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ABSTRACT: Efficient organic electronic devices are fabricated from both small molecules and disperse polymers, but mate-
rials with characteristics in between remain largely unexplored. Here we present a gram scale synthesis for a series of discrete
n-type oligomers comprising alternating naphthalene diimide (NDI) and bithiophene (T2). Using C-H activation, discrete oli-
gomers of type T2-(NDI-T2)a (n < 7) and persistence lengths up to ~ 10 nm are made. The absence of protection/deprotection
reactions and the mechanistic nature of Pd-catalyzed C-H activation allows to produce symmetrically terminated species al-
most exclusively, which is key to fast preparation, high yields and the general success of the reaction pathway. The reaction
scope includes different thiophene-based monomers, end capping to yield NDI-(T2-NDI). (n < 8) and branching at T2 units
by non-selective C-H activation under certain conditions. We show how the optical, electronic, thermal, and structural prop-
erties depend on oligomer length along with a comparison to the disperse, polymeric analog PNDIT2. From theory and exper-
iment we find that molecular energy levels are not affected by chain length resulting from the strong donor-acceptor system.
Absorption maxima saturate for n = 4 in vacuum and for n = 8 in solution. Linear oligomers T2-(NDI-T2). are highly crystalline
with large melting enthalpies up to 33 ] /g, NDI-terminated oligomers show reduced crystallinity, stronger supercooling and
more phase transitions. Branched oligomers and those with bulky thiophene comonomers are amorphous. Large oligomers
exhibit similar packing characteristics compared to PNDITZ2, making these oligomers ideal models to study length-structure-
function relationships at constant energy levels.

of a conjugated polymer on properties has been investi-
gated to yet smaller extent.21¢ This is problematic in the
context of exploring the full potential of a new disperse ma-
terial that is additionally susceptible to batch-to-batch vari-
ations (BBV).217.18

Introduction

Molecular weight (MW) and dispersity of conjugated poly-
mers are critical parameters that govern their opto-electric
properties to a large extent.l? Both, discrete small mole-
cules and disperse polymeric materials are used in efficient
organic electronic devices, such as organic field-effect tran-
sistors (OFETs) and photovoltaics (OPVs). For instance,

Finding answers is mostly limited by synthetic accessibility
of well-defined conjugated systems, that, at the same time,

power conversion efficiencies exceeding 10% are now com-
monly reported for all-polymer OPVs3-7, while blends of
conjugated donor polymers with small molecule acceptors
yield yet higher efficiencies in excess of 18%.8-1° Consider-
ing often reported strong molecular weight effects seen
with disperse conjugated polymers??11-15 the influence of
chain length on properties is omnipresent but commonly
not investigated systematically. The influence of dispersity

are relevant to efficient devices and can be made at suffi-
ciently large scale. Previous research on the synthesis and
properties of discrete oligomers includes phenylenes!?-%4,
3-hexylthiophene (3HT) and its derivativies'625>-28, and
more recently diketopyrrolopyrrole-based structures.2930
In most cases, synthetic approaches rely on iterative reac-
tions including functionalization for cross-coupling and
protection/deprotection  strategies, = which  render



preparation cumbersome and lengthy. Moreover, most
studies available report p-type oligomers, while n-type oli-
gomers are scarcely investigated.3!

Among n-type polymers, the alternating copolymer
poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(di-
carboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)}  com-
prising naphthalene diimide (NDI) and bithiophene (T2)
units, here referred to as PNDIT2, is an often used and well-
known benchmark n-type polymer. Due to its high electron
mobilities, low energetic disorder, and unconventional
morphological behavior, PNDIT2 has been the objective of
an extensive number of studies and became a staple and
representative n-type material.32-3¢ Properties of PNDIT2
on the other hand can be largely modulated and enhanced
by replacing T2 with other donor units, changing the nature
of the side chain on the NDI unit, and/or core extension of
the NDI skeleton.34-38 Consequently, NDI copolymers have
been popular targets for a variety of applications such as
OFETs, OPVs, organic thermoelectric generators (OTEG), bi-
oelectronics and sensors. 32-343940 Strikingly, unlike classical
semiconducting polymers such as P3HT where optoelectri-
cal properties generally improve with increasing MW#41, the
FET mobility of PNDIT2-based transistors has been found
to be much less dependent on chain length.123242 To further
understand this unconventional MW dependence of
PNDIT2, synthesis of well-defined discrete NDIT2 oligo-
mers with varying chain length are of great importance.

Here, we present an optimized and scalable route to pre-
pare discrete n-type oligomers based on naphthalene
diimide (NDI) and bithiophene (T2) up to the octamer via

phosphine-free Pd-catalyzed direct arylation (DA). The re-
action sequence involves 1-3 steps only depending on
length and end group, and does not require the introduction
of functional groups or protection/ deprotection steps. The
synthetic strategy relies on the preparation of symmetri-
cally T2-terminated NDI oligomers T2-(NDI-T2)n with n <
7 by combining DA oligomerization and sequential DA
(Scheme 1a). The success of this reaction is enabled by i)
Pd(0) ring-walking over the NDI skeleton leading to all-T2-
termination, ii) an excess of T2 and iii) detailed optimiza-
tion of reaction parameters. T2-terminated oligomers can
be coupled with mono-bromo NDI (NDIBr) in quantitative
yield under optimized conditions, furnishing defect-free
NDI-(T2-NDI)n oligomers with n < 8 (Scheme 1b). When
using increased amounts of NDIBr here, non-selective
branching at - and y-C-H positions of T2 is observed
(Scheme 1c). To widen substrate scope, hexylphenyl-sub-
stituted indacenodithiophene (IDT) instead of T2 is also
used (Scheme 1d). We finally investigate the molecular, op-
tical, electronic, thermal and structural properties in detail
and show how these evolve with oligomer length. Light ab-
sorption, effective conjugation length (ECL), and aggrega-
tion in solution enhances with chain length and saturates
for the largest oligomers, resembling PNDIT2. The largest
difference to PNDIT232 is their highly crystalline nature.
This strategy allows to establish discrete n-type oligomers
and thus structure-property relationships to bridge the
knowledge gap between small molecules and disperse con-
jugated polymers for organic electronic applications.

Scheme 1. Synthetic approaches to n-type oligomer preparation. a) Synthesis of symmetrically terminated T2-(NDI-
T2)n oligomers, b) synthesis of symmetrically terminated NDI-(T2-NDI), oligomers, c) branching at T2 units by /y-

arylation and d) thiophene comonomer variation.
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R: 2-octyldodecyl; i) DA oligomerization: Pdzdbas (1 mol.-%), K2COs3 (3.0 eq), PivOH (1.0 eq), mesitylene (0.1 M), 90°C, 24 h; ii) se-
quential DA: Pdzdbas (1 mol.-% for T2, 2 mol.-% for IDT), K2CO3 (3.0 eq), PivOH (1.0 eq), mesitylene (0.1 M), 90°C; iii) DA termination:
Pdzdbas (3 mol.-%), K2C03 (3.0 eq), neodecanoic acid (1. 0 eq), mesitylene (0.1 M), 80 °C, 48 h; iv) DA branching: Pd2dbas (3 mol.-

%), NazCO0s3 (3.0 eq), PivOH (1.0 eq), 120 °C, 72h.

Results and Discussion
Oligomer synthesis and termination

During previous kinetic studies of PNDIT2 synthesis via di-
rect arylation polymerization (DAP), we hypothesized that
the second oxidative addition of Pd(0) into the second C-Br
bond of NDIBr; must proceed in an intramolecular fashion,
and therefore is expected to be much faster than the first
one.*3 The underlying mechanistic feature of this phenome-
non, observed also for the synthesis of PNDIT2 via Stille pol-
ycondensation*4, presumably originates from a m-complex
between a Pd(0)L species (L= ligand) and the NDI skeleton,
over which Pd(0)L “ring walks” to undergo fast oxidative
addition into the second NDI-Br bond.*> Although we did
not observe such m-complex directly, we assume its pres-
ence on the basis of the observed prevalent T2-termina-
tion.*3 We also note that such ring walking processes are
well-known from Ni-catalyzed cross couplings, where
Ni(0)-NDI complexes have been directly proven.4-48 As a

consequence of the faster intramolecular second oxidative
addition, exclusive T2-termination of prepolymers occurs
in the beginning of the reaction. At later stages of polycon-
densation, these react with remaining NDIBr. monomer to
give chains of much higher MW. Such mechanism greatly fa-
cilitates preparation and isolation of T2-terminated species
which form at high yield and at early stages of polyconden-
sation. Therefore, we first attempted to prepare symmetri-
cally T2-teminated NDI oligomers via time-controlled DAP
under standard DAP conditions,*?#° in which an excess of T2
controls chain length and additionally favors all-T2 termi-
nation.*? Upon monitoring the process with thin layer chro-
matography (TLC), the number of product TLC spots in-
creases from one at early stages to up to 5 within 2h
(Scheme S1). To avoid formation of high MW species that
decrease the yield of oligomers and also impede separation,
the reaction was terminated after 5h. Oligomers T2-(NDI-
T2)n with n = 1-4 were isolated in yields between 20-3 %
(for details see Supporting Information and Table S1).
However, detailed analysis by 'H NMR spectroscopy and
MALDI-ToF mass spectrometry (MALDI-ToF MS) showed



the presence of small amounts of asymmetrically
T2 /NDIBr-terminated species. While T2-NDIBr can be iso-
lated, larger asymmetrically terminated species could not
be removed chromatographically. For instance, TH NMR
analysis indicated an end group ratio T2 /NDIBr = 77:23 for
seemingly isolated T2-(NDI-T2)s. Thus, while the ring
walking mechanism clearly contributes to the dominance of
T2 termination, it alone does not readily cause their exclu-
sive presence. A further challenge encountered with time-
controlled DAP is associated with large batch-to-batch var-
iation (BBV). For example, changing the batch size of an op-
timized reaction did not lead to reproducible results.

Therefore, aiming to eliminate both NDIBr termination and
BBV, the reaction of NDIBr: with a much larger excess of T2
and K2COs as base was targeted, here referred to as “DA oli-
gomerization” (Scheme 1a, conditions i), see additional re-
sults compiled in Figure S1). Depending on the feed ratio
NDIBr2:T2, the number of different oligomers and their
yield can be tuned (Table S2). A ratio of 1: 2.2 produces
symmetrically terminated T2-(NDI-T2)x oligomers (n = 1-
4) in good yields. For this off-stoichiometry experiment, a
comparison of the expected and experimentally found num-
ber average degree of polymerization DPy is carried out. The
experimental DP is smaller than what is expected from the
Carother’s equation, which is a result of the ring walking
process (see additional results compiled in Figure S2). Ara-
tio of 1:10 furnishes T2-(NDI-T2)1 in 92 % yield (Table 1).
From this resultitappears logic to produce larger oligomers
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with n> 1 by adjusting the feed ratio. However, isolation by
column chromatography was entirely inefficient for n = 5
because of low yields and very similar R¢ values. Therefore,
an approach termed “sequential” DA was used to increase
the yield and simplify isolation of larger oligomers as a third
variant of conducting the DA of NDIBrz and T2 (Scheme 1a,
conditions ii). Here, NDBrz was reacted with an excess of 8
eq. of isolated T2-(NDI-T2)n oligomers, allowing to prepare
T2-(NDI-T2)n with largern= 3, 5, 7 in over 80 % yield with
respect to NDBrz (Table 1, Table S3). Unreacted excess of
T2-(NDI-T2)n was easily recovered by selective Soxhlet ex-
traction or CC as detailed in the Supporting Information.
This sequential DA defined n = 7 as the largest accessible
oligomer length for the T2-(NDI-T2), series. As will be dis-
cussed in due course, the opto-electronic properties for this
chain length will have converged, rendering this oligomer
series highly suitable to bridge the gap between small mol-
ecules and disperse polymers. Notably, all six oligomers T2-
(NDI-T2)n (n =1-5, 7) were monodisperse according to size
exclusion chromatography (SEC), gave single peaks in
MALDI-ToF MS with distinct isotope patterns (Figure 1,
Figure S3), and exhibited well-defined NMR spectra (see
Supporting Information), showcasing their high purity and
defect-free structure. Thus, the combination of oligomeriza-
tion and sequential DA gives access to oligomers T2-(NDI-
T2)awith n < 7. DA oligomerization and sequential DA de-
scribed above can be performed at the gram scale without
BBV and compromising yield.
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Figure 1. SEC curves (a, ¢) and MALDI-ToF MS (b, d) spectra of oligomers T2-(NDI-T2)x (a, b) and NDI-(T2-NDI)x (c, d).



Well-defined T2-(NDI-T2)n oligomers were end capped
with NDIBr in quantitative yield, furnishing a second series
of NDI-terminated oligomers NDI-(T2-NDI)», (n = 1 - 8)
(Scheme 1b, conditions iii)). Unexpectedly, this reaction re-
quired extensive optimization to eliminate products formed
by non-selective C-H arylation at T2 units (Table S4, Figure
S$4). Such reactions were so far not observed in extensively
optimized reaction protocols by our group.*?49-51 To elimi-
nate unselective C-H activation, we reduced the equivalents
of NDIBr from 2.2 to 2.0, the reaction temperature from 90
°C to 70 °C and increased the reaction time. Under these

to steric hindrance is known from other thiophene mono-
mers.52 Here, however, we found that the combination of us-
ing NDA, a precisely controlled amount of NDIBr, low tem-
perature and low catalyst loading were crucial to eliminate
unselective C-H activation and maximize yield (see condi-
tions iii) in Scheme 1).

Thus, under fully optimized conditions for quantitative con-
version of T2 end groups, quantitative yield of NDI-(T2-
NDI), (n = 1-8) was achieved, with a few % lost product
during work-up (Scheme 1a). Notably, purification of NDI-

terminated oligomers was accomplished without column
chromatography by precipitation following Soxhlet extrac-
tion/reprecipitation. All resulting NDI-terminated oligo-
mers were monodisperse and had high purity as evidenced
by SEC (Figure 1), MALDI-ToF MS (Figure 1, Figure S5),
and NMR spectroscopy (see Supporting Information).

conditions, unselective C-H activation was suppressed but
mono-substitution appeared. We next retained 70 °C and in-
creased the catalyst loading to 3 mol%, where mono-substi-
tution was mostly eliminated but unselective C-H activation
reappeared. Finally, the additive pivalic acid (PivOH) was
replaced by the more bulky neodecanoic acid (NDA)>2 re-
sulting in complete elimination of unselective CH-
activation. The effect of preventing -arylation by NDA due

Table 1. Summary of molecular, optical, and thermal data of the oligomers

Oligomer yield MwmaLbi Mnsec | Amax LUMO [ HOMO T Tc AHn AH.
[%] [Da] | [kDal | [nm]¢ | [eV]e | [eVI®  peq) el | 0/gl | D/gl
T2-(NDI-T2):1 4723,92b | 1156.6 1.4 573 -3.74 -5.51 113.0 88.8 27.6 32.8
T2-(NDI-T2): 14a 2144 .4 2.3 594 -3.74 -5.55 162.7 133.8 30.1 31.0
T2-(NDI-T2)3 92a,93b 31329 3.7 603 -3.74 -5.53 193.8 182.1 21.5 20.3
T2-(NDI-T2)4 4a 4121.9 5.0 616 -3.73 -5.52 222.7 207.0 22.6 22.7
T2-(NDI-T2)s 81b 5112.7 6.2 616 -3.73 -5.52 236.4 226.8 25.0 24.0
T2-(NDI-T2)7 80P 7097.5 9.0 621 -3.73 -5.51 260.0 253.4 25.4 25.1
NDI-(T2-NDI)1 98 1815.5 1.9 556 -3.71 -5.51 103.3 46.1 17.4 7.5
NDI-(T2-NDI)2 98 2805.0 3.7 590 -3.71 -5.58 162.9 106.7 26.0 14.2
NDI-(T2-NDI)3 98 3793.3 4.8 602 -3.72 -5.58 168.8 160.3 20.6 19.3
NDI-(T2-NDI)4 95 4783.3 5.8 611 -3.72 -5.57 197.8 192.5 19.2 21.1
NDI-(T2-NDI)s 97 5752.2 7.6 615 -3.72 -5.56 219.0 213.9 23.6 22.7
NDI-(T2-NDI)s 97 6771.7 8.8 615 -3.72 -5.56 236.0 232.3 22.4 19.3
NDI-(T2-NDI)s 97 8760.4 10.0 622 -3.74 -5.50 258.5 2549 20.5 20.5
IDT-(NDI-IDT)1 | 39a 2636.7 2.7 674 -3.72 -5.35 - - - -
IDT-(NDI-IDT)2 | 142 4366.5 4.5 689 -3.72 -5.35 - - - -
IDT-(NDI-IDT)s3 | 52 6100.6 6.0 697 -3.72 -5.34 - - - -
IDT-(NDI-IDT)s | n.d. 7844.3 7.4 697 n.d. n.d. - - - -

a jsolated yields from DA oligomerization; b isolated yields from sequential DA; ¢ dispersity (P) is 1.0 for all oligomers except for
the octamer, where D= 1.03 is caused by aggregation. 4 Amax in 1-chloronaphthalene; e LUMO and HOMO energy levels are calculated
from solution cyclic voltammetry (CV) measurements in 1,2-chlorobenzene (0-DCB) with ferrocene as external standard as detailed
in the SI. Thermal properties, including melting/crystallization temperature and corresponding enthalpies are taken from second
melting and first cooling curve of the DSC traces taken at 10 K/min.

Reaction scope and strategies to modulate crystallization

Crystallinity of materials is one of the important aspects
controlling thin film microstructure and thus device perfor-
mance in OPV.#153 On the one side, organic semiconductors



with high crystallinity often show improved charge
transport and thus better performance.4-54 In terms of pho-
tovoltaic applications, OPV devices made from binary
blends in which one or even two components are highly
crystalline may suffer from fast phase separation and large
domain sizes that come along with strongly reduced inter-
facial area and finally low performance. 5556

More important for OPV blends is the ability of acceptors to
form network structures in the presence of a p-type mate-
rial, as seen for the high performance non-fullerene accep-
tor Y6.>%55 Such network formation may be facilitated by ac-
ceptor molecules with a less linear shape. In order to find
simple synthetic strategies towards oligomers with reduced
or suppressed crystallinity, we explored whether control
over the herein observed unselective CH activation at posi-
tions other than a-hydrogens of T2 could be attained.

To this end, we investigated the reaction of 4.0 eq NDIBr
with 1.0 eq T2-NDI-T2 at high temperature and high cata-
lystloading. Two main fractions were isolated. According to
MALDI-ToF MS, these were found to be a complex mixture
of several molecules with varying numbers of NDI units, de-
spite each showing one spot on the TLC plate (Figure S6).
Owing to the various possibilities of non-selective CH acti-
vation of T2 (Figure 2, top) and the resulting difficulties in
purification as well as the challenging characterization of
mixtures by NMR spectroscopy, we simplified the reaction
using NDI-T2-NDI (Scheme 1c). MALDI-ToF MS of the
crude reaction mixture (Figure 2) indicated unreacted NDI-
T2-NDI (Figure 2, peak 6) and NDIBr (Figure 2, peak 3)
along with m/z values corresponding to NDI (debromina-
tion, Figure 2, peak 1), NDI-OH/Piv (nucleophilic substitu-
tion, Figure 2, peak 2/4)4251, NDI-NDI (homocoupling, Fig-
ure 2, peak 5), single additional NDI-substitution NDI-
T2(NDI)1-NDI (Figure 2, peak 7) and twice additional NDI-
substitution NDI-T2(NDI)2-NDI (Figure 2, peak 8). MALDI-
ToF MS of two isolated main products exhibited single
peaks with the same m/z value of 2640.097 Da. These val-
ues correspond to one additional NDI substitution, which
must have occurred at a C-H position of T2 other than a.
Apart from these two fractions, trace amounts of NDI-
T2(NDI)2-NDI were also isolated. Since MALDI-ToF MS
alone is not able to provide the position of non-selective CH
activation, we analyzed them with NMR spectroscopy.

The 'H NMR spectra of the two NDI-T2(NDI)-NDI fractions
show that the additional NDI substitution on one thiophene
ring results in a singlet for the remaining proton, while the
two protons of the other thiophene ring of the T2 unit give
two doublets (Figure 3a, b, Figures $7-10). The substitu-
tion pattern (f3 vs. y, see Figure 2 top) was elucidated from
through-space correlations between thiophene and NDI
protons observed in the ROESY spectra (Figures S8 and
$10). Hz in NDI-T2(B-NDI)-NDI shows correlation only to
one NDI ring (B-NDI), whereas H: in NDI-T2(y-NDI)-NDI
correlates to a-NDI and y-NDI. In summary, the first fraction
corresponds to the product formed by 3-arylation of the in-
ternal T2 unit, giving NDI-T2 (3-NDI)-NDI, while the second
fraction is y-substituted NDI-T2(y-NDI)-NDI containing
trace amount of unreacted NDI-T2-NDI. With 'H NMR as-
signments from isolated isomers (Figure S7-10), the 'H
NMR spectroscopic analysis of the crude reaction mixture

indicated a molar ratio $/y- substitution of 36/64 (Figure
S11).
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Figure 2. MALDI-ToF mass spectra of the reaction Scheme
1c: crude reaction mixture and isolated products (7a, b and
8). Corresponding chemical structure and m/z values of each
peaks are shown above. R: 2-octyldodecyl.

Obviously, under the conditions applied here, y-arylation is
more favourable, probably due to lower sterical hindrance.
However, the reaction is not very selective overall. Even
though the B-position may be more reactive due to the ad-
jacent electron withdrawing NDI unit57:58, the effect of steric
hindrance possibly overrides electronic factors. This is
more evidently seen by the symmetric disubstituted prod-
uct NDI-T2(y, y-NDI)2-NDI, where both y-positions have
reacted. Its structure was confirmed by 'H NMR (Figure 3c,
Figure $12) and ROESY correlations of the thiophene pro-
ton to a-NDI and y-NDI (Figures S13-15). Steric crowding
in NDI-T2(y, y-NDI)2-NDI leads to hindered rotation of the



v-NDI as evidenced by line broadening of both the thio-
phene proton (H1) and the y-NDI proton (Hs) adjacent to the
substituent. Variable temperature measurements leading to
line narrowing with increasing temperature (Figure S15)
support this conclusion.

To support the strategy of a reduced or even suppressed
crystallization, we performed differential scanning calorim-
etry (DSC) of these /y-substituted products. All purified
isomers with additional NDI units at non-a-positions did
not show any melting/crystallization transitions (Figure
$16), indicating that such bulk substituents effectively sup-
press crystallinity of the oligomers entirely. Glass transition
temperatures (Tg) of around 9 °C and 17 °C were observed
for NDI-T2(3-NDI)-NDI and NDI-T2(y-NDI)-NDI, respec-
tively (Figure S16).

NDI
m{i‘
v-NDI substitution
NDI  NDI

b—@ 1
y_y—dl—NDI substitution M

75 7.4 7.3 7.2 7.1 7.0
3("H) ppm

2 34
|\ ]
S STTND
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Figure 3. 1H NMR spectra (region of thiophene protons) of (a)
NDI-T2(B-NDI)-ND], (b) NDI-T2(y-NDI)-NDI and (c) NDI-
T2(y, y-NDI)2-NDI (solvent: CD2Clz). The asterisks mark sig-
nals of a trace of NDI-T2-NDI.

In addition to branching reactions, we further explored the
reaction scope by using different thiophene comonomers.
Here, we used bulky hexylphenyl-substituted indacenodi-
thiophene (IDT) as a popular building block5>5° to modulate

crystallization and to demonstrate the generality of our ap-
proach leading to well-defined, symmetrically IDT-
terminated oligomers IDT-(NDI-IDT), with n = 1-4
(Scheme 1d, for SEC and MALDI-ToF MS spectra see Figure
$17, for NMR spectra see SI). Due to the observed inferior
reactivity of IDT compared to T2, an increased catalyst
loading of 2% was required to achieve full conversion. Ap-
plying the already optimized DA end capping protocol with
NDIBr furnished NDI-(IDT-NDI)2 in quantitative yield and
with defect-free structure (Scheme S2, Figure $17). All
IDT-containing oligomers independent of chain length and
termination are fully amorphous as discussed further be-
low.

Evolution of electronic and optical properties with chain
length

To gain insight into the electronic structure of T2-(NDI-
T2)n and NDI-(T2-NDI)x oligomers of varying length, simu-
lations were performed based on density functional theory
(DFT) atthe CAM-B3LYP/6-311G(d, p) level.69-62 For details
of the methods, see the Experiments/Methods section be-
low. In general, the lowest unoccupied molecular orbital
(LUMO) energy levels of the oligomers are mostly related to
the LUMO of NDI and the highest occupied molecular orbital
(HOMO) energy levels mostly to the HOMO of T2. This af-
fected not only the orbital shapes but also their energies as
depicted in Figure S18. It can already be seen for NDI-T2-
NDI that the LUMO is partially delocalized over both NDI
units, while the HOMO of T2-NDI-T2 is delocalized over
both T2 units.

As shown for T2-(NDI-T2)7 in Figure 4a (for data on other
shorter oligomers see Figure S19), delocalization of the
frontier molecular orbitals rapidly converges for longer oli-
gomers: the HOMO is mainly delocalized over two T2 units
with slight contributions on a third unit and the LUMO is de-
localized only over two NDI units. It needs to be mentioned
that according to the number of NDI and T2 units, the oligo-
mers show further molecular orbitals that are superposi-
tions of the units’ HOMOs and LUMOs.3 For instance, in T2-
(NDI-T2)4 the HOMO levels of the five T2 units lead to the
HOMO to HOMO-4 states within an energy range of 200
meV. Accordingly, the LUMO levels of the four NDI units lead
to the LUMO to LUMO+3 states within an energy range of
only 100 meV. It can be expected that these molecular orbit-
als are to some extend dynamically degenerated consider-
ing the shallow energy landscape of the oligomers with a
multitude of local energy minima.
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Figure 4. Frontier molecular orbitals (LUMO top, HOMO bottom) of T2-(NDI-T2)7 (a): the delocalization of the HOMO is limited to
two to three T2 units, whereas the LUMO is only limited to two NDI units. Molecular energy levels (b, d) and CV curves (c, e) of T2-
(NDI-T2)x (b, c) and NDI-(T2-NDI)x (d, ) oligomers. Values from simulations are in vacuum (blue sticks) or in 0-DCB solution (tri-
angle). Experimental energy values of all oligomers and additionally PNDIT2 (black sphere) are taken from CV measurements in

solution (0.1 M ["BusN][PFe] in 0-DCB).

The fast convergence of the orbital delocalization of the
frontier molecular orbitals with chain length also leads to
the almost identical energy levels irrespective of chain
length (Figure 4b). Similar to the simulated energy levels in
vacuum (Figure 4b, blue sticks), reduction potentials from
differential pulse voltammetry (DPV) profiles (Figure S20)
show at first subtle but steady decrease with chain length
until n = 4 and then saturate, giving a similar value for the
rest of the oligomers irrespective of chain length and end
group. The energy levels from solution cyclic voltammetry
(CV) measurements (Figure 4b, d (circle), c and e, Table
$5) and simulations (Figure 4b (triangle), Table S6) gave
rather similar energy levels for all oligomers regardless of
chain length. Overall, T2-terminated oligomers have a
slightly lower LUMO energy level than NDI-terminated

oligomers, whereas from simulation similar values were
calculated (Table S6). Nevertheless, LUMO levels of around
-3.74 eV are extracted for T2-(NDI-T2)n, which is almost
identical to that of PNDIT2 measured under the same con-
dition (Figure 4b). HOMO energy levels are instead not af-
fected by terminal groups, all T2-(NDI-T2)n and NDI-(T2-
NDI)n oligomers give almost identical values. HOMO energy
levels from simulation are lower by 300 meV (Figure 4b,
Table S6), but again similar for all oligomers. Theoretical
gas phase HOMO and LUMO energy levels (Table S6)
slightly shift into lower energy with increasing chain length
due to an increase in orbital delocalization. These shifts are
compensated by an increase in the ionic volume that re-
duces the polarization shift by the solvent.t*



The IDT-(NDI-IDT)x oligomers as well show identical en- HOMO levels around -5.35 eV were extracted from CV
ergy levels irrespective of chain length (Figure S21, Table curves.

1, Table S5). LUMO levels of around -3.72 eV, which is sim-

ilar to that of NDI-(T2-NDI)n oligomers, and slightly higher
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Figure 5. UV-vis absorption spectra of T2-(NDI-T2)n (a (simulated, gas phase), b, c) and NDI-(T2-NDI)n (d) oligomersin CN (b) and
in toluene (c, d) at RT with a concentration of 0.02 g/L; Dependence of Amax of the low-energy band (in CN ) with Mn (e) of discrete
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length of PNDIT2 are from NMR spectroscopy.



To further determine the effective conjugation length (ECL)
of aggregation in solution, UV-vis absorption spectroscopy
was carried out in 1-chloronaphthalene (CN) (Figure 5b,
Figure S22) which leads to molecularly dissolved solutions
independent of oligomer length. To determine the onset of
aggregation, toluene (Figure 5c, d) was used as well.%> In
toluene as well as in CN, the molar extinction coefficient
(&abs) of both the higher energy n-  * and the lower energy
charge-transfer absorption bands increases with chain
length (Table 1) in accordance with the simulation (Figure
5a, Figure S23). In CN, the wavelength of the absorption
maximum Amax of the charge transfer band increases with ol-
igomer length, reaching 622 nm for NDI-(T2-NDI)s and 621
nm for T2-(NDI-T2)7. These values are very close to

PNDIT2 with Amax of 622-625 nm (Figure 5e). Correlation

. . . hc
between maximum absorption energies E, ., =—
)\max

(where h is the Plank constant, c is speed of light) and chain
length of the oligomers in comparison to that of PNDIT2 in-
dicates that ECL for this system, irrespective of terminating
groups, is around n = 8 (Figure 5f). In toluene, the aggrega-
tion onset was found to be n = 5 for both T2- and NDI-
terminated oligomers with raising of an absorption shoul-
der at lower energy of 720 nm corresponding to so called
‘aggregate 1'1265, Aggregate Il on the other hand occurs from
n = 6. Intensity of both aggregates increases with chain
length and becomes very distinct for the longest oligomers
(Figure 5c¢, d). The spectrum of both T2-(NDI-T2)7 and
NDI-(T2-NDI)s resembles to that of PNDIT2 with slightly
shorter Amax for aggregate I (Figure S24), indicating that it
can represent the analog polymer.4265 T2-(NDI-T2)x oligo-
mers overall show higher €ans, larger Amax, and stronger ag-
gregation than NDI-(T2-NDI). oligomers of same chain
length.

For IDT-(NDI-IDT)a oligomers, a similar trend of an in-
creasing Amax and intensity with oligomer chain length was
observed both in CN and toluene (Figure S25). However,
the increase in Amax is very minor. Additionally, absorption
features remain almost the same in both solvents due to the
absence of aggregation in herein tested solvents. Therefore,
for this system we assume that ECL has already been
reached.5?

Crystallization and structure formation

Next, we turned our attention to crystallization and struc-
ture formation of these oligomers as a function of chain
length, end groups, and comonomers. First DSC measure-
ments were performed on bulk samples. For both T2- and
NDI-terminated oligomers, melting (Tm) and crystallization
temperatures (7c) increased with oligomer length (Figure
6 a-d) and furthermore did not reach saturation to the val-
ues of PNDIT2, which usually melts at Tm> 300 °C.42 NDI-end
capped oligomers instead delivered slightly lower Tm and T
values, larger supercooling for n= 1,2, and multiple phase
transitions in comparison to T2-terminated oligomers of
the same chain length (Table 1). All oligomers showed
much higher melting (AHm) and crystallization (AHc) en-
thalpies > 20 ]J/g than their polymeric analogues, from
which values < 10 J/g depending on MW and synthetic
methods are common.*? While this is typical for small mol-
ecules as compared to semicrystalline polymers®s, integra-
tion of broad melting peaks seen with disperse low molecu-
lar weight semi-crystalline polymers can be challenging,
leading to an underestimation of crystallinity.#267 AHn of
T2-(NDI-T2)n and NDI-(T2-NDI)a oligomers increase first
with chain length and then become slightly lower from n =
3 and reach a rough plateau (Figure 6e, f). Overall, T2-
(NDI-T2)n oligomers have higher enthalpies than NDI-(T2-
NDI)n. This isin line with the observed stronger aggregation
for T2-(NDI-T2)x than NDI-terminated NDI-(T2-NDI)x oli-
gomers in solution.

Modulating and controlling crystallinity is important for
solid state properties of organic semiconductors to be used
in thin film solar cells or transistors.#%53 The crystallinity of
these oligomers can be largely suppressed by using thio-
phene comonomers with bulky substituents such as phenyl-
hexyl-substituted IDT motifss®. From conventional DSC
measurements on powder samples of IDT-(NDI-IDT)s,
melting and crystallization events were absent. Instead,
these oligomers showed T values that increase from 74 °C,
to 127°, and to 145 °C for n= 1, 2, 3 (Figure S26). End cap-
ping IDT-(NDI-IDT)n oligomers with NDI further increased
Tgas evidenced for NDI-(IDT-NDI)z, which has Tg ataround
114 °C (Figure S27).
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Figure 6. Thermal properties and crystallization behavior of the oligomers: DSC curves (a, b), melting and crystallization tempera-
tures (Tm, T¢) (¢, d) and corresponding enthalpies (e, f) of T2-(NDI-T2)n (a, ¢, ) and NDI-(T2-NDI)a (d, ¢, f).

Finally, more insight into molecular packing of T2- and NDI-
terminated oligomers was obtained from transmission elec-
tron microscopy (TEM) on oriented thin films given the dif-
ficulty to grow single crystals suitable for classical X-ray dif-
fraction analysis. Oriented films of T2-(NDI-T2), and NDI-
(T2-NDI)n were prepared by casting chlorobenzene solu-
tions onto oriented poly(tetrafluoroethylene) (PTFE) sub-
strates followed by melt-crystallization. The structure was
analyzed by electron diffraction and comparison was made
with the known structure of the polymer PNDIT2. PNDIT2
exists in two crystalline forms called form I and form II de-
pending on whether the NDI and bithiophene are segre-
gated (form I) or mixed-stacked (form II).68 Table 2 collects
the main structural information gained from electron

diffraction on oriented thin films shown in Figure 7. First,
for n = 2, both T2- and NDI-terminated oligomers display a
crystalline structure with electron diffraction patterns quite
different from the polymer. The patterns are characteristic
of the coexistence of two crystal populations with two dif-
ferent in-plane orientations possibly induced by 1D-epitaxy
on PTFE.®° For T2-(NDI-T2): the ED pattern suggests that
the molecules are oriented end-on to the PTFE substrate
(long axis of oligomer parallel to substrate normal). NDI-
(T2-NDI): displayed a polymorphism similar to that of the
polymer with the characteristic UV-vis-NIR spectral signa-
tures of form I and form II, form II being the stable one (see
Figure S28, note the well-defined vibrionic structure for
the oriented form II-like films of NDI-(T2-NDI)z). Second,



for longer oligomers (n = 3-5), ED patterns become similar
to the oriented polymer with the oligomer long axis parallel
to the PTFE chain direction. The well-defined molecular
length of oligomers translates to corresponding lamellar
phases with a well-defined periodicity, as observed classi-
cally for paraffines.”’® The intensities of the h k1 reflections
along the c axis are modulated by the finite lamellar perio-
dicity (additional reflections pointed by red arrows in Fig-
ure 7b). The lamellar structure is also seen in the low dose
high resolution TEM (HR-TEM) images for NDI-(T2-NDI),
with n =4 and n = 5 (Figure S29). As expected, the total la-
mellar periodicity scales with the length of the oligomer, al-
beit the measured values (7.4 nm and 9.1 nm for n = 4 and
5, respectively) are slightly larger compared to the lengths
of the extended molecules, which are 6.4 nm and 7.8 nm, re-
spectively.”? In strong contrast to paraffines showing highly
crystalline lamellar phases, the lamellae of NDI-(T2-NDI),
seem to be more disordered, explaining at least in part the
limited order of the obtained ED patterns. For n = 3, the

diffraction patterns of oriented oligomer films became sim-
ilar to that of the polymer PNDIT2. Form II (mixed stacking
of T2 and NDI) is evidenced for NDI-(T2-NDI)n with n = 3-
6 oligomers with typical lattice parameters that are close to
those of the polymer (see Table 2).

T2-(NDI-T2)a oligomers show also evidence for polymor-
phism. The only form II is observed after melt-crystalliza-
tion for n = 3, whereas for n = 4 the monoclinic form I coex-
ists with form II. This is an interesting finding since it may
suggest that the polymorphism of PNDIT2 and oligomers
could be influenced by the chemical nature of the terminal
T2 or NDI units. For NDI-(T2-NDI)n oligomers, some varia-
tions of the lattice parameters are observed, especially in
the long-axis direction of the molecule (c-axis). Also inter-
esting is the fact that short oligomers with n = 2 tend to
grow end-on to the PTFE substrate while for all other oligo-
mers, the long molecular axis tends to align parallel to the
PTFE chain direction as for the polymer.

Table 2. Main structural data of NDI-(T2-NDI), and T2-(NDI-T2), thin films prepared by melt-crystallization onto

oriented PTFE substrates in comparison to PNDIT2.

NDI-(T2-NDI)xn T2-(NDI-T2)n polymer
hkl* dnia (A) dhia (A) dnia (A)
n=2 n=3 n=4 n=5 n=2 n=3 n=4 PNDIT2
lamellar period (nm) c axis 7.2+0.2 9.1+0.2 - 4.6+0.2 -
polymorph - form 11 form II form II - form II form [ +11 form II
contact plane - edge-on | face-on face-on - edge-on | face-on
edge-on edge-on edge-on
100 21.8 25.1 24.8 25.1 - - 24.6 24.7
200 - 12.53 12.40 12.53 - - - 12.4
001 14.2 13.0 13.0 13.54 13.6 14.14 14.1
002 7.29 7.20 7.14 7.19 6.8 7.25 7.1 7.1
004 - 3.60 3.59 3.60 - 3.60 3.55 3.56
10-2 - - - - - - 7.25 -
101 - 12.4 12.4 12.4 - - - 12.85
012 - 5.36 5.34 5.36 - - - -
020 - 3.98 3.96 4.02 - 3.92 3.93 4.0
021 - - 3.76 - - - - -

* Indexation corresponds to form II of PNDIT2. For the oligomers, the c axis period is different from that in the polymer and thus

indices must be renumbered considering the total lamellar period corresponding to the c axis length.
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Conclusion

We have developed an efficient synthetic approach enabling
the preparation of a large number of discrete n-type oligo-
mers on the gram scale. The oligomers comprise naphtha-
lene diimide (NDI) and thiophene-based comonomers, ex-
emplified by bithiophene (T2) and indacenodithiophene
(IDT). By virtue of combining several variants of optimized
protocols of direct arylation (DA) oligomerization, sequen-
tial DA, and DA end capping, the series T2-(NDI-T2)., NDI-
(T2-NDI)n, and IDT-(NDI-IDT)n were prepared for n < 8.
Key to the success of the presented synthetic procedure is
the ability to make fully T2-terminated oligomers. In all oli-
gomers, molecular energy levels are not affected by chain
length as evidenced from both experiments and simula-
tions. T2-(NDI-T2)7 and NDI-(T2-NDI)s being the longest
oligomers exhibit similar absorption, aggregation, and en-
ergy levels to the analogous polymer PNDIT2. For both T2-
(NDI-T2)n and NDI-(T2-NDI)x oligomers, their Tm and Tcin-
crease with chain length, but are still lower than for PNDIT2
in all cases. However, melting and crystallization enthalpies
are much larger, pointing to higher crystallinities than pol-
ymeric analogs. IDT-(NDI-IDT)nand NDI-(IDT-NDI)noligo-
mers are amorphous under the experimental conditions
and their Ty values increase with chain length. We also
demonstrate suppression of crystallization by further react-
ing NDI-(T2-NDI)x oligomers with an excess of NDIBr lead-
ing to branched structures. Positions of branching were
identified and quantified, revealing a mixture of (- and y-
arylation with some preference for the latter. Oriented thin
films of longer T2-(NDI-T2)x and NDI-(T2-NDI)x oligomers
with n > 3 have similar electron diffraction patterns com-
pared to PNDIT2. However, their polymorphism tends to

depend on the terminal groups: NDI-terminated oligomers
show form II, while T2-terminated oligomers show both
form I and form II polymorphs in thin films. The synthetic
approach developed here may be extended to other n-type
systems to enable further structure-property relationships,
provided that end group homogeneity can with optimized
similarly. The herein demonstrated scalability may also give
rise to the integration of discrete n-type oligomers into fur-
ther polymer topologies, in which dispersity of the conju-
gated blocks has so far limited morphology. Studies towards
these directions are underway and will be reported in due
course.

Experimental/Methods

Synthesis and characterization methods. All details of
the preparation and characterization are shown in the Sup-
porting Information.

Computational methods. Density functional theory (DFT)
and time-dependent DFT (TD-DFT) simulations are per-
formed using the Gaussian 16 package’. As DFT is known

to be impacted by the delocalization error’?, the long-range
corrected hybrid functional CAM-B3LYP is used along with
its default parametrization.®® This approach is combined
with the 6-311G(d,p) basis set.5%/62

The accuracy of the geometry optimizations is evaluated
based on an analysis of the vibrational spectra for the re-
laxed structures. All results are based on the structures
found with the lowest total energy. However, all molecules
show relatively shallow energy landscapes with multiple



local minima that also satisfy the criterium of a well-defined
vibrational spectrum. Accordingly, it can be expected that
already at room temperature a multitude of three-dimen-
sional conformations is accessible to the molecules leading,
e.g. to the relatively broad absorption peaks measured in
solution. Accordingly, the results obtained for the electronic
structure of the oligomers represent only singular data
points in broader distributions. Still, as the global minima
analyzed resemble similar conformations, they allow to
characterize the materials properties qualitatively. For all
calculations, the 2-octyldodecyl side chains are substituted
by hydrogen atoms to reduce the computational costs. Test
calculations on NDI-T2-NDI and T2-NDI-T2 did not show
significant effects on the energy levels and the absorption
spectra exceeding the variation in the results between dif-
ferent local minima.

CV measurements of the frontier energy levels in 0-DCB are
reproduced by using the integral equation formalism vari-
ant of the polarizable continuum model (IEFPCM) in combi-
nation with the D3 version of Grimme’s dispersion model
with Becke-Johnson damping.”>’* The vertical ionization
potential IPpcy and electron affinity EApcy are determined
from the energy difference of the relaxed neutral ground-
state E,(0) and the ionic molecular states E,,_(0) in the
same geometry

IPoem = E4(0) — Eg(0), (1)
EApecm = Eo(0) — E_(0). (2)

To account for relaxation effects, the internal reorganiza-
tion energy for hole A, and electron transport A_ are ex-
tracted from the adiabatic potential energy surfaces for the
neutral and ionic states in the relaxed neutral and ionic ge-
ometries according to

Ay = [Eo($) — Eo(0)] + [EL(0) — Ex(H)].  (3)

The absolute values of the CV energy levels are calculated as
follows”

IPCV = IPPCM - A+/2 = |HOMO|, (4)
EAcy = EApem + A_/2 = [LUMO|. (5)

As polarization models often do not sufficiently describe ab-
sorption in solution, the absorption spectra of the molecules
are calculated in gas phase by using TD-DFT and corrected
by applying an empirical energy shift of 500 meV deter-
mined from comparison with the experimental spectra. For
better visualization, excited states are represented by
Gaussian functions with a broadening of 20 meV resembling
the broadening of the experimental absorption features.

Molecular Packing. Oriented thin films of oligomers were
prepared on friction-transferred poly(tetrafluoroethylene)
substrates deposited on clean glass substrates. The method

of preparation of oriented PTFE is described in reference’®.

Thin films of oligomers were prepared by casting from 6 g/L
solutions in chlorobenzene at 125°C. The films on PTFE
were then transferred to a Linkam THMS-600 hot stage con-
nected to a TMS-94 temperature controller under Nz atmos-
phere. The samples were first molten at a temperature
slightly above Tm for 1 min and then cooled down to room
temperature at 30°C/min.

For TEM analysis, the films were coated with a thin amor-
phous carbon layer using an Auto 306 Edwards evaporator.

Oriented parts of the films were selected under a Leica
DMR-X polarized light microscope and floated on diluted 5
wt.-% aqueous solution of HF and subsequently transferred
to TEM copper grids. TEM was performed in low dose using
a 120kV CM 12 microscope equipped with a MVIII (Soft Im-
aging Systems) CCD camera.
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2,6-diyl]-alt-5,5'-(2,2'-bithiophene)}, PNDIT2; BBV, batch-to-
batch variations; Tg, glass transition temperature; DA, direct ar-
ylation; DAP, direct arylation polymerization; TLC, thin layer
chromatography; CC, column chromatography; PivOH, pivalic
acid; NDA, neodecanoic acid; MALDI-ToF MS, matrix-assisted
laser desorption ionization time-of-flight mass spectrometry;
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frame overhauser enhancement spectroscopy; ECL, effective
conjugation length; €abs, the molar extinction coefficient; Mn,



number average molecular weight; CN, 1-chloronaphthalene;
DFT, density functional theory; TD-DFT, time-dependent DFT;
LUMO, lowest unoccupied molecular orbital; HOMO, highest
occupied molecular orbital; CV, cyclic voltammetry; DPV, dif-
ferential pulse voltammetry; DSC, differential scanning calo-
rimetry; Tm/Tc, melting/crystallization temperature; AHm /AH,
melting/crystallization enthalpy; TEM, electron transmission
microscopy; ED, electron diffraction; PTFE, poly(tetrafluoro-
ethylene).
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