed by NMR spectra (Fig. 3) and high-resolution MALDI-
TOF mass spectra (Figs. S3-S5 in Supporting information). In
the TH NMR spectra, there are only three aromatic proton sig-
nals, which reflect the highly symmetrical structures of [3]C-NA
and [4]C-NA (Figs. 3a and b). In contrast, [3]L-NA exhibits non-
equivalent aromatic proton signals due to its linear structure (Fig.
3c). And the absence of ring strain leads to rapid structural distur-
bance of [3]L-NA, resulting in very sharp proton peaks. It is worth
noting that, compared to nanoring [3]C-NA, the 'H NMR spec-
trum of nanoring [4]C-NA exhibit significant broadening. The sharp
peaks of [3]C-NA at room temperature indicate the presence of
rigid structure, and the broad peaks of [4]C-NA at room tempera-
ture are attributed to slow exchange that proceeds at a rate similar
to the NMR time scale [27]. Subsequently, the solution-phase struc-
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Fig. 3. Part of '"H NMR spectra (298 K) of (a) [3]C-NA, (b) [4]C-NA and (c) [3]L-NA.

ture of [4]C-NA was investigated by variable-temperature NMR
analyses (Fig. S6 in Supporting information) to reveal the differ-
ence in structural flexibility for the two nanorings. As the tem-
perature increases, the peaks of [4]C-NA gradually become sharp,
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Fig. 4. Photophysical properties of [3]C-NA (298K). (a) UV—vis absorption spectra and (b) fluorescence spectra of [3]C-NA in Tol (red), PhCl (violet) and DCM (blue). Inset:
Photographs showing the fluorescence for [3]C-NA in Tol, PhCl and DCM under a UV lamp at A =365 nm.

which is generated by a time-averaged structure through rapid
exchange. Conversely, at low temperature, the conformational ex-
change rate of [4]C-NA becomes slower than the NMR time scale,
resulting in the coexistence of multiple conformations in the NMR
spectra. Thus, the order of structural flexibility for these three
molecules is [3]C-NA < [4]C-NA < [3]L-NA.

The photophysical properties of these three molecules were
studied in solvents with varying polarity by UV-vis absorption
spectroscopy and fluorescence spectroscopy. The absorption spec-
tra of [3]C-NA (Fig. 4a) exhibit two absorption peaks at around 380
and 560 nm with similar molar absorption coefficients in different
diluted solutions, which show not significant dependence on the
polarity of solvent. However, upon careful observation of the ab-
sorption onsets in the [3]C-NA solution, a slight bathochromic shift
was observed as the solvent polarity increased. In consideration
of a large molar absorption coefficient value (ca. 1x10°L mol~!
cm~1) of the absorption peak at around 560 nm, while donor unit
D-DEB and acceptor unit NDI have no corresponding absorption
peak in the region of 450-700 nm (Fig. S7 in Supporting informa-
tion), the electronic transition observed at around 560 nm could be
attributed to the mixed character of intramolecular charge-transfer
(ICT) [16,28] and m-r* transition.

It is noteworthy that these donor-acceptor molecules exhibit
distinct ICT absorption peaks in low-polarity toluene. The nanor-
ing [3]C-NA shows a maximum absorption peak at 555nm and
a red-shifted shoulder peak at 582nm (Fig. 4a), corresponding
to the (LUMO+1)<«HOMO and LUMO<«HOMO transitions, respec-
tively [29]. For [3]C-NA, the absorbance ratio of these transitions
(Aumo+1)«Homo/ALumo - Homo)) is 1.05. The nanoring [4]C-NA (Fig.
S9a in Supporting information) and the reference linear molecule
[3]L-NA (Fig. S9c in Supporting information) both display a maxi-
mum absorption peak at 582 nm along with a blue-shifted shoul-
der peak at 555 nm. The absorbance ratios for [4]C-NA and [3]L-NA
decrease sequentially, being 0.94 and 0.85, respectively. The reduc-
tion in the (Aymo+1)—Homol/ALumo—Homo)) Tatio indicates an in-
crease in molecular structural flexibility.

In contrast, solvent polarity has a significant effect on fluores-
cence characters and the solvatofluorochromism was observed in
solutions of these alternating donor-acceptor molecules (Fig. 4b).
Even in a low polarity solvent Tol, [3]C-NA showed a low fluo-
rescence quantum yield (Table 1, Aem =652 nm, ¢;=1.83%). And
in a solution with higher polarity, such as DCM, [3]C-NA is virtu-
ally non-fluorescent (Table 1, Aem=712nm, @;=0.16%), revealing
strong ICT character in the excited states of this nanoring. Obvi-
ously, the higher the polarity of the solvent, the more pronounced
the red-shift of the fluorescence emission peak. Fig. S8 shows the
wavenumber against the solvent parameter E(30) fits to a linear
line that undoubtedly indicating the positive solvatofluorochromic
effect of [3]C-NA [30-33].

Table 1
The summary of photophysical properties.

Compound Absorption max. Fluorescence max.

(nm) (nm)

@t (%)

Tol PhCl DCM Tol PhCl DCM Tol PhCl DCM

[3]C-NA 555 560 555 652 683 712 183 0.18 0.16
[4]C-NA 582 576 565 648 678 722 193 024 0.16
[3]L-NA 582 577 567 637 668 714 287 038 0.20

Similarly, [4]C-NA and [3]L-NA exhibit intramolecular charge
transfer and positive solvatofluorochromism (Figs. S9 and S10 in
Supporting information). In addition, the linear molecule [3]L-
NA shows the largest emission redshift ([3]C-NA: Av=1371cm™!;
[4]C-NA: Av=1582cm™!; [3]L-NA: Av=1694cm™!), indicating
greater structural flexibility in its excited state, which dissipates
energy through thermal processes due to the free rotation of
the donor and acceptor units [34,35]. The relevant photophysi-
cal data for nanorings [3]C-NA, [4]C-NA, and a linear molecule
[3]L-NA are summarized in Table 1. In contrast to cyclopara-
phenylenes (CPPs), whose absorption maxima exhibit negligible
changes upon increasing nanoring size [9], the absorption max-
ima of [n]JC-NA demonstrate red shifts with increasing conjuga-
tion length. In low-polarity toluene, the emission maxima show no
significant size-dependency. However, in dichloromethane (DCM),
the emission maxima shift to longer wavelengths with increas-
ing nanoring repetitive units. The photophysical study reveals that
donor-acceptor nanorings exhibit size-dependent properties dis-
tinct from CPPs, suggesting their potential as a novel class of opto-
electronic materials.

Femtosecond transient absorption (fs-TA) measurements were
further devoted to unravel the connection between molecular
structure and charge transfer. At a low polarity solvent Tol, the
fs-TA spectra of nanoring [3]C-NA show the negative ground-state
bleach (GSB) in the range of 550-620nm and the positive excited
singlet state absorption (ESA) in the range of 620-950nm after
photoexcitation at the initial time (Fig. S12a in Supporting infor-
mation). Subsequently, the GSB signal at 580 nm and the ESA sig-
nal at 740 nm decay gradually, by a concomitant growth of a new
species appears near 630 nm. According to the radical anion/cation
control experiments (Fig. S11 in Supporting information) and the
reported spectral positions of NDI radicals [36], the formation of
new band can be attributed to the NDI radical anion and the D-
DEB radical cation, confirming the generation of charge transfer
state (CT) [37]. Because of the gradual growth of CT states in [3]C-
NA, the influence of vibrational relaxation should be taken into ac-
count during dynamics analysis, thus requiring three exponents to
achieve the best fitting (Fig. S12b in Supporting information). The
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Fig. 5. The fs-TA spectra of [4]C-NA (298K) in (a) Tol and (c) DCM following the excitation at 550 nm, and the dynamics traces superimposed with fitted curves at (b)

670 nm in Tol and (d) 660 nm in DCM.

first time constant of rigid nanoring [3]C-NA in Tol corresponds
to vibrational relaxation (tyg=3.7ps), followed by intramolecu-
lar charge transfer and charge recombination with the time con-
stants of Tcp=22.3ps and T = 16374 ps, respectively. For nanor-
ing [4]C-NA with enhanced structural flexibility, its excited singlet
states can achieve rapid vibrational relaxation accompanied by in-
tramolecular charge transfer. Apparently, the fs-TA show the coex-
istence of ESA signal at 740nm and CT state signal at 670 nm af-
ter photoexcitation at the initial time (Fig. 5a), but the dynamic
processes of these two signals are different. The ESA signal atten-
uates with the increase of time, while the signal in the CT state
increases first and then decreases (Fig. S14b in Supporting infor-
mation). The fitting results of the nanoring [4]C-NA show that
the first relaxation process with time constant of about 0.3 ps,
which is attributed to the rapid vibrational relaxation. The time
constants of subsequent charge transfer and charge recombination
are ter=17.2ps and tcg=1568.5ps, respectively (Fig. 5b). How-
ever, the fs-TA spectra of [3]L-NA are significantly distinct. The
decay of ESA signal near 720 nm is not accompanied by a corre-
sponding growth of CT state signal at low wavelength (Fig. S13a
in Supporting information), but the ESA band undergoes a blue
shift upon photoexcitation, which is indicative of energy dissipa-
tion through vibrational relaxation. Thus, the excited state of [3]L-
NA consists of only two dynamical processes (Fig. S13b in Support-
ing information). The first time constant corresponds to the vibra-
tion relaxation tyg=12.0ps, and the second time constant is at-
tributed to the decay of the excited singlet state (ts; = 1871.8 ps).
There is a pronounced divergence in the excited state dynamics be-
tween nanorings and linear molecules when observed in low po-
larity Tol. This is because the terminal groups of linear molecules
are chemically distinct from the internal molecular environment,
resulting in charge defects that are not conducive to efficient
charge transfer and charge carrier transport. In contrast, nanorings
have a highly symmetrical structure that facilitates better charge
delocalization.

In polar DCM, the fs-TA spectra of [3]C-NA, [4]C-NA and [3]L-
NA similarly display a positive band at around 660 nm and a pro-
nounced negative band at around 570nm (Fig. 5¢, Figs. S12c and
S13c in Supporting information). For these three molecules, by
comparing the fs-TA spectra with the radical anion/cation control
experiments (Fig. S11 in Supporting information), it can be deter-
mined that the CT band (at 660nm) is generated upon photoex-
citation. Despite a considerable spectral overlap between the ESA
signal and the CT state signal, the temporal dynamics of these
signals reveal distinct behaviors. The trend chart, as depicted in
Figs. S14d-f (Supporting information), shows that over time, the
signal intensity at 900nm monotone decreasing, while the sig-
nal at 660nm exhibits an initial increase followed by a subse-
quent decline. This pattern of signal evolution provides further
evidence for the occurrence of a charge transfer process within
the system. The spectral alterations observed for nanoring [4]C-
NA during the initial 1.5ps are less pronounced than those of
[3]C-NA and [3]L-NA (Fig. 5c, Figs. S12c¢ and S13c), which can
be attributed to the presence of faster charge transfer dynam-
ics in [4]C-NA. In polar solvents, since vibrational relaxation and
charge transfer occur almost simultaneously, only two exponents
are required for dynamics fitting. According to the fitting results,
the charge transfer and charge recombination time constants of
nanoring [3]C-NA in DCM are tcr=0.9ps and 7cg=378ps, re-
spectively (Fig. S12d in Supporting information). For the linear
molecule [3]L-NA in DCM, the charge transfer and charge re-
combination time constants are tTcr=0.9ps and 7cg=36.7ps, re-
spectively (Fig. S13d in Supporting information). In contrast, flex-
ible nanoring [4]C-NA have a faster charge transfer rate and a
slower charge recombination rate in DCM, which are 7 =0.6ps
and tcg=135.3ps, respectively (Fig. 5d). The rate constant ratio
for [4]C-NA, kcr/kcr =T cr/Tcr =226, is 5.4 times that of the rigid
nanoring [3]C-NA, which has a ratio of kcr/kcg = Tcr/Tcr =42. This
observation can be attributed to the enhanced structural flexibil-
ity of [4]C-NA compared to the rigid nanoring [3]C-NA. The capac-
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ity of [4]C-NA to adopt a twisted three-dimensional conformation
is instrumental in promoting more efficient intramolecular charge
transfer. Moreover, this structural characteristic also contributes to
the suppression of charge recombination processes, thereby favour-
ing the overall charge dynamics within the system. An accelerated
rate of intramolecular charge transfer coupled with a decelerated
rate of charge recombination in the acceptor materials is advan-
tageous for enhancing the energy conversion efficiency of organic
solar cells. Among them, the structural flexibility of the cyclic ac-
ceptor is the key to the design of the acceptor materials.

In summary, we successfully synthesize nanorings [3]C-NA,
[4]C-NA as well as a linear molecule [3]L-NA and revealed the
difference of molecular structural flexibility: [3]C-NA < [4]C-NA
< [3]L-NA. These molecules possess an alternating donor-acceptor
structure, exhibiting distinct intramolecular charge transfer and
solvatofluorochromism. The results of excited-state dynamics in-
dicate that the linear molecule [3]L-NA, which has the greatest
structural flexibility, is limited by the charge defects produced by
its end-groups and does not exhibit superior charge transfer prop-
erties compared to the cyclic molecules. In contrast, the nanor-
ings [3]C-NA and [4]C-NA support better charge delocalization and
undergo intramolecular charge transfer in a low polarity solvent
like Tol. The structural flexibility of nanorings has a significant
impact on their charge transfer properties. In polar DCM solu-
tion, compared to the rigid nanoring [3]C-NA, the structurally per-
turbed nanoring [4]C-NA adopts a twisted three-dimensional struc-
ture that facilitates accelerated intramolecular charge transfer and
slowed charge recombination, revealing its potential as an accep-
tor material for organic solar cells. This research presents a vi-
able strategy for the design and synthesis of alkyne nanorings and
emphasizes the important influence of the structural flexibility of
nanorings on the photophysical properties, which has a guiding
significance for understanding the structure-property relationship
of the nanorings and expanding its applications in optoelectronic
devices.
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