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The synthesis of a carbazole-derived, well-defined ladder polymer was achieved under thermodynamic

control by employing reversible ring-closing olefin metathesis. This unique approach featured mild

conditions and excellent efficiency, affording the ladder polymer backbone with minimum levels of

unreacted defects. Rigorous NMR analysis on a 13C isotope-enriched product revealed that the main-

chain contained less than 1% of unreacted precursory vinyl groups. The rigid conformation of the ladder-

type backbone was confirmed by photophysical analysis, while the extended rod-like structure was

visualized under scanning tunneling microscope. Excellent solubility of this polymer in common organic

solvents allowed for feasible processing of thin films using solution-casting techniques. Atomic force

microscopy and grazing incident X-ray scattering revealed a uniform and amorphous morphology of

these films, in sharp contrast to the polycrystalline thin films of its small molecular counterpart.
Introduction

Fully conjugated ladder polymers with coplanar, sp2 atom-rich
backbones represent a captivating class of macromolecules, on
account of their well-dened rigid structures, intriguing syntheses,
and promising potential in materials applications.1–5 By deni-
tion,6 ladder polymers have a distinctive architecture, whereby the
chain consists of an uninterrupted sequence of rings, fused
together in such a way that adjacent rings share two ormore atoms
in common, resulting in a constrained chain conformation.7–9

Possessing a backbone of fused aromatic rings, a fully conjugated
ladder polymer is intrinsically free of possible torsional disorders
that result froms-bond rotations in between themonomeric units.
Without the interruption from these conformational disorders, as
a result, the coherent p-conjugation length of a coplanar ladder
backbone is much more extended.10 Such a well-dened confor-
mation would afford a faster intra-chain charge/phonon trans-
port,11,12 and a longer exciton diffusion length compared to
conjugated polymers with free rotating torsional motions.13 This
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argument is further corroborated by the unparalleled electronic
and thermal conductivity of graphene nanoribbons,14,15 which can
be viewed as insoluble ladder polymers composed of only sp2

carbon atoms. Combining the advantages of conventional poly-
meric materials such as solution processability and structural
versatility, ladder polymers emerge as promising candidates for
next-generation synthetic organic materials with breakthrough
performances.

The synthesis of a well-dened ladder polymer, however, is
a challenging task because of (i) the potential structural defects
originated frommoderately efficient ring-closing reactions, and
(ii) the oen poor solubility of structurally rigid intermediates
or products. In an effort to overcome these obstacles, a highly
efficient synthetic method and a rationally designed structural
characteristic that enables solubility need to be achieved and
integrated simultaneously. On one hand, kinetically controlled
annulation reactions such as Scholl oxidation and electrophilic
cyclization have been widely used16–24 in the preparation of
conjugated ladder polymers from pre-organized polymer
precursors, affording a number of materials with fascinating
optical and electronic properties. On the other hand, thermo-
dynamically controlled annulation reactions, in principle, can
offer unique advantages in the synthesis of well-dened ladder
polymers: this enables the opportunities of “error-checking”
and “proof-reading”25 while pushing the reversible equilibrium
to the most stable position. As a result, during the post-poly-
merization ring-closing step, one could prevent the potential
formation of unreacted defects and inter-chain cross-linking,
which could be detrimental to the desired materials properties.
Despite the early examples and a few subsequent advances
involving imine condensation,18,26,27 this promising strategy has
Chem. Sci., 2016, 7, 881–889 | 881
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Fig. 1 (a) A general retrosynthetic analysis for the designed ladder
polymer; (b) structural formula of the carbazole-derived monomer 1.
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not been extensively explored up to date. Herein, we report the
synthesis of a fully conjugated ladder polymer with an extremely
low level of unreacted defects, by taking advantage of thermo-
dynamically controlled ring-closing olen metathesis (RCM)
reaction. The carefully designed structure gave good solubility
of the ladder polymer in common organic solvents, which
allowed for excellent solution processability, and extensive
solution- and solid-state characterization.
Results and discussion

We envisioned that the RCM reaction held28–33 the promise for the
synthesis of conjugated ladder polymers, because (i) it can
produce C]C double bonds by releasing about 28 kcal mol�1 of
enthalpy in forming a stable aromatic benzene ring,31,33 and (ii) its
Scheme 1 (a) Synthesis of small molecular model compound 3; (b) synt
aliquat 336, BHT, PhMe, H2O, 100 �C, 24 h. (ii) Grubbs' 2nd generation ca
H2O, 100 �C, 24 h; then 2-bromostyrene and 2-vinylphenylboronic acid

882 | Chem. Sci., 2016, 7, 881–889
mild condition enables a wide substrate scope and excellent
functional group tolerance.34Given a properly designed precursor,
RCM reactions should lead to an uncross-linked, stable, and
conjugated ladder polymer with minimum unreacted defects.

Guided by these principles, a synthetic route (Fig. 1a) was
designed and executed. This synthesis involved two essential
steps: rst, step-growth polymerization of two divinyl-func-
tionalized monomers affords a conjugated polymer with pre-
organized pendant vinyl groups. In the second step, the RCM
reaction forms the bridging aromatic rings and hence leads to
a coplanar ladder polymer. A carbazole unit was employed as
the primary building block in this design (Fig. 1b), motivated
by the following facts: rstly, it is inexpensive and feasible to
prepare functionalized carbazole derivatives with excellent
regioselectivity.35,36 For example, in the designed carbazole
precursor 1, two boronic ester functions were installed on the
2,7-positions for the step-growth polymerization step while the
3,6-positions were functionalized with vinyl groups for RCM
annulation. Secondly, the presence of an easy-to-alkylate
nitrogen position on the carbazole unit allows for the instal-
lation of an a-branched alkyl group (1-octylnonyl in this case)
to enhance the solubility of the rigid ladder polymer product.
Such a side-chain would extend in a perpendicular direction
with respect to the p-system, so that solubility could be dras-
tically enhanced by breaking the potentially too strong inter-
molecular p–p stacking interactions.37,38 Finally, carbazole-
containing organic materials have demonstrated high perfor-
mance in applications associated with photovoltaics39,40 and
light emitting diodes.41,42 Thus, successful synthesis of ladder
polymers derived from carbazole can be readily translated into
applications in these elds.

Precursor 1 was synthesized from 2,7-dibromocarbazole in
60% overall yield on a �3 grams scale (see ESI†). Before
exploring the synthesis of the target polymer, a small molecular
model compound 3 was synthesized to validate the strategy and
to assist future characterization (Scheme 1a). 2-Bromostyrene
and compound 1 were cross-coupled by Suzuki reaction to give
a tetra-vinyl derivative 2. Butylated hydroxytoluene (BHT) was
used in this reaction as a radical scavenger to inhibit free-
radical polymerization of the styrene derivatives. During the
hesis of ladder polymer P2. Reaction conditions: (i) Pd(PPh3)4, K2CO3,
talyst, PhMe, reflux, 6 h. (iii) Pd(PPh3)4, K2CO3, aliquat 336, BHT, PhMe,
.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Solid-state structure of compound 3 obtained from single-
crystal X-ray diffraction; (b) UV-vis absorption spectra of compound 2
(black) and 3 (red) in CHCl3, with the TDDFT calculated electronic
transitions of 3 shown as blue bar; (c) fluorescent emission spectra of 2
(black) and 3 (red) with absolute intensity scale. Inset is the same
spectra with normalized intensity.
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subsequent RCM step, it was critical to achieve quantitative
conversion of the vinyl groups. This was particularly important
for the later synthesis of polymer P2 (Scheme 1b). A subset of
conditions for the RCM reaction was tested on 2 (Table S1,
ESI†). In the most efficient method identied, the catalyst was
added with a syringe pump over 4 h at reux temperature to give
product 3 in 96% isolated yield. According to a liquid chro-
matogram (see ESI†), the conversion of the RCM reaction was
close to quantitative. In this transformation, the reversible
nature of RCM prevented undesired side reactions such as
intermolecular cross olen metathesis of the vinyl groups, and
afforded the thermodynamically most stable product in nearly
quantitative conversion. The structure of 3 was characterized
unambiguously by 1H–1H NOESY NMR spectroscopy (Fig. S6,
ESI†) and single crystal X-ray diffraction (Fig. 2a). The crystal
structure clearly demonstrated that the annulated aromatic
rings extended in a coplanar geometry. The 1-octylnonyl side-
chain was perpendicular to the p-backbone in the solid state. As
a result, the potential strong intermolecular p–p stacking
interactions were suppressed, leading to good solubility in
common organic solvents, such as chloroform, tetrahydrofuran
and toluene. In the 1H NMR spectra of 2 and 3 (Fig. 3a), as ex-
pected, the vinyl peaks at 5.0–7.0 ppm in 2 disappeared in 3
aer the RCM reaction, while other peaks shied downeld.
Moreover, aer RCM, the IR spectrum of 3 revealed the disap-
pearance of the alkenyl C–H and C]C stretching peaks origi-
nally present in the spectrum of 2 (Fig. S4, ESI†).

The comparison of optical properties between 2 and 3 clearly
illustrated (Fig. 2b) the impact of aromatic ring-closure on the
electronic structures. UV-vis absorption spectrum of the annu-
lated compound 3 was red-shied compared to that of 2
because of the more extended conjugation and a covalently
enforced coplanar p-electron system. Moreover, both the
absorption and emission spectra of 3 showed distinctive
vibrational progressions that were indicative of a rigid conju-
gated system with insignicant conformational uctuation.43

Interestingly, the absorption spectrum of 3 showed a weak,
symmetrically forbidden HOMO–LUMO transition similar to
that of C60.44 Time-dependant density functional theory
(TDDFT) [B3LYP/6-311G(d,p)] was performed to obtain the
calculated electronic transitions of 3, which were in excellent
agreement with the experimental data (Fig. 2b). Furthermore,
the uorescent emission spectrum of 3 (Fig. 2c) was also red-
shied and enhanced in terms of intensity relative to that of 2.
This phenomenon corroborated again the extended p-conju-
gation of 3. Overall, the successful synthesis and unambiguous
characterization of the small molecular model compound
provided a rm basis for the preparation and investigation of
ladder polymer P2 using a similar strategy.

The synthetic route to the target ladder-type polymer P2 is
outlined in Scheme 1b. The step-growth Suzuki polymerization
between 1 and 1,4-dibromo-2,5-divinylbenzene afforded a conju-
gated polymer with pendant vinyl groups, which was then end-
capped by subsequent addition of 2-bromostyrene and 2-vinyl-
phenylboronic acid to give P1. The end-capping groups not only
quenched the active bromide and boronic ester functions, but also
provided complementary vinyl groups for the polymer chain ends
This journal is © The Royal Society of Chemistry 2016
to undergo RCM reaction in the next step. BHT was again added as
a radical scavenger in this step to prevent vinyl cross-linking
between the polymer chains. The reaction was carried out on a 1 g
scale to afford P1 in 98% yield. The crude polymer was collected by
precipitation from methanol, followed by washing with acetone.
Further purication was accomplished using preparative size
exclusion chromatography (SEC) with CHCl3 as the eluent to
remove the low molecular weight oligomers, affording a narrowly
distributed batch of P1 in 75% isolated yield. SEC analysis of the
puried P1 revealed a molecular weight (Mn ¼ 20 kg mol�1, PDI¼
1.88) that was comparable to that of polymers used as high
performance organic solar cell donor materials45–49 (Fig. S2, ESI†).
Chem. Sci., 2016, 7, 881–889 | 883
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Fig. 3 (a) Partial 1H NMR spectra of 2 and 3. Dotted lines represent the change of chemical shift of each resonance peak after RCM reaction.
Proton resonance peaks for c, c0, f and g in the box all disappeared after converting 2 into 3; (b) partial 1H NMR spectra of P1 and P2 showing the
similar change of chemical shift. Proton resonance peaks for the terminal vinyl groups c, c0, f, and g in the box all disappeared after the RCM
reaction; (c) 13C NMR spectra of P1* (S/N ¼ 94 after 413 scans) and P2* (S/N ¼ 367 after 17 816 scans). The carbons labeled with “*” are 99% 13C
isotope enriched. 13C resonance peaks for the terminal vinyl carbon b in the box disappeared after the RCM reaction.
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In the subsequent RCM step, the optimized conditions
screened from the synthesis of 3 were employed to convert P1
into the ladder-type product P2 in 91% yield. The resulting
product P2 was puried by precipitation and Soxhlet extraction.
The molecular weight of P2 (Mn ¼ 15 kg mol�1, PDI ¼ 2.00) was
slightly smaller than its precursor P1 because the higher
molecular weight fraction was partially removed during these
purication steps due to its lower solubility at high concentra-
tion (Fig. S3, ESI†). Despite the lower solubility of P2 compared
884 | Chem. Sci., 2016, 7, 881–889
to P1, it was still feasible to prepare a solution of puried P2 in
CHCl3 at a concentration of 5 mg mL�1. This good solubility
allowed for extensive NMR investigation, SEC analysis, and
solution processing into thin lms.

The comparison of 1H NMR spectra of P1 and P2 resembled
that of model compounds 2 and 3: the resonance peaks asso-
ciated with the terminal protons on the vinyl groups dis-
appeared aer RCM (Fig. 3b). In addition, IR spectra of P2 also
showed the disappearance of the alkenyl C–H and C]C
This journal is © The Royal Society of Chemistry 2016
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stretching aer RCM, similar to 3 (Fig. S5, ESI†). Despite these
promising results, however, the possibility of unreacted vinyl
groups in P2 could not be ruled out by these characterization
methods. 1H NMR resonance signals were too broad to be
useful for a rigorous quantication of defects, especially if the
amount of unreacted vinyl groups was less than 5%. Such
a structural defect, however, could be critical to the electronic,
optical, and mechanical properties of conjugated ladder poly-
mers.50–52 In this context, a 13C isotope labeling method53 was
employed to track the terminal vinyl carbons using much
sharper 13C NMR resonance peaks. Therefore, a much sensitive
analysis of the unreacted defects of P2 could be performed. The
same synthetic procedures afforded 13C labeled P1*, in which
a methyl carbon a and the terminal alkenyl carbon b are 99%
13C isotope enriched (Fig. 3c). The 13C NMR spectrum of P1*
showed the two expected intense sharp peaks for these 13C
isotope enriched carbons at 116.0 ppm and 24.1 ppm with good
signal/noise ratio (S/N ¼ 94 aer 413 scans). P1* was then
subjected to the optimized RCM conditions to afford P2*. The
resonance signal associated with the terminal vinyl carbon at
116.0 ppm disappeared completely while the peak at 21.0 ppm
retained an excellent signal/noise ratio (S/N ¼ 367 aer 17 816
scans). This result corroborated that the unreacted vinyl defect
in P2* was less than 1%. Considering that the degree of poly-
merization of P2 and P2* was around 23–27, the average
possible defect site in a single polymer chain was in fact much
less than one. Based on these numbers, we can conclude that
most of the polymer chains should be free of defect but there
Fig. 4 (a) UV-vis absorption spectra of P1 (black) and P2 (red) in CHCl3 a
(red) in CHCl3 with absolute intensity scale. Inset is the same spectra w
change of (c) P1 and (d) P2 between in solution and in the solid state.

This journal is © The Royal Society of Chemistry 2016
might still be a small fraction of the polymer chains possessing
one or more unreacted defects.

UV-vis absorption and uorescent emission spectra of P1
and P2 were recorded in CHCl3 solution (Fig. 4a and b). Similar
to that of 3, both absorption and emission spectra of P2 were
red-shied compared to that of P1, as a result of the much more
delocalized and larger conjugated p-system. In addition,
HOMO–LUMO transition of P2 was weak and optically
forbidden, similar to that of 3. Meanwhile, the almost zero
wavelength difference (Fig. S30, ESI†) between HOMO–LUMO
transition of absorption and LUMO–HOMO transition of
emission, and distinctive vibrational progression were in
accordance with the highly rigid nature of the P2 backbone,
which prevented any signicant conformational change
between the excited and the ground states.43 Unlike the
unstructured and low emission of P1 (quantum yield < 1%), the
emission spectrum of P2 was composed of well-structured
vibrational progressions with much higher quantum yield
(15%). Furthermore, it was observed that solid-state UV-vis
absorption of P1 was red-shied compared to that in the solu-
tion phase. Such a red-shi can be attributed to solid-state
packing-induced coplanarization of the P1 backbone, similar to
that of the well studied regioregular poly(3-alkylthiophene).54,55

In contrast, the solution-phase and solid-state absorption
spectra of P2 were almost identical because P2 in solution was
already coplanar and rigid, hence solid-state packing could not
change the spectra by alternating its conformation (Fig. 4c and
d). These photophysical observations suggest that ladder
nd as thin films; (b) fluorescence emission spectra of P1 (black) and P2
ith normalized intensity. Graphical illustration of the conformational

Chem. Sci., 2016, 7, 881–889 | 885
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Fig. 5 Film morphology comparison of 3 and P2. The thin films were
deposited on UV-ozone cleaned silicon wafers by spin-casting solu-
tions (2 mg mL�1 in toluene) at a rate of 2000 rpm. (a) Optical
microscope image of 3 with observed microcrystals (1–3 mm) and (b)
that of P2 with no optical feature; (c) AFM images of microcrystals of 3
(RMS ¼ 5.39 nm) and (d) amorphous morphology of P2 (RMS ¼ 0.45
nm); (e) GIWAXS patterns of 3 and (f) P2. Both samples were measured
at an incident angle of 0.2� and 30 second exposure time, and both
images have the same color scale.
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polymer P2 possesses a highly rigid backbone and well-
extended p-conjugation.

It is expected that sp2 atom rich, aromatic ladder-type
polymers have a backbone that is stable at high temperatures,
resembling fused ring carbon materials like carbon nanotubes
and graphene nanoribbons.56,57 Thermogravimetric analysis
(TGA, Fig. S32 and S33, ESI†) of P1 showed a clear weight loss
in the range of 380–480 �C, corresponding to the thermal
cleavage of the sp3 1-octylnonyl side-chains. Upon further
increasing the temperature the non-ladder type backbone of
P1 saw a continuous weight loss, affording only a 34%
carbonization yield at 900 �C. In comparison, polymer P2 also
experienced a weight loss due to the alkyl chain cleavage at
around 348–480 �C. The remaining backbone, however, was
stable up to 900 �C, giving a carbonization yield of 52%. The
result is in good agreement with the weight percentage of the
aromatic backbone (57%). The high thermal stability of the P2
backbone was a result of its ladder-type nature and promised
potential in applications as pre-functionalized precursor for
sp2 carbon materials.58,59 Differential scanning calorimetric
(DSC, Fig. S34 and S35, ESI†) analysis of P1 showed an irre-
versible exothermic transition at 129 �C. This transition was
attributed to a thermally triggered cross-linking reaction
between the vinyl groups, which indeed converted P1 into an
insoluble material aer just one heating cycle. In comparison,
P2 possesses a thermally stable backbone, showing no thermal
transition before its side-chain cleavage temperature in the
DSC measurement.

Solution processing of P2 into thin lms would be a key
step for future exploration of its applications. Compared to its
small molecular counterpart 3, polymeric P2 was expected to
possess better processability for uniform thin lms. Thin lm
morphologies of 3 and P2 on SiO2 substrates were investigated
aer spin-casting or solution-shearing casting from solutions
in toluene (Fig. 5). For small molecule 3, both methods
afforded polycrystalline thin lms, which were composed of
randomly distributed microcrystals with sizes in the range of
1–3 mm. Atomic force microscopy (AFM) revealed a very rough
surface for this polycrystalline lm with root mean square
(RMS) roughness of 5.39 nm. In contrast, P2 can be processed
into uniform thin lms by either method. No observable
feature can be identied under optical microscope. AFM
images demonstrated an amorphous morphology with much
lower roughness (RMS ¼ 0.45 nm). Grazing incidence wide-
angle X-ray scattering (GIWAXS) revealed highly crystalline
scattering peaks for the thin lm of 3 and no observable
diffraction features for P2 (Fig. 5e and f). These results suggest
that the polymer chains were packed in an amorphous manner
on SiO2 substrates despite its rigid backbone. The excellent
lm formation ability of P2 enables future investigation of its
material properties.

In order to further characterize the solid-state dimension,
conformation, and self-assembly of P2, scanning tunneling
microscopic (STM) images were recorded on highly ordered
pyrolytic graphite (HOPG) (Fig. 6). A solution of P2 (0.3 mg
mL�1) in chloroform was drop-casted onto heated HOPG
substrate and analyzed by STM. The images exhibited uniform
886 | Chem. Sci., 2016, 7, 881–889
and fully extended rod-like morphology, indicating self-
assembly of the rigid polymer chain of P2 on the HOPG
substrate.20,60 The highly ordered self-assembly was likely
a result of the strong p–p interaction between the HOPG
substrate and the aromatic ladder-type backbone.61,62 These
rods under STM showed alternating sections of high and low
signal with a periodic length at around 1.27 nm. According to
the single crystal structure of 3 and DFT calculations on model
oligomers resembling P2, the feature length of each repeating
unit on P2 was close to 1.26 nm, matching well with the
experimental results. The periodic distance between the rods
under STM was around 0.7 nm, while the width of calculated
polymer backbone without alkyl chain is close to 0.68 nm.
Taking consideration of the additional contribution to the
width from the side-chains, it is likely that the neighbouring P2
rods were partially stacked, in a manner similar to the literature
reported graphene nanoribbons.60 In sharp contrast, STM
analysis of P1 showed no ordered features, probably a result of
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) STM image of P2 on highly-ordered pyrolytic graphite; (b)
section profile along the arrow line drawn in (a). The STM image was
obtained with a tunneling current set point of 0.9 nA and sample bias
of 50 mV. The distance between consecutive convex spots along the
X-axis is 1.27 nm, and average distance between peaks along the Y-axis
is 0.70 nm. (c) Theoretical dimensions of a oligomeric model P2
backbone from DFT calculation (B3LYP/6-311G).
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low surface interaction between the non-ladder backbone and
the HOPG substrate (Fig. S38 and S39, ESI†).
Conclusion

In conclusion, a highly efficient synthetic approach to a conju-
gated ladder-type polymer has been established on the basis of
thermodynamically controlled ring-closing olen metathesis
reaction. The resulting polymer possesses a highly rigid back-
bone with less than one defect per chain on average, meanwhile
maintaining good solubility and solution processability. The
feasible and versatile nature of this method enables an efficient
and impactful way to the synthesis of novel polymer materials
with desirable features that will potentially be useful for thin
lm devices.

Experimental section
Synthesis of P1

To a 100 mL Schlenk ask was added 1 (1.03 g, 1.40 mmol), 1,4-
dibromo-2,5-divinylbenzene (0.40 g, 1.40 mmol), Pd(PPh3)4
(0.16 g, 10 mol%), K2CO3 (1.16 g, 8.40 mmol), aliquat
336 (0.65 mL, 0.35 mmol), and several crystals of BHT under N2.
Degassed toluene (40 mL) and water (8 mL) were added and
further degassed 3 times by freeze–pump–thaw. The reaction
mixture was stirred at 100 �C for 24 h in dark, before it was
cooled down to room temperature. 2-Bromostyrene (0.77 mL,
5.60 mmol) was added into the ask, and the mixture was
stirred at 100 �C for 24 h. Aer 24 h, 2-vinylphenylboronic acid
(1.73 g, 11.2 mmol) was added into the ask, and the mixture
was stirred at 100 �C for another 24 h. The resulting product was
precipitated from methanol, ltered, and washed with acetone.
The solid was dried under vacuum to afford P1 (0.84 g, 98%,
This journal is © The Royal Society of Chemistry 2016
Mn ¼ 10 kg mol�1, PDI ¼ 2.78 by SEC). P1 was further puried
by preparative recycling SEC to remove oligomers to afford
a puried batch with higher Mn and lower PDI (0.64 g, 75%, Mn

¼ 20 kg mol�1, PDI ¼ 1.88 by SEC).
Synthesis of P2

To a 100 mL Schlenk ask was added P1 (120 mg, 0.20 mmol)
and Grubbs' 2nd generation catalyst (8 mg, 5 mol%) under N2.
Subsequently, degassed toluene (12 mL) was added, and the
reactionmixture was stirred at reux temperature. Immediately,
another portion of Grubbs' 2nd generation catalyst (26 mg,
15 mol%) in degassed toluene (8 mL) was added for 4 h using
syringe pump. Aer that, the reaction mixture was stirred for an
additional 2 h at reux temperature before cooling down to
room temperature. The resulting product was then precipitated
frommethanol and ltered. The product was further washed via
Soxhlet extraction with acetone and hexane, before extracted
with chloroform. The chloroform solution was ltered and
condensed under reduced pressure. The desired product was
precipitated from methanol. The precipitate was ltered and
dried under vacuum to afford P2 (100 mg, 91%, Mn ¼ 15 kg
mol�1, PDI ¼ 2.00 by SEC).
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50 A. C. Grimsdale and K. Müllen, Macromol. Rapid Commun.,
2007, 28, 1676–1702.

51 S. Y. Cho, A. C. Grimsdale, D. J. Jones, S. E. Watkins and
A. B. Holmes, J. Am. Chem. Soc., 2007, 129, 11910–11911.

52 U. Scherf and E. J. W. List, Adv. Mater., 2002, 14, 477–487.
53 H. Roex, P. Adriaensens, D. Vanderzande and J. Gelan,

Macromolecules, 2003, 36, 5613–5622.
54 T.-A. Chen, X. Wu and R. D. Rieke, J. Am. Chem. Soc., 1995,

117, 233–244.
55 A. R. Aiyar, J.-I. Hong, R. Nambiar, D. M. Collard and

E. Reichmanis, Adv. Funct. Mater., 2011, 21, 2652–2659.
56 K. Kim, W. Regan, B. Geng, B. Alemán, B. M. Kessler,

F. Wang, M. F. Crommie and A. Zettl, Phys. Status Solidi
RRL, 2010, 4, 302–304.

57 T. Yamamoto, K. Watanabe and E. Hernández, in Carbon
Nanotubes, ed. A. Jorio, G. Dresselhaus and M.
Dresselhaus, Springer, Heidelberg, 2008, vol. 111, ch. 5,
pp. 165–195.

58 J. P. McGann, M. Zhong, E. K. Kim, S. Natesakhawat,
M. Jaroniec, J. F. Whitacre, K. Matyjaszewski and
T. Kowalewski, Macromol. Chem. Phys., 2012, 213, 1078–
1090.

59 P. Bajaj and A. K. Roopanwal, J. Macromol. Sci., Polym. Rev.,
1997, 37, 97–147.
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5sc02385h


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
15

. D
ow

nl
oa

de
d 

on
 3

/1
8/

20
26

 3
:3

2:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
60 A. Narita, X. Feng, Y. Hernandez, S. A. Jensen, M. Bonn,
H. Yang, I. A. Verzhbitskiy, C. Casiraghi, M. R. Hansen,
A. H. R. Koch, G. Fytas, O. Ivasenko, B. Li, K. S. Mali,
T. Balandina, S. Mahesh, S. de Feyter and K. Müllen, Nat.
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