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® The Effect of a-Branched Side Chains on the Structural and

Opto-Electronic Properties of Poly(Diketopyrrolopyrrole-alt-

Terthiophene)

Bart W. H. Saes,” Martijn M. Wienk, and René A. J. Janssen*® "

/Abstract: Introducing solubilizing a-branched alkyl chains
on a poly(diketopyrrolopyrrole-alt-terthiophene) results in a
dramatic change of the structural, optical, and electronic
properties compared to the isomeric polymer carrying (-
branched alkyl side chains. When branched at the a-position
the alkyl substituent creates a steric hindrance that reduces
the tendency of the polymer to m—nt stack and endows the
material with a much higher solubility in common organic
solvents. The wider m-m stacking and reduced tendency to

crystallize, evidenced from grazing-incidence wide-angle X-
ray scattering, result in a wider optical band gap in the solid
state. In solar cells with a fullerene acceptor, the a-branched
isomer affords a higher open-circuit voltage, but an overall
lower power conversion efficiency as a result of a too well-
mixed nanomorphology. Due its reduced m-m stacking, the
a-branched isomer fluoresces and affords near-infrared light-
emitting diodes emitting at 820 nm.

/

Introduction

Semiconducting polymers can be made solution-processable
by grafting solubilizing alkyl groups onto the m-conjugated
backbone."* The solubilizing groups serve an important role
in defining the three-dimensional structure in solid state thin
films, but generally do not have a direct effect on the opto-
electronic properties, other than modulating chain—chain inter-
actions. In essence, there is no real need for the side chains
after the microscopic organization of the polymer materials
has been established.

For saturated alkyl side chains, the only design variables are
their length and branching. Compared to linear side chains,
alkyl chains that comprise branching points at tertiary carbon
atoms provide the polymer with a strongly reduced tendency
to aggregate, and consequently a higher degree of solubility,
and reduced melting point.! The most commonly investigated
branched side chains, have a branching point at the f-carbon
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relative to the m-conjugated backbone, or at a carbon atom
further away. For several polymers, a shift of the branching
point position away from the polymer backbone resulted in
tighter -t stacking.®*® However, this is not always coupled
to an increased charge carrier mobility as measured in organic
field-effect transistors. The alkyl chain can also influence the
preferred orientation (edge-on versus face-on) of the m-conju-
gated main chain with respect to the substrate after deposit-
ing the polymers from solution.®”

For diketopyrrolopyrrole (DPP) based polymers, branched
side chains reduce the strong m-m stacking interactions and
are essential to afford solution-processable polymers. %"
Bulky side chains on the DPP unit reduce aggregation or even
completely prevent it For DPP-based polymers similar
trends have been reported as for other conjugated polymers
when the distance between the branching point and the main
chain is increased." In this study, we investigate the effect of
moving the branching point of the alkyl side chains on the
DPP unit from the B-carbon to the a-carbon in a polymer
(PDPP3T) in which the DPP unit alternates with a terthiophene
(3T) moiety along the main chain. The two isomeric polymers
1"HD-PDPP3T and 2'HD-PDPP3T are shown in Figure 1.

By positioning the branching point closer to the conjugated
backbone, the m—st stacking of the DPP units must be affected
because the two alkyl chains that emerge from the branching
point cannot be coplanar with the polymer main chain. In fact,
they are expected to be pointing up and down from the z-
conjugated plane because of steric hindrance with the nearby
oxygen and sulfur atoms. As a result, the solubility of the poly-
mer will be enhanced. In the remainder the synthesis and opti-
cal and electronic properties of 1'HD-PDPP3T are discussed
and compared to that of 2’HD-PDPP3T.
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1'HD-PDPP3T

2'HD-PDPP3T

Figure 1. Structures of 1’"HD-PDPP3T and 2'HD-PDPP3T with the branching
points of the hexyldecyl side chains on the a (1) and 3 (2') positions.

Results and Discussion

Synthesis

The synthetic route to 1'HD-PDPP3T is shown in Scheme 1. To
synthesize 7-bromohexadecane, the Grignard reagent of 1-bro-
mohexane was reacted with decanal to afford hexadecan-7-ol
(1) in 81% yield. Hexadecane-7-ol (1) was subsequently con-
verted into 7-bromohexadecane (2) through an Appel reaction
in about 66 % yield. The obtained crude oil was used to alkyl-
ate  3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo([3,4-clpyrrole-1,4-
dione (3) under standard alkylation conditions"® to afford 4 in
a very low yield of 2.1%.

Attempts were made to improve the yield of the alkylation
reaction by extracting the product from the reaction with hep-
tane and feeding more 7-bromohexadecane to the reaction
mixture, yet the yield remained 2.1%. This yield is significantly
lower than the yields of about 40% that are usually obtained
in alkylation of 3 by linear 1-bromoalkanes or 1-bromoalkanes
branched in the 2'-position. We reason that the yield is low be-
cause deprotonated 3 is a sterically hindered nucleophile and
nucleophilic substitution at a secondary carbon atom is not fa-
vored. Competing degradation reactions such as elimination,
are less affected by this change in the nature of the bromoal-
kane. Possibly, it is this low yield that has previously discour-
aged investigations on 1’-branched DPP chromophores. Bromi-
nation of 4 by N-bromosuccinimide (NBS) afforded monomer 5
in about 75% yield. Monomer 5 was then polymerized with
2,5-bis(trimethylstannyl)thiophene in a palladium-catalyzed
Stille reaction to afford 1’"HD-PDPP3T, which was isolated by
Soxhlet extraction with hexane. The solubility of 1"HD-PDPP3T
in hexane, strongly contrasts with that of 2'HD-PDPP3T for
which 1,1,2,2-tetrachloroethane (TCE) is needed to extract the

higher molecular weight fractions from the polymerization re-
action mixture."'® A PDPP3T derivative with much shorter 1'-
branched side chains (1'-ethylpropyl), however, turned out to
be insoluble. A sample of 2’HD-PDPP3T previously prepared
was used compare the two materials.

Gel permeation chromatography (GPC) at 140°C using
ortho-dichlorobenzene (0-DCB) as eluent revealed that the
number average molecular weights (M,) of 1'HD-PDPP3T
(83 kDa) and 2'HD-PDPP3T (67 kDa) are high and have polydis-
persity (D) of 2.8 and 2.1 (Table 1).

Table 1. Molecular weights.

M, (kDa) M, (kDa) D
1'HD-PDPP3T 83 232 2.8
2'HD-PDPP3T 67 143 2.1

Optical, electronic and structural properties

Figure 2 shows the temperature-dependent UV-vis-NIR absorp-
tion spectra of 1’"HD-PDPP3T and 2'HD-PDPP3T in TCE. At room
temperature, 1’'HD-PDPP3T shows a strong, unstructured ab-
sorption band maximizing at 693 nm, while 2’HD-PDPP3T ex-
hibits a structured band with a maximum at 821 nm and a
shoulder at around 620 nm. The structured optical absorption
spectrum of 2’'HD-PDPP3T originates from m—mt stacking inter-
actions between polymer chains and is typical for aggregated
DPP polymers. In contrast, for 1’"HD-PDPP3T, the unstructured
absorption gives suggests that the polymer chains are molecu-
larly dissolved. Upon raising the temperature in TCE, both ab-
sorption spectra exhibit a blue shift, but the details are differ-
ent. For 1'HD-PDPP3T there is a shift of the absorption maxi-
mum from 693 to 668 nm, but the onset of the spectrum re-
mains at about 800 nm (Figure 2a). These are the signatures of
a conjugated polymer chain that becomes more disordered at
higher temperatures by reducing its co-planarity via increased
dihedral angles between adjacent heterocycles. The reduced
co-planarity reduces the effective conjugation length and cre-
ates a concomitant blue shifted absorption maximum.'*?” The
constant onset at 800 nm signifies that some chain segments
remain essentially co-planar, but their number reduces as the
intensity becomes less. On the other hand, for 2’HD-PDPP3T

1)Mg, I, E:0, 2 h, Argy NBS, PPhs
NN WWV - - M/\W
2) decanal, 50 °C, 2.5 h OH DCM, 0°C, 18 h, Arq, Br
3) H*/H,0 1 66 % yield 2
81% yield
CBH19\(C6H13 CgngYCsHﬂ VL, /
N /Sn@,Sn\/
K,CO3 2 \ /
[2’“1"; 130°C, 18 B pd,(dba); PPhs
1% yield 75% yield DMF/PhMe
CeHis™ "CeHig CeHis™ "CeHig 115°C, 48 h, Argg) CeHis™ "CoHig
0
3 4 5 98% yield 1'HD-PDPP3T

Scheme 1. Synthesis of 1"HD-PDPP3T.
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Figure 2. (a) Temperature-dependent UV-vis-NIR absorption spectra of 1'HD-PDPP3T in TCE and photoluminescence spectrum of 1'HD-PDPP3T in TCE at room
temperature with excitation at 700 nm. (b) Temperature dependent UV-vis-NIR absorption spectra of 2’HD-PDPP3T in TCE and photoluminescence spectrum
of 2’HD-PDPP3T in TCE at room temperature with excitation at 800 nm. (c) UV-vis-NIR spectra of films (40 nm) of 1'HD-PDPP3T and 2'HD-PDPP3T and their cor-
responding thin film photoluminescence spectra recorded with excitation at 600 and 700 nm, respectively. (d) Square-wave voltammetry of films of 1"HD-
PDPP3T and 2'HD-PDPP3T on a Pt wire in an acetonitrile electrolyte. Voltage is versus Fc/Fc™. The two curves are offset vertically for clarity.

both the maximum (from 821 to 787 nm) and the onset (from
about 950 to 900 nm) shift when increasing the temperature
(Figure 2b). The intensity ratio of the main absorption band
and the shoulder at lower wavelength also decreases. These
are the clear signatures of a reduced aggregation when the
temperature increases. The fact that even at 100°C in TCE, the
UV-vis-NIR spectra of 2'HD-PDPP3T show a structured absorp-
tion band, indicates that the chains are not fully molecularly
dissolved under these conditions. 1’'HD-PDPP3T and 2'HD-
PDPP3T both exhibit weak fluorescence in the (near) infrared
region at around 800 nm for 1’'HD-PDPP3T and around 900 nm
for 2’HD-PDPP3T when dissolved in chloroform (Figure 23, b).
The strong differences between the absorption spectra of
1"HD-PDPP3T and 2'HD-PDPP3T observed in solution remain in
thin films (Figure 2¢). The optical band gaps (E,) determined at
the onsets of the absorption bands are 1.50eV for 1'HD-
PDPP3T and 1.32 eV for 2’HD-PDPP3T. The significant difference
shows that also in the solid state the interaction between
1"HD-PDPP3T chains is much less than for 2’HD-PDPP3T chains.
By comparing the spectra in Figure 2, the red shift occurring
between solution and thin film is somewhat larger than for
1"HD-PDPP3T than for 2’HD-PDPP3T. This can be understood

E, (eV E v Evumo (€Y, S (ev

by considering that 2’'HD-PDPP3T chains are aggregated under il howa (V) umo (V) s V)
both conditions. In thin films 1’HD-PDPP3T and 2’HD-PDPP3T | I'HD-PDPP3T — 1.50 =307 —313 193
2'HD-PDPP3T 132 ~493 ~3.13 1.80

also exhibit weak fluorescence (Figure 2c).
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Square wave voltammetry (SWV) of thin films emerged in an
acetonitrile electrolyte was used to determine the oxidation
and reduction potentials (Figure 2d). In SWV, the onsets of the
oxidation waves are found at +0.48V for 1’"HD-PDPP3T and
+0.34V for 2'HD-PDPP3T versus ferrocene/ferrocenium (Fc/
Fc™). The reduction potentials are even closer and at —1.45
and —1.46V, respectively. Using a value of E(Fc/Fct)=
—4.59 eV versus vacuum the energies of the HOMO (E,omo)
and LUMO (E_yuo) levels are obtained (Table 2).2" The electro-
chemical band gaps (E;™" = Ejywo—Enomo) are larger than the
optical band gaps by 0.43 and 0.48 eV, respectively in excellent
agreement with the average of 0.44+0.02 eV, found for a col-
lection of nineteen different DPP polymers.®"!

The hole mobility of 1"'HD-PDPP3T and 2'HD-PDPP3T was de-
termined in planar devices in which the polymers were sand-
wiched between ITO/PEDOT:PSS and MoO,/Ag electrodes. The
current density (J) vs. voltage (V) characteristics (Figure 3)

Table 2. Optical band gaps, HOMO and LOMO energies, and electro-
chemical band gaps.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. J-V characteristics of the hole-only devices for 1"'HD-PDPP3T
(L=275 nm) and 2'HD-PDPP3T (L =310 nm). The solid lines represent fits to
the Murgatroyd relation, the symbols are experimental data. The voltage
was corrected for the built-in potential and series resistance.

were fitted to the Murgatroyd relation for space charge
limited current with field-dependent mobility: J=(9/
8)ege (V2L >)expl0.89y (VL™ ")"4,2%3) with &, the vacuum per-
mittivity, ¢, the relative permittivity of the polymers (approxi-
mated to be 3), u, the zero-field mobility, L the thickness of
the organic layer, and y the field-activation factor. The voltage
was corrected for built-in potential and series resistance. The
hole mobility at an electric field of 10°Vcm™' is about 1.6x

(a) 2.2
2.0

q, (A"

0.0

0.5
q, (A"

1.0 15 20

(c)1000

103 cm?V's™" for 1"'HD-PDPP3T and 2.6x 10 2cm?V's"' for
2'HD-PDPP3T and therefore more than one order of magnitude
larger for 2'HD-PDPP3T.

Two-dimensional grazing-incidence wide-angle X-ray scatter-
ing (2D-GIWAXS) measurements on neat films of 1"'HD-PDPP3T
and 2'HD-PDPP3T are shown in Figure 4 together with the cor-
responding out-of-plane and in-plane line cut profiles. 2’"HD-
PDPP3T shows a lamellar stacking peak at g=0.32A"" and
broad m-m stacking signal at g=1.70 A" in the in-plane and
out-of-plane directions. These correspond to distances of
19.7 A and 3.70 A, respectively and are in accordance with pre-
vious studies on this polymer."® For 1"HD-PDPP3T, the scatter-
ing signal intensity is much lower and shows a vague lamellar
stacking peak at =036 A~' (17.4 R) and n—m stacking signal
at g=144A7" (436 A). These results indicate that 1HD-
PDPP3T has a lesser tendency to crystallize than 2'HD-PDPP3T.
The result that the lamellar spacing is slightly reduced in 1'HD-
PDPP3T compared to 2'HD-PDPP3T, indicates that the alkyl side
chains in 1’"HD-PDPP3T are more orthogonal to the main chain.
The longer m-mt stacking distance of 4.36 A for 1’HD-PDPP3T
compared to 3.70 A for 2’HD-PDPP3T shows that a-branching
effectively reduces the tendency for m—m stacking, enforced by
an out of plane orientation of the alkyl side chains. The large
difference in m-m stacking distance is consistent with the large
difference in hole mobility.

q, (A"

1'HD-PDPP3T
———in plane
- = out of plane

Intensity
8

2'HD-PDPP3T
——in plane
— — out of plane

a (A"

Figure 4. 2D-GIWAXS patterns of neat (a) 1'HD-PDPP3T and (b) 2'HD-PDPP3T films. (c) Corresponding in-plane and out-of-plane line cut profiles as function of

the scattering vector q.
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Photovoltaic properties

Solar cells were made using 1'HD-PDPP3T as donor and [6,6]-
phenyl C;; butyric acid methyl ester (PC,,BM) as acceptor in a
device configuration in which the photoactive layer is sand-
wiched between a transparent front electrode consisting of
indium tin oxide (ITO) covered with poly(3,4-ethylenedioxythio-
phene) polystyrene sulfonate (PEDOT:PSS) and an opaque back
contact of LiF and Al. Figure 5 shows the current density-volt-
age (J-V) characteristics and external quantum efficiency (EQE)
spectra of the cells in which 1’"HD-PDPP3T and PC,;BM are
mixed in a 1:2 weight ratio. Layers were cast from chloroform
using 2% of diphenyl ether (DPE) as co-solvent. They are com-
pared to previously reported 2'HD-PDPP3T:PC,,BM cells (1:2 w/
w). The photovoltaic parameters, listed in Table 3, show that
1"HD-PDPP3T achieves a lower short-circuit current (J,) and a
higher open-circuit voltage (V,). The EQE spectra reveal that
for 1"'HD-PDPP3T cells, the J, is reduced because of the wider
optical band gap compared to 2’HD-PDPP3T, but also because
of a lower EQE, which indicates less efficient charge generation
and collection. The V,, however, increases by 0.22 V. This is
more than the expected increase of 0.14 V, which is the differ-
ence between the E, oo Of the two polymers (Table 2). The FF
of the 1"HD-PDPP3T cells (0.38) is significantly lower than that
of 2’HD-PDPP3T (0.69). The low FF relates to poor charge trans-
port for 1’'HD-PDPP3T of which the hole mobility is one order
of magnitude lower than for 2’HD-PDPP3T. The reduced mobili-

ty gives rise to more non-geminate charge recombination and
explains the low FF?Y Because 1'HD-PDPP3T is much less crys-
talline than 2'HD-PDPP3T and the m-m stacking distance is
larger, it is not surprising that the FF is lower because both fac-
tors reduce the carrier mobility. The J-V curve of the 1'HD-
PDPP3T cell (Figure 5a) shows an increase in photocurrent
when the voltage bias is reduced. This is a signature of charges
that can only be collected by applying an electric field. In total
the power conversion efficiency (PCE) of the 1HD-
PDPP3T:PC,,BM cell (2.35%) is significantly lower than that of
the 2’HD-PDPP3T:PC,,BM cell (7.1 %)."”

It is of interest to compare the minimal photon energy loss
(Eiwss) incurred in the solar cells based on 1'HD-PDPP3T and
2'HD-PDPP3T. This parameter is defined as E,=E;—qV,. and
equals the minimal energy loss photogenerated charges incur
from the initial photon energy. For 1"'HD-PDPP3T:PC,,BM cells,
Eoss is 0.59 eV, while it is 0.65 eV for 2’HD-PDPP3T:PC,,BM cells.
While the difference is small, it is close to the empirical thresh-
old of E,,,=0.60 eV, required for efficient charge generation.””
Close to this threshold small differences become important
and in this case it may contribute to the reduced EQE for the
1"HD-PDPP3T:PC,,BM cells.

A clear advantage of the enhanced solubility of 1'HD-
PDPP3T in common solvents is that it enables casting the
photoactive layer from non-chlorinated solvents. In contrast,
2'HD-PDPP3T can only be processed from chloroform or
TCE. Figure5 shows the device characteristics of 1'HD-

(@10 THD-PDPP3T ' ' ® [ ‘ ' ' ' '
o Chloroform 0.5 ; 1
£ 5l Chloroform - annealed ; \ '.;'
§ Toluene ’ LA L}
c Toluene - annealed vl 0.4r l\ 7
= (O e acomfemmn st s P S 5 e e e u
2 2HD-PDPP3T A |
2 Chloroform g 0.3 :, u 1
g 5k E 11} F \
R 0.2 K THD-PDPP3T "\ 4
[ =T —m— Chloroform 4
5-10 - —m— Chloroform- annealed 1 \‘
O 0.1 | —= Toluene ]
Toluene - annealed it
5L | 2HD-PDPP3T o }
. . . . 0.0 L—= Chloroform . . ga_.‘.h-
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Voltage (V) Wavelength (nm)

Figure 5. (a) J-V characteristics of 1"HD-PDPP3T:PC,,BM and 2'HD-PDPP3T:PC,,BM solar cells. Solids line were measured under simulated AM1.5G
(100 mW cm ™) illumination and dashed lines were recorded in the dark. (b) Corresponding EQE spectra. Data for 2’HD-PDPP3T:PC,,BM were taken ref. [17].

Table 3. Photovoltaic parameters of 1'HD-PDPP3T:PC,;BM and 2'HD-PDPP3T:PC,,BM solar cells.

d® (nm) Processing™ V.2 (V) FF& Jeepoe™ (MACm ™) PCE™*! (%)
1"HD-PDPP3T 105+1 chloroform 0.89+0.00 0.38+0.00 6.97+0.10 2.354+0.04
1'HD-PDPP3T 8343 chloroform/150°C 0.65+0.05 0.33+0.02 7.40+0.04 1.58+0.24
1"HD-PDPP3T 9541 toluene 0.88+0.00 0.40+0.00 7.78+0.02 2.75+0.04
1"HD-PDPP3T 95+1 toluene/150°C 0.88+0.01 0.56+0.03 8.00+0.04 3.96 +0.05
2'HD-PDPP3T® 134 chloroform 0.67 0.69 15.4 7.1

[a] Average values and standard deviations were obtained over 3 devices. [b] For 1'HD-PDPP3T 2% DPE was used as co-solvent; for 2’HD-PDPP3T 7.5%
1,2-dichlorobenzene, annealing was for 30 s when used. [c] J,. was determined from EQE measurements by integration with the AM.15G spectrum.
[d] From ref. [17].
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PDPP3T:PC,,BM cells, cast from toluene using 2% DPE as co-
solvent. The device performance and the solar cells parameters
(Table 3) are very similar to the cells cast from chloroform.
Thermal annealing of the devices cast from toluene/DPE at
150°C resulted in considerably improved FF as well as a small
increase in photocurrent density, improving the overall efficien-
cy to close to 4.0%. Thermal annealing also results in a change
of the EQE spectrum which increases for wavelengths below
600 nm but decreases at higher wavelengths. This suggests
that annealing increases the contribution of photons absorbed
by PC,,BM, but decreases the contribution from 1'HD-PDPP3T.
Thermal annealing at 150°C of 1'HD-PDPP3T:PC,,.BM blends
cast from chloroform/DPE, gave a similar change in the EQE
spectrum, but in this case there was a loss in V,. and FF.

The photovoltaic performance of bulk heterojunction solar
cells is strongly related to the morphology of the blend.***¥
Figure 6 shows transmission electron microscopy (TEM) images
of the optimized photoactive layers of 1'HD-PDPP3T:PC,,BM
and 2'HD-PDPP3T:PC,,BM blends. The 2'HD-PDPP3T:PC,,BM
blend (Figure 6¢c) shows the well-established fibrillar nano-
structure encountered for many DPP-polymer-based solar cells
in which a dense network of thin semi-crystalline polymer fi-
brils is percolating in a continuous matrix that is richer in
PC,,BM and appears darker in the TEM images as result of the
higher density of the fullerene.?*>" In comparison, the TEM
image of the 1'HD-PDPP3T:PC,,BM blend cast from chloro-
form/DPE (Figure 6a) shows much less contrast indicating a
more homogenous mixing. Apart from indistinct features with
the size of tens of nanometers, the TEM image is virtually
structureless, pointing to a well-intermixed nanomorphology. A
highly intimate mixed blend is expected to perform poorly for
charge separation and transport and leads to enhanced gemi-

(@)

nate recombination of charges that cannot escape form the in-
terface and enhanced non-geminate recombination when op-
posite charge carriers meet frequently because pure domains
of the donor and acceptor material are virtually absent. As a
consequence of the enhanced geminate recombination in
1’"HD-PDPP3T:PC,,BM blends the EQE of these cells is less that
of the 2'HD-PDPP3T:PC,,.BM cells, while the enhanced non-
geminate recombination is reflected in the reduced FF of 0.38
compared to 0.69 and an enhanced voltage bias dependence
of the photocurrent seen in the J-V characteristics.*” 1'HD-
PDPP3T:PC,,BM blends cast from toluene/DPE (Figure 6b),
show a very similar morphology and also the photovoltaic pa-
rameters (Table 3) are close to those found when using chloro-
form/DPE.

After thermal annealing of 1'HD-PDPP3T:PC,,.BM blends,
their TEM images shows a more phase-separated nanomor-
phology with lighter polymer-rich and darker fullerene-rich do-
mains (Figure 6d,e). The change towards more pure domains
reduces the EQE, especially in the wavelength range were the
polymer absorbs light (Figure 5b). The change is very similar
for both casting solvents. This can be understood by the fact
that the increased phase separation reduces the interfacial
donor-acceptor area where charges are created. Because of the
short-exciton diffusion length, excitons created further than a
few nanometers from the donor-acceptor interface do not
contribute to charge generation. Upon annealing the FF de-
creases for the blends cast from chloroform/DPE (from 0.38 to
0.33), while the FF increase for blends cast from toluene/DPE
increase (from 0.40 to 0.56). The higher contrast and the small-
er feature size for the annealed toluene/DPE cast films com-
pared to the chloroform/DPE cast films indicates higher purity
domains for which charge carrier mobility can be higher result-

Figure 6. (a) TEM image of optimized 1"HD-PDPP3T:PC,,BM blends cast from chloroform/DPE. (b) TEM image of optimized 1'HD-PDPP3T:PC,,BM blends cast
from toluene/DPE. (c) TEM image of optimized 2'HD-PDPP3T:PC,,BM blends cast from chloroform/o-DCB."” (d) Same as (a) after thermal annealing at 150°C
for 30 s. (e) Same as (b) after thermal annealing at 150 °C for 30 s. White scale bars represent 100 nm.
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Figure 7. (a) Electroluminescence spectra of 1'HD-PDPP3T and 2'HD-PDPP3T based OLED:s. (b) Corresponding J-V characteristics for 1"HD-PDPP3T (L =85 nm)
and 2'HD-PDPP3T (L =65 nm, solid lines) OLEDs and the simultaneously recorded L-V characteristics recorded with a Si photodiode (dashed lines).

ing in an improved FF. The reduced FF and V. for the an-
nealed chloroform/DPE cast blends can at least in part be at-
tributed to the reduced shunt resistance for these cells. The
dark current (dashed light blue line in Figure 5a) shows a sub-
stantial Ohmic contribution, indicating the presence of physical
shunts. The bright region in Figure 6d suggest that the film
can be locally very thin in these blends.

Near infrared light-emitting diode

Light-emitting diodes were constructed by sandwiching 1'HD-
PDPP3T and 2'HD-PDPP3T layers between ITO/PEDOT:PSS and
LiF/Al electrodes. Figure 7 shows the electroluminescence
spectra and current density-light intensity-voltage (J-L-V)
characteristics. The electroluminescence emitted by 1'HD-
PDPP3T maximizes at 820 nm while for 2’HD-PDPP3T the maxi-
mum emission is found at 930 nm (Figure 7 a).

The devices were characterized by recording the J-L-V char-
acteristics by measuring the light output using a silicon photo-
detector positioned on top of the OLED. As expected from the
lower band gap, the threshold voltage for light output is lower
for 2’HD-PDPP3T than for 1'HD-PDPP3T. On the other hand,
the light output of the 1'HD-PDPP3T devices is considerably
higher. This is attributed to a reduced aggregation of the poly-
mer which increases the luminescence quantum yield. The
large difference in current density of the OLED and the Si de-
tector, however, indicates a low external quantum efficiency
(ca. 1077).

Conclusions

The properties of 1'HD-PDPP3T with a-branched side chains
on the DPP units differ dramatically from the characteristics of
the 2'HD-PDPP3T isomer with [(-branched side chains. The
branching at the a-position enforces an out-of-plane orienta-
tion of the alkyl side chains, which creates a strongly reduced
tendency of the polymer to aggregate. Consequently, 1'HD-
PDPP3T can be molecularly dissolved in common organic sol-
vents, in contrast to 2’HD-PDPP3T which has limited solubility
in chloroform and TCE but is virtually insoluble in other media.
Because of branching at the a-position, the crystallinity of
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1"HD-PDPP3T is much less than that of 2’HD-PDPP3T. By reduc-
ing the tendency to aggregate, the a-branched side chains
create a wider optical band gap for 1’"HD-PDPP3T in solution
and thin films than for 2’HD-PDPP3T. Also, the electrochemical
band gap of 1'HD-PDPP3T is higher. The increased -t stack-
ing distance of 4.36 A for 1"'HD-PDPP3T inferred from 2D-
GIWAXS compared to 3.70 A for 2’HD-PDPP3T, explains the
one-order of magnitude lower hole mobility for the a-
branched isomer.

Solar cells with 1"'HD-PDPP3T as a donor and PC,,;BM as an
acceptor are less efficient (PCE=4.0%) than cells based on
2'HD-PDPP3T and PC,BM (PCE=7.1%), primarily as conse-
quence of a reduced EQE and FF. The open-circuit voltage,
however, is higher and the minimal photon energy loss of
0.59 eV is close to the empirical threshold of 0.60 eV.”’ TEM
analysis shows that 1’"HD-PDPP3T:PC,,BM blends possess an in-
timately mixed nanomorphology that prevents efficient charge
separation and charge transport, explaining the reduced EQE
and FF. Interestingly, the increased solubility of the polymer in
common solvents allowed for devices made from a non-chlori-
nated solvent mixture. The low tendency of 1'HD-PDPP3T to
aggregate enables a clear near infrared electroluminescence in
thin solid films.

In conclusion by repositioning the hexyl substituent from
the 3 to the a position on a decyl side chain of a DPP polymer,
a completely different, isomeric polymer was obtained, having
different structural, solubility, optical, and electronic properties.
The combination of near infrared photovoltaic response and
near infrared electroluminescence for single conjugated poly-
mer is remarkable.

Experimental Section

All experimental details are given in the Supporting Information.
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