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Introduction

S,N-Heteroacenes represent an important class of a-conjugated
oligomers and comprise planar, ladder-type structures with
highly delocalized n-electrons." Functionalization allows for
the tuning of their optoelectronic properties and their appli-
cation as photoactive organic semiconductors in organic solar
cells (OSC)? or as hole transport materials in perovskite solar
cells.® In particular, S,N-heteropentacenes SN5 and SN5’ with
the heteroatom sequence SNSNS and SSNSS, respectively, were
successfully used as donor (D) building blocks in acceptor (A)-
terminated so-called ADA-systems, which emerged as efficient
photoactive components in either vacuum-processed* or solu-
tion-processed biphasic bulk-heterojunction solar cells
(BHJSC).

In contrast to this common cell architecture, which very
recently reached power conversion efficiency (PCE) of 19%,°
but normally requires tedious multi-parameter optimization
and may lack thermodynamic stability, single-material
organic solar cells (SMOSC) came into focus again and are cur-
rently experiencing a ‘renaissance’.” Because in comparison to
the common biphasic or ternary BHJSCs only one sole photo-
active material has to be processed and high long-term stabi-
lities were achieved,® SMOSCs are considered attractive candi-
dates for an eased technical production of large-scale organic
solar cells.” PCEs of >13% have indeed very recently been
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tor dyads and were covalently linked to fullerenic acceptor units via flexible linkers. Systematically varied
structural motifs and characterization of their optoelectronic properties resulted in structure—property
relationships and allowed for their application in solution-processed single-material organic solar cells, in
which power conversion efficiencies of up to 2.8% were achieved.

reported for conjugated D-A block copolymers as photoactive
materials'® and >13% for so-called “double cable” polymers,'*
which represent structurally very complex and polydisperse,
less defined systems. Even though molecular D-A dyads and
triads reached >5%"* and with respect to PCE stay somewhat
behind the polymers, they are structurally defined and rep-
resent reproducible systems.

In this respect, we recently described a series of ambipolar
molecular oligothiophene-fullerene D-A dyads (named dyads
1-10),"* which in general contain the well-known and smaller
S,N-heteroacene dithienopyrrol (DTP) as the core and are co-
valently linked to fullerenic phenyl-C61/C71-butyric acid
(PCBA) acceptors via the DTP-nitrogen in a “T-shape” fashion.
Various structural parameters have been varied, including vari-
ation of the length and type of alkyl ester spacers controlling
the precise distance between D and A, replacement of the Cg;-
fullerenic acceptor with the corresponding C,;-derivative, and
finally variation of the terminal acceptor units in the ADA-type
donor part by increasing their acceptor strength. In the frame
of this structural concept, ‘champion’ dyad 4 shows the so far
best photovoltaic performance reaching a PCE of 5.3% and
exhibiting excellent long-term stability retaining >95% of the
initial performance after one month of continuous illumina-
tion and operation (Fig. 1).*>

In continuation of our work on S,N-heteroacenes and their
application in organic solar cells, we now report the structural
extension in the core donor moiety of molecular D-A dyads by
introducing the S,N-heteropentacene SN5' core, which replaces
DTP in dyads D11-D18. The structural motifs were systemati-
cally varied and their consequences on thermal, optical, redox,
and photovoltaic properties in SMOSCs were investigated
leading to valuable structure-property relationships and
insight into device performances.
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Fig. 1 Structure of molecular oligothiophene-PC;;BM dyad 4.

Results and discussion
Structural variations in dyads D11-D18

We have recently demonstrated that the implementation of
ADA-type functionalized heteropentacene SN5' as donor
material in biphasic BJHSCs combined with fullerene accep-
tors gave PCEs of up to 5.5%.'* Thereby, in comparison to
DTP-based materials and BHJSCs thereof,"® solar cells based
on the extended SN5'-core donor unit showed higher open
circuit voltages (Voc) resulting from a larger band gap due to
the lower lying highest occupied molecular orbitals (HOMO)."*
Consistently, in the first approach, molecular dyads D11-D13
were synthesized in which the central hexyl-substituted SN5'-
core was functionalized with acceptors of different acceptor
strengths: dicyanovinylene (DCV), 1,3-indandione (Ind), and
5,6-dichloro-1,3-indandione (Cl,-Ind) to yield the ADA-type
donor part of the dyads. These were connected to fullerenic
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acid PC4;BA as an acceptor via an ethyl ester linker. In order to
increase solubility, ethylhexyl (EtHex) side chains were inserted
at the p-positions of the SN5'-core to deliver DCV-terminated
dyad D14. In the second series of D-A dyads, the linker
between the D and A subunits was elongated to a hexyl ester
moiety in dyads D15 and D16. Moreover, the elongation of the
central SN5' n-system with one thiophene unit at each side
leading to dyads D17 and D18 should broaden the absorption
region. It is expected that the various structural variations have
distinct influences on the physical properties of the resulting
molecular D-A dyads which are summarized in Scheme 1.
Their synthesis and characterization are described in the fol-
lowing, whereby reference compounds R11-R18 without the
pending fullerene subunit were synthesized as well for com-
parison (see the ESI, 1).

Synthesis of donor-acceptor dyads D11-D18

Synthesis of SN5' donor-acceptor dyads D11-D13. The syn-
thetic route to SN5’-dyads D11-D13 is outlined in Schemes 2
and 3. First, triisopropylsilyl (TIPS)-protected monoethanola-
mine 2" was reacted with dihexyl-bithienothiophene 1" in a
Pd-catalyzed Buchwald-Hartwig amination reaction. The
intramolecular ring closure to the fused central pyrrole ring
gave N-functionalized SN5'-heteroacene 3 in 92% yield which
was subsequently formylated with n-butyl lithium (7-BuLi) and
N-formylpiperidine (N-Fpip) to the corresponding dialdehyde 4
in 74% yield. Deprotection of the TIPS group was achieved
under acidic conditions in tetrahydrofuran (THF), and alcohol
5 was isolated in 81% yield. In the next step, Steglich esterifica-
tion of 5 with fullerene phenyl-Cq;-butyric acid (PCe;BA)
efficiently resulted in the precursor D-A system 6 (86% yield)
(Scheme 2).

Branched alkyl
side chains

Scheme 1 Concept of structural variations in molecular D—A dyads D11-D18, in which the S,N-heteropentacene SN5' core replaces the DTP-

based oligothiophene backbone in the previous dyads D1-D4.
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Scheme 2 Synthesis route to SN5'-based D-A intermediate 6: (i) Pd(dba),, dppf, NaO'Bu, toluene, 110 °C, 24 h; (i) n-BulLi, N-Fpip, THF, =78 °C, rt,
24 h; (iii) THF/HCL (30%), 60 °C, 5.5 h; (iv) PC¢,BA, EDC-HCL, DMAP, CS,/CB (1:2), TEA, 5d, 40 °C.

CeH1z

i /\

80%
CN

CeHiz g s CeH13
7N N [\ i
OHC CHO — 1 ——>
S N ) 66%
OR

s S CeH13

AW
NG TCN
OR

D11

D12

D13

Scheme 3 Synthesis of SN5'-based D—A dyads D11-D13: (i) DCV, DCE, NH4OAc, 70 °C, 5 d; (ii) Ind, DCE, piperidine, rt, 2 d; (iii) Cl,-Ind, CHCls, pyri-

dine, 70 °C, 3 d.

The targeted D-A dyads D11-D13 were obtained by
Knoevenagel condensation reactions of intermediate dialde-
hyde 6 with various acceptors to extend the SN5' n-system to
the favorable ADA configuration. Thus, condensation of 6
with dicyanovinylene (DCV) and ammonium acetate gave D11
in 80% yield. Insertion of 1,3-indandione (Ind) as the terminal
acceptor with piperidine as the base at first led to a product
mixture of dyad D12 and a triply reacted dyad, which was sep-
arated by column chromatography. Pure D12 was then
obtained in 66% yield. The reaction of precursor 6 with the
strongest acceptor unit, 5,6-dichloroindene-1,3-dione (Cl,-Ind),
delivered D-A D13 in 80% yield (Scheme 3).

Synthesis of alkylated donor-acceptor SN5'-dyad D14.
Branched EtHex side chains were introduced at the outer
B-positions of the preceding bithienothiophene in order to

This journal is © the Partner Organisations 2023

increase solubility in general. Synthesis was very similar to
that of hexyl derivative 1 and thus 3,4-dibromothiophene 7 was
reacted in Friedel-Crafts acylation with EtHex carbonyl chlor-
ide 8" using aluminum trichloride (AICI;) as a Lewis acid.
Acylated thiophene 9 was isolated in 84% yield before it was
used in a Bradsher ring-closure reaction with ethyl mercaptoa-
cetate and cesium carbonate in DMF. Subsequently, thie-
nothiophene 10 was isolated in 51% yield, which was some-
what lower than that of hexyl derivative 1 probably due to the
steric hindrance of the branched alkyl chains. In the next step,
the ester functionality was hydrolyzed under basic conditions
to give carbonic acid 11 in 79% yield. The following de-
carboxylation was performed with copper powder in quinoline
at high temperatures to obtain thienothiophene 12 in 74%
yield. In the last step, thienothiophene 12 was selectively

Org. Chem. Front, 2023, 10, 3219-3230 | 3221
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Scheme 4 Synthesis of bithienothiophene 13 bearing ethylhexyl (EtHex) side chains: (i) AlCls, DCM, 0 °C, 4 h; (ii) Cs,COs, DMF, 70 °C, 7 d; {iii) 1.
LiOH, THF, MeOH, reflux, 23 h, 2. HCl (konz.); (iv) Cu, quinoline, 230 °C, 3.5 h; (v) LDA, THF, CuCl,, 22 h, 0 °C-rt.

lithiated with lithium diisopropyl amide (LDA) at the
a-position adjacent to the bromo substituent and oxidatively
homo-coupled with Cu(u) chloride to give targeted bithie-
nothiophene 13 in 62% yield (Scheme 4).
EtHex-bithienothiophene 13 served as the starting material
for the preparation of EtHex-substituted D14 and was reacted
with  TIPS-protected ethanolamine 2 in Pd-catalyzed
Buchwald-Hartwig amination to give the intermediate SN5'
derivative 14 in 96% yield. The subsequent Vilsmeier-Haack
formylation of 14 resulted not only in the targeted introduc-
tion of terminal aldehyde groups but also in the removal of
the TIPS group. Therefore, alcohol 15 was isolated in only
moderate 40% yield, because chloroethyl derivative 16 was
formed as the main product (60% yield). Other formylation
procedures such as lithiation of 14 with n-BuLi and quenching
with N-Fpip as before resulted only in low yields due to
tedious purification. In the next step, SN5-alcohol 15 was
esterified with fullerenic acid PCq;BA to the desired D-A dia-
ldehyde 17 in 59% yield. Finally, the terminal DCV-acceptor
groups were inserted by Knoevenagel condensation of 17 with
malononitrile and D14 was obtained in 58% yield (Scheme 5).
Synthesis of donor-acceptor SN5'-dyads D15 and D16 com-
prising a hexyl ester spacer. The synthetic route to D15 and
D16 is shown in Scheme 6. In Pd-catalyzed Buchwald-Hartwig
amination, TIPS-protected hexanolamine 18" was reacted with
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bithienothiophene 1 to TIPS-protected SN5'-derivative 19. The
subsequent formylation with the n-BuLi and N-Fpip system
delivered dialdehyde 20 in a moderate 32% yield. Hence, as an
alternative, SN5’ 19 was first brominated with NBS in chloro-
form to dibromide 21 (81%), which was then lithiated with
n-BuLi and quenched with N-Fpip to give dialdehyde 20 in
higher 49% yield. Acidic deprotection of the TIPS group with
HCI in THF led to hexanol 22 (54%), which was esterified with
PCq;BA under Steglich conditions to give ester 23 (46%). The
targeted D15 was obtained by Knoevenagel condensation of 23
with malononitrile and ammonium acetate (57%), whereby
D16 was obtained in 41% yield by the reaction of 23 with Ind
and piperidine.

Synthesis of donor-acceptor dyads D17 and D18 with an
extended 7t-system. The synthetic route to SN5’-dyads D17 and
D18 with an extended donor z-system included the Pd-cata-
lyzed direct heteroarylation reaction of TIPS-protected SN5'-
precursor 3 and iodothiophene aldehyde 24°° with potassium
acetate as a base. After heating the reaction mixture for
17 hours, the evolved product was precipitated from methanol
and purified via column and size exclusion chromatography to
obtain the elongated dialdehyde 25 in 69% yield. Deprotection
of 25 with tetrabutylammonium fluoride (TBAF) delivered
alcohol 26 in a quantitative yield which was subsequently
esterified with PCg;BA under Steglich conditions to deliver the
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Scheme 5 Synthesis of SN5'-based D-A dyad D14: (i) Pd(dba),, dppf, NaO'Bu, toluene, 110 °C, 24 h; (i) 1. DMF, POCls, DCM, reflux, 18 h, 2.
NaOH,q). rt, 1 d; (iii) PCg,BA, EDC-HCL, CS,/CB (1: 2), DMAP, 40 °C, 7 d; (iv) malononitrile, NH4OAc, DCE, 80 °C, 22 h.
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Scheme 6 Synthetic route to D15 and D16 with hexyl ester spacers: (i) Pd(dba),, dppf. NaO'Bu, toluene, 110 °C, 24 h; (ii) n-BuLi, N-Fpip, THF,
—78 °C to rt, 24 h; (iii) CHClz, NBS, 0 °C-rt, 3 h; (iv) n-BulLi, N-Fpip, THF, =78 °C to rt, 24 h, (v) THF/HCL (30%) in 2:1 ratio, 70 °C, 5 h; (vi) PCBA,
EDC-HCI, DMAP, CB/CS,, 4 d, 40 °C; (vii) malononitrile, DCE, NH4OAc, 80 °C, 6 d; (viii) Ind, DCE, piperidine, rt, 48 h.

intermediate D-A dyad 27 (92%). Typical Knoevenagel conden-
sation of dialdehyde 27 gave targeted DCV-substituted D17
(91%) and Ind-substituted D18 (65%) (Scheme 7).

The structures of all novel S,N-heteroacenes 3-27 and dyads
D11-D18 were fully characterized by 'H and "*C-NMR spec-
troscopy and high-resolution mass spectrometry (HRMS). We

additionally prepared and characterized reference derivatives
R11-R13 and R15-R18, which consisted of the identical ADA-
core structure but lacked the pending fullerene PCq;BA group.
R14 was not synthesized due to a different synthetic route to
D14. Experimental and spectroscopic data are presented in the
ESL}
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Scheme 7 Synthetic route to D17 and D18: (i) Pd(OAc),, KOAc, DMF, 70-90 °C, 17 h; (ii) TBAF, THF, rt, 2.5 h; (iii) PC¢BA, DMAP, EDC-HCL, TEA,
CB:CS;, (2:1), 40 °C, 4 d; (iv) malononitrile, NH,OAc, DCE, 80 °C, 15 h; (v) Ind, DCE, piperidine, rt, 21 h.
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Thermal properties of D-A dyads D11-D18

Differential scanning calorimetry (DSC) and thermal gravi-
metric analysis (TGA) were used to determine the thermal pro-
perties of dyads D11-D18 which are important for evaluating
processing temperatures and long-term stability of photovol-
taic devices. Typically, DSC traces of our previous DTP-based
D-A dyads (D1-D3) in the first heating thermogram revealed
endothermic peaks in the range of 100-130 °C which we
assigned to glass transition temperatures T, due to the mainly
amorphous character of these dyads. Besides shallow exo-
therms at higher temperatures in the second DSC heating
which arise from the movable pending fullerene ester side
chains and reflect cold crystallization, typically no melting
was identified.">*" In this respect, the investigation of novel
SN5'-based dyads D11-D18 partly revealed very shallow DSC
traces, and therefore, T,s were very difficult to identify. In con-
trast to the reference DTP-based dyads, various SN5'-dyads
showed clear melting points T;, at higher temperatures which
mainly were in accordance with the data from melting point
apparatus (Table 1 and Fig. S8-S10, ESI{).

Dyads D11 and D14 revealed small and broad endothermic
peaks in the range of 180-200 °C which we assign to melting,
whereby D14 melted at a slightly lower temperature than D11
due to the branching of the side chains in the SN5’ block. DSC
traces of Ind-substituted D12 and D13 were very shallow and
no phase transitions could be extracted indicating a fully
amorphous character of these molecules. DSC traces of dyads
D15-D18 revealed endothermic peaks between 277 °C and
310 °C which most probably point to melting with subsequent
decomposition (due to the lack of a corresponding peak in the
back scan) arising from structural variations. D17 and D18
showed exothermic peaks between 215 °C and 240 °C which
we assign to cold crystallization of the donor moiety. Shallow
exotherms at around 260 °C in all heating scans of the dyads
arise from the movable pending fullerene ester side chains
and as well reflect cold crystallization."

Most of the novel dyads exhibited good thermal stabilities
with decomposition ranges above 355 °C (@5% mass loss) as
measured by TGA. Compared to the DCV-based dyads (T4 =

Table 1 Thermal properties of dyads D11-D18

Dyad  ADAacceptor Ty (DSC)*[°C] T (DSC) T4 (TGA) [°C]
D11 DCV n.d. 185-200 398 (78%)
D12 Ind n.d. n.d. 363 (71%)
D13 Cly-Ind n.d. n.d. 358 (70%)
D14  DCV n.d. 178-188 388 (75%)
D15  DCV n.d. 295-310 388 (75%)
D16  Ind n.d. 287-301 358 (66%)
D17  DCV (125-145) 291-308 398 (72%)
D18  Ind n.d. 277-302 363 (66%)

“Endothermic phase transition range. ® Degradation temperature (5%
mass loss) and mass at 800 °C in percent (n.d. = not clearly
detectable).
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388-398 °C), the Ind-substituted dyads degraded at somewhat
lower temperatures of T4 = 358-365 °C, which we ascribe to
the lower stability of the Ind-acceptors (Table 1 and Fig. S11-
S13, ESI{).

Optical properties of D-A dyads D11-D18 and their reference
derivatives

The optical properties of D11-D18 and their references (R11-
R13 and R15-R18) without the pendant fullerene unit were
investigated by UV-vis and fluorescence spectroscopy in di-
chloromethane (DCM). All DCV-terminated dyads showed
decent solubility in DCM ranging from 2.6 mg mL™" for D15 to
27.6 mg mL™" for D14, which in the latter case clearly showed
the impact of the branched side chains on solubility.
Additionally, the absorption spectra of thin films, which were
prepared by spin-coating of chloroform (CF) solutions onto
glass slides, were investigated. Full data are summarized in
Table 2.

As an example, the absorption and emission spectra of D-A
dyad D11 (red curve) in comparison to references R11 (blue)
and PCs;BM (black) are shown in Fig. S5 (ESI}). Typically, the
absorption profiles of the D-A dyads reflect a superimposition
of the spectra of the individual subunits. Thus, in the spec-
trum of D11, the strong high energy absorption band around
260 nm and the smaller one at 329 nm can be assigned to the
pendant fullerene group well coinciding with the spectrum of
fullerene PC¢;BM, whereby it is missing for reference R11. The
second strong and vibronically split band in the visible range
at 565 nm corresponds to a n-n* transition with charge-trans-
fer (CT) character of the heteroacene backbone in accordance
with R11 (568 nm) and the corresponding N-alkylated SN5'-
derivatives (567 nm).'* The emission maximum of D11
appeared at lower energies at 595 nm and also very close to
that of reference R11 (601 nm).

The solution (left) and normalized film absorption (right)
spectra of D11 (red curve), D12 (blue), D13 (purple), D17
(green), and D18 (black) are shown in Fig. 2. The corres-
ponding emission spectra are plotted in Fig. S6 (ESI). The
influence of the increasing strength of the terminal acceptor
groups in the ADA SN5’ unit becomes obvious in the absorp-
tion spectra of the series D11-D13. Here, the n—* transition of
the backbone is gradually bathochromically shifted with
increasing acceptor strength from 565 nm for DCV-D11 to
623 nm for Ind-D12 and to 646 nm for Cl,-Ind D13. Their
molar extinction coefficients were well above 100000 M~ cm ™"
for the dyads and references R11-R13, which expectedly
showed only marginal deviations in the absorption maxima
compared to those of the dyads. The emission maxima
appeared at lower energies in the range of 595-688 nm for
both series (Fig. S6, ESI}). The optical gaps were calculated
from the absorption onset of the longest wavelength absorp-
tion at the low energy side and analogously became gradually
smaller from E, = 2.07 eV to 1.80 eV for D11 to D13 due to the
continuous lowering of the energy level of the lowest unoccu-
pied molecular orbital (LUMO) (vide infra) with increasing
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Table 2 Optical data of SN5'-dyads D11-D18 and their references R11-R13 and R15-18

SN5' Ao [nm]  E[Lmol™ em™] 25 [nm]  E'[eV]  Stokes shift [em™]  Agm [nm] AR [nm] AAm [nm]  ER™ [ev]
D11 260, 565 103 292 599 2.07 892 595 333,550,591 644 1.93
R11 568 115547 603 2.06 967 601 554, 604 654 1.90
D12 258, 623 125735 664 1.87 968 663 332, 615, 650 725 1.71
R12 627 142 839 670 1.85 934 666 608, 648 712 1.74
D13 259, 646 104 165 690 1.80 945 688 336, 630, 674 742 1.67
R13 651 134952 695 1.78 826 688 524, 621, 671 735 1.69
D14 260, 565 97 556 600 2.07 892 595 333,551,585 635 1.95
D15 260, 570 111 322 605 2.05 905 601 333,557,593 649 1.91
R15 568 123 963 604 2.05 967 601 549, 591 653 1.90
D16 259, 627 128473 669 1.85 979 668 333, 603, 650 724 1.71
R16 625 148 028 669 1.85 985 666 600, 656 724 1.71
D17 260, 600 77 202 673 1.84 2542 708 333, 620 738 1.68
R17 606 94 844 680 1.82 2516 715 392, 607, 641 738 1.68
D18 260, 628 53235 710 1.75 2679 755 328, 406, 646 777 1.59
R18 638 80420 721 1.72 2704 771 420, 647, 694 812 1.53
PCsBM 261, 328 121798 401 3.09 — — 336 570 2.18

Spectra of dyads D11-D18, references R11-R13, R15-18 and PCs;BM were recorded in DCM, global maxima are in bold font. Molar extinction
coefficients are given for the longest wavelength absorption with CT contribution. The optical energy gap was calculated with 1240/A,se, and
Stokes shifts were calculated by subtracting the emission maximum from the absorption maximum in wavenumbers.
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Fig. 2 Solution absorption spectra of D11 (red), D12 (blue), D13 (purple), D17 (green), and D18 (black) recorded in DCM solution (left). Normalized
thin film absorption spectra spin-coated from chloroform solution and normalized to the fullerene band at around 333 nm (right).

acceptor strength. Again, the references showed only very
small differences compared to the dyads.

Expectedly, the influence of the branched EtHex side
chains at the p-positions of the SN5'-core in DCV-D14 on the
optical data is only marginal and is in accordance with hexyl-
substituted DCV-based D11. Also, the enlargement of the insu-
lating linker between the SN5'-donor and the fullerene accep-
tor unit from an ethyl to a hexyl ester chain in DCV-D15 and
Ind-D16 as expected did not largely influence the optical pro-
perties of the corresponding conjugated z-systems. In compari-
son to DCV-D11 and Ind-D12, the absorption and emission
maxima were only slightly shifted.

In contrast, the elongation of the conjugated donor block
by two additional 3-hexylthiophene units in DCV-based D17
and Ind-based D18 led to bathochromically shifted absorp-
tions and in particular emission maxima compared to those
of the preceding D11 and D12. This structurally caused effect
is distinctly larger for the pair DCV-D11/D17 (A4 = 35 nm)

This journal is © the Partner Organisations 2023

than for Ind-D12/D18 (A1 = 5 nm). Due to the higher degree of
rotational freedom of the additional thiophene units in the
donor core, broader and less structured absorption bands were
noted. The same structural reason led to much larger Stokes
shifts (>2500 cm™") for the more flexible D17 and D18 than for
D11 and D12 (<985 cm™") comprising much stiffer backbones.

The absorptions of the D-A systems D11-D18 and the
corresponding references in the solid state were investigated in
thin films, which were prepared by spin-coating chloroform
(CF) solutions onto glass slides. In general, the film absorption
spectra showed the same trends as the solution spectra,
whereby the bands are broadened due to the increased inter-
molecular interactions and typically red-shifted by 20-40 nm.
In this respect, the maxima of the longest wavelength band
appeared in the region of 585-694 nm depending on the type
of acceptor in the ADA donor backbone. The main fullerene
band below 300 nm was cut off due to the absorption of the
glass slide, and therefore, only the smaller band was visible in
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a small range (332-336 nm) and expectedly was not dependent
on the donor block structure. As a consequence, the optical
gaps were diminished to E, = 1.95-1.59 eV for the films com-
pared to the solution data. As before, the values for the refer-
ences only deviate slightly by few nano-meters.

When summarizing the optical properties of the series at a
glance, the largest influence of structure on the absorption
and emission behavior came from the variation of the terminal
acceptor groups and the elongation of the conjugated
n-system, both in the ADA core.

Electrochemical properties of D-A dyads D11-D18 and their
reference derivatives

The redox properties of D-A dyads D11-D18 and their refer-
ences were investigated by cyclic voltammetry (CV) and differ-
ential pulse voltammetry (DPV) in DCM solution with tetra-
butylammonium hexafluorophosphate (TBAPFs, 0.1 M) as
supporting electrolyte, and potentials were referenced against
the ferrocene/ferricenium couple (Fe/Fe'), whereby the energy
level of Fc/Fc© was set to —5.1 eV against vacuum.>* HOMO
and LUMO energies were calculated from the onset values of
the first oxidation and reduction wave, respectively, which were
graphically determined. The electrochemical energy gap was
calculated as the difference between the HOMO and LUMO
energy levels. The summarized data are compiled in Table 3.

The CV and DPV profiles of various dyads are quite complex
comprising numerous oxidation and reduction waves which
typically reflect the superimposition of the redox processes of
the D and A subunits (Fig. S7, ESI{) as it was found for the
previously published dyads D1-D4'* and in accordance with
the optical investigation (vide supra). The assignment of the
redox waves to individual molecular units was undertaken by
analysis and comparison to the electrochemical responses of
the corresponding reference derivatives and PCgBM.

View Article Online
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First, we discuss the series of DCV-terminated dyads D11,
D14, D15, and D17. In the cathodic region, we typically identi-
fied up to five separated (quasi) reversible waves due to the
multiple reductions of the electron-accepting fullerene and the
DCV-termini of the SN5' core unit. By comparing the half-wave
potentials of D11 with those of references R11 and PC4;BM,
we assign the 1 (E}S)" = —1.09 V), the 3™ (Eff® = —1.45 V),
and the 5™ (E‘ffgs = —1.99 V) reduction wave to the pendant
fullerene concomitant with the formation of radical anions up
to trianions. The 2" (E}{” = —1.29 V) and 4" (E}f* = -1.62 V)
waves can be assigned to the reduction of the terminal DCV
units of the ADA donor system, which are reduced to a radical
anion each (Fig. 3). The corresponding peak potentials for the
other DCV-dyads D14, D15, and D17 vary only moderately;
however, sometimes the reduction waves are not well resolved
or overlaid.

In the anodic region, two oxidation processes were noted
for D11 representing the formation of stable radical cations
(EY); = 0.84 V), which are delocalized on the SN5' donor
block,'* and the oxidation of the PC;BM unit (E)F = 1.11 V).
The first value coincides well with the oxidation of R11 (7}, =
0.77 V) and the second agrees well with that of PC¢;BM ( 12
1.09 V) which was measured independently for comparison
and of course is missing in the CV/DPV of R11 (Fig. 3).>* The
energy levels of the frontier orbitals were determined to —5.87
eV (HOMO) and —4.08 eV (LUMO), which correspond well to
the HOMO of R11 and the LUMO of PC¢;BM, respectively,
leading to an electrochemical energy gap of 1.79 eV.

DCV-based dyads D14 and D15 behaved quite similarly with
only marginal differences, whereby in the case of D17, two
overlapped oxidation peaks at much lower potentials ( 1/"21 =
0.35 V and Eg’/"zz = 0.44 V) than those of the other dyads were
noted due to the extended conjugated z-system in the ADA

donor part. As we have already seen for similar ADA SN5'

Table 3 Electrochemical data of SN5'-dyads D11-D18 and their references R11-R13 and R15-18. CVs and DPVs were measured in dichloro-
methane (c = 103 M), with TBAPFg as supporting electrolyte (0.1 M) at a scan speed of 100 mV s™* at r.t. Potentials are given vs. the internal standard

ferrocene/ferricenium (Fc/Fc*)

SN5’ Acc (ADA) B, [V] B V] HOMO” [eV] LUMO’ [eV] BV [eV]
D11 DCV 0.84,1.11 -1.09, —1.29, —1.45, —1.62, —1.99 —5.87 —4.08 1.79
R11 DCV 0.77 -1.32, -1.66 -5.83 -3.87 1.96
D12 Ind 0.54, 0.68, 1.15 -1.12, -1.31, —1.51, —1.69, —1.99 —5.55 —4.05 1.50
R12 Ind 0.60, 0.87°, 1.15° -1.21, -1.52 —5.63 -3.94 1.69
D13 Cl,-Ind 0.74,1.28 -1.04, —1.28, —1.38°, —1.60, —1.92 —5.77 —4.09 1.68
R13 Cly-Ind 0.61, 0.88° -1.13, -1.34% —1.53 —5.62 -3.99 1.63
D14 DCV 0.86, 1.14 -1.05, —1.31°, —1.40, —1.60, —1.95 -5.93 —4.05 1.88
D15 DCV 0.78,1.10 -1.19, (n.r.)% —1.55, —1.72¢, —2.07 —5.83 —-4.01 1.82
R15 DCV 0.75 -1.37,-1.80 -5.53 -3.91 1.62
D16 Ind 0.46, 0.67, 1.10 —1.14, —1.32°, —1.48, —1.54%, —2.02 —5.49 —4.02 1.47
R16 Ind 0.44, 0.66, 1.15 —1.34, -1.51° -1.59 ¢, —5.48 -3.83 1.65
D17 DCV 0.35, 0.90, 1.09, 0.44 —1.11, -1.39%, —1.47, (n.r.)%, —2.02 -5.37 —4.06 1.31
R17 DCV 0.21, 0.85, 0.36 —1.50% —1.67 —5.27 -3.7 1.57
D18 Ind 0.07, 0.75, 1.06, 0.24 -1.22, (n.r.)% -1.53, —1.72%, =2.09 -5.11 -3.96 1.15
R18 Ind 0.06, 0.81, 0.24 —1.36, —1.44 —5.14 -3.55 1.59
PCe:BM PCg;BM 1.09 -1.17, -1.55, —2.06 —6.09 -3.99 2.10

“ Determined from differential pulse voltammetry (DPV). ? Calculated from the onset values of the first oxidation and reduction waves bay setting
the ferrocene HOMO energy to —5.1 eV vs. vacuum. (Egomo = —5.1 €V — Eon, ox; ELumo = —5.1 €V — Eop, red)- “ Eg = ELumo — Ermomo. “ N.I. not

resolved. ¢ Shoulder, overlaid.
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Fig. 3 DPV of reference R11 (red curve, top), dyad D11 (red, second
top), reference PCg:BM (blue, middle), dyad D17 (green, second bottom)
and reference R17 (green, bottom), measured in DCM solution, using
TBAPFs as a conducting salt, referenced against Fc/Fc* as an internal
standard, scan speed 0.1V s tatr.t.

derivatives, chemical equilibria are involved in the oxidation
processes.'* Therefore, the two superimposed waves corres-
pond to the formation of equilibrated monomeric and
dimeric radical cations in accordance with the transfer of one
electron in total. The subsequent third wave at EPS = 0.90 V
correlates to the transfer of one electron and represents the
formation of dications delocalized over the donor unit. As
before, the fourth oxidation process ( 1/";‘ =1.09 V) is assigned
to the one-electron oxidation of the pendant PCeBM unit
(Fig. 3). Due to the lower first oxidation potential, the HOMO
of D17 is substantially stabilized and the energy increased to
—5.37 eV, which resulted in a smaller energy gap of 1.31 eV.
Reference R17 electrochemically behaved equally with the
exception that the PC4;BM oxidation peak is missing.

The series of D12 (D13), D16, and D18 and their corres-
ponding references R12 (R13), R16, and R18 bear stronger elec-
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tron-withdrawing Ind (or CI,-Ind) groups in the ADA donor
core unit. Nevertheless, their first oxidation potentials were
negatively shifted with respect to the DCV derivatives. This
phenomenon was already noted and explained for alkylated
Ind-substituted SN5'-systems by the contribution of intra-
molecular noncovalent S---O interactions of the carbonyl
group of each Ind-acceptor moiety with the sulfur of the
corresponding terminal thiophene unit in the SN5' core,
leading to planarization and an elongated conjugated
n-system.'® In contrast to the DCV derivatives, the second oxi-
dation peak belongs to the monomer-dimer equilibrium and
the third oxidation is an overlay of the formation of the
PCs:BM radical cation and the formation of the dication of the
ADA donor system.

In the reductive potential region, the redox behaviour of the
Ind-series is very similar to that of the DCV derivatives. The
assignment of the various reduction waves is identical and the
reduction of the Ind-acceptor subunits in the ADA system for
the sequential formation of radical anions occurs at similar
potentials to those of the DCV groups.

To shortly summarize the redox properties of the series, the
complex CV/DPVs are dominated by the superposition of the
individual redox response of the SN5' donor and the PCq;BA
subunit. The largest influence of structure on the redox behav-
iour came from the elongation of the conjugated n-system by
two additional thiophene units in the ADA-core, leading to
well-decreased oxidation potentials.

Photovoltaic characterization of dyads D11-D18 in single-
material organic solar cells

The synthesized D-A dyads D11-D18 were implemented in
single-material organic solar cells (SMOSC) as sole materials
in the active layer. The general solar cell device structure was
glass/ITO/PEDOT:PSS/dyad/LiF/Al which was prepared under
ambient conditions by spin-coating the solutions of the
respective materials followed by individual optimization.
Processing parameters such as processing solvent, tempera-
ture, spin speed, and post-treatment methods such as thermal
annealing (TA) or solvent vapor annealing (SVA) were varied.
Table 4 presents the summary of devices with the highest
achieved PCE. The device optimization of each D-A dyad is
presented in the ESI (Tables S1-S9if). DCV-based dyad D11

Table 4 Photovoltaic parameters of SN5'-dyads D11-D18 in optimized single-material organic solar cells (SMOSC)

DA dyad V [rpm] SVA Voc (V) Jsc (mA em™) FF PCE (%)

D11¢ 2000 30 s THF 0.68  0.03 (0.70) 0.32 = 0.02 (0.36) 0.26  0.00 (0.27) 0.06 = 0.00 (0.07)
D12¢ 3000 10 s CS, 0.79  0.01 (0.80) 1.32 % 0.03 (1.35) 0.24 + 0.00 (0.24) 0.25  0.01 (0.26)
D13’ 3000 — 0.68 + 0.05 (0.75) 0.19 + 0.00 (0.20) 0.28 £ 0.01 (0.29) 0.04 + 0.00 (0.04)
D144 2000 30s CS, 0.67 + 0.12 (0.78) 0.13 £ 0.01 (0.14) 0.25 + 0.01 (0.26) 0.02 % 0.00 (0.03)
D15¢ 1000 — 0.39  0.14 (0.60) 0.26 = 0.01 (0.28) 0.27 £ 0.01 (0.28) 0.03 = 0.01 (0.04)
D16 2000 205 CS, 1.04 £ 0.00 (1.04) 7.44 % 0.49 (7.95) 0.34 £ 0.01 (0.35) 2.63 +0.21 (2.83)
D177 2000 — 0.48 + 0.07 (0.58) 0.02 + 0.01 (0.03) 0.13 £ 0.03 (0.18) 0.00

D18¢ 3000 20s CS, 0.68  0.01 (0.69) 3.11 £ 0.10 (3.66) 0.34 £ 0.01 (0.35) 0.81 % 0.04 (0.86)

Average value of four cells + standard deviation (maximum); cell architecture: glass/ITO/PEDOT:PSS/dyad/LiF/Al; processed by spin-coating. “ CB
(80 °C), 15 mg mL™". ? CF (50 °C), 15 mg mL ™. °CB (rt), 15 mg mL™". ¢ CF (rt), 15 mg mL .

This journal is © the Partner Organisations 2023
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showed a very low PCE (0.07%) mainly arising from low photo-
current density (Jsc = 0.36 mA cm™?) and fill factor (FF = 0.27).
We attribute this finding to the moderate solubility of the dyad
which had to be spin-coated from chlorobenzene (CB) at
80 °C. Despite the well increased solubility and better film
quality of EtHex-dyad D14, unfortunately, no positive impact
on PCE (0.02%) was noted. We rationalize this result as due to
the steric hindrance of the EtHex-side chains, which hinder
the packing due to the DCV groups and consequently perturb
the molecular arrangement and reduce intermolecular inter-
actions in the solid film.>* Neither the elongation of the flex-
ible linker in DCV-dyad D15 nor the elongated n-system in D17
resulted in PCEs larger than 0.04% reinforcing the abovemen-
tioned assumption. As before, unusually low Jsc < 0.28 mA
cm ™ and FFs < 0.28 were found.

These results clearly show that the replacement of the DTP
core unit in DCV-based dyads D1-D3, which showed PCEs of
up to 4.2%, with the SN5' core in dyads D11, D14, D15, and
D17 turned out to be rather counterproductive with respect to
photovoltaic performance in SMOSCs and most probably is
down to the unfavorable morphology of the films.

When the structurally related Ind-based dyads D12 (D13),
D16, and D18 were compared to the DCV-based dyads, the
elongation of the spacer from ethyl ester in D12 to hexyl ester in
D16 led to an increase of the average PCE from 0.25% to 2.63%.
The corresponding current-voltage (J-V) curve of the cell with
the highest efficiency is shown in Fig. 4, which turned out to be
the best average value in the whole series, whereby the elongation
of the n-system in D18 resulted in a smaller increase of PCE to
0.81%. In comparison with the DCV-based dyads, which showed
severe voltage losses, this substantial PCE improvement mainly
arises from higher Vocs (£1.04 V) and Jscs (<7.95 mA cm™2).
Thus, the longer flexible linker in D16 and the Ind-acceptor
groups obviously allow for more favorable self-organization of the
molecules in the solid state. Nevertheless, an N-alkylated Ind-
SN5' derivative, which is directly comparable to R16, as the donor
component in biphasic BHJSCs with PC¢;BM as the acceptor in a
ratio of 1:1.25 achieved a distinctly higher PCE of 5.5%"* than
D16, owing to the increased photovoltaic parameters, in particu-
lar with respect to Js. and FF.

T 7
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T T T T
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Current density [mA cm™?]
o

Fig. 4 J-V curves of the single-material solar cell with dyad D16 in the
dark (red curve) and under AM1.5G illumination (blue).
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Conclusion

In summary, we have presented multi-step syntheses and
characterization of novel donor-acceptor dyads D11-D18 in
good overall yields. The synthetic design comprised functiona-
lized S,N-heteropentacenes SN5' as central donor units and
fullerenic PCs;BA units as acceptors, which were appended via
a flexible alkyl ester linker. The structural motifs were varied
systematically such as the variation of acceptor moieties (DCV,
Ind, and Cl,-Ind) in the ADA donor unit, the variation of
spacer length (ethyl and hexyl ester), and the elongation of the
conjugated SN5' system using additional thiophene units. The
influence of the structural variations on their molecular and
physical properties was investigated which generally showed
the superposition of the electronic behavior of the specific
donor and PCgBA-fullerene unit. In this connection, the
largest influence of structure on optical and redox properties
came from the elongation of the conjugated n-system and the
variation of the terminal acceptor groups, both in the ADA
core unit of the dyads. The specific absorption profiles and
energetic position of the frontier orbitals allowed for the
application of the D-A dyads in solution-processed SMOSCs.
The investigation of their photovoltaic behavior as a sole
photoactive component resulted in a rather moderate perform-
ance of the implemented dyads most probably due to pro-
blems in film formation and subsequent low ordering in the
photoactive layer. However, the best result in the series with an
acceptable PCE of 2.8% was obtained from dyad D16, in which
the longer flexible hexyl ester linker and the Ind-acceptor
groups obviously allowed for more favorable self-organization
of the molecules in the solid state. The overall elaborated
qualitative structure-property—device performance relationship
in our series of eight novel D-A dyads D11-D18 will be helpful
to further develop the rational design of improved molecular
materials for SMOSCs.
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