
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
N

ov
em

be
r 

20
13

. D
ow

nl
oa

de
d 

on
 6

/2
3/

20
24

 4
:4

0:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Department of Chemistry, University of Sask

SK, Canada. E-mail: tim.kelly@usask.ca; Fa

† Electronic supplementary information
and performance data for P3HT:1–2 d
detailed synthetic procedures. See DOI: 1

Cite this: J. Mater. Chem. A, 2014, 2,
1085

Received 21st October 2013
Accepted 25th November 2013

DOI: 10.1039/c3ta14263a

www.rsc.org/MaterialsA

This journal is © The Royal Society of C
7-Azaisoindigo as a new electron deficient
component of small molecule chromophores for
organic solar cells†

Nicholas M. Randell, Amy F. Douglas and Timothy L. Kelly*

The use of 7-azaisoindigo as an electron accepting moiety in donor–acceptor chromophores is reported

for the first time. Four chromophores were synthesized that contained either 2,20-bithiophene or 3,30-
bis(dodecyloxy)-2,20-bithiophene as an electron-donating sub-unit and either isoindigo or 7-

azaisoindigo as an electron acceptor. The inclusion of a heteroatom in the isoindigo framework was

designed to probe its effect on the LUMO, while 3,30-bis(dodecyloxy)-2,20-bithiophene was used as an

electron rich alternative to 2,20-bithiophene in order to similarly evaluate its effect on the HOMO level.

The electronic properties of the resulting chromophores were fully characterized by UV/visible

spectroscopy, cyclic voltammetry, and density functional theory. All four dyes were evaluated for their

performance as electron donors in bulk heterojunction solar cells using PC61BM as the electron

acceptor. Devices that used the isoindigo and 3,30-bis(dodecyloxy)-2,20-bithiophene-based dye displayed

the best performance, reaching a maximum power conversion efficiency of 0.93%.
1. Introduction

Research in the area of organic photovoltaics (OPVs) has
recently produced substantial gains in device efficiency.1–7 The
current record for power conversion efficiency (PCE) in an OPV
is a tandem, small molecule based cell with 12% PCE produced
by the German company Heliatek.8 The use of oligomeric
materials in this record breaking cell is an excellent example of
how small molecule dyes can hold several advantages over their
polymeric counterparts. These include their inherent mono-
dispersity, greater reproducibility in their syntheses, and
increased crystallinity. Polymeric OPV components oen suffer
from a broad distribution in molecular weights that can nega-
tively affect cell performance, whereas small molecules can be
readily obtained in extremely high purity using conventional
synthetic organic techniques. Additionally, the increased crys-
tallinity of small molecule chromophores can drive increases in
charge carrier mobility, which in turn can lead to improvements
in device efficiency.9,10

Further increases in OPV efficiency will require the design of
new dye molecules tailored to better overlap with the AM1.5G
solar spectrum (which extends well into the near-infrared).11 In
both polymer and small molecule materials the juxtaposition of
an electron donor with an electron acceptor is a common design
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strategy used to produce low bandgap materials.3,12–16 The
HOMOs of these molecules reside largely on the donor
component, while in turn the LUMO is predominantly localized
on the electron acceptor. This increases the charge transfer
character of the HOMO to LUMO transition, leading to both a
substantial red-shi of the absorption band and an increase in
molar extinction coefficient.

Electron decient sub-units bearing amide or imide func-
tionalities, such as diketopyrrolopyrole3,17–19 and perylene bisi-
mide,20–23 have been thoroughly explored as the acceptor
portion of these donor–acceptor (DA) dyes. The electron de-
cient nature of these molecules lowers their frontier orbital
energy levels, producing efficient low bandgap chromophores
when coupled to appropriate electron donors. In 2010, Mei et al.
rst reported the use of isoindigo as a new electron decient
sub-unit in oligomeric DA chromophores.14 Since then,
numerous research groups have made use of the isoindigo
motif in new conjugated materials.24 These include the poly-
(isoindigo) homopolymer,25 DA oligomers26,27 and co-poly-
mers,13,28–32 various n-type co-polymers,33 and dyes for metal-free
dye sensitized solar cells.34 However, despite the extensive
amount of research on isoindigo-containing compounds, rela-
tively little work has been carried out on variants of the
isoindigo core structure. While co-polymers containing chloro-
and uoro-substituted isoindigo have been studied for their
ambipolar charge transport characteristics in organic eld
effect transistors,35,36 and as a component in polymer solar
cells,37 little other work has been done in this area.

Here we report the use of 7-azaisoindigo as an electron
decient moiety in DA small molecule chromophores
J. Mater. Chem. A, 2014, 2, 1085–1092 | 1085
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containing 2,20-bithiophene donors. The presence of the
heteroatom in the 7-azaisoindigo structure serves to ne-tune
the energy of the LUMO, which is localized on the azaisoindigo
sub-unit. In order to independently probe the effects of the
electron withdrawing and donating components, a series of
four chromophores were synthesized using a modular synthetic
approach. Each contained either isoindigo or 7-azaisoindigo as
the electron decient sub-unit, and either 2,20-bithiophene or
3,30-bis(dodecyloxy)-2,20-bithiophene as the electron donating
component. The electronic structure of all four dyes was char-
acterized by density functional theory (DFT) calculations, cyclic
voltammetry, and electronic spectroscopy. Finally, the chro-
mophores were combined with PC61BM and tested in prototype
bulk heterojunction (BHJ) solar cells.

2. Experimental
2.1 Materials and methods

Prior to use, DMSO, DMF, toluene and THF were dried over
activated 3 Å molecular sieves and stored under N2. Pd(PPh3)4
was stored in an inert atmosphere N2 glove box when not in use.
All other solvents and reagents were used as received. NMR
spectra were obtained using a Bruker Avance 500 MHz spec-
trometer. UV/visible spectroscopy measurements were per-
formed in CHCl3 or as thin lms on glass substrates using a
Cary 6000 UV/visible spectrophotometer. AFM measurements
were carried out using a Dimensions Hybrid Nanoscope system
(Veeco Metrology Group). Mass spectra were recorded using a
MALDI-TOFmass spectrometer, in positive ion reectronmode,
using a matrix of either a-cyano-4-hydroxycinnamic acid/tri-
uoroacetic acid (compounds 1–3) or 2,5-dihydroxybenzoic acid
(compound 4).

2.2 Cyclic voltammetry

Cyclic voltammetry was carried out in 0.05 mol L�1 tetrabuty-
lammonium hexauorophosphate dissolved in dry, degassed
DCM. The working electrode was glassy carbon, the counter
electrode was a Pt wire, and the reference electrode was a Ag
wire. Voltammagrams were referenced to an internal Fc/Fc+

standard. All scans were acquired at a scan rate of 20 mV s�1.

2.3 Device fabrication

Pre-cleaned ITO coated glass substrates (Delta Technologies)
(Rs z 6 U,�1) were UV–ozone cleaned for 15 min immediately
prior to use. A layer of poly(3,4-ethylenedioxythiophene–poly-
styrene sulfonate (Clevios P VP AI 4083) was spin coated onto the
ITO substrates and annealed at 150 �C before being placed in a
N2-atmosphere glove box. The active layer solution (60 : 40
1–4:PC61BM by mass, total solid concentration of 18 mgmL�1 in
chlorobenzene) was then deposited by spin coating. The samples
were allowed to dry at ambient temperature for 2 hours, and
then annealed at 100 �C for 20 min. Donor to acceptor ratios,
concentrations, and annealing conditions were previously opti-
mized for 1 by Mei et al.,14 and were le unchanged for 2–4. LiF
(0.8 nm) and Al (100 nm) were then thermally evaporated onto
the substrates at a base pressure of 10�6 mbar.
1086 | J. Mater. Chem. A, 2014, 2, 1085–1092
2.4 Device characterization

Current–voltage measurements were made inside a N2-atmo-
sphere glove box using a Keithley 2400 source-measure unit.
The cells were illuminated by a 450 W Class AAA solar simulator
equipped with an AM1.5G lter (Sol3A, Oriel instruments) at a
calibrated intensity of 100 mW cm�2, as determined by a
standard silicon reference cell (91150 V, Oriel Instruments). The
cell area was dened by a non-reective anodized aluminium
mask to be 0.07065 cm2. Incident photon to current efficiency
(IPCE) measurements were performed on the highest efficiency
devices under ambient conditions using a QE-PV-SI system
(Oriel Instruments) consisting of a 300 W Xe arc lamp, mono-
chromator, chopper, lock-in amplier and certied silicon
reference cell. Measurements were made using a 30 Hz chop
frequency.
3. Results and discussion
3.1 Synthesis of donor–acceptor chromophores

The synthesis of DA chromophores is oen carried out in a
modular fashion, synthesizing the donor and acceptor sub-
units separately and combining them late in the synthesis using
metal-catalyzed cross-coupling reactions. This modular
approach was adopted here, enabling the efficient synthesis of
four dyes with an acceptor–donor–acceptor structure.

7-Azaisoindigo was rst synthesized in order to provide a
more electron decient analogue to isoindigo. While 7-azai-
soindigo derivatives have been explored for their use in
medicinal chemistry,38,39 no work has been done to evaluate
their utility in optoelectronic applications. The synthesis started
from the commercially available 7-azaindole, which was
N-alkylated and then oxidized to the corresponding 1-alkyl-7-
azaisatin. An aldol condensation with 6-bromo-2-oxindole was
then used to form the 7-aza-60-bromoisoindigo sub-unit.14 As
shown by Mei et al.,14 due to the hydrolysable nature of the
exocyclic double bond in the isoindigo backbone, upon expo-
sure to base these molecules undergo a retro-aldol/aldol
decomposition and reformation process. This same process was
found to occur during alkylation of 7-aza-60-bromoisoindigo,
and produced a mixture of all three possible compounds, which
were separated by chromatography.

The electron donor groups chosen for this work were 2,20-
bithiophene and 3,30-bis(dodecyloxy)-2,20-bithiophene. 2,20-
Bithiophene was chosen in order to provide a direct comparison
to previous work.14 It was decided that in addition to using
the more electron decient azaisoindigo, an electron rich 3,30-
bis(dodecyloxy)-2,20-bithiophene would also be synthesized. In
this manner the relative effects of electron withdrawing
and donating groups could be tested separately. Both 5,50-bis-
(tributylstannyl)-2,20-bithiophene41,42 and 5,50-bis(tributyl-
stannyl)-3,30-bis(dodecyloxy)-2,20-bithiophene15 were synthesized
using previously reported methods.

Finally, the donor and acceptor portions of the dyes were
combined via a metal-catalyzed cross-coupling. Because of the
sensitivity of the isoindigo framework to basic conditions, a
Stille coupling (rather than a Suzuki coupling) was chosen to
This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Synthesis of compounds 1–4 via the Stille coupling of stannylated bithiophene donor groups with brominated isoindigos.

Table 1 Calculated and experimental frontier orbital energy levels and electronic spectroscopy data of compounds 1–4

Compound
EHOMO

(calc.a) (eV)
ELUMO

(calc.a) (eV)
DE
(calc.) (eV)

lmax

(soln) (nm)
3/104

(soln) (M�1 cm�1)
Eg

b

(opt.) (eV)
EHOMO

c

(elec.) (eV)
ELUMO

c

(elec.) (eV)
DE
(elec.) (eV)

1 5.10 2.85 2.25 571 2.5 1.77 5.64 3.86 1.78
2 5.25 3.00 2.25 569 1.6 1.74 5.68 3.92 1.76
3 4.68 2.78 1.90 653 5.4 1.50 5.23 3.95 1.28
4 4.80 2.93 1.88 663 4.1 1.46 5.25 3.92 1.33

a Carried out at the B3LYP/6-31G(d,p) level of theory. To reduce the complexity of the calculations 2-ethylhexyl groups were replaced with ethyl
groups, dodecyloxy groups were replaced with methoxy groups and the calculations were performed in vacuum. b Optical bandgaps were taken
from the absorption edge of thin lm spectra. c Voltammagrams were referenced to the Fc/Fc+ redox couple and subsequently referenced to
vacuum (the Fc/Fc+ redox couple was assumed to be 5.1 eV with respect to vacuum).40 HOMO and LUMO values were taken from the onset of
oxidation and reduction respectively.
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couple the donor and acceptor sub-units (Scheme 1). The effect
of coupling the donor and acceptor was immediately visible,
with the red (aza)isoindigo solutions turning a deep purple
when combined with 2,20-bithiophene and dark blue when
coupled to 3,30-bis(dodecyloxy)-2,20-bithiophene.
3.2 Orbital energy calculations

Density functional theory calculations at a B3LYP/6-31G(d,p)
level of theory were used to determine the optimized geometries
and frontier orbital energy levels for each of the synthesized
oligomers; the results are summarized in Table 1. It was antic-
ipated that the nitrogen-containing azaisoindigo would lower
the LUMO energy of the dye, while adding alkoxy groups to the
bithiophene core was expected to raise the energy of the HOMO
with respect to vacuum. Both of these alterations were expected
to lower the HOMO–LUMO gap of the oligomers.

The effect of aza-substitution can be seen in the lower lying
energy levels of 2 and 4 relative to their isoindigo counterparts;
however, it appears that the inductive effect of the nitrogen
atom affects both the HOMO and LUMO equally. There is no
difference in the HOMO–LUMO gap between compounds 1 and
2 and only a minor change between compounds 3 and 4. The
absolute energy of these orbitals, however, is dependent on the
presence of the nitrogen heteroatom. Comparing 1 to 2 there is
a 150 meV shi towards lower energies for both the HOMO and
the LUMO. The effect on the 3,30-bisalkoxybithiophene-based
dyes is similar. In comparing 3 and 4, the LUMO level decreases
by 150 meV while the HOMO energy drops by 120 meV, leading
to a 30 meV reduction in HOMO–LUMO gap.
This journal is © The Royal Society of Chemistry 2014
The effect of alkoxy-substitution on the frontier orbital
energy levels and bandgap is more pronounced. In the iso-
indigo-based dyes (1 and 3) the addition of alkoxy groups to the
bithiophene core increases the HOMO energy by 420meV, while
the LUMO energy is only raised by 70 meV, leading to a red-shi
in the HOMO–LUMO gap of 350 meV. A similar shi is seen in
the azaisoindigo-based dyes (2 and 4). The HOMO level
increases by 450 meV while the LUMO increases by 70 meV,
lowering the HOMO–LUMO gap energy by 370 meV.

Fig. 1 depicts the frontier molecular orbitals for 1–4. As
expected, the HOMO is predominantly localized on the electron-
rich bithiophene core, while the LUMO is more localized on the
(aza)isoindigo sub-units. One notable difference in the struc-
ture of the frontier orbitals is that they are much more localized
in 3 and 4 than in 1 and 2. This is attributed to the presence of
the dodecyloxy groups in 3 and 4. In these compounds the
relative energies of the bithiophene p-orbitals are substantially
higher than those of the (aza)isoindigo sub-unit, limiting the
amount of orbital mixing that can occur. This increase in
localization agrees well with the fact that there was no change in
the HOMO–LUMO gap for 1 and 2 but that there is a 20 meV
difference in the gap energy for 3 and 4.
3.3 Cyclic voltammetry

The effects of both alkoxy and aza functionalities on the frontier
orbital energy levels were experimentally studied by cyclic
voltammetry. Both 1 and 3 show partially symmetrical peaks for
both oxidation and reduction processes, with >59 mV separa-
tion between the corresponding anodic and cathodic peaks.
J. Mater. Chem. A, 2014, 2, 1085–1092 | 1087
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Fig. 1 Frontier molecular orbitals of 1–4 calculated from optimized geometries at the B3LYP/6-31G(d,p) level of theory.
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This is consistent with quasi-reversible behaviour. By contrast,
the aza-substituted dyes have less pronounced features. Both
the oxidation and reduction processes observed in 2 appear to
be largely irreversible, and while 4 undergoes an oxidation
process consistent with quasi-reversible behaviour, the revers-
ibility of its rst reduction peak is poor. Since this same
reduction process appears to be poorly reversible in both 2 and
4, it suggests that the reduced azaisoindigo moiety is chemically
reactive. Compound 4 also shows an additional reduction
process at more negative potential; however, the reversibility of
the rst reduction was not improved by changing sweep direc-
tion immediately aer the rst peak, before the second reduc-
tion occurred.

Analysis of the peak positions reveals a dramatic shi in the
potential of the peak anodic current when the bithiophene is
substituted with alkoxy groups. The oxidation potential is
shied to lower potentials by 0.40 V between 1 and 3, and by
0.50 V between 2 and 4. The replacement of isoindigo with
azaisoindigo, however, has little effect on the position of the
reduction peak. The differences in reduction potentials between
1 and 2 and between 3 and 4 are within experimental error.

The HOMO and LUMO energies measured using cyclic
voltammetry exhibit qualitatively the same trends as those
determined using density functional theory. Placement of
alkoxy groups on the bithiophene raises the HOMO energy level
by 0.4–0.5 eV, while replacing isoindigo with azaisoindigo has
only a relatively minor effect on the LUMO energy. The differ-
ences in DE between the CV and DFT results are likely the result
of the DFT calculations being carried out in the absence of a
dielectric continuum or solvent model.
Fig. 2 Cyclic voltammetry of 1–4 performed in 0.05M TBAPF6 in DCM
and referenced to an internal Fc/Fc+ standard.
3.4 UV/Visible spectroscopy

Solution and solid state UV/visible spectroscopy were carried
out on all four compounds to determine their suitability as OPV
dyes. Extinction coefficients and lmax values, as well as solid
state optical bandgaps, are listed in Table 1.

One of the most pronounced differences in the UV/visible
spectra is that the addition of alkoxy groups to the bithiophene
donor more than doubles the extinction coefficient of the
broad, low energy absorption band. Since the oscillator strength
of a transition is proportional to the transition dipole moment,
this dramatic change in extinction coefficient is likely due to an
1088 | J. Mater. Chem. A, 2014, 2, 1085–1092
increase in the degree of charge transfer character associated
with the transition. This is in agreement with the increased
localization observed in the frontier orbitals (Fig. 1).

The inclusion of alkoxy substituents also red-shis the lmax

by 82 nm in the isoindigo dyes (1 and 3) and by 94 nm in the
azaisoindigo dyes (2 and 4). The presence of azaisoindigo has a
much smaller effect, very slightly blue-shiing the lmax from
571 to 569 between 1 and 2 and providing a slight bathochromic
shi of 10 nm between 3 and 4. The bathochromic shi between
3 and 4 is further evidence of increased orbital localization in
these two dyes (Fig. 1). Localization of the frontier orbitals
would increase the inductive effect of the nitrogen on the
LUMO, while decreasing its effect on the primarily bithiophene-
centred HOMO.

When the chromophores are spin cast as thin lms on glass
slides, the features of the UV/visible spectra change dramati-
cally (Fig. 2). All four dyes develop a shoulder on the low energy
side of the most prominent absorption band, indicative of
intermolecular interactions in the solid state. This feature is
most prominent in 1. The calculated optical bandgaps for the
chromophores are summarized in Table 1. In all cases the band
edge in the solid state occurs at lower energy than the solution
phase HOMO–LUMO gap. In the case of 2, the lmax value shis
to slightly higher energy in the thin lm than in solution;
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 UV/visible spectra of 1–4: (a) in chloroform solution, and (b) as thin films on glass substrates.
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however, the growth of a prominent shoulder feature nonethe-
less red-shis the absorption edge. In the solid state both 3 and
4 absorb well into the near- infrared, which is highly promising
for their application in bulk heterojunction solar cells.
Fig. 4 Current–voltage curves for the most efficient BHJ solar cells
based on active layers of 1–4:PC61BM (60 : 40 by mass). All
devices were based on the ITO/PEDOT:PSS/1–4:PC61BM/LiF/Al
architecture.
3.5 Photovoltaic cell performance

The frontier orbital energy levels of 1–4maymake them suitable
for use as either the electron accepting or donating component
of the active layer in a bulk heterojunction solar cell. The most
electron decient dyes (1 and 2) were rst evaluated for their
ability to act as electron acceptors by blending themwith poly(3-
hexylthiophene) (P3HT) and fabricating OPV devices. These
devices performed very poorly (cf. ESI†), with maximum PCEs of
0.016% and 0.002% for 1 and 2, respectively. Since the more
electron-rich alkoxy-substituted compounds 3 and 4 are
unlikely to perform better as electron acceptors, this suggests
that these compounds are best utilized as the electron donors in
BHJ devices.

In order to assess the performance of 1–4 as electron donors,
OPV devices were fabricated by blending each of the four dyes
with PC61BM, and the current–voltage characteristics of the
highest performing devices are shown in Fig. 4. The perfor-
mance of OPVs incorporating 1 and PC61BM is in good agree-
ment with the previous report of Mei et al.14 Table 2 summarizes
the device performance parameters of the cells based on each of
the four oligomers.

From the data in Table 2, two major trends can be observed.
The rst is that alkoxy substitution of the bithiophene core
(compound 3 compared to 1) results in a net improvement in
PCE. The average data suggests that this increase in efficiency is
primarily due to an increase in the ll factor; however, from the
J–V curves of the most efficient cells, it can also be observed that
an increase in Jsc also plays a role. Further evidence for this can
be found by comparing the IPCE spectra of the most efficient
devices (Fig. 5). The IPCE of cells containing 3 is substantially
higher across the entire spectrum than the IPCE of cells
containing 1, reecting the larger extinction coefficient of
This journal is © The Royal Society of Chemistry 2014
3.Furthermore, the IPCE spectrum of the device containing 3
extends substantially further into the near-infrared. Both spectra
match well to the absorption spectra of thin lms of 1 and 3.

The second, and most notable, trend in device performance
is that the devices incorporating the azaisoindigo-based dyes (2
and 4) performed very poorly when compared to 1 and 3. The
devices that used the azaisoindigo-based dye 2 were over an
order of magnitude less efficient than those that used the iso-
indigo-based analogue 1. Similar results are obtained when the
performance of devices based on compounds 3 (0.67%) and 4
(0.04%) is compared. The IPCE spectra of devices based on 2
and 4 are shown in Fig. S3,† and reect the poor Jsc values of
both devices. Given the very similar frontier orbital energy levels
and solid state UV/visible spectra of compounds 1 and 2, and
compounds 3 and 4, these results are somewhat surprising.
J. Mater. Chem. A, 2014, 2, 1085–1092 | 1089
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Table 2 Photovoltaic performance of ITO/PEDOT:PSS/60 : 40 1–4:PC61BM/LiF/Al bulk heterojunction solar cells

Compound Voc
a (V) Jsc

a (mA cm�2) Fill factora (%) PCEa (%) Best PCE (%)

1 0.66 � 0.05 2.7 � 0.3 31 � 3 0.6 � 0.1 0.74
2 0.28 � 0.09 0.22 � 0.04 28 � 2 0.018 � 0.006 0.03
3 0.67 � 0.01 2.5 � 0.9 40 � 3 0.7 � 0.2 0.93
4 0.3 � 0.1 0.6 � 0.2 22 � 2 0.04 � 0.02 0.07

a Averages and standard deviations for each data set were determined from measurements on a minimum of 23 separate devices.

Fig. 5 IPCE spectra of the most efficient BHJ solar cells based on
active layers of 1 or 3:PC61BM (60 : 40 bymass). All devices were based
on the ITO/PEDOT:PSS/1 or 3:PC61BM/LiF/Al architecture.
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From Table 2, it can be seen that one of the main causes of
the poor efficiency for the devices that use the azaisoindigo-
based dyes is a poor ll factor. From the slope of the J–V curve as
it approaches Voc (Fig. 4) it can be seen that this is in turn
caused by a low shunt resistance. The low shunt resistance also
explains the very low values of Voc, which are much lower than
would be predicted from the difference between the donor
HOMO and the LUMO of PC61BM. This suggests that recombi-
nation within the active layer may be a substantial obstacle to
the use of 2 and 4 in OPV devices. 4 performed slightly better
than 2 in test devices, owing to its more intense and red-shied
absorption bands (Fig. 3b), which produced slightly higher
values of both IPCE (Fig. S3†) and Jsc.
Fig. 6 Tapping mode AFM height images of 60 : 40 blends of: (a)
1:PC61BM, (b) 2:PC61BM, (c) 3:PC61BM, and (d) 4:PC61BM. Blendswere spin
coated from chlorobenzene onto thin films of PEDOT:PSS and annealed
at 100 �C for 20 min. RMS roughness values: (a) 4.6 nm, (b) 1.8 nm, (c)
3.8 nm, (d) 2.0 nm. All images have dimensions of 1 mm � 1 mm.
3.6 Atomic force microscopy

One possible explanation for the poor performance of 2 and 4 is
that the presence of the nitrogen atom in the isoindigo struc-
ture negatively affected the morphology of the bulk hetero-
junction. In order to determine if this was the case, AFM images
were recorded of lms of dyes 1–4 blended with PC61BM.
Measurements were conducted on OPV substrates in areas
lacking the metal cathode, and the height contrasted AFM
images for each active layer blend are shown in Fig. 6. The lm
1090 | J. Mater. Chem. A, 2014, 2, 1085–1092
morphology of 1 and PC61BM closely resembles that of previous
reports.14 The morphologies of the blends containing 2 and 4
were not substantially different from those of 1 and 3, and no
denite correlations could be drawn between the blend
morphologies of the azaisoindigo-based dyes and their poor
photovoltaic performance. The root-mean-square (RMS)
roughness of all lms is similar, again suggesting that the
morphology is not responsible for the observed decrease in
performance. Additionally, since the energy levels of 2 and 4 are
quite similar to those of 1 and 3 (Table 1), it is unlikely that a
decrease in the amount of exciton dissociation is responsible
for the lower efficiencies.

Aer ruling out morphological effects, it is most likely that the
poor performance of the OPVs incorporating 2 and 4 is due to a
reduced hole mobility in the electron donor. In their work on
benzothiadiazole-based polymers, Blouin et al. also synthesized a
pyridinothiadiazole-based system43 and found that the pyridino
analogue had a holemobility two orders ofmagnitude lower than
This journal is © The Royal Society of Chemistry 2014
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the benzothiadiazole-based parent polymer. Steinberger et al.
have also developed similar DA oligomers based on pyr-
idinothiadiazole,44 and found that while the compounds worked
well when incorporated into planar junction solar cells, when
incorporated into a BHJ the performance dropped dramatically.
This is consistent with the ndings of Blouin et al., since there
should be an increased dependence on charge carrier mobility in
the BHJ device. These precedents lend credence to the hypothesis
that a low hole mobility is the driving force behind the relatively
poor efficiency of 2 and 4 in OPV devices.

4. Conclusions

In conclusion, we have presented the use of azaisoindigo in
optoelectronic applications for the rst time. Using a modular
synthetic strategy, a series of acceptor–donor–acceptor dyes
incorporating either azaisoindigo or isoindigo as the electron
acceptor and either 2,20-bithiophene or 3,30-bis(dodecyloxy)-
2,20-bithiophene as the electron donor have been synthesized.
The electronic structure of these dyes was investigated using
DFT calculations, cyclic voltammetry and electronic spectros-
copy. It was discovered that the dyes incorporating 3,30-bis(do-
decyloxy)-2,20-bithiophene had large extinction coefficients and
also absorbed well into the near-infrared, meeting two impor-
tant criteria for their use in OPV applications. The replacement
of isoindigo with 7-azaisoindigo induced a slight red-shi in the
absorption spectrum of dyes bearing the bis(alkoxythiophene)
donors; however, the effects of aza-substitution of isoindigo
were small compared with the electron donating effects of the
dodecyloxy groups.

All four dyes were subsequently used as the electron donor in
the active layer of bulk heterojunction solar cells. Devices that
used the isoindigo/bis(alkoxythiophene) dye (3) performed the
best, with PCEs reaching 0.93%. Both compounds based on
7-azaisoindigo performed poorly relative to their isoindigo
counterparts, likely due to a reduction in hole mobility. These
results clearly demonstrate a number of important structure–
property relationships in the design of small molecule chro-
mophores for organic photovoltaic devices.
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