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ABSTRACT: A poly(biphenylene—pyrazinylene) (PPz, E,*
= 3.10 eV) and a head-to-tail regioregular polypyridine (grr-
P4Py, ESF = 3.25 V) equipped with 1-alkenyl side chains
have been prepared and postfunctionalized by hydroboration
with different hydroboranes (9H-BBN, (C¢F;),B-H (BPF-H),
CLB-H) to give the corresponding ladder polymers featuring
intramolecular coordinative N — B bonds. Characterization of
the optical and electrochemical properties of the postfunction-
alized polymers shows that the borylation strongly increases
their electron affinity and lowers the optical gaps. Electron

R,B-H
CIZB
rrP4Py c|23

LUMO® -2.7 to -2.8 eV LUMO® -3.4 to -4.4 eV

affinities between —3.75 eV (PPzBBN, E, = 2.16 eV) and —4.35 eV (PPzBPF, E,* = 2.07 V) can be reached for
hydroborated PPz, while rr- P4Py-der1vat1ves reach LUMO levels of —3.45 eV (P4PyBBN E® = 2.88 V), —3.85 eV
(P4PyBPF, E,”" = 2.95 eV), and —4.15 eV (P4PyBCl,, E,®" = 2.95 eV). The potential of this s of compounds as electron
acceptors is demonstrated by the investigation of the semlconductmg properties of PPzZBBN and PPzBPF, which showed

ambipolar charge transport with hole and electron mobilities in order of 2 X 107° cm® V™!

s™". The polymers were tested as

acceptors in all-polymer solar cells, which yielded functioning devices, with open-circuit voltages that directly reflect the electron

affinity of the employed acceptor.

B INTRODUCTION

Research into organic photovoltaics has made steady progress
in recent years, and bulk heterojunction (BHJ) organic
photovoltaic cells—composed of polymeric donors and
molecular acceptors (PMAC)—have reached power con-
version efficiencies (PCE) of 11%.' "> However, the class of
suitable acceptor materials has long been dominated by
fullerene derivatives," ® while perylene diimides’™'> and
other non-fullerene acceptors® have only recently gained
growing traction.

In contrast, the performance of all-polymer solar cells
(APSCs) that also feature polymeric acceptors has long lagged
behind PMACs."*~'® This is despite the fact that APSCs offer
three main advantages, particularly over fullerene-based
PMACs. First, additional light absorption by the acceptor
should lead to more efficient light harvesting. Second, the
frontier orbital levels of donor and acceptor polymers can be
more easily matched to maximize the open-circuit voltage
(Voc)- These two aspects are particularly critical for fullerene-
derived acceptors but are being systematically alleviated in the
development of molecular non-fullerene acceptors. Never-
theless, the preparation of molecular acceptors requires a
substantially more preparative effort than the preparation of

-4 ACS Publications  © 2019 American Chemical Society

polymers (vide infra). Furthermore, APSCs offer additional
advantages directly linked to their all-polymer architecture that
positively affect the device lifetime: APSCs are less brittle, and
therefore better withstand fracturing of the thin films,"” ™"
while degradation, particularly of fullerenes, by photodimeriza-
tion””*" or phase instability due to thermal diffusion of the
acceptor molecules”™”” is also considered less problematic.
Progress in development of APSCs has been hampered,
however, by the key issue that mixing of polymers is
energetically disfavored.'”'® Hence, larger scale phase
separation during device fabrication leads to nonfunctioning
or low performing devices due to the nonideal morphology of
the active layer. Furthermore, only a limited number of
polymeric acceptors have found more widespread use. The first
ASPCs relied on cyano-functionalized poly(phenylene—vinyl-
enes) (PPV),*** and poly(99 -dioctylfluorene-co-benzothia-
diazole) (PF8BT)*°™*% as acceptor polymers. Significant
progress has been made over the past S years, however, with
the introduction of the acceptor polymer poly{[N,N’-bis-
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(alkyl)-1,4,5,8-naphthalenediimide-2,6-diyl]-co-5,5’-(2,2’-bi-
thiophene)}) (PNDI-2T, Chart 1A), and close derivatives

Chart 1. (A) Acceptor Polymers for APSCs and (B)
Acceptor Polymers Reported Herein

A | F
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thereof,” which exhibit high electron mobilities (4,) on the
order of 107 ecm? V™! s7'°% and have led to a significant
improvement of reported PCEs for APSCs from ca. 2% to
10%.”" Lately, ladder polymers containing intramolecular N —
B coordinated bridging units (PNBN-Ar, Chart 1A)**~*" have
also been very successfully employed to this end.

PNDI-2T and PNBN-Ar derivatives, as well as high-
performance donor polymers, are commonly prepared by
Stille- or Suzuki-type cross-coupling polycondensation of
independently accessible AA- and BB-type monomers. This
modular approach allows the preparation of vast libraries of
copolymers composed of structurally diverse building
blocks.”**” In principle, this allows the electronic properties
to be incrementally tailored for a specific application. However,
not all building blocks behave equally in cross-coupling
reactions, and attempts to prepare an optimized polymer
may inadvertently yield inferior material. Indeed, the AA/BB
copolymerization strategy often suffers from batch-to-batch
variation in molecular weight, generally yields material with
broad molecular weight distributions, and commonly produces
(homo)coupling and regio defects. All of these attributes affect
the semiconducting properties of the conjugated polymer,
which generally benefits from higher molecular weights and
higher crystallinity.*"~** For instance, non-regioregular PNDI-
2T exhibits an electron mobility that is >1 order of magnitude
lower than that of the regioregular material.”® More well-
defined conjugated polymers can be obtained by cross-
coupling of AB-bifunctional arenes, particularly when quasi-
living chain-growth polycondensation**™ can be achieved.
However, here the challenge arises that only a limited number
of building blocks are suitable for this synthetic approach, and
the range for modification of their optical and electronic
properties is limited. Indeed, chain-growth polycondensation
of complex conjugated oligomers is rather uncommon, and to
the best of our knowledge, PNDI-2T*° and PFSBT"' are the
only examples of acceptor polymers that can be prepared in a
controlled fashion.

Herein, we demonstrate a strategy that avoids the drawbacks
of both of the approaches above and allows the preparation of
acceptor polymers with variable electrochemical and optical
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properties via postpolymerization modification of well-defined
conjugated polymers (Chart 1B and Scheme 2). Postfunction-
alization of polymers is a widely used method to introduce
functionalities into polyolefins.”*~>* In contrast, the mod-
ification of conjugated polymers has been explored to a much
lesser degree. Activated ester substitution has been used to
introduce nonconjugated redox-active functional groups into
polyacetylene,” while strategies to directly increase the
electron affinity of conjugated polymers by postmodification
include the intra- and intermolecular N-alkylation of poly-
pyridines (Chart 2A)°°™** and polythiazoles. This latter
method not only results in a strong increase in electron affinity
but also generates ionic products, which may not always be
desirable.

Chart 2. Postmodification of Conjugated Polymers

\
oN /n
AN
Bazan, 2010 B(CgFs)3
Me,Si R Mes,B R
c Messi 1) 2n BBr, 852
sc U N s /Ny, 2anMescu s/ \ s [/ \
—_—

\ /87 J s n N/ & W/ s
R SiMeg R BMes,
Jakle, 2009

D
R
N= 9H-BBN
N\ //n
rr-P2Py P2PyBBN

Pammer, 2015

An alternative approach to increase the electron affinity of a
conjugated system is the introduction of tricoordinate boron
centers.”"~® Jikle and co-workers showed that postpolymeri-
zation modification of polythiophenes via silicon—boron
exchange yields a well-defined borylated polymer with
increased electron affinity (Chart 2C).”%"" A similar effect
can be achieved by intermolecular coordination of Lewis acidic
boranes to Lewis basic groups on conjugated systems.”””"*
However, when applied to conjugated polymers (Chart
2B),”””"® this approach yields a comparatively undefined
product, with incomplete coverage of the available binding
sites. The combination of the two strategies, ie., the
preparation of intramolecular N — B coordination, was
introduced by Yamaguchi in 2006”°"% and has recently
gained increasing traction.**'%° Compared to their isoelec-
tronic all-carbon analogues, these compounds exhibit lowered
frontier orbital levels and concurrent higher electron affinities,
which was found to be beneficial for the development of high-
performance n-type materials,””>*'*”** and of OPV donors
that provide an increased Vc.'?”'%®

The Pammer group has an ongoing interest in the study of
N — B ladder boranes that are accessible by hydro-
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Scheme 1. Monomer Syntheses
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Scheme 2. Synthesis of Substrate Polymers and N — B Ladder Polymers®
CeF
a) R_R CoFs. I R
| (CeFs5)2B-H ;B
Ni(cod)s,,
=N '(bipy)z =N 9H-BBN N =N
cl o —
N—7 PhMe, N—7 B THE o PhH, / N7 n
| 135°C, 2d 85°C, 14d / B/
R \ ' ‘.,
R"R M R CeFs
CeFs
PPz, 82 % PPzBBN 88 % PPzBPF, 94 %
R,
b) R R Ry LR R
— = BR’
e R IPngCI*L|CI & - . R [N|] —(. R RyBH
™\ r g9Cl + 9 \ r \ -
N—7 THF RT / 55 c. N-Z" THForPhH,
THF, 12h 70-90°C, P4PyBBN, 60%
rr-PaPy, 50%  3-5d r’ QR PAPYBPF, 50%

R' P4PyBCI2, 67%

“R = n-C;H,;. [Ni] = Ni(dppp)Cl,, dppp = 1,3-bisdiphenylphosphinopropane; bipy = 1,1’-bipyridine, R’,B-H = 9H-BBN, (C,F;),B-H, CL,B-H-
SMe,.

Table 1. Properties of Substrates and N — B Ladder Polymers

A Egree Eg, LUMOY/

polymer M, [kDa] PDI DPn 4 [°C] Myes [%] sol film [nm] [eV] [v] [eV]

PPz 9.9 1.72 14.8 406 37 362 371 414 3.10 —2.30¢ —-2.80
PPzBBN 10.8 1.96 260 33 496 496 588 2.16 —1.357 -3.75
PPzBPF 11.8 1.71 276 22 552 559 600 2.07 —-0.757 —4.35
P4Py 12.6 1.58 42 353 31 337 368 388 3.30 —-2.37 —-2.73
P4PyBBN 7.8 2.42 218 23 362 365 495 2.88 —1.66 —-3.44
P4PyBPF 122 1.89 118 20 380 383 427 295 —-1.26 -3.84
P4PyBCl, 129 2.06 114 29 408 407 435 295 —0.96 —4.14

“Decomposition temperature; 5% mass loss in TGA. Longest wavelength absorption maxima in solution and in thin films. “Derived from
absorption onset (nm) of thin film absorption spectra. 9Recorded in THF solution with 0.1 M NnBu,][PF] as supporting electrolyte. Internal
reference ferrocene “Recorded as thin films versus NCMe solution, with 0.1 M [NnBu,][PF4] as supporting electrolyte. Internal reference
ferrocene. /Relative to the LUMO level of ferrocene (=5.1 V). Value adopted from ref 126. See also literature cited therein for details.

boration,'”™""* and other synthetic strategies.'”> In our also be suitable for the preparation of N — B ladder polymers.
previous works we showed that hydroboration of suitable However, a previous attempt in our group to convert a head-
substrates allows the highly selective introduction of boryl to-tail-regioregular 1-alkenyl-functionalized polypyridine (rr-
groups and yields N — B ladder boranes whose electron P2Py, Chart 2D)"'® into the corresponding N — B ladder
affinity can be varied over a broad range through the polymer was unsuccessful. Conversion of the substrate
substituents on boron.'”~''* Furthermore, hydroboration is occurred, but the formation of an N — B ladder could not
a mild preparative method that provides near-quantitative be confirmed, either due to insufficient regioselectivity of the
yields and has been employed in macromolecular chemistry to hydroboration reaction or due to steric congestion. In this
prepare boron-containing polymers via polyhydrobora- report we demonstrate that N — B ladder polymers can indeed
tion''*'" and introduces boryl groups into polythiophenes''® by prepared via this strategy, either from a regioisomeric

and dendrimers."'” The synthetic method should therefore polypyridine (rr-P4Py) or from a poly(biphenylene—pyraziny-

1015 DOI: 10.1021/acs.macromol.8b02595
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lene) (PPz). Furthermore, we show that the resulting ladder
polymers (PPzBBN and PPzBPF) can serve as electron
acceptors in APSC and that their frontier orbital levels can
indeed be incrementally tuned to suit a specific application.

B RESULTS AND DISCUSSION

Monomer and Polymer Syntheses. To demonstrate the
scope of the postfunctionalization strategy, two substrate

Al P A2
0] o R PPz PPz >
3
H
50 PPzBBN >
E
8 0s <
< =
2 .
5 04 PPzBPF,
£ suA
z
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Figure 1. (Al, Bl) Normalized UV—vis absorption spectra of
substrate and ladder polymers as thin films (solid lines) and in
solution (dashed lines). Spectra of PPz derivatives recorded in THF
solution (blue); P4Py derivatives recorded in DCM solution. (A2)
Cyclic voltammograms of PPz, PPzBBN, and PPzBPF recorded in
THEF solution. (B2) Cyclic voltammograms of polypyridines recorded
as thin films versus NCMe solution. In all cases 0.1 M [NnBu,][PF]
was used as supporting electrolyte; scan rate of 100 mV/s; *internal
standard ferrocene.

PPz PPzBBN PPzBPF

Figure 2. Photos of thin films.

polymers (PPz and rr-P4Py) were prepared by polymerization
of the respective monomers M1 and M2 (Scheme 1). M1 was
prepared by a synthetic route analogous to the preparation of a
non-halogenated model system (Scheme 1la; see the
Supporting Information for details):""" Starting from 2-
bromo-5-chlorobenzaldehyde, the olefinic side chain was
introduced by Wittig coupling with the phosphonium salt 2.
Selective metalation of the resulting 2-bromo-5-chlorostyrene
4 at the 2-position and 2-fold Negishi coupling to 2,5-
dibromopyrazine then gave M1 in 82% yield. PPz was then
prepared in 80% yield by dehalogenation polymeriza-
tion''”~'*" of M1 with Ni(0) to give a hexane-soluble material
with a number-average molecular weight of M, = 9.9 kDa (PDI
= 1.72), which corresponds to a degree of polymerization
(DPn) of ca. 15 monomer units (Scheme 2a).
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Figure 3. (A) TGA of polypyridines and (B, C) TGA-MS of rr-P4Py
and rr-P4PyBPFE. Scan rates 10 °C/min.

M2 was synthesized via a five-step procedure starting from
2-amino-4-methylpyridine. After bromination in the 2- and §-
position, the resulting picoline 7 was subjected to 2-fold side-
chain bromination, and the resulting pyridine 8 was hydrolyzed
to the corresponding isonicotinic aldehyde 10. Wittig coupling
of 10 with the phosphonium salt 2 then gave the monomer M2
in 80% vyield. For the preparation of rr-P4Py the 2,5-
dibromopyridine M2 was converted in situ into a bifunctional
AB monomer by selective halogen metal exchange.'””
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Scheme 3. Proposed Stepwise Thermal Decomposition of P4Py-Derived Ladder Polymers

>300°C >400°C \ain chain
decomp.

-R-H -CsHq4

-C7H1s -C7H1s

Chart 3. Structures of Model Systems Simulated by DFT
Calculations (BR, = 9BBN, BMe,, BH,, BF,, and BCl,)

R,B

R,B
PYg4BR2
R,B— R,B
N =N, )=N —
SreNeoNeaa
= 6 N =N ‘g \=N
PyngRz Py83,4C2

OH

OH

Table 2. Calculated Electronic and Optical Properties of
Oligopyridines and Oligo(biphenylene—pyrazinylene)s”

EHOMO ELUMO E o b dB—»Nd
el [eV] [eV] [ev] f Al Adyy®

Py,3,6C, —6.87 —1.74 3.32 3.28
Pyg4BBN —7.42 —2.30 3.46 1.26 1.658 —-6.9
Pyg4BMe, —7.74 —2.31 3.61 2.35 1.664 -3.6
Pyg4BH, —7.87 -2.37 3.67 267 1626  —11
Pyg4BF, -8.18 —2.69 3.68 339 1670 =53
Py84BC12 —8.40 —3.00 3.64 3.27 1.629 -2.3
PPz,C, —6.88 —1.65 341 4.04
PPz;BBN —7.28 —-2.52 2.92 1.71 1.655
PPz;BMe, —-7.34 —2.46 3.05 247 1.668
PPz,BH, —7.42 -2.53 3.07 265  1.626
PPz;BF, —7.60 —2.77 3.06 2.85 1.701
PPZ3BC12 -7.76 —-3.18 2.83 2.87 1.645
PTB7’ —6.32 —1.61 2.46 3.96

“Geometry optimization and frequency calculation: MO06-2X/6-
31G(d,p); frontier orbital levels: M06-2X/TZVP (solvent: pcm,
THF); electronic transitions: TD-DFT: MO06-2X/TZVP (solvent:
pecm, THF). See section 2.2 of the Supporting Information for the full
table. “First excitation energy determined by time-dependent DFT.
“Oscillator strength of B, “For Pyg: central N — B bond between
pyridine rings 4 and 5. For PPz;: average of central pyrazinylene unit.
“Difference in N — B bond lengths of 4- over 2-substituted N — B
ladders.

Subsequent Kumada coupling polycondensation with Ni-

(dppp)CL, (dppp = 1,3-bisdiphenylphosphinopropane) as

1017

precatalyst gave rr-P4Py with number-average molecular
weights of up to M, = 16.2 kDa (PDI = 1.58, DPn =~ 54) in
ca. 50% yield (Scheme 2b). For postmodification experiments
rr-P4Py from a larger scale batch with M, = 12.6 kDa (PDI =
1.49, DPn ~ 42) was used. The high degree of head-to-tail-
regioregularity of this material could be derived from 'H NMR
data (see section 2.1 of the Supporting Information for
details).

To effect hydroboration, the polymers were then heated for
several days in the presence of an excess of the respective
boranes, either in THF (9H-BBN) or in benzene (HB-
(CgFs),"*»"** and HBCL,), until '"H NMR showed disappear-
ance of the signal of the vinylic protons. Hydroboration
reactions involving 9H-BBN and HB(CF;), were subse-
quently quenched by addition of 1-hexene and heated again for
several hours to render excess borane more soluble and easier
to remove. The substrate polymers were both fully soluble in
hexane and other common solvents (THF and PhMe). The
borylated polymers dissolved well in polar (THF), aromatic
(PhH, PhMe), and halogenated (CH,Cl,, CHCl,) solvents but
were generally not soluble in hexane or highly polar
acetonitrile. Accordingly, the BBN-functionalized polymers
were recovered by precipitation into dry acetonitrile. Polymers
functionalized with CL,BH and (C4Fs),BH were isolated and
purified by precipitation into hexane. In this way, PPzZBBN and
PPzBPF were isolated as dark red and purple solids in yields of
88% and 94%, respectively (Figure 2). The rr-P4Py-derived
polymers were obtained as pale yellow (P4PyBBN), brownish-
red (P4PyBCl,), and orange-red (P4PyBPF) solids in 50—67%
yield. Analysis of the hydroborated polymers via GPC generally
did not reflect the substantial increase of the molecular weight
(see Table 1; see also Figures S11 and S1S in the Supporting
Information). We attribute this observation to the hydro-
dynamic volumes of both substrate polymers being dominated
by the rodlike character of the polymer backbones. Because the
postfunctionalization adds steric bulk primarily to the side
chains, the drastic increase of molecular weight (more than
double for BPF; PPzBPF: X2.02; P4PyBPF: X2.16) is thus not
reflected in the GPC analyses.'*

Polymer Properties. Electrochemical characterization
showed that both the substrates and the ladder polymers can
be quasi-reversibly reduced. However, borylation leads to a
drastically increased electron affinity in all cases (Figure
1A2,B2). Introduction of the 9BBN moiety raises the
electrochemical reduction potentials by AE®? = +0.7 V
(P4PyBBN) and AE™ = +1.05 V (PPzBBN), while
functionalization with the (C¢Fs),B group leads to a cathodic
shift of AE™ = +1.2 V (P4PyBPF) and AE™ = +1.55 eV
(PPzBPF), relative to the respective precursors. The stabilizing
effect of the BCl, group on P4PyBCl, (AE™ = +1.41 V) is
even larger than that of the (C¢F;),B group. Overall, the ladder
boranes exhibit electron affinities between —3.44 eV
(P4PyBBN) and —4.35 eV (PPzBPF) relative to the HOMO

~
~
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Figure 4. Electrostatic potential maps of (left) PPz models and (right) rr-P4Py models. Isodensity = 0.01S, potential range: F0.15.

?10'22 . . . . T derived systems, show a broad absorption across the visible
Py 105k @ Electron 3 range, and optical gaps that are lowered from E," = 3.10 eV
E @ Hole 1 for PPz to Eg"Pt = 2.16 and 2.07 eV for PPzBBN and PPzBPF,
o 10*f 3 3 respectively (Figure 1A1). The effect is more moderate for the
T ; 3 hydroboration products of r-P4Py (E,°*" = 3.30 eV). Here, the
g10°F ? i borylated pol h duction of the optical gap b
= ; rylated polymers show a reduction of the optical gap by
S0l ° ° . . 1 AE =035 eV for P4PyBPF and P4PyBCL, and of AEF" =
I 0.65 eV for P4PyBBN (Figure 1 B1). Notably, the absorption
g 10° - E spectra of P4PyBPF and P4PyBCl, show vibronic fine
= 10_55_ s : ] structures both in solution and as thin films, while 4,,, and
£ absorption onsets remain almost unaffected by the transition
210°L ) ] from solution to the solid state. Contrarily, P4Py shows a more
% ] T typical behavior, in that the longest wavelength absorption
= 107 . A . X 3 maximum shifts from 337 nm in solution to 368 nm in thin
&q;‘\ &Q QQ'l' 0@$ ng* film spectra, and a vibronic fine structure emergeslir.l the solid
&K K Qvg* state, when the polymer structure is more rigid. These

Figure S. Electron (blue spheres) and hole (black spheres) lifetime
and mobility.

observations indicate a rigid structure of the hydroborated
polymers P4PyBPF and P4PyBCl, in solution and are thus
consistent with ladder formation by N — B coordination. All
hydroborated polymers were found to be nonfluorescent. The

substrate polymers PPz and P4Py are fluorescent, however (see
I Figure S19).

-3.31 We attribute the comparatively large optical gaps to the
404 Fee RS uniform nature of the conjugated z-system in P4Py-derived
2 37 435 polymers as opposed to the donor—acceptor structure present
% B0 — in PPzBPF and PPzBBN that is composed of biphenylene and
S 515 4.93 pyrazinylene units. The lower optical gap of P4PyBBN
.~ originates from a differing electronic structure associated
gso__ ””””””””””””””””””””” with the 9BBN moiety. We have observed similar effects in
5 -6.32 other 9BBN-containing N — B ladders''°~"'* and have further
O corroborated this observation through DFT calculations
728 discussed in a subsequent section of this paper (see also

8.0 T section 2.2 of the Supporting Information).
Thermal and Bulk Properties. Analyses of P4Py by

PTB7 PPzBBN PPzBPF

Figure 6. Frontier orbital energies of polymers tested in APSCs.
Black: electrochemical data adopted from the literature'* or reported
herein. Blue: data from DFT calculations of PTB7’, PPz;BBN, and
PPz;Cl,. LUMO: HOMO from DFT + Egopt from TDDFT.

of ferrocene (—5.1 eV'?) and therefore cover a whole range of
potentials suitable for applications as acceptor materials.

In agreement with their changed physical appearance
(Figure 2), the borylated polymers exhibit altered UV—vis
absorption spectra, consistent with decreased optical gaps,
compared to the precursors (Figure 1 Al/Bl). The PPz
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differential scanning calorimetry (DSC) showed two endo-
thermic phase transitions at 137 and 148 °C and
corresponding exothermic transitions on the reverse scan
(see Figure S16). We attribute these transitions to sequential
melting and crystallization of the alkyl side chain and the
conjugated main chain. Powder X-ray diffraction analysis of a
bulk sample of P4Py crystallized by slow cooling showed a
distinct peak at 4.88° and a broad reflection centered on 20.0°
(Figure S18). These reflections, corresponding to distances of
18.1 and 4.5 A, are attributed to the lamellar spacing of the
polymer main and the packing distance of the alkyl side chains,
respectively. No phase transitions could be detected for PPz or
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Table 3. Solar Cell Parameters

polymer D/A (w/w) Joe (mA/cm?) V,. (V) FF PCE (%)
PPzBBN 2:3 0.80 + 0.1 0.38 + 0.01 0.31.0 + 0.2 0.09 + 0.02
2:1 0.35 + 0.03 0.59 + 0.04 0.27 £ 0.01 0.057 + 0.005
PPzBPF 2:3 0.34 + 0.03 0.76 + 0.03 0.26 + 0.03 0.069 + 0.008
2:1 1.47 + 0.08 0.40 + 0.01 0.36 + 0.02 0.21 + 0.01
corresponds to and is e main decomposition
2 ponds to [CsH;;]" and is th d posit
: :i:ggifg;”r’;'"am") j fragment of rr-P4Py (see Figure 3B).
1 o PPzBBN(illumination) o DFT Calculations. The origins of the experimentally
i o PPzBBN(dark) . observed effects of the N — B ladder formation were further

.
o
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Figure 7. Current density—voltage (JV) curves of the best
PTB7:PPzBNN (closed symbols) and PTB7:PPzBPF (open symbols)
solar cells in the dark (black) and under illumination (red).

the hydroborated polymers, and analyses of spin-coated
polymer films by grazing incidence X-ray diffraction (GIXD)
showed no reflections indicating crystallinity for any of the
polymers except PPz. In this case, a reflection attributed to a
lamellar spacing of 20.2 A of the polymer main chains was
observed at 20 = 4.4° (see Figure S17). P4Py and PPz
therefore pack more tightly than poly(1,4-hexyloxyphenylene)s
or poly(2-hexylpyridine)s, which exhibit lamellar spacings of
ca. 29 A and 21.3 A'*® Analyses by thermal gravimetry
(TGA) showed PPz to be thermally resilient up to 406 °C,
while the hydroborated derivatives PPzBBN and PPzBPF
rapidly degraded above 260 and 276 °C, respectively, without
characteristic decomposition events. The polypyridines behave
somewhat differently (Figure 3A): rr-P4Py is thermally robust,
with a decomposition temperature of ca. 370 °C, while
P4PyBCl, and P4PyBBN decompose much more readily and
gradually shed about 25% and 45% of their mass, respectively,
up to 400 °C, where more rapid degradation sets in. We
attribute this degradation to stepwise loss of the hydroborated
side chains (Scheme 3). We hypothesize that thermal
elimination of substituents from the side chain may lead to
the formation of a more thermally resilient, fully conjugated
B,N-doped polymer, which more rapidly degrades above 300
°C (Scheme 3, center). Above 400 °C fragmentation of the
polymer main chain then sets in. For P4PyBBN the loss of the
side chains event is discernible as a discrete mass loss of ca.
25% between 350 and 400 °C. Even more evident is the
stepwise degradation in the TGA and TGA-MS analyses of
P4PyBPF (Figure 3C): P4PyBPF degrades in three distinct
steps (a—c) centered on 125, 320, and 450 °C. TGA-MS
shows the elimination of pentafluorobenzene (CsFsH) in steps
a and b along with elimination of C,H,, fragments attributed
to the alkyl side chains. The liberation of C¢F<H could also be
observed by 'F NMR (see Figure S14).

In the third step (c) degradation of the main chain sets in as
evidenced by the release of fragments with an m/z = 71 u that
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corroborated through simulation of oligomeric model systems
by DFT calculations (Chart 3 and Table 2; see also section 2.2
in the Supporting Information). Methyleneboryl (CH,BR,)-
bridged octapyridines, analogous to P4PyBR, (— Pyg4BR,)
and to its regioisomer P2PyBR2118 (— Pyg2BR,), as well as
biphenylene—pyrazinylene trimers (— PPz,BR,) were simu-
lated. 9BBN, BH,, BMe,, BF,, and BCl, groups were
introduced to represent different derivatives of the polymers
reported herein. The BPF group has been omitted from this
survey due to the high computational cost. The BCl, group can
serve as a suitable approximation of this strongly electron-
withdrawing functional group.”>''" Furthermore, the proper-
ties of covalently ethylene-bridged models (Py43,6C,,
Pyg3,4C,, and PPz, C,) have also been computed. These
compounds are isoelectronic to N — BH,CH,-bridged ladder
boranes, adopt an analogous geometry, and therefore directly
reflect the different effects on electronic and optical properties
of covalent ladder formation versus coordinative N — B ladder
formation.

First, the calculations showed that based on the consecutive
stabilization of the HOMO and LUMO levels, the electron-
withdrawing effect of the boryl groups increases in the order of
9BBN < BMe, < BH, < BF, < BCl,. Overall, even for the least
electron-withdrawing BBN and BMe, groups the frontier
orbital levels of the ladder boranes are stabilized by 0.4—0.9 eV
compared to the ethylene-bridged reference systems Py,3,6C,,
Py,3,4C,, and PPz;C,. Furthermore, a comparison of the two
series of Pyg regiosiomers showed the Pyy4BR, isomers to be
stabilized by between —130 kJ/mol (Pyg4BH,: —132.5 kJ/
mol) and 300 kJ/mol (Pyg4BBN: —302.7 kJ/mol; Pys4BMe,:
—291.8 kJ/mol) relative to Pyg2BR, isomers. The relative
destabilization of Pyg2BR, largely originates from steric
repulsion, since the effect is most pronounced for the most
sterically demanding BBN, BMe,, and BCl, groups, and the N
— B bonds in Pyg2BR, derivatives are consistently elongated
by between 1.1 and 6.9 pm for Pyg4BH, and Pyg4BBN,
respectively. The destabilization amounts to a weakening of the
ladder structure by between 18.9 kJ/mol (Pyg4BH,) and 43.2
kJ/mol (Pyg4BBN) per N — B bond and may explain why N
— B bond coordination could not be observed in the
previously synthesized derivatives of P2PyBR,.""*

A simulation of the optical properties of the oligomers by
time-dependent DFT showed the lowest energy optical
transitions for most model systems to be z-to-z*-type
transitions that involve orbitals delocalized along the
conjugated backbone (see sections 2.2.1 and 2.2.3 of the
Supporting Information for details). Accordingly, these
transitions exhibit high oscillator strengths (f) in the range
of f = 2.35 (Pyg4BMe,) to f = 3.39 (Pyg4BF,), regardless of the
substituents on boron. A curious exception is the BBN-
functionalized system Pyg4BBN, which exhibits a significantly
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lower optical gap than Pyg4BMe, but a weakly populated
optical transition with an oscillator strength of f = 1.26
(Pyg4BBN). The reason for this deviation lies in strong
contributions to the HOMO from o-type bonds located in the
9BBN frame. Overall, these electron-rich B—C bonds not only
raise the energy of the HOMO but also render the lowest
energy HOMO-to-LUMO transition formally forbidden and
hence less populated. Experimentally, this lower energy
transition can be observed as a longer wavelength shoulder
band in the UV—vis spectra of P4PyBBN (Figure 1B1). This
observation is in agreement with our previous findings on the
properties of 9BBN-containing molecular N — B lad-
ders."'97""* To a lesser extent the same effect can be observed
for Pyg2BBN and PPz;BBN.

Compared to the covalently bridged analogues Py;3,4-C,
and Py,3,6C,, the Pyg2BR, and Pyg4BR, oligomers exhibit
comparable and larger optical gaps, while the optical gaps of
the PPz;BR, oligomers are substantially lower than the one of
PPz;C,. The decreased optical gaps in the PPz;BR, oligomers
can be explained by the formation of a strong acceptor in the
central pyrazinylene unit and thus the formation of a donor—
acceptor architecture. The effect can be readily visualized in
the electrostatic potential maps (Figure 4A): PPz,C, shows a
uniform potential through the molecule, while the pyrazinylene
rings in PPz;BMe, and PPz;BCl, exhibit increasingly
positivized potentials. The electron-withdrawing eftect of the
boryl groups compared to Py,3,6C, is equally visible in
Py¢4BR, derivatives (Figure 4B). However, here the electron
deficiency is spread more uniformly throughout the molecules
and is visibly absent in the non-N — B coordinated pyridines
rings at the chain end.

Electrical Characterization and Solar Cell Perform-
ance. We investigated the electrical properties of the polymers
by performing impedance spectroscopy on single carrier
diodes. Details on the device fabrication and measurement
can be found in the section 1.4 of the Supporting Information.
The impedance spectra from the electron-only and hole-only
diodes were modeled using an equivalent circuit diagram
consisting of a single RC element. This is consistent with the
single relaxation in the spectra, corresponding to carrier
injection and transport in the diodes.

The carrier lifetime 7 was extracted from the RC time
constant of the circuit. Figure S (top) shows the electron (blue
spheres) and hole (black spheres) lifetimes for the PPz and
PPy models. In the dark, neglecting trap states in the polymer
layer, the carrier lifetime is equivalent to the time it takes to
inject and transport charge through the diode, i.e., the carrier
transit time. The electron transit times are lower than hole
transit times in all the models except P4Py.

The carrier mobility y was calculated from both the
current—voltage (IV) characteristics and the impedance
spectra of the diodes. We found excellent agreement between
the results from both measurements. Details on the analysis are
found in the Supporting Information. Figure S (bottom) shows
the electron (black spheres) and hole (blue spheres) mobility
extracted from the impedance spectra.

We observe that all of the models demonstrate ambipolar
transport and that electron mobility is consistently higher than
the hole mobility. PPzZBBN and PPzBPF have the highest
carrier mobilies (1075—10"* cm?/(V s)) while carrier
mobilities in PPz, PAPyBBN, and P4Py are 10—100 times
lower (1071077 ecm?/(V s)).
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The lower mobility values observed for P4PyBBN may be
due to the high density of bulky alkyl side chains in this
polymer, which hinders intermolecular charge transfer and
therefore charge transport in the film. Similarly, the side chains
in P4Py and PPz prevent the conjugated backbones from
adopting a coplanar conformation, which is also likely
detrimental for charge transport. This indicates that the
improved charge carrier mobilities observed for PPzZBBN and
PPzBBN may be linked to the N — B ladder formation in
these polymers.

The electron mobilities reported here (y, ~ 107> cm?® V!
s7') are significantly lower than those of highly optimized
PNDI-2T-based devices that exhibit p, values in the order of
107 cm? V™! s7'*° but can readily compete with other PNDI
derivatives that served as acceptors in high performance APSCs
(PNDI-1T: PCE = 6.6% at pi, = 1.6 X 10~° cm®* V™' s71)"7 or
polymeric ladder borane acceptors (PNBN-Ar: PCE = 6.3%, i,
= 31 x 107* em® V7! s Ar = (3,3/-difluoro-2,2-
thiophene)-5,5-diyl). Because of their higher carrier mobility,
as well as absorption in the visible regime, we selected the
PPzBBN and PPzBPF polymers to test in solar cells.

The polymers were blended with the donor polymer
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]-
dithiophene-2,6-diyl][3-fluoro-2-[ (2-ethylhexyl)carbonyl]-
thieno|3,4-b]thiophenediyl]] (PTB7, u;, = 5.8 X 10™* cm* V™!
s7' (SCLC)"). The energy level diagram in Figure 6
illustrates the energetic position of the frontier molecular
orbitals of PTB7, PPzBBN, and PPzBPF.

We tested blends with donor:acceptor weight ratios (w/w)
of 2:1 and 2:3. The solar cell parameters are summarized in
Table 3. The average value of the solar cell parameters for four
devices is given along with the standard deviation. The best
PPzBBN solar cell (w/w 2:3) demonstrated a short circuit
current (J.) = 0.94 mA/cm? an open circuit voltage (V) =
0.40 V, and a fill factor (FF) = 0.31, resulting in a power
conversion efficiency (PCE) = 0.12%. The best PPzBPF solar
cell (w/w 2:1) demonstrated a short circuit current (J,.) = 1.50
mA/cm?, an open circuit voltage (V,.) = 0.40 V, and a fill
factor (FF) = 0.36, resulting in a power conversion efficiency
(PCE) = 0.23%. The JV curves of these devices are shown in
Figure 7

We attribute the low PCE values to the low J . values. This
may be due to nonoptimized morphology and blend layer
thickness, which is consistent with the noncomplete quenching
of the PTB7 emission in the blends (Supporting Information).

B CONCLUSION

The results summarized herein demonstrate the potentialities
of a postmodification strategy that allows to modify the
electronic and structural properties of conjugated polymers.
Hydroboration of alkenyl-functionalized poly(biphenylene—
pyrazinylene) (PPz) and head-to-tail-regioregular poly-
(pyridine)s (rr-P4Py) with different hydroboranes give rise
to ladder polymers that feature intramolecular coordinative N
— B bonds. The postmodification strongly increases the
electron affinity of the substrate polymer and yields polymers
with moderate (PPzBR,, ES ™~ 2.1 eV) and high (P4PyBR,,
E,® ~ 2.9 eV) optical band gaps. Furthermore, electron
affinities in a broad range below —3.5 eV, and therefore in the
desirable range for n-type applications, are readily reached by
this approach by choice of the employed borane. In line with
previouslgr reported experimental results on molecular
models,"'"~""* the DFT study also shows that the electron
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affinity and the optical gap of a given substrate can be
incrementally modified through introduction of other sub-
stituents on boron, beyond the ones reported in this paper.

Furthermore, with the fabrication of working all-polymer
organic solar cells featuring acceptor polymers prepared by
postmodification, we have proven the viability of this strategy
for the preparation of organic electronic devices.

It can readily be conceived that other olefinic building blocks
beyond the examples reported in this work can be equally
incorporated in conjugated materials and be postfunctionalized
in the same way. These results therefore demonstrate the
potentialities of the employed synthetic strategy to access a
wide variety of acceptor materials from common and more
readily accessible precursors.
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