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Lactam-containing acceptors, which could provide two potential alkylation positions (N-alkylation and O-
alkylation), are important building blocks for polymeric donors in high performance polymer solar cells
(PSCs). However, the influence of alkylation positions on the PSC performance has seldom been studied.
Herein, we investigated the influence of O-alkylation and N-alkylation on a novel bislactam acceptor,
namely dibenzonaphthyridinedione (DBND), on the physical properties of the corresponding polymers
and hence their PSC performance. Besides O-alkylated and N-alkylated DBND, half-N-alkylated-half-O-
alkylated DBND (N,O-DBND) was also prepared and copolymerized with stannyl bithiophene (2T). It was
found that by varying the alkylation positions, the optical, crystalline and aggregation properties of the
corresponding polymers were greatly altered. In comparison with P(N-DBND-2T) and P(O-DBND-2T),
P(N,O-DBND-2T) shows both better solubility and shorter m—m stacking distance. By blending with
PC;1BM, P(N,O-DBND-2T) forms better nano-fibrillar phase separation so that less charge recombination
is observed, thus leading to a much better power conversion efficiency (PCE) around 5%, which is the
highest value of the conjugated system based on N,O-alkylated acceptors. The results show that the
asymmetric N,O-alkylation protocol is a promising way to adjust the properties of the bislactam-
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Introduction

The past decade has witnessed significant advances in polymer
solar cells (PSCs) using donor-acceptor (D-A) type conjugated
copolymers as the donor materials in the active layer. Although
there are many selectable D building blocks for copolymer
construction, the selection pool for A building blocks is rela-
tively limited. Thieno[3,4-b]thiophene-2-carboxylate ester,'
benzo-thiadiazole,” and benzo[1,2-c:4,5-c']dithiophene-4,8-
dione®” and their derivatives were the few classes of candidates
for A units and the polymers based on them exhibited excellent
photovoltaic performance. With the development of non-
fullerene acceptors, PSCs with a power conversion efficiency
(PCE) beyond 13% were reported in recent years.*** Besides
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these electron-deficient building blocks, another class of
potential candidates is lactam-containing aromatics, among
which diketopyrrolopyrrolidione (DPP)**** and isoindigo(i)*>*¢
were well-explored. Polymeric donors based on II and its
derivatives exhibiting a PCE beyond 8% in PSCs have been re-
ported.”*® The outstanding performance of these bislactam
aromatic-based polymers inspires a more extensive study on the
synthesis of novel acceptor building blocks containing lactam
moieties'** to further adjust the HOMO/LUMO energy level of
the corresponding polymers hence the open-circuit voltage (Vo)
and current density of the corresponding PSCs devices. For
example, Park and co-workers reported the synthesis of 3,7-
dithiophen-2-yl-1,5-dialkyl-1,5-naphthyridine-2,6-dione

(NTDT), and the polymer based on it exhibited a PCE of 8.16%,
which outperformed the similar polymer based on DPP.* Cao
et al. synthesized a conjugated polymer based on a bislactam-
bridged 1,4-di(thiophen-2-yl)benzene, which showed a high
PCE of 7.8% with a high V. of 0.87 V.*!

One of the advantages of the lactam-containing acceptors is
that the lactam moiety could be very easily alkylated, which
endows the corresponding polymers with adjustable solubility
and processability. However, an overlooked issue is that there
are two positions which could be alkylated on lactam moiety:
either the N atom or O atom. In many cases, N-alkylated product
is the major product since N atom is a softer nucleophile

This journal is © The Royal Society of Chemistry 2019
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compared with O atom. However, when aromatization becomes
a driving force, O-alkylation overwhelms N-alkylation and
sometimes only yields O-alkylated product. For instance, the
alkylation of dihydrodithieno[3,2-¢:3',2’-#][1,5] naphthyridine-
5,10-dione led to a solely O-alkylated product, which is an
excellent acceptor building block for wide-bandgap (WBG)
conjugated polymer.”* We recently found that a three-step
isomerization of II gave a novel bislactam acceptor, dibenzo
[¢,h][2,6]-naphthyridine-5,11(6H,12H)-dione (DBND), which is
also prone to O-alkylation, and the polymer based on it shows
a very high PCE (6.32%), although it possesses an ultra-WBG
(2.29 ev).2

It is very interesting to further probe the influence of N-
alkylation and O-alkylation on the physical property of the
acceptor and hence the solar cell performance of the corre-
sponding polymers. Apparently, N-alkylation and O-alkylation
alter the polarity of the corresponding functional group, which
may change the m-7 interaction distance and strength, UV-vis
absorption range and eventually the aggregation state of the
corresponding polymers, and all these factors contribute to the
final outcome of PSCs performance. However, this topic was
seldom touched. Only handful examples were presented in the
literature, as summarized in Scheme 1. On one hand, for
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Scheme 1 Study on the influence of N-alkylation vs. O-alkylation of
lactam-containing aromatic acceptors on PSCs performance.
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acceptor containing only one lactam moiety, alkylation may
lead to two products: N-alkylated product and O-alkylated
product. The only example we can find is the work from
Leclerc's group, in which they compared the PSCs performance
of the polymers based on either N-alkylated phenanthridin-6-
one (N-PAD), or O-alkylated phenanthridin-6-one (O-PAD) or
a mixture of both acceptors.” They found the polymer based on
the mixture of both acceptors exhibited the best performance (a
PCE of 6.71% with a filled factor (FF) of 67%), and the reason
was attributed to the better phase separation of the terpolymer.
On the other hand, for bislactam acceptors, the alkylation on
the lactam moiety may result in three products: N-alkylated
product, O-alkylated product and N,O-alkylated product. The
first systematic comparison of the alkylation influence on
bislactam acceptor, to the best of our knowledge, is the work
from Su's group. They synthesized all three alkylated products
of pyrido[2,3,4,5-Imn]|phenanthridine-5,10-dione, namely N-
PPD, O-PPD and N,O0-PPD, and compared the PSCs performance
of the polymers based on them.** They discovered that the
polymer based on N-PPD showed the best PCE of 3.47%,
whereas the polymer based on N,0-PPD showed the worst PCE
of 0.46%. They argued that the asymmetric structure of N,0-
PPD increased the region-irregularity of the corresponding
polymer, which weakened its interaction with PCBM, and led to
large phase separation. The alkylation of DPP generally leads to
N-alkylated product, however, N,0-alkylated product could be
obtained in some cases.”** Marks et al. compared oligomers
based on N-DPP and N,O-DPP, and they found the oligomer
based on the later showed more red-shifted absorption,*
different from the observation from Leclerc et al. that the UV-vis
spectrum of polymer based N-PAD was the most redshifted
one.”* However, the solar cell based on the oligomer of N,0-DPP
only exhibited a PCE of 0.56%, much worse than the one based
on the oligomer of N-DPP (PCE 4.02%).>* More recently, Zhang
et al. approached the difference of N-DPP and N,O-DPP at the
single molecular level.>* They found that the conductance of
N,O0-DPP is more sensitive to acid/base environment change,
and one order of magnitude conductance difference was
observed. They attributed this to the significant transport path
change when N,0-DPP was protonated. We recently synthesized
N-DBND and O-DBND, and compared the charge transportation
behaviors of the polymer based on them. Very interestingly,
polymer based N-DBND showed an almost one hundred times
higher charge carrier mobility than the one based on O-DBND.*”
The much stronger polarity of N-DBND might be the reason for
such a difference.

With the results of different charge transportation behaviors
of polymer based on N-alkylated and O-alkylated DBND in hand,
we are eager to see what kind of differences the alkylation
position change will bring to the PSCs performance of the cor-
responding polymers. Here we wish to present a systematic
study of the PSCs performance of the polymers based on O-
DBND, N-DBND, and N,0-DBND. We find that the alkylation
position has a strong influence on the UV-vis absorption and
also the solubility of the corresponding polymers. When the
same long alkyl sidechain is installed, the polymer based on N-
DBND shows the most redshifted absorption but the lowest
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solubility, while the polymer based on O-DBND shows the most
blue-shifted absorption but the best solubility. However, both
the N-alkylated and O-alkylated polymers exhibit low PCE (2-
3%). On the other hand, the polymer based on asymmetric N,O-
DBND shows higher PCE up to 5%, which is among the highest
polymer donors with a bandgap around 2.20 eV. This result is
very different from the results of Mark's group and Su's group,
showing that N,O-alkylated lactam-containing aromatics can
still be a very efficient acceptor building block for WBG conju-
gated polymers. Grazing incidence X-ray scatting (GIWAXS) and
bright field transmission electron microscopy (TEM) techniques
and theoretical calculations are used to investigate the corre-
sponding active layer to understand the reason behind it. It is
revealed that N,0O-alkylation of DBND has two effects: the
asymmetric structure not only imposes stronger dipole-dipole
interactions on the repeating units, but also the region-
irregularity of the corresponding polymer. As the result, poly-
mer based on N,0-DBND exhibits the shortest w-m stacking
distance, and the not so-well oriented alkyl sidechain allows the
insertion of PC,;BM into the polymer matrix to form nano-
fabric networks with excellent phase separation. This work
demonstrates that the semiconducting polymers based on
asymmetrically alkylated amide/lactam could also exhibit good
PSC performance and molecular design on that kind of struc-
tures should not be neglected.

Results and discussion
Polymer synthesis and general characterization

The synthesis route towards DBND followed our previous
strategy,” which is also presented in ESI{ in detail. It should be
mentioned that we have reported that O-DBND with the
branched C24 side-chain (11-methyltricosane) is an excellent
building block for WBG conjugated polymers with outstanding
performance when copolymerized with 5,5-
bis(trimethylstannyl)-2,2-bithiophene (2T).>* Thus, the corre-
sponding N-alkylated and asymmetric N,0-alkylated DBND with
the same C24 side-chain was copolymerized with 2T first to
investigate such structure-performance relationship. Unfortu-
nately, unlike the O-alkylated polymer, the C24 N-alkylated
polymer could not be dissolved in chlorobenzene or o-dichlo-
robenzene (0-DCB) even when heated up to 140 °C, probably due
to the strong intermolecular dipole-dipole interactions between
the lactam structures and also the highly planar DBND struc-
ture.>”*® Thus, we were unable to fully characterize the proper-
ties of the N-alkylated polymer on PSCs performance. Therefore,
alkylation reagent with longer C31 side-chain (15-(2-iodoethyl)
nonacosane) was adopted to improve the solubility, and the
newly synthesized monomers were then polymerized with 2T,
purified to give the final polymers noted as P(N-DBND-2T),
P(N,0-DBND-2T) and P(O-DBND-2T), respectively, as shown in
Scheme 2. With the branched C31 side chain, the solubility of
P(N-DBND-2T) was improved to around 5 mg mL™" in 0-DCB at
100 °C, which is adequate enough for device fabrication but still
not as good as P(O-DBND-2T) and P(N,0-DBND-2T) (30 mg
mL ™). P(N,0-DBND-2T) shows very similar solubility to P(O-
DBND-2T) although it has more polar lactam bonds which
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Scheme 2 Structures of P(O-DBND-2T), P(N,O-DBND-2T) and P(N-
DBND-2T) for PSC study.

generally prefer stronger interchain interaction, and we attri-
bute this to the regio-irregularity it imposed to the polymer
which lowers the crystallinity. The molecular weight were
determined via gel permeation chromatography (GPC) using
1,2,4-trichlorobenzene as the eluent at 150 °C after calibration
against polystyrene standards. The average molecular weights
(M,,) and polydispersity index (PDI) are shown Table 1. The M,
of P(O-DBND-2T) and P(N,0-DBND-2T) are 81 kDa and 116 kDa,
respectively. However, P(N-DBND-2T) exhibits a relatively lower
M, (55 kDa) due to its low solubility which hinder the further
chain growth during polymerization.

Optical and electrochemical properties

The normalized UV-vis absorption spectra of P(O-DBND-2T),
P(N,0-DBND-2T) and P(N-DBND-2T) in diluted o-DCB solutions
and as thin films are shown in Fig. 1, and the related data are
listed in Table 1. The solutions of P(O-DBND-2T), P(N,0-DBND-
2T) and P(N-DBND-2T) exhibit absorption in the 400-580 nm
region with the maximum absorption peaks at 505 nm, 526 nm
and 556 nm, respectively. The red shift of the maximum
absorption peaks reflects stronger internal charge transfer
effect of D-A structure with the increase of lactam content,
which is consistent with the stronger electron-withdrawing
ability of the N-alkylated lactam moiety than the O-alkylated
pyridin-2-ol moiety. In the thin film state, P(O-DBND-2T) and
P(N,0-DBND-2T) show similar optical properties to that in
solution, whereas P(N-DBND-2T) exhibits a 5 nm hypsochromic
shift when casted into the film, indicating that H-aggregate of
P(N-DBND-2T) is formed in the solid state. No obvious red shift
of the absorption onset was observed for three polymers from
solution state to solid state. The results indicate that all these
polymers might already have adopted a tightly packed aggre-
gation form in solution, which presumably due to the highly
planar DBND structures that favor better intermolecular inter-
action.””?® The optical bandgaps (Eg’") of polymers were

This journal is © The Royal Society of Chemistry 2019
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Table 1 Molecular weights, optical properties, and electrical properties of DBND based polymers

Polymer M,? (kDa) PDI* Amax” (M) Jedge’ (nm) EgP* (eV) Eox (V) IP° (eV)
P(O-DBND-2T) 81 2.21 505, 472 541 2.29 1.29 5.44
P(N,0-DBND-2T) 116 1.72 526, 494 563 2.20 1.24 5.39
P(N-DBND-2T) 55 2.56 551, 509 575 2.16 1.40 5.55

“ Determined by GPC at 150 °C using TCB as the eluent. ” Films are prepared by spin-coated the polymer solution on the piezoid. ¢ Films are
prepared by dropping-casted the polymer solution on the working electrode.
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Fig. 1 UV-vis absorption spectra of P(O-DBND-2T), P(N,O-DBND-2T) and P(N-DBND-2T) in diluted 0-DCB (a) and as the thin film (b).

calculated from the absorption edge of the films. The absorp-
tion edge is 541 nm for P(O-DBND-2T), 563 nm for P(N,0-DBND-
2T) and 575 nm for P(N-DBND-2T) respectively. And the calcu-
lated EgP* are 2.29 eV, 2.20 eV and 2.16 eV, respectively.

Electrochemical cyclic voltammetry (CV) was used to
measure the ionization potential (IP) and the electron affinity
(EA) of the polymers (Fig. S21). The IP values (which partially
reflects the HOMO energy level*®) are determined from the onset
of the oxidation peak. As is summarized in Table 1, the onset of
the oxidation potential of P(O-DBND-2T), P(N,0-DBND-2T) and
P(N-DBND-2T) are 1.29 V, 1.24 V and 1.40 V (vs. Ag/AgCl), cor-
responding to a IP value of 5.44 eV, 5.39 eV and 5.55 eV,
respectively. The high IP reflects a low lying HOMO energy level,
suggesting that the PSCs based on these polymers would exhibit
high V,. values. Unfortunately, no well-defined reduction peak
was observed, so we could not determine the exact EA of the
polymers at this time.
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Photovoltaic properties

Solution-processed bulk heterojunction (BH]J) devices based on
polymer : PC,;BM were fabricated with a conventional device
structure of ITO/V,0s/polymer : PC,;BM/Ca/Al. The typical J-V
curves are shown in Fig. 2a and the results are summarized in
Table 2. Very interestingly, P(N,0-DBND-2T) exhibits the highest
average PCE up to 4.72% (with the highest PCE of 4.96%), which
is much larger than that of P(O-DBND-2T) (2.91%) and almost
twice as much as P(N-DBND-2T) (2.46%). To the best of our
knowledge, this result, very different from the results from the
previous reports,”** is the first example showing that the
performance of the conjugated system based on asymmetrically
N,O-alkylated acceptor unit outperforms the one based on
symmetrically N-alkylated or O-alkylated acceptor units. It is
contrary to the generally accepted concept that the more
symmetrically alkylated wunits promote better interchain

s0f b

——P(O-DBND-2T)
——P(N,0-DBND-2T)
—— P(N-DBND-2T)

10

L 1 1
500 600 700

Wavelength (nm)

400 800

Fig.2 Photovoltaic characteristics: J-V curves (a) and EQE (b) plots of polymer : PC,;BM (1 : 2 w/w) optimal solar cells under the illumination of

AM 1.5 G 100 mW cm 2.
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interaction hence better charge transport,®**** which is benefi-
cial to the improvement of the organic solar cell performance.**
However, we also noticed that in recent years, more reports
appeared on polymers with asymmetrically alkylated units
showing better PCEs that those with symmetrically alkylated
units. For example, Shin et al. compared the PSCs performance
of the polymers containing benzodithiophene (BDT) units with
either symmetric alkyl chain or the asymmetric half-alkyl/half-
polyethylene glycol sidechain and found that asymmetric one
shows higher short circuit current (Js.) and fill factor (FF).*?
Yang et al. also discovered that the asymmetric BDT unit
substituted by both alkyl/alkoxyl group and aryl group could
combine the advantage from two kinds of BDT units and
exhibited higher V,. and J;. when copolymerized with a series of
acceptor build blocks.** The reason why polymer based on N,O-
DBND units gives the best PSCs performance deserves further
studies and will be discussed in the coming section.

Another feature of the devices based on these three polymers
is that regardless of the alkylation types, no additives are
needed to adjust their PSCs performance, showing that aggre-
gation behavior of DBND-based polymers is mainly governed by
their own crystallinity. Also, similar to our previous results, the
thicknesses of all the active layers are beyond 250 nm, which is
an advantage in fabrication of large area devices since less
pinholes and other structural defects present in thicker films.**
All these features indicate that DBND is an acceptor building
block for WBG conjugated polymers with excellent process-
ability. On the other hand, the alkylation type does influence the
HOMO/LUMO energy level of the corresponding polymers,
which is reflected by the V,. change. The V,.s of the devices
based on P(O-DBND-2T) and P(N,0-DBND-2T) are 0.91 V, while
that based on P(N-DBND-2T) is 1.02 V. The larger V,, of device
based on the N-alkylated polymer is in accordance with its lower
HOMO energy level (5.55 eV). N-DBND is then one of a few
acceptor building blocks the polymer donor based on which
could exceed 1.0 V V,. when blended with fullerene accep-
tors.**® Theoretically, device based on P(N,0-DBND-2T) should
exhibit a higher V,,. than that based on P(O-DBND-2T), however,
the same V,. infers that device based on P(N,0-DBND-2T) may
suffer from a slight larger voltage loss.

The much better performance of P(N,0-DBND-2T) is attrib-
uted to its higher light current. Comparing with the asymmetric
polymer P(N,0-DBND-2T) which show a average J;. of 7.48 mA
cm 2, symmetric polymers exhibit a rather low J. (4.62 mA
cm™? for P(O-DBND-2T) and 3.41 mA cm ™ > for P(N-DBND-2T),
respectively). In order to confirm the big difference in light
current between the symmetric and asymmetric polymers,

Table 2 Average performance parameters of optimal solar cells
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external quantum efficiency (EQE) of the optical devices are
conducted and shown in Fig. 2b. As can be seen from the EQE
curves, P(N,0-DBND-2T) blend film shows a response above
40% from 370 to 600 nm, and a strong EQE peak up to 50% in
the 475-550 nm regions, which is in consistent of the UV-vis
absorption. However the highest EQE peak only reaches to
30% for P(O-DBND-2T) and 20% for P(N-DBND-2T). The calcu-
lated EQE matches well with the J,. values with less than 4%
mismatch. The hole mobility of P(O-DBND-2T), P(N,0-DBND-
2T) and P(N-DBND-2T) are measured and the corresponding
results are 1.66 x 10°° ecm? V' 57, 9.56 x 10> ecm®> V ' s~ ¢
and 6.18 x 10" ° em® V™' s, respectively (Fig. $31). The P(N,0-
DBND-2T) blended film shows a mobility one order higher than
that of P(O-DBND-2T) and P(N-DBND-2T), which is also
consistent with its higher J,.. To better understand why the N,0-
alkylated polymer performs much better than both N- and O-
alkylated polymers, we set out to study the crystallinity, aggre-
gation state of the polymers and the phase separation behavior
of the active layers.

GIWAXS and morphology characterization

The crystallinity and aggregation state of the three polymers are
further studied using grazing incidence X-ray scatting (GIWAXS)
(Fig. S41). The out of plane GIWAXS patterns of polymer neat
films are present in Fig. 3a. All three polymer films display clear
(100), (200), and (300) diffractions at the same position, indi-
cating a similar long-range ordered lamellar packing that rarely
affected from the alkylation formation. Obviously, P(N-DBND-
2T) shows a much stronger diffraction at the 26 value of 2.98°
(corresponding to a d-spacing of 29.6 A) than other two poly-
mers, which reflects a much higher degree of crystallinity and is
consistent with its low solubility. In addition, strong diffrac-
tions around 24.5° indicate a obvious face on molecular orien-
tations exist in the thin films of three polymers. It should be
noted that compared with our previously reported O-alkylated
polymer with C24 side-chain with a m-m stacking distance of
3.74 A,?> P(O-DBND-2T) with C31 sidechain has a shorter m—7
stacking distance (3.68 A). This is in accordance with the well-
known conclusion that moving the branch point away from
the conjugated backbone favors tighter m-m stacking. Very
interestingly, the -7 stacking distance of P(N,0-DBND-2T) is
3.61 A, much smaller than that of P(O-DBND-2T), even smaller
than that of P(N-DBND-2T) (3.63 A).

To further discuss the difference of aggregation behavior
between the P(N,0-DBND-2T) and the other two polymers,
density functional theory (DFT) calculation at wB97XD/6-31G*

Film thickness

Polymer (nm) pn (em®> v ts™h Voe (V) Jse (MA cm™?) FF PCE* (%)

P(O-DBND-2T) 277 4+ 27 1.66 x 10~° 0.91 5.00 (4.62 £ 0.38) 0.65 2.96 (2.91 & 0.05)
P(N,0-DBND-2T) 265 =+ 32 9.56 x 10" 0.91 7.91 (7.48 £ 0.43) 0.69 4.96 (4.72 £ 0.24)
P(N-DBND-2T) 252 + 15 6.18 x 10°° 1.02 3.44 (3.41 £+ 0.03) 0.71 2.51 (2.46 + 0.05)

“ The averages and standard derivations were calculated from at least five devices, optimal polymer : PC,,BM ratio is 1 : 2.
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Fig. 3 GIWAXS curves of polymer neat films (a) and TEM images of active layers containing P(N,O-DBND-2T) : PC,,BM (b), P(O-DBND-
2T) : PC7,BM (c) and P(N-DBND-2T) : PC;,BM (d) in weight ratio of 1: 2.

level is used to study the energy-minimized structure, dipole
moment, as well as the intermolecular self-assembly binding
energy (IBE) of N,0-DBND-2T monomer, and the results are
shown in Table 3. To keep consistence with the previous
calculation, the 15-ethylnonacosane group (C31 chain) are
replaced by 7-ethyltridecane (C15 chain) for N,0-DBND-2T,
same as the calculation structures used for O-DBND-2T and N-
DBND-2T before.”” Very interestingly, N,O-DBND-2T exhibits
a dipole moment (3.05 D), much higher than that of N-DBND-2T
(1.56 D) and O-DBND-2T (0.49 D). We believe this is caused by
the asymmetric structure of N,O-DBND-2T. The calculated IBE
of N,0-DBND-2T is —61.6 kcal mol™', which is 4.4 kcal mol™*
larger than that of N-DBND-2T (—57.2 kcal mol '), suggesting
that P(N,0-DBND-2T) have a stronger intermolecular interac-
tion and greater tendency for stacking. This is consistent with
the shortest -7 stacking distance observed for P(N,0-DBND-
2T). Besides this factor, the less steric hindrance caused by
the one more atom away branching-point of the alkylated pyr-
idinol moiety might also contribute to the final outcome.
However, different from P(N-DBND-2T) which is highly crystal-
line and has low solubility due to the strong polar interaction,
P(N,0-DBND-2T) has a very high solubility comparable to P(O-
DBND-2T), and its crystallinity is also similar to P(O-DBND-2T).
We believe this is due to that N,0-DBND is region-irregularly

Table 3 Calculated dipole moments and intermolecular binding
energy for N-, O-, and N,O-DBND-2T

Dipole moment IBE (kcal mol )

N,O0-DBND-2T 3.05D —61.6
N-DBND-2T 1.56 D —57.2
O-DBND-2T 0.49 D —30.0

This journal is © The Royal Society of Chemistry 2019

incorporated into the copolymers, which lowers the crystal-
linity of the corresponding polymer and cancels out the possible
consequence (lower solubility) caused by higher polarity. The
smallest w-1 distance of P(N,0-DBND-2T) promotes better
Frontier orbital overlap, which is consistent with its highest J.
and highest hole mobility.

The morphologies and phase separation behavior are
another key characteristics that determine the J;. values. Bright
field transmission electron microscopy (TEM) techniques was
employed to cast a light on the difference phase-separation of
the active layers formed by the three polymers, and results are
shown in Fig. 3b-d. Interestingly, when blended with PC,,BM,
P(O-DBND-2T) with the bulky C31 side chains exhibits exhibit
large polymer domains up to 200 nm, very different from that
obtained from P(O-DBND-2T) with the C24 side-chain, showing
that the size of the side-chain has a large influence on the
aggregation behavior of P(O-DBND-2T). The formation of over-
aggregated polymer domains is far beyond the typical exciton
diffusion lengths for conjugated polymers (~20 nm)**** This is
the reason why P(O-DBND-2T) with C31 side-chain shows much
worse performance than the one with C24 side-chain. Surpris-
ingly, P(N-DBND-2T) : PC,,BM blended film is also composed
by large polymer domains up to 200 nm although it shows much
worse solubility. On the contrary, P(N,0-DBND-2T) : PC,;BM
blended film exhibits much smaller polymer domains with less
than 40 nm in width and form well-developed nanowire like
fibril networks, showing that the aggregation behavior of the
polymer based on DBND could be finely tuned by choosing the
alkylation positions. The well separated nanostructures favors
exciton separation and results in much higher j;. and PCE,**
which we believe is benefited from the asymmetric N,0-alky-
lated structure. Among all three copolymers. P(N-DBND-2T) is
a symmetric and regioregular D-A type copolymer with polar
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lactam moiety, so high crystallinity and strong intermolecular
interactions are expected,**** which prevent the insertion of
PC,,BM into the polymer domains, so large polymeric domains
are remained. P(O-DBND-2T) is also a symmetric and regiore-
gular D-A type copolymer but with less polar pyridinol moiety,
so its crystallinity is lower than that of P(N-DBND-2T). However,
the long C31 sidechain may impose much stronger van der
Waals interaction, which may also prohibits the insertion of
PC,,BM into the polymer domains, so large polymeric domains
are still remained, unlike the case when C24 sidechain was
used. On the other hand, the crystallinity of P(N,0-DBND-2T) is
apparently much lower than that of P(N-DBND-2T); which is
similar to that of P(O-DBND-2T), although the calculated IBE of
N,0-DBND-2T is even higher than N-DBND-2T. We postulate
that the side-chain of is P(N,0-DBND-2T) not well-orientated
due to the region-irregularly incorporated N,0-DBND, which
not only decreases the crystallinity of the polymer (but does not
change the m-m distance that much), but also provides more
room for PC,,BM to insert into the polymer matrix. This is the
reason why nano-fibril networks of P(N,0-DBND-2T) : PC,;BM
could still be formed when the rather long C31 sidechain with
stronger van der Waals interaction was used.

Conclusions

We have shown here the effect of alkylation positions of the
lactam-containing acceptors on the PSCs performance of the cor-
responding conjugated polymers. And the comparison between
the O-alkylated, the asymmetric half-N-alkylated-half-O-alkylated
and the N-alkylated DBND are studied in detail. It was found that
with the increased lactam content, the UV-vis absorption of the
corresponding polymers red-shifts to longer wavelength, and the
polymer based on N-alkylated DBND exhibits the deepest HOMO
energy level of 5.55 eV. It was also found that the alkylation posi-
tions have a profound influence on the solubility, crystallinity and
aggregation behavior of the polymers. Switching from O-alkylation
to half-N-alkylation-half-O-alkylation then to N-alkylation, the lac-
tam content of the repeating units increases. However, the
increase of lactam content does not lead to the linear increase of
the polarity, and theoretical calculation demonstrated that N,0-
DBND-2T exhibits the highest dipole moment due to its asym-
metric structure. The highest dipole moment to causes the short-
est -7t stacking distance of P(N,0-DBND-2T), as evidenced by the
GIWAXS study. On the other hand, the asymmetric structure of
N,0-DBND is a double-blades sword: it also causes the region-
irregularity of the corresponding polymers while it strengthens
the -7t interaction. As the result, the regio-regular P(N-DBND-2T)
with the medial polarity shows the highest crystallinity. However,
due to its high crystalline character, it exhibits the lowest solubility.
On the other hand, the regio-regular P(O-DBND-2T) with the
smallest polarity shows the best solubility. Unfortunately, when
mixed with PC,;BM, both polymers show large phase separation
domains which is detrimental for PSCs performance, which may
be due to that the well-aligned long alkyl chain (C31 chain) of the
region-regular P(O-DBND-2T) and P(N-DBND-2T) may impose
strong hydrophobic-hydrophobic interactions which may not be
easily breakdown by PC,;BM. On the other hand, the region-
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irregular P(N,0-DBND-2T) with the highest polarity shows very
similar crystallinity and solubility to P(O-DBND-2T). The region-
irregularity allows the relatively easy insertion of PC,;BM into
the polymer matrix, while the high polarity of the polymer still
allows P(N,0-DBND-2T) to form well-developed nanowire like fibril
networks. As a consequence, device based P(V,0-DBND-2T) shows
a decent PCE around 5%, which is among the best values of WBG
polymers with EgP* around 2.2 eV and the highest value of the
conjugated system based on N,0-alkylated acceptors. Since there is
large pool of available conjugated polymers with bis-lactam
moiety,”® our results demonstrated that using asymmetric N,O-
alkylation protocol is a powerful method to finely tune the inter-
molecular interactions and the phase separation behavior of the
corresponding polymers, which is intriguing for side-chain engi-
neering of conjugated polymers.

Experimental
General procedures

All glassware was completely dried before use. Reagents and
solvents were purchased from commercial suppliers or purified
by standard techniques. Reactions were monitored by thin-layer
chromatography by exposing to UV-light irradiation at 254 and
365 nm and/or immersion in a phosphomolybdic acid staining
solution followed by drying. Column chromatography was
carried out by using silica gel 200-300 mesh. Cyclic voltammetry
(CV) curves were measured by dropping cast of polymer film on
the working electrode. The measurement were performed on an
electrochemistry workstation (CHI660D, Chenhua Shanghai) in
anhydrous argon saturated acetonitrile solution (10~* mol L™)
of 0.1 M tetrabutylammoniumhexafluoro-phosphate (n-
Bu,NPF,) at room temperature by three-electrode system, which
utilize glassy carbon electrode as the working electrode, Pt as
the counter electrode and a Ag/AgCl as the reference electrode at
a potential scan rate of 0.1 V s~ . The potential of reference
electrode in acetonitrile was identified by using ferrocene as
internal standard. The UV-vis spectra were collected with
a Hitachi U-4100 UV-vis spectrophotometer in an anhydrous o-
dichlorobenzene solution (0.01 g L") or on a piezoid dropping
casted of polymer solution. Gel permeation chromatography
(GPC) was performed on Waters 1151 pump and UV-vis monitor
(700 nm) using 1,2,4-tricholorobenzene (TCB) as eluent
(150 °C). The solution containing polymer and PC,;BM was
spin-coated onto PEDOT, after PEDOT dissolved in H,O, the
blend film was loaded on copper support film and then sent for
bright-field transmission electron microscopy (TEM) charac-
terization after drying. TEM data were acquired using a HITA-
CHI H-7650 electron microscope, and the accelerating voltage is
20 kV. For grazing incidence X-ray scatting (GIWAXS), polymer
thin-film samples were illuminated at a constant incidence
angle of 0.2° (A = 2d sin § = 1.54 A). The thicknesses of films
were determined by XP-2 Profiler (Ambios Technology).

Device fabrication and characterization

Conventional PSCs were fabricated, and the device structures
are shown as follows: ITO/V,0s/polymer : PC,;BM/Ca/Al. ITO-

This journal is © The Royal Society of Chemistry 2019
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coated glass was ultrasonically washed in detergent, deionized
water, acetone, and 2-propanol sequentially for 20 min each.
Afterward, the cleaned ITO-coated glass was exposed to oxygen
plasma to remove organic contaminants and to increase the size
of the wetting envelope. The V,05 layer was prepared through
spin-coating a vanadium(v) triisopropoxide oxide alcohol solu-
tion (2.5% (v/v)) at 4000 rpm on ITO substrates and then was
treated under O, plasma for 10 min, without the need for
hydrolysis with moisture, or annealed. Subsequently, the
modified ITO-coated glass was moved to the glovebox. Polymers
and PC,,BM were dissolved in 0-DCB. The solution was stirred
overnight at room temperature and then heated for 1 h at 100 °C
before being spincoated on V,05 modified ITO-coated glass to
form the active layer. The devices were then deposited by Ca (10
nm)/Al (100 nm) as cathode through a shadow mask under high
vacuum (~10"* Pa). The thickness of the active layer was
controlled by changing the spin speed or solution concentration
and was estimated using Veeco Dektak 150 surface profiler. The
devices area was 0.1 cm” defined by a shadow mask. Current
density-voltage (J-V) characteristics of the PSCs were recorded
using Keithley 2420 source measurement unit under the illu-
mination of AM 1.5 G (100 mW cm 2, Newport solar simulator).
Light intensity was calibrated with a standard silicon solar cell.
The external quantum efficiencies (EQE) of solar cells were
analyzed using a certified Newport incident photon conversion
efficiency (IPCE) measurement system. Hole mobility was
measured using the space charge limited current (SCLC) model
with device configuration of ITO/V,0s/polymer : PC,;BM/MoO;/
Ag by taking current-voltage in the range of 0-5 V and fitting the
results to a space charge limited form for a hole-only device. In
the presence of carrier traps in the active layer, a trap-filled-limit
(TFL) region exists between the ohmic and trap-free SCLC
regions. The SCLC behaviour in the trap-free region can be
characterized by using the Mott-Gurney equation,

J = (9/8)eu(VHL?)

where ¢ is the static dielectric constant of the medium and u is
the carrier mobility, L is the polymer thickness, and V is the
voltage drop across the device. V = V,p, — Vi; — Vs, Where Vypp is
the voltage applied to the device, and Vy,; is the built-in voltage
resulting from the relative work function difference between the
two electrodes, V; is the voltage drop due to contact resistance
and series resistance across the electrodes.
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