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Abstract: The development of conjugated polymers especially n-
type polymer semiconductors is powered by the design and
synthesis of electron-deficient building blocks. Herein, a strong
acceptor building block with di-metallaaromatic structure was
designed and synthesized by connecting two electron-deficient
metallaaromatic units through a m-conjugated bridge. Then, a
double-monomer polymerization methodology was developed for
inserting it into conjugated polymer scaffolds to yield
metallopolymers. The isolated well-defined model oligomers
indicated polymer structures. Kinetic studies based on nuclear
magnetic resonance and ultraviolet-visible spectroscopies shed light
on the polymerization process.
metallopolymers with dq-pn conjugations are very promising electron
transport layer materials which can boost photovoltaic performance

Interestingly, the resulted

of an organic solar cell, with power conversion efficiency up to
18.28% based on the PM6:EH-HD-4F non-fullerene system. This
work not only provides a facile route to construct metallaaromatic
conjugated polymers with various functional groups, but also
discovers their potential applications for the first time.

Introduction

The wide applications of conjugated polymers have attracted
much attention.*? Among them, p-type (hole transporting)
polymer semiconductors have developed quickly and reached a
remarkable advance.P! In a sharp contrast, the development of
n-type (electron transporting) polymers lags far behind, although

they are essential for realizing organic complementary logic
circuits and p-n junction devices.*® For example, n-type
polymer semiconductors are widely used as active layer or
electron-transporting materials in organic photovoltaics.?*¢! One
of the factors limiting the development of n-type polymers is the
lack of suitable acceptor building blocks, which are essential for
such kind of materials. An ideal acceptor building block should
have characteristics of electron-deficience, suitable energy level,
excellent solubility, and highly planar framework.[®l At present,
acceptor building blocks that meet these conditions and can
construct high-performance n-type polymer semiconductors are
scare and usually involve one of the four strong electron-
withdrawing groups (EWGs) including imide, amide, BN, and
CN groups (Figure 1a).1*>9 Therefore, it is of great significance
to design and synthesize novel acceptor building blocks owing to
their critical role in the development of n-type polymer
semiconductors and even the whole conjugated polymers.

Donor-acceptor (D-A) type polymers are one of the
fundamental configurations of n-type polymer semiconductors.*%
Owing to the strong intramolecular charge transfer (ICT) caused
by the electron push-pull effect between electron-donating unit
and electron-withdrawing unit (D-A effect), the optical bandgap
of polymers could be further narrowed.*2 In addition, the
energy level of conjugated polymers could be easily tuned
through the suitable chosen of donor and acceptor units.
However, as mentioned above, development of new acceptor
building blocks remains great challenge.
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Figure 1. Design of monomers and polymers. (a) Four typical strong electron-withdrawing groups (EWGs) for n-type polymers. (b) Structure of Acceptor-donor-
Acceptor (A-d-A) type di-metallaaromatic building block and corresponding molecular engineering strategies (this work). (c) The HOMO and LUMO energy levels
of mono-metallaaromatic and di-metallaaromatic units as a comparison. The frontier molecular orbital levels are calculated via density functional theory (DFT) at
the B3LYP/6-31G (d) level (SDD for Os), and are given in kcal mol™. (d) A2 + B2 type double-monomer polymerization route toward polycarbolongs.

Recently, we reported a novel kind of dq-pnr conjugated
polymers (namely polycarbolongs) based on a mono-
metallaaromatic framework i via AB-type single-monomer metal
carbyne shuttling polymerization.*3 The building block i with
electron-deficient characteristics is a potential acceptor unit,
reflected by the low calculated lowest unoccupied molecular
orbital (LUMO) as -5.89 eV. We aimed to further enhance the
electron-deficient characteristic by lowering the LUMO value. To
achieve this, herein, two electron-deficient metallaaromatic units
were connected through a 1-conjugated bridge, leading to a di-
metallaaromatic unit 1, which is in an acceptor-donor-acceptor
(A-d-A) type configuration (Figure 1b). The calculated LUMO of
1 could reach -7.38 eV, which is about 1.50 eV lower than those
of the mono-metallaaromatic unit i and a similar mono-
metallaaromatic model ii (Figure 1c or Figure S1). To introduce it
into conjugated polymers, a A, + B, type double-monomer metal
carbyne shuttling polymerization was developed, and in this
methodology, the other monomer is diynes that allow for the
introduction of different frameworks and functional groups easily
(Figure 1d). The obtained D-A alternative conjugated polymers
have n-type semiconductor characteristics, and they show good
solubility, diverse structures, and tunable properties. Moreover,
they are very promising candidates as electron transport layer

materials in organic solar cells, which can boost the photovoltaic
performance of a device, with power conversion efficiency up to
18.28% based on the PM6:EH-HD-4F non-fullerene system.

Results and Discussion

Preparation of A Di-metallaaromatic Acceptor.

A series of di-metallaaromatic monomers (la-1c) were
synthesized by the treatment of multiyne carbon chains (L1la-
L1c) with OsCly(PPh3z); and PPh; in dichloromethane (DCM) at
room temperature (RT) (see Supporting Information (SlI) for
details). As shown in Figure 2, the metallacyclic units are
connected by different m-conjugated bridges. All the di-
metallaaromatic monomers were characterized by nuclear
magnetic resonance (NMR) spectroscopy, elemental analysis
(EA) and high-resolution mass spectrometry (HRMS) (Figures
S2-S31). The structures of 1la and 1c were confirmed by X-ray
crystallography (Figure 2 or Figures S32 and S33).4 The
terminal diynes used in this work were commercially available or
could be readily synthesized using published methods (Figures
S38-S53).
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Figure 2. Schematic illustration of the polymerization route. Polymerization of di-metallaaromatic complexes and diynes. Insert: The X-ray molecular structure for
the cation of complex la. Ellipsoids are at the 50% probability level; phenyl groups in PPhs are omitted for clarity.

The 1-conjugated bridges 1,4-divinylphenyl and biphenyl are
usually regarded as donor units,*% and the electron-deficient
metallaaromatic frameworks on both sides act as acceptor units.
Therefore, the di-metallaaromatics are in an A-d-A type
configuration (Figure 1b), just like the famous non-fullerene
acceptors ITIC.>Y1  Noteworthily, unlike common organic
acceptors that long alkyl or alkoxy side chains are usually
needed to improve their solubility, no such chains are necessary
for the di-metallaaromatic unit 1. This is due to not only the bulky
ligands on the metal weakening -1 stacking of molecules, but
also its cationic nature. Benefit from the advanced design of A-d-
A type configuration, the di-metallaaromatics is more electron-

deficient than that of mono-metallaaromatic unit, reflected by the
calculated and experimental lower LUMO energy levels, as also
discussed in the introduction, enabling them as promising
electron-deficient building blocks for constructing n-type polymer
semiconductors (Figure 1c, Figures S34-S36, and Table S2).

In an effort to understand the essential reason for acceptor
characteristics, we performed DFT calculations. The structure of
la-H, which has hydrogen atoms replacing the charged
triphenylphosphonium substituents in 1a, shows a higher LUMO
energy level (-2.31 eV, Figure S37). It suggests that the charged
triphenylphosphonium substituents are the key for the acceptor
nature.
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A Double-Monomer Metal Carbyne Shuttling
Polymerization.

To obtain polycarbolongs, different polymerization conditions
were systematically optimized with a di-metallaaromatic complex
(1a) and a diyne (2a) as the monomers. Various conditions
including pH, solvent, temperature, concentration, reaction time
and the ratios of monomers, were investigated (see Sl for the
optimisation details). Finally, with a monomer concentration of
20 mM in DCM, a solution in ether of HCI-Et,O as the acid, and
a reaction atmosphere of nitrogen at RT were selected as the
optimal conditions for the polymerization.

With these optimized conditions, different diynes and di-
metallaaromatic monomers were examined to test the
robustness and gality of the polymerization. The common
building blocks of conjugated polymers such as fluorene (2a and
2b), biphenyl (2c), p-phenylene vinylene (2d), carbazole (2e),
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phenanthroline (2f), anthracene (2g), benzothiadiazole (2h),
tetraphenylethene (2i), p-phenylene ethynylene (2j), thiophene
(2k), and benzene (2I), all performed well in these
polymerization reactions. In addition, the functional group
tolerance was investigated. Common substituents, such as
dimethylamino (2b), nitro (2c), alkoxyl (2] and 2u), halogen (2m-
20), hydroxyphenyl (2p), cyano (2q), formyl (2r),
methoxylcarbonyl (2s), and terminal alkenyl (2v) are all
compatible with the polymerization route. The different spacer
groups (la, 1c) and different substituents (1a, 1b) in the di-
metallaaromatic monomers do not affect the polymerization as
well. As a result, a series of polycarbolongs with diverse spacer
groups and functional groups can be produced (Table 1). The
NMR spectra and gel-permeation chromatography (GPC)
provide structural details of the polycarbolongs (Figures S54-
S144). These results confirmed the generality of this
polymerization.

Table 1. Various polycarbolongs by polymerization of diynes and di-metallaaromatics.

Di-metallaaromatic

Polycarbolong Diyne complex Yield® Mn/My (kDa)! PDI!
P1 2a la 93 19.2/26.0 1.35
P2 2b la 90 15.3/16.8 1.10
P3 2c la 92 20.2/31.3 1.55
P4 2d la 94 26.3/45.5 1.73
P5 2d 1b 95 17.1/23.6 1.38
P6 2d 1c 96 47.9/89.7 1.87
P7 2e la 93 20.6/28.9 1.40
P8 2f la 90 14.7/117.3 1.17
P9 29 la 92 18.3/25.9 1.42
P10 2h la 91 16.1/21.2 1.32
P11 2i la 93 21.3/36.3 1.70
P12 2j la 93 21.4/137.4 1.75
P13 2k la 91 16.4/18.6 1.13
P14 2l la 94 32.1/54.5 1.70
P15 2m la 91 20.7/28.1 1.36
P16 2n la 92 20.6/28.1 1.36
P17 20 la 95 20.1/27.2 1.35
P18 2p la 90 14.7/16.3 1.11
P19 2q la 94 16.9/22.8 1.34
P20 2r la 93 17.7/124.9 1.41
P21 2s la 94 19.6/26.9 1.37
P22 2u la 91 15.4/17.3 1.12
P23 2v la 92 22.8/31.8 1.40

[a] Typical polymerization conditions: 20 mM di-metallaaromatic complex 1, 20.5 mM diyne 2, and 0.20 M HCI-Et.O were polymerized in dry DCM at RT under

nitrogen for 24 h. Special instructions: the diynes 2b and 2p were polymerized in dry MeCN (2 mM); the diyne 2h was polymerized in dry 1,2-dichloroethane with

0.10 M HCI-Et20. Yields are for isolated products. [b] Molecular weight (using polystyrenes as standard) determined by gel permeation chromatography (GPC),

using DMF with 1.0 g L LiBr salt added as the eluent. Number-average molecular weight (M»). Weight-average molecular weight (Mw). Polydispersity (PDI) =

Muw/Mn.

4
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Adopting the double-monomer polymerization methodology
exhibits obvious advantages compared to the previous AB-type
single-monomer polymerization.*¥! The monomer diynes are
abundant, because they are often commercially available or
simply synthesized through Sonogashira coupling from the
dihalogen precursors. As a result, the skeletons of conjugated
polymers can be easily functionalized, making it convenient to
tune the basic physical properties, such as energy level,
solubility and self-assembly, for the targeted polycarbolongs,
which might open up significant opportunities for the area of
functional materials.

To gain further insight into the spatial configuration of
polycarbolongs, model complex 3 and oligomers 4 and 5 (Figure
3) were synthesized. The structures of these complexes were all
confirmed by NMR spectroscopy, EA and HRMS (Figures S145-
S156). These results again verified the polycarbolong structures.
To reveal the polymerization mechanism, in situ 3P and *H NMR
spectroscopies were further performed for the reaction of the di-
metallaaromatic complex (1a) with the diyne (2d) (Figures S169
and S170). The 3P NMR singlets of the precursor monomer (1a)
corresponding to CPPh; and OsPPhzare at 6.09 and 2.71 ppm
respectively (Figure S169a). The metal-carbon triple bond
shifted immediately upon addition of HCI-Et,0, as evidenced by
the new peaks at 15.07 and 7.06 ppm belonging to the activated
monomer (1a'). Subsequently, these two new peaks significantly
decreased, and two peaks at 4.75 and 0.05 ppm of the

T2cr

Figure 3. Molecular structures of model complex 3 and oligomers 4 and 5.
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polycarbolong (P4) appeared within 1 min. Ultimately, only two
singlets belonging to the polycarbolong (P4) remained. The
results revealed that the complex (1a) is the precursor monomer,
and the metal-carbon triple bond shifted product (1a') is the
activated monomer. In the precursor monomer (1a), the metal
carbyne (Os=C) in each osmaaromatic unit is blocked by the
bulky triphenylphosphonium substituents, rendering the
carbynes dormant. During the polymerization process, the
added acid caused the carbyne shift to an adjacent five-
membered ring (la'), leaving the carbyne without bulky
neighbours in the active state, and highly reactive with diynes.
After the polyaddition, the carbyne reverts to the initial dormant
state, leading to conjugated polymers with a metal carbyne unit
in the main chain. And this metal carbyne shuttling
polymerization via A; + B, type double-monomer polymerization
was similar to the previous AB-type single-monomer
polymerization.’®! The corresponding mechanisms for the
polymerization are shown in Figure S172. To reveal the kinetics
of this polymerization, the formation of polycarbolong (P4) was
monitored by ultraviolet—visible (UV-Vis) spectroscopy. A new
absorption peak at 600 nm from P4 was observed and increased
gradually. The time dependent peak intensity and the kinetic
variation of the in situ UV/Vis absorption spectra at 600 nm were
recorded to follow the generation of P4, and the signal reached
a stable state at about 7 minutes (Figure S169). These results
show that the polymerization route is very efficient.

[Os] = OsCI(PPhj),
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Physical Properties of Donor-Acceptor (D-A) Alternative
Polycarbolongs.

A series of polycarbolongs prepared by current
polymerization route exhibit distinct physical properties,
especially the UV-Vis absorption. As shown in Figure 4a, the
characteristic energy absorption bands of polycarbolongs show
a Amax, Which can be varied by changing the spacer groups (see
Figure S173 for the absorption spectra of all polycarbolongs).
The Amax Of the polycarbolongs ranges from 565 nm (P3) to 678
nm (P14). In particular, the polycarbolong with the bithiophene
spacer (P13) shows broad and strong absorption in the entire
UV-Vis region, even extending to the near-infrared (NIR) region.
Its characteristic absorption band is redshifted compared to the
reported polycarbolong with the best absorption property (Figure
S174).13% The efficient ICT between the donor and acceptor
may account for the outstanding absorption properties. To get
more insight into the ICT interaction, the frontier molecular
orbitals of the repeat unit of polycarbolong P13 were simulated
by DFT calculations (Figure 4b). The HOMO mainly delocalizes
in the bithiophene, while the LUMO mainly delocalizes in the di-
metallaaromatic units. These results suggest that the di-
metallaaromatic unit acts as an acceptor while bithiophene acts
as a donor in the polycarbolong skeletons. On the basis of
absorption onsets, the optical bandgaps (Eg) of polycarbolongs
are calculated to range from 1.47 eV (P13) to 1.83 eV (P6)
(Table S3).

(a) 2

104
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06+

044

Normalized Absorbance (a.u.)

0.2/

0.0 T T T :
500 600 700 800 900
Wavelength (nm)

ik HOMO

Figure 4. (a) Normalized UV-Vis absorption spectra of selected
polycarbolongs. (b) The frontier molecular orbitals of the repeat unit of P13
(isovalue = 0.02).

Cyclic voltammetry (CV) measurement was performed to
characterize the electrochemical properties of these
polycarbolongs using ferrocene/ferrocenium (Fc/Fc*) redox
couple as the external standard (Figures S175-S177). On the
basis of their reduction onsets, the LUMOs (ELumo) oOf
polycarbolongs except P8 were found to be lower than -3.50 eV,
indicative of their n-type characteristics (Table S3).[*! Together,
these results suggest that with such diverse absorption bands
and energy levels, polycarbolongs could have extensive
applications.

Use in Organic Solar Cells (OSC).

n-Type polymer semiconductors have been widely used as
electron-transporting materials in organic photovoltaics.l®! The
novel dr—pr coOnjugated polycarbolongs  with n-type
semiconductor characteristics may exhibit unique optoelectronic
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properties. Accordingly, the polycarbolongs P1, P7 and P9 were
chosen as the electron transporting layer (ETL) materials in
organic solar cells (OSC) and their photovoltaic performance
and application potential were evaluated. The commonly used
ETL material, PDINO was also adopted in control devices.%
The device structure was defined as ITO/2PACz/PM6:EH-HD-
4F/ETL (1 mg mlY)/Ag (Figure 5a),1® and the corresponding
molecular structures are shown in Figures 5b and 5c. The
corresponding device performance parameters are listed in
Table 2. It was observed that the control device with PDINO as
ETL gave a best power conversion efficiency (PCE) of 17.62%.
With devices modified with polycarbolongs, excellent
photovoltaic performances were observed. Of these, P7 gave
the comparable performance as PDINO with a best PCE of
17.69%, while P1 and P9 gave even higher PCEs of 18.09%
and 18.28%, respectively. These results show the great potential
of these polycarbolongs when they are used as ETLs in OSCs.
The external quantum efficiency (EQE) curves of OSCs were
also measured and are presented in Figure S178b. The EQE
values over 80% between 550 ~ 820 nm indicate the efficient
photon to electron conversion in these devices.

(a)

Figure 5. (a) Conventional structure of photovoltaic devices and chemical
structures of (b) various molecules used as electron-transporting layers (ETL).
(c) Chemical structures of hole-transporting layer (2PACz), donor (PM6) and
acceptor (EH-HD-4F).

In order to better understand the effect of polycarbolongs on
the performance of OSCs, the charge dissociation probabilities
P(E, T) of these OSCs with different ETLs were assessed. The
relationship of the photocurrent density (Jpn) and effective
voltage (Ver) Of the devices were characterized and are shown in
Figure S179.17 Jg, is defined as Jon = Ji-Jp, Where J. and Jp
denote the device current density under light and dark conditions,
respectively, and Ve is defined as Vet = Vo-Vapp, Where Vg is the
voltage when Jph is 0, and Vapp is the applied bias voltage, and
Jsat IS representative of the saturation current.'8! The P(E, T) is
expressed as P(E, T) = Jpn/Jsar. The P(E,T)s of P1, P7, and P9
modified devices are 99.28%, 98.67% and 99.45%, respectively,
which are equal or higher than that of PDINO (98.66%),
indicating the efficient charge dissociation in the polycarbolong
modified devices. Details are shown in Table S4. In addition, the
charge recombination dynamics of different ETL-based OSC
devices were investigated. As shown in Figure S178c, the slope
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values for PDINO, P1, P7, and P9-based devices are 1.212,
1.114, 1.165, and 1.058 kT/q, respectively,!9 suggesting that
weak trap-assisted recombination exists in these devices.
Meanwhile, the bimolecular recombination can be also
characterized via the law Jsc = Pjign®, where the index a indicates

the degree of bimolecular recombination in the device.”) As
shown in Figure S180, the a values for P1, P7, and P9-based
devices are 0.998, 0.995, and 0.999, respectively, suggesting
that the bimolecular recombination are very weak in these
devices, and are even lower than that in the PDINO modified
device (a = 0.985).

Table 2. Photovoltaic parameters of PM6:EH-HD-4F-based OSCs with
different ETLs.

ETLs Voc Jse FF PCE Jeal®
%! [mA cm?] [%] [%] [mA cm?]

PDINO  0.83 27.47 77.16  17.62(17.54+0.12)d  26.12

P1 0.84 27.38 78.51  18.09 (18.04£0.05)  26.17

P7 0.83 27.38 76.91  17.69 (17.474#0.20)  26.19

P9 0.84 27.40 79.43  18.28 (18.24+0.04)  26.27

[a] Average value + standard deviation was obtained from 20 independent
devices. [b] Jsc values were calculated from EQE curves.

Moreover, transient photocurrent measurements (TPC) were
employed to investigate the charge extraction times.?! As
shown in Figure S178d, the charge extraction times of the P1,
P7, and P9 modified devices were fitted and found to be 0.647,
0.869 and 0.526 ps, respectively, shorter than that in the
PDINO-based device (1.059 pus), indicating that the
polycarbolong modified devices could effectively facilitate charge
carrier extraction. This may be partly due to their higher electron
mobility (1.85x10%, 1.78x103, and 2.07x10° cm?v 1S,
respectively) in comparison with that of the PDINO modified
device (8.58x10%* cm?V™!S™), measured by space-charge-
limited current (SCLC) as shown in Figure S181. Moreover,
these polycarbolongs based devices also exhibit good stability
(Figure S182). These results demonstrate that polycarbolongs
can be used as efficient ETLs to increase the performance of
OSCs.

Conclusion

In summary, a dq-p; conjugated strong acceptor building block
with di-metallaaromatic structure was designed and synthesized,
featuring a low-lying LUMO energy level. To insert this electron-
deficient building block into conjugated polymer scaffolds, a
double-monomer polymerization methodology was developed,
resulting in a series of n-type polycarbolongs. This synthetic
strategy enjoys the advantages of flexible selection of spacers,
short synthetic procedures, good functional-group tolerance and
high efficiency. The facile route can not only enrich the polymer
structures but also tune the polymer properties, thereby
broadening their application scopes. Some of them for example,
exhibit broad and strong absorption, even in the NIR region.
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Moreover, they have been shown to be promising candidates as
electron transport layers in organic solar cells, boosting device
performance. Specifically, the champion PCE based on P9 was
enhanced to 18.28%. Other properties and applications of such
unique conjugated polymer systems are under further study.
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We designed a di-metallaaromatic acceptor with strong electron-withdrawing ability, and introduced it to a series of d-p conjugated
metallopolymers using a double-monomer polymerization methodology. These metallopolymers can be applied as electron transport
layer materials of an organic solar cell, improving the power conversion efficiency considerably.
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