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Conjugated polymers usually require strategies to expand the range of wavelengths
absorbed and increase solubility. Developing effective strategies to enhance both prop-
erties remains challenging. Herein, we report syntheses of conjugated polymers based
on a family of metalla-aromatic building blocks via a polymerization method involving
consecutive catbyne shuttling processes. The involvement of metal 4 orbitals in aromatic
systems efficiently reduces band gaps and enriches the electron transition pathways of the
chromogenic repeat unit. These enable metalla-aromatic conjugated polymers to exhibit
broad and strong ultraviolet—visible (UV-Vis) absorption bands. Bulky ligands on the
metal suppress T—7t stacking of polymer chains and thus increase solubility. These conju-
gated polymers show robust stability toward light, heat, water, and air. Kinetic studies
using NMR experiments and UV-Vis spectroscopy, coupled with the isolation of well-
defined model oligomers, revealed the polymerization mechanism.

conjugated polymers | metallopolymers | metalla-aromatics | stepwise polymerization

Conjugated polymers are macromolecules usually featuring a backbone chain with alternat-
ing double and single bonds (1-3). These characteristics allow the overlapping p-orbitals to
form a system with highly delocalized m-electrons, thereby giving rise to intriguing chemi-
cal and physical properties (4-6). They have exhibited many applications in organic light-
emitting diodes, organic thin film transistors, organic photovoltaic cells, chemical sensors,
bioimaging and therapies, photocatalysis, and other technologies (7-10). To facilitate the
use of solar energy, tremendous efforts have been devoted in recent decades to developing
previously unidentified conjugated polymers exhibiting broad and strong absorption bands
(11-13). The common strategies for increasing absorption involve extending 7-conjugation
by incorporating conjugated cyclic moieties, especially fused rings; modulating the strength
of intramolecular charge transfer between donor and acceptor units (D—A effect); increasing
the coplanarity of © conjugation through weak intramolecular interactions (e.g., hydrogen
bonds); and introducing heteroatoms or heavy atoms into the repeat units of conjugated
polymers (11-16). Additionally, appropriate solubility is a prerequisite for processing and using
polymers and is usually achieved with the aid of long alkyl or alkoxy side chains (12, 17).

Aromatic rings are among the most important building blocks for conjugated poly-
mers. In addition to aromatic hydrocarbons, a variety of aromatic heterocycles composed
of main-group elements have been used as fundamental components. These heteroatom-
containing conjugated polymers show unique optical and electronic properties (4-10).
However, while metalla-aromatic systems bearing a transition metal have been known
since 1979 due to the pioneering work by Thorn and Hoffmann (18), none of them
have been used as building blocks for conjugated polymers. The HOMO-LUMO gaps
(£,) of metalla-aromatics are generally narrower (Fig. 1) than those of their organic coun-
terparts (19-22). We reasoned that this feature should broaden the absorption window if
polymers stemming from metalla-aromatics are achievable.

In recent years, we have reported a series of readily accessible metal-bridged bicyclic/
polycyclic aromatics, namely carbolong complexes, which are stable in air and moisture
(23-25). The addition of osmium carbynes (in carbolong complexes) and alkynes gave
rise to an intriguing family of 4—p, conjugated systems, which function as excellent
electron transport layer materials in organic solar cells (26, 27). These observations
raised the following question: Can this efficient addition reaction be used to access
metalla-aromatic conjugated polymers? It is noteworthy that incorporation of metalla-
aromatic units into conjugated polymers is hitherto unknown. In this contribution, we
disclose a polymerization reaction involving M=C analogs of C=C bonds, which
involves a unique carbyne shuttling strategy (Fig. 2A4). This led to examples of metalla-
aromatic conjugated polymers (polycarbolongs) featuring metal carbyne units in the
main chain. On the other hand, the development of polymerization reactions plays a
crucial role in involving certain building blocks in conjugated polymers (28—32). These
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Significance

Conjugated polymers have
attracted great attention because
of their promising physical
properties. Aromatic moieties are
often fundamental building blocks
of conjugated polymer skeletons.
Inclusion of transition metals, with
their d orbitals, into aromatic
frameworks results in d,-p,
conjugated metalla-aromatic
systems, which have interesting
physical properties. However,
such metalla-aromatics have
never been used as building
blocks in the backbones of
conjugated polymers. Herein, we
report a polymerization reaction
of alkynes and carbynes that
affords metalla-aromatic
conjugated polymers. This
efficient stepwise polymerization
involves consecutive carbyne
shuttling processes. These
metallopolymers not only are
soluble and stable but also exhibit
broad and strong ultraviolet
absorption. It is anticipated that
these d,-p, conjugated polymer
systems will find applications in
materials science.
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efficient, specific, and feasible polymerizations could open an
avenue for the synthesis of conjugated polymers.

Results and Discussion

As shown in Fig. 1, computational investigations revealed that the
HOMO-LUMO gap () of the simplified model carbolong
complex is 3.20 eV, which is lower than those calculated for pure
organic aromatic skeletons such as naphthalene (£, = 4.82 eV),
thieno[3,2-b]thiophene (£, = 5.13 eV), and quinoxaline (£, =
4.77 V). We thus envisioned that the small £, should make such
metalla-aromatic frameworks promising building blocks for conju-
gated polymers with unique properties.

In targeting metalla-aromatic conjugated polymers, a series of
monomers (1-5) featuring a metallabicycle and a terminal alkyne
with diverse spacer groups were synthesized via the reactions of
multiyne carbon chains (L1-L5) with commercially available
OsCl,(PPhs); and PPhy (Fig. 2B). These monomers were char-
acterized by NMR spectroscopy, elemental analysis (EA), and

A Metal carbyne shuttling strategy

Carbolong monomers

B Multiyne carbon chains chelating metal

high-resolution mass spectrometry (HRMS) (S Appendix, Figs.
S1-887). The connectivity of 1b, 2b, and 3 was also unambigu-
ously confirmed by X-ray diffraction (Fig. 2B and SI Appendix,
Figs. 588-590).

With 1-5 in hand, attempts to polymerize such monomers
were undertaken. Treatment of 1-5 with HCI-Et,O (0.20 M)
in dichloromethane (DCM) at room temperature (RT) under a
N, atmosphere for 24 h afforded polycarbolongs P1-P5 (Table
1). Indeed, the formation of polymers containing 1a and 3 was
complete in 30 min, illustrating the high efficiency of the poly-
merization reaction. In view of the various reactivities of differ-
ent monomers, we allowed the polymerizations to proceed for
24 h to ensure complete conversion. Addition of ether to the
crude mixtures led to rapid precipitation of P1-P5, which were
isolated in high yields after multiple washes with tetrahydrofu-
ran. Multinuclear NMR spectra of P1-P5 provided the struc-
tures of the polycarbolongs (S7 Appendix, Figs. $91-S118). In
the >'P NMR spectra, these polycarbolongs displayed resonan-
ces at ~4.5 and —1.0 ppm, which are attributable to C/Ph;
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Fig. 2. Design of polymers and synthesis of monomers. (4) Schematic illustration of the polymerization strategy. (B) Preparation of carbolong monomers. Insert:

X-ray molecular structure for the cations of complex 3. Ellipsoids are shown at
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the 50% probability level; phenyl groups in PPhs are omitted for clarity.
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Table 1. General applicability of the polymerization process.

PPh; Cl P
HCI*Et,0 d L
- —_—
[Os} DCM, RT
[Os] = OsCI(PPhy),
X =CH n
N, CHy, O
1~5 P1~P5 d,—p, conjugated polymers
Spacer X group Polymer Yield" Mn/M,, (kDa)" pt

3 o} P1a 99% 30.5/41.5 1.35
4 / CH, P1b 98% 33.5/37.7 1.12
4 §— 0 P2a 97% 37.4/47.0 1.26
CH, P2b 97% 37.9/47.5 1.25
7 o} P3 98% 40.5/59.7 1.47
+ &

H13Ce CeHis CH, P4 95% 48.1/72.6 1.51

4 Q'O -
4= Q §— 0 P5 97% 39.7/57.5 1.45

*Polymerization conditions: monomers (20 mM) and HCI-Et,O (0.20 M) in DCM under a N, atmosphere at RT for 24 h. Yields are for isolated products.
"Determined by gel permeation chromatography in DMF with 4.0 g/L LiBr salt added on the basis of a linear polystyrene calibration. Number-average molecular weight (M,,). Weight-
average molecular weights (My,). D = M/Mp.

and OsPPhs, respectively (SI Appendix, Fig. S119). Gel perme- 373 K for 2 h in air or exposure to white light for 96 h showed
ation chromatographic studies indicated good average molecu-  the apparent inertness (SI Appendix, Figs. S120 and S121).

lar weights and low polydispersities (D). Notably, P1-P5 are The ultraviolet—visible (UV-Vis) spectroscopic features of poly-
highly stable and can be stored in air at RT for more than 2y  carbolongs are summarized in Fig. 34. The characteristic energy
without noticeable decomposition. In all cases, thermolysis at  absorption bands showed A, values that varied between spacer
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Fig. 3. Physical properties and solubility. (4) UV-Vis absorption spectra of polycarbolongs (1.0 x 10~> M) measured in DCM at RT. Molar absorption
coefficients were calculated based on repeat units. (B) HOMO and LUMO energies and energy gaps of polycarbolongs. (C) UV-Vis absorption spectra
of naphthalene, multiyne carbon chains L3, simple carbolong framework €1, monomer 3, and polycarbolong P3 measured in DCM at RT (1.0 x 107> M).
(D) Polycarbolong P1a dissolved in eight different solvents (1.0 x 10~* M), 1,2-dichloroethane (DCE), trichloromethane (TCM), acetonitrile (ACN). (E) Different
polycarbolongs dissolved in DCM (1.0 x 107> M).
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Fig. 4. Syntheses of oligomers. (A) Molecular structures of oligomers. (B) HRMS spectra of oligomers 01-04. (C) UV—Vis absorption spectra of oligomers

01-04 (1.0 x 107> M) measured in DCM at RT.

groups (ranging from 550 to 650 nm). These A, values were
more redshifted than those of other skeletal conjugated metallo-
polymers, including polymetallaynes, polymetallocenes, and poly-
metallocyclopentadiene (33-36). In particular, polycarbolong P3
exhibited a broad and strong absorption band covering the entire
UV=Vis region, even extending to the near-infrared (NIR) region.
Its molar absorption coefficient at 650 nm was as high as 2.6 X
10“/M/cm.  Polycarbolongs P1-P5 are composed of metalla-
aromatic repeating units and simple spacers, including styryl,
biphenyl, butadiene-phenyl, fluorenyl, and ethynylbiphenyl. It is
important to note that pure organic conjugated polymers based
on these spacers do not exhibit such broad and strong absorption
features (37-40). Polycarbolong P4 can be regarded as an alterna-
tive copolymer of a metalla-aromatic and fluorenylene vinylene.
While the absorption edge of poly(fluorenylene vinylene) reached
only 460 nm (39), that of P4 was remarkably redshifted up to
680 nm.

In addition, the molar absorption coefficient of P4 was con-
siderably larger (2.2 X 10%/M/cm; Apae = 585 nm) than that
observed for poly(fluorenylene vinylene) (9.9 X 10°/M/cm;
Amax = 400 nm) (39). The strong absorptions of P1-P5 in
the low-energy region resulted in a broad absorption window
extending from UV to visible wavelengths and even into the
NIR region. The characteristic energy absorption bands of pol-
ycarbolongs observed in films were similar to those in dilute
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solutions (SI Appendix, Fig. S123). Collectively, these results
indicate that the introduction of such metalla-aromatic frame-
works into conjugated polymeric structures significantly affected
the electronic properties.

To get more insight into the absorption contribution of pol-
ycarbolongs, the UV-Vis absorption of ligands (L1-L5) and
monomers (1-5) was investigated (S Appendix, Fig. S124 and
S125). As shown in Fig. 3C, the characteristic absorption band
of simple carbolong framework C1 (S/ Appendix, Fig. $126 for
detail structure) is redshifted and enhanced compared to that of
naphthalene. The characteristic absorption band of monomer 3
is also redshifted compared to that of its precursor ligand L3.
These results indicate that the inclusion of the heavy atom
osmium into an aromatic framework results in effects on the
absorption property. With connecting spacer group, the A, of
3 (484 nm) is redshifted compared to that of C1 (447 nm). It
is noteworthy that no absorption peak in the low-energy region
is detected in L3, C1, or 3. It reveals that the repeat spacer and
carbolong units make little contribution to the absorption of
polycarbolongs. In comparison with the absorption spectra of
Cl1, 3, and P3, the characteristic absorption band is redshifted
and enhanced with the extended m-conjugation. Hence, the
high degree of delocalization in polycarbolongs is the main rea-
son for their excellent absorption properties. Indeed, the actual
redshifts observed between carbolong units and polycarbolongs

pnas.org
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Fig. 5. Monitoring the polymerization reactions. (4) Metal carbyne shuttling strategy. (B) Stacked 3'P NMR spectra showing the conversion of precursor
monomer 2a into activated monomer 2a’ and polycarbolong P2a. (C) Generation of polycarbolong P2a in DCM at RT monitored in situ by UV-Vis spectros-

copy (initial concentration 1.0 x 1073 M).

are comparable to those for common conjugated polymers such
as polythiophenes, poly(phenylenevinylene), and analogs (4-8).

To understand the cumulative effects of metalla-aromatics,
the corresponding oligomers O1-04 (Fig. 44) were synthesized
and characterized (Fig. 4B and SI Appendix, Figs. S127-S142).
With increases in the number of repeating units, the systems of
delocalized m-electrons were more extended, and E, decreased.
Using density functional theory (DFT) calculations, the £, val-
ues of oligomers O1, 02, and O3 were calculated as 2.39, 2.02,
and 1.77 eV, respectively. These oligomers exhibited strong
n-electron delocalization, which was reflected by the calculated
distribution of frontier molecular orbitals (S Appendix, Fig.
S143). As a result, the characteristic lowest-energy absorption
bands of oligomers were significantly redshifted and enhanced as
the oligomer size was increased (Fig. 4C).

The energy gaps of P1-P5 were probed. The UV-Vis results
combined with electrochemical analyses (S/ Appendix, Fig.
S174) revealed that the LUMO energies of P1-P5 ranged from
-3.92 eV (P3) to —3.39 eV (P2a), while £, ranged from 1.60 eV
(P3) t0 1.99 eV (P2b) (Fig. 3B). For comparison, traditional con-
jugated polymers usually require comprehensive strategies (e.g.,
enough fused rings or a strong DA effect) to achieve such a nar-
row E, (11-13). These results suggest that altering the spacer
group largely modulated the energy gaps of P1-P5, and such pol-
ycarbolongs with such diverse energy levels should have potential
for many applications.

Note that many conjugated polymers with strong n—= stacking
of their molecular chains are poorly soluble. A general strategy for
increasing the solubility of these polymers involves decoration
with long alkyl or alkoxy side chains (12, 17). Nonetheless, even
without the aid of long carbon chains, the solubilities of P1-P3
and P5 in common organic solvents were good. As shown in
Fig. 3D, polycarbolong Pla was soluble in diverse solvents (57
Appendix, Fig. S144 for a detailed solubility experiment). The
maximum solubility in dimethyl sulfoxide (DMSO) and N,N-
dimethylformamide (DMF) can reach 33.6 and 27.2 mg/mlL,
respectively. Interestingly, polycarbolongs P1-P5 exhibited differ-
ent colors in DCM (Fig. 3E). The greater solubility of P1-P5 can
be attributed to the osmium centers bearing sterically encumbering

PNAS 2022 Vol. 119 No.29 2203701119

ligands in the axial position, which precluded - stacking of
polymer chains. The large PPh; substituent that helps to sterically
protect the spacer group and the polycationic nature of the poly-
mer probably also affect the observed polymer solubility. This
method provided a way to modulate the solubility of conjugated
polymers via installation of bulky transition metal fragments.

We next investigated polymerization of monomer 2a (Fig. 5
and S Appendix, Figs. S145 and S146). Upon treating 2a with
HCI-Et,O, *'P NMR spectroscopic monitoring revealed rapid
consumption of 2a (5.94 and 2.90 ppm [in green]) and imme-
diate formation of 2a’ (13.81 and 8.06 ppm [in blue]) and P2a
(4.49 and -1.00 ppm [in pink]). Species 2a’ was formed via a
carbyne shift process and can be considered an activated mono-
mer, and it was completely converted to P2a within ~1 h. To
further confirm the structure of 2a’, analogous compound 6, in
which the H atom in the terminal alkyne of 2a was replaced
with trimethylsilyl (TMS), was prepared. Compound 6 reacted
with HCI-E,O to give isolable carbyne shift product 7. The
>'P NMR resonances of 7 (13.71 and 8.07 ppm) and 2a’ were
comparable (SI Appendix, Figs. S147-S159). To reveal the
polymerization process, Fourier transform infrared spectrome-
try was used to monitor the formation of polycarbolong P2a
(ST Appendix, Fig. S160). The C=C-H and C=C stretching
vibrations of 2a at 3,211/cm and 2,078/cm, respectively, disap-
peared gradually. Meanwhile, the C=C stretching vibration at
1,620/cm became stronger. This indicates that the C=C bonds
were efficiently converted to C=C bonds. The corresponding
mechanisms for the polymerization reactions are shown in S/
Appendix, Fig. $162. In view of the efficiency, specificity, and
feasibility of this newly discovered stepwise polymerization
between metal—<carbon triple bonds and carbon—carbon triple
bonds, we suggest that it could be designated as “metal-involved
triple bond polymerization (MTP).”

These data are suggestive of an intriguing carbyne shuttling
mechanism for the polymerizations. In 1-5, the metal carbyne
(i.e., Os=C) was stabilized by protection from the proximal bulky
triphenylphosphonium substituents. Accordingly, such monomers
are bench stable and were readily purified by column chroma-
tography in air. This ensured the preparation of high-quality

https://doi.org/10.1073/pnas.2203701119 5 of 7
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polycarbolongs. Nevertheless, under acidic conditions, 1-5 were
readily transformed to Os=C bond-shifted intermediates 1'-5’
via a carbyne shuttling reaction. Species 1'-5' feature a less steri-
cally protected Os=C bond, which allowed effective polymeriza-
tion reactions with terminal alkynes to form P1-P5, the first
conjugated polymers with metal carbyne units in the main chain.
After polyaddition, the carbyne reverted to the initial dormant
state and was protected by the bulky triphenylphosphonium sub-
stituents, which stabilized the polycarbolongs toward light, heat,
water, and air.

To gain insights into the kinetics of the polymerization,
UV-Vis spectroscopy was used, and the formation of P2a from
2a was monitored. As shown in Fig. 5C 2a (Ay. = 450 nm, in
green) was completely consumed upon addition of HCI-Et,O,
which generated 2a’ (A = 420 nm, in blue). No intermediate
was observed. The characteristic UV absorption bands were con-
sistent with those of model complexes 6 and 7 (SI Appendix, Fig.
S163). Following this, a new absorption peak at 565 nm (in pur-
ple) derived from P2a appeared and gradually increased in intensity.
In comparison with the band locations in the absorption spectra of
2a and P2a, the characteristic energy absorption band was red-
shifted from 450 nm to 565 nm, revealing that m-conjugation was
extended during polymerization. The time-dependent peak inten-
sity for the peak at 565 nm and kinetic variations in the in situ
UV-Vis absorption spectra were recorded to follow the generation
of P2a (SI Appendix, Fig. S164). These results showed that the
polymerization was efficient. Besides, the formation of both Pla
and P3 was monitored by NMR and UV-Vis spectroscopic stud-
ies (SI Appendix, Fig. S165-S172). Similar consecutive carbyne
shuttling processes can be observed during this polymerization.

Conclusions

We have shown examples of conjugated polymers based on
metalla-aromatics as a building block via polymerization. The
resulting polycarbolongs exhibit not only broad and strong
UV—Vis absorptions but also good solubility. Many metallo-
polymers have demonstrated a significant influence on the optical,
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