ARTICLE
DOI: 10.1038/s41467-018-02852-6

OPEN

Fused electron deﬁcient semiconducting polymers
for air stable electron transport

1234567890():,;

Ada Onwubiko1, Wan Yue1,2, Cameron Jellett1, Mingfei Xiao3, Hung-Yang Chen1, Mahesh Kumar Ravva
David A. Haniﬁ5, Astrid-Caroline Knall1, Balaji Purushothaman4, Mark Nikolka3, Jean-Charles Flores6,
Alberto Salleo5, Jean-Luc Bredas4, Henning Sirringhaus3, Pascal Hayoz6 & Iain McCulloch1,4

4,

Conventional semiconducting polymer synthesis typically involves transition metal-mediated
coupling reactions that link aromatic units with single bonds along the backbone. Rotation
around these bonds contributes to conformational and energetic disorder and therefore
potentially limits charge delocalisation, whereas the use of transition metals presents difﬁculties for sustainability and application in biological environments. Here we show that a
simple aldol condensation reaction can prepare polymers where double bonds lock-in a rigid
backbone conformation, thus eliminating free rotation along the conjugated backbone. This
polymerisation route requires neither organometallic monomers nor transition metal catalysts and offers a reliable design strategy to facilitate delocalisation of frontier molecular
orbitals, elimination of energetic disorder arising from rotational torsion and allowing closer
interchain electronic coupling. These characteristics are desirable for high charge carrier
mobilities. Our polymers with a high electron afﬁnity display long wavelength NIR absorption
with air stable electron transport in solution processed organic thin ﬁlm transistors.
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W

ithin the ﬁeld of organic semiconductors, there is
considerable interest in highly performing polymers
for applications such as solar cells, organic light
emitting diodes and transistors1,2. Conjugated polymers have the
potential for solution processability, compatibility with ﬂexible
substrates, and can be fabricated in large areas at high throughput. To fully exploit this technology, there is still much effort
required to improve the parameters affecting device performance.
For transistor applications, polymer molecular conformation and
thin ﬁlm morphology have been shown to inﬂuence charge carrier mobility, and subsequently the device electrical properties3.
Understanding and controlling the molecular features that impart
a favourable backbone orientation and facilitate close intermolecular interactions are required to optimise morphology and
long-range order for efﬁcient charge transport. Additionally, it is
also important to exert control over the frontier energy levels in
order to minimise barriers to charge injection and reduce charge
trapping, particularly for electron transport where high electron
afﬁnity semiconducting polymers are required4–6. There are now
established molecular motifs that facilitate high charge carrier
mobilities in conjugated polymers, including side chain organisation, short contacts and low energetic disorder3,7. Central to
many of these design approaches is to introduce molecular
functionality that can induce dipole−dipole interactions, facilitating close intermolecular packing, short π−π distances, and
therefore potentially optimal morphology for transport8.
Diketopyrrolopyrrole and isoindigo are two such examples9–11.
Both comprise an electron-deﬁcient bis-lactam motif, which has
been demonstrated to facilitate strong intermolecular interactions
through the dipolar carbonyl groups, and subsequently high
ambipolar charge carrier mobilities in many of the copolymers
containing these units8,11–13. Electron transport is attributed to
the combination of a delocalised LUMO level along the polymer
backbone, and a sufﬁciently large electron afﬁnity to facilitate
electron injection. In addition, a high electron afﬁnity is also
required for ambient stability, as it prevents common redox
reactions involving water and oxygen which can occur under
device operation, and lead to degradation. The electron withdrawing bis-lactam functionality in these structures are responsible for increasing electron afﬁnity and is typically diluted by the
requirement for a more electron rich repeat unit to undergo a
transition metal-mediated cross coupling polymerisation. Therefore, a design strategy that only incorporates electron-deﬁcient
repeat units into the polymer backbone is desirable14.
Here we report an aldol polymerisation scheme that circumvents cross coupling and links repeat units with carbon−carbon
double bonds, in contrast to the single bond links in all conjugated polymer backbones prepared in the literature to date. This
aldol polymerisation enables access to a class of fully fused
polymers15–17. Motivation for this approach originates from
recent work showing that the energetic disorder in conjugated
polymers can strongly inﬂuence charge transport; we expect
therefore that elimination of rotational torsion between conjugated repeat units along the polymer backbone, through
removing single bond links, reduces conformational disorder
and eliminates this impediment to charge transport. In addition,
non-covalent interactions have been shown to enable backbone
planarisation in isoindigo polymers leading to high charge
transport18,19. Our approach aims to combine these
strategies3.
Five rigid polymers were synthesised using aldol polymerisation conditions. Within this series of polymers, we explored the
effect of aromatic size, backbone dihedral angle and alkyl chain
density on the charge carrier mobility as measured in transistor
devices. Air stable, electron mobilities of up to 0.03 cm2 V−1 s−1
were achieved.
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Results
Synthesis of rigid polymers. The aldol condensation is a useful
tool in synthetic organic chemistry for crafting carbon frameworks, particularly in natural product synthesis. Over the years,
there has been a steady increase in the introduction of sophisticated catalysts to tackle challenges of regioselectivity, chemoselectivity, diastereoselectivity and enantioselectivity. Here, we
capitalise on the traditional Lewis acid catalysed aldol condensation using p-toluene sulphonic acid. The enolisable carbonyl
and nucleophilic carbonyl are bis-oxindole and bis-isatin monomers respectively, as illustrated in Fig. 1. These monomers enable
bi-directional aldol condensation resulting in rigidiﬁcation of the
subsequent polymer backbone. Polymerisation is expected to
proceed without synthetic side reactions or mis-couplings, given
the high molecular weights (Mn = >200 kDa) obtainable. Despite
this, a model study of the condensation reaction was carried out,
conﬁrming the lack of side reactions, as shown in the Supplementary Methods. We also observed no quantiﬁable side products when isatin and oxindole are subjected to the
polymerisation conditions. This model reaction provides a simple
template to examine the ﬁdelity of the polymer synthesis via aldol
polymerisation. Furthermore, the potential for Michael additions
to the polymer backbone were simulated by heating isoindigo
with stochiometric oxindole in the polymerisation conditions and
in basic conditions with triethyl amine to replicate conditions
conducive to Michael additions. In the case of a Michael addition
in basic conditions, the oxindole enolate would attack the central
double bond in the isoindigo compound and the resulting carbanion would protonate from the triethyl amine conjugate acid.
This species would be identiﬁable in the proton NMR by the
upﬁeld shift in the aromatic protons relative to isoindigo due to
the loss in conjugation. However, no Michael addition products
were observed in either of these reactions. The potential for
Michael addition side products is reduced for these bis-isatin and
bis-oxindole systems in the acidic polymerisation conditions20–23.
Michael additions to isatins and oxindole systems generally
require basic conditions and stronger nucleophiles than are
available during polymerisation. Likewise, sulphonation of the
monomers or polymers is likely insigniﬁcant due to low electron
density24. The repeat unit structure also comprises a high density
of electron withdrawing lactam groups, advantageous for
increasing the electron afﬁnity. A series of very electron-deﬁcient
rigid fused polymers have been prepared in good yields and their
property−structure relationship examined.
Minor self-condensation of oxindole was observed between the
coupling of bisisatin and oxindole in air (Supplementary
Methods), resulting in the formation of a small molecule dimer
naphthalene-isoindigo, possibly via oxidation of the oxindole to
the isatin. It is therefore necessary to conduct the polymerisation
under an inert atmosphere to prevent the potential oxidiation of
the bisoxindole; this side reaction could cause the continuation of
polymerisation propagation, which would lead to stochiometric
imbalance of the monomers and limit molecular weight.
The conjugated π−electron systems of our polymer backbones
are locked into a fully rigid conformation, with no single bond
twisting, thus minimising conformational disorder. A variety of
aromatic cores can be incorporated into the polymer backbone
providing control of the frontier energy levels, and electronic
coupling. In addition, the synthetic approach via a metal-free
aldol condensation polymerisation circumvents conventional
polymerisation mechanisms such as Suzuki-Miyaura, Stille or
Kumada coupling in which the use of transition-metal catalysts is
required. Importantly, highly toxic reagents such as organostannannes and the resulting organotin by-products that require
careful removal from both a hazardous and electrical impurity
perspective are avoided. Our polymerisation route is more
| DOI: 10.1038/s41467-018-02852-6 | www.nature.com/naturecommunications
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Fig. 1 The generic scheme for the preparation of rigid polymers synthesised via aldol polymerisation. The polymers are made from bis-isatin and bisoxindole monomers. The aldol condensation polymers reported here are P1, P2, P3, P4 and P5. The polymer repeat units are described as PP for phenyl
homopolymer, NN for naphthalene homopolymer and TN for thieno[3,2-b]thiophene and naphthalene copolymer. R is a solubilising alkyl chain

environmentally benign, with water as the only by-product, and
there is no need for transition metals or their sequestering
puriﬁcation steps.
The synthesis of the phenyl and naphthalene core monomers is
shown in Fig. 2. The phenyl and naphthalene bis-isatin and bisoxindole monomers were synthesised as reported in the
literature25–27. Preparation of the phenyl bis-isatin and bisoxindole (Supplementary Methods) begins with oxidation of
cyclohexanedione in ethanol, with amination and aromatisation
in the same reaction, followed by acylation with acetoxyacetyl
chloride and ester hydrolysis to expose two hydroxyl groups. A
Swern oxidation of the intermediate dialcohol (4) generates a
diglyoxamide prior to a Pummerer-type cyclisation28. Oxidation
of the resulting tricyclic intermediate (5) produces the phenyl bisisatin (7), while a reduction furnishes the complementary bisoxindole (6). The naphthalene bis-isatin is prepared by a Martinet
isatin synthesis on 1,5-diaminonaphthalene followed by alkylation with the desired alkyl iodide. Similarly to the naphthalene
bis-isatin, synthesis of naphthalene bis-oxindole also starts with
1,5-naphthalenediamine. First, 1,5-naphthalenediamine undergoes acylation with the desired alkanoyl chloride to give
naphthalenediamide (12). The diamide is reduced and the
resultant diamine reacted with chloroacetyl chloride to give an
intermediate (14) suitable for a Heck-type cyclisation to afford
the naphthalene bis-oxindole units.
Figure 3 shows the synthesis of the thieno[3,2-b]thiophene bisisatin monomer. 3,6-dibromothieno[3,2-b]thiophene is lithiated
and the dicarboxylate (18) is formed with the addition of solid
carbon dioxide. The acyl azide is synthesised and a Curtius
rearrangement is carried out in a one-pot reaction in tert-butanol
to furnish 3,6-bis(N-Boc)thieno[3,2-b]thiophene (19) in good
yield. The resulting amino groups in the 3- and 6-position carry
NATURE COMMUNICATIONS | (2018)9:416

Boc (tert-butoxycarbonyl) groups allowing alkylation and subsequent deprotection to give the desired 3,6-di(alkylamino)thieno
[3,2-b]thiophene (21). Synthesis of the thieno[3,2-b]thiophene
bis-isatin monomer by alkylation of 3,6-diamino thieno[3,2-b]
thiophene suffers from poor yield, as this substrate is unstable.
Nonetheless, treatment with oxalyl chloride in diethyl ether forms
the required bis-isatin in poor yields. The amine (21) is rapidly
diacylated in the presence of base, the addition of which was
found to lower yields, which then undergoes a ring-closing
reaction by nucleophilic attack of the ring on the acyl chloride.
The main source of low yields is believed to be due to the
deactivation of the ring system to the second ring closing step
after the completion of the ﬁrst due to the electron withdrawing
effect of the isatin. The polymers were subsequently prepared
from the bis-oxindole and bis-isatin in good yields by simply
reﬂuxing a toluene solution of the monomers in the presence of
p-toluene sulphonic acid monohydrate.
Characterisation of rigid polymers. We initially selected the
phenyl-bis-oxindole and phenyl-bis-isatin monomers with linear
dodecyl side chains for the aldol polymerisation. The resultant
polymer, P1 (Fig. 1) exhibited a relatively low number-average
molecular weight (Mn) of 14 kDa arising from the lack of solubilising alkyl chain density and subsequent precipitation of the
growing polymer chain before the degree of polymerisation
reached an appreciable level. To obtain a higher molecular weight,
larger, branched alkyl chains were required to be incorporated on
the polymer backbone. Consequently, branched 2-decyl tetradecyl
chains were introduced on both the bis-phenyl-isatin and bisphenyl-oxindole. In this case the resultant polymer, P2, exhibited a
higher Mn of 58 kDa with a PDI of 2.3 (Table 1), and good
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Fig. 2 Synthesis of phenyl bis-isatin, phenyl bis-oxindole, naphthalene bis-oxindole and naphthalene bis-isatin monomers. The letter R represents different
solubilising alkyl chains used in the synthesis of each monomer as outlined in Supplementary Methods

solubility in a range of solvents. Since the reorganisation energy
and charge carrier mobility are associated with the size and rigidity
of the acene, an extended conjugated core length has the potential
to lower the reorganisation energy and facilitate charge transport29. To further evaluate the inﬂuence of the aromatic core, the
side chain shape and density on polymer properties, naphthalene
bis-oxindole and naphthalene bis-isatin have been synthesised with
linear and branched chains. Homopolymers P3 and P4 were also
prepared by this condensation method, differing in that P3 has all
branched side chains, whereas P4 comprises alternating branched
and linear side chains30. The lack of alpha C−H bonds on a thieno
[3,2-b]thiophene aromatic unit has been shown by density functional theory (DFT) calculations to enable an increased coplanarity
4
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along polymer backbones, giving greater π-orbital overlap that can
be beneﬁcial for (intra-chain) charge transport properties31.
Therefore, an alternating copolymer, P5, derived from naphthalene
bis-oxindole and thieno[3,2-b]thiophene bis-isatin comonomers
was also synthesised. With an exact stoichiometric balance,
increasing the reaction time can be used to obtain polymers of
longer chain lengths as there is no termination of the polymer
reactive end. The acid concentration and subsequent monomer
concentration used here allow for monitoring and controlling the
molecular weight during polymerisation. For example, the number
average molecular weights (Mn) of P2 increased three-fold from 18
to 58 kDa by changing the concentration from 0.03 to 0.055 M
(Supplementary Table 2).
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Table 1 Polymer molecular weight, ionisation energies,
electron afﬁnities, optical properties and thin ﬁlm transistor
mobilities
Polymer

Mn
(kDa)

Mw
(kDa)

IPa
(eV)

EAb
(eV)

λc
(nm)

Eoptd
(eV)

P1
P2
P3
P4
P5

14
58
214
134
8.3

19
131
677
538
9.0

5.4
5.6
5.3
5.2
5.0

4.4
4.5
4.2
4.2
4.2

850
900
927
927
1128

1.01
1.10
1.07
1.01
0.84

μe
(cm2 V1s−1)
10−5
−
0.0012
0.03
0.001

a
b

IP measured by photoelectron spectroscopy in air (PESA)
EA is crudely estimated by addition of the UV-Vis absorption onset to IP (EA = IP−Eopt), a
procedure that neglects the exciton binding energy
c Thin ﬁlms were spin-cast on glass substrates from chlorobenzene solution, λ is the peak of the
ﬁrst low energy absorption band of the polymers
d Estimated optical gap was calculated using onset of the thin-ﬁlm absorption spectra (E
opt =
1240/λonset)

This operationally simple aldol polymerisation method,
successfully synthesised electron-deﬁcient, soluble conjugated
polymers without employing any metals and with water as the
only by-product. All the polymers exhibited good thermal
stability, with a 5% weight loss occurring at just over 400 °C for
P1 and above 360 °C for the other polymers as determined by
thermogravimetric analysis (TGA). No discernible thermal
transitions were observed for any of the polymers when analysed
by differential scanning calorimetry between 0 and 350 °C. A
strong effect of alkyl side chain length and molecular weight on
the polymers solubility was observed. P1 is poorly soluble in
common solvents chosen for thin ﬁlm fabrication, such as
chlorobenzene (CB) and ortho-dichlorobenzene (o-DCB) despite
the low polymer molecular weight. P2 on the other hand is highly
soluble, easily dissolving in hexane, by virtue of the large
branched alkyl chain, while P3 is soluble in chlorinated solvents,
such as dichloromethane, chloroform and chlorobenzene upon
prolonged heating. Although P3 has a higher molecular weight
than P4, it is more soluble in chlorinated solvents due to its
higher chain density. P4 dissolves only in CB and o-DCB due to
its very high molecular weight. Although the molecular weight of
P5 is low, it lacks solubility in most solvents, other than
chlorinated solvents, perhaps due to its more planar backbone
and enhanced aggregation.
NATURE COMMUNICATIONS | (2018)9:416

Density functional theory calculations were performed to offer
an insight into the polymer conformations and frontier energy
level features. All geometries were fully optimised at the omega
tuned ωB97XD/6-31G(d,p) level of theory for oligomers comprising three repeat units, as shown in Fig. 4. For simplicity, the long
alkyl side-chains were replaced by methyl groups. The common
feature emerging among the series of oligomers is that, even in
the case of isolated chains, the dihedral angles between adjacent
aromatic units are very small indeed, on the order of 10–20° in
the all-phenylene (PP) and -naphthalene (NN) systems, a feature
previously observed for substituted isoindigo32, while the
thienothiophene-naphthalene (TN) oligomers are fully coplanar;
see Fig. 4. The reason for the slight deviations from coplanarity in
the PP and NN oligomers is the presence of steric interactions
between a carbonyl oxygen and an adjacent C−H group (with an
oxygen−hydrogen distance on the order of 2.3 Å). To further
explore the conformational implications of steric effects between
the fused units, a single-crystal X-ray structure analysis was
carried out on a representative dimer of the naphthalene
polymers P3 and P4. The synthesis and structure of NIID are
given in Supplementary Figure 1. In the solid state, the dihedral
angle between the two lactams cores is observed to be 12.8°, again
ascribed to short contacts between the carbonyl oxygen and the
nearest hydrogen of the adjacent aromatic core, ca. 2.06 Å. These
values are in good agreement with the DFT-optimised geometries
of the NN oligomer.
The replacement of one of the acene rings with the
heteroaromatic thieno[3,2-b]thiophene affords the polymer TN,
which removes one of the two adjacent C−H bonds and the
related steric interactions, making the coplanar conformation
optimal. The DFT potential energy surfaces (PES) calculated as a
function of dihedral angle are presented in Supplementary
Figure 3. We note that around the minimum, the PES is shallow,
which allows for ﬂuctuations in dihedral angles at room
temperature on the order of ±10° in isolated oligomers of PP
and NN, and ±20° in isolated oligomers of TN (Supplementary
Figure 4). This energetically accessible disorder on increasing the
dihedral angle is potentially detrimental to planarity, and is in fact
similar in energy to more conventional, single bond linked
polymers33. However, it is expected that such ﬂuctuations will be
hampered in the solid state, in view of the tight polymer interchain packing discussed below. Also, as we anticipated,
the barriers for full rotation are very large, on the order of 25
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kcal mol−1, which is much higher than the values typical of chains
with single-like inter-unit bonds (in the range of 2−8 kcal mol−1);
this is expected to lead to better chain ordering in the solid state.
The thin ﬁlm UV-Vis NIR absorption spectra of the polymers
are shown in Fig. 4. All polymers exhibit two absorption peaks,
with a broad NIR absorption band and a higher-energy band in
the visible. Polymers P1 and P2 both show broad and asymmetric
long-wavelength absorption peaks extending from around 750
nm to over 1000 nm. P3 and P4 on the other hand have a longer
wavelength maximum of 927 nm, due to increased aromatic
delocalisation. P5 has the longest wavelength absorption maximum of 1128 nm with a low energy absorption onset of over
1450 nm. The narrower optical gap of 0.84 eV for P5 is due to the
combination of a less twisted backbone, and frontier molecular
orbital hybridisation between the alternating electron rich thieno
[3,2-b]thiophene and electron poor naphthalene lactam. Such low
optical gaps are unusual, although not unknown34, for typical
conjugated aromatic polymers35–39.
The vertical excited-state energies were calculated at the time
dependent (TD) tuned ωB97XD/6-31g(d,p) level of theory. The
absorption spectra calculated for the isolated oligomer chains are
presented in Supplementary Figure 5. The energies and strengths of
the lowest optical transitions along the PP, NN and TN series
closely follow the experimental trends. An analysis of the natural
transition orbitals involved in the S0- > S1 transition, which are
illustrated in Supplementary Figure 6, indicates that in all three
oligomers both hole and electron wavefunctions are signiﬁcantly
delocalised along the conjugated backbone. The resulting substantial electron-hole spatial overlap leads to large transition dipole
moments and oscillator strengths. This ﬁnding is consistent with
the experimental observation that there is no signiﬁcant solvatochromic shift (see Supplementary Figure 13), which suggests that
these optical transitions do not have a marked charge transfer
character. We note that the widths of the low-energy absorption
bands are likely to originate in the underlying vibronic progression;
and the possible ﬂuctuations in dihedral angles at room
temperature (as discussed above). This is consistent with the
experimental observation that the broad peaks are not sensitive to
thermal treatment, suggesting they are not arising from aggregation. The higher-energy absorptions appearing in the visible also
correspond to transitions with signiﬁcantly delocalised electronhole wavefunctions; see Supplementary Figure 7.
The reorganisation energies (λ) of the PP, NN and TN
oligomers were calculated upon injection of an extra electron; the
results are collected in Supplementary Table 1 and the anionic
geometries and polaron wavefunctions are illustrated in
6

NATURE COMMUNICATIONS | (2018)9:416

Supplementary Figure 8. The reorganisation energies are in the
range of 0.3−0.4 eV with the TN oligomer exhibiting the lowest
reorganisation energy in the series, which is mainly due to its
maintaining a coplanar conformation even in the presence of the
excess electron.
Electrons transport and stability properties of the rigid polymers. Thin-ﬁlm transistors with bottom gate top contact architecture were fabricated to investigate the electron transport of the
polymers. The charge carrier mobilities were observed to depend
on both acene size and the nature of the side chain, and their
subsequent inﬂuence on intermolecular interactions and therefore
on transport. Polymers P1 exhibited low charge transport characteristics, with electron mobility in the range of 10−5 cm2 V−1 s
−1. Due to the combination of both a small aromatic core as well
as high side chain density, shielding intermolecular contacts,
P2 showed no charge transport. Increasing the size of the aromatic core from phenyl to naphthyl, in the case of P3, resulted in
an improvement in electron mobility in the order of 10−3 cm2 V
−1 s−1. Previous literature side chain optimisation for ﬂuorene
polymer charge carrier mobility has demonstrated the potential
advantages of alternating bulky side chains groups with more
sterically available segments of the backbone, to register short
intermolecular contacts30. This approach was exploited in the
molecular design of P4 where alternating shorter linear chains
and longer bulky branched chains were combined, in comparison
to the fully branched polymer P3. This resulted in a large increase
in electron mobility with a value of 0.03 cm2 V−1 s−1 obtained.
The reduced torsion angle of P5 was also expected to enhance the
intermolecular electronic coupling, and thus possibly the transport properties. However, the electron mobility obtained was
slightly lower than P4; this could be due to transport being predominately one-dimensional in these polymers, and hence
directly related to molecular weight, which in this case was low,
because of the low solubility40. Interestingly, the large electron
afﬁnities of the polymers contribute to excellent ambient stability.
Figure 5 compares the transfer characteristics of transistors stored
and measured in air for both p(NDI2OD-T2)41, an exemplarytype polymer, and P4. The mobility of p(NDI2OD-T2) drops
from an initial 0.22 to 0.012 cm2 V−1 s−1 in around 300 h, whereas
the mobility of P4 remains relatively stable with a threshold
voltage shift from 17 to 27 V.
It has been demonstrated that a deep LUMO is required for ntype electron transport semiconductors to prevent oxidation of
the negatively charged polaron in the presence of oxygen42. This
corresponds to an electron afﬁnity of about 4.2 eV at standard
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pressures and concentrations. Our polymer design exceeds this
threshold, thus eliminating a key electrochemical reaction that
can reduce transport in ambient conditions.
Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were carried out to gain insight into the polymer
microstructure and probe the effect increased conjugation has on
molecular packing, as shown in Supplementary Figure 14. Most
ﬁlms exhibit a distinct face-on morphology that appears to be
more amorphous in texture, with measured coherence lengths
from 1.6 to 2.8 nm. In some cases, morphology was impacted by
strong surface temptation due to the limited solubility and
reduced ﬁlm volume displaying strongly oriented face-on texture
when compared to bulk measurements. Polymer P4, being the
notable exception, which also has signiﬁcant population of edgeon crystallites that upon annealing coherence lengths increase
from 5.5 to 7.1 nm, which garners insight into its enhanced
mobility. Figure 6 represents P4 as cast displaying both in-plane
and out-of-plane layer stacking peaks. The scattering vector along
the intermolecular stacking direction decreases from P1 to P5.
The unit cell of these polymers however is complex; therefore, the
relationship between interplanar distance and pi−pi stacking
distance is not necessarily the same in all compounds. As a result,
a ﬁrm correlation between the XRD data and the theoretical
calculations across molecules in terms of pi−pi stacking distance
would only be possible with a more complete understanding of
the structure of the unit cell.
Discussion
Several strategies could be employed to improve polymer properties such as mobility and ambient operational stability. Moving
the branch point of the side chain away from the conjugated core
is a well-known method to assist inter-chain electronic coupling
NATURE COMMUNICATIONS | (2018)9:416

and as a result, increasing mobilities43. Extending the aromatic
core or acene could also increase transistor performance. Here,
the transport properties were enhanced through extension of the
phenyl aromatic core to naphthalene. Further rigid polymer
structures fulﬁlling this design strategy would be central to
achieving more competitive charge transport properties. Use of
more electron withdrawing aromatic cores such as phenazine
would increase the polymer electron afﬁnity and consequently
increase operational stability with respect to water and oxygen.
Mobility is not an intrinsic value to an organic semiconducting
material, it is highly dependent on both device fabrication and
measurement method. Future device optimisation will further
increase mobilities, by facilitating uniaxially aligned polymer
chains through techniques such as blade coating or zone
casting44, which have been successful in other polymer systems.
In summary, we have outlined a facile synthetic approach to a
class of fully fused rigid polymers from a metal-free acid catalysed aldol polymerisation. This polycondensation is the only
feasible synthetic strategy to obtaining these fused polymers in
metal-free conditions. A series of polymers containing phenyl,
naphthalene and thieno[3,2-b]thiophene building motifs with
high electron afﬁnities and impressively long wavelength
absorption were synthesised. Steric repulsion introduced twists
between aromatic cores along the backbones; this however does
not hinder crystallisation as shown by the XRD data of the
polymers where there are well-deﬁned diffraction features along
qxy and qz, and some weaker off-axes reﬂections. UV-Vis NIR
spectra of the polymers show absorption in the near infra-red
due to extensive delocalisation of the electron and hole wavefunctions along the polymer backbone. Transistor results
demonstrate that air-stable electron mobilities of up to 0.03 cm2
V−1 s−1 can be achieved.
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Methods

6.

Synthetic methods. All solvents and regents were used as purchased from commercial sources unless otherwise speciﬁed. Puriﬁcations via ﬂash column chromatography were conducted manually using Merck silica gel (Merc 9385 Kielselgel
60, 230–400 mesh) under positive air pressure with eluent systems as described or
on Biotage Isolera.
Proton and carbon NMR spectra were recorded on Bruker DPX0 400 MHz
spectrometer. Abbreviations of the peak multiplicity are: bs, broad singlet; s, singlet;
d, doublet; t, triplet; q, quartet; m, multiplet, integration and coupling constants (J)
are quoted in Hz (hertz) as appropriate. Proton solvent residual peaks are 7.26 ppm
for CDCl3 and 2.52 ppm DMSO-d6. Mass spectra were recorded by the Imperial
College London Department of Chemistry Mass Spectrometry Service on a
Micromass Autospec Premier/Agilent HP6890 GC. Thermal gravimetric analyses
were conducted using Perkin Elmer Pyris 1 TGA.
The polymer molecular weights (number-average Mn and weight-average Mw)
and dispersity were obtained from an Agilent Technologies 1260 series gel
permeation chromatography in chlorobenzene at 80 °C. Agilent Technologies Cary
Series UV-Vis-NIR spectrometer, Cary 5000, was used for measuring the UV-Vis
NIR spectra.
Grazing-incidence wide angle X-ray diffraction methods. X-ray scattering was
conducted at the Stanford Synchrotron Radiation Lightsource at 11-3 (2D grazingincidence wide-angle with MAR225 image-plate area detector). Incident photon
energy was 12.732 keV (0.973 Å). He (g) environments for all measurements were
used to minimise air scatter and beam damage to samples. 2D grazing-incidence
sample-detector distance was 315 mm calibrated with a polycrystalline lanthanide
hexaboride (LaB6) standard at a 3.0° angle with respect to the critical angle of the
calibrant. For grazing-incidence geometries, the incidence angle was set below the
critical angle of 0.1° which is above the critical angle underlying the native oxide
substrate. Data was processed using Nika 2D data reduction homebuilt WxDiff
Software. The terms qxy and qz denote the component of scattering vector in-plane
and out-of-plane with the substrate, respectively. Data from 2D grazing-incidence
measurements were corrected for the geometric distortion introduced by a ﬂat,
plate detector and processed for subsequent analysis with the software WxDiff and
GIWAXSTool for Igor45. Device parameters were measured on Agilent 4155B
Semiconductor Parameter Analyser.
DFT calculations methods. All geometries were fully optimised at the tuned
ωB97XD/6–31G(d,p) level of theory without any constraints. The long alkyl sidechains were replaced by methyl groups to reduce computational costs. All calculations were carried out with the Gaussian-09 software46. The range-separation
parameter (ω) was optimised for each oligomer chain using the gap-tuning
method47; the optimal ω values for PP, NN and TN are 0.104, 0.100 and 0.087
bohr−1, respectively.
The reorganisation energy (λ) is calculated using following equation.
λ ¼ EnA  EnN þ EaN  EaA ;
where EnN [EaA] is the total energy of the neutral [anionic] molecule in its optimal
neutral [anionic] state geometry and EnA [EaN] is the total energy of the neutral
[anionic] molecule in the optimised anionic [neutral] geometry. All calculations
were carried out at the OT-ωB97XD/6–31G(d,p) level of theory.
Excited-state energies were calculated at the TD-DFT OT-ωB97XD/6-31G(d,p)
level of theory using the ground-state (S0) geometries obtained at the OT-ωB97XD/
6-31G(d,p) level of theory. Natural transition orbital analyses were also carried out.
Data availability. The authors declare that the data supporting the ﬁndings of this
study are available within the paper and its Supplementary Information ﬁles.
Additional data are available from the corresponding author upon reasonable
request.

Received: 31 August 2017 Accepted: 3 January 2018

7.
8.
9.

10.
11.

12.

13.

14.
15.
16.

17.
18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.
30.

References
1.
2.

3.
4.
5.

8

Street, R. A. Thin-ﬁlm transistors. Adv. Mater. 21, 2007–2022 (2009).
Mei, J., Diao, Y., Appleton, A. L., Fang, L. & Bao, Z. Integrated materials
design of organic semiconductors for ﬁeld-effect transistors. J. Am. Chem. Soc.
135, 6724–6746 (2013).
Venkateshvaran, D. et al. Approaching disorder-free transport in highmobility conjugated polymers. Nature 515, 384–388 (2014).
Nicolai, H. T. et al. Uniﬁcation of trap-limited electron transport in
semiconducting polymers. Nat. Mater. 11, 882–887 (2012).
Bisoyi, S. et al. A comprehensive study of charge trapping in organic ﬁeldeffect devices with promising semiconductors and different contact metals by
displacement current measurements. Semicond. Sci. Technol. 31, 025011
(2016).
NATURE COMMUNICATIONS | (2018)9:416

31.
32.

33.

34.

Holliday, S., Donaghey, J. E. & McCulloch, I. Advances in charge carrier
mobilities of semiconducting polymers used in organic transistors. Chem.
Mater. 26, 647–663 (2014).
McCulloch, I. et al. Liquid-crystalline semiconducting polymers with high
charge-carrier mobility. Nat. Mater. 5, 328–333 (2006).
Fu, C., Beldon, P. J. & Perepichka, D. F. H-bonding control of supramolecular
ordering of diketopyrrolopyrroles. Chem. Mater. 29, 2979–2987 (2017).
Nielsen, C. B., Turbiez, M. & McCulloch, I. Recent advances in the
development of semiconducting DPP-containing polymers for transistor
applications. Adv. Mater. 25, 1859–1880 (2012).
Deng, P. & Zhang, Q. Recent developments on isoindigo-based conjugated
polymers. Polym. Chem. 5, 3298 (2014).
Stalder, R., Mei, J., Graham, K. R., Estrada, L. A. & Reynolds, J. R. Isoindigo, a
versatile electron-deﬁcient unit for high-performance organic electronics.
Chem. Mater. 26, 664–678 (2014).
Yue, W. et al. A thieno[3,2-b][1]benzothiophene isoindigo building block for
additive- and annealing-free high-performance polymer solar cells. Adv.
Mater. 27, 4702–4707 (2015).
Meager, I. et al. Thieno[3,2-b] thiophene ﬂanked isoindigo polymers for high
performance ambipolar OFET applications. Adv. Funct. Mater. 24, 7109–7115
(2014).
Yuan, Z. et al. Unipolar electron transport polymers: a thiazole based allelectron acceptor approach. Chem. Mater. 28, 6045–6049 (2016).
Lee, J., Kalin, A. J., Yuan, T., Al-Hashimi, M. & Fang, L. Fully conjugated
ladder polymers. Chem. Sci. 8, 2503–2521 (2017).
Kenichi Oyaizu, T. I., Tsukahara, Y. & Tsuchida, E. Linear ladder-type piconjugated polymers composed of fused thiophene ring systems.
Macromolecules 37, 1257–1270 (2004).
Scherf, U. Ladder-type materials. J. Mater. Chem. 9, 1853–1864 (1999).
Lei, T., Xia, X., Wang, J. Y., Liu, C. J. & Pei, J. “Conformation locked” strong
electron-deﬁcient poly(p-phenylene vinylene) derivatives for ambient-stable
n-type ﬁeld-effect transistors: synthesis, properties, and effects of ﬂuorine
substitution position. J. Am. Chem. Soc. 136, 2135–2141 (2014).
Lei, T., Dou, J. H., Cao, X. Y., Wang, J. Y. & Pei, J. Electron-deﬁcient poly(pphenylene vinylene) provides electron mobility over 1 cm2V−1s−1 under
ambient conditions. J. Am. Chem. Soc. 135, 12168–12171 (2013).
Mather, B. D., Viswanathan, K., Miller, K. M. & Long, T. E. Michael addition
reactions in macromolecular design for emerging technologies. Prog. Polym.
Sci. 31, 487–531 (2006).
Wang, X. et al. Isatin N,N’-cyclic azomethine imine 1,3-dipole and base
catalyzed Michael addition with beta-nitrostyrene via C3 umpolung of
oxindole. Org. Lett. 19, 3051–3054 (2017).
Chu Wenhua, et al. Isatin sulfonamide analogs containing a Michael addition
acceptor: a new class of caspase 3/7 inhibitors. J. Med. Chem. 50, 3751–3755
(2007).
Quintavalla, A., Lanza, F., Montroni, E., Lombardo, M. & Trombini, C.
Organocatalytic conjugate addition of nitroalkanes to 3-ylidene oxindoles: a
stereocontrolled diversity oriented route to oxindole derivatives. J. Org. Chem.
78, 12049–12064 (2013).
Kucera, F. & Jancar, J. Homogeneous and heterogeneous sulfonation of
polymers: a review. Polym. Eng. Sci. 38, 783–792 (1998).
Jiang, Y. et al. Synthesis and characterization of isoindigo[7,6-g]isoindigobased donor–acceptor conjugated polymers. Macromolecules 49, 2135–2144
(2016).
Randell, N. M., Boutin, P. C. & Kelly, T. L. Bisisoindigo: using a ring-fusion
approach to extend the conjugation length of isoindigo. J. Mater. Chem. A 4,
6940–6945 (2016).
Rumer, J. W. et al. Synthesis of two dihydropyrroloindoledione-based
copolymers for organic electronics. J. Polym. Sci., Part A: Polym. Chem. 51,
1285–1291 (2013).
Miller, M., Vogel, J. C., Tsang, W., Merrit, A. & Procter, D. J. Formation of Nheterocycles by the reaction of thiols with glyoxamides: exploring a connective
Pummerer-type cyclisation. Org. Biomol. Chem. 7, 589–597 (2009).
Coropceanu, V. et al. Charge transport in organic semiconductors. Chem. Rev.
107, 926–952 (2007).
Yap, B. K., Xia, R., Campoy-Quiles, M., Stavrinou, P. N. & Bradley, D. D.
Simultaneous optimization of charge-carrier mobility and optical gain in
semiconducting polymer ﬁlms. Nat. Mater. 7, 376–380 (2008).
DeLongchamp, D. M. et al. High carrier mobility polythiophene thin ﬁlms:
structure determination by experiment and theory. Adv. Mater. 19, 833–837
(2007).
Voronina, Y. K., Krivolapov, D. B., Bogdanov, A. V., Mironov, V. F. &
Litvinov, I. A. An unusual conformation of 1,1′-dimethyl-isoindigo in crystals.
J. Struct. Chem. 53, 413–416 (2012).
Gidron, O. & Bendikov, M. a-Oligofurans: an emerging class of conjugated
oligomers for organic electronics. Angew. Chem. Int. Ed. 53, 2546–2555
(2014).
Fred Wudl, M. K. & Heeger, A. J. Poly(isothianaphthene). J. Org. Chem. 49,
3382–3384 (1984).

| DOI: 10.1038/s41467-018-02852-6 | www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-02852-6

35. Steckler, T. T. et al. A spray-processable, low bandgap, and ambipolar donoracceptor conjugated polymer. J. Am. Chem. Soc. 131, 2824–2826 (2009).
36. Roncali, J. Conjugated poly (thiophenes): synthesis, functionalization and
applications. Chem. Rev. 92, 711–738 (1992).
37. Huang, H. & Pickup, P. G. Oxygen-modiﬁed poly(4-dicyanomethylene-4 H
-cyclopenta[2,1- b ;3,4- b ‘]dithiophene): a tunable low band gap polymer.
Chem. Mater. 11, 1541–1545 (1999).
38. Gokce, G., Karabay, B., Cihaner, A. & Ozkut, M. I. From narrow to narrower:
a very low band gap [1,2,5]thiadiazolo[3,4-g]quinoxaline-based donoracceptor-donor type electrochromic polymer. J. Electrochem. Soc. 164,
G50–G53 (2017).
39. Hoogmartens, I. et al. Low-bandgap conjugated polymers. A joint
experimental and theoretical study of the structure of polyisothianaphthene.
Macromolecules 25, 7347–7356 (1992).
40. Kline, R. J., McGehee, M. D., Kadnikova, E. N., Liu, J. & Fréchet, J. M. J.
Controlling the ﬁeld-effect mobility of regioregular polythiophene by
changing the molecular weight. Adv. Mater. 15, 1519–1522 (2003).
41. Chen, Z., Zheng, Y., Yan, He. & Facchetti, A. Naphthalenedicarboximide- vs
perylenedicarboximide-based copolymers. Synthesis and semiconducting
properties in bottom-gate N-channel organic transistors. J. Am. Chem. Soc.
131, 8–9 (2008).
42. de Leeuw, D. M., Simenon, M. M. J., Brown, A. R. & Einerhand, R. E. F.
Stability of n-type doped conducting polymers and consequences for
polymeric microelectronic devices. Syn. Met. 87, 53–59 (1997).
43. Meager, I. et al. Photocurrent enhancement from diketopyrrolopyrrole
polymer solar cells through alkyl-chain branching point manipulation. J. Am.
Chem. Soc. 135, 11537–11540 (2013).
44. Lee, M. J. et al. Anisotropy of charge transport in a uniaxially aligned and
chain-extended, high-mobility, conjugated polymer semiconductor. Adv.
Funct. Mater. 21, 932–940 (2011).
45. Oosterhout, S. D. et al. Mixing behavior in small molecule: fullerene organic
photovoltaics. Chem. Mater. 29, 3062–3029 (2017).
46. Frisch, M. J. et al. Gaussian 09 Revision D.01 (Gaussian, Inc., 2009).
47. Körzdörfer, T. & Bredas, J. L. Organic electronic materials: recent advances in
the DFT description of the ground and excited states using tuned rangeseparated hybrid functionals. Acc. Chem. Res. 47, 3284–3291 (2014).

Acknowledgements
We acknowledge funding from BASF, as well as FP7 Marie Curie IEF (622187), EPSRC
Project EP/G037515/1, EP/M005143/1, EC FP7 Project SC2 (610115), EC FP7 Project
ArtESun (604397), EC FP7 POLYMED (612538), EC H2020 and Project SOLEDLIGHT
(643791) for the ﬁnancial support. M.K.R. and J.-L.B. thank generous internal competitive funding from KAUST; they are grateful to the KAUST IT Research Computing
Team and Supercomputing Laboratory for providing continuous assistance as well as

NATURE COMMUNICATIONS | (2018)9:416

computational and storage resources. We thank the State Key Laboratory of Luminescent
Materials and Devices, South China University of Technology for the single crystal XRD
experiments of NIID. Mingfei Xiao thanks the Cambridge Overseas Trust and Chinese
Scholarship Council for Ph.D. funding.

Author contributions
A.O., W.Y., C.J. synthesised monomers and polymers demonstrated here. H.-Y.C., B.P.
contributed notably in the synthesis of thieno[3,2-b]thiophene bisisatin monomer.
A.-C.K. provided valuable insight into the synthesis of the monomers. M.K.R. performed
DFT calculations on the polymer systems. J.-L.B. contributed to the design and analysing
the DFT calculations. D.A.H. and A.S. measured and analysed GIWAX data. M.X., M.N.
and H.S. fabricated devices and analysed the data obtained. P.H., I.M. and J.-C.F. conceived the project and provided direction and guidance.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467018-02852-6.
Competing interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018

| DOI: 10.1038/s41467-018-02852-6 | www.nature.com/naturecommunications

9

