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Introduction. The creativity of synthetic chemists working
in the field of organic electronics has led to a wealth of
functional conjugated organic materials, among which con-
jugated polymers play a prominent role. The past decade has
seen the rapid development of donor-acceptor systems,
which have proven efficient at tuning the HOMO and
LUMO levels of organic semiconductors, let alone their
band gaps.1,2 Although acceptors such as benzothiadiazole
and related derivatives have become popular and are still
the focus of intensive research, the rational design of
new donor-acceptor systems remains of synthetic interest.
Prompted by the need for electron-conducting organic mate-
rials, the arylene imide family of acceptors, led by perylene
diimide (PDI), has been extensively studied: PDI as a small
molecule shows high n-type mobility (>1 cm2/V 3 s) in air-
stable organic field effect transistors3-10 (OFETs). Its dibro-
moderivativewas recently polymerizedwith electron richunits
affording conjugated polymers with propensity for either
accepting electrons in all-polymer solar cells11-13 or con-
ducting electrons in n-type OFETs.14 With less extended
conjugation, naphthalene diimide (NDI) also shows high
n-type mobility in small molecule7,15-19 or polymer14,20

OFETs. Unfortunately, the 2,6 dibromination21 and 2,3,6,7
tetrabromination22 of NDI precursors are harsh, in fuming
sulfuric acid at 85 �C or higher. Similarly strong conditions
are required for the bromination of PDI, for which the
separation of the (minor) 1,6 and (major) 1,7 dibrominated
isomers remains an additional issue.14,23 Recently reported
acceptors include 2,20-bithiophene-3,30-dicarboximide,24

pyromellitic diimide,25 and thieno[3,4-c]pyrrole-4,6(5H)-
dione.26-28 While 2,20-bithiophene-3,30-dicarboximide-
based polymers perform well in OFETs—both n-channel
and p-channel depending on the nature of the comonomer,
conversion from the arylene anhydride to the diimide is not
trivial as it was only successfully carried out usingmicrowave
irradiation at 220 �C. Thieno[3,4-c]pyrrole-4,6(5H)-dione is
the most promising latest diimide acceptor for donor-acceptor
polymers in BHJ solar cells, yet its dibromination is low-
yielding and requires a heated concentrated sulfuric acid
solution using dibromocyanuric acid as a bromination reagent.
For all diimides, the alkyl group is preinstalled on the amine
and thus present as the imide condensation takes place, often
in low yields which hinders the study ofN-alkyl substitution
effects.

In the past few years, smallmolecules29,30 and polymers31-37

incorporating the diketopyrrolopyrrole (DPP) unit have
been reported, along with some of the best performances as

p-typematerials in conjunction with the n-type fullerenes for
organic solar cells: power conversion efficiencies of 4.7%
were achieved for DPP-based polymer/PCBM cells and
4.4% for the DPP-based small molecule alternatives. Both
centrosymmetric ketopyrrole-containing cores, DPP and
isoindigo can undergo facile base-mediated alkylations,
which is an attractive synthetic feature since device perfor-
mance is often influenced by the nature of the alkyl side-
chains. Inspired by the latest work on DPP oligomers for
organic solar cells, we recently reported the use of isoindigo—
synthesized from commercially available precursors in high
yields—as an efficient acceptor in donor-acceptor p-type
oligomers for bulk heterojunction solar cells.38 In this com-
munication, we present the synthesis of the first set of
isoindigo-based donor-acceptor conjugated polymers and
their optical and electrochemical properties. The LUMO
levels of such materials are comparable to those of DPP-
based polymers, as determined by cyclic voltammetry (CV)
and differential pulse voltammetry (DPV), while theHOMO
levels are generally deeper for the isoindigo-based conju-
gated polymers. Still, with band gaps between 1.77 and 1.99
eV, their solid state absorption spectra span the entire visible
range; the combination of which with deep energy levels
makes these new donor-acceptor conjugated polymers
strong candidates for all-polymer solar cells.

Results and Discussion. Polymer Synthesis and Charac-
terization. Six representative isoindigo-based conjugated
polymers were synthesized by the palladium-catalyzed poly-
condensations of 6,60-dibromoisoindigo compound 4 with
functionalized electron-rich moieties, as depicted in Scheme 1.
The synthesis of 4, reported in our previous work,38 was carried
out in twohigh yielding steps from the commercially available
6-bromooxindole (1) and 6-bromoisatin (2). The borylations of
3,4-dioctylthiophene,39 1,4-bis(hexyloxy)benzene,40 and 9,9-
dihexylfluorene41 were performed according to previously
reported procedures. The distannyl compounds were pur-
chased or prepared by direct lithiation with n-butyllithium
followed by quenching with trimethyltin chloride. The poly-
condensations were carried out under Stille or Suzuki cou-
pling conditions depending on the nature of the electron-rich
comonomer, using Pd2(dba)3 as a catalyst and P(o-tyl)3 as
the corresponding ligand. In particular, the use of ortho
substituted triaryl phosphines such as tri-o-tolylphosphine
ligands have been reported to decrease the polymerization
time and increase themolecularweights of afforded polymers.42

A 20 wt% degassed aqueous solution of Et4NOHwas selected
as an organic base for the Suzuki polycondensations.31,38,39,43

The polymerizations were carried out at 85 �C for 36 h in
degassed toluene/water mixture, where both the activated bor-
onate salts and the resulting polymers are soluble.

The polymers were collected by filtration after precipita-
tion into methanol and purified by Soxhlet extraction using
methanol, hexanes, and chloroform fractions. The fractiona-
tion yields vary depending on the solubility of the material:
for P2, P3, and P6, both the hexanes and the chloroform
fractions contained significant amounts of polymer (see
Supporting Information for exact yields), while only the
chloroform fraction of P1 contained significant amounts of
material. After evaporation of the solvent, P1 shows consider-
able mechanical strength. Figure 1a shows a 20 cm-diameter
free-standing film of P1 peeled off of a glass Petri dish after*Corresponding author. E-mail: reynolds@chem.ufl.edu.
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evaporation of the solvent. The lack of alkyl chains on the
thiophene and vinyl units of P4 and P5 leads to low solubility
and limited yields after extraction from chloroform. The re-
mainder of this study was carried out on samples out of the
chloroform fractions, which contain the higher molecular
weights. Estimation of these molecular weights against poly-
styrene standards using size exclusion chromatography (SEC)
with THF as eluent gives number-average molecular weights
(Mn) within 10-22 kDa for the polymers bearing alkyl chains
on the donor unit,while the recordedMn forP4 andP5 suffered
from poor solubility in THF for SEC analysis and possibly in
the toluene reaction medium, leading toMn of 2.4 and 1.9 kDa
for P4 and P5 respectively.

The proton NMR spectra of all polymers show broad
peaks in the 6.5-9.4 ppm range corresponding to the aro-
matic protons, as well as broad multiplets in the 0.70-1.80
ppm corresponding to the alkyl chain protons other than the
ones on the tertiary carbon of the branched chains (around
1.90 ppm) and the ones on the carbon next to the isoindigo
nitrogen (in the 3.50-3.90 ppm range). A representative 1H
NMRspectrumof thepolymer set is shown forP1 inFigure 1b.
While P4 and P5 show no other alkyl chain peaks as
expected, additional broad peaks in the 3.65-3.85 ppm
range (alkyl protons next to the oxygen) for P2, in the 2.50-
3.05 ppm range (alkyl protons next to the thiophene ring) for
P3 and centered at 4.20 pm, 3.60 and 3.30 ppm (alkyl protons
next to oxygens) for P6 are consistent with the chemical
structure of the repeat unit of each polymer.

Thermogravimetric analysis (TGA) under nitrogen flow
was used to evaluate the thermal stability of the purified
polymers. A mass loss of 5% is defined as the threshold for

thermal decomposition. All materials demonstrate good
thermal stability with decomposition temperatures above
325 �C. We employed differential scanning calorimetry to
investigate any phase transitions in the materials, but no
significant transitions were observed. The thermal data and
the SEC results are summarized in Table 1.

Electrochemical Characterization. Cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) experiments
were carried out on thin films of each polymer to evaluate
their redox properties (HOMO and LUMO energy levels).
Representative CV and DPV of P4 are displayed in Figure 2
and the corresponding voltammograms of the other five
polymers are included in the Supporting Information.

P4 shows a quasi-reversible oxidation, with a half-wave
potential (E1/2

ox) located at 0.91 V versus Fc/Fcþ and two
quasi-reversible reductions with E1/2

red located at -1.24 V
and -1.62 V versus Fc/Fcþ. While the generation of the
anion radical during the first reduction process at E1/2

red =
-1.24 V is stable to repeated cycles, the second reduction
process was unstable under the selected electrochemical
conditions. The overall CV data for the six polymers is
summarized in Table 1. The HOMO and LUMO energy
levels can be calculated from the onsets of oxidation and
reduction, respectively, with Fc/Fcþ set at -5.1 V.44 DPV
usually allows to record voltammograms with sharper oxi-
dation and reduction onsets, so we chose to record the onsets
of oxidation (Eon

ox) and reduction (Eon
red) from the solid

state DPV data displayed in Figure 2 for P4 and in the
Supporting Information for the other polymers, and also
summarized in Table 1. The LUMO levels are found over a
narrow range: the LUMO for P4 is the deepest at -3.95 eV,
while P1 has the highest at -3.84 eV; these levels approach
the LUMOs of PCBM derivatives. The DPP-based analo-
gues of P1 and P4 reported in the literature have similar
LUMO levels, measured at -3.87 eV for DPP-co-thiophene

Scheme 1. Synthesis ofMonomer 4 and the Polymer Set P1 through P6

Figure 1. (a) A 20 cm-diameter free-standing film of P1 and (b) 1H
NMR spectrum of P1 in CDCl3.
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and at -3.85 eV for DPP-co-fluorene polymers.36 The
HOMO levels of isoindigo-based polymers are spread be-
tween -5.68 and -5.83 eV, which is at least 0.3 eV deeper
than those of DPP-co-fluorene and DPP-co-thiophene poly-
mers,36 and generally deeper than those of the best performing
n-type polymers in all-polymer devices reported so far12,45-51

Electrochemical band gaps were calculated to be within 1.77
to 1.99 eV (Table 1). Such deep HOMOs are adequate for
isoindigo-based polymers to form type II heterojunctions
with common electron-donating polymers such as P3HT or
MEH-PPV.52

Optical Properties.TheUV-vis spectrum of each polymer
in solution displays two absorption bands characteristic of
donor-acceptor systems:53,54 a high-energy band located in
the 420-490 nm range attributed to theπ-π* transition, and
a low-energy band in the 520-800 nm range assigned to
intramolecular charge transfer. As depicted in Figure 3a,
polymers P1 and P2 have similar absorption spectra in solu-
tion with high-energy peaks at 462 and 452 nm respectively,
and low-energy peaks at 564 and 555 nm, respectively. For
P1 and P2, the relative intensities of these two bands are
comparable and are close to unity.

With red-shifted absorption maxima, the peaks for P3 are
located at 472 and 609 nm, with a decreased intensity of the
high-energy band relative to the low-energy band. The spec-
trum for P5 is similar to P3 with peaks at 454 and 612 nm.
The trend on going fromP1 orP2 toP3 is accentuated forP4
and even further forP6: Figure 3a showsbathochromic shifts
of 35 and 89 nm for the low-energy absorptionmaxima ofP4
and P6 respectively compared to P3. The intensities of
their high-energy bands decrease further relative to their

low-energy bands, to a point where little absorption remains
at high energy (below 500 nm) for P6 in solution. While the
variations in relative intensities of the high- and low-energy
bands would require deeper analysis in order to definitely
relate polymer structure and absorption profile intensities,
the trend for chromatic shifts in absorption maxima can be
explained by the variations of the electron-donating char-
acter of the different electron-rich comonomers to the overall
pi-system. Compared to copolymer P5 containing the viny-
lene spacer, whichwe can consider as the simplest conjugated
bridge between two consecutive isoindigo moieties, the
electron-donating character of the dialkoxybenzene and

Table 1. Molecular Weights and Polydispersities
a
, Thermal Stability, Optical Properties, and Electrochemical Data for Polymers P1-P6

electrochemistryd

UV-vis-NIR CV DPV

Mn
a

(kDa) Mw/Mn

Td

(�C)
λmax

b

(nm)
λmax

c

(nm)
Egap

optc

(eV)
E1/2

ox

(V)
E1/2

red

(V)
Eon

ox (V)/
HOMO(eV)

Eon
red (V)/

LUMO(eV)
Egap

(eV)

P1 21.2 1.96 390 564 561 1.87 1.01 -1.17 0.73/-5.83 -1.26/-3.84 1.99
P2 10.5 2.13 371 555 573 1.75 0.90 -1.34 0.70/-5.80 -1.23/-3.87 1.93
P3 16.7 1.94 377 609 633 1.79 1.02 -1.30 0.64/-5.74 -1.25/-3.85 1.89
P4 2.4 1.13 359 647 604 1.60 0.91 -1.24 0.71/-5.81 -1.15/-3.95 1.86
P5 1.9 1.20 340 612 640 1.66 -1.18 0.66/-5.76 -1.17/-3.93 1.83
P6 19.3 1.70 367 701 710 1.55 0.75 -1.21 0.58/-5.68 -1.19/-3.91 1.77

aDetermined by SEC in THF against polystyrene standards; P4 and P5 only slightly soluble in THF. b In chloroform solution. cRecorded for thin
films spayed onto ITO-coated glass. dRecorded for thin films drop-cast from toluene onto Pt button electrodes.

Figure 2. Cyclic voltammogram and differential pulse voltammogram
of aP4 thin film onPt-button electrode, recorded at a 50mV/s scan rate
in 0.1 M (TBA)PF6 acetonitrile solution.

Figure 3. Normalized UV-vis absorption spectra of P1 through P6:
(a) in chloroform solution; (b) as thin films on ITO-coated glass.
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fluorene spacers is relatively weak. Arguably, these moder-
ately electron-rich units lie out of plane relative to the iso-
indigo units because of the ortho-hydrogens on the benzene
rings, as well as the dialkoxy side chains for P2, which could
justify the hypsochromic shift of the absorption maxima of
P1 and P2 compared to P5. Although the three thiophene-
based spacers of P3, P4, and P6 are more electron-rich than
the vinylene spacer of P5, it is likely that steric hindrance
arising from the presence of the dialkyl substituents on the
thiophene of P3 would explain the blue-shift in the UV-vis
spectrum of P3 compared to P4. The propylenedioxythio-
phene spacer of P6 is the most electron-rich comonomer,
resulting in the greatest bathochromic shift. The extinction
coefficients of the polymers in solution are summarized in the
Supporting Information.

The solid state absorption of the polymer set displayed in
Figure 3b was investigated by spraying solutions of the poly-
mers onto ITO-coated glass and recording the thin film absorp-
tion spectra. The trend delineated for solution absorption still
holds in the solid state, only red-shifted on the order of 10 nm
compared to the solution spectra. Interestingly, the absorption
of unalkylated P4 and P5 broaden significantly compared to
the solutionabsorption, suggesting anenhanced intermolecular
interaction of neighboring chains in the solid state for these two
polymers. The colors of the polymer thin films are consistent
with their absorption profile: P1 and P2 films are red-purple
due to the broad absorption from 400 nm to ca. 700 nm and
little absorptionbeyond700nm.Thin filmsofP3andP4havea
blue-gray color due to their long-wavelength absorption and
the reduced intensity of the low-wavelength absorption band
below 550 nm. With long-wavelength absorption even more
red-shifted and further reduced low-wavelength absorption,P6
hasablue-greenhue.ThebroadenedabsorptionofP5 from400
to 750 nm in the solid state renders it black to the eye, a much
sought after property for applications in the electrochromic and
photovoltaic fields of organic materials.54 Compared to DPP-
based analogues, which have low-energy absorption onsets in
the 800-1000 nm range in the solid state, the absorption onsets
of isoindigo-based polymers are blue-shifted by at least 150 nm
depending on the comonomer, which is expected considering
their deeper HOMO levels. From these low-energy onsets of
absorption in the solid state, optical bandgaps in the 1.55-1.90
eV range are estimated (Table 1), which is consistent with the
measured electrochemical band gaps and 0.3 to 0.4 eV higher
than forDPP-basedanalogues.Because of this strongabsorption
in the visible region up to 800 nm—considerably red-shifted
compared to the common PCBM (C60 and C70 derivatives)
electron-acceptors, isoindigo-based conjugated polymers could
be efficient electron-accepting materials in all-polymer solar
cells,52 especially since their deepHOMOandLUMOlevels are
suitable for type II heterojunctions with electron-donating
polymers.

Conclusions.We designed six donor-acceptor conjugated
polymers which, for the first time, copolymerize donors of
varying electron-donating strengths with the isoindigo ac-
ceptor. Synthesized via Stille or Suzuki polycondensations,
these polymers have LUMO levels comprised in the -3.8 to
-3.9 eV range, with band gaps between 1.6 and 2.0 eV.
The polymers’ absorption of light can be tuned throughout
the visible region of the spectrum depending on the nature
of the electron-rich comonomer, with absorption maxima
situated in the 550-710 nm range. The combination of
deep HOMO and LUMO levels and tunable absorption
extended to 800 nm in the solid state provide isoindigo-
based donor-acceptor polymers with attractive properties
for photovoltaic applications, which our future work is
focusing on.
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