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ABSTRACT: While it is known that the chain length strongly Chain Structure \I- Oxidation States

affects the properties of 7-conjugated polymers, the effects of chain |oligomer oo 1om2r 304> 2+ +
soooe

length on the molecular structure, chain conformation, and

oxidation state properties in donor—acceptor-type conjugated A
structures remain unclear. This limits our understanding of how \“".D‘\ J I
the polymer molecular weight impacts material properties. Here, a /
discrete and monodisperse oligomer series (n = 3, 5, 7, 9, 15, and \oo/:b 1 !
21) and polymers (nPB), composed of the donor 3,4- ! :

}
propylenedioxythiophene (ProDOT), the acceptor benzothiadia- |y erm\ T
zole (BTD), and methylthio end-capping groups, are synthesized e

by C—H-activated cross-coupling. The molecular structure,

molecular weight, and dispersity of each oligomer/polymer are thoroughly characterized by nuclear magnetic resonance
spectroscopy, mass spectrometry, and gel permeation chromatography. This series reveals a rod-to-coil transition at n = 15 and coil
formation at polymer length scales of ~28 units via solution small-angle neutron scattering characterization. The oxidation states are
deciphered via cyclic voltammetry, differential pulse voltammetry, spectroelectrochemistry, and density functional theory
calculations. Oligomers 3—9 undergo successive one-electron oxidation steps, while 15 and higher undergo multielectron oxidations
per step in CH,CL,—TBAPF; at a Pt ultramicroelectrode. The electronic transition of each oxidation state (1+, 2+, 3+, etc.) is tracked
by absorption spectroscopy, revealing a “bipolaron to di-polaron” transition at #n = 7 at which shorter oligomers prefer bipolaron
formation and longer oligomers prefer di-polaron formation in their dication states. Furthermore, oxidized 15 has a lower electronic
transition energy compared to its polymer homologue, as shown by spectroelectrochemistry, revealing a synergy between the chain
length and the oxidation state properties. This study proves that the convergence limit between small molecule and polymer
behavior occurs at approximately 1S5 units and highlights the property transitions that occur as a function of chain length for a
donor—acceptor class of conjugated organic materials.

Bl INTRODUCTION monomers to construct donor—acceptor (D—A)-type struc-
tures.” Control of the monomers’ electron donor and acceptor
strength, monomer ratio, and sequence allows fine regulation
of the polymer’s electronic properties and thereby control of
the materials’ optical and electronic properties. While the
device properties of D—A CPs have been well characterized for
a variety of structures, our current understanding of how the
chain length affects the chain structure and redox properties of
D—A CP systems is limited'*~*' and requires investigation.
Considering that the redox-active optical and electronic
properties of CPs are controlled by the structural features of a
polymer chain, primarily the molecular structure, chain length,

n-Conjugated polymers (CPs) can be used to develop
multifunctional materials whose electrical and mechanical
properties are linked to not only the chemical make-up and
electronic structure of the 7-conjugated backbones but also the
chain-length-dependent conformations of these semiflexible,
often disordered chains." Most CP-based materials are
practically amorphous and can be made conductive by doping
(oxidation or reduction).” Alkylenedioxythiophenes, particu-
larly 3,4-propylenedioxythiophene (ProDOT),-based polymers
are a unique class of p-type materials developed by Reynolds
and co-workers that exhibit strong electron donor effects,
moderate band gap energy, and exceptional redox proper-
ties.”™” Discovery of these properties has encouraged the Received: May 3, 2021
development of ProDOT-based CPs specifically tailored for Revised:  August 11, 2021
applications in non-linear optics,'® transistors,” batteries,"" ="

photovoltalics,16 sensors,’”'® and electrochromics.>™ One of

the simplest ways to take advantage of the strong electron-rich

properties of ProDOT is to couple it with electron-poor
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Scheme 1. Structure of nPB Series: n = 3, §, 7, 9, 15, 21 and Polymers P1, P2, and P3 Composed of the Monomers
Propylenedioxythiophene (ProDOT) and Benzothiadiazole (BTD)
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and spatial conformation over multiple length scales,”” it is
important to understand how the backbone conformation
evolves with the chain length. The intrinsic nature of the CP
backbone is determined by the dihedral (torsion) angle
potential among the monomer units, steric hindrance from
the alkyl side chains, and the chain length. The overall shape of
the polymer backbone is dictated by the ratio between the
persistence length (L,), or the rigidity of the conjugated
backbone, and the contour length (L), or the end-to-end
distance of a stretched-out polymer chain. If L, is significantly
larger than L, the chain behaves like a rigid rod. When L, is
comparable to L, the chain behaves as a semiflexible chain.
However, if L, is significantly shorter than L. at long lengths,
the chain becomes a flexible coil. Only a few polymers are
extremely stiff, such as DNA (persistence lengths, 50—70
nm).”»** Despite the stiffness of DNA, it behaves as a flexible
coil if it is long enough. CPs cannot achieve the same
persistence lengths as DNA because of their semiflexible
backbones. The CPs poly(3-hexylthiophene) (P3HT) and
poly(diketopyrrolopyrrole-thienothiophene) have been ob-
served to have experimental persistence lengths of 3 and 15
nm, respectively.””” >’ Additionally, their semiflexible, worm-
like nature leads to conformational disorder and hierarchical
structures across multiple length scales, giving rise to a
complex doping/charge behavior in polarons (radical cations),
bipolarons (dications), and di-polarons (two radical cati-
)."?® Considerable effort has been dedicated to determin-
ing the relationship between the chain conformation and
physical properties of trans polyacetylene, polyaniline, and
regioregular P3HT*”*° because they can produce highly
ordered structures in thin films with well-resolved spectral
and crystallographic features.>! 73¢ Additionally, extensive
investigation of their oligomer properties as a function of
chain length has led to significant improvement in the design
and performance of p-type homo-CP-based electronic
devices.”’ ™"

In contrast to polydisperse polymers, monodisperse
oligomers with well-defined molecular structures serve as
excellent substitutes for deciphering the behavior of polymers
as a function of chain length.*'~** This is because the chain
structure, conformation, and properties of oligomers are easier
to characterize by conventional techniques and can be reliably
used to extrapolate chain-length-dependent polymer proper-
ties. Important features concerning the electronic structure and
charge behaviors™™** of CPs have been revealed by this
approach including charge delocalization (polaron—bipolaron
model),****7>% interactions of radical spins,53_56 exciton
dynamics,”*™*° and effective conjugation lengthsg_63 for
electron-rich homo-oligomers such as oligo-thiophenes,”*~""
-phenylenes,”” -phenyl ethgylenes,m’74 -vinylenes,”>”® -acety-
lenes,”””® and -fluorenes.””*® Compilation of these studies has
allowed the establishment of several redox trends for
conjugated systems as a function of increasing chain length,
including (i) an increase in the number of redox states, (ii) a
decrease in the oxidation potential, (iii) a decrease in the
potential difference between subsequent redox states, (iv)
separation of multiple charges within a chain due to
Coulombic repulsion, and (v) an increase in chemical stability
of the charged species. In contrast to donor-only systems, only
a few reports have investigated the chain-length dependence of
alternating D—A conjugated oligomers,'”~*" whereas most D—
A-focused studies have explored the influence of the monomer
sequence”>®'** and the electron-withdrawing strength of the
acceptor unit.**"*® Considering the importance of low band
gap, D—A-type structures in organic electronic devices, it is of
great interest to explore how the chain length, conformation,
and charged states govern their optical and electronic
properties.

Herein, we report the impact of increasing chain length on
the chain conformation and redox-active optoelectronic
properties of a conjugated D—A oligomer series ranging
from n = 3 to 21 and polymers (nPB). Composed of the D
unit ProDOT and the A unit benzothiadiazole (BTD), as
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Figure 1. (A) 'H NMR spectra of the nPB series in CDCl; (7.26 ppm) (inset: proton peak legend). (B) Gel permeation chromatograms of the
nPB series. (C) Summary of GPC and HRMS analysis data of the nPB series.

shown in Scheme 1, this model oligomer series is used to
uncover the correlation between the chain conformation,
oxidation properties, and the resulting optical and electronic
features. Additionally, this oligomer series is used to
extrapolate and decipher the properties of their D—A polymer
homologues via their underlying mass scaling relationship.

Bl RESULTS AND DISCUSSION

The direct acquisition of various oligomer lengths by stepwise
and iterative palladium-catalyzed carbon—carbon (C—H/C—
Br) coupling of the ProDOT and BTD monomers allowed us
to construct a complete series of monodisperse conjugated
oligomers and their polymer homologues with increasing chain
length. A segmented synthetic procedure was used where
oligomers of known lengths are added to the end(s) of another
oligomer chain with subsequent purification and chain-end
functionalization. This allowed the oligomer chains to grow by
several units per iteration, in contrast to one-unit growth per
iteration. Synthetic and purification procedures of the nPB
series are provided in the Supporting Information. We begin
the following discussion by first verifying the molecular
structure and dispersity of each molecule in the nPB series
via NMR spectroscopy and mass spectrometry (MS). Second,
we use solution small-angle neutron scattering (SANS)
spectroscopy to quantity the relationship between the chain
length and conformation through which we identify a “rod-to-
coil” conformational transition. Finally, the optical and
electronic properties of the oxidation states for each oligomer

and polymer are characterized by density functional theory
(DFT) calculations, solution voltammetry, and spectroelec-
trochemistry.

Molecular Structure. NMR Analysis. Representative 'H
NMR spectra of nPB are shown in Figure 1A. The ratio
between the end-capping group methylthio protons (Ha) and
the BTD protons on the chain backbone (He) was used to
determine the molecular structure of the oligomers. Hb, Hc,
and Hd represent the chemical shifts of the propylene bridge
and solubilizing alkyl chain protons, as shown in the labeled
inset of Figure 1A. The transformation of each proton
environment with increasing chain length is described below.
In the following text, the prefix “end-” and “mid-” will be used
to distinguish between the different location points on the
oligomer chain.

Aromatic Protons (Ha and He). As the oligomer chain
grows, the ratio of Ha/He increases as 6:2 (3), 6:4 (5), 6:6
(7), 6:8 (9), 6:14 (15), and 6:20 (21). He manifests as a
singlet in 3 and doublet-of-doublets (dd) in S, indicating the
non-equivalence of the BTD protons at the end of the chain
versus toward the middle of the chain. As the chain length
increases from S to 7 to 9, two different He environments
emerge composed of a singlet overlapping with the dd peak.
The dd peak is representative of the end-BTD protons, and the
singlet peak is representative of the mid-BTD protons. With
the continuing increase in the chain length to 15, a new proton
environment for the mid-BTD He protons is observed. This
peak broadens and is no longer resolvable at n = 21, as is
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Figure 2. (A) Persistence length of nPB oligomers and polymers with different numbers of repeating units fitted by a flexible cylinder model in

SasView. (B) L/L, change with the number of repeat units.

typically observed for polymers at room-temperature NMR
time scales. Furthermore, the steady downfield chemical shift
of the He mid-chain protons saturates at 21, indicating an
increase in aromaticity in the conjugated backbone from 3 to
21 units.

The 'H NMR spectra of the polymer samples exhibit similar
features as n = 21, although with broader peaks. End-group
analysis of the He/Ha peak ratio was used to calculate the
molecular weight of P1, P2, and P3 as 25, 40, and 43 units,
respectively (deconvoluted and integrated NMR spectra are
shown in the Supporting Information). This result was verified
by gel permeation chromatography (GPC), as discussed in the
following section. As the molecular weight increases, peak
broadening diminishes the resolution between the end-chain
and mid-chain proton environments, although the difference is
still notable.

Alkyl Protons (Hb, Hc, and Hd). These peaks represent the
propylene bridge protons and the chiral alkyl chain. The
presence of the alkyl-solubilizing chain creates a center of
chirality at the C2 position of the propylene bridge, giving rise
to two distinct stereoisomers of the monomer. The Hb peak of
the alkyl chain is split into a doublet due to its presence near a
chiral center. As the chain grows larger than 3, this single
doublet is split into double doublets, with an upfield doublet
representing the end-ProDOT units and retaining a constant
integral value and chemical shift with increasing chain length.
The downfield doublet is characteristic of the mid-ProDOT
units in the chain and hence increases in ratio as the chain
length grows. The same trend is seen for the Hc and Hd
proton environments, where the end-ProDOT monomers are
detected to have a distinct chemical shift from the rest of the D
units in the oligomer chains. Eventually, resolution is lost at 21
units as was the case for the aromatic protons. Nonetheless, the
two environments of the end-ProDOTs versus the mid-
ProDOTs can be differentiated, even for the polymers. The
rest of the alkyl chain protons are detected between 1.8 and 0.8
ppm and are shown in the Supporting Information.

Mass Analysis. The nPB series was evaluated by GPC,
atmospheric pressure chemical ionization (APCI) MS, and
matrix-assisted laser desorption ionization (MALDI) MS to
confirm the molecular weight and dispersity. The gel
permeation chromatograms of sample refractive index versus
time are shown in Figure 1B. The series follows a linear trend
where 3 has the lowest molecular weight and the highest
elution time and 21 has the highest molecular weight and the
lowest elution time. More importantly, all oligomers possess
close to perfect monodispersity at a PDI value of 1.01 (+0.01).
As the oligomer chain grows from 3 to 21 units, the accuracy

of the M, values determined by GPC increased. High-
resolution MS (HRMS) was conducted to verify the molecular
weight of each oligomer and the accuracy of the GPC results.
These results are further supported by NMR characterization,
giving us confidence on the monodispersity and molecular
structure of each species in the series. The calculated and
experimental mass analyses are summarized in Figure 1C.

Chain Conformation. Solution-Phase Small-Angle Neu-
tron Scattering Analysis. Solution SANS is a well-established
method to measure the chain conformation of polymeric
chains in a dilute solution. The neutron scattering contrast
arises from the scattering length density difference between the
hydrogenous D—A CPs and the deuterated solvent.
Representative SANS curves of the nPB oligomers and
polymers are shown in Supporting Information, Figure S9.
The scattering profiles show drastic increases in low ¢ intensity
as the molecular weight increases, as low q scattering is very
sensitive to large structures in solution. The polymer backbone
rigidity is related to L, the characteristic length scale at which
the chain begins to bend more than 90° along the backbone
direction. Potential molecular or chain aggregation was
avoided by the solvent choice and elevated temperatures to
fully dissolve the oligomers/polymers. Additionally, the sample
was measured at low concentrations to relate the measured
scattering data to the form factor of each oligomer/polymer. In
the present work, we measured our samples at 75 °C in
deuterated chlorobenzene. To acquire the quantitative
comparison of conformational characteristics, the SANS data
were fitted using a flexible cylinder model in SasView software
to extract the contour length, persistence length, and radius for
each sample. Details on the flexible cylinder model can be
found here.® As shown in Figure 2A, the contour length, a
parameter that measures the longest possible chain con-
formation, increases from 2.1 nm for 3 to 24.9 nm for P3,
which is in reasonable agreement with the predicted backbone
length based on the measured molecular weight. Remarkably,
L, only increases from 1.28 to 3.12 nm. It is worth noting that
L, quickly increases from 3 to 7 and then plateaus until it
stabilizes at about 3 nm for the polymers. Furthermore, the
acquired persistence length of the entire polymer is close to the
chain rigidity for P3HT, as determined by Segalman et al.”” It
was observed that P3HT also has a persistence length of 3 nm.
This similarity between the backbone rigidity of the
homopolymer P3HT and alternating D—A poly(ProDOT-
BTD), P1-P3, suggests that the alternating co-thiophene
structure and the non-alternating homo-thiophene structure
experience a similar amount of backbone torsion.
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Figure 3. Electrochemistry of D—A series at 1 mM analyte concentration in 0.2 M TBAPF,/CH,Cl, at a 25 um Pt UME vs Ag/AgClL (A) CV
curves at 10 mV/s for 3, 5,7, and 9, (B) DPV curves for 3, 5, 7, and 9, (C) CV curves at 10 mV/s for 15, 21, and P1, (D) DPV curves for 15, 21,
and P1, (E) anodic potentials of all oxidation states as a function of chain length, and (F) anodic potential difference between the first and second

oxidation peaks as a function of chain length.

To explore the shape of CP chains, the ratio between L_ and
L, was calculated and plotted against molecular weight, as
shown in Figure 2B. Overall, three regions can be identified in
the curve. For low-molecular-weight oligomers (below 9
units), the ratio of L, to L, is around 2, corresponding to a
semiflexible worm-like chain. This means that even shorter
oligomer chains are not entirely rigid, which can be attributed
to the backbone torsion from the alternating D—A backbone.
For high-molecular-weight polymers (P2 and P3), the ratio of
L. to L, increases to 8, meaning that the polymer chain
behaves like a flexible coil shape, which is reasonable for a long
chain. Concurrently, 15 falls within the range at which a rod-
to-coil transition occurs for the nPB series, marking the
distinction between oligomer and polymer chain properties.
The electronic consequences of this chain-length-dependent
transition are explored via electrochemistry and UV/vis
spectroscopy as described below.

Oxidation Characteristics. DFT Calculations. In this
section, we turn our attention toward understanding how the
elongation from oligomer to polymer length scales impacts the
redox and optical properties of a conjugated D—A system. We
begin this analysis with DFT calculations of varied charged
states of n = 3, 5, 7, 9, 15, and 19; in addition to the neutral
electronic state, the +1 (doublet, n = 3—19), +2 (singlet and
triplet, n = 3—9), +3 (doublet and quartet, n = 5—9), and +4
(singlet, triplet, and quintet, n = 5—9) charged (spin) states
were considered. We note that we were not able to achieve a
converged radical-cation state for 21 and so this structure is
not included in the computational analyses. The calculations

were performed at the OT-wB97X-D/6-31G(d,p) (OT =
optimally tuned) level of theory,”” ™ where the range-
separation parameter @ for each molecule was tuned via the
ionization-potential-tuning procedure.””™"* All alkyl chains
were truncated to methyl groups to reduce the computational
cost, and each optimized geometry was confirmed as a
minimum on the potential energy surface through normal
mode analysis. The influence of the solvent environment
(CH,Cly; & = 8.93) was modeled using the polarizable
continuum model. The Gaussian 09 software suite was used for
all DFT calculations.”” The relative energies of each spin state
for each oxidation state are given in the Supporting
Information.

The computed adiabatic ionization potential for n = 3—19
follows 5.23 eV (3), 5.00 eV (5), 4.88 eV (7), 4.84 eV (9),
4.82 eV (15), and 4.82 eV (19). These trends suggest that the
effective conjugation length®”**?*~*7 for this D—A system is
reached at approximately 9 units. For 3, 5, 7, and 9, a broken
symmetry radical-cation state is the most stable conformation
by 96, 70, 34, and 12 meV, respectively; this broken symmetry
state is achieved by the rotation of one of the end-cap methyl
thiol moieties with the charge localizing on one end of the
molecular structure. The situation is reminiscent of a Robin
and Day Class II mixed-valence system.”® For 15 (and 19), the
symmetric configuration of these moieties is the most
favorable, with the charge localized closer to the center of
the molecular structure; in both instances, the symmetric
structure is energetically favorable by ~40 meV. Plots
showcasing the bond length alternation patterns of these

https://doi.org/10.1021/acs.macromol.1c00963
Macromolecules XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00963/suppl_file/ma1c00963_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.1c00963/suppl_file/ma1c00963_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00963?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00963?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00963?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.1c00963?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.1c00963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Table 1. Summary of Anodic Potentials of nPB (3 to 21 and P1) via DPV in 0.2 M TBPAF,—CH,Cl, at ~1.0 mM

n E,,' B’

3 1.044 (1e)* 1.120 (1e)*
5 1.064 (1e)* 1144 (1e)
7 1.032 (1e) 1244 (1e)
9 0.924 (le) 1116 (le)
15 0.800 1.016
21 0.504 0.712
P1 ~0.4 (onset of oxidation)

E,’ E.} E,> E,°
1.704 (1e)
1.444 (1le) 1.652 (1le)
1.348 (1e) 1.508 (1e) 1.936 (1e)
1.140 1.311¢ 1.512 1.904 (ne)
0.876 1.028 1.620 1.860 (ne)

“Calculated from deconvoluted data. Note: le = ~1 nA current magnitude by DPV at 1.0 mM concentration.

varied states versus the respective neutral states are given in the
Supporting Information.

Moving to the +2 charge in n = 3—9, the singlet state is
more energetically stable in 3 and S, which suggests that
bipolaron (i.e, spin-paired dication) formation is preferred.
This preference suggests that the energy gained by forming a
single structural deformation through the bipolaron outweighs
the increased Coulomb repulsion energy from two separate
charges.92 However, for the longer systems 7 and 9, it is the
triplet state that is more energetically favorable, suggesting that
two independent polarons (ie, spin-unpaired dication) are
present. These results demonstrate the length dependence
concerning the preferred formation of a bipolaron or two
polarons,”” and an interplay between energy (de)stabilization
due to electron pairing and Coulombic effects. For the +3
charge, the doublet state is more energetically stable in every
case examined. The +4 charge is somewhat more complicated
in terms of the preferred spin state: in 5 and 9, the order
follows singlet, triplet, and quintet, while in 7 it follows triplet,
singlet, and quintet. Note that we treat the results of these
higher-charged states with caution because several effects could
potentially stabilize one state (eg, polaron wvs bipolaron
formation) over another in the experiment—including explicit
interactions with solvent molecules and/or counterions—not
accounted for in the DFT calculations. Plots of the relative
energies of these different charged states are provided in the
Supporting Information.

Voltammetry. With this understanding of, albeit isolated,
oligomers in hand, we turn to electrochemical studies. The
voltammetry of CPs, typically conducted in the solid state, is
plagued with non-Faradaic effects such as the capacitance, film
resistivity, lattice expansion, and contraction effects, resulting
in broad and ill-resolved voltammetric waves. Additionally,
cyclic voltammetry (CV) experiments of CPs contain both
kinetic (scan rate) and thermodynamic data (E,,, potential),
making it difficult to separate the different energetic effects.
Therefore, the potential and shape of voltammetric waves
determined as a function of molecular length for discrete and
well-defined oligomers can provide an insight into under-
standing the electron-transfer mechanisms, structural changes,
and charge interactions of their polymer homologues. To
determine the electrochemical oxidation processes for the nPB
series, solution electrochemistry via CV and differential pulse
voltammetry (DPV) was studied in 0.2 M TBAPF,—CH,Cl,
on a 25 um Pt ultramicroelectrode (UME) surface. The CV
and DPV voltammograms are shown in Figure 3A—D, and the
electrochemical data are summarized in Table 1.

The use of a UME for macromolecular electrochemistry in
solution is advantageous because it overcomes slow mass
transport, large double-layer capacitance, and large Ohmic loss,
typically experienced on macroelectrode surfaces.”” """ This

can be achieved under steady-state mass transport conditions,
in which the electrolysis rate is approximately equal to the rate
of (radial) molecular diffusion at the surface of the electrode,
causing the product of electron transfer to diffuse away from
the electrode and is the reason why no peak is observed on the
reverse CV scan. If steady-state conditions are not met, then
the electron-transfer product that is formed on the forward
part of the voltage scan does not have sufficient time to diffuse
away from the electrode surface and so it is converted back to
the neutral state on the reverse scan, hence increasing the area
between the forward and reverse scans. Deviation from ideal
steady-state conditions for the nPB series becomes apparent at
the 9 unit chain length, as shown in Figure 3A, where the area
between the forward and reverse scans begins to increase.
Deviation from steady-state conditions is more pronounced in
15, 21, and P1, where the previously mentioned advantages of
using a UME for CV are diminished. An increase in the
molecular size, an increase in the number of electron-transfer
steps with similar ionization energies, and a change in diffusion
coefficients at longer chain lengths all contribute to slow mass
transport, high double-layer charging currents, and shifts in iR
drop to distort the current—voltage voltammograms of 15, 21,
and P1 from ideal behavior. Keeping the CV parameters for all
oligomers and polymer samples constant allowed us to reveal
the impact of the chain length on the steady-state conditions
for the nPB series. It should be noted that attempts to find the
steady-state conditions for longer systems at slower scan rates
had a low signal-to-noise ratio and faster scan rates caused
higher double-layer charging currents during CV. We chose to
overcome this problem by performing DPV, which proves the
reversibility of all the oligomers and polymers. DPV allowed
minimization of the double layer capacitance effects and
maximization of the Faradaic response, especially for the longer
systems. The electrochemical reversibility of 9, 15, 21, and P1
is also observed during spectroelectrochemistry, discussed in
the next section, by change in solution color from the visible
neutral state to the transmissive oxidized state and back to the
visible neutral state.

As previously reported,'’” 3 exhibited two successive anodic
peaks appearing at E,;, = 1.044 V versus Ag/AgCl with a very
small potential difference (AE,,'™*) of 76 mV and net
chemical reversibility. The seemingly single anodic peak was
resolved by deconvolution to reveal two separate peaks (Figure
SS in the Supporting Information). This result suggests that
the dication forms immediately after the radical cation. The
first anodic potential for § occurs at E,/, = 1.064 V versus Ag/
AgCl, 20 mV higher than 3. An increase in the oxidation
potential with an increase in the conjugation length was
unexpected, as similar 7-conjugated systems undergo a
decrease in the oxidation potential with increasing chain
length. This deviation from the expected linear trend was
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Table 2. Photophysical Properties (4,,,,) of the Neutral and Oxidation States of the nPB Series by Spectroelectrochemistry in
Solution”

n L, (nm) neutral (eV, nm) +1 (eV, nm) +2 (eV, nm)

3 1.28 2.54 489 1.53/0.96 808/1295 2.00 620

5 1.77 228 544 NR/0.89-0.77" NR/1400—1600 1.18/1.04 1052/1191

7 2.30 2.18 568 1.38/0.70 900/1780 0.80 1553

9 2.37 2.13 583 1.36/0.63 913/1976 1.30/0.72 952/1729

15 2.56 2.07 598 1.36"/0.83—0.44" 914/1500—280 1.38/0.72/0.52—0.44" 900/1722/2400—2800

21 2.61 2.00 620 1.331’/0.61 930/2023 1.27/0.77 980/1620

P1 2.70 1.95 636 1.23/0.73 1008/1696 0.86 1450

P2 2.89 1.95 637

P3 3.12 1.95 636

“Values for the +3 and +4 oxidation states are provided in the Supporting Information. YBroad, NR = not resolvable.

attributed to the increase in the acceptor/donor ratio, which is
0.3 for 3, 0.4 for 5, and >0.4 for the longer systems gradually
approaching the 0.5 limit for the polymer. Additionally,
aggregation or solvation effects'®”'** may be contributing to
this behavior as well because crystallite formation was observed
for § in solution by atomic force microscopy (AFM) (Figure
S8 in the Supporting Information). S shows three reversible
oxidation states, with AE, ,'"> equal to 80 mV. Furthermore,
oxidation of 5 to the trication state requires a great deal of
energy, with AE, ,>7* equal to 562 mV.

The oxidation potential of conjugated oligomers and
polymers decreases with an increase in the chain length until
the effective conjugation length is reached.®*”>® In contrast to
the shorter oligomers, 7 and 9 follow this trend and show their
one-electron oxidation E;,, potentials at 1.032 and 0.924 V
versus Ag/AgCl, respectively. For 7, four consecutive one-
electron oxidation peaks with a potential difference of ~200
mV between each state were detected by CV and DPV. This
substantial increase in AE, ,'"* indicates Coulombic repulsion
between two charges in the dication state. In agreement with
the DFT calculations, the di-polaron is more energetically
favorable for 7, suggesting the formation of two polarons
confined to a single chain instead of a bipolaron. Notably, this
result signifies that at a 7-unit chain length, there is a
fundamental change in the way the electrons are populated
across the conjugated system for the nPB series. Furthermore,
oxidation to the 3+ and 4+ states also requires ~200 mV per
oxidation step. For 9, five consecutive one-electron oxidation
peaks are detected with regard to the five donor units in the
chain. Similar to 7, AE,,,' for 9 is equal to 192 mV and
indicates a large Coulombic repulsion for 9** as would be
expected for two separate but interacting positive charges.
Furthermore, oxidation of 9 to the 4" and 5" states is
summarized in Table 2.

One-electron oxidation of 15 occurs at 0.800 V versus Ag/
AgCI. As the conjugation length increases, successive oxidation
peaks begin to coalesce and separation between two standard
potentials decreases, producing broad CV waves. The merging
of separate voltammetric peaks with increasing chain length
implies that the Coulombic repulsion between positive charges
in the chain is decreasing, in other words, their ionization
energies are becoming similar. Additionally, this voltammetric
response may also be attributed to changes in the electron-
transfer dynamics of larger chains on the electrode’s surface.
Because the relationship between oligomer chain conformation
and voltammetric response (Faradaic and non-Faradaic) is
complex, further studies would be required to make a definitive
statement. Nonetheless, multiple anodic waves were detectable

by DPV showing six oxidation states for 15, a molecule with
eight donor units. The area beneath the last, broad oxidation
peak at 1.8 V for 15 is indicative of multiple electron transfers.
It should be noted that the electrochemical window for the
electrolyte—solvent system was stable up to 2.1 V oxidation, as
shown in the Supporting Information. This deviation from the
“one-electron oxidation per donor unit” trend at 15 units is an
impact of an increase in the chain length and can also be
correlated to the rod-to-coil transition occurring at this
approximate length. All oxidation steps are found to be
reversible or quasi-reversible.

Similar to 15, the CV curve of 21 is broadly shaped with a
drastic decrease of 296 mV in the onset of oxidation occurring
at 0.504 V versus Ag/AgCl. The redox potentials of other
systems, such as oligofluorenes and oligothiophenes, have also
exhibited similar behavior, where the oxidation potential
continues to decrease past the maximum conjugation length
of the system.'” Typically, a linear relationship between the
redox potential and 1/n is justified by particles in one-
dimensional boxes, but this does not seem to be the case in this
study. We hypothesize that the odd CV behavior of 21 may be
a result of a change in free energy caused by an increase in
positional entropy, as the positive charge can reside at varied
positions along the chain. Additionally, backbone conforma-
tional changes caused by chain coiling in solution at lengths
longer than 15 may affect the electron-transfer dynamics and
adsorption effects at the electrode’s surfaces. Solvent and
counteranion effects cannot be excluded and may have a
cumulative impact on the drastic lowering of the oxidation
potential after the maximum conjugation length has been
reached. Improved resolution of 21 was obtained with
differential normal pulse voltammetry (DNPV), showing an
asymmetric voltammogram which indicated that the dedoping
process is not the same as the doping process and may be
accompanied by different structural transformations or
chemical changes across the oligomer chain that were not
observed for the shorter oligomer chains. Nonetheless,
approximately seven anodic peaks were detected for 21 by
DNPV after deconvolution (Figure S6 in the Supporting
Information) and a final multielectron-transfer step from 1.6 to
1.9 V. This increase in the peak area of the final oxidation steps
is also seen in P1, whose DNPV voltammogram shows
numerous small peaks followed by one major peak at 1.8 V.
For a polymer of ~25 units with 1.2 PDI (P1), it was pleasing
to see narrow, defined peaks for a polymer voltammogram that
resembled the anodic wave patterns of its shorter, well-defined
parents.
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Figure 4. (A) Neutral absorption spectra of nPB. Spectroelectrochemistry results of #nPB in 0.2 M TBAPF,/CH,CL,: (B) 3, (C) 5, (D) 7, (E) 9,
and (F) P1. This experiment was conducted in an air-tight optically transparent thin-layer quartz cuvette equipped with a Pt honeycomb electrode
under nitrogen. The spectra for 15 and 21 are shown in the Supporting Information.

Optical Properties. The absorption spectra of neutral and
oxidized nPB in dichloromethane at room temperature are
shown in Figure 4 and summarized in Table 2 (eV, nm). All
oligomers exhibit the dual absorption band characteristics of
D—A systems, consisting of the 7-to-7* band and the D—A
charge-transfer band. Both peaks bathochromically shift with
increasing 7-conjugation. An increase in the chain length from
n =23 (2.54 eV) to 5 units caused a —0.26 eV bathochromic
shift of the D—A band. This change gradually decreased to
—0.10 eV from n = § to 7, —0.05 eV from n = 7 to 9, and so
forth. The D—A A, increases with increasing chain length and
saturates at P1 (~25 units) at a value of 1.95 eV.

Assessment of the neutral absorption properties is confirmed
by time-dependent DFT (TDDFT) calculations at the OT-
®wB97X-D/6-31G(d,p) level of theory. The Sy — S, (z-to-z*)
excitation, described in each system as predominately a
HOMO—LUMO transition (though additional one-electron
transitions become important as the oligomer length
increases), increases across 3 (2.82 eV), 5 (2.28 eV), 7 (2.11
eV), 9 (2.03 eV), 15 (1.89 V), and 19 (1.90 eV). We note
that, like the ionization potential, the S, — S, excitation

converges at n & 15—19, suggesting that the effective 7-
conjugation length has been achieved.

Radical Cation (+1) States. One-electron oxidation of a z-
conjugated oligomer leads to the formation of a radical cation,
otherwise known as a polaron, considered to be a localized
charged species with quinoidal and geometrical changes
confined to a limited number of monomeric units in a chain.
Coupling of the charge with the geometric structure for z-
conjugated materials causes new electronic states to appear
within the band gap of the molecule. For a radical cation, a
singly occupied level is generated above the valence band and
an empty one appears below the conduction band.'” In this
case, the +1 states of the nPB oligomer series show two major
electronic transitions, a high energy and a low energy
transition, bathochromically shifted relative to their neutral
states. Two high intensity peaks for 3* were found at 1.53/0.96
eV, with weaker mid-gap transitions in between. The radical
cation states of the longer oligomers show a continuous
bathochromic shift per increasing chain length. The two
transitions for 5* were broad and very weak, absorbing
approximately at 0.89—0.77 eV. An increase in conjugation to
7* (1.38/0.70 eV) and 9* (1.36/0.63 eV) led to the formation
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of strong yet broadly absorbing peaks compared to the shorter
chains. At 15" (1.36 and 0.83—0.44 eV) and 21* (1.33 and
~0.61 eV), shown in Figure S7, the isosbestic points became
vague as more oxidation states became available, and the AE
between consecutive oxidation potentials decreased. Addition-
ally, the increase in electronic and vibrational transitions with
the increase in chain length and oxidation states makes exact
assessment of their spectroelectrochemistry difficult. Nonethe-
less, partially oxidized 15 absorbs from 0.83 to 0.44 eV nm, and
this is the lowest energy transition of all the oxidized states in
the entire nPB series. More interestingly, oxidized 21 and P1
(1.23 and 0.73 eV) are hypsochromically shifted to oxidized 15
and so this behavior exhibits an optical saturation and
inversion point at the 15-unit chain length. The radical cation
transitions for P1* is clear at 1.23 and 0.73 eV, unlike 15 and
21, and falls in the absorption range of 5" and 7" units. This
result shows that the oxidation of longer chain lengths does not
necessarily produce further NIR-absorbing species, or lower
electronic transitions, as one would expect, in comparison to
their shorter oligomer counterparts in solution. For all nPB
radical cations, the TDDFT calculations show a red shift and
an increase in the oscillator strength of the lowest-lying
excitation.

Dication (+2) States. Similar to the trend observed for the
+1 states of the nPB series, the +2 states undergo
bathochromic shifting until the 15-unit chain length. The
transition from a radical cation to a dication for 3 is
represented by an isosbestic point at 1.69 eV (734 nm) and
formation of the dication at 2.0 eV, as previously reported.'’”
The dication peak for the nPB series undergoes a bath-
ochromic shift from 2.0 eV for 3** to 1.18/1.04 eV for 5>,
0.80 eV for 7**, and 1.30/0.72 eV for 9**. At chain lengths of
15 and 21, shown in Figure S7, the pure dication states cannot
be accurately resolved due to mixing with +1 and +3 states
with no clear isosbestic points. Nonetheless, broad absorption
peaks at 1.38/0.72/0.52—0.44 eV for oxidized 15 and 1.27/
0.77 eV for 21** show that oxidized 15 has the lowest energy
transition of all the molecules in the nPB series. This is the
same trend observed for the radical cations, as described
earlier. P1** exhibits a very broad and single absorption band
at 0.86 eV, as typically seen for bipolarons in CPs.

The spectroelectrochemistry of polymers typically shows
two transitions representing the polaron to bipolaron
transition. Interestingly, oxidized P1 does not exhibit the
most far red-shifted absorption in the nPB series. Oxidation
from the polaron to bipolaron state results in a hypsochromic
shift from 1.23/0.73 to 0.86 eV. This hypsochromic shift of the
bipolaron species can be rationalized by stronger lattice
deformations of two positive charges in comparison to one
positive charge, thereby causing the mid-gap transition to be
further away from the band edge and requiring higher-energy
electronic transitions.'”” However, the DNPV of P1 shows six
small peaks before the large peak at 1.9 V (Figure S6 in the
Supporting Information) in a voltammetry pattern similar to
the voltammograms of 9, 15, and 21. There are approximately
seven anodic peaks for P1, making it reasonable to assume that
the very broad optical absorption bands of doped P1 are due
to the formation of diverse species within the chain and not
just mere polaron-bipolaron charges. Indeed, TDDFT
calculations for the polaron, bipolaron, and di-polaron states
of §, 7, and 9 reveal that these bands have several peaks in the
same energetic area, suggesting that deconvolution of the
spectra could be difficult.

B CONCLUSIONS

In summary, we describe herein the molecular structure, chain
conformation, and oxidation states of a series of monodisperse
and discrete molecules composed of ProDOT-BTD D-A
monomers with small molecule to polymer length scales. These
results reflect the impact of the chain length on the
conformation and oxidation behavior of 7-conjugated, weakly
interacting, D—A oligomers and polymers in the solution state,
which is important for solution-processed CP thin films. We
demonstrated the following findings in this study:

1. Chain Conformations. The neutral backbone con-
formation undergoes a rod-to-coil transition at 15-unit chain
length, revealing that oligomers shorter than 15 units exist as
semirigid, worm-like chains in solution with an L, up to 2.5
nm, while longer chains begin to coil. The longest polymer P3
(~43 units) has a persistence length of 3.1 nm, proving that
elongation of the polymer chain does not necessarily improve
the conjugation length.

2. Oxidation States. In their dication states, short,
semirigid chains prefer bipolaron formation, while the long
coil-like oligomers prefer di-polaron formation. This result is
verified by DFT and is experimentally proven by voltammetry,
as the AE (Coulombic repulsion) between the first and second
oxidation steps increases from 3 to 9 and decreases at longer
lengths due to chain coiling. The rod-to-coil transition is
emulated during electrochemical oxidation as the voltammetric
response changes from a single-electron transfer per step to
multielectron-transfer per step at n = 15. The polymer
voltammogram reveals similar anodic wave patterns to n =
9—21, implying that there are multioxidation states in CPs
instead of just “polarons and bipolarons”. Additionally, the
continuous decrease in the oxidation potential after a
maximum conjugation length has been reached highlights the
gaps in understanding the role of chain conformation, solution
interactions, and ions in the redox reaction of CPs, warranting
further studies.

3. Optical Properties. The lowest energy electronic
transition of the +1 state undergoes a bathochromic shift
from 3 to 1S5 units and reverses to a hypsochromic shift at
longer lengths. This is the same trend observed for the +2 state
for the nPB series. The dication state of 15 absorbs further in
the NIR region than the polymer in solution, with no major
change or enhancement in optical properties with an increase
in the doping level or chain length. This result reveals the
cooperation between the chain length and the oxidation state,
showing that the increase in the chain length can also have an
adverse effect on optical properties depending on application
needs.

This detailed and systematic investigation of the length-
dependent chain structure and optoelectronic properties for a
D—A, ProDOT-BTD-based oligomer and polymer series will
further guide the rational design and prediction of future CPs
for application in organic electronics.

B EXPERIMENTAL METHODS

SANS Measurements. Dilute solutions of oligomers and
polymers were prepared (S mg/mL) in chlorobenzene-dS. Chlor-
obenzene-dS (D > 99%) was purchased from Cambridge Isotope
Laboratories (Tewksbury, MA) and used as received. SANS
measurements were carried out using the extended Q-range small-
angle neutron scattering diffractometer at the Spallation Neutron
Source (SNS), ORNL. The scattering wavevector q ranged from
0.003 to 0.8 A™", by using two different configurations (4 m 12 A and
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2.5 m 2.5 A). The samples were contained in Hellma quartz cells with
a 2 mm path length. Measurements were performed at 75 °C. The
absolute intensity was obtained through data reduction and
correction. The reduced data were later fitted to a flexible cylinder
model in SasView.

Voltammetry. Solution CV and DPV was performed on ~1 mM
samples in 0.2 M TBAPF,/CH,Cl, under a nitrogen atmosphere
using a UME (25 um) Pt wire electrode and a Pt wire counter
electrode. An Ag/AgCl wire was used as the pseudoreference
electrode which was calibrated against ferrocene/ferrocenium as an
internal standard (E,/, = 0.51 V). The voltage was scanned from 0 to
2.0 V versus Ag/AgCl, at a 10 mV/s scan rate. The second cycle is
reported. The electrochemical window of the electrolyte system was
found to be stable up to 2.1 V and began to degrade at 2.2 V, as
shown in Supporting Information, Figure S4.

Spectroelectrochemistry. Solution spectroelectrochemistry was
done in a three-electrode honeycomb electrochemical cell supplied by
Pine Research. A 12.5 X 12.5 X 45.0 mm® quartz cuvette with a 1.7
mm path length was used as the cell, equipped with a polished Pt
honeycomb electrode (working and counter) and a Ag/AgCl
pseudoreference electrode calibrated against a ferrocene/ferrocenium
standard for which the E, /, is taken to be 0.51 V versus Ag/AgCl. A
homemade Teflon cap was specially designed to keep the cell sealed
from solvent evaporation and air contamination. In a nitrogen-filled
glovebox, 4 X 10™* M solution of the analyte was prepared with 0.2 M
TBAPF4 in anhydrous DCM, transferred to the electrochemical
quartz cell, and sealed with Teflon tape. During electrochemical
oxidation, the voltage increased from 0 to 2.0 V in ~25 mV
increments by linear scan voltammetry at a 25 mV/s scan rate.
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