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Sequence-defined donor-acceptor-
donor oligo(para-phenylene
ethynylene)s with emission across
the visible spectrum

Qianyu Cai?, Lars Boller! & Michael A. R. Meier%2**

Donor-acceptor engineering is a widely employed strategy for m-conjugated molecules to modulate
their electronic structure and photophysical behavior. Oligo(para-phenylene ethynylene)s (OPEs)
provide a rigid and modular m-conjugated scaffold that is particularly well suited for the systematic
incorporation of donor and acceptor units. In this work, a symmetric donor-acceptor-donor (D-A-D)
sequence was adopted to tune the electronic structure of the OPE molecular rods. By varying the
acceptor unit, two series of OPE emitters, OPE-x (3-mers) and OPE-x’ (5-mers), were synthesized via
Sonogashira cross-coupling reactions. With increasing acceptor strength, the emission wavelength
could be tuned from the blue to the red spectral region for both applied conjugation lengths, while
preserving high photoluminescence quantum yields (PLQY). By extending the degree of conjugation
by a defined number of repeating units, a decrease was observed for both the Stokes shift and the
emission full width at half maximum (FWHM) across the series. Further analysis aided by quantum-
chemical calculations provides a molecular-level understanding of the observed photophysical trends.

n-Conjugated macromolecular materials exhibit optoelectronic properties that arise from electronic
delocalization along their conjugated segments. These properties are highly sensitive to molecular structure
and overall architecture!™. In conventional polymeric systems, statistic monomer sequence distributions
and inherent dispersity result in averaged properties, limiting the extraction of accurate structure-property
relationships®. Therefore, monodisperse sequence-defined macromolecular systems, which provide the necessary
structural precision, are essential for understanding how changes at the level of individual n-conjugated units
govern optoelectronic properties.

Among various conjugated macromolecules, oligo(para-phenylene ethynylene)s (OPEs) provide a well-suited
platform for sequence-definition studies®. The C= C triple bonds restrict rotational freedom along the backbone,
leading to an extended and rigid n-conjugated scaffold. Accordingly, such structures exhibit efficient charge and
energy transport’® and often display high PLQY in solution®"!!, which has motivated their investigations in areas
such as field-effect transistors'?4, light-emitting diodes!>-'%, photocatalysis'®, and sensing applications.?**!
Moreover, the ethynylene linkages act as spacers that enable versatile substitutions of the aromatic units??, enabling
precise sequence-control through modular synthesis. Similar to other sequence-defined macromolecules?~%°,
sequence definition in uniform OPEs is primarily achieved through iterative synthetic strategies involving
stepwise monomer addition and deprotection steps?>?°. As dictated from its chemical nature, the construction
of OPE chains typically relies on Sonogashira-type cross-coupling reactions?>?°. Such reactions are well-known
for broad functional-group tolerance*’~?° and therefore allow the incorporation of a wide variety of substituents.
As a result, molecularly defined OPEs serve as promising model systems for investigating structure-property
relationships in m-conjugated architectures. In addition, their pronounced molecular rigidity renders them
suitable benchmark systems for fundamental experimental and theoretical investigations.

Our previous work on sequence-defined OPEs focused primarily on oligomer length variation, monomer
positioning, and side-chain variation?>2¢3%31, The present study shifts the emphasis towards electronic structure
engineering through the use of donor (D) and acceptor (A) building units. To minimize the synthetic complexity,
a symmetric D-A-D architecture was adopted in the first place.

Accordingly, eight OPE emitters were developed and synthesized (Fig. 1), applying four different central
acceptor units and two donor units with different conjugation length. Thus, for each central acceptor unit,
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Increasing acceptor strength

two derivatives were synthesized: a classical D-A-D architecture (OPE-x) and an extended analogue bearing
two additional terminal phenyl groups flanking the donor units (OPE-x"). This molecular design aims to
demonstrate that donor-acceptor sequences in OPE molecules can access emission across different regions
of the visible spectrum. The chain length was extended by one repeating unit on both ends to investigate the
impact of further structural variations on electronic properties. Quantum-chemical calculations were employed
to support property investigations. Thus, the steady-state photophysical properties in solution were compared
both within and between the two conjugation-length series.

Results and discussion

Synthetic access

The OPE-x and OPE-x’ series of emitters were synthesized starting from donor building units BO and BI,
respectively, which were prepared based on the earlier reports’. Each OPE series comprises a library of molecules
incorporating different acceptor cores, including para-difluorobenzene, anthracene, benzothiadiazole (BTD),
and naphthothiadiazole (NTD). The general reaction scheme and the isolated yields for each compound are
summarized in Fig. 2, synthetic and analytical details are provided in the Supplementary Information.

The synthesis was performed on a preparative scale using established Sonogashira cross-coupling conditions?>.
Purification via Celite” filtration and flash column chromatography yielded OPE-b as a white cotton-like solid in
a yield of 62%. The structure was confirmed by nuclear magnetic resonance (NMR) spectroscopy (provided in
the Supplementary Information), and its purity was verified by size-exclusion chromatography (SEC, Fig. 3a, blue
trace)?. In contrast, the same purification procedure proved insufficient for its -extended derivative OPE-b’.
SEC of chromatographically purified OPE-b’ showed a small peak (13% integration) at higher retention time next
to the main product peak, indicating a species of possibly lower molecular weight (Supplementary Figure Sla,
black trace). Electrospray ionization mass spectrometry (ESI-MS) suggests that this species of similar polarity
and solubility as a Glaser-coupling product (GB1, m/z=634.31), likely formed due to traces of contamination
with oxygen (Supplementary Figure S1b). Due to difference in ionization efficiency, the higher signal intensity
of GB1 compared to the target compound OPE-b’ in the mass spectrum does not reflect its actual abundance.

~ Increasing conjugation length
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Fig. 1. Structures of investigated OPEs. Left: the OPE-x series. Right: the OPE-x’ series with extended
conjugation length.
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Fig. 2. Top: general reaction for the synthesis of D-A-D-type OPE-x and OPE-x’ molecules. Bottom: chemical
structure of the incorporated acceptor units and isolated yield of OPE-x and OPE-x’ derivatives.
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Fig. 3. SEC traces of the purified products of (a) the OPE-x series and (b) the OPE-x’ series.

Scientific Reports|  (2026) 16:19916 | https://doi.org/10.1038/s41598-026-59109-2 nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

As confirmed by '"H NMR spectroscopy of the chromatographically purified substance (Figure S1c), OPE-b’
remained the predominant species in the mixture after careful validation. However, an additional purification
step was necessary. Thus, sonification in n-hexane was conducted to selectively solubilize the byproduct. Indeed,
the red trace in the SEC diagram (Figure S1a) showed that this treatment reduced the impurity to less than 3% of
the peak area. OPE-b’ was thereby isolated as a neon yellow powder in a moderate yield of 38% in an SEC-purity
of 97%. This approach of sonification of the material in n-hexane was thus employed consistently as the final
purification step to remove the Glaser-coupling side-products.

For all the other derivatives, precipitation from the reaction mixture was observed during stirring. After
complete conversion, as indicated by thin-layer chromatography (TLC), the crude solids were collected by
filtration over Celite’, washed with hexane(s), and taken up in dichloromethane. 'H NMR spectroscopy
confirmed the precipitates as the target molecules, and their purity was further confirmed by SEC (Fig. 3).
OPE-g, OPE-g’, OPE-y, OPE-y’ were obtained as orange powders in yields ranging from 20% to 80%, while
OPE-r and OPE-r’ were isolated as dark purple powders in 83% and 91% yield, respectively. All compounds
were fully characterized by NMR spectroscopy, infrared spectroscopy, and high-resolution mass spectrometry
(HRMS). With the exception of OPE-b’, as discussed above, all compounds exhibited SEC purities above 99%.

Theoretical investigations

To assess the electronic impact of the selected acceptor units and to anticipate the photophysical behavior of
the resulting D-A-D systems, quantum-chemical calculations were performed using the Gaussian 16 package™®.
First, density functional theory (DFT) calculations were performed at the PBE0*/6-31G**3>36 level of theory,
including Grimme’s D3 dispersion correction with Becke-Johnson damping®”%, to optimize the ground-state
geometries, followed by wavefunction analysis® to provide insight into spatial distribution and energy levels of
the frontier molecular orbitals (FMOs). All calculations were carried out in gas phase. To reduce computational
cost, the n-propyl chains were substituted with methyl groups, as their electronic effect on the conjugated core
was expected to be minimal. Optimized geometries and FMO density distributions for OPE-x and OPE-x’ are
provided in Supplementary Figure S16. Within both series, the calculated LUMO energy decreases in the order
para-difluorobenzene < anthracene < BTD <NTD, consistent with the increasingly electron-deficient character
of the central unit. Between the two series, OPE-x’ molecules exhibit smaller HOMO-LUMO gaps than their
OPE-x analogues and thus a general red-shift in the optical transitions is expected.

To gain further insight into the optical properties, time-dependent DFT (TD-DFT) calculations were
performed at the corresponding level of theory (D3-PEB0/6-31G**). Vertical excitation energies were computed
for the lowest 10 singlet and 10 triplet excited states of each molecule (Fig. 4, complemented by Supplementary
Table S1). For each lowest singlet excited state (S,), a geometry optimization was carried out, followed by
wavefunction analysis. The hole-electron character of the S, S transition was visualized in the form of natural
transition orbitals (NTOs)*. To quantitatively assess the extent of hole-electron separation, the orbital overlap
index S_ was employed. It is defined as

S, = / P hole (T) p ele (’l‘)d’l‘ (1)

where p"'*(r) and p(r) denote the spatial distributions of hole and electron densities, respectively*’. Based
on the value of S, the nature of the excited states is conventionally classified as charge transfer (CT) for 0-0.4,
hybridized local excitation and charge transfer (HLCT) for 0.4-0.75, and local excitation (LE) for 0.75-141-4,

With increasing acceptor strength, both the vertical excitation energies and the relaxed levels of S, states
decrease across the series from OPE-b to OPE-r. The first vertical excitation energies range from 3.26 eV to
2.10 eV, while the relaxed S, levels lie between 3.02 eV and 1.89 eV. The latter corresponds to the emission
wavelengths, spanning from 410 nm to 655 nm, thus covering the visible light spectrum from deep blue to red.
Although OPE-g exhibits a similar HOMO-LUMO gap to OPE-y (Supplementary Figure S16a), its S, level,
especially after relaxation, lies significantly higher at 2.45 eV (507 nm) compared to 2.16 eV (575 nm) for OPE-y
(Fig. 4a). When translated into wavelength (Table 1), this corresponds to a difference of approximately 70 nm,
shifting the emission from the green to the yellow region. All molecules in the series show S_values above 0.5,
indicating a considerable LE character. Especially OPE-g, containing an anthracene core, exhibits an S_index of
0.80 for the relaxed S, geometry, which corresponds to a pure LE state according to the classification mentioned
above. In contrast, OPE-y and OPE-r, two molecules with heterocyclic acceptors (BTD and NTD), show lower S,
values of 0.57 and 0.65, respectively. Their increased CT character is attributed to the polarizability and electron-
withdrawing nature of the heterocycles.

As depicted in Fig. 4b, TD-DFT calculations revealed similar trends for the OPE-x’ series. Due to the
increased degree of m-conjugation, the energies of excited states are generally lower than their OPE-x analogues.
Therefore, red-shifted vertical excitation and emission are predicted. The excited-state characteristics remain
largely unaffected, as only a minor portion of the electron density is localized on the additional terminal phenyl
rings.

Steady-state optical characterization

UV-Vis absorption, PL, and (absolute) quantum yield (®,, ) measurements were carried out in dilute toluene
solution (10 uM). As a non-polar solvent that mimics the environment of typical host materials in organic light-
emitting diode (OLED) devices*4~4, toluene provided sufficient solubility for the OPE-x and OPE-«’ series at the
required concentration. Figure 5 shows the normalized absorption and PL spectra, together with photographs
of the corresponding toluene solutions taken under UV irradiation. The key spectral features and @, values are
summarized in Table 1.
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Fig. 4. Vertical excitation energies of representative excited states and the energy of relaxed S, geometry for
(a) OPE-x and (b) OPE-x’ series, calculated at the D3-PBE0/6-31G** level of theory. For the S, levels, the
corresponding wavelengths are given in parentheses. The spatial distributions of the hole (blue) and electron
(red) in the relaxed S, states are shown as natural transition orbitals (NTOs), along with the corresponding S,
index for each molecule. The orbital pictures are plotted with an isovalue of 0.02.

-1

Entry Xabs’ exp / nm APL, exp (FWHM) / nm | CIE [x, Y] A\7¢xp / cm’ D0 }‘SO—SI, cale/ DM (f)> )‘s1-su, calc/ NM f)® | AV ate! cm™!
OPE-b | 368 407 (51) 0.157,0.051 | 2600 93% | 381 (1.85) 410 (2.09) 1860
OPE-g | 486 501 (48) 0.240, 0.627 | 616 83% | 472(1.42) 507 (1.52) 1460
OPE-y | 441 524 (77) 0.325,0.614 | 3590 100% | 497 (0.91) 575 (0.73) 2730
OPE-r |578 630 (66) 0.682,0.318 | 1430 65% | 589 (0.90) 655 (0.81) 1710
OPE-b’* | 399 440 (23) 0.150, 0.084 | 2340 97% | 446 (3.67) 488 (4.11) 1930
OPE-g’ | 512 527 (24) 0.315,0.656 | 556 83% | 532 (2.96) 576 (3.28) 1440
OPE-y’ | 464 542 (71) 0.400, 0.583 | 3100 79% | 550 (2.11) 614 (1.96) 1900
OPE-r’ | 605 658 (60) 0.715,0.285 | 1330 68% | 646 (1.90) 708 (1.82) 1360

Table 1. Summary of steady-state photophysical properties and TD-DFT calculations for OPE-x and OPE-x
derivatives. The experiments were conducted in ~ 10 uM toluene solutions. (a) Absolute PLQY measured in
non-degassed toluene solution. (b) Oscillator strength (dimensionless) given in parentheses.

OPE-b absorbs at 368 nm and emits blue light at 407 nm, while the n-extended analogue OPE-b’ shows
red-shifted absorption at 399 nm and blue emission at 440 nm, translating into Commission International de
LEclairage (CIE) coordinates of (0.157, 0.051) and (0.150, 0.084), respectively (Figure S12). OPE-g and OPE-g’
both absorb and emit both in green region with absorption maxima at 486 and 512 nm and PL maxima at 501
and 527 nm, respectively. Thus, OPE-g (616 cm™!) and OPE-g’ (556 cm™!) exhibited the smallest Stokes shifts
among all derivatives, accompanied by mirror-like symmetric vibronic progressions. This indicates minimal
structural reorganization between the ground and excited states, consistent with the fused aromatic character of
the anthracene central unit. As illustrated in Figure S17a for OPE-g, the overlay of the optimized S, geometry
(blue) and relaxed S, geometry (red) reveals a high degree of structural consistency. The stronger acceptor-
containing derivatives OPE-y and OPE-y’ show absorption maxima at 441 nm and 464 nm, respectively, while
their emission is red-shifted to 524 nm and 542 nm. Thus, OPE-y shows the largest Stokes shift (2730 cm™?)
within the series. Upon excitation, its peripheral donor units exhibit a pronounced bending towards the
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Fig. 5. Normalized absorption and PL spectra of (a) the OPE-x series and (b) the OPE-«’ series, measured in
~10 uM toluene solutions. From top to bottom: (a) OPE-b, OPE-g, OPE-y, and OPE-r; (b) OPE-b’, OPE-g’,
OPE-y’, and OPE-r’. Absorption spectra (black lines) were normalized with respect to the lowest-energy
absorption band to enable direct comparison with the corresponding PL spectra (colored lines). The inset
shows photographs of the corresponding toluene solutions taken under 365 nm UV irradiation.

heterocyclic acceptor, whereas the ground-state structure shows a more linear OPE-backbone (Figure S17b).
This substantial structural deviation also explains the observation that the emission maximum of OPE-y was
red-shifted by 23 nm relative to OPE-g, whereas its absorption maximum was blue-shifted by 45 nm. Finally,
OPE-r absorbs in the yellow region and emits red light at 630 nm, while OPE-r’ absorbs in the orange region and
emits a deep red light at 658 nm, translating into CIE coordinates of (0.682, 0.318) and (0.715, 0.285).

In general, the OPE-x’ series showed a red-shift of approximately 20-30 nm in both absorption and PL
maxima compared to OPE-x, respectively. This observation is consistent with the slightly reduced HOMO-
LUMO gaps attributed to the extended m-conjugation. In addition, the increased conjugation led to narrower PL
spectra, as indicated by the reduced FWHM values. Notably, the FWHM of OPE-b (51 nm) decreased to 23 nm
for OPE-b’. This can be associated with a weaker vibronic coupling, as displayed by the reduced shoulder peak
in the emission profile** *7. The PLQY measurements were conducted in non-degassed toluene solutions. The
obtained @, values ranged from 65% to 100%, indicating overall high emission efficiencies for both series. For
OPE-y, repeated measurements confirmed a PLQY close to unity within experimental uncertainty (<7%)*. In
contrast to the spectral changes, the @, values did not reveal a clear dependence on conjugation length within
the range investigated in this work.

Conclusion

In summary, two series of D-A-D type OPE emitters, OPE-x and OPE-x’, covering a broad range of emission
colors, were successfully synthesized and characterized. Their steady-state photophysical properties were
investigated in toluene and analyzed with the aid of DFT/TD-DFT calculations. Compared to their OPE-x
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counterparts, the elongated conjugation in the OPE-x’ derivatives resulted in narrower emission bands and
smaller Stokes shift, reflecting the increased rigidity and enhanced delocalization of the conjugated backbone.
Notably, the green emitter OPE-g’, incorporating an anthracene moiety for further extended conjugation,
displayed the narrowest emission spectrum (FWHM=24 nm) and the smallest Stokes shift (556 cm™!) in
toluene among the investigated molecules. All emitters showed high absolute quantum yields exceeding 65%.
In particular, the blue emitters (OPE-b: 93%, OPE-b’: 97%) and green emitters (OPE-g: 83%, OPE-g’: 83%)
exhibited excellent quantum yields in both series. In terms of chromaticity, OPE-b and OPE-b’ well matched the
sRGB blue coordinate?’, while OPE-r’ aligned closely with the red primary suggested by BT.2020%°.

Data availability
All data generated or analyzed during this study are included in this published article and its Supplementary
Information files.
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