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ABSTRACT: Herein we present the synthesis and characterization of four conjugated polymers containing a novel chro-
mophore for organic electronics based on an indigoid structure. These polymers exhibit extremely small band gaps of
~1.2 eV, impressive crystallinity, and extremely high n-type mobility exceeding 3 cm? Vs. The n-type charge carrier mobility
can be correlated with the remarkably high crystallinity along the polymer backbone having a correlation length in excess
of 20 nm. Theoretical analysis reveals that the novel polymers have highly rigid non-planar geometries demonstrating that
backbone planarity is not a pre-requisite for either narrow band-gap materials or ultra-high mobilities. Furthermore the
variation in backbone crystallinity is dependent on the choice of co-monomer. OPV device efficiencies up to 4.1% and
charge photo-generation up to 1000 nm are demonstrated, highlighting the potential of this novel chromophore class in

high-performance organic electronics.

Introduction

Recent rapid advances in organic field effect transistors
(OFETs) and organic photovoltaics (OPVs) have been pro-
pelled primarily by the design, characterization, and un-
derstanding of novel conjugated polymers. Small chemical
modifications to monomers or building blocks can have
major consequences for bulk device transport and photo-
voltaic efficiency by mechanisms which are incompletely
understood. Similarly, there has been much interest in the
effects of various comonomer arrays of donor-acceptor
(DA) copolymers. Understanding structure-property rela-
tionships of conjugated systems is crucial for targeted de-
sign of the next generation of high performance organic
semiconductors.

Power conversion efficiencies (PCEs) in OPV devices
have been climbing steadily in the past few years and effi-
ciencies exceeding 10% for single-junction and tandem

OPVs have been reported.”3 OFET devices aim for hole (un)
and electron (p.) field-effect mobilities above the bench-
mark of amorphous silicon (1 cm? Vs?) in order to compete
with their inorganic counterparts and mobilities above this
benchmark are considered ‘ultra-high’.

There is extensive literature on p-type organic polymers
with hole transport p, > 1 cm? Vs Indeed, many well-
known structural motifs including polythiophene,+ 5 cyclo-
pentadithiophene  (CPDT),% 7 diketopyrrolopyrrole
(DPP),3 isoindigo (il),» # and indacenodithiophene's
have all displayed ultra-high hole transport in OFETs.
Moreover, structural studies reveal that OFET hole mobil-
ity is less dependent on long-range structural order in thin-
films, however it is highly dependent on the presence of
rigid, extended high-molecular-weight polymer chains al-
lowing charge transport to occur along the polymer back-
bone and vastly improving interconnectivity between dis-
ordered regions.7-2°



As polymer synthesis has steadily improved to afford
higher molecular weight polymers which contain planar
monomers, it is perhaps unsurprising that most organic
structural motifs available to the polymer chemist facili-
tate high p-type transport. Recently, state-of-the-art
p-type organic polymers have reached pn > 10 cm? Vs, ap-
proaching the mobility of amorphous metal oxide transis-
tors.”

In stark contrast, there are very few examples of OFET
devices with ultra-high electron mobility. To the best of
our knowledge, there are only 3 families of organic poly-
mers displaying n-type mobility pe > 1 cm? Vs?. These ei-
ther have a polymer backbone based on DPP, naphthalene
diimide structures®>¢ or fused PPV type units®”28. Zhao et
al. provide an excellent review of the advances in n-type
OFET materials.

The exact reasoning behind high electron transport in
OFETs remains a debate in the field, however it is widely
agreed that the energy of the lowest unoccupied molecular
orbital (LUMO) plays a crucial role, since polymers must
exhibit high electron affinities to facilitate charge injec-
tion. Strong intermolecular orbital overlap of polymer
strands in thin-film and high ambient stability are also vi-
tal requirements for both electron and hole transport.>®
However, in general there have been virtually no detailed
structure-property relationships reported in the field of
high n-type mobility conjugated polymers. Narrow band
gap (Eg) conjugated polymers, 1.1 < E; < 2.1 eV have espe-
cially low lying LUMO energies making them excellent
candidates for n-type OFET materials. They also display
optical absorption in the near-IR region of the electromag-
netic spectrum, ideal for both tandem and transparent
OPV devices.

We recently reported an ultra-narrow bandgap polymer
with a novel core structure based on naturally occurring
indigo.>* Despite the highly planar conformation of indigo,
it has found little use in OPV devices due to fast deactiva-
tion through internal conversion following photoexcita-
tion: The double-bond character of the central carbon-car-
bon bond is reduced and the molecule can rapidly lose en-
ergy through rotation to effect trans-cis isomerization,3
and by single or double proton transfer.3 These qualities
can be overcome by performing annulation on both sides
of the indigo molecule to create a new chromophore in-
dolo-naphthyridine-6,13-dione thiophene, INDT, which is
rigid and cannot undergo rapid deactivation, thus enhanc-
ing suitability for organic electronic applications.3" 3+ 35
Crucially, the implementation of materials using building
blocks based on naturally occurring substances can begin
to address the issues of sustainability associated with or-
ganic electronics. Our previous work utilizing INDT in an
organic polymer gave PCEs up to 2.35% in OPV devices and
high ambipolar field effect mobilities pn/pe of 0.23/0.48
cm? Vs in OFET devices, demonstrating the potential of
this novel structure as a thin-film semiconductor.

Herein we report an improved synthesis of this mono-
mer and a series of four polymerizations with conventional
comonomers to gain insight into the structure-optical re-
lationships of this relatively unexplored chromophore.
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Figure 1. Structures of target polymers following polymeriza-
tion with thiophene (INDT-T), phenyl (INDT-P), seleno-
phene (INDT-S) and benzothiadiazole (INDT-BT)
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Results and Discussion

Our previously reported synthesis of monomer INDT
utilized tetrahydropyran (THP) protecting groups, how-
ever the stability of these groups was poor under the acidic
annulation reaction conditions (Scheme 1) affording low
yields. To improve the total yield of the synthesis we
sought a protecting group with greater stability and found
that benzyl (Bn) protecting groups had excellent stability
in both the basic indigo condensation and acidic IND an-
nulation reactions, affording a twelve-fold improvement in
total yield compared to THP strategy.

The full INDT synthesis can be found in the Supporting
Information (S1) and is summarized in Scheme 1. The ini-
tial protection of s5-hydroxy-2-nitrobenzaldehyde with
benzyl bromide proceeds in quantitative yield to give 5-
(benzyloxy)-2-nitrobenzaldehyde. An aldol condensation
with  acetone  gives (E)-5,5'-bis(benzyloxy)-[2,2'-
biindolinylidene]-3,3'-dione (1). This indigoid can then un-
dergo condensation with 2-thiopheneacetyl chloride to
give 2,9-bis(benzyloxy)-7,14-di(thiophen-2-yl)di-
indolo[3,2,1-de:3',2',1'-ij][1,5]naphthyridine-6,13-dione  (2).
The benzyl groups of this IND core are stable to general
hydrogenation deprotection conditions using Pd on acti-
vated charcoal, however near quantitative deprotection
was achieved using iodotrimethylsilane. Alkylation with
2-octyldodecanyl chains to improve solubility and subse-
quent bromination both proceeded in excellent yield to
give monomer INDT (4).

Co-polymerization via Stille or Suzuki coupling of INDT
with conventional comonomers affords polymers INDT-T,
INDT-S, INDT-BT, INDT-P (Figure 1) which were purified
by Soxhlet extraction using acetone, then hexane, to re-
move low molecular weight oligomers, and finally chloro-
form. Interestingly, INDT-P exhibits poor solubility in
chloroform and requires additional Soxhlet purification
with chlorobenzene, which is somewhat surprising consid-
ering the larger twist the phenyl group usually induces in
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Scheme 1. Synthesis of monomer INDT

Stille or Suzuki
Polymerization

o/}/Can
CioHa1

i) 2-thiopheneacetyl chloride, xylene, reflux, 27% ii) iodotrimethylsilane, DCM, 88% iii) 9-(bromomethyl)nonadecane, K2CO3,
DMF, 60 °C, 89% iv) NBS, DCM, 71%; polymerization conditions and yields in SI (S2)

Table 1. Physical and Optical Properties of INDT Polymers

Extinction
Coefficient
M, M, i HOMO LUMO
Polymer (kDa)e | (kDae PDI | 2598 (nm)b | AZIM(nm)e | e (eV)d (eV)e Eg (eV)? | EG(eV)S
(M-cm)b
INDT-T | 20 8o 4.00 | 802 8os 50912 -5.02 -3.76 1.26 1.32
INDT-S | 25 83 332 | 844 849 67453 -4.99 -3.77 1.22 1.36
g:IFDT_ 40 19 2.98 | 826 820 66780 -4.97 -3.74 1.23 1.31
INDT-P | 29 103 3.55 | 717 736 56072 -5.14 -3.74 1.40 1.60

a) Determined by SEC(PS) using PhCl as eluent b) PhCl solution ¢) Spin-coated from PhCl smg/mL d) Determined by UPS. Data
given to two decimal places to illustrate the difference in figures however note that this falls within the error margins (+o.1 eV) of

the experiments e) HOMO + optical energy gap f) Determined by TD-DFT using B3LYP/6-31g*

the polymer backbone, though not uncommon and has
been seen in other polymers. All of the present polymers
display good and comparable molecular weights with
slightly high polydispersities as determined by GPC using
PS standards and chlorobenzene as eluent. The polydisper-
sities, although slightly high were fairly symmetrical in dis-
tribution. Figure 2a shows the solution (chlorobenzene)
and thin film (spin-coated from a 5 mg/mL solution in
chlorobenzene) UV/Vis absorption spectra of the four pol-
ymers. The spectra of INDT-T, INDT-S and INDT-BT
show broad featureless absorption in the near-IR region
whereas the spectrum of INDT-P is considerably blue-
shifted, arising from a widening of the band gap caused by

reduction of the molecular orbital overlap introduced by
twisting of the polymer backbone. The polymer extinction
coefficients were measured (per repeat unit) and it was
found that the value for the BT and S polymers were con-
siderably higher than those of the T and P derivatives. The
increased extinction coefficients may be due to an increase
in co-linearity resulting in greater persistence lengths as
has previously been shown in BT and Se containing conju-
gated polymers.3% 37 All spectra become somewhat broad-
ened on going from solution to thin films but overall there
does not seem to be a significant difference between solu-
tion and thin film.
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Figure 2. (a) Normalized UV-Vis absorption spectra of the
INDT polymers. Solution spectra were recorded in chloroben-
zene, and thin films were spun from 5 mg/mL solutions in
chlorobenzene (b) Visualization of band gaps: Theoretical
(grey) energy levels were calculated at the B3LYP/6-31G* level
of theory using DFT for HOMO and time-dependent DFT
(TD-DFT) for LUMO. Experimental (black) values for the HO-
MOs were calculated using UV-PES and the LUMOs resolved
by the addition of the optical band-gap to the UV-PES data.
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Figure 3. X-ray diffraction of drop-cast INDT polymer films
from 5 mg/mL solutions in chlorobenzene. Annealed films
were heated at 100 °C for 10 min

To investigate the electronic structure of the INDT pol-
ymers, density functional theory (DFT) calculations were
carried out on model trimers with methoxy substituents.
Experimentally, the HOMO energy levels were determined
using UV-PES (see S3) and the energies of the LUMOs were
resolved by the addition of the corresponding optical band
gap. The energy levels and band gaps of the four polymers
are displayed in Figure 2b. The trend in experimental and
theoretical data for the HOMO energies are generally in
good agreement. The comparison of the two sets of data
for the LUMO energy levels shows poor alignment be-
tween theory and experiment and remarkably, the experi-
mental LUMO energy levels for all four INDT polymers are
either 3.7 or 3.8 eV, almost identical within experimental
error. The molecular orbital distributions of the geometry-
optimized structure of each polymer using Gaussian o9
(DFT, B3LYP/6-31G*) are shown in the supporting infor-
mation (S4). All four polymers have delocalized HOMOs
and LUMOs along their backbones suggesting that charge
transport in these materials should be efficient.

The influence of annealing temperature on the molecu-
lar packing in the polymer thin films was studied by X-ray
diffraction (Figure 3). Drop-cast polymer thin films show a
Bragg reflection at 26 = 3.8°, corresponding to the (100) re-
flection and indicative of a typical lamellar packing dis-
tance of 2.3 nm.

Annealing at 100 °C for 10 min leads to a substantial in-
crease in thin film crystallinity as observed by the in-
creased intensity of the (100) peak. The appearance of the
corresponding (200) reflections for INDT-T and INDT-S
indicates increased long-range order in these two polymer
films. No noticeable changes in film crystallinity are ob-
served after annealing at higher temperatures.

Organic Field Effect Transistors

Staggered top-gate, bottom-contact (TG-BC) OFETs on
glass substrates exhibited superior device performance and
lower hysteresis relative to coplanar bottom-gate, bottom-
contact (BG-BC) structures on hexamethyldisilazane
(HMDS) treated silicon wafer substrates. This is attributed
to charge trapping at the interface of the semiconductor
and the HMDS-treated silicon dioxide dielectric, com-
bined with the higher parasitic contact resistance (Rc) in
the coplanar geometry.3®

TG-BC OFET devices were fabricated on solvent-cleaned
glass substrates with thermally evaporated source and
drain (SD) electrodes. The organic semiconductor layers
were spin-cast from chlorobenzene solution (10 mg/mL)
and CYTOP dielectric spin-cast directly onto the polymer
thin-films, followed by a thermally evaporated aluminum
gate electrode. All devices had channel dimensions of
length (L) = 40 pm and width (W) = 1000 pm.

Three types of SD contacts were employed: 1) as-depos-
ited Au on Al bilayers for ambipolar charge injection, 2)
surface-treated Au for p-type enhancement, and 3) sur-
face-treated Al for n-type enhancement.



Table 2. OFET characteristics of the four INDT-based polymers annealed at 190 °C¢

Polymer Type? et Ioteed? | Vonainy V1 | Vengsany [V1 | pea [em? V1]
10? 10? -104 -1 0.002
INDT-P P >>
n 103 - 104 103 +10 +89 0.028
104 10' - 10? -2 -02 0.2
INDT-T P > 2 2
n 104 - 105 103 - 104 -10 +37 0.31
103 10' - 10? -40 -101 0.20
INDT-S P 4
n 104 - 105 103 -10 +74 0.99
104 10! -36 -121 0.52
INDT-BT P 3 >
n 105 104 -10 +74 3.11

a) +5 °C b) Parameters extracted from the highest mobility p-type or n-type enhanced devices c) Highest value extracted from a

ten-point average of smoothed data

a b
A 80V
AV, % +10V

at low source-drain voltage (Vp) and the lower Vr, ob-
served at longer channel lengths indicate a large R¢ and
contact limited device performance # 45 A complete analy-

— Vs 4 sis of the contact resistance in n-type enhanced INDT-BT
= 107 /j g OFETs is available in the SI (S5.3) and demonstrates that
e Re »1 MQ for Vg in the linear regime. The standard linear

0% 1 2 regime operation model does not adequately describe the
= T Vp = T2V device physics of this non-ideal OFET, and thus, the ex-

10%7 T Vo= *80V o tracted puin is not representative of the bulk property. Fur-

0 20 40 60 80 0 20 40 60 80 thermore, the standard Vr, extraction procedure typically

Ve (V) v, (V) yields an overestimate in contact-limited devices, and the

Figure 4. a) Transfer and b) output characteristics of an
n-type enhanced INDT-BT OFET annealed at 190 °C hav-
ing channel dimensions of length (L) = 40 pm and width
(W) =1000 pm

The work function of air-exposed Au is significantly
deepened upon treatment with UV/ozone, facilitating su-
perior hole injection both by removing organic contami-
nants from the metal surface and forming a native oxide
layer.3>4° The modified work function is a better match to
the HOMO energies of the polymer series, lowering the
hole injection barrier and reducing Rec. N-type perfor-
mance can be enhanced by treating Al with ethoxylated
polyethylenimine (PEIE) to reduce the work function to
better match the LUMO energies of the polymers, improv-
ing electron injection.

OFETs were evaluated after annealing at 100 °C and 190
°C, the latter representing the upper limit of the tempera-
ture range for which PEIE treatment is most effective.#
OFET parameters were extracted from transfer character-
istic data, which demonstrates the gate voltage (V) de-
pendence of the source-drain current (Ip), using the stand-
ard gradual channel approximation for field-effect transis-
tors.#> 4 Linear regime mobility (i) was calculated using
the first derivative of the linear regime transfer curve.
Threshold voltage (Vi) was extracted by applying a linear
fit to the square-root of the saturation regime transfer
curve. Figure 4 shows the transfer and output characteris-
tics of an n-type enhanced OFET with INDT-BT annealed
at 190 °C. Despite the outlined efforts to reduce charge in-
jection barriers, the s-shaped non-linear output observed

square-root method of extracting the saturation regime
mobility (psat) can be unreliable.4% 47 Values that better rep-
resent the bulk properties of the semiconductor were ex-
tracted by applying very large voltages to compensate for
the large Rc and using the second derivative of the satura-
tion regime transfer curve for the . calculation. Mobili-
ties were extracted from the appropriate voltage region of
the forward voltage sweep. Saturation regime mobility
data were smoothed prior to extracting ps. in order to ex-
clude extreme values and yield a conservative estimate.
The gate voltage dependence on mobility is shown in the
supporting information (S6) and conclusively demon-
strates that the mobility is not an overestimation.® 49 Gate
voltage dependent mobility has been observed in high p-
type mobility conjugated polymers and has been suggested
to originate from partially filled trap sites.>> Complete
OFET electrical characterization data for devices of each
polymer are available in the SI (S5), and Table 2 shows the
best device results for all four polymers annealed at 190 °C.
INDT-T shows balanced ambipolar transport (gsa: ~ 0.3 cm?
Vs?), and both INDT-S and -BT show excellent n-type
charge transport characteristics and good p-type device
performance in single charge polarity enhanced devices.
INDT-P devices have relatively smaller maximum Ip and
yield significantly lower mobilities (s < 0.1 cm? Vs™) due
to non-uniformities in the polymer film arising from the
lower solubility of INDT-P in chlorobenzene. The poor p-
type performance of INDT-P devices can also be attributed
to a larger hole injection barrier resulting from the deeper
HOMO, as evident from the greater magnitude of the Vr,
and the highly non-linear output characteristics at low Vp.
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Table 3. OFET characteristics of INDT-BT OFET devices

Te[°C] | Type e et Vonaim V]| Vingsan [V] | prsae [em?® Vs7]
p? 10% - 103 10" -80 -150 018

100 nb 105 - 106 103 +9 +83 1.05
p? 103 - 104 10! -44 -133 0.20
P 104 10! -36 -121 0.52

190 n® 105 10? - 103 +18 + 2 +115 £ 4 1.8 £0.37(2.3)
n¢ 10% - 105 104 Q1 +77 3 2.8 +0.3° (3.1)

a) Annealing temperature, +5 °C b) Ambipolar device architecture ¢) Enhanced device architecture d) Mean and S.D. of ten devices
e) Mean and S.D. of seven devices. Values in brackets represent the highest mobility recorded for each type of device.
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Figure 5. a,c) Transfer and b,d) output characteristics of
a,b) n-type enhanced and ¢,d) p-type enhanced OFET de-
vices with INDT-BT annealed at 190 °C with channel di-
mensions of length (L) = 40 pm and width (W) = 1000 um

Remarkably, the saturation regime electron mobility
of INDT-BT (Figure 5) approaches, and in a champion de-
vice exceeds, 3 cm?Vs™. Table 3 shows a greater part of the
data collected on INDT-BT devices. N-type enhanced de-
vices exhibit a mean ps¢ of 2.8 + 0.3 cm? Vs, and the cham-
pion device yields an impressive ¢ of 3.1 cm? Vs™. These
results indicate that INDT-BT is one of the highest mobil-
ity n-type organic semiconductors reported to date in the
peer-reviewed literature. Pleasingly, the performance of
INDT-BT OFETs is highly reproducible and values re-
ported herein represent 23 individual devices fabricated
identically over an extended period of time.

Extracted pin values are far smaller than the correspond-
ing psac values for each device type (pin < 1 cm? Vs for elec-
trons in INDT-BT OFETs), and V1, values are very large
(typically, Vi > |50| V), both providing further evidence of
contact-limited performance.4> Enhancing both p- and n-

type OFETs with surface treated SD electrodes both greatly
increases the extracted ps.c and decreases the magnitude of
the extracted Vr, demonstrating effective lowering of the
respective charge injection barriers. Data from OFETs with
INDT-BT annealed at 190 °C show that in comparison to
the ambipolar OFET devices with bilayer SD electrodes
(Usat = 1.8 £ 0.3 cm? Vs?), devices with PEIE-treated Al SD
showed far superior n-type performance (s = 2.8 £ 0.3
cm? Vs™) relative to devices with untreated Al SD (peac = 1.9
+ 0.3 cm? Vs?). Hence, the dramatically improved n-type
performance of the enhanced devices can be attributed pri-
marily to the presence of the PEIE electron injection layer.
A full discussion on the trap density and environmental
stability of the devices is included in the supporting infor-
mation (S5.4 and Ss.5).

The almost complete similarity in LUMO energies of
these four polymers provides a unique chance to examine
structure/optoelectronic relationships of these polymers
irrespective of LUMO energy. We were keen to investigate
whether the superior electron transport properties exhib-
ited by INDT-BT arises from morphological features. Fig-
ure 6 shows tapping-mode atomic force microscopy (AFM)
images of 5 pm? polymer thin-films on glass substrates pre-
pared identically to the semiconducting layer in the above
OFETs. Phase information, surface roughness distribu-
tions and higher resolution 1 pm? scans are provided in the
SI (S7).

When viewed with AFM (Figure 6), the morphology of
the INDT-BT films differ significantly from the other pol-
ymers: INDT-T, INDT-S and INDT-P films all exhibit a rel-
atively flat (RMS = 2.5-3.5 nm) polycrystalline structure,
while INDT-BT forms thin-films with high surface rough-
ness (RMS = 9.1 nm) that contain a network of smooth
(RMS = 1-2 nm) ribbon-like features. The ultra-high elec-
tron transport of INDT-BT suggests that its thin-films are
not amorphous, and are instead highly ordered crystalline
systems. Grazing incidence wide-angle x-ray scattering
(GIWAXS) was performed to examine the differing inter-
molecular interactions in the thin-film of INDT-T, INDT-
S and INDT-BT. The 2D images are presented in the SI (S8)
and the out-of-plane (q,) and in-plane (qy) line cuts are
presented in Figure 7.



Table 4. GIWAXS correlation lengths and d-spacings of diffraction planes of INDT polymer thin-films

Edge-on?/ d-spacing (A) Correlation length (nm)
Polymer b
Face-on (100) (o10) (o01)¢ (100) (010) (oo1)e
Edge-on 23. .66 17.8 1 2. 2
INDT-BT g 3.3 3 7 3 7 3
Face-on 26.5 3.5 - 9.9 3.3 -
Edge-on 22.8 .62 17. 1 2. .6
INDT-S g 3 73 3 7 9
Face-on 27.2 - - 4.9 - -
Edge-on 22, .66 17. 1 2. 1.8
INDT-T g 4 3 7-5 5 5
Face-on 22.4 - - 2.1 - -

a) Edge-on domains include out-of-plane (q,) (100) peaks and in-plane (qxy) (010) peaks b) Face-on domains include in-plane (qyy)
(100) peaks and out-of-plane (q,) (010) peaks c) (0o1) peaks do not distinguish between an edge-on or face-on orientation

e AT o O e 1A . i =
Figure 6 Tapping-mode AFM topography of 5 um? samples
of INDT polymer films spin-cast onto glass from chloro-
benzene solutions (10 mg/mL) and annealed at 190 °C. a)

INDT-T b) INDT-S c) INDT-P d) INDT-BT

Crystalline correlation lengths (CCL) and d-spacings of
the three polymers calculated from the GIWAXS data are
presented in Table 4 and CCLs were calculated using a
Scherrer analysis modified for a 2D detector.5' In general,
the three polymers have similar crystallinities and orienta-
tions; however there are a few key differences that help ex-
plain their performance variations.

In the out-of-plane (q,) cuts (Figure 7a), all three pol-
ymers show significant edge-on lamellar ordering with
(100), (200), (300) and even (400) peaks clearly visible. The
d-spacing and CCLs for these edge-on lamellar domains are
all similar as well; indicating there is comparative side-
chain based ordering in these three polymers.

Additionally INDT-BT demonstrates a clear out-of-
plane m-rt stacking (o10) peak, indicating it also has face-
on -1 stacking crystallites, in contrast to the other two
polymers. The in-plane (qy) line cuts (Figure 7b) for all
three polymers exhibit edge-on (010) peaks, however
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Figure 7. Grazing incidence wide-angle x-ray scattering line
cuts a) out-of-plane (qz) b) in-plane (gxy). The line cuts are
offset for clarity.

there is a demonstrative reduction in peak intensity in the
progression INDT-BT to INDT-S to INDT-T. Additionally,
all three polymers show some indication of face-on (100)
domains, however there is a great reduction in intensity
and CCL of this domains on going from INDT-BT to
INDT-S to INDT-T as shown in Table 4. It appears that
INDT-BT shows some balance between edge-on and face-
on domains while INDT-S and INDT-T greatly favor the
edge-on orientation. Crucially, there is a significant differ-
ence in the polymer (oo1) and (002) peaks, which corre-
spond to planes resulting from repeat polymer units in an
ordered chain backbone (Figure 8)
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Figure 8. Visualization of the GIWAXS results of the thin-film crystallinity of INDT-BT

These peaks indicate the relative degree to which the
polymer is forming straight chains in the film, a highly
beneficial quality for charge transport.5 The (oo1) peak d-
spacings are in good accordance with the geometry-opti-
mized size of a repeat unit. The large CCL in all three pol-
ymers, but especially in INDT-BT indicates strong straight
chain ordering. The CCL of 23 nm for INDT-BT corre-
sponds to 13 repeat units, a remarkable level of straight
chain ordering for a polymer of this design. INDT-BT ex-
hibits a sharp (0o1) peak and a sharp (002) second order
reflection while INDT-S exhibits a clear (0o1) peak and a
broad, but clear second order reflection. INDT-T exhibits
a (oo1) peak but no second order reflection indicating that
while it does have strong periodicity along the chain back-
bone, including a Scherrer analysis-derived CCL slightly
higher than INDT-S, the lack of a (002) indicates the or-
dering is not as strong as in the other two polymers.

We believe the highly ordered straight chain backbone
properties of INDT-BT are the source of its ultra-high elec-
tron transport properties. These results correlate with sim-
ilar findings for high p-type mobility conjugated polymers
and demonstrate how high polymer backbone ordering is
crucial for high charge transport.” It is important to dis-
cuss the implications of these results in the greater context
of conjugated polymer design. Typically, introduction of
selenophene or benzothiadiazole moieties into a conju-
gated polymer backbone has been a successful strategy to
enhance charge transporting characteristics, in particular
n-type mobility.5° The apparent increase in n-type mo-
bility in such cases may have resulted from the lowering of

the LUMO which facilitates charge injection. However, in
our case we find that there is very little difference in meas-
ured LUMO energy between the T, S, and BT containing
conjugated polymers, yet we still see significantly en-
hanced n-type charge transport, due to the increased or-
dering along the polymer backbone. The fact that we are
not modifying the INDT monomer unit, but only changing
the co-monomer from T to S to BT means that the increase
in backbone ordering must originate solely from this mod-
ification. This suggests that both benzothiadiazole and se-
lenophene (the former more than the latter) may have an
inherent ability to induce order along the polymer back-
bone. Therefore it is possible that the increase in mobility
that is commonly observed when introducing either S or
BT units is not solely due to electronic effects on the
LUMO but also to a subtle increase in order along the pol-
ymer backbone resulting from intra-molecular rigidifica-
tion of the backbone structure> or increased inter-molec-
ular stacking interactions’.

To investigate the origin of the rigidity of the polymer
backbones we examined the theoretical degrees of rota-
tional freedom along the novel polymers (Figure 9). Ini-
tially we set out to understand the origin of the increased
backbone ordering (and hence mobility) of the BT vs S and
T co-monomer units (8g). Torsional potentials of each co-
monomer-thiophene dimer were calculated at 10° inter-
vals, holding the connecting dihedral angle fixed whilst
performing geometry optimization on all remaining de-
grees of freedom at the B3LYP/6-31+G** level of theory (see
SI Sg). The optimized geometries attained using DFT were
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therefore taken as input geometries for single point energy
calculations at the MP2/cc-pVTZ level of theorys® and are
plotted in Figure 10.

Figure 9. Visualisation of the sites of rotational freedom along
the INDT-X polymer backbone occurring at the connecting
bonds of IND to thiophene (04) and thiophene to the different
co-monomers (0p)
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Figure 10. Potential energy surfaces (MP2/cc-pVTZ) of dihe-
dral angles (05) of dimers of thiophene with benzothiadiazole
(BT), selenophene (S) and thiophene (T) where 0° corre-
sponds to planar structures with heteroatoms in trans-confor-
mation.
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Figure 1. Potential energy surfaces (MP2/cc-pVTZ) of dihedral
angles (84) of dimers of thiophene with IND and NDI where
0° corresponds to fully planar structures with heteroatoms in
syn-conformation.

All three dimers are most stable in their trans orien-
tation as expected, although the completely planar geom-
etry is slightly disfavored. The three different sub-units all
show rotational energy barriers with significantly higher
maxima for the BT-T than for S-T or T-T. The degree of
restriction of rotation for the dimers follows the trend BT
> S > T, which matches the trend in experimental n-type
transport as a function of polymer backbone ordering, sug-
gesting how lower degrees of rotational freedom along the
polymer backbone gives rise to a higher degree of ordering.
The high torsional potential of the BT-T couple has previ-
ously been linked to the origin of high p-type mobility in
conjugated polymers.5? The natural ability of benzothiadi-
azole to increase rigidity and therefore backbone ordering
in a conjugated polymer chains thus allowing efficient
charge transport may begin to explain why this heterocy-
clic unit has consistently been present in the highest per-
forming polymers for organic electronics. It must also be
mentioned that the potential for intra-molecular dipolar
ordering of BT units can also assist polymer chain packing.
However, these results further suggest that the commonly
seen increased mobility of selenophene containing poly-
mers over their thiophene analogues is, at least, in part due
to reduced torsional disorder.

Figure 11 shows the results of the same calculations of the
indolo-naphthyridine-6,13-dione-thiophene (INDT) deh-
dral (84). Large destabilizing interactions for planar con-
formations (0 = 0°/+180°), arising from steric interactions
between either the S-O or H-O atoms are clearly visible.
The lowest energy conformation is one where the INDT
unit is non-planar and has a dihedral angle of approxi-
mately 30°. At perpendicular geometries (6 = +90°) an-
other energetic maxima arising from disruption of the con-
jugation. The outcome of this is that the lowest energy con-
formation of the INDT core is narrowly flanked by two high
energy barriers resulting in a very small amount of tor-
sional disorder and consequently gives rise to the unusu-
ally high amount of polymer backbone order we observe
experimentally. At the MPz2 level of theory, INDT presents
some degree of “conformational locking” and the degree of
“conformational locking” appears to be higher in the case
of the INDT-BT analogue.

The torsional potentials of naphthalene diimide-thio-
phene (NDIT), a repeat unit in well-established high n-
type materials, was also considered (Figure 1). NDI-
Thiophene containing conjugated polymers are the only
other class of materials which display high n-type mobility,
yet possess a non-planar backbone.? 59¢ Furthermore, it
is one of the very few other conjugated polymer families
which displays long range order along the polymer back-
bone.%> Both NDIT and INDT are energetically unstable at
fully planar geometries and in general show similar fea-
tures. However it can clearly be seen that at MP2 and
B3LYP (supporting information Sg) level of theory the ro-
tational barriers for NDIT are lower than those for INDT.
This is a possible explanation for the higher n-type mobil-
ity of our novel series of materials over the well-established
NDI containing polymers.®3 By thermally populating the
energetic profile it is clear that the energetic disorder in
INDT is significantly reduced relative to NDIT (Supporting

9



information S10). However it must be noted that in the
case of NDI20D-2T (the most well-known high n-type
mobility polymer) there are fewer degrees of rotational
freedom overall (a total of 3 dihedrals per repeat unit) in
comparison to INDT-BT (a total of 4 dihedrals per repeat
unit). Finally, we note that the molecules in the calcula-
tions are isolated in nature and that solid state packing can
have an important role in determining backbone confor-
mation potentially overcoming the computationally ob-
served energetic barriers. However, the similarity of the so-
lution and thin film UV-Vis spectrum which does not dis-
play any significant red-shift or other signs of drastic
changes to the backbone conformation means that we do
not believe that the observed torsional barriers play an im-
portant role in these polymers.

In order to further understand the difference in rota-
tional energy barriers between INDT and NDIT we looked
at the distribution of the HOMO on going from the lowest
energy to the fully orthogonal conformation (Figure 12). In
the case of NDIT we find that on increasing the dihedral
the HOMO goes from being delocalized across the entire
NDIT unit to being localized predominantly on the thio-
phene, as would be expected from its donor-acceptor type
characteristics (Figure 12, B & D). It is possible that in-
creasing the amount of charge-transfer like interactions
could have a stabilizing effect on this conformation. How-
ever, there is also a clear contribution to the HOMO from
the oxygen atom of the NDI unit potentially indicating
some kind of stabilizing lone pair-arene interaction.® In
stark contrast, on increasing the dihedral for the INDT unit
the HOMO remarkably becomes fully localized on the IND
core (Figure 12, A & C). This is counter to what one might
expect from the traditional view of D-A type conjugated
polymers. Therefore, the relatively high barrier for rotation
arises solely from the energetic cost of reduced conjuga-
tion.

To investigate the unusual orbital distribution of the
twisted geometry in INDT we can construct basic MO dia-
grams using DFT/TD-DFT for NDIT and INDT (Figure Su).
NDIT displays conventional donor-acceptor orbital hy-
bridization. INDT however shows unusual characteristics
in that the LUMO of the IND core is not below that of T
implying that INDT cannot be classified as a typical “ac-
ceptor” unit. Instead, the narrow band-gap observed in the
novel polymers is more a result of the inherent narrow en-
ergy levels of IND, which is then further narrowed through
conjugation, rather than the traditional picture of orbital
hybridization. The origin of the narrow band-gap can be
attributed to the indigoid like core, which has similar elec-
tronic characteristics to mercocyanine dyes.® However, we
note that when including the entire T-T-T (or alternative)
repeat unit into the MO diagram IND does take on some
‘acceptor’ like properties.

Overall, these studies suggest that the IND based poly-
mers are a remarkable addition to the field of organic elec-
tronics. In contrast to the vast majority of current materi-
als we have demonstrated that it is possible to achieve ul-
tra-high mobilities and very narrow band-gap materials
from non-planar conjugated polymers. The key to the mo-

bility appears to stem from the conformational lock im-
posed by the nearby carbonyl group and unfavorable per-
pendicular geometry which allows for the observed high
backbone ordering. The inherent narrow band-gap of the
IND core means that extremely narrow band-gap conju-
gated polymers can be achieved without the need for pla-
narity or the D-A orbital hybridization approach, thus of-
fering a new route to low band-gap conjugated polymers.

Energy (eV)
Relative Energy (kcal/mol)

Figure 12. Partial potential energy surfaces shown in figure x
between 20° < 0 < 140° showing the predicted (MP2/cc-pVTZ)
HOMO at lowest (A & B) and highest potential energies (C &
D)

Organic Solar Cells

To expand the scope of the investigation, conventionally
structured OPV devices were fabricated using the present
polymers and PC,,BM, spin-coated from a 4:1 CHCl;:ODCB
solution (10 mg/mL). J-V plots are shown in Figure 13 and
device data are tabulated in Table 5. We previously re-
ported the maximum efficiency of INDT-T in a conven-
tionally structured OPV device to be 2.3%; Using the
higher molecule weight material, the open circuit voltage
(Voc) was measured to be 0.6 V, with significant improve-
ments to the short circuit current (Jsc) and the fill factor
(FF), resulting in an overall device efficiency of 3.5%. The
increase is likely due to the increased molecular weight re-
sulting in an improved bulk heterojunction (BHJ) mor-
phology. INDT-S devices have a lower Voc, in line with the
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raised HOMO observed experimentally, and an overall de-
vice efficiency of 3.1%. The reasonably high FFs for both
INDT-T and INDT-S indicate that both materials are per-
forming correctly in the BH]J devices.

Although the efficiency of the devices are modest it
should be noted that these are some of the highest values
reported for materials with such narrow band-gaps.®¢
INDT-P has a significantly larger V., again in agreement
with the deeper HOMO caused by the twisting of the phe-
nyl group in the polymer backbone, however the FF and Jsc
are both low. INDT-P is relatively insoluble in chloroben-
zene and obtaining good quality films was not possible.
Thus it is not possible to determine whether the reduced
performance is due to electronic or morphological factors.
Finally, INDT-BT did not perform well in OPV devices in
part due to reduced performance in all three figures of
merit, especially Jsc. The lower Voc is likely contributed by
the higher HOMO in INDT-BT reducing the cross-gap
with the fullerene acceptor. The reduced FF and Jsc are
most likely products of the high crystallinity that affords
such high OFET mobilities, but in this case, the large crys-
talline domains suppress intermixing between the donor
and acceptor phases, leading to reduced photocurrent gen-
eration.

Table 5. OPV Device Characteristics of INDT-Based
Solar Cells

Jsc
Polymer | Voc(V FF PCE (%
y oc(V) (A cm-) (%)
INDT-T 0.60 9.1 0.64 3.5
INDT-S 0.56 8.9 0.61 3.1
INDT-P 0.69 6.0 0.43 1.8
INDT-BT | o.57 4.4 0.53 131
(\7-‘\ 3 T T 1)
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Figure 13. J-V characteristics of polymer:PC71BM (1:2) solar
cells

The effect of varying fullerene blend ratio in INDT-T and
INDT-S based OPV devices was investigated as both these
materials show promise for near-IR based solar cells. The

EQEs and resulting data are shown in Figure 14 and Table
6. It can clearly be seen that for both INDT-T and INDT-S
increasing the fullerene content leads to increased device
performance. For both polymers, Voc and FF remain rela-
tively constant on increasing fullerene concentration, but
a significant increase in Jsc is observed. For INDT-T, a
champion device efficiency of 4.1% was obtained, whereas
for INDT-S, although a similar Jsc of ~10 mA cm™ being ob-
tained, the lower Voc led to slightly lower overall PCEs. The
external quantum efficiencies (EQEs) of both polymer de-
vices are of considerable interest. Although it is clear that
the majority of the photocurrent originates from the full-
erene absorption (~450 nm), there is a clear and significant
contribution from the polymer absorption. Remarkably, as
the fullerene concentration is increased, it can clearly be
seen that the increasing photocurrent is in part due to a
greater contribution from the polymer absorption and
EQE values in excess of 0.2 are observed at wavelengths up
to 9oo nm. Considering the ultra-low band-gaps of these
polymers and relatively large Voc of the OPV devices, the
fact that relatively efficient charge photo-generation is ob-
served at all is remarkable. It can be expected that the driv-
ing force for charge separation (AGgs) is very low and in-
deed, taking the most commonly quoted electron affinity
of PC,BM, 3.7 eV, the LUMO levels of the donor and ac-
ceptor are almost isoenergetic, implying virtually zero
AGcs. Despite this, all contribution to the photocurrent
above 700 nm results from a distinct contribution from
polymer absorption.

Table 6. OPV Device Characteristics of INDT-T and
INDT-S Solar Cells with Different Fullerene Blends

Polymer | D:A¢ I(mA em-) Voe (V) | FF EZ)E)E
1:2 0.60 9.1 0.64 3.5
INDT-T |13 0.61 10.0 0.66 4.0
1:4 0.61 10.2 0.66 41
INDT-S 1:2 0.56 8.9 0.61 3.1
13 0.57 10.3 0.60 3.5

a) Ratio of polymer donor (D) to fullerene acceptor (A)
b

0.0 T T T 0.0

500 700 900 500 700 900

Wavelength (nm) Wavelength (nm)

Figure 14. EQEs of solar cells of a) INDT-T and b) INDT-S with
varying polymer:PC,,BM blends
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Figure 15. The fs-ps transient spectra of a) pristine INDT-S and b) INDT-S:PC70BM (1:4), using a pump wavelength Apmp = 800 nm
with an excitation density of 6 pJ cm=. The inset shows the spectrum of the blend at 200 ns using a longer time resolution system.
¢) The normalised TA kinetics of the pristine and 1:4 blend films using A,mp = 800 nm, Ay, = 950 nm, with an excitation density of
2 yJ cm. d) The TA kinetics of the INDT-S:PC71BM blend film using A4 = 950 nm, with an excitation density of 2 pJ cm?, but

varying the pump wavelength, Apmp = 490 nm or Apmp = 800 nm.

To investigate this, femtosecond transient absorption
spectroscopy (TAS) was performed on INDT-S:PC,,BM
(1:4) blend films as a representative case (the respective
INDT-T blend produced identical spectral trends). TAS re-
sults of pristine INDT-S (Figure 15a), pumped at the poly-
mer absorption band at 80oo nm, reveal a broad band at ap-
proximately 1500 nm that decays with a time constant of 23
ps, and is assigned to the polymer singlet exciton. Addition
of the PC,,BM to create the 1:4 blend film also leads to the
formation of the polymer singlet exciton (Figure 15b).
However, after the singlet exciton has decayed, a much
longer-lived component is observed that absorbs from
1060 nm to above 1400 nm. This component is still present
when the INDT-S:PC,BM blend transient spectrum is
measured on ns—ps timescales (Figure 15b inset). Since no
O, sensitivity is observed, this long-lived component is as-
signed to polymer polarons.

The kinetics for both the pristine and blend films are
shown in Figure 15¢, using a pump wavelength of 8oo nm,
thereby selectively exciting solely the polymer. It can be
observed that the singlet exciton decay is largely complete
by approximately 100 ps, leaving a signal of close to zero
for the pristine film. For the blend film however, the long-
lived polymer polarons are evident after 100 ps and they
comprise approximately 17% of the initial signal amplitude.
As such, most of the polymer excitons formed are lost
through relaxation back to the ground state (83%), which
can be largely attributed to the lack of driving force for
charge separation, although nanomorphology may also
play a role. This is consistent with the polymer contribu-
tion to the EQE of approximately 20% at 8oo nm. Never-
theless, it is remarkable that such a high proportion of
charge carriers are achievable through polymer excitation
in ultra-low band gap polymers.

Observations when the fullerene is excited at 490 nm are
quite different (Figure 15d) and suggest the presence of a
second charge photogeneration mechanism. Upon excita-
tion of the INDT-S:PC,,BM blend at 490 nm, no decay is
observed at all. Instead, two separate rises in the ground
state bleach signal are observed: the first from the initial
time delay until approximately 100 ps, and the second from

100 ps until the end of the measured time range. These
rises correspond to a steadily increasing concentration of
polymer polarons in the blend film. The timescale of the
second rise is consistent with hole transfer from the pho-
toexcited fullerene to the polymer. This unusually slow na-
nosecond timescale hole transfer process has been previ-
ously observed in other polymers with low-lying LUMO
levels.®7 Since the appearance of this second rise coincides
with the completion of the polymer exciton decay, the first
rise for the INDT-S:PC,,BM blend can therefore be as-
signed to a combination of polymer exciton decay and hole
transfer rise. The result of the slow rise in the polymer po-
laron concentration at this excitation wavelength is that by
the end of the measured time range the percentage of pol-
ymer polarons present is approximately double that of
solely polymer excitation when the polaron signals are nor-
malised for number of photons absorbed. Again, this is
consistent with the EQE results, which show a much
greater contribution from PC,BM excitons compared to
polymer excitons. We note that the high n-type mobility of
the INDT based polymers may offer the potential for the
use of this unit as an alternative to fullerene in organic so-
lar cells. However, the extremely narrow band-gaps of this
current generation of polymers prevents this possibility.
Synthesis of wider band-gap, high n-type mobility materi-
als with appropriately placed energy levels in currently on-

going.

Conclusions

We report a family of four extremely narrow band-gap
polymers based on naturally occurring indigo with high
thin-film crystallinity resulting in ultra-high n-type charge
transport in OFETs. Electron mobility over 3 cm? Vs* was
observed in benzothiadiazole copolymers, arising from a
highly ordered polymer backbone. The extent of backbone
crystallinity varied significantly as determined by GIWAXS
and could be correlated with the electron mobility of the
conjugated polymer. Theoretical analysis of the constitu-
ent units reveals that these polymers are in fact non-pla-
nar, yet extremely conformationally rigid due to a steric
clash in their planar configurations. Despite the absence of
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planarity the obtained band-gaps are amongst the narrow-
est seen in conjugated polymers. Furthermore we demon-
strate how commonly used co-monomer units can drasti-
cally affect backbone rigidity and hence charge carrier mo-
bility. OPV devices using the novel materials gave PCEs up
to 41% in OPVs with demonstrable photocurrent genera-
tion occurring at wavelengths up to 1000 nm, while retain-
ing good open circuit voltages. These results demonstrate
the potential of this relatively unexplored chromophore in
organic semiconductors as both an n-type transistor and a
near-IR absorber in next generation organic electronic de-
vices. Perhaps more importantly, these novel materials
have allowed for a detailed understanding of the molecular
origin of high n-type mobility in conjugated polymers. In
particular, they demonstrate that planarity is not a require-
ment for ultra-high charge carrier mobility provided that
the polymer backbone remains rigid. We anticipate the
structure/optoelectronic relationships reported herein will
contribute strongly to the bottom-up design of high mo-
bility organic semiconductors.
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