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ABSTRACT: We present a novel type of “rod—coil” graft
copolymer containing a polyphenylene backbone linked
with poly(ethylene oxide) (PEO) side chains. Such graft
copolymers manifest unprecedented temperature-depend-
ent one-dimensional (1D) and two-dimensional (2D) self-
assembly in solution. At 20 °C, which is higher than the
crystallization temperature (T.) of the PEO chains, the
achiral graft copolymers self-organize into nanoribbons
that twist into ~30 pm ultralong helices with controlled
pitch depending on the grafting ratio of the PEO chains.
At 10 °C, which is lower than the T, quadrangular
multilayer sheets of over 10 ym in lateral size are obtained.
To our knowledge, this work presents the first example of
controlled self-assembly of graft polymers into 1D helix
and 2D sheet superstructures.

he supramolecular nanostructures of conjugated polymers

with rigid backbones,” e.g., polyphenylene and polythio-
phene, have attracted considerable interest, owing to their unique
electronic and optoelectronic properties.’™ In general, “rod—
coil” conjugated polymers with both rigid conjugated and flexible
polymer sequences can be synthons for self-assembly, the two
primary types of which are rod—coil block copolymers and rod—
coil graft copolymers. The self-assembly of rod—coil block
copolymers has been extensively investigated in the past, and
various ordered nanostructures, including spheres, cylinders, and
vesicles, have been achieved” " For instance, Park and co-
workers reported the self-assembly of a polythiophene-based
rod—coil block copolymer, namely, poly[3-(2,5,8,11-tetraoxa-
tridecanyl)-thiophene]-block-poly(ethylene glycol), resulting in
ribbons and vesicles in tetrahydrofuran (THF)—water solutions
depending on the water content.” In contrast, although the self-
assembly of rod—coil graft copolymers, which comprise a rigid
conjugated backbone with densely tethered polymeric side
chains,” has been also studied in recent years,." it remains much
less explored in many respects, including morphological control,
hierarchical self-assembly, etc.

Herein, we demonstrate a novel type of rod—coil graft
copolymer containing an expanded poly-para-phenylene back-
bone grafted with poly(ethylene oxide) (PEO) side chains
(Figure 1). Featuring a unique rod—coil structure with a short
average distance between neighboring PEO chains on the
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Figure 1. Schematic illustration of the synthesis of red—coil graft
copolymers containing a polyphenylene backbone grafted with PEO
side chains as well as the temperature-dependent 1D and 2D hierarchical
self-assembly process.
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conjugated backbone, such graft copolymers exhibit remarkable
temperature-dependent one-dimensional (1D) and two-dimen-
sional (2D) hierarchical self-assembly behavior in solution above
(20 °C) and below (10 °C) the T, of the PEO chains,
respectively. During the 1D self-assembly, the achiral graft
copolymers organized into nanoribbons, which further bundled
into ultralong helices with controlled pitch depending on the
grafting ratio of the PEQ chains (Figure 1A). The 2D self-
assembly of the graft copolymers resulted in quadrangular
multilayer sheets of micrometer-sized lateral dimensions (Figure
1B), for which an unprecedented self-assembly process from
nanoribbons to “raft-like” nanostructures and, eventually, to the
sheets was observed. To the best of our knowledge, such graft
polymers represent the first example of polymers that can
selectively self-assemble into 1D helix and 2D sheet super-
structures.

To prepare the rod—coil graft copolymers, laterally expanded
poly-para-phenylene (ie., poly-para-phenylene with dendritic
tetraphenylbenzene substituents) decorated with
C,oH,,COOCH; (PP-COOCH,) was first synthesized by the
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Yamamoto polymerization of a dichloro-substituted oligophe-
nylene monomer (Figure 1 and Section 3 in the Supporting
Information). After the hydrolysis of PP-COOCH; to PP-
COOQH, the graft copolymers were synthesized by the
esterification of the carboxyl groups on PP-COOH with the
hydroxyl groups at one end of 1K g/mol PEO (Figure 1). The
successful grafting of the PEO chains onto the polyphenylene
was validated by Fourier transform infrared spectroscopy (FTIR)
(Figure S17) and nuclear magnetic resonance (NMR) analyses
(Figure SI8). Table 1 presents three graft copolymers with

Table 1. NMR and GPC Data for the Graft Copolymers

name GP (%)" M, e M, e’ PDI
PP-COOCH;, N/A N/A 21,400 L13
GC-91 91 65,100 57,600 L3l
GC-55 55 47,800 42,100 127
GC-28 28 34,800 26,000 125

“PEQ grafting percentages measured by NMR. “Calculated molecular
weights based on M, (GPC, PP-COOCH;) and GPs. “M, and
polydispersity index (PDI) measured by GPC against a polystyrene
standard; GPC curves are given in Figures S15 and S19.

different grafting percentages (GPs) of PEQ chains, namely, GC-
91, GC-55, and GC-28, with GPs of 91%, 55%, and 28%,
respectively, as determined by NMR and supported by
calculations based on elemental analyses (Pages S16—17). Gel
permeation chromatography (GPC) results showed increased
number-average molecular weights (M,) compared with that of
PP-COOCH, (Table 1). The M, values measured by GPC
(M, gpc) are slightly smaller than the calculated values (M, ..)
based on the M, of PP-COOCH; and the GPs. This difference is
likely caused by the presence of carboxyl groups in the graft
polymers, which enhance the adsorption of the polymers on
GPC column and thus prolong their exclusion.'

The self-assembly of the rod—coil copolymers was
performed through a cosolvent method"" at different temper-
atures by considering the T, of the tethered PEO chains (see
below). Briefly, the copolymers were dissolved in THF, whichis a
common solvent for both polyphenylene and PEQ, to produce a
107 mg mL™" THF solution; under stirring, the solution was
added dropwise (0.06 mL min™') to a 4-fold amount of pure
water, a selective solvent for PEQ. The mixed solution turned
from colorless to light blue, suggesting the formation of polymer
aggregates.

The self-assembly of GC-91 in the THF—water solution at 20
°C generated long helical nanostructures (Figure 2 and Figure
§20). The transmission electron microscopy (TEM) samples
prepared by freeze-drying gave the same helical structures as
those in the vacuum-dried TEM samples, indicating the
formation of helices in solution state.'* Statistics based on 200
helices in the TEM images yielded an average diameter (D) of 44
+ 9 nm (Figure 2A) and lengths of 10—30 ym (up to ~30 ym,
Figure S20A,B). Most of the helices comprised two or three ~15
nm wide 1D aggregates (Figure 2B,C); a minority of the helices
(<10 number %) was multistranded (>4 strands) (Figure
$20D,E). High-resolution TEM (HRTEM) images revealed a
ribbon-like structure of the 1D aggregates of ~15 nm width. For
example, Figure 2D presents an HRTEM image of a double-
stranded helix with a short untwisted section, in which the
“width” of one strand is only ~4 nm, much smaller than that
(~15 nm) of the other one. This exceptionally narrow width is
attributed to the fact that a 4 nm thick ribbon is located vertically

Figure 2. TEM and AFM images of the helices formed by the
hierarchical self-assembly of the GC-91 graft copolymers in THF —water
(v/v 1:4) at 20 °C. (A) A low-magnification TEM image of the helices
(D denotes the average diameter); (B,C) high-magnification TEM
images of the double- and triple-stranded helices with related sizes
indicated (d expresses a diameter of a specific helix); (D) an HRTEM
micrograph of an untwisted region in a double-stranded helix in which a
ribbon-like aggregate is positioned vertical to the substrate (inset); (E)
an AFM height profile of a helix; and (F) an AFM height image scanned
after strong sonication of the helix dispersion in THF—water.

to the substrate under TEM investigation (inset of Figure 2D).
As no chiral molecules were used in the self-assembly process, the
coexistence of left- and right-handed helices observed by TEM is
not surprising. Remarkably, the average diameter and pitch of the
helices are tunable by varying the GP of the PEO chains. The
statistics indicate that, as the GP of PEQ decreases from 91% to
55% and 28%, the average diameter of the resultant helices
decreases from 44 + 9 nm to 39 + 3 and 32 + 2 nm, along with a
decrease in the average pitch from 286 + 31 nm to 208 + 33 and
136 + 20 nm, respectively (Figure S21).

The helical structure of the GC-91 aggregates was confirmed
by atomic force microscopy (AFM) (Figure 2E). To further
probe the composition of the helices, we attempted to
disassemble the helices by strong sonication of their solutions.
AFM profiles manifested that the helices consisted of ribbon-like
aggregates with a width of ~15 nm and a thickness of ~2.6 nm
(Figure 2F). These two values are very close to the calculated
length (~15 nm) and width (~3.9 nm) of a graft copolymer
molecule, respectively, suggesting that the ribbon-like aggregates
are formed by the parallel alignment of the graft copolymers (see
Section 4.3.1, Page §23).

In light of the above-mentioned results, in particular, the
dimensions of the graft copolymer molecules and the resultant
aggregates, we suggest a possible self-assembly mechanism, as
illustrated in Figure 1. Driven by the hydrophobic interaction, the
graft copolymers first self-assemble into ~15 nm wide and ~2.6
nm thick nanoribbons with a hydrophobic polyphenylene layer
sandwiched by hydrophilic PEO coils. Owing to the relatively
low PEO number density at both edges of the nanoribbons, they
tend to associate to minimize the polyphenylene—water contact.
However, the average distance between adjacent PEO chains in
GC-91, GC-55, or GC-28 in the nanoribbons is estimated to be
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~0.7, ~1.2, or ~2.2 nm, respectively (see Section 4.3.2, Pages
§24—25). These distances are smaller than twice the radius of
gyration (Rg =~1.5nm) of a 1K g/mol PEQ chain at its end-free
state in solution,"* suggesting the existence of crowded PEO coils
around the associated nanoribbons. Thus, the steric interaction
among the PEQ chains may cause a twist of the associated
nanoribbons providing more peripheral space for the PEO coils
and lead to the formation of 1D helical superstructures (Figure
§22). The peripheral space around a helix within a small pitch can
accommodate only a relatively small number of PEO chains;
hence, with an increase in the PEO grafting ratio, the pitch of the
helices increases accordingly.

Although supramolecular helix formation has been found in a
few achiral linear polymers, ' the current study presents the first
example of helix formation by achiral graft polymers. More
interestingly, we found that the graft copolymers self-organized
into free-standing 2D quadrangular multilayer sheets at 10 °C.
The sheet formation occurred over a period of days, with the
aging of the as-prepared solution of the GC-91 aggregates at 10
°C. Within 5 h of aging, TEM images (Figure 3A) revealed a large
number of raft-like assemblies (called “rafts”) that consisted of

Figure 3. TEM and AFM images of the 2D aggregates formed by the
hierarchical self-assembly of GC-91 in THF—water (v/v 1:4) at 10 °C
after (A,B) 5 h, (C,D) 1 day, (EF) § days, and (GH) 10 days. The
average lengths (L), widths (W), and thicknesses of the aggregates are
indicated in the corresponding TEM and AFM images.

~15 nm wide 1D nanostructures (inset of Figure 3A); the width
was similar to that of the above-discussed nanoribbons.
Moreover, the thickness of the rafts was ~2.6 nm (Figure 3B),
the same as that of the nanoribbons. Therefore, it is reasonable to
believe that the rafts are single-layered and formed by the planar
alignment of the nanoribbons. Remarkably, with the aging of the
solution, the rafts grew to narrow nanosheets (Figure 3C,D) and
eventually to quadrangular sheets after ca. 10 days (Figure 3E—
H). The thickness of the quadrangular sheets was greater than
that of the rafts, suggesting a multilayer feature of the sheets. The
quadrangular sheets suspended in solution were also observed by
optical microscopy (Figure $23), confirming that the sheets were
formed in solution. Moreover, dynamic light scattering (DLS)
analyses revealed an obvious increase in the hydrodynamic
diameter of the GC-91 assemblies with the aging of the solution
at 10 °C, whereas no big change was found in the hydrodynamic
size of the GC-91 helices in solution at 20 °C (Figure S24). The
results confirm the gradual growth of the GC-91 assemblies in
solution at 10 °C.

It is known that PEO crystallization in organic media may
contribute to the solution growth of multilayer thombus crystals
of some PEO-containing block copolymers, e.g, PEO-b-
polycaprolactone in hexanol.''® In the present study, differ-
ential scanning calorimetry (DSC) analyses of GC-91 revealed a
T, of ~16 °C for the grafted 1K g/mol PEQ chains (Figure
S25A). Micro-DSC measurements gave a T, of ~13 °C for the
PEQ chains in the GC-91 aggregates in THF—water (Figure
S25B). Apparently, the 1D and 2D self-assembly of GC-91
occurred above and below the T, of the PEQ chains, respectively.
After GC-91 self-organized into nanoribbons (Figure 1), a short
average distance of ~0.7 nm between neighboring PEO chains
on the polyphenylene backbone resulted in a high number
density of PEO chains at the ribbon surface, which exceeded the
onset density for the crystallization of the chains below their T,
(see calculations in Section 4.3.2, Pages $24—25)."*" Thus, the
crystallization and the resulting compact state of the PEO chains
may favor the transformation of the nanoribbons into sheet-like
structures.'® In contrast, the PEQ chains at the surfaces of the
nanoribbons formed by GC-55 or GC-28 cannot crystallize due
to the low density of the chains (Section 4.3.2, Pages $24—
25),"*"” which accounts for the formation of only helices rather
than sheets under similar experimental conditions. As the onset
density of PEQ crystallization is determined by both the
dimension of PEQ and the average distance between neighboring
PEO chains on the polyphenylene, the length of PEO chains, in
addition to the GP, can also affect the 2D self-assembly of the
graft copolymers. For instance, owning a GP of ~90%, the graft
copolymer with 500 g/mol PEO side chains did not form
quadrangular multilayer sheets under similar conditions, due to
the reduced length of the PEO coils.

To further investigate how the multilayer sheets are related to
the crystallization of the PEO chains, the THF—water solution of
the sheets was dialyzed against water to remove THF at 10 °C.
Interestingly, we found that the multilayer sheets developed into
rafts after the removal of the THF (Figure 526A,B). Increasing
the temperature of the THF—water solution from 10 to 25 °C
also yielded rafts. Such disorganization, the reverse step of the
sheet formation, may be caused by the expansion of the PEO
coils in solution from a compact crystalline state in the presence
of organic media (THF in this case) or below their Tc.lé‘m
Moreover, an attempt was made to elucidate the crystal structure
of the sheets by electron diffraction (ED). However, no
diffraction patterns were observed (Figure $S26C), probably
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due to the destruction of the crystal structure at temperatures
higher than the T, of the 1K g/mol PEO upon the irradiation of
electron beams."”

The optical properties of the GC-91 assemblies in THF—water
solutions were studied by ultraviolet—visible (UV—vis) and
photoluminescence (PL) spectroscopies (Figure 4). The
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Figure 4. (A) UV—vis and (B) photoluminescence spectra of GC-91 in
THEF as well as of the helices and the sheets in THF—water (v/v 1:4) at
different temperatures (concentration: 2 X 107 mg mL™").

maximum absorption of the helices and the sheets were red-
shifted to ~290 nm, compared with 280 nm of GC-91 in THF
(Figure 44), indicative of intermolecular #—7 interactions
associated with the aggregation of GC-9L.° The PL spectra
revealed a distinct quenching of the photoluminescence of both
the helices and the sheets in THF—water (Figure 4B). The PL
spectra of the helices remained almost unchanged with the aging
of their solution at 20 °C over 10 days, suggesting their good
stability in solution; however, the PL spectra of the assemblies
obtained at 10 °C showed a consecutive quenching of the
photoluminescence (Figure S27), most probably due to the
progressive formation of the sheets.

In summary, we prepared a novel type of rod—coil graft
copolymer containing a poly-para-phenylene backbone grafted
with 1K g/mol PEO chains. Remarkably, these polymers
performed temperature-dependent 1D and 2D self-assembly in
solution. At 20 °C, which is above the T of the PEO chains, the
achiral graft copolymers self-organized into 1D nanoribbons that
further bundled into ~30 ym helices. At 10 °C, which is below
the T,, the self-assembly of the graft copolymers, driven by the
crystallization of the tethered PEQ chains, resulted in progressive
growth of nanoribbons into rafts and eventually into
quadrangular multilayer sheets with lateral dimensions of over
10 um. These novel rod—coil graft polymers provide new
opportunities for the controlled preparation of 1D helix and 2D
superstructures as well as offer a new system for the fundamental
studies on the self-assembly of conjugated polymers, including
morphological control, thermodynamics and kinetics, potential
applications, etc.
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ABSTRACT: Structurally well-defined graphene nanorib-
bons (GNRs) have attracted great interest as next-
generation semiconductor materials. The functionalization
of GNRs with polymeric side chains, which can widely
broaden GNR-related studies on physiochemical proper-
ties and potential applications, has remained unexplored.
Here, we demonstrate the bottom-up solution synthesis of
defect-free GNRs grafted with flexible poly(ethylene
oxide) (PEQ) chains. The GNR backbones possess an
armchair edge structure with a width of 1.0~1.7 nm and
mean lengths of 15—60 nm, enabling near-infrared
absorption and a low bandgap of 1.3 eV. Remarkably,
the PEQ grafting renders the GNRs superb dispersibility in
common organic solvents, with a record concentration of
~1 mg mL™" (for GNR backbone) that is much higher
than that (<0.01 mg mL™") of reported GNRs. Moreover,
the PEO-functionalized GNRs can be readily dispersed in
water, accompanying with supramolecular helical nanowire
formation. Scanning probe microscopy reveals raft-like
self-assembled monolayers of uniform GNRs on graphite
substrates. Thin-film-based field-effect transistors (FETSs)
of the GNRs exhibit a high carrier mobility of ~0.3 cm’
V' 57!, manifesting promising application of the polymer-
functionalized GNRs in electronic devices.

Graphene nanoribbons (GNRs) have attracted great
attention as candidates for next-generation semiconductor
materials.'™ Their electronic properties, such as the finite
bandgap, are strongly governed by their width and edge
structures. Among a number of “top-down™"** and “bottom-
up”*™'” approaches developed for the fabrication of GNRs,
bottom-up solution synthesis shows an incomparable advantage

A" 4 ACS Publications — © 2016 American Chemical Society

in large-scale production of liquid-phase-processable GNRs with
well-defined structures.”®” Nevertheless, chemically synthesized
GNRs either have no side substituents or are functionalized only
with short alkyl chains,”"*"""* which greatly limits their solution
processability and thus impedes their deeper fundamental studies
and prospective applications. Attachment of polymer chains to
GNR backbones would offer a promising strategy to surmount
this barrier. This approach, however, has remained unexplored.

Here, we demonstrate the bottom-up solution synthesis of
GNRs grafted with flexible poly(ethylene oxide) (PEO) chains,
which involves the pre-introduction of methoxycarbonyl and
carboxylic active groups on the periphery of GNRs (Scheme 1).
The PEO-functionalized GNRs (GNR-PEQ) have a PEO
grafting percentage (GP) of 46% and shows excellent
dispersibility in common organic solvents such as tetrahydrofur-
an (THE), with high concentrations of up to ~1 mg mL™! (for
the GNR backbone), superior to those of reported GNRs (<0.01

Scheme 1. Synthetic Route Towards PEO-Functionalized
GNRs
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mg mL™').** UV—vis studies of GNR-PEQ in THF revealed a
near-infrared (NIR) absorption with the maximum at ~650 nm
and an optical bandgap of ~1.3 eV. Interestingly, GNR-PEQ was
water-dispersible, exhibiting red-shifted absorption bands, which
are associated with the formation of helical nanowire super-
structure of the GNRs. Photoluminescence (PL) spectrometry
unveiled NIR emission with the maximum at ~920 nm for GNR-
PEOQ in THF, while complete PL quenching was detected for the
GNRs in aqueous solution. Scanning probe microscopy (SPM)
analysis of GNR-PEQ deposited on graphite substrates revealed
a raft-like ordered self-assembled monolayer structure. The
excellent solution processability of GNR-PEO allowed the
fabrication of thin-film-based field-effect transistors (FETs) by
directly drop-casting their THF dispersions on Si/$i0O,
substrates, exhibiting a high carrier mobility of ~0.3 cm? V!
57!, which is superior to those of GNR thin-film based FETs
reported previously.'"*

The chemical synthesis toward GNR-PEQ is illustrated in
Scheme 1, and the detailed procedures are described in the
Supporting Information (SI). First, laterally expanded poly-para-
phenylene decorated with —C,oH,,COOCH, chains (named as
PP-COOCH;) was prepared by AA-type Yamamoto polymer-
ization of a dichloro-substituted oligophenylene monomer."”
The successful synthesis of PP-COOCH, was demonstrated by
nuclear magnetic resonance (NMR) and gel permeation
chromatography (GPC) studies (Figures S1-S3)."* GPC
analyses against polystyrene standard revealed that the PP-
COOCH, samples had different number-average molecular
weights (M,s) ranging from 20,000 to 80,000 as well as narrow
polydispersity indices (PDI) of 1.06—1.12 (PP-1, PP-2, and PP-3
in Table 1). Second, the PP-COOCH, samples were trans-

Table 1. GPC Data of PP-COOCH; Samples and Lengths of
the Corresponding GNRs

GNR
PP- M, GNR- GNR- GNR- length
COOCH, (g/mel) PDI COOCH, COOH PEO (nm)*

PP-1 19,900 L.06 GNR-1 - - ~15

PP-2 42,300 112 GNR-2 GNR- GNR- ~30
21 21

PP-3 82,100 L10 GNR-3 - = ~60

“The lengths are calculated based on M, of the polyphenylene

precursors

COOCH, (Figures 510-12)."'%'"7 In addition, typical opla
bands for aromatic C—H at the armchair edge of the GNR basal
plane appear at 816 and 861 cm ™" These results validate the
efficient “graphitization” of the polyphenylene backbone into
GNR.*’ The FTIR spectrum of GNR-PEO (Figure $14) shows a
distinct increase in intensity of the band at 1730 cm™ (the
stretching of C=0 in ester group) and an attenuation of the
signal at 1702 cm™" (the stretching of C=0 in carboxyl group),
demonstrating the successful grafting of the PEO chains. The °C
solid-state NMR analysis reveals a grafting percentage of 46% for
GNR-PEO, which is supported by the calculation based on
thermogravimetric analysis (Figures $15—16 and pp $18—19,
SI). Moreover, solid-state "H NMR spectroscopy reveals that PP-
COOCH,, with a semiflexible to semirigid structure, becomes
rigid and planar after graphitization into GNR (Figure §17).*
Specifically, the 2D 'H~'H double quantum—single quantum
(DQ-SQ) correlation spectra show broad, stretched, and split
ridge signals in the aromatic regions (Figure $17), which
originate from the interactions between the two types of aromatic
protons at the edge of the GNRs, confirming the graphitization of
PP-COOCH,.>*

The Raman spectra of the resulting GNRs exhibit typical D
and G peaks (Figures la and S18), as reported for other

a
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Figure 1. (2) Raman spectra of the GNRs with identical mean lengths of
~30 nm (excited at 638 nm). (b) Photos of GNR dispersions in THF
(1.0 mg mL™" for GNR backbone) and in H;0 (0.2 mg mL™") after
sonication for 5 min. (¢) UV—vis spectra of GNR dispersions (0.01 mg
mL™"). (d) PL spectra of CNR-PEQ dispersions (0.01 mg mL™").

formed into GNRs with a para-armchair edge structure as well as
awidth of 1.0~1.7 nm and different calculated average lengths of
15-60 nm (Scheme 1 and Table 1), by employing intra-
molecular cyclodehydrogenation in CH,Cl, solution using FeCl,
as the Lewis acid and oxidant.” As PP-2 with the M, of ~40,000
was easier to obtain by the Yamamoto polymerization in the
present study, the synthesis of GNR-2 with a mean length of ~30
nm could be readily scaled up to the gram scale. Third, the
hydrolysis of GNR-2 yielded GNR-COOH, where the carboxyl
groups afforded opportunities for further modification of the
GNRs. Finally, GNR-PEO with a PEQ grafting percentage of
46% was achieved by the esterification of the carboxyl groups in
GNR-COOH with the hydroxyl groups at one end of 1 kg/mol
PEO chains (Scheme 1).

Fourier transform infrared (FTIR) analyses reveal significant
attenuation of the signals from aromatic C—H stretching
vibrations at 3083, 3050, and 3024 cm™" as well as the out-of-
plane (opla) C—H deformation bands at 829, 809, and 698 cm™
in the spectrum of GNR-COOCH, compared with that of PP-

GNRs.*”" Figure 1a shows that the first-order Raman spectrum
is not strongly dependent on the functionalization of the GNRs.
Importantly, a distinct peak, associated with the radial breathing-
like mode (RBLM),”" is observed at ~170 cm™ for all GNR
samples. The presence of this peak confirms the atomically
precise and low-dimensional structure of GNRs.”'” By using the
relation: w = 3222/vy; \, A, where w is the width and vy, is the
RBLM wavenumber,”” the mean width of our GNRs is
experimentally estimated to be ~1.9 nm, which is in good
agreement with the calculated value of 1.7 nm (Scheme 1). The
RLBM of these GNRs seems to be less affected by the edge
pattern geometry, compared to other GNRs, where a strong
discrepancy between experimental and calculated RLBM
position has been observed.'’

Owing to the high-degree grafting of PEO chains, the resultant
GNRs exhibit superior dispersibility in conventional organic
solvents including THF, chloroform, chlorobenzene, and 1,2,4-
trichlorobenzene (TCB), etc. Mild sonication of GNR-PEQ in
these organic solvents, e.g., in THF, generated black homoge-
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neous dispersions with high concentrations up to ~1 mg mL™"
(for GNR backbone, Figure 1b). The dispersions were stable
without visual precipitation for at least 1 day. In sharp contrast,
GNR-COOCH; and GNR-COOH could not be homogeneously
dispersed in these solvents under similar experimental
conditions, and a visible precipitate was observed within several
minutes after sonication (Figure 1b). The highest concentrations
of GNR-COOCH; and GNR-COOH in THF only reached
~0.02 and ~0.05 mg mL ", respectively (Figure $20). Moreover,
the dispersibility of GNR-PEO is much better than that of
reported alkylated GNRs (<0.01 mg mL ™ in dispersions).”* On
the other hand, dynamic light scattering (DLS) analysis gave a
single narrow size distribution with an average hydrodynamic
diameter (D) of ~40 nm for GNR-PEQ in THF (Figure S21).
The fact that the mean Dy, is close to the calculated size (~30 nm)
of a single PEO-modified GNR suggests the lack of serious
aggregation of GNR-PEQ in THF. This result contrasts starkly to
those from reported alkylated GNRs, which suffer from
pronounced aggregation under similar conditions.™

Remarkably, GNR-PEQ was also water-dispersible with a high
concentration of ~0.2 mg mL™" of the GNR backbone (Figure
1b). The dispersions were stable for several hours depending on
the concentration. DLS study gave a much increased mean D,
(~450 nm) for GNR-PEO in H,0, suggesting supramolecular
assembly of the GNRs (Figure S21). Transmission electron
microscopy and AFM revealed an interesting helical nanowire
superstructure for the GNR assemblies, which has a mean
diameter of 25 + 12 nm, lengths of 5—20 ym and an average
pitch of 48 nm (Figure 522).

The excellent dispersibility of GNR-PEQ in common solvents
offers opportunities for a wide range of solution-based physical
characterizations. UV—vis spectrum of GNR-PEO in a dilute
THE dispersion reveals NIR absorption with the maximum at
~650 nm and an optical bandgap of ~1.3 eV (Figure Ic). This
bandgap agrees well with the calculated value of 1.34 eV for para-
armchair edge GNRs based on density functional theory.”’ The
absorption spectra of GNR-COOCH; and GNR-COOH in THF
display similar features to that of GNR-PEO (Figure 1c). In
contrast, GNR-PEQ in H,O exhibits a significantly red-shifted
main absorption band associated with a lower bandgap of ~1.0
eV (Figure 1d). On the other hand, the GNRs with different
mean lengths of 15—60 nm exhibit an identical bandgap of 1.3 eV
(Figure 523), suggesting negligible longitudinal confinement in
determining the bandgaps of GNRs of over 15 nm in length. As
serious aggregation generally quenches the fluorescence of
GNRs, their PL characteristics have been difhicult to obtain. In
our work, GNR-PEO in dilute THF dispersion gave a PL
spectrum with the emission maximum at ~920 nm (Figure 1d),
attributable to the outstanding dispersibility of GNR-PEO. In
contrast, GNR-PEQ in H,0 shows complete PL quenching due
to the strong aggregation of the GNRs.

Self-assembled monolayers of GNR-PEQ were investigated at
the liquid—solid interface by means of scanning tunnel
microscopy (STM). Figure 2a displays a typical STM image of
GNR-PEQ deposited on highly oriented pyrolytic graphite
(HOPG) using hot TCB, which reveals small domains of self-
assembled GNRs where individual GNRs are coaligned side by
side into a lamellar structure. The average longitudinal size (>100
nm) of the lamellae is larger than the length of a single GNR,
indicating an end-to-end alignment of the GNRs within a lamella.
The periodicity of these stripes is in the range of 5.1-5.7 nm,
much lower than the width of a GNR-PEQO with fully extended
side-chains. This suggests that the PEQ chains either form

Figure 2. (2) STM image of isolated GNR-PEQ domains at the TCB/
HOPG interface (I, = 100 pA, V., = =0.6 V). (b, c) AFM topography
images of self-assembled GNR-PEO monolayers on HOPG upon
drying. Inset in (c) shows a Fourier transform of the image showing the
three axes of the 5.4 nm wide lamellas. (d) Line profile along the black
dotted line in the AFM image in panel (b) shows the formation of a
monolayer film. (e, f) AFM phase images of isolated GNR-COOH
domains on HOPG upon drying. (g) Line profile along the black dotted
line in panel (f) shows a periodicity of 4.6 nm for the lamellae. (h) A
molecular model depicting the plausible arrangement of GNR-COOH
in the organized monolayers. In this model, alkyl chains are fully
extended and adjacent molecules possibly interact with each other via
hydrogen bonding of the terminal carboxyl groups; the GNRs parallel to
each other without stacking or interdigitation of the alkyl chains. The
periodicity is 4.8 nm.

coiled/entangled bundles between the aromatic backbones of
adjacent GNRs or are back-folded in the supernatant solution.
Similar behavior was reported earlier where oligoethylene oxide
chains remain in solution due to their lower adsorption energy on
graphite compared with alkyl chains.”' Besides, the lamellae
appear as a repetition of double bright stripes sandwiching a dark
one, which could be induced by the introduction of the PEO
chains. Lamellae of various sizes (tens of nm) on HOPG were
also imaged by atomic force microscopy (AFM) after
evaporation of the solvent (Figure S25), including assemblies
of only a few GNRs and even stripes compatible with single
GNRs (Figure 2b,c). A line profile traced on the AFM image
shows a height difference of ~0.4 nm between graphite and the
GNRs (Figure 2d), validating the formation of organized
monolayers. The average periodicity of the stripes in the lamellae
is 5.4 £ 0.3 nm, in agreement with the result from STM.

In comparison, AFM analysis of GNR-COOH dry films on
HOPG revealed similar monolayer structures with striped
domains (Figure 2e,f). The mean periodicity of the stripes in a
GNR-COOH lamella is 4.6 + 0.2 nm (Figure 2g), which is in
accordance with the calculated assembly model of GNR-COOH
(periodicity: 4.8 nm, Figure 2h). The 0.8 + 0.5 nm difference in
periodicity between the two types of GNRs can be explained by
the insertion of PEO “rows” in the lamellae, the interactions of
which allows the organization of GNR-PEQO into a regular
pattern.

Profiting from the excellent dispersibility of GNR-PEO in
common organic solvents, we investigated the electronic
properties of the GNRs by fabricating GNR-based thin-film
FETs. To this end, GNR-PEO was deposited between Ti/Au
electrodes on Si/SiO, substrate by drop-casting of the dispersion
(0.5 mg mL™") in THF (Figure S27A). The subsequent mild
heating vaporized THF rapidly and left a GNR thin film behind
without solvent contamination, which is a great advantage of low-
boiling solvents. Afterward, the substrate was annealed under a
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H,/Ar atmosphere at 500 °C, which is an optimum temperature
to cut off the insulating alkyl chains from GNRs to reduce ribbon-
to-ribbon junction resistance without affecting the GNR basal
plane." FTIR and Raman spectroscopies of the film revealed no
apparent influence of the thermal treatment on the GNR
backbone (Figure S28AB). Moreover, the GNR thin film
between two Ti/Au electrodes was imaged by SEM and AFM,
which gave a length of ~3 ym, a width of ~3 um, and a thickness
of ~27 nm for the film (Figures $27B and $28C). In contrast,
GNR-COOCH, and GNR-COOH could only form discontin-
uous films with massive aggregates on the substrate under the
similar drop-casting conditions, attributable to their much poorer
dispersibility in THF.

The current vs drain voltage (I-V,) and current vs gate
voltage (I—Vgs) for the channel length L ~ 3 ym thin-film FET
are displayed in Figure $27C,D. The I-V} curves of the thin film
before and after annealing at 500 °C prove that annealing can
significantly increase the conduction (inset in Figure 527C). The
thin-film FET exhibited maximum carrier mobility of ~0.3 em*
V' s and an on—off ratio of ~4 under a low voltage of 20 V
(Figure S27D, the calculation is provided in the SI, p S29).
Although the GNR thin film still revealed a limited p-type current
modulation, which is probably due to the electric-field screening
effect in GNR films and relatively high ribbon-to-ribbon junction
resistance,”>** the resultant mobility represents the best among
those of GNR-thin-film based FETs reported thus far.'*'*

In summary, we demonstrated the first bottom-up solution
synthesis of polymer-functionalized GNRs with defined
structures. The resultant GNR-PEO exhibited an outstanding
dispersibility in common organic solvents and even water. The
excellent dispersibility offers opportunities not only for deep
understanding physiochemical properties of GNRs by a wide
range of solution-based physical characterizations including
UV—vis, PL, DLS, and SPM, etc, but also for developing
prospective applications such as GNR-thin-film based FETs.
This study blazes a trail for polymer functionalization of GNRs,
which holds promise to prepare thin films with controlled
alignment of GNRs by solution deposition. This means might
enhance the electrical properties of bottom-up synthesized
GNRs. Moreover, polymer functionalization affords chances to
develop new GNR-related studies in a broad range of research
areas including molecular self-assembly, nanocomposites, and
biotechnology, etc.
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This communication reports a unique ultra-large sheet formation
through hierarchical self-assembly of a rod—coil graft copolymer
containing a rigid polyphenylene backbone and flexible poly(ethyl-
ene oxide) (PEO) side chains. The hierarchical self-assembly
process involved a distinctive morphological transition of 1D
helical to 2D superstructures. The graft copolymer offers a new
chance for the challenging bottom-up fabrication of ultra-large
self-assembled nanosheets in solution, as well as a novel system
for fundamental studies on 2D self-assembly of polymers.

“Rod-coil” graft copolymers are an important type of polymer
containing a rigid backbone with densely tethered flexible
polymeric chains." Their interesting one-dimensional (1D)
brush-like structure leads to numerous potential applications,
such as molecular actuators, templates for metal nanowires,
etc."® Conjugated polymers, e.g. polyphenylene and polythio-
phene, are the major category of rigid backbones in rod-coil
graft copolymers, as introducing pendant moieties onto conju-
gated polymers to form graft copolymers is a general pathway
to improve their solubility and tailor their optoelectronic
properties.*™

Self-assembly of rod—coil graft copolymers with conjugated
polymer backbones and their linear counterpart, rod-coil
block copolymers, has attracted much attention in recent
decades, as rod-coil copolymers show distinct self-assembly
features compared with flexible (coil-coil) copolymer systems
due to the introduction of rigid blocks;* ™" moreover, the resul-
tant supermolecular nanostructures of conjugated polymers
generally exhibit unique thermal, optical or optoelectronic
properties.” " In particular, the self-assembly of the rod-coil
block copolymers has been studied extensively. Several key
issues, including aggregate morphologies, morphological
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copolymer with a polyphenylene backbonet

control approaches, etc., have been explored.”® For example,
Winnik, Manners and coworkers prepared nanocylinders of
controlled lengths by the crystallization-driven self-assembly of
poly(3-hexylthiophene)-block-poly-(dimethylsiloxane)
block copolymers.® Although the self-assembly of rod-coil
graft copolymers has also been investigated in recent
years,®'7% it remains much less understood compared with
that of rod-coil block copolymers.

In the present study, we synthesized a rod-coil graft copoly-
mer containing a laterally expanded poly-para-phenylene
backbone (i.e. poly-para-phenylene with dendritic tetraphenyl-
benzene substituents) tethered with poly(ethylene oxide) (PEO)
side chains. Interestingly, the graft copolymer exhibited hier-
archical self-assembly behavior in a CHCl;-CH,OH organic
cosolvent at room temperature (Fig. 1). Driven by the methanol-
phobic interaction of the polyphenylene and the crystallization
of the PEO chains, the graft copolymer first self-organized into
1D nanowires, which bundled into 10-60 pm ultralong helices,
then evolved to 2D raft-like nanostructures, and, eventually, to
ultra-large multilayered nanosheets with remarkable lateral
dimensions of ca. 10 pm * 10 pm to 100 pm * 100 pm, after
the aging of the aggregate solution for ca. 2 days (Fig. 1). To
the best of our knowledge, the bottom-up preparation of such
large polymeric sheets by supramolecular self-assembly,
without support from a planar interface, has been a severe
challenge with only a few successful cases®"** and has not
been achieved for graft copolymers before, as planar polymer
assemblies usually rolled or closed and formed tubes or
vesicles in solution.®® In addition, the unprecedented
hierarchical self-assembly process involving 1D helical to 2D
superstructures provides a significant reference for the 2D self-
assembly of polymers.

The synthesis procedure of the rod-coil graft copolymer is
illustrated in Scheme S1} and the experimental details are
described in the ESLt First, Yamamoto polymerization of a
dichloro-substituted oligophenylene monomer produced a
laterally expanded poly-para-phenylene modified with
~C1oH,,COOCH; (denoted as PP-COOCH;). Then, PP-COOCH;
was hydrolyzed to PP-COOH. Afterwards, the esterification of

rod-coil

This joumal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic illustration of the formation of ultra-large multilayered
mer at room temperature.

the carboxyl groups on PP-COOH with the hydroxyl groups on
1 kg mol™ poly(ethylene oxide) monomethyl ether yielded the
graft copolymer. Fourier transform infrared (FTIR) spectro-
scopy (Fig. S4Af) and nuclear magnetic resonance (NMR)
(Fig. S5f) measurements validated the successful grafting of
the PEO chains.

The grafting percentage (GP) of the copolymer was deter-
mined to be ~92% by NMR, which was supported by the calcu-
lation based on elemental analyses (EA) (see pages S8 and
S9t). Gel permeation chromatography (GPC) analysis against
polystyrene standards in tetrahydrofuran (THF) gave a
number-average molecular weight (M,) of 136 200 g mol™" and
a polydispersity index (PDI) of 1.3 for the graft copolymer, as
well as a M, of 51700 g mol™ and a PDI of 1.1 for PP-COOCH;,
(their single-peak distribution GPC curves are presented in
Fig. S4B7). The much larger M,, of the graft copolymer further
confirmed the successful grafting of the PEO coils.

The self-assembly of the rod-coil graft copolymer was
carried out through a cosolvent method™ at room temperature
(~20 °C). First, a CHCl; solution with a concentration of
0.01 mg mL™" was prepared by dissolving the graft copolymer
in CHCl;, which is a common solvent for both polyphenylene
and PEO. Then, under gentle stirring, the CHCI; solution was
added dropwise (~60 pL min~') into a 9-fold amount of
CH;0H, a selective solvent for PEO. Finally, a light blue mixed
solution was obtained, suggesting the formation of polymer
aggregates. The as-prepared solution was incubated at room
temperature for a period of days.

The aggregation of the graft copolymer in the CHCl;-
CH;0H (v/v 1:9) cosolvent was confirmed by ultraviolet-visible
(UV-vis) and photoluminescence (PL) spectroscopy (Fig. 2).
The maximum absorption of the copolymer in CHCl;-CH;0H
red-shifted to ~280 nm compared with ~270 nm in CHCl;
(Fig. 24), indicating n-= interactions associated with the aggre-
gation of the polyphenylene backbones.’” The PL spectra
showed the distinct quenching of the photoluminescence of
the copolymer in CHCL;-CH;0H (Fig. 2B), further confirming
polymer aggregation. In addition, the consecutive quenching

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (A) UV-Vis and (B) photoluminescence spectra of the graft co-
polymer (GC) in CHCl; and in CHCl;—CH3;OH (v/v 1:9) with the aging
(from 5 minutes to 2 days) of the aggregate solution at room tempera-
ture (concentration: 10~ mg mL™).

of the photoluminescence with the aging of the aggregate
solution over 2 days suggested possible progressive changes in
the morphology of the polymer aggregates.

The structures of the polymer aggregates formed in
the CHCL;-CH;OH (v/v 1:9) solution were examined by
transmission electron microscopy (TEM) and atomic force

Polym. Chem, 2016, 7, 1234-1238 | 1235
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8 nm

Fig. 3 TEM and AFM images of the assemblies formed by the hierarchi-
cal self-assembly of the graft copolymer in the CHCl;-CH3OH (v/v 1:9)
solution after 5 minutes (A-D), 1 hours (E, F), 6 hours (G, H), 2 days (I, J).
The relevant dimensions of the assemblies are indicated in the corres-
ponding TEM and AFM images.

microscopy (AFM) (Fig. 3). TEM images revealed a 1D helical
structure for the as-formed graft copolymer assemblies in
CHCl;-CH;0H (Fig. 3A, B and Fig. S6A, Bt). Left- and right-
handed helices coexisted as no chiral moieties were employed
during the self-assembly. The size statistics gave an average
diameter of 17 + 9 nm and lengths of 10-60 pm for the
helices. The helices were formed by the twist of 1D aggregates
of ~4 nm width (Fig. 3B and the inset shows a typical high-
resolution TEM image). The AFM profiles gave a thickness of
~4 nm for the 1D aggregates and confirmed that they bundled

1236 | Polym Chem, 2016, 7, 1234-1238
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into the helices (Fig. 3C and D). The combination of the 4 nm
width and thickness manifests that the 1D aggregates are
supermolecular nanowires. Since the thickness of the nano-
wires is close to the calculated width (~3.9 nm) of a graft copo-
lymer molecule while their width is much smaller than the
length (~36 nm) of the copolymer molecules (see the calcu-
lation in section 4.3.1 in page 512, ESIf), it is reasonable to
speculate that the nanowires are assembled by an “end-to-end”
and “side-by-side” combined alignment of the brush-like
molecules, as illustrated in the middle of Fig. 1. The high-
magnification TEM images (e.g. Fig. 3B) revealed that most of
the helices (ca. 80%) were double- and triple-stranded in terms
of their diameters and they coexisted with a number of multi-
stranded helices (>4 strands).

The formation of the helices was found to be kinetically
controlled and they were thermodynamically unstable, namely
their morphology was quenched temporarily in the mixed
solvent with a large amount of CH;0H and also in pure metha-
nol after the dialysis of the CHCl;-CH;0H solution. After one-
hour aging, the helices evolved into “rafts” that consisted of
1D nanostructures (Fig. 3E and F). The thickness of the rafts
was ~4 nm (Fig. 3F), the same as that of the aforementioned
nanowires. Therefore, it is believed that the rafts were single-
layered and formed by the planar alignment of the nanowires.
The unexpected transformation of 1D helical to 2D raft-like
superstructures has never been documented before in 2D
supramolecular self-assembly. With the aging of the aggregate
solution for ~2 days, the rafts further developed into ultra-
large sheets with an average thickness of 56 + 4 nm and lateral
dimensions of ca. 10 pm x 10 pm to 100 pm x 100 pm
(Fig. 3G-J and $6D and E7). The greater thickness than that of
the single-layered rafts indicated a multilayered structure of
the sheets. The wrinkles observed by TEM on the nanosheets
reflected a flexible feature (Fig. 3G, I and S6DY). Afterwards, no
big changes were observed on the dimensions of the sheets.
The ultra-large sheets suspended in solution were also observed
by optical microscopy (Fig. S7f), confirming that the sheets
were formed and free-standing in solution. Dynamic light
scattering (DLS) measurements revealed an increase in the
hydrodynamic diameter of the graft copolymer assemblies with
the aging of their solution (Fig. 4 and S8t), confirming the pro-
gressive growth of the copolymer assemblies in CHCl;-CH,;0H.

In light of previous studies on PEO crystallization-driven 2D
self-assembly of polymers in solution,™°
PEO crystallization in organic media contributed to the
solution-growth of the ultra-large multilayered sheets. Micro
differential scanning calorimetry (UDSC) analysis gave a
crystallization temperature (T.) of ~26 °C for the PEO coils in
the copolymer aggregates in CHCL;-CH;OH (Fig. $91). Note
that the 2D self-assembly of the graft copolymer occurred
(at ~20 °C) below the T. of the PEO chains. In addition, a
short average distance of ~0.7 nm between neighboring PEO
chains on the polyphenylene backbone would be favorable for
the crystallization of the PEO coils if the graft copolymer aggre-
gated into sheet-like structures, as the short distance resulted
in a high number density of PEO chains at the sheet surfaces,

we consider that

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 DLS results showing an increase in the hydrodynamic diameter
(Dy,) of the graft copolymer assemblies with the aging of their solution at
room temperature. The corresponding DLS plots are presented in
Fig. S8.1

which exceeded the onset density for the crystallization of the
PEO chains below their T, (see the calculations in section 4.3.2
in the ESI, pages $13 and §14).>%*” Thus, it is reasonable to
believe that the crystallization of the PEO chains acted as a key
driving force for the formation of the ultra-large sheets. Two
additional lines of evidence also support this point. First, the
graft copolymer with a lower GP of ~60% did not form multi-
layered sheets under similar experimental conditions, probably
due to the larger average distance between adjacent PEO coils
on the polyphenylene backbone. Second, at a temperature
(~30 °C) higher than the T. of the PEO chains, the graft copoly-
mer produced irregular aggregates rather than sheets in
CHCl,-CH,0H.

Based on the above-mentioned results, a possible mechan-
ism for the 1D to 2D hierarchical self-assembly of the graft
copolymer is illustrated in Fig. 1. In the CHCl;-CH;0H solu-
tion, driven by the methanolphobic interaction, the graft co-
polymer first self-organized into 4 nm thin nanowires with a
polyphenylene layer sandwiched by PEO coils on both up and
down sides (middle of Fig. 1). Because of the relatively low
PEO number density on the other two sides of the polyphenyl-
ene layer, the nanowires tend to associate to minimize the
polyphenylene-methanol contact. Around the associated nano-
wires the PEO coils were crowded, as the estimated radius of
gyration (R, = ~1.5 nm (ref. 28)) of a 1 kg mol™* PEO chain at
its end-free state in solution is much larger than the short
average distance of 0.7 nm between neighboring PEO chains
in the graft copolymer in the nanowires. Hence, the steric
interaction among the PEO chains drove the twist of the
associated nanowires to provide more peripheral space for the
PEO coils, thus leading to the formation of 1D helices. At this
point, it is worth mentioning that although helix formation
represents a self-assembly motif for some chiral polymers,
owing to the ordered helical arrangement of their chiral
moieties,"™"" it rarely happens to achiral polymers;”***®
nevertheless, in the present work, long helices were frequently
found in the self-organization of the achiral graft copolymers

This journal is © The Royal Society of Chemistry 2016
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in the CHCIl;-CH;0H cosolvent system, which can be attribu-
ted to their unique rod-coil brush-like structure with a short
average distance between adjacent PEO chains on the rigid
polyphenylene backbone. However, since the helix formation
occurred below the T, of the PEO coils, the crystallization and
the resulting compact state of the PEO chains alleviated their
steric repulsion and thus favored the transformation of the
helices to the thermodynamically more stable sheet-like struc-
tures. During the transformation, an untwist process of the
helices could be considered for their transition to the single-
layered rafts which further grew to the ultra-large multilayered
sheets driven by the PEO crystallization.

Soft nanosheets with lateral dimensions of over 10 pm x
10 pm are quite difficult to achieve by the self-assembly of
polymers in solution without support from a planar interface;
only a few successful cases were documented.”** In the
present work, the rod-coil brush-like structure of the graft
copolymer accounts for the ultra-large lateral sizes of the
sheets, since the molecules of such an architecture incline to
form assemblies with a sandwich structure, in which the later-
ally expanded poly-para-phenylene rigid backbones locate in
the middle layer (Fig. 1). Such a sandwich structure along with
the PEO crystallization is in favor of the growth of assemblies
in 2D directions. Moreover, the rigid polyphenylene layer and
the PEO crystallization can limit the rolling or closing of the
sheets, which would generate tubes or vesicles as usually seen
in the self-assembly of many flexible polymer systems.”"*'*

In summary, this work demonstrates a unique sheet for-
mation by 1D to 2D hierarchical self-assembly of a rod-coil
graft copolymer comprising a poly-para-phenylene backbone
and PEO side chains. Driven by the methanolphobic inter-
action of the polyphenylene and the crystallization of the PEO
chains in a CHCl;-CH;0H mixed organic solvent, the graft
copolymer exhibited an unprecedented hierarchical self-
assembly process from nanowires to 10-60 pm ultralong
helices, then to single-layered “rafts”, and finally to ultra-large
multilayered nanosheets with lateral dimensions of ca. 10 pm
x 10 pm to 100 pm x 100 pm. The rod-coil graft polymers
afford a new chance for the so far challenging preparation of
ultra-large self-assembled nanosheets in solution, as well as a
novel system for fundamental studies on 2D self-assembly of
conjugated polymers, including the mechanism, factors
affecting the morphology, potential applications, etc.
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UG FIE , 2O B 2R LG ERAE AR ) | 2 7 VA FERT 22, LR 9 7= 38 K16 1 4 B AR 4

.

] o

ERARE

[0005] 54 T A $e AR R IR BRI , A B Pt S D ) B AR il e 3 fH — PRI (R AT AT
FEh R RV AL R 1o« RE R AR AR AR R BCAR b 200 1 B ) 46 75 , T VA R 8 O B o B 1
FEORUEER MM R RGP0 S s BRI IR IR R R AR B # I JF R LR A e
[0006] sl B3R H Y, AR BRI T — MBER BB Z ik b SR T RO 1 & 05, B
[0007]  JBUR—, VAR T PIsRAIPS-b-PEOM BUIL MM — SN IMA 2B F K,
PS-b-PEO# BOLRTE = FU/NIRE I B 43T AR, 2N B & B /K BA BT R
J5i 2 (BIPS—b-PEOHR B R+ — /N INE -5 B /KA B R E ) K950 %6 B, B AL
1065 T Z ATINAKI 25 B T /KB K & , PS-b-PEORK BEIL IR WIAE — EUNFRE I b A 3T
B 3506 , 19 BN B, BIKippah ZBill, 12 — A AT A TR A 5e = 3mfa m B il ;
KippahZE{RATIE MR EE A  BE & 2 B F/KAY AN , PS-b-PEOM B R YIE —F B+
AR T PRI , it 5 A B ) S, 90 9 3 SN v 4T, SR 25 1 K v B
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AT 8 BT ZE N #OE R A T K Y HOE B, 3 T N B RR AU, BB B i ]
B » (U1 25 b FEIch B A 25 88 1K R 4 [ 5 R, BV RRK i ppah 836

[0008] G, Dl b BE—14BIMKi ppah T N 3 £ B R EPEORERY L3R &, 1930
RIR £ B &aK i ppahFE LR 1, B 2 B G 8 1 BR B R 1

[0009] BB =, ¥4 0% — S BRI BIRE £ B i%eKi ppah B F RSN FET B L5
B, R EBUR BB P TH T .

(00101  fRikih, L BE—rh,PS-b-PEO#R Bt LW i & 10~20mg , — S S FRIF R 4R
H1-4mL, i — D OE R, — H AN IE BRI A TR ImL

00111 fRikith , 5 B —rPPS-b-PEOHK BLIL R NPSa70-B-PEO11a (Fe P FHREL F R RPS b
PEOREL R IR A TE) -

(o012]  fiiiktth, B0 — b, W BB R G 46 55 — 1Bobe A 58 ke , HOGHHT 55 —1Bbe F kAT
IR b, S — I8 N 300~500°C B3, 5 B N800~ 1000°C F i RE2h.
[0013]  HE—sBfuiksh, 55— 1BHaH400°C FHBEE3h, 55 1582 H900°C Rk Be2h.

[0014] Rk, 1% — o, EX10-20mg % A A B 18 38 & B Kippah ZE 1K V5
BB HEAWTEF IR MR AL ~2h, R E A 20mg =B P R P IR, =
B R BAShE Z R A, R & B HE R =2 4-500K T B O, H 4 1 B T 1
12~24h 515 2B K £ B K i ppah FE iR 1.

(00151  E— PARikth, B IR —rh, BL20mg £ EL I AL IR — 15 3 (Y & A Kippah I &
W ERIMREEZER TR MM 20, 285 A 20mg =R RAZER e, ZiR
TR P20 fE L EER S RA ERENFEIE L 0OK S O, IFE A TR 12h G
53R E 2 E FeKippahZ R 1.

(00161 Rkl , 2038 = rp N0 B 19 BIM itk 23R & B @K i ppah 1K1 7 B 2 4 %)
g, 7R R e B R, R E RS T 4400°C T BbE3h, F900°C T Bk 2h, 1B fa E 2R v4 Al
F =R, B BR A RS TR .

[(0017] A RBAEIRAE T — Ptk 35 22 b 2500715y i AR b L 75 8 2% rRL 75 48 1R
.

(00181 A & BA f) otk 15 4% b v 25 40 T 0 il 48 7 V5 (B AT AT D R AL R i BB A
20t 2R AT 1] 2 AR o

[0019] AR BAFEBORER b 2= 45 MR Rl E45 S RIBNIRH /B T ShkaEERN
PAFHBE 2 % FE B BIR B95 228K h K0T, L VOKs SL 8 1 Rl B AR A B N T AR 2 L R
25, 7E0. 1A/g L% B T, 3R19 T 365F /g Mt A &, 7E2. 0A /g R & N A E bl
LAIE B ~200F /g, i HLEE & B it 2% N (B 2010, 0A/g) , ZHEILFEALE, KB TR A
BERFFRANEFIEEN .

(00201 DL 4545 & Bt P 3 AR B AR B B AR s ) B P AR R B AR R R A i — A5 1 B, DA
T HL T AR B )RR AR

Bt E 5 PR
(00211 & 15 A< S WA £ 5 Tt 4] L RO IR 245 1k b 2o (1 i % TR EE
[0022] [ 22 A< i W 9 STt 4] 1 Y BotR 2R048 A Bl b 2R 1 0 1 i e 1 S el B
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(00231 &I 35 A i B A4 512 Tt 9] L RO B IR 2804 A Bk v 2 s 1RO S — i FL T S el e
[0024] P42 A B D S i 1l 1 O BR 4B Zslerb 2 b 1 OB S HL T R Tl

(00251 515428 A i B ) St 1) 1 A TR 0% 2 B b R 1 T 2 P A AR TR TR RO L AL
FIHPTIEE ;

[0026] P62 A i P 19 SE Tl ] 1 9 WIR 28045 23 b b 25 L7 T8 2 P 8 48 PR RO AR AR
HL 7 fH 215

B#FIEA

(00271  sCjitifsll -

[0028] A B SZHEGILEE 6t | —FrBR BB Zelh TR0 Hil & 5 i, GBS L T IR
[0029] B UE—, VA T 10~20mg i 3 AIPS—b-PEO#K Bt L B A 1-4m] —E MBI
A 2B /K (7T LA R#B 4K ) , PS-b-PEOHL Bt 3L B AE — E Nl b B A
W, G £ B K B A R IE RS R 2 (BIPS-b-PEOM BUIL R W+ —E B+ LB T
KBS R ) f150 % B, M A B 1065 F 2 BT NN B 25 B T 7K B K & , i PS-b-PEO#R B
JLRITE AN B A STE U B RRE  f9 BIBUIR BRI , IK i ppahZEifd .

(00301 pIR—, LA IR —18 BIRIKi ppah B A IAR SO 4% 2 G /EPEORE B LR &, 19 2B
IR EE £ B %K ippahZEif0 i 1 ; BAdH, BL10~20mg % B i B 1B — 15 3 & HKippah %
AR S, B FFRSWEER T IRAMMBEFE1~2h, RGN 20mg — 72 B B A ik
FREh, EIR TR A 2 E RS, RA RN WAL 4~ 500K ER O, H 4l
AT 12~ 2405153 Bk 3 £ [ &K ppahZEHRL T, B £ [ fe .78 (Y Btk FE ki T
[0031] JBIRE= 458 — 18 B A Bk R £ EL LK ppahi FE RS R F AL B Bike, 18
FIBAR BB b E R T b PP BR AR E —BUR RS R, B el T B
AT 55 18058 s 5 —1Bte 300 ~500°C T #Bke3h, 55 —1tke N800~ 1000°C T #ké2h,
[0032] &1 Ay A S e 3] ) R 48 it 2 1) ) 5 SRR P 1 4 » 1) A SRR I PS—b—PEO
iR BE L (LAPSar0-B-PEO1 itk BEIL A A B B — AR P I 2 38 F K15 31 8.
oo, B K AOPS B AR I AR BE L S5 /K (I PEOJE BB 1 32 T A BE B . NI MK B s, —
FNFR ) B A O 23 B8 T K 1) ZE I N AT BB T R [ ) 22 (6 ZE i ) P9 T4 BF K i ppah
KRG H EIRK ppah BRI , {f £ B R EPEOEL 3R & , 15 358 £ B @K i ppahfi 1.
i F BRI 3R 2 L R @K ppah il TEEE 2R 19 B BUIR BB 4R P FHL T o

[0033] P& 2 0y 4 S jte 49 (1) Btk U35 At b SR I e T BB L K BoR 7R
BBt ™= M i A » EL T BGRB8 2 Bk b =25 i 1 B9 ELA2D 2450 = 55nm. | 3 AT 4 7R
TR B ST A, Ko £ B A BOIR B b SR B JB e h TR
BA SO EE 5, 58— SO ES Sk st P B Th A IR, 55— S EEE —E A R B TS
923 Inm, 55— #ANEE 3 2 (M AT EE BS T 35+ 2nm( 2 ILIE4)

(00341 ] 5011 643 7l Ao A 52 it 5] (1) s 4R 8048 2 ik b 28 i B2 T8 2 H 28 3 1) HL AL 2
PELH70 i P R e 75 il 2R ] 5 SRR R 98 A b ok F T R A 2B 129 0 1.3
Q M PUEH BT UAERIEN ZIE 2P TR (D1.7Q) , F R Tiem i i A 251
PUEHKIHThE  F6 R AR A S Ak Th 7N T @K E AR ERAEL0.14/gM
P I % 5 R 7] ik 365F /g f£2 . 0A/g M B L % FE T R FRAE Bt P LAik B ~200F /g, Tl ELF#
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HHETFERIIN(E210.0A/g) , ZEUE U FAE B 1M A 523 7] i) Bk U8B 24 b B R 1
T A S R AR A B E SRR AR BN .
[0035] St f5il2 -

[0036]  AZBAMISEHEGI2HAE T —FMBetk BB 4P BRI 6l & 7%, B T B R
[0037]  JBUE—,HL10~20mg PS3ro-B-PEO114#k BEIRME T InL ZEASHERP AR
TR AR DS I ImL AN N ALK , 2 J5 , SR N\ 20mLER 4K , 13 BBtk i , BIKippah
i,

[0038] JBEE—,LLB TR —13 MK ppah el N HEAR S 3% £ G FEPEORE R LR &, 2 Bmi
R L B %Ki ppah B 1 ; B A4, Bl 20meg % B2 iz In A5 B —15 3| & F KippahZE i (115K
L AR RAYEEE FEMMB L, RS MA2mg =B PR EHF R =ET
iR MAShE 2 B IR G, BE R R EINFMA TS UOKEE O, F 21 B TiR1205 8
B WAk 58 £ B2 @K i ppah ki 1+, BI 42 B B A0 7 O Bk 38 0 ki 7 .

[0039] JBUR=, ¥ bR BRI BRE £ E %Ki ppah b T 24 554 , 728 e
WS, IR RS IR T 5E400°C T30, FE900°C Tk Bs2h, ke G B AR H1 B £ 18 . 15 3 i
REL FH THT

[0040] S jsta f5i[3

[0041] A EARI LR35 7 —Fwiik RIS ik b SHF RIS 7E , B UL TP IR
[0042] JBIE—,HBL10~20mg PS370-B-PEO; 14k BX I BME T AL —EATE R  AZR
TR hJE I ImLAB ALK , 2 )5, BRid N 20mLAB 4K , 75 B Btk 20, BIK i ppah 2E
s

[0043] IR, LUPBR—15 BIMKippahZEH VBN SCHE £ B IR EPEORERY LR &, 15 EIM
WREZ B &K i ppahfiF ; B AR H , B 0mg 2 B Fe NP BE— 15 3 [ & 6 KippahZE L1 A
LR R AYEZR TR MM H2h, R G IMA20mg =B A R EREF R =RT
PR MAShE Z E RS, RE /BN A=A 4~ UUKER O, F AT E R T124h
JE 2 IRk 3R £ B oK i ppahi T, Bl £ B i O B B iR 1

[0044] LIR— WD IR — 19 BIMIWIHR IR £ B &K i ppah i 74, 8 B4 JE Ao, 7248 K ppep
1B, AR S R 5E300°C FEBE3h, FE800°C T Ba2h, IR o B SR WA R 3 = I, 15 3 i
REB Kb ShT.

[0045]  skzjita f3il4 -

[0046] AR BARISCHEFIARRAL | —MBeR BB KPR TRIGIE7E, BEU T LR
[0047]  JPBR—,HL10~20mg PS370-B-PEO4ik Bt IL B NIA T 3nL —EANHE R T, EEE
TR R E I ImLAB A K , Z J& » PRiE I\ 20mLiB 48 K , 75 B Btk it , BIKippah 3
s

[o048] JBEE—, LUBBR—18 MK ppah B 9 AR S 3% £ B IZEPEORERY L3R &, 3 B
WRER 2 E LK ippahfL 7 ; B A4, B 1 5mg % B e\ 20 BB —15 3 ) & KippahZEIL AT AT
b, B B HR S F I T EAM R REL ~2h, REIMA2mg =R HERE R SR EE
THHRP48hEZERERES  RA R/ MEIT4~500KBEE L, F AT A ET B
18h/5 13 F Btk 3 % [0 k@K i ppahbi 1, B 2 [0 e 078 (M Btk B8 b 1.

[0049] JBIRE=,¥0 0% 19 BBk R £ E %Ki ppah b TR B B A 44, 7EE L
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1Bs, HFE RS T %6500°C FEBE3h, 5 1000°C T HtEs2h, ks f5 B R A A E =I5, 1535
REBEH P TR T

[0050] DL _EVEAFEIAR 1A K B BAE HAR L] B AR, ARSI s AN G
5 GG 1 57 sh il AT LAAR 98 A % BA 1) 4 FBAE Hh i 2 A5 e F AR fk o BRIk, LA R P B R
N RA R B A BAE B BRI B LM 3B 48 by  HEFT 83 A PR A0 230 AT DAAR B/
BARTT R B RLAE AR R 13 B 1 PR 4S5 R A o
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1. —FhFLAR KN AT P B A FLBR BRAA L 64 ) 2% 77 i, FARAETE T, B W F B IR

IR, BIAE L o 5 BT AR A R R, S 2R TR 2R B BTIR TR IR 2 S B i
7K, ¥ H145 B B — I

W2, EFTIRE—F T I RRE D, Fil T 8 S B, e 7% KBk 22 g
H 2 11180%-90% , FE I Zu Bk T B8 — e s BT 88 — Vi e S TR BB M TE K P 2R )5
F & R G R, AR R LA B E HLZ , FiMgS0aT-18 , T J5 B S ek R R B 2 frid — &
H e, 75 31 51 K 7 s

IR, kBT IR 5 R R EISchlenk i , F K CuBr FIEX Mt B A E|Fri&Schlenk
L ATRERIFE—REY, TR E—REVERESB R TR L4

BB, R IR R IR B RN, BRI SRR A 2 &
W 19 B LA s

IR KT % 2B A NN B FTidSchlenkif h 5 rid 5 — R AR S B RS —
BEW, TR E R AV R EER FHREEL1080, 28 5 E IR B T I3 100-120°CHA
W 353 & N 5-12h, B BB = IR AW

HIR6, A S8 =R SN A DD SRR ¥4 R 73 B B 1IRE W, ik £ RS W& b it
AL, B & B R I U8 A8 B e, TR 88 — UivE BRI AR S5 TE40°C
HAEXHETTEAR BIIRBRSW;

RT, Bk i B O VI AR e DY kg b 13 B 58 AR B 2 BRI 35 TR R RREE L
QMR AR OBV I, W BT IR BV UM B BTk 58 98 ip , P AR IR R R Rk M S 2 Ui
A SR A TE BB 2 B IS FTR S8 i, I F 5 RE48h L £ LRI R A s R 1
B0k, BUE SR B, 13 B FTR A FLBRER .

2 ARIEAUREL K 1A 8 — FhFL A2 KN RT3 B0 A FLBRERAT L) il 48 5 i, HORREAE T
SRR, FTA TR IR 2, 52 5 7 R R A 9100~500.

3 ARGE AR B R 1B (0 — Fh L AR KN AT 10 A FLBRFRAT L) il 28 5 i, HOARRIETE T
LRI FEOCE T, IR SR 2 e 0 I BV MR TE TR F 2R

4 ARGEAFEL R 1B ) — FhFLAE KN AT 10 A FLBRFRAT AL 1] 28 77 i, HOARRAEAE T
AR, iR R B R 2R R T BHR

5 ARIEAFZLRAFTIA 1) — Fp LR KN R R0 A FLBRERA AL ] 28 77 32, HARIEAE T
Frike-iR 7 TER SR B A 2 R BRI R & 1:(0.1~1.0).,

6 . ARAEAUREL R AR B — Fh LA /AN TR 00 A FLBRIRA AL ] 28 77 2, HOARRIEZE T
I3, Frid CuBr st F VKBS R $R4t .

7 ARYEAURE R 1 ATid 3 — Fh L2 AN AT F B A FLBRERA R il 2% 5 i, IR AEAE T
B3, AR CuBr RIFTAREE e B N1:(2.0~5.0).

8 . AR BRI ZL R 1 Tk i — AL AR R/ el 42 0 A FL B BR AL LR 1 £ 7 v, HOARRETE T,
B3, AR EE S EEEA . EX.

9 ARAE AR EL R 1 BT A — FhFL AR KN AT 2 B A FLBRERM L A il 28 77 33, HORRIEZE T
TEA RS, U BT ik 25 2, 46 0 FF 2 DIORS A 181 55 BTk A FLBR BRI FLAZ

10 . AR 98 BRI 3R 1A ik ) — i FL AR /N T 43 B0 A FLBRER B R} R ol 46 7 vk, SLARRETE
F BB, ATk m i B R T« SR P b BRI UK T 350°CHBRE3h, R TG B4y
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—IRFL RN AR A FLBRER A R B0 B & 750

ARG

[0001] A& BRI he— RS FLAFRHI 8 753 BAR R —FpLAR K/ el 32 A S FLBR Bk b
B 1 2 75 1% LA BGZ A FLBRER AR 4 2 48 7 T B 2 JB T 9K e o 2 A e A
F A T

HRER

[0002] #EGH AR N THEGEERMEHE L WA MRS, HERWA
JUBZE EFiEd . B i A G- F A R BE bk B i 5 8% BB 7R s R R
e AP PRI TE T B I R A A IR VG 5 | e A A A B T LU E R A A
W& BRI Z il KRG G & IR DL AE N 3R R i e AR s N IR PL A1 fS shel
T5SRTH , B R FE A SR I RE B2 FELL —IREE /N, O 1 B4R F 725 23 RE A8 I B 8 FhsLhr s %
Hrh, BRI R E NGRS E N EAR AR REFEIT KT .

[0003] AL, % Al KR~ AL, 525 5 SE IR B R K 43 [ A i A i FE S il 2 — A
KRR & BRI, 3L R 42/ T-200nmA BR , Bk 8852 31 5c i , RN ERFE4R4E T i
A3 B 75 B AR ELRRAIK 1ORG R8N  KESCERHRGE [ (8 I BROIR B o B L 25 Pt i , B RVRTT
B 7SS, BRI, A IR IR S A I N H NI B KRR T 2 HIER &
A FLERER , B HES toberik I RAR FEASAR /772 . a1, Lu#{ PA (Adv . Mater.2013,25,998) i
i B 8 A FIBE JE R BR AL A 1 20 2 800nmf 72 A9 T FLBR K - B2 4R FIKONZ i 5 BT 75 31 )
EHREARMNLEREOR, BEEHAAMKEADEHMAKLED T 2on.Zhao ] BA
(Angew.Chem. Int.Ed.2010,49,7987 ;: Angew.Chem.2010,122,8159 ) F| F7K #77i% , ULy S
WREFIF127 ) JL 4135 & 6k T A A LB ER 2R 1, A AT TR FL42 9 3nm. IX BER FL AR B 25 F%
I T HS2br R .

(oo04]  HHI,#id HT % ma T EN BB E S (nPS-b-PE0.PIB-b—PE0.PS—b-P4VP I
PEO-b—PMMA ) R AL il & T FLAR K T 10nmiF) /- FLAL KL AH 2 , BT RAR TR T 8 B TR
ASH 0 B TR FIORE » % e JR 9 R 1 77 28 A FE AN T 1 & A FLBRBR o KRG FLEI Ay
FLERFRPIN =iz .

[0005] BZF ARJE-FRIBRGUKHEL, B A, B TH 744/ ZHE s prE s
(IR AL YRR T RN 51 T V2 1) %0 . BB M BR AR A L, BB AR =k
A FURR , #F I P 5 A e 1 BE RO R A B U SR AR e B B, KL RGT BB Z A AL
BRERE il b H S AR 5 A B AL S A FLBRERFE LA R B TR R T
HELLHE A FL AR [ A5 X SRl L R0 B AT BL 2R T ARG B R STk o AE R R A AR L
PR R e i, TH R BV HRER, HEF KA S T . A BRERET,
AL P9 B R 1 R A BE 88 7T 4y HEAT H B A KRS AL , K TR iR B 2% 5 s
DR, e % S0 68 20l 75 B 001 BE o SR T, B AT A FLERIGFLAR K/, FR 1) 1 SEBr g R H .

[0006]  HRA ARG & FLERER P RMEAE L B 52 A o] 735«

(00071 1.7 FREASEAR il 2 1) A FLBRER B R BB, B F 5 2, B s io Yo .
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(00081 2. H Fi il 4 J5 VA& R ML 2R A % o
(00091 3. HAT A& A S FLERAI AL AN, B FISZPR -

ZHARE

[0010] AR EREFAIMA B AN LIRA R , i IKIRPE—FpFL 2 KN AT/ FLERER A HHE)
il & 7%, al fil & LA K, HRERTR T L KB A FLER . 1 56, BT ATRP (JF 7388 B H
BRE)FIEREPS-b-PEOCR AR Z G BERA A L) BIR &, R FI H £ E & (DA)
iR R AR FE SRR, SSHL TR AR TN 0 A FLER IR fil 2 AF N —
it Ee g ReM B, B B R A L.

oo11] AR FEEZ:FHEFEBEAREREG SR — RV EA A MEKEKE R
PS-b-PEO, 3¢ H| Ik BC R & B H 38 R B, X L 5 & A 3% i B A AR R 42 I PS-b-PEO
HEETR o FE A L 2 A 5 R 22 B2 S AT kAR B B R R L, BRI AR A — B PR, 3R 13 HH PS—b-
PEO/R Z BB & 5K, 5 &SRk A3 BA AR LR BB & FLik.

[0012]  AKEAMEE—J7 1, 324t T — ML /N TR A FLaR kA Rl i ) & 7 1, B3
W RR:

[0013] BRI, BRI 2 b 5 H R A0 R 2

[0014]  ERIAE L b F MRV MR AE W 5 , SR 25 TRIR 250k B RN E L e s BE R K
A AR E —EG R E LR R BN E R AR .

[0015] B2, IMARAA &M, TTiE, THRAIK

[0016]  FEFE WP IMARKLEY), FiH TR NS, e 25 Kb 2 B AR 1180 % -
90% , MDA Z BT R SR —ViiE s B—UTIE e B2 TR FIE K P AR5 F Z &R Fi AR EL,
WA 2 IAF BIRT A HLZ , FAMgS0. T, T f5 H 28 e 2 g 2 — R H e, 45 B 5L R 51K
FCAEPEO-Br .

(0017]  JGE&R3, in A\ CuBr FlIHk — itk ig

[oo18]  Je4% gl & FAMMAF|Schlenk i , FE 44 CuBr FIEK —MERE MA FISchlenkifi , B4
BEHIAEREY. £ REWEEESEAS TRE4.

[(0019]  BBR4, K ZIGRRE

[0020] IR ZImSELE P AR JE iR LI REA, B SR RER ERCE A,
IR LIGEE R .

[0021]  JBIRS, M D BAF R 2G4 B Y mA B0 B3R A

[0022] ¥ EZIEAFYIIMARISchlenkiiT 58 - BAMESHAE EEW, F K
BV ER TR0 80, 28 G EER I T AR 100-120°CH AW HE R N5-12h,
BEE=IREY.

[0023] JBER6, i+t , il 4, IliE , 5T 1%

[0024] FE=IREWIMANERMEERTHRIEINESY, BNREEDEP A e
B G B R R PR B 5 Ui e, SR U A P R AR EEA0CEZ R T T
R, B IHREBCE A& . B IE S KE NPS-b-PEOIKB R &M, Hh W S H V&
PEO-Br, fd it & A B Al ¥ 25 [ iRPEO-Br, 1534 /% HIPS-b-PEOMK LR &4 .

[0025]  LERT, I HI SR A 2 B %, AL BRE , 15 724
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[0026] iREXREWIEMTEI SR PR35 B0 K R L B AR L 2/0 Rk
LEEEW B CEER UM SIS b P A R R s B L R 2 L i IR AR TE B 2%
T IMAFI S W, FiR T I 48hbUE 2 BRI R & Wk =M E ik, B e m iR
1Bt6e , 75 B LK . /i FLERER T 38 PDA/PS—b-PEO.

[0027] 25 B-L Jric iy Sk ] A R B 0 IR AK S

[0028]  fftkih, P YR1r, IR £ b B R 56 A& B 29100 ~500.

[0029]  fikHh, LIRIH, FEOCHEMT . RIA L In PP BEB AL K.

[0030] fRuEHL, IR IRRUE 2R T BHIR BRI, 2R T R 5 R
e B R R & 810 (0.1~1.0).

[0031]  fR kM, 2D B3, CuBr st FIVKEEER IR 4L .

[0032]  fRikih, B TR39 , CuBr AL —MEBER B A1:(2.0~5.0).

[0033]  fRikdh, B HR3F  EHESHEF/ES . ES.

[0034] ik, 7EA0 BREH , BORR R Z 4% (1) F & ORS A 75 A FLBRER IR FLAZ

[0035]  fRifth, BIRTH , iR R 1R R EE PP R AR AR TA350CHR K30,
RIGE 5P THELC , B]7£900°C J5 fRifR3h.

[0036] AR BAM) 5 — 5 , ) FRAE T —FhALAR KN AT #2000 A FLERAF R DL

[0037] A A B A FLERM RL B IR B FI7E = B B R i A 2 A R FE A R WA A RS
it , A FLBRERAE A 2 e 2 B O A ), ALK R AL S MR 2 L R 1R %
HIR A T AP A 2 T A ch AT VP04 . = i iR 245 F Imo 1 /LA He SO e 82 R k47 1 L I
FETCEE W . TR GBI TR A & 2 580 % 1k ACRIE MM ), B 810 % i = B AN
JR B 010 % SR VY 58 & 4 Kl A 77U il 45 o B g TV d B A, Ag/AgCLEE B FIME S B i Z L
AR [ £ e 3 2 v s, e (2 T R 0~ IV ORI T-Ag/AgCTHLAR ) o

[0038] A HHMIA A RRAE

[0039] 1. ¥EMIH, Wi Tl &, & ik,

[0040] 2 Fr i ik EUE T 1 , 2 — FhIR ORI il & 5 i 5

[0041] 3.l & 7l il & LR K, HAERE B E T FLIE R/ A FLER

[0042] 4 .N#B 24 A FLBRER AT AE A — P R RE i RE M Rt B IR B R TE B A48 L

3 1352 BH

[0043] &1 K944 it 1 1 %% FIPS-b-PEOME HUE S L 5

[0044] &2 4944 S it 51 2 1 5 ) K5 452 JG PDA/PS-b-PEOZ §f L B ¥l ;
[0045] 513 9442 5 it {51 2 il #& 1 5 458 ) PDA/PS—b-PEOF # L B [
[0046] P4 K44 S it ] 3 1 2 AINIS 2 A FLIRER A 0 TR Aot B o 28
(00471 5 R4 S i 5] 3 1 4 (IN4B 2 A FLERER K £ 4% 23 A5 h 4%
[0048]  [El6 A H& St 2] % INB 4% A FLBRER K B s R XS R ARG
(00491 BT RFEsEiEfl4 ] & RING A FLIRER AT s A B 1

[0050] P8 K44 st 15 1 25 AINS Z /v FL IR BR A4 70 T FE 28

[0051] PO A4 S it 515 1 & FINB 2 A FLER BRI 1 PR R 5 1 1 28
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BiFEXHAR

(00521 "yl of A% B ) Gt A7) 1 4 35 B , LA S A9 72 DA A B 4 R 77 SR N RTHR B itk
17520, 4 B T A St 7 A R R B R (AR R BRI AR T AR
Jita 5.

[0053] st fl1

[0054]  #E—/N500mLAYT =188 Hi,25. 0giIPEO1 14-OH(1 142 R A A L R B R &
) VS AR AE 100mL ) FR 2K b AR L 0 2K 1RBR 25K VR4 A1 E10°C . 2. 4Tl 2-R 7 T BRI IE
HEREZEF A, EiR TR PR A5 2 5 SBT3 B0 JE R B T
T AEH SR RERWEGIE, RS FBEEN, B R 50 K a5 k7.
0.067g CuBr#l0.22gHE —nttnE A F|SchlenkfiH , Schlenk MiHHEL 5, ¥MES, W IEHF L
KB EER R E R 8L L IF R B R 7 51 K ISchlenk i, 3 BRI B &
FEZIR THE104 4 AR E M T I E120°C R Si8h. I KB THEE 7, i 4, oAt
&2 YU, BT R 5 I BEOE , B = A0 C H 2 TR K - ik BOR A WA R 1E
2mLPU BRI, 4R ) 6mL T L BEAN 2B FOKIB AW (AL L : 2) 8 I A B LR E it
PR T IR R A N TR AT LLE Y, BRI R 70 81035 59, RS 38—, iR 2920nm,

[0055] i jifif3il2

[0056]  #E—/N500mLAY = 13T 31, 25. 0g A PEO1 1 4—OH A% 7E 100mL A B 2 o AR & 35 i
IR 2K R JF0°C.2.4Tnl 2R T BERIE L H 8 E RN, Zii H 4R
POE R o L BEITNE , A4, — & H 2K RS T2 77.0.067g CuBrfl0. 22gHk —nit
E A ZSchlenklfiH , 28 5Bk M 8mLA LM #5782 K 407 51 K FFSchlenk il , 15 2 1178
IR ERTIR & W = iR T IR 10 A5 IR s T in#431120°C )k B¥i8h o fi Ab B 45 B 1 % BL 3R
B2l NS, R 5, 6oL Z B B E KRR (R 2) Z B mA R L
RBEBRP RE,0. 124gH R 2 E R E P B HE T IMARE RS - 1h/5,0. 3mLHINH,0H
(28wt % )FEAFNRAYh , ZiR T HiHE48hDME £ BRI R & MUE W, B 03, SR E H
CEMEB KL, 5 WEER P EA0°C T M K . =4 IPDA/PS165-b-PEO1 1 4Bk
(165 F A LIGH R A ) 8 N pN R H7350°C F HE3h, & 582 B - 1°C £11£900
C, HiRif3h,

(00571  MEI2AIE3F AT LLE H , #AAbFELL )G , B 52 R BR 0 2 A FLEKTE 4544 o B B SR A AR
FiBR I » A FLERGAK L T B H BLER T 4L - PS—b-PEOLE Rk Ak it F2 o fF Fy AL 7 T 1A LKk
.

[o0s8]  ME6HATLAE H, M FLBkER P B R R iR MR AN AR ESE, FHE
TRRAEME.

(00591  Sjiifsl3

(00601  5jifh 4 752 75 S (7 21 2k b, S 2K 2 4 (0 F &, 7 79 /9 3mL . 8mL, 15mL . 20mL |
22.5mL, HE X B,

(00611 ME4A] LAE H , it 2635 B, SR R A FLA R

[0062] M P A] A H, FL4E M 20-40nm¥I A 43 A , Bl & PSEEK AT 19, FLAE 186
[0063]  siiEfal4

32



CN 105523540 A iﬁ- FA :F; 5/6 W

(00641  DLsEjita 53 7 75 1 s AR A Rk, 7E = FE A R 40 il Lmo 1 / LA HaSOAfSFE AR . T VEFR AR
EREDES0% K AREEA R, FRE2 0% R BARES 0% RINREHE
FIRITE & 4% FAAE F b, Ag/AgCLEE AR FRVE S L B AR .

[0065] M 7eh AT LA tH  MONS-62[1 4 BE e iF NB R LBK R A R A R DUEH A
1 h.

[0066]  SZjifa 55

[0067] i P 725 AT 4 30 70 B A [5) SE M 91 2., BT AN [|) B0 2 2 2 975 B4 i 2 250 3L, 753 3]
PDA/PS62-b-PEO1 1455%ER . 7F = HLH% 2245 b Fl 1mo1 /LA Ho SO fh A A i o TR F MR R &2 35
80% HI ¥y ARG AT EL, 2 283010 % [k BAURE 2 810% R M LI E AR S
H1wk RIE e A, Ag/AgCLER KR FITE S L L K

[0068] M T LA H , 7 H i 7 ek K 2 30 = A th 45, LE A2 A B8 11 %
[0069]  MPJ9TT L i, MG A T 2 b, 10A/ g BT L5 T 100007K 78 G H A7)
RefaE . BRI R e Tk

[0070] DA b v¥4RHEIAR 1 A% A B B EE B AR STt A B 24 ER AR, AU S E B AR N R TE
5 i3 1 55 B T DA AR 9 A< 5 B B ) Bt v B ORI AR b (R o, LA H AR Sss R B
N AR B B M B AE I B AR Btk _E 3@ 1o 3B 4 4 iy R ol A R A s 36 mT DAAR B
BT F 5 RLTE d AR E R A5 i e (0 AR Ta A .
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