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’ INTRODUCTION

While initially conceived toward the development of conju-
gated polymers with tailored electro-optical properties for photo-
voltaic applications,1 the maturation of the donor�acceptor
(DA) copolymer approach has also led to the extension of DA
polymers to thin film transistor (TFT) applications. Progress in
DA polymers as active layers for TFTs has yielded materials with
mobilities consistently exceeding 0.1 cm2V�1s�1.2 Even more
significant are recent reports of DA polymers with TFT mo-
bilities nearing or surpassing 1 cm2V�1s�1,3 with performance
comparable to those of amorphous silicon TFTs. Combined with
other attractive physical properties such as good solution proces-
sability, mechanical flexibility and compatibility with thermally
sensitive flexible substrates, DA polymers now appear to be strong
candidates as active layers for low-cost and flexible electronics.4

DA polymers consist of a combination of π-electron rich and
π-electron deficient conjugated moieties (donors and acceptors,
respectively) arrayed along the polymer chain, which determines
the electronic behavior of the resulting polymer. While p-type
(hole transport) behavior has been observed in almost all DA
polymers, robust n-type (electron transport) or ambipolar
(coexistent hole and electron transport) behavior is dependent
on the type of acceptor used.5 The exact role the acceptor moiety
plays in n-type transport is unclear and thus a subject worthy
of study. To illustrate, we describe and compare two accep-
tor moieties that are currently the focus of our research,

diketopyrrolopyrrole (DPP) and benzobisthiadiazole (BBT), shown
in Figure 1a. We have previously synthesized a family of DA poly-
mers with BBT as the acceptor moiety,6 observing that ambipolar
behavior is universal for these polymers. Interestingly, in contrast
to BBT, n-type behavior is not universal in polymers with DPP as
the accepting moiety. While many DPP-containing polymers exhibit
ambipolar behavior,7 just as many show only p-type behavior.8

The integration of DPP into high performance polymers has
been extensively reported, with many DPP-containing polymers
exhibiting mobilities from 0.1 cm2V�1s�1 up to 1 cm2V�1s�1.
We are therefore interested in harnessing the high performance
effect of DPP in transistor fabrication. However, in the present
study, instead of using a strong electron donor (such as thio-
phene containing monomers) to couple to DPP, we decided to
couple DPP with different acceptor units, such as BBT. In order
to observe the interaction between DPP and its companion
accepting unit, the accepting strength of the companion unit was
systematically modulated through chemical modification. As
shown in the top section of Figure 1a, this can be achieved by
starting out with BBT and then using monomers with increas-
ingly less thiadiazole units attached. With one less thiadiazole
unit, a weaker accepting benzothiadiazaole (BT) is formed,
and with no thiadiazole units, we have an electronically neutral
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ABSTRACT: We have studied the electronic, physical, and transistor properties
of a family of donor�acceptor polymers consisting of diketopyrrolopyrrole (DPP)
coupled with different accepting companion units in order to determine the effects
of donor�acceptor interaction. Using the electronically neutral benzene (B), the
weakly accepting benzothiadiazole (BT), and the strongly accepting benzobisthia-
diazole (BBT), the accepting strength of the companion unit was systematically
modulated. All polymers exhibited excellent transistor performance, with mobilities
above 0.1 cm2V�1s�1, even exceeding 1 cm2V�1s�1 for one of the BBT-containing
polymers. We find that the BBT is the strongest acceptor, enabling the BBT-
containing polymers to be strongly ambipolar. The BBT moiety also strengthens
interchain interactions, which provides higher thermal stability and performance for
transistors with BBT-containing polymers as the active layer.
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benzene (B). Since the modulation of the thiadiazole unit(s)
occurs perpendicularly to the polymer chain, the electronic pro-
perties can be varied without any change in either the backbone
structure of the repeat unit or the solublizing side groups that
decorate the repeat unit. This procedure effectively allows us to
control the effects of the solubilizing side groups and the length
of the repeat units, as they remain unchanged between the poly-
mers. In subsequent sections of this report, we describe and
compare the electronic properties of DPP-containing polymers
synthesized with B, BT, or BBT, and show how the interactions
between these moieties determine device behavior when the
polymers are used as TFT active layers.

’RESULTS

Synthesis of Polymers. PBDPP, PBTDPP, PBBT6DPP, and
PBBT12DPP (shown in the lower portion of Figure 1a) were
synthesized via Suzuki coupling betweenDPP-dithiophene boro-
nic acid pinacol ester (DPPDT) and the dibrominated dithio-
phene-accepting moiety (BDT, BTDT, BBTDT6 or BBTDT12)
as shown in Figure S1 in the Supporting Information (SI). A
more detailed description of the syntheses is also available in the
SI. The monomer BBTDT was found to be rather difficult to
solublize and so hexyl and dodecyl side groups were attached to
dithiophene units, resulting in BBTDT6 or BBTDT12, respectively.

The number average molecular weights and polydispersity
indices, as listed in Table 1, are derived using gel-permeation
chromotogaphy (GPC). GPC measurements were carried out
for all polymers in 1,2,4-trichlorobenzene (TCB) at 150 �C. It
was found that the molecular weights of PBTDPP, PBBT6DPP,
and PBBT12DPP were similar, but for PBDPP, the molecular
weight was more than double compared to those of the others.
Measurements for PBTDPP and PBDPP were also carried out in
chloroform (CF) at room temperature and the data is available in
the experimental section of the SI, along with the GPC traces for
all measurements. The measured molecular weights for
PBDPP and PBTDPP were substantially less in hot TCB than
in chloroform, most probably due to aggregation of the poly-
mers in chloroform.
Optical and Electronic Properties. As shown in Figure 1b,

the UV-vis-IR spectra of all four polymers, both in ortho-
dichlorobenzene/chloroform and in film are classified by poly-
mer type. The bandgaps of the four polymers, derived from the
spectra, are summarized in Table 1. We observed that the
integration of BBT typically results in polymers with very low
bandgaps of below 1 eV.9 PBBT6DPP and PBBT12DPP are no
exceptions, with both polymers having very narrow bandgaps
of around 0.65 eV. We observed that for PBBT6DPP and
PBBT12DPP, the change in solublizing side groups does not
strongly affect the electronic properties of the polymer. In contrast,

Figure 1. (a) Chemical structures of the accepting moieties used (top) and the resulting polymers synthesized (bottom). (b) UV-vis-NIR spectra of the
polymers in both film and solution.
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variations in the acceptor strength of the companion moieties result
in significant changes, with the bandgap of the resulting polymer
increasing with decreasing acceptor strength. Thus, for PBTDPP
and PBDPP, their bandgaps increase to 1.35 eV and 1.5 eV,
respectively. It is interesting to note that there is only a slight drop
in bandgap of 0.15 eV from PBDPP to PBTDPP. In contrast, there
is a significant drop of almost 1 eV in bandgaps for the BBT-
containing polymers compared to PBTDPP.
This difference in drop in bandgap can be explained by

comparing the energy levels of the different polymers, and also
with those of the constituent monomers. The comparisons are
summarized in Table 1. The energy level with respect to the
vacuum level of the lowest unoccupied molecular orbital (LUMO)
for each material was derived from cyclic voltammetry (CV) where
LUMO=4.8 eV�ΔE.ΔE is calculated bymeasuring the difference
between the onset of reduction and the half-wave potential of the
ferrocene standard. The highest occupied molecular orbital
(HOMO) level was derived from the difference between the
LUMO level and the optical bandgap, that is, HOMO = LUMO +
optical bandgap. The reverse was applied to BDT as the reduc-
tion point could not be observed, where HOMO = 4.8 eV +ΔE.
ΔE is calculated by measuring the difference between the onset
of oxidation and the half-wave potential of the ferrocene stan-
dard. The LUMO level was derived from the difference between
the HOMO level and the optical bandgap, that is, LUMO =
HOMO�optical bandgap.
Themost striking observation wemade is how significantly the

LUMO level of the resulting polymer was determined by the
LUMO level of its stronger accepting moiety. For PBBT6DPP
and PBBT12DPP which had LUMO levels of �3.9 eV, the
LUMO level of each polymer was determined by the LUMO
level of its respective constituent BBTDT monomer, which was
around �3.8 eV. In the case of both PBTDPP and PBDPP,
DPPDT was the determining moiety, with LUMO levels be-
tween �3.2 eV and �3.4 eV for both monomer and polymer.
This explains the small difference in bandgap between PBTDPP
and PBDPP, and why a sharp drop in bandgap is observed for the
BBT-containing polymers compared to the other polymers.
The effect of the constituent monomers on the HOMO levels

of the resultant polymers was more complex. For all the poly-
mers, the HOMO level was moved substantially below the
vacuum level, �4.55 to �4.75 eV as compared to between
�5.2 and �5.5 eV for the monomers. This phenomenon can be
somewhat accounted for by DFT calculations performed by
Bredas et al.10 on BBT-containing oligomers of differing lengths.
It was found that as the oligomer length increased, a significant
decrease in the magnitude of the HOMO level, compared to that
of a single monomer, occurred. This decrease was such that upon
extrapolation, a polymer of infinite length would have a HOMO
level reduced by 1 eV, close to what we observed for the BBT-
containing polymers. We believe that the same can be applied to

PBDPP and PBTDPP, as the thiadiazole units did not signifi-
cantly affect the HOMO levels of all the monomers, as compared
to the LUMO levels.
Therefore, we find that the categorization of “donor” and

“acceptor”moieties is not entirely definitive. Interacting moieties
will take on donor and/or acceptor roles depending on their
relative energy levels. For PBDPP and PBTDPP, the role of the
acceptor is taken up by the DPP moiety and the resulting
LUMOs are close to that of the original DPPBT monomer. In
contrast, the BBT moiety is the acceptor for the BBT-containing
polymers and these polymers have LUMOs of around �3.9 eV,
close to that of BBTDT.
Polymer Thermal Properties. To determine the effect of the

companion moiety on the thermal properties of the resulting
polymers, differential scanning calorimetery and thermogravi-
metric analysis were performed on all polymers. The variation of
the companion moiety does not significantly affect the chemical
stability of all the polymers as shown byTGA (Figure S2 in the SI).
We observed that detectable chemical degradation occurs only
above 350 �C for all the polymers.
In contrast, differences were observed when DSC was used to

determine the thermal transitions for each polymer. For all
polymers, DSC scans were performed from room temperature
up to a temperature below the decomposition point of each
polymer (Figure S3 in the SI). For PBDPP and PBTDPP,
endothermic transitions were observed during the first heating
scan, with the onset for the endotherms occurring after 200 �C
for both polymers and the end occurring at 265 �C for PBDPP
and 295 �C for PBTDPP. No transitions were observed for both
polymers for the second scan, implying a nontrivial thermal
relaxation process. The DSC data indicates that a melting or
chain relaxation process probably occurs for PBDPP and
PBTDPP. In contrast, the inclusion of the BBT moiety results
in a significant difference in thermal properties, as DSC scans of
the BBT-containing polymers show no significant endothermic
transitions.
Transistor Fabrication, Ambipolarity and Transistor Per-

formance with Correlation to Polymer Film Behavior. We
find that the electronic and thermal properties observed above
play a large role in determining the transistor behavior of each
polymer. To test transistor performance, bottom-gate, Au bottom-
contact transistors were fabricated with all four polymers as the
active layer on heavily doped silicon substrates. The insulator
used was a 200 nm SiO2 layer passivated with decyltrichloro-
silane (DTS). A more detailed description of the fabrication
process is available in the SI. The transistor samples were
annealed at various temperatures each for 10 min in order to
locate the optimal annealing temperature that would result in the
highest performing devices. All devices were tested and annealed
in nitrogen-purged gloveboxes. All samples measured had chan-
nel length of 5 μm and channel width of 1 mm. In terms of

Table 1. Energy Levels for theDPP-Based Polymers Studied and Their ConstituentMonomers: Optical EnergyGap (Eg), HOMO
Levels and LUMO Levels As Derived from Cyclic Voltammetry and Absorption Measurementsa

name PBDPP PBTDPP PBBT6DPP PBBT12DPP DPPDT BDT BTDT BBTDT

Eg (eV) 1.5 1.35 0.65 0.65 1.9 3.2 2.1 1.6

HOMO (eV) �4.7 �4.75 �4.55 �4.55 �5.3 �5.5 �5.2 �5.4

LUMO (eV) �3.2 �3.4 �3.9 �3.9 �3.4 �2.3 �3.1 �3.8

Mn (kD)/PDI 21/2.1 9.4/1.6 8.7/1.5 8.8/1.8 N/A N/A N/A N/A
a Physical properties of the DPP-based polymers; number molecular weight (Mn) and polydispersity index (PDI) are also listed.
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processability, PBDPP and PBTDPP were more soluble than
both BBT-containing polymers. Both PBDPP and PBTDPP
dissolved within an hour of stirring in chloroform, whereas
PBBT6DPP and PBBT12DPP required about 4 days of stirring
in order to achieve the best transistor results, and even then,
particles were still observed to cluster around the solution rim. In
fact, solutions of PBBT12DPP left undisturbed resulted in the
formation of inelastic gels. Photographs comparing the fluidity of
solutions of PBDPP, PBTDPP, and PBBT12DPP are shown in
Figure S4 in the SI.
For each polymer, the type of moiety used has a profound

effect on the polarity of their transistor behavior. Figure 2
compares the performance of the polymers, with the transfer

and output curves of typical devices of PBBTDPP (Figure 2
panels a and b, respectively), PBTDPP (Figure 2 panels c and d,
respectively) and PBDPP (Figure 2 panels e and f, respectively)
shown. In ambipolar TFTs11 the transfer curves trace a V-shaped
trough with decreasing magnitude of gate voltage, indicating a
transition from unipolar to ambipolar behavior. This is reflected
in the output plots exhibiting unipolar transport with standard
linear-to-saturation current�voltage (IV) transistor characteris-
tics at high gate voltages, and at low gate voltages, ambipolar
transport with diode-like IV characteristics. This transition from
the unipolar to ambipolar current regime means that a true ‘off’
state does not exist for ambipolar transistors. Hence, concepts
such as on�off ratio or threshold voltage are difficult to apply.

Figure 2. Typical transistor characteristics of PBBT12DPP, PBTDPP, and PBDPP at optimized annealing temperatures. 2a and 2b: Transfer and
output characteristics, shown respectively, of a PBBT12DPP transistor annealed at 240 �C with mobilities determined to be 1.1 cm2V�1s�1 for n-type
transport and 1.0 cm2V�1s�1 for p-type transport. 2c and 2d: Transfer and output characteristics, shown respectively, of a PBTDPP transistor annealed
at 200 �C with p-type mobility determined to be 0.2 cm2V�1s�1. 2e and 2f: Transfer and output characteristics, shown respectively, of a PBDPP
transistor annealed at 160 �C with p-type mobility determined to be 0.17 cm2V�1s�1.
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This is in contrast to a bipolar transistor, in which unipolar n-type
and p-type regimes exist, but not the coexistence of electrons and
holes required for ambipolar transport. In the bipolar case,
on�off ratios and threshold voltages can be determined for both
n-type and p-type transport.
For ambipolar PBBT12DPP, equivalent n-type and p-type

unipolar behavior can be clearly observed close to each other in
both the transfer and output plots with maximum currents at
VG = ( 80 V in the mA range. The inclusion of the BBT unit in
the polymer results in a very narrow bandgap with high LUMO
and HOMO energy levels which enable ease of injection for
holes and electrons. Similar ambipolar transport behavior for
PBBT6DPP TFTs can be observed in Figures S5a and S5b,
available in the SI.
In contrast, the lower LUMO levels of PBDPP and PBTDPP

result in higher injection barriers for electrons, and therefore,
unipolar n-type transport cannot be observed in either PBDPP or
PBTDPP transistors. PBDPP transistors exhibit pure unipolar
p-type transport behavior in which large current is observed at
strongly negative gate voltages, but negligible current is observed
at strongly positive gate voltages. There is also a slight increase in
current at strongly positive gate voltages due to leakage current.
With the lack of the ambipolar current regime, it is relatively
simple to determine on�off current ratios and threshold volt-
ages. However, for PBTDPP, the transfer curves are V-shaped
with slight current at positive gate and source-drain voltages. This
is not due to gate leakage current. Rather it indicates a slight
n-type injection that results in an ambipolar current contribution.
However, this injection of n-type charges is not strong enough to
sustain unipolar n-type operation as shown in the output curves.
Nonetheless, transport characteristics for both polymers in the
p-type unipolar regime are good, with output currents in the
hundreds of μA to mA. Hence, by comparing the p-type and
n-type transport for each polymer, we can observe that n-type
transport behavior in DA polymers is strongly dependent on the
strength of its acceptor.
It is interesting to compare the occurrence of ambipolarity in

DPP-based polymers in literature to our polymers, particularly
since high performance ambipolarity has been observed in
polymers in which DPPDT has been directly coupled with B
and BT,7c,d rather than BDT and BTDT. Comparing the LUMO
levels determined by CV, we observe that PBDPP and PBTDPP
have much lower LUMOs compared with many of the DPP-
based polymers reported in literature,7,8 including p-type only
polymers. Therefore, it is expected that pure p-type or very weak
ambipolarity can be observed in PDPPB and PDPPBT. More
surprising is the number of DPP-based polymers which exhibit
only p-type transport even though their LUMOs are comparable
to the ambipolar ones.8a,b A review of the literature shows that
high performance ambipolar transport is typically observed in
DPP polymers in which the DPP units are separated from each
other by only three aromatic cycles (or four cycles, if two of them
are fused). N-type transport weakens as the number of electron
donating aromatic cycles increases, sometimes becoming capable
only of p-type transport. This process is clearly shown by com-
paring PBTDPP and PBDPP with the polymers synthesized with
two less thiophene rings in the repeat unit. Exceptions are the
BBT-containing polymers in this paper that show that the
more strongly accepting BBT contributes greatly to the ambi-
polar behavior. This is unsurprising as high performance DPP-
based dithienopyrrole8b and thienothiophene8a copolymers
show only p-type transport or weak n-type transport. In contrast,

BBT-based dithienopyrrole6,10 and thienothiophene13 copoly-
mers show strong ambipolarity.
To more accurately quantify and compare device perfor-

mance, charge-carrier mobilities in the unipolar regimes were
calculated using the standard equation used to describe MOS
FETs operating in the saturation regime: IDS = 1/2(W/L)μCi

(VG � VT)
2, with mobility determined from ∂|IDS|

1/2/∂VG.
Mobilities as a function of annealing temperature for PBBT-
12DPP, PBTDPP, and PBDPP are shown in Figure 3, with simi-
lar data for PBTT6DPP presented in SI Figure S3c. All devices
were annealed prior to testing. It was found that an optimal
annealing temperature, listed as To in Table 2, was required to
achieve maximum mobility. However, for PBDPP and PBTDPP
the variation in mobilities between 160 and 200 �C was so small
that both values are cited. For each polymer, five to six devices
were tested to observe sample-to-sample variations. By harnes-
sing the high performance effect of DPP, all four polymers
synthesized yielded optimal mobilities of over 0.1 cm2V�1s�1.
In particular, PBBT12DPP attained n-type and p-type mobilities
of 1 cm2V�1s�1 and beyond. Table 2 summarizes the average and
maximum p-type (μh) and n-type (μe) mobilities for all the poly-
mers at To, in addition to on�off ratios (ION/IOFF) and thresh-
old voltages (VTH) for PBDPP. As noted above, the ambipolar
regime prevents determination of either ION/IOFF or VTH values.
Hence, they were not listed for PBTDPP, PBBT6DPP, and
PBBT12DPP. We note that PBDPP and PBTDPP again are very
similar, as To and mobilities are close to each other.
We found that the type of acceptor used has an influence on

the TFT performance and thermal stability of the resulting
polymer, with performance dependent on the thermal properties
observed. As shown in Figure 3 and SI Figure S3c, the BBT-
containing polymers follow similar trends to each other in
transistor performance as a function of annealing temperature.
The n-type and p-type mobilities of the polymers gradually
increased over a wide temperature range, peaking at 240 �C,
before rapidly decreasing at higher annealing temperatures.
Nonetheless, we note the particularly high thermal stability, as
n-type and p-type mobilities remained above 0.1 cm2V�1s�1

from 100 �C up to 300 �C. By 340 �C, close to the degradation
points of the polymers as shown by TGA measurements, no
transport properties can be observed and a slight color change is
observed in the film.
In contrast, the performance of PBDPP and PBTDPP is

limited by the thermal transitions as observed in DSC measure-
ments. From Figure 3, we see that PBTDPP and PBDPP also

Figure 3. Transistor mobilities as a function of annealing temperature
for PBBT12DPP (left), PBTDPP (center), and PBDPP (right). Six
devices were tested for each material.
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exhibit mobility maxima with annealing temperature between
160 and 200 �C, far below those of the BBT-containing poly-
mers. Moreover, we observed for PBDPP and PBTDPP that the
maxima occurred around the onsets of the DSC endotherms. For
PBTDPP, measurable transport ceased beyond 300 �C, coincid-
ing with the end of the DSC endotherm and the polymer film
visibly dewetting (last row of Figure S6 in the SI, which compares
optical micrographs of the polymer films after various annealing
temperatures). For PBDPP, the endotherm ended at around
260 �C, closely followed by the cessation of transport and the
visible dewetting of the film when PBDPP transistors were
annealed at 280 �C (last row of Figure S6 in the SI). As for
PBBT12DPP, no such dewetting can be observed as shown in the
last row of Figure S6 in the SI. Thus we conclude that the de-
gradation in performance at lower annealing temperatures for
both PBDPP and PBTDPP is caused by the loss in film cohe-
rence. In contrast, TGA data shows that the annealing tempera-
tures associated with the cessation of transport for PBBT6DPP
and PBBT12DPP approach those of the chemical degradation
point of the polymers.
In addition to thermal stability, stability in the ambient is a

great concern for polymer transistors in terms of commercializa-
tion. We have performed air-stability tests on transistors incor-
porating the highest performing material PBBT12DPP and
found their behavior similar to those exhibited by PBBTPD
transistors. In general, BBT-based polymers are readily doped in
air. A description of the experiment is included in the SI. The air
stability of PBBTPD with respect to transistor performance was
described in a recent publication.6 We found that while n-type
transport is strongly affected, a protective layer of TiOX helps to
extend the lifetime of the polymers.
Polymer Structural Properties. X-ray diffraction data pro-

vide further insight to the structural behavior of the polymers.
Figure 4a shows the out-of-plane specular X-ray diffractograms
(XRDs) taken at various temperatures for films of PBDPP,
PBTDPP, and PBBT12DPP respectively. For better comparison,
only the data for 2θ = 3� � 6� is shown as measurements at
higher angles did not show any defined diffraction peaks. In
Figure 4a, diffractograms indicate that PBDPP has little or no
out-of-plane ordering at all annealing temperatures, with no
clearly defined peaks observed. In contrast, diffractograms for
PBTDPP show intrinsic out-of-plane order already present in as-
cast films of PBTDPP, with a peak centered around 3.6�. This
corresponds to a separation length of around 2.5 nm, indicating
the probable formation of a highly ordered lamellar structure
with intersheet spacing equal to the separation length.12 The
formation of the lamellar structure implies that the chains are
aligned edge-on with respect to the substrate. The peak is
observed to strengthen up to around 240 �C and diminish as
dewetting occurred. The additional peaks at 240 �C are asso-
ciated with Kessig interference from surface reflections. For

PBBT12DPP, very broad and weak perturbations are observed
in the diffractograms for samples annealed below 200 �C,
indicating the occurrence of some ordering. For the film
annealed at 280 �C, more ordering occurred such that a broad
peak appears around 3.7�, indicating lamellae formation with an
intersheet spacing of around 2.4 nm. We conclude that PBDPP
has no out-of-plane order and that PBBT12DPP has less out-
of-plane order than PBTDPP.
For each polymer, in-plane ordering was determined via in-

plane grazing incidence XRD for PBDPP, PBTDPP, and
PBBT12DPP on samples annealed at To. The results are shown

Table 2. Transistor Performance Parameters—Optimized Annealing Temperature (To), Average Hole (μh,avg) and Electron
(μe,avg) Mobilities and Maximum Hole (μh,max) and Electron Mobilities (μe,max) at the Optimized Annealing Temperaturea

name To (�C) μh,avg (cm
2V�1s�1) μe,avg (cm

2V�1s�1) μh,max (cm
2V�1s�1) μe,max (cm

2V�1s�1) ION/IOFF, Avg VTH, Avg

PBDPP 160/200 0.24/0.24 N/A 0.27/0.27 N/A 106/106 5/18

PBTDPP 160/200 0.17/0.16 N/A 0.23/0.23 N/A N/A N/A

PBBT6DPP 200 0.81 1.20 0.83 1.36 N/A N/A

PBBT12DPP 240 0.89 0.99 1.17 1.32 N/A N/A
aThe average on-off ratios (ION/IOFF, Avg) and threshold voltages (VTH, Avg) for unipolar PBDPP are also listed.

Figure 4. (a) Out-of-plane specular X-ray diffractograms for PBDPP
(left), PBTDPP (middle), and PBBT12DPP (right) for various temper-
atures. (b) In-plane grazing incidence X-ray diffractogram for PBDPP,
PBTDPP, and PBBT12DPP at optimized annealing temperatures.
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in Figure 4b. The three curves at the bottom of the figure show
the overlap of the raw data for all three polymers, while the top
curves are separated arbitrarily for clarity. We observe a peak
appearing around 3.5� for PBDPP, implying that a similar
lamellar structure observed for PBTDPP and PBBTDPP is in-
stead found in plane, with the polymer chains in a face-on orien-
tation. Apart from this, no other defined peaks were observed,
implying that little in-plane order exists for PBTDPP and PBBT-
12DPP. In conclusion, XRD measurements show that PBDPP
chains take on a face-on configuration, whereas PBTDPP and
PBBT12DPP take on a edge-on configuration. In addition, the
lack of other peaks imply that there no other types of ordering
can be observed, including π-stacking.

’DISCUSSION

In order to synthesize higher performing polymers, we need to
identify and understand the factors that affect transistor perfor-
mance. We begin with a comparison of the measured properties
in order to correlate them with changes in acceptor moiety
used. Overall, the three polymers share some similar properties,
including chemical stability, HOMO levels, the formation of
lamellae (thoughwith different chain orientations).While properties
other than the aforementioned were shown to vary between
polymers, we do not observe a gradual transition of properties
with the different acceptor moieties used. Instead, we find a stark
contrast between the BBT-containing polymers and the other
polymers, as summarized in a Venn diagram in Figure 5.

Despite differences in ordering and molecular weight, PBDPP
and PBTDPP are remarkably similar in terms of electronic and
physical properties, which in turn affect transistor behavior.
Electronically, both materials have low-lying LUMOs as well as
bandgaps more than twice those of the BBT-containing polymers.

Both these properties prevent effective injection of n-type charges,
resulting in PBDPP and having weak or nonexistent n-type
transport. Physically, good solubility and the coincidence of
dewetting with endotherms appearing in DSC indicate that the
solubilizing side groups most likely have determining effects on
the thermo-mechanical properties of PBDPP and PBTDPP.
These shared physical properties of PBDPP and PBTDPP affect
the stability of transistor performance at different annealing tem-
peratures. Annealing at temperatures at or beyond the endo-
therms causes the polymer films to dewet and break up, destroy-
ing transport at higher annealing temperatures. In addition,
PBDPP and PBTDPP share similar transistor performance in
terms of mobilities, both around 0.2 cm2V�1s�1. However, the
differences in molecular weight and chain orientation to the
substrate between PBDPP and PBTDPP make correlating their
mobilities difficult.

In comparison, the BBT-containing polymers have markedly
different properties compared to PBDPP and PBTDPP due to
their BBT moiety. The stronger accepting strength of BBT
increases the LUMO values substantially and lowers the HOMO
slightly, resulting in bandgaps less than half of those of PBDPP
and PBTDPP. With increased LUMO and decreased HOMO
values, injection of n-type and p-type charges occurs more easily
and the polymers are strongly ambipolar. In terms of physical
properties, the BBT-containing polymers show no endotherms,
have poor solubility, form gels in solution easily and do not dewet
during annealing The most likely reasons that can explain the
intractability of the polymers are high molecular weight, inter-
chain interactions and structural ordering (which prevents the
chains from moving freely), or a combination thereof. The effect
of molecular weight can be excluded as the BBT-polymers have
the lowest molecular weights of the family. The increase in
structural ordering with annealing for PBBT12DPP also shows
that the polymer chains are not locked into ordered structures in
the as-cast film and are tractable enough to align themselves.
Coupled with the strong planarity of the accepting moieties to
the polymer backbone, the effect of side groups on the thermo-
mechanical properties should predominate, as it does for PBDPP
and PBTDPP. We therefore conclude that interchain interac-
tions most likely play a dominant role in determining the physical
properties of BBT-containing polymers. Hence, BBT-containing
polymer transistors are able to operate despite high annealing
temperatures as the film integrity is maintained via interchain
binding.

Interchain interactions may also play an important role
explaining the difference in mobility among the polymers. While
the differences in molecular weight and chain orientation be-
tween PBDPP and PBBT12DPP make correlating mobilities
difficult, PBTDPP and PBBT12DPP are remarkably similar in
terms of molecular weight. We observe that apart from the
difference in the acceptor moiety used, the repeat unit lengths
and the solubilizing side groups are the same. The two polymers
are similar in terms of molecular weight (∼9kD) and structural
ordering (edge-on chain orientation, no observable π-stacking).
In fact, PBTDPP exhibits higher ordering than PBBT12DPP at
all annealing temperatures. Despite that, PBTDPP consistently
has lower mobility than PBBTDPP. The above observations
leave interchain interactions between the polymers as the most
probable cause of the higher thermal stability, lower solubility
and better transport properties of PBBT12DPP as compared to
PBTDPP. The probable mechanisms by which the BBT moiety
can contribute to stronger interchain interactions are stronger

Figure 5. Venn diagram showing properties that are individual to or
shared between PBDPP (green), PBTDPP (blue), and the BBT-
containing polymers (red). The regions in which the properties are
unique to the polymer also contain the chemical structure of the
acceptor moiety that was varied.
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interchain donor�acceptor (DA) interactions3c,e,14 and S�N
intermolecular contact effects from the BBT moiety.15

’CONCLUSION

We have studied the electronic, physical and transistor proper-
ties of a family of donor�acceptor polymers consisting of
diketopyrrolopyrrole (DPP) coupled with different accepting
companion units in order to determine the effects of donor�
acceptor interaction. Using the electronically neutral benzene
(B), the weakly accepting benzothiadiazole (BT) and the
strongly accepting benzobisthiadiazole (BBT), the accepting
strength of the companion unit was systematically modulated
without any change in either the length or structure of the
conjugated backbone of the repeat unit, or in solubilizing groups
used. We observe that intrachain donor�acceptor interactions
are complex, with interacting moieties taking on donor and/or
acceptor roles depending on their relative energy levels. In
particular, we find that the BBT moiety, rather than DPP, takes
on the role of the acceptor when paired.

DPP, coupled with the strong acceptor BBT, results in the
strongly ambipolar PBBT6DPP and PBBT12DPP, with equiva-
lent p-type and n-type mobilities above 0.5 cm2V�1s�1. In
particular, PBBT12DPP has mobilities exceeding 1 cm2V�1s�1.
For PBTDPP and PBDPP, in which DPP is coupled to the
weaker acceptor BT and the electronically neutral B respectively,
we observe only p-type unipolar transport. Nonetheless mo-
bilities for both polymers are around 0.2 cm2V�1s�1. The perfor-
mances of PBDPP and PBTDPP transistors degraded quickly
after annealing beyond 200 �C. In contrast, transistors fabri-
cated with BBT-containing polymers are very thermally stable,
with mobilities remaining above 0.1 cm2V�1s�1 even when the
samples are annealed up to 300 �C. This is because the BBT
moiety has a strong effect on interchain interactions. In turn,
interchain interactions enable higher thermal stability and higher
performance for transistors with BBT-containing polymers as the
active layer.
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