W) Check for updates

. . Angewandte
GDvCh Communications o RO Criric
www.angewandte.org
How to cite:  Angew. Chem. Int. Ed. 2023, 202310880

Block Copolymers

doi.org/10.1002/anie.202310880

Precision Graphene Nanoribbon Heterojunctions by Chain-Growth

Polymerization

Jin-Jiang Zhang', Kun Liu®, Yao Xiao®, Xiuling Yu, Li Huang, Hong-Jun Gao, Ji Ma,* and

Xinliang Feng*

Abstract: Graphene nanoribbons (GNRs) are consid-
ered promising candidates for next-generation nano-
electronics. In particular, GNR heterojunctions have
received considerable attention due to their exotic
topological electronic phases at the heterointerface.
However, strategies for their precision synthesis remain
at a nascent stage. Here, we report a novel chain-growth
polymerization strategy that allows for constructing
GNR heterojunction with N=9 armchair and chevron
GNRs segments (9-AGNR/cGNR). The synthesis in-
volves a controlled Suzuki-Miyaura -catalyst-transfer
polymerization (SCTP) between 2-(6'-bromo-4,4"-dite-
tradecyl-[1,1":2,1"-terphenyl]-3'-yl) boronic ester (M1)
and 2-(7-bromo-9,12-diphenyl-10,11-bis(4-tetradecyl-
phenyl)-triphenylene-2-yl) boronic ester (M2), followed
by the Scholl reaction of the obtained block copolymer
(poly-M1/M2) with controlled M, (18 kDa) and narrow
P (1.45). NMR and SEC analysis of poly-M1/M2
confirm the successful block copolymerization. The
solution-mediated cyclodehydrogenation of poly-M1/M2
toward 9-AGNR/cGNR is unambiguously validated by
FT-IR, Raman, and UV/Vis spectroscopies. Moreover,
we also demonstrate the on-surface formation of pristine
9-AGNR/cGNR from the unsubstituted copolymer pre-
cursor, which is unambiguously characterized by scan-

ning tunneling microscopy (STM). )

Structurally well-defined graphene nanoribbons (GNRs)
have attracted enormous interest on account of their tunable
electronic properties and thus serve as promising candidates
for next-generation nanoelectronics.'®! In the past decade,
substantial progress in the bottom-up synthesis strategies

towards GNRs has been achieved by utilizing either in-
solution or on-surface chemistry, providing a powerful
toolbox for fine-tuning their physicochemical properties. ™
Among them, GNR heterojunctions that combine GNRs
with distinct topologies enable further electronic band
structure engineering of GNRs,™?! which are able to
bestow the resultant system with emerging topological
electronic states at the interface, thus providing a completely
new design space to realize exotic topological states for
advanced nanoelectronics such as quantum information
processing devices and spintronics."®? Nevertheless, the
controlled synthesis of GNR heterojunctions remains less
developed due to the lack of efficient synthetic strategies.
To date, the reported GNR heterojunctions have been
mostly synthesized via the surface-assisted method, which
relies on the co-deposition of two precursors followed by the
Ullmann-type step-growth polymerization and the subse-
quent  cyclodehydrogenation upon annealing (Fig-
ure 1a).*21%27 For example, co-deposition of 10,10’-dibro-
mo-9,9'-bianthracene and 2,2’-di((1,1’-biphenyl)-2-y1)-10,10'-
dibromo-9,9’-bianthracene leads to type I heterojunctions
featuring straddling band gap;®! besides, type II hetero-
junctions with staggered band gap alignment has been also
realized in N-doped/undoped GNR heterojunctions.”! Ad-
ditionally, the realization of GNR heterojunctions has also
been achieved by employing the iterative solution synthesis
of oligomer precursor followed by surface-assisted cyclo-
dehydrogenation with matrix-assisted direct (MAD) transfer
technique. However, this labor-intensive synthetic protocol
led to limitations in achieving extended lengths for GNR
heterojunction.™ Very recently, the first solution synthesis
of GNR heterojunctions was demonstrated, in which block
copolymer obtained from two distinct polymer segments is
required to afford GNR heterojunctions by later Scholl
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Figure 1. (a) Schematic representation of step-growth polymerization toward GNR heterojunctions. (b) Controlled synthesis of 9-AGNR/cGNR
heterojunction by employing chain-growth polymerization in current work.

reaction (Figure 1a).”) Despite the recent developments, all
the aforementioned GNR heterojunctions, either achieved
by on-surface or in solution synthesis, are synthesized from
the polyphenylene precursor obtained via step-growth
polymerization, which results in the GNR heterojunctions
being synthesized with either limited length or an uncontrol-
lable manner. Thereby, it is highly desirable to explore the
controlled synthetic strategies to efficiently construct long
GNR heterojunctions.

Inspired by the modular synthesis of block copolymers
via living chain-growth polymerization,”* we envisioned
that this approach could be applicable to prepare the
precision GNR heterojunctions from pre-designed block
copolymer precursors. Herein, we report the first synthesis
of GNR heterojunctions (9-AGNR/cGNR) bearing N=9
armchair (9-AGNR) and chevron GNR (¢GNR) backbones
through the chain-growth polymerization of two different
monomers and subsequent cyclodehydrogenation of the
obtained block polyphenylene precursor (Figure 1b). Nota-
bly, the Suzuki-Miyaura catalyst-transfer polymerization
(SCTP) of 2-(6'-bromo-4,4"-ditetradecyl-[1,1":2,1"-terphen-
yl1]-3’-yl) boronic ester (M1) and 2-(7-bromo-9,12-diphenyl-
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10,11-bis(4-tetradecylphenyl)-triphenylene-2-yl) boronic es-
ter (M2) was applied considering its mild reaction con-
ditions, tunable reactivity, and excellent functional group
tolerance. The successful chain-growth polymerization was
realized firstly by using either in situ formed Ph—Pd-
(Ruphos)-Br or isolated Ph—Pd(‘BusP)-Br as initiator,
affording corresponding poly-M1 and poly-M2 with con-
trolled number average molecular weight (M,) and narrow
polydispersity index (P) (1.12-1.34). Furthermore, the living
nature of this SCTP enabled the one-pot synthesis of block
copolymer (poly-M1/M2) by sequential addition of M1 and
M2. Finally, intramolecular cyclodehydrogenation of poly-
M1/M2 using FeCl; as oxidant successfully gave 9-AGNR/
c¢GNR with high efficiency. The chemical identities of poly-
M1/M2 and 9-AGNR/cGNR were corroborated by MAL-
DI-TOF-MS analysis, NMR, Fourier transform infrared
(FT-IR), and Raman spectroscopy, respectively. Further-
more, 9-AGNR/cGNR without substituted alkyl chains was
also demonstrated by on-surface synthesis with the MAD-
transfer strategy,™*! which enables in situ characterization
of the resultant heterojunction structure by STM.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Two bifunctional monomers M1 and M2 were chosen to
synthesize 9-AGNR/cGNR, considering the transformation
of their respective polymers to corresponding GNR struc-
tures, 9-AGNR and ¢GNR, have been well demonstrated in
solution chemistry.***! To efficiently achieve copolymer
synthesis by SCTP protocol, we first optimized the polymer-
ization conditions of M1 with several well-known CTP
catalysts as shown in Table 1. Both palladium dialkylbiar-
ylphosphines (Pd Sphos G3 and Pd Ruphos G3) exhibited
high catalytic efficiency for M1 polymerization at monomer-

Table 1: Screening of SCTP using M1.”

CiHao  yy  CaaHao

O O CigHao C1aHze
L Br
Br “pd”  Bpin Q Br O Q
Ligand, K3POy4 (2M) t, 18 h
+ Pd catalyst O Q X

0.02 M THF then HCI m
Initiator poly-M1, X = Br/H

Mlo/llle M, (Da)* B Yield*

Entry Pd Catalyst Ligand

1 Sphos Pd G3  Sphos  25:1 9.7k 1.35 66%

Ruphos Pd G3  Ruphos 25:1 13.6k 1.20 68%
3t PhPd(Bu,P)Br tBu,P  25:1 18k 1.79 68%
4 PhPd(‘Bu,P)Br / 25:1 13.5k 121 62%
5 Ruphos Pd G3  Ruphos 15:1 8.9k 115 64%
6 Ruphos Pd G3  Ruphos  50:1 22k 112 62%
7 Ruphos Pd G3  Ruphos  75:1 30k 1.18 60%
9 PhPd(‘Bu,P)Br / 15:1 9k 119 66%
10 PhPd(‘Bu,P)Br / 50:1 21k 121 62%
11 PhPd(‘Bu;P)Br / 75:1 34k 1.23 63%

[a] Reaction conditions: M1 (0.036 mmol, 1 equiv), Pd catalyst, Ligand,
4-bromobenzene (1 equiv. relative to the catalyst), K;PO, (2 M,
10 equiv), THF. [b] PhPd(‘BusP)Br is in situ formed from Pd,(dba)s,
polymerization was performed under 0°C. [c] isolated PhPd(‘Bu;P)Br
was directly used as initiator for polymerization under 0°C. [d]
Absolute molecular weight and polydispersity index were determined
by SEC using a MALLS detector. [e] Isolated yield.
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Figure 2. Plot of M, versus [M]/[I] (a and c) and normalized SEC elution
profiles (b and d) for poly-M1 prepared by SCTP using in situ formed
Ph—Pd (Ruphos)—Br and isolated Ph—Pd(‘Bu;P)—Br as initiator, respec-
tively. The catalyst system is noted in the panel.
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to-initiator ratio ([M]/[I]) of 25 (Entry 1 and 2), providing
poly-M1 with reasonable isolated yield of 66 % and 68 %,
respectively. Nevertheless, size-exclusion chromatography
(SEC) traces of the polymer samples reveal that Ruphos Pd
G3 could afford poly-M1 with higher molecular weight
(M,=13.6 kDa), which is very close to the theoretical value
(M, rerotel =15 5kDa), and a narrower distribution (D=
1.20) compared with that of Sphos Pd G3. Noted that both
polymerizations were carried out with initiators prepared in
situ. However, the polymerization with the use of in situ
formed PhPd(‘Bu;P)Br as initiator results in uncontrollable
polymerization (P=1.79) albeit with high M, (18 kDa),
which could be ascribed to the low initiation speed and
serious chain transfer process during the polymerization
(Entry 3). For comparison, the polymerization with isolated
Ph—Pd(‘Bu;P)-Br as the catalyst was also carried out and,
surprisingly, yielded poly-M1 with controlled M, (13.5 kDa)
and narrow P (1.21) (Entry 4). To support the chain-growth
nature of this polymerization process, we examined the
relationship between M, and [M]/[I] for pely-M1 using in
situ  formed Ph—Pd(Ruphos)-Br and isolated Ph—Pd-
(‘Bu;P)-Br as initiator, respectively (Figure 2). Both catalyst
systems showed a linear relationship between M, and
[M]/[T], with almost no change in P (1.12-1.23) for polymers
obtained at different feed ratios, manifesting that this
polymerization underwent a chain-growth manner. We then
investigated the controlled polymerization of monomer M2
under these two catalytic systems by employing in situ
formed Ph—Pd(Ruphos)-Br and isolated Ph—Pd(‘Bu;P)-Br
as initiator, respectively, and found that both of them were
also suitable for the controlled polymerization, affording
poly-M2 with M, of 16kDa (P=1.34) for Ph-Pd-
(Ruphos)-Br and 12 kDa (P=1.32) for Ph—Pd(‘Bu;P)-Br,
respectively, when the feeding ratio was 20 (Scheme S1, S3
and Figure S1). Although both catalyst systems exhibited
similar efficiencies, we chose in situ formed Ph—Pd-
(Ruphos)-Br for subsequent block copolymerization be-
cause of its facile preparation and the avoidance of the
initiator decomposition in the isolation process.

For the block copolymerization of M1 and M2, we
polymerized M1 firstly considering that successive catalyst-
transfer polymerizations should be conducted from a
monomer with lower n-donor ability to a monomer with
higher n-donor ability.’”! The poly-M1 was prepared with
M, of 89 kDa and narrow P of 1.15 ([M1)/[I]=15/1) using
our optimized condition (Figure 3). After M1 was com-
pletely consumed as indicated by NMR measurement, to the
same reaction pot, M2 was added to produce the block
copolymer poly-M1/M2 ([M2]/[I]=15/1) (Figure 3a). SEC
analysis of the copolymer clearly shifted to a higher
molecular weight region (M, =18 kDa) albeit with a slightly
broader D (1.45), compared with that of poly-M1 block
(Figure 3b). Moreover, the 'H NMR spectrum of the
resulting block copolymer clearly showed featured signals of
poly-M1 (5.97-6.30 and 6.76 ppm) and poly-M2 (7.98 and
8.26 ppm) (Figure 3c). The block ratio of M1 to M2 was
calculated to be around 1.6:1 from the integration of the
protons in the aromatic region, which is consistent with the
ratio estimated from SEC traces analysis (1.5:1). Addition-
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Figure 3. (a) Synthesis of poly-M1/M2 and 9-AGNR/cGNR. (b) SEC
curves of poly-M1 and poly-M1/M2, absolute molecular weight was
determined by SEC analysis. (c) NMR comparison of poly-M1, poly-M2
and poly-M1/M2 (CD,Cl,, rt).

ally, matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) analysis shows
a sequence of peaks with an interval of 620 or 922 m/z,
corresponding to the repeating units in the poly-M1/M2
backbone (Figure S2). These results verified the successful
block copolymerization of M1 and M2. Finally, the Scholl
reaction of poly-M1/M2 with FeCl; (7.0 equiv/H) as the
Lewis acid and oxidant in CH,Cl, for 3 days afforded 9-
AGNR/cGNR as a dark solid with high efficiency. The
estimated length of 9-AGNR/cGNR is ~14nm based on
SEC results for poly-M1/M2.

The obtained 9-AGNR/cGNR was first characterized by
FT-IR and Raman spectroscopies. FT-IR analysis of poly-
M1/M2 and 9-AGNR/cGNR revealed the disappearance of
the signal triad from aromatic C—H stretching vibrations at
3024, 3050, and 3082cm~'. Besides, out-of-plane C-H
deformation bands at 699 and 802 cm™', which are typical
for mono- and disubstituted benzene rings, were attenuated
after graphitization. 9-AGNR/cGNR exhibits a new emerg-
ing peak at 861 cm ', which should be assigned as SOLO
mode (wagging of an isolated aromatic C—H bond neigh-
bored by two C—C bonds) due to the formation of gulf edge
and substituted armchair edge (Figure 4a), whereas the
SOLO mode of poly-M1/M2 locates at 889 cm™' totally
disappeared after Scholl reaction. The peaks at 812 and
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Figure 4. (a) FTIR spectra of poly-M1/M2 and 9-AGNR/cGNR. (b)
Raman spectrum of the 9-AGNR/cGNR measured at 532 nm. (c) UV/
Vis absorption spectra of the 9-AGNR, cGNR and 9-AGNR/cGNR in
NMP solution (0.1 mg mL™). (d) Large-scale (left) and zoom-in (right)
topographic STM images of unsubstituted 9-AGNR/cGNR on Au(111)
(left: Vy=-1V, I,;=50 pA; right: V,=-0.1V, I,=50 pA).

755cm™ for 9-AGNR/cGNR can be assigned as DUO
(wagging of triply adjacent C—H groups) and TRIO mode
(wagging of triply adjacent C—H groups), respectively.!
The peak at 718 cm ™, remains consistent in the spectra of
both 9-AGNR/cGNR and poly-M1/M2, which represents
rocking modes of the alkyl chains.! These results verify the
efficient conversion of block copolymer into 9-AGNR/
¢GNR. The Raman spectrum of 9-AGNR/cGNR exhibits an
intense and sharp G-band peak and a broader D-band peak
at 1601 and 1327 cm™, respectively, which are typical bands
for the GNRs with fine “graphitized” structures (Figure 4b).
Besides, two peaks at the low-energy side of the G band and
two peaks around the D band, which are the characteristic
peaks of ¢GNR, are also identified. Furthermore, the well-
resolved signals are also observed at 2644, 2920, and
3206 cm ™, which can be assigned to 2D, D+G and 2G
peaks, respectively. Remarkably, a distinct peak from a
ribbon width-specific low-frequency mode, namely the radial
breathing like mode (RBLM), can be observed for 9-
AGNR/cGNR at 288 cm™' (Figure S6), which is in good
agreement with the reported RBLM mode of ¢GNRs
(284 cm ™).

Owing to the long alkyl chains densely installed at the
peripheral positions to alleviate the aggregation, the ob-
tained 9-AGNR/cGNR could be easily dispersed upon
sonication in common organic solvents, such as THF, 1,2,4-
trichlorobenzene (TCB) and N-methylpyrrolidone (NMP).
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9-AGNR/cGNR was recorded in NMP (0.1 mg/mL) in
comparison to that of 9-AGNR and ¢GNR obtained from
poly-M1 and poly-M2, respectively. For ¢GNR and 9-
AGNR, the maximum longest wavelength absorption peaks
are located at 526 and 800 nm, respectively, which are in
good agreement with the reported cases.**!! The maximum
longest wavelength absorption of 9-AGNR/cGNR displays a
considerable red-shift into the near-infrared (NIR) region
with a broad absorption peak at ~802 nm compared with
that of chevron GNR (526 nm), and it is very close to the
lowest energy absorption band of 9-AGNR (810 nm). Be-
sides, a small band around 345 nm was observed for 9-
AGNR/ecGNR, which should be attributed to the 9-AGNR
segment. The optical band gap of 9-AGNR/cGNR is
estimated to be 1.43 eV from the onset of the absorption,
which is slightly larger than that of 9-AGNR (1.37 ¢V) but
significantly narrowed than that of cGNR (1.77 V), demon-
strating the ability of heterojunctions for fine-tuning the
electronic structure of GNRs.

In parallel with in-solution synthesis, on-surface syn-
thesis of 9-AGNR/cGNR based on non-alkyl chains sub-
stituted block copolymer (poly-M1a/M2a) was also per-
formed by employing MAD transfer technique, which
enables in situ characterization of the heterojunction
structure via STM. Poly-M1a/M2a was obtained with M, of
52kDa and narrow P (1.27) when the feed ratio of
[M1a]:[M2a]:[I] was 10:10:1 (Scheme S4). The successful
copolymerization was also demonstrated by SEC analysis
and NMR measurements (Figures S3 and S4). Subsequently,
poly-M1a/M2a in a pyrene matrix (0.1 wt%) for MAD
transfer onto a clean Au(111) surface held at room temper-
ature (see the detailed procedure in Supporting Informa-
tion). Annealing of the molecule-decorated surface at 350 K
for 10 h and then 540 K for 10 min induces sublimation of
the matrix. Further annealing at 630 K for 20 min induces a
thermal cyclodehydrogenation that transforms the poly-
M1a/M2a into the fully fused backbone of 9-AGNR/cGNR.
Figure 4d shows a typical constant-current STM image of
resultant 9-AGNR/cGNR on Au(111), in which the length
of 9-AGNR and ¢GNR segments matches well with the
calculated value according to the degree of co-polymer-
ization, as indicated by the superimposed chemical structure
in the right image of Figure 4d.

In summary, we have demonstrated for the first time the
controlled synthesis of 9-AGNR/cGNR heterostructure
from a well-designed block polyphenylene precursor via
living chain-growth polymerization of two monomers. The
structure of block copolymer and resultant 9-AGNR/cGNR
were comprehensively validated by NMR, FT-IR and
Raman analysis. Moreover, the on-surface formation of 9-
AGNR/cGNR from unsubstituted block-copolymer was also
demonstrated and further in situ characterized by STM. This
work opens a door for precision synthesis of GNR hetero-
junctions with diverse structures. Further studies on the
preparation of novel GNR heterostructures via this strategy
as well as the integration of these fascinating carbon
materials in advanced nanoelectronic devices are currently
underway in our laboratory.
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We demonstrated the controlled syn-
thesis of graphene nanoribbon (GNR)
heterojunctions for the first time from
block polyphenylene precursor that was
achieved by chain-growth polymeriza-
tion. This synthetic strategy opens a
door for the rational synthesis of unex-
plored GNR heterojunctions with diverse
topologies and emerging physicochemi-
cal properties.
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