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ABSTRACT: In this report, we investigate the binding proper-
ties of the Lewis acid tris(pentafluorophenyl)borane with a Lewis
base semiconducting polymer, PFPT, and the subsequent
mechanism of band gap reduction. Experiments and quantum
chemical calculations confirm that the formation of a Lewis acid
adduct is energetically favorable (AG°® < —0.2 eV), with
preferential binding at the pyridyl nitrogen in the polymer
backbone over other Lewis base sites. Upon adduct formation,
ultraviolet photoelectron spectroscopy indicates only a slight
decrease in the HOMO energy, implying that a larger reduction
in the LUMO energy is primarily responsible for the observed
optical band gap narrowing (AE,, = 0.3 V). Herein, we also
provide the first spatially resolved picture of how Lewis acid
adducts form in heterogeneous, disordered polymer/tris(pentafluorophenyl)borane thin films via one- (1D) and two-
dimensional (2D) solid-state nuclear magnetic resonance. Notably, solid-state 1D ''B, *C{'H}, and "*C{'’F} cross-polarization
magic-angle spinning (CP-MAS) NMR and 2D 'H{'’F} and '"H{'H} correlation NMR analyses establish that BCF molecules
are intercalated between branched C,4H;; side chains with the boron atom facing toward the pyridyl nitrogen atoms of PFPT.

H MOTIVATION AND BACKGROUND Lewis acid. Since then, this general strategy has been utilized
by various research groups in order to adjust the optoelec-
tronic properties of organic semiconductors with Lewis base
binding sites."'~"* In particular, Lewis acids have been used to

A key advantage of organic semiconductors over inorganic
counterparts is their ability to precisely tune the semi-
conductor’s optical properties via synthetic modification.’

Donor—acceptor (D—A) organic chromophores have become tune th‘fs l(;mission of polymer light-emitting diodes
a particularly fruitful category of organic semiconductors with a (PLEDs) ™" and enhance the charge transport properties
wide variety of optical and electrical properties, which has led (via p-type doping) of vertical diodes,"” solar cells,””*!
to their incorporation into multiple technologies, such as OFETS,22'23 and organic thermoelectric devices.”

organic photovoltaics (OPVs), organic field-effect transistors B(C4Fs); has been the Lewis acid of choice because of its
(OFETs), and organic light-emitting diodes (OLEDs).”™” In strong Lewis acidity, relative stability to air and to moisture,
these D—A molecular structures, there are alternating electron- resistance to B—C bond cleavage, and high solubility in a
rich (D) and electron-poor (A) moieties, resulting in excited variety of organic solvents.””~>” While there has been
states with significant intramolecular charge transfer (ICT) considerable investigation into the changes in optical proper-
character. By tuning the relative strength of the donor and ties upon adduct formation in conjugated polymers, atomic-
acceptor units, the optical band gap (Eopt) can be tuned from level interactions that account for the binding mechanism, with

the ultraviolet to the near-infrared. A postsynthesis strategy for
tuning the optical properties of Lewis base D—A-type organic
semiconductors via the incorporation of Lewis acids was

Special Issue: Jean-Luc Bredas Festschrift

demonstrated by Welch et al. in 2009."" The resulting Lewis Received: March 27, 2019
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Scheme 1. Schematic Representation of Lewis Acid Adduct Formation, Which Is an Equilibrium Process with Multiple

Potential Lewis Base Binding Sites on the PFPT Polymer”

“The precise regioregular chemical structure of PFPT is detailed in the Experimental Section, Scheme 2 (simplified version shown here).

Scheme 2. Synthesis of PFPT“

(i) KOtBu, 1-bromohexadecane, THF, 40 °C, 40 h; (ii) tBuLi, BuySnCl, THF, —78 °C — rt; (iii) 4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine,
Pd(PPh,),, toluene, 120 °C, 22 h; (iv) Pd(PPh;),, xylene/DMF, MW, 200 °C, 80 °C; (v) PhSnBus, Pd(PPh,),, 160 °C, SO min; (vi) PhBr,

Pd(PPh;),, 160 °C, 50 min.

concomitant electronic and thermodynamic descriptions, have
remained poorly understood. X-ray diffraction studies of Lewis
acid adduct single crystals have shed light on the nature of
bonding interactions between the Lewis acid and Lewis base
sites of small-molecule organic chromophores (e.g., pyrroles
and indoles), providing details such as boron—nitrogen
bonding distances.'”***” However, for polymers exhibiting
many different Lewis base sites, achieving a complete
description of structures and binding interactions using X-ray
diffraction techniques is not feasible due to structural and
compositional heterogeneities. Thus, alternative techniques are
required to gain insight into the nature of binding interactions
between Lewis acids and #-conjugated polymer systems.
Solid-state magic-angle spinning (MAS) nuclear magnetic
resonance (NMR) spectroscopy, because of its sensitivity to
molecular interactions, is well suited to probing short-range
structures in heterogeneous materials. The application of solid-
state NMR spectroscopy to the study of conjugated polymers
has largely been centered on techniques that provide key
information on different local bonding environments around
each atom.’’ Information obtained from chemical shifts and
dipole—dipole couplings can be translated into a description of
understanding how inter- and intramolecular interactions
influence three-dimensional structures. To this end, powerful
2D solid-state NMR experiments in conjunction with modeling
techniques have been employed to elucidate, for example, the
inter- and intramolecular interactions in poly(3-hexylthio-
phene),”* perylenediimide (PDI),** a bithiophene derivative
(TT),** ribbon-like self-assembly of the pyrimidine base,”
diketopyrrolo-pyrrole-dithienylthieno[3,2-b]thiophene (DPP-
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DTT),*® and polymer/fullerence composites with different
side-chain lengths and structures.”’ ™’

The main objective of this work is to elucidate the binding
interactions of Lewis acid tris(pentafluorophenyl)borane
(BCF) with organic semiconductor poly[2,7-(9,9-bis(2-hexa-
decyl)-9H-fluorene)-alt-4,7-(9,9-dihexadecyl-9H-fluorene-2,7-
diyl)bis[1,2,5]thiadiazolo[3,4-c]pyridine)] (PFPT). This poly-
mer (Scheme 1), with a regioregularity shown in the
Experimental Section and in Scheme 2, was chosen because
of (i) the lack of observable p-type doping upon adduct
formation so that the effects of binding could be isolated from
the effects of doping (Supporting Information, SI, Figure S1),
and (ii) the incorporation of the [1,2,5]-thiadiazolo[3,4-
c]pyridine (PT) acceptor moiety, which has been shown to
strongly bind various Lewis acids, though it remains unclear
which of the four Lewis base sites participate in adduct
formation (Scheme 1)."> With a more detailed investigation of
the aforementioned binding interactions, the aim of this study
is to achieve a fundamental understanding of how these
interactions manifest themselves in the modification of
optoelectronic properties.

In this article, we report the synthesis of the novel PFPT
polymer and its interaction with BCF in both solution and film
by using a multitechnique approach that combines solution-
and solid-state NMR spectroscopy, optical absorption spec-
troscopy, photoluminescence spectroscopy, X-ray photoelec-
tron spectroscopy (XPS), ultraviolet photoelectron spectros-
copy (UPS), and DFT calculations. The formation of the
adduct is accompanied by an ~0.3 eV red- shift of the main
absorption peak. Further quantitative analysis of the
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Figure 1. (a) Absorption spectra of PFPT with various amounts of BCF. (b) Absorbance of the main PFPT optical transition (503 nm) and adduct
optical transition (568 nm) as a function of BCF concentration. The dashed vertical line at 1.0 mol equiv is a guide for the eye. Solid black and red
lines are linear fits to regions of high and low BCF concentrations. (c) Benesi—Hildebrand plot.

absorbance changes in solution with various concentrations of
BCF indicates that adduct formation follows the behavior of a
1:1 binding isotherm, with binding able to occur at up to 1
BCF molecule per repeat unit of PFPT. XPS, in addition to
quantum chemical calculations, indicates that BCF preferen-
tially binds to the pyridyl nitrogen of PT. We utilize
multinuclear ('H, *C, ''B, and '°F) solid-state NMR to gain
atomic-level insight into the intermolecular arrangements in
PFPT/BCF adducts and find that BCF molecules are
intercalated between the alkyl chains of fluorene moieties in
PFPT such that the boron atom of BCF is directly adjacent to
the pyridyl nitrogen of the PT moiety for efficient and
energetically favorable binding. Finally, results from UPS show
that the band gap reduction observed when the PFPT/BCF
complex forms is primarily attributable to a reduction of the
energy of the lowest unoccupied molecular orbital.

B RESULTS AND DISCUSSION

Optical Absorption and Photoluminescence Studies
of PFPT/BCF Adducts in Solution and in Solid State
Films. Upon addition of BCF to PFPT, a new red-shifted
absorption peak is observed (Figure 1a, Table 1), accompanied

Table 1. Summary of Optical Properties”

PEPT,  DPEPT/BCF, PEPT/BCEF,
optical property  solution 1:1, solution  PEPT, film 1:1, film
absorbance 4,,,,  503/2.46 568/2.18 507/2.44 §75/2.16
(nm/eV)

Egpe (V) 22 19 22 19

PL A, §70/2.18  743/1.67 581/2.13 726/1.71
(nm/eV)

PLQY (%) 75+ 3 54+03 11.1 £ 0.6 6.6 02

“Errors in PLQY are the standard deviation from the mean for three
separately prepared samples.

by a change in its bright orange color to a dull purple color.
Polymer concentrations are reported relative to the single
donor—acceptor repeat unit (i.e., fluorene-PT). BCF induces a
0.3 eV (~70 nm) red shift in the maximum absorption of
PFPT in both film and solution. (See SI Figure S2 for film
absorption.) In solution, adduct formation and a concomitant
change in the optical properties are fully reversible by the
addition of a stronger Lewis base (e.g., pyridine (Figure 1a)).
In solid-state thin films, the PFPT/BCF adduct was found to
be relatively stable when exposed to air, despite BCF being
known to be hygroscopic.*” Specifically, over the course of 5 h,
the absorbance of the adduct peak (575 nm) decreased by only

2.8% (SI Figure S3a). After several days of exposure to air,
large orange spots were visible on the otherwise purple film,
indicating that BCF was no longer coordinated to a significant
amount of the polymer (SI Figure S3b).

By analyzing how the concentration of BCF influences the
absorbance of the new red-shifted peak, we were able to
determine that PFPT and BCF (in chlorobenzene solution)
exhibit the behavior of a 1:1 binding isotherm. Specifically, the
mole ratio plot (Figure 1b) indicates a 1:1 binding
stoichiometry.*' This suggests that (i) BCF can coordinate
to every single PT unit of the polymer and (ii) that there is
only 1 binding site per repeat unit despite there being multiple
Lewis base sites. Previous studies of Lewis base polymers
suggest that BCF is unable to coordinate to every single repeat
unit.'""? These studies also suggest that adduct formation
results in a twisting of the otherwise planar polymer backbone.
DFT calculations on a fluorene-PT-fluorene (F-PT-F)
oligomer indicate that the PFPT backbone is already
significantly twisted (SI Figure S4) and, upon coordination,
twists even further (SI Figure SS). Upon coordinating BCF at
the pyridyl nitrogen, the F-PT dihedral angle, which is closest
to the pyridyl nitrogen of PT, changes by 56° from —18 to
—74°, and the other dihedral angle (PT-F, away from the
pyridyl nitrogen) changes by 66° from —3$ to +31°. However,
the initially twisted state of the PFPT backbone may facilitate
complete binding by minimizing steric interference while also
mitigating the energy penalty for breaking conjugation due to
twisting of the backbone upon coordination, which may be a
significant problem in polymers with planar backbone
conformations. Thus, in order to maximize adduct formation,
it may be advantageous to use conjugated polymers with
nonplanar backbones.

A Benesi—Hildebrand plot (Figure 1c) was constructed from
the absorption data after applying a Taylor series expansion in
order to solve for the actual concentration of unbound BCF in
solution (more details in the Experimental Section).*” This
analysis resulted in the determination of the equilibrium
binding constant, K., which we found to be 27016 M at
room temperature, corresponding to a Gibbs free energy
change, AG®, of —0.262 eV (AG®° = —kzT In K and T =298
K, in which kg is the Boltzmann constant). This binding
constant is 2 orders of magnitude larger than what was
reported for a planar oligomer bearing the PT unit, a difference
which we attribute to the relative amount of backbone
deformation in the Lewis base molecule/polymer upon
binding BCF, as mentioned previously.'” The procedure for
determining these thermodynamic data from simple absorption
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measurements, as further detailed in the Experimental Section,
provides an alternative to NMR measurements, which can also
be used to extract the same thermodynamic quantities (vide
infra).

With 0.5 equiv of BCF in solution, photoluminescence (PL)
is observed from both the adduct and the pure polymer
(Figure 2a), with adduct emission red-shifted from PFPT

Figure 2. Photoluminescence of PFPT with various concentrations of
BCF (a) in chlorobenzene and (b) as solid-state thin films.

emission by about 0.5 eV (173 nm). At 1.0 equiv of BCF, the
PL is dominated by adduct emission even though many
binding sites are not occupied by BCF, as confirmed by optical
absorption. This is clearly a result of inter- and intramolecular
energy-transfer processes. The Stokes shift (peak-to-peak
energy difference) of the adduct (0.5 eV, 175 nm) is large
relative to the Stokes shift of PEPT itself (0.3 eV, 67 nm),
indicating that the adduct undergoes significant geometrical
changes while in the excited state. We suspect that these
geometrical changes are also responsible for the large decrease
in the photoluminescence quantum yield (PLQY) upon adduct
formation, as shown in Table 1. These observations are
consistent with the “loose bolt” and “free rotor” effects, which
are known to enhance nonradiative decay pathways.”’ In fact,
we observed the lifetime of the adduct at 0.5 and 1.0 mol equiv
to be shorter than the lifetime of the polymer by itself (SI
Figure S6).

Interestingly, upon addition of 2.0 equiv of BCF, the PL
maximum blue shifts relative to the lower BCF concentrations,
and the lifetime increases slightly. We attribute this trend to a
twisting of the PFPT backbone upon complete coordination of
BCF, which then inhibits further geometric relaxation in the
excited state. In polymers with only partial coordination of
BCF (i.e., at concentrations of 0.5 and 1.0 equiv), the unbound
FPT moieties, together with adduct chain segments, are able to
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undergo a more favorable geometric relaxation in the excited
state, resulting in the observed red-shifted emission. Because
the adduct absorption peak wavelength does not significantly
change with differing concentrations of BCF, the underlying
cause of the blue-shifting PL with increasing BCF concen-
tration must be related to the polymer/Lewis acid excited-state
properties.

The PL of pure PFPT in the solid state (Figure 2b) is similar
to its PL in solution, although the PLQY of thin films (11%) is
lower than the PLQY in solution (75%). From PLQY and
lifetime measurements, we were able to calculate the radiative
and nonradiative decay rates in film and solution for the pure
polymer (SI Table S1). The rate of radiative decay was
comparable in film and solution, but the rate of nonradiative
decay in the solid state was 1 order of magnitude larger than in
solution. Thus, it is likely that in the solid state, where
intermolecular energy-transfer processes are enhanced by short
intermolecular distances, rapid energy transfer to defect sites
and impurities is responsible for the decrease in PLQY.**

The PL maximum of thin films with BCF is red-shifted from
the PL maximum of pure PFPT films by about 0.4 €V, or 145
nm (Table 1). The Stokes shift of the adduct (0.5 eV, 151 nm)
is greater than that of pure PFPT (0.3 eV, 74 nm), not unlike
the results in solution. However, in contrast to what is
observed in solution, the adduct PL lifetimes are longer than
the PL lifetime of neat PFPT (SI Figure S7). From a
theoretical standpoint (Einstein’s coefficient of spontaneous
emission and the Strickler—Berg relationship), one would
typically expect that a decrease in the optical transition energy
would be concomitant with an increase in the natural lifetime
(a decrease in the rate of radiative decay).” In the solution
phase, an increase in the lifetime is not observed because of
significant nonradiative decay, as evidenced by the large
decrease in PLQY. Furthermore, the PL maximum in the solid
state red shifts with increasing concentration of BCF up until
about 0.75 equiv, after which there is only a very slight blue
shift. These photoluminescence results are consistent with the
restricted motion expected in solid-state films as compared to
solution, which considerably weakens the impact of the free
rotor and loose bolt effects as well as excited-state geometric
relaxation effects. Despite these differences, the PLQY of the
PFPT/BCF 1:1 adduct in the solid state is still low at 6.6%,
similar to the adduct PLQY in solution, 5.4%. Concerning
adduct formation with polyfluorene-based polymers and BCF,
Zalar et al. observed an increase in the PLQY of thin films,
whereas Lin et al. observed a decrease in the PLQY of thin
films.'®'” While molecular packing is known to have significant
effects on solid-state PLQY, the relative strength of the B—N
bond and the local environment of the adduct may also play
roles. Therefore, it is important to gain insight into the
intermolecular interactions between the PFPT and BCF.

Atomic-Level Insight into Compositions and Struc-
tures of PFPT/BCF Adducts. The formation of the PFPT/
BCF adduct in chloroform was investigated via ''B NMR
spectroscopy. In particular, ''B chemical shifts are expected to
be sensitive to changes in the chemical bonding environments
such that tri- and tetracoordinated boron atoms can be
identified and distinguished.45’46 As shown in Figure 3ab, a
significant displacement in the isotropic ''B chemical shift
occurs upon adduct formation, as compared to the ''B
chemical shifts of neat BCF, which can be attributed to the
change in the bonding environment of the central boron atom.
This observation is exemplified by geometrical changes around
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Figure 3. Solution-state ''B NMR spectra acquired at 11.7 T and at
room temperature for (a) PFPT with 1.0 mol equiv of BCF and (b)
neat BCF. The displacement of the ''B signal is characteristic of the
change in the local bonding environment of the boron atom. DFT-
optimized structures are also depicted.

the boron atom in the optimized DFT structures of bound and
unbound BCF, as shown in Figure 3a)b, res.pectively.47
Notably, the boron atom in unbound (three-coordinate sp?)
BCF adopts a trigonal planar geometry (§ ~ 56 ppm). By
comparison, the same boron atom in the adduct (four-
coordinate sp*) adopts a more tetrahedral-like geometry, which
has a much different chemical shift (5 ~ —3 ppm). By
comparing the relative integrals of bound and unbound BCF in
a solution of PFPT with 1.0 mol equiv of BCF, we determined
an equilibrium binding constant of 21 000 M~" which is in
excellent agreement with the optical absorbance results and
analyses. The relative integration also indicates that 95% of PT
moieties on PFPT are bound to BCF. Moreover, the presence
of only one peak near 0 ppm suggests that there is only a single
preferred Lewis base binding site in the polymer. When BCF
was added to 4,7-dibromobenzo[c]-1,2,5-thiadiazole, no
tetracoordinate boron was observed by ''B NMR, suggesting
that azole nitrogen atoms and sulfur atoms are either not
sufficiently Lewis basic or are too sterically crowded to result in
adduct formation (SI Figure S8).

DFT calculations were employed to probe the binding site
of BCF on the PFPT backbone by assessing the relative change
in internal energy (AU°) of a F-PT-F oligomer upon
coordination to different Lewis base sites, with temperature
effects excluded. (See the SI for more details.) For binding at
the azole nitrogen atoms of the PT moiety, AU® is positive. In
contrast, for binding at the pyridyl nitrogen atom of PT, AU
is —0.08 eV. Attempts to force BCF to bind at the sulfur atom
were unsuccessful. Thus, our calculations suggested that the
pyridyl nitrogen atom of PT is the most likely position for BCF
binding.

Thin films of PFPT and a 1:1 complex with BCF were also
investigated by XPS (SI Figure S13). Both pristine PFPT and
PFPT with 1.0 equiv of BCF have identical sulfur 2p doublet
peaks, indicating that there is no significant interaction of the
Lewis acid with the sulfur atom on the PT moiety. Pristine
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PFPT exhibits two nitrogen 1s peaks, as shown in Figure 4,
with peak areas corresponding to a ratio of approximately 2:1.

Figure 4. High-resolution XPS spectra of N Is for thin films of (a)
PFPT with 1.0 mol equiv of BCF and (b) neat PFPT.

This suggests that the larger peak at higher binding energy
(400.1 eV) corresponds to the azole nitrogen atoms, whereas
the smaller peak at lower binding energy (399.2 eV)
corresponds to the pyridyl nitrogen atom.***” Upon addition
of 1.0 equiv of BCF, a new nitrogen 1s peak at higher binding
energy (401.1 eV) is observed. Importantly, the relative area of
the azole nitrogen peak, compared to the total area of the
combined nitrogen peaks, does not change (Table 2).

Table 2. Peak Percentages from Voigt Fits to N 1s High-
Resolution XPS Spectra

binding energy PFPT PFPT/BCEF, 1:1
399.2 eV 30% 22%
400.1 eV 70% 68%
401.1 eV 10%

However, the peak corresponding to the pyridyl nitrogen
atom is considerably reduced relative to the total area of
nitrogen 1s peaks. These results indicate that BCF is
interacting primarily with the pyridyl nitrogen atom of PT
and not the other Lewis base sites. Because BCF is a Lewis
acid, it withdraws electron density from the pyridyl nitrogen
atom, making it overall more electron-poor and causing the
new adduct peak to occur at higher binding energy, a shift of
1.9 eV.

The impact of BCF on the morphology of PFPT in the solid
state was probed by grazing-incidence wide-angle X-ray
scattering (GIWAXS) and atomic force microscopy (AFM).
As shown in SI Figure S14, the surface roughness of PFPT
films does not change considerably upon addition of BCF. The
root-mean-square surface roughness of pristine PFPT is 0.51
nm and increases only slightly to 0.56 nm upon addition of
0.10 mol equiv of BCF. GIWAXS data (SI Figure S15) show
that pristine PFPT is rather amorphous and that there are no
discernible changes in the GIWAXS diffraction pattern with up
to 0.10 mol equiv of BCF. We investigated how the addition of
BCF impacts the conductivity of PFPT films, but the
conductivity of PFPT was found to be too low to draw any
conclusions (SI Figure S16). At room temperature, the
conductivities of PFPT and PFPT with 0.10 mol equiv of
BCF were below the limit of detection, precluding further
electrical measurements.
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To gain molecular-level insight into the local structures of
the PFPT/BCF adducts in the solid state, multinuclear MAS
NMR spectra were acquired and analyzed. The analyses of
isotropic 'H, C, "F, and "B NMR chemical shifts are
expected to provide information on local bonding environ-
ments in BCF and PFPT. For example, the one-dimensional
(1D) solid-state'’ MAS NMR spectrum of a 1:1 PEFPT/BCF
complex in Figure Sa exhibits a signal at —1.8 ppm, which is

Figure S. Solid-state 1D NMR spectra of the PFPT/BCF complex
acquired at 298 K, 9.4 T, and 15 kHz MAS. (a) Single-pulse ''B MAS
NMR spectrum with the signal at —1.8 ppm assigned to tetrahedrally
coordinated boron atoms in PFPT/BCE. (b) “C{'H} and (c)
BC{"”F} CP-MAS NMR spectra acquired using 2 ms of CP contact
time. The color code depicts assignments of *C atoms in the BCF
and PFPT moieties according to the schematic structural diagram of
the PFPT/BCF complex in (a).

characteristic of tetrahedrally coordinated boron atoms and is
consistent with the solution-state 'B NMR spectrum of the
PFPT/BCF complex. While this reflects bonding interactions
between BCF and PFPT moieties, the !'B MAS NMR
spectrum provides little specific information concerning the
intermolecular structure(s) or binding sites of PFPT/BCF
complexes. Although 'H MAS NMR spectroscopy benefits
from the high sensitivity associated with 'H nuclei (100%
natural abundance) that can be used to characterize conjugated
backbone moieties in PFPT and BCF, such spectra often suffer
from considerably lower spectral resolution.

Complementary insights into the local bonding environ-
ments of '*C moieties in PFPT/BCF adducts can be obtained
by analyzing solid-state 1D "*C{'H} and "*C{"’F} CP-MAS
spectra. Such analyses exploit the enhancement of certain '*C
signal intensities that are increased by the transfer of 'H or '’F
spin polarization, according to the strengths of their '"H—"C or
PF—13C dipole—dipole couplings, from specific BCF and
PFPT aromatic carbon moieties. This enables distinct local C—
H and C—F environments to be resolved and identified. For

6720

example, a comparison of the 1D *C{'H} and “C{'’F} CP-
MAS NMR spectra in Figure S shows ">C signals with different
intensities that are associated with different BCF and PFPT
moieties of the complex. In particular, the analyses of the
BC{'H} and BC{'°F} CP signal enhancements associated with
the *C site adjacent to the pyridyl nitrogen atom (shown in
green in the schematic diagram in Figure Sa) enabled the
intramolecular "*C—'H interactions in PFPT and the
intermolecular "*C—""F interactions between PFPT and BCF
moieties in the PFPT/BCF complex to be separately identified
and distinguished. In the 1D "“C{'H} CP-MAS spectrum
(Figure Sb), the partially resolved signal at 123 ppm in the
aromatic region is associated with the carbon atom (green)
bearing a proton next to the pyridyl nitrogen atom of PFPT.
The broad intensity distribution centered at 129 ppm
corresponds to aromatic carbon atoms (red, cyan, and purple)
that are directly bonded to protons in fluorene moieties. The
relatively weak '*C signals in the range of 133—150 ppm are
attributed to the overlapping contributions from carbon atoms
(black) in the BCF moieties, which while not directly bonded
to hydrogen atoms are nevertheless within 1 nm. The relatively
narrow C signal at 153 ppm is assigned to the six carbon
atoms (gray) of the FPT moieties. Further insights were
obtained from the 1D "C{"’F} CP-MAS spectrum (Figure
5c), in which partially resolved "*C signals in the ranges of
145—150 and 132—138 ppm are enhanced by '’F nuclei that
are directly bonded to the carbon atoms (black) in the BCF
moieties. Interestingly, the *C signal at 123 ppm associated
with the carbon atom (green) adjacent to the pyridyl nitrogen
in the FPT moiety is also relatively enhanced by 'F spin
polarization, which indicates its nanoscale proximity to the
fluorine atoms in CcFs units. Together, the “C{'H} and
BC{*F} analyses enable the intramolecular C—H and
intermolecular C—F interactions to be distinguished in the
PFPT/BCF complex, as further supported by the analyses of
2D 'H{'H} and 'H{"’F} NMR spectra discussed below.
Molecularly proximate and dipole—dipole-coupled spin pairs
within approximately 1 nm can be probed by using solid-state
two-dimensional (2D) NMR techniques, enabling intermo-
lecular '"F—'H interactions between BCF and PFPT to be
identified and elucidated.’’***°*>* For example, a rotor-
synchronized 2D dipolar-mediated '"H{'’F} heteronuclear
multiple-quantum correlation (HMQC) spectrum acquired
using 0.32 ms of recoupling time is shown in Figure Ga,
accompanied by 1D '"H MAS and 1D "°F MAS spectra along
the top horizontal axis and the left vertical axis, respectively.
The relatively broad distribution of intensity centered at —133
ppm corresponds to '°F moieties in the ortho position of the
C¢Fs moieties in BCF whereas partially resolved '’F signals in
the range of —158 to —163 ppm correspond to fluorine atoms
in para and meta positions. These assignments are consistent
with the isotropic '"F chemical shifts of aromatic groups
reported in the literature.”® In the solid-state 2D '"H{'°F}
HMQC NMR spectrum of Figure 6a, intensity correlations are
observed between 'H signals at 8.2 ppm (aromatic groups of
PFPT) and 1.1 ppm (branched alkyl side chains of PFPT) with
the '’F signals at —163 and —158 ppm from the meta and para
'9F atoms in BCF, respectively, which establish the close spatial
proximities of these PFPT and C¢F; moieties. In contrast, no
such correlated intensity is observed between aromatic 'H
signals of PFPT and the ortho F signal of CFs moieties
(=133 ppm), reflecting weaker '"F—'H dipole—dipole
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Figure 6. (a) Solid-state 2D "H{'’F} HMQC NMR spectrum of a 1:1
PFPT/BCF complex (schematic structure shown) with 1D 'H and
F MAS NMR spectra along the horizontal and vertical axes,
respectively, for comparison. The spectrum was acquired at 298 K, 9.4
T, and 25 kHz MAS with a recoupling time of 0.32 ms. (b) Solid-state
2D 'H{'H} DQ-SQ NMR spectrum acquired for the same complex
under similar conditions, except that the recoupling time was 40 ps,
plotted with a double-quantum projection on the vertical dimension.
The color code depicts the assignment of 'F and 'H signals
associated with the BCF and PFPT species, as also depicted in the
schematic structural diagram.

interactions between the PFPT backbone and side-chain 'H
moieties. These 2D intensity correlations are consistent with
the formation of a polymer/Lewis acid adduct in which BCF
molecules bind near the pyridyl nitrogen atoms of PFPT.
Complementary insights on the inter- and intramolecular
"H—'H interactions of PEPT polymer chains in the presence of
BCF are obtained from the 2D 'H{'H} DQ-SQ spectra. In
Figure 6b, the left vertical dimension shows the 'H double-
quantum (DQ) chemical shifts at the sum of the respective
single-quantum (SQ) chemical shifts for dipole—dipole-
coupled 'H spin pairs within a distance of approximately 0.5
nm. For example, the intensity at a 'H SQ_chemical shift of 1.1
ppm and a 'H DQ chemical shift of 1.1 + 1.1 = 2.2 ppm
originates from adjacent 'H moieties in the methyl and
methylene groups of the hexadecylalkyl chains. In addition, off-
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diagonal intensity correlations at 'H SQ_chemical shifts of 1.1
and 8.2 ppm and a 'H DQ chemical shift of 1.1 + 8.2 = 9.3
ppm reflect the intramolecular proximities of the hexadecy-
lalkyl chains and aromatic 'H atoms in the fluorene moieties of
PFPT. As expected, no such DQ-SQ intensity is observed for
"H nuclei adjacent to the pyridyl nitrogen atoms and 'H nuclei
in the alkyl side chains attached to the fluorene moieties.
Additional self-correlated intensity at a "H SQ chemical shift of
8.3 ppm and a "H DQ_chemical shift of 8.2 + 8.2 = 16.4 ppm
indicates the closer through-space proximity of "H moieties in
the aromatic fluorene and PT moieties of PFPT. The
combined 2D 'H{"F} and 'H{'H} NMR analyses thus
provide direct evidence of the spatial proximities of BCF and
PFPT and indicate that the BCF molecules are preferentially
located between the branched C,4H,; side chains and that the
boron atoms of BCF interact with the pyridyl nitrogen atoms
of PFPT.

Understanding Band Gap Engineering Using Time-
Dependent DFT Modeling and Ultraviolet Photoelec-
tron Spectroscopy. With a detailed physical description of
the nature of Lewis acid binding, we next investigated the
solid-state electronic properties via UPS. The ionization
potential (IP) of PFPT, —6.05 eV, became slightly deeper
when 1.0 equiv of BCF was added, resulting in an ionization
potential of —6.15 eV (SI Figure S17). Assuming that the
exciton binding energy of the adduct is similar to that of
pristine PFPT, the change in electron affinity (EA) is then
given by the sum of changes in the IP and Eopt.ss’56 From the
IP dropping by 0.1 eV and the optical band gap decreasing by
0.3 eV, we can thus infer that the EA of the adduct decreases
by 0.4 eV relative to that of pristine PFPT. These
measurements elucidate a detailed picture of how frontier
molecular orbitals change upon adduct formation, which is
depicted in Figure 7.

Time-dependent (TD) DFT calculations, carried out on an
F-PT-F oligomer, provide further insight into why the LUMO
energy is reduced significantly more than the HOMO energy

Figure 7. Energy diagram of how adduct formation changes the
energy of molecular orbitals, accompanied by TD-DFT calculations
which show the relevant wave functions. Experimental values of
HOMO energies, as determined by UPS of thin films. The relative
change in the LUMO energy (i.e, AEA) upon adduct formation is
inferred by the experimentally determined change in HOMO
energies, AIP, and the reduction of the optical band gap, E,,, while
assuming that the change in exciton binding energy upon adduct
formation is negligible.

DOI: 10.1021/acs.chemmater.9b01224
Chem. Mater. 2019, 31, 6715-6725


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b01224/suppl_file/cm9b01224_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b01224

Chemistry of Materials

upon coordination with BCF. The oligomer, by itself, has a
HOMO wave function that is delocalized on the conjugated
backbone but a LUMO that is localized on the PT acceptor
moiety, demonstrating ICT character, as is expected for D—A
molecules and polymers. Upon coordination of BCF to the
pyridyl nitrogen, the HOMO is relatively unaffected, although
a very small portion of the wave function does extend onto
aromatic rings of BCF. Thus, it is not surprising that by UPS
we observed only a small reduction in IP upon adduct
formation. However, the LUMO wave function, upon binding
the Lewis acid, noticeably extends onto BCF while
simultaneously retracting from the neighboring fluorene
moieties. This is clearly associated with the Lewis acid
withdrawing electron density from the LUMO, which results
in a significant stabilization (reduction) of the LUMO energy.

B CONCLUSIONS

This in-depth study reveals how the Lewis acid B(C4Fs); can
be used for postsynthesis band gap engineering in a model
Lewis base polymer, PFPT. UPS measurements and TD-DFT
calculations show that the reduction in the optical band gap
(AE,, = 0.3 eV) can be attributed primarily to B(CgFs);
withdrawing electron density from the LUMO of PFPT,
resulting in a significant decrease in the LUMO energy of the
PFPT/BCF adduct. A combination of XPS, solution- and
solid-state multinuclear NMR, and DFT calculations shows
that although PFPT has multiple Lewis base sites which could
potentially bind B(C¢Fs)5, it is only the pyridyl nitrogen which
forms the adduct. Importantly, solid-state 1D ''B, *C{'H},
and "*C{"F} CP-MAS and 2D 'H{"F} and 'H{'H}
correlation NMR analyses provide evidence that BCF
molecules are intercalated between branched alkyl side chains
of PFPT and that the boron atoms of BCF interact with the
pyridyl nitrogen atoms of PFPT. In particular, the relative
BC{'H} and “C{'F} CP signal enhancements observed for
the 3C sites adjacent to the pyridyl nitrogen atoms of PFPT
indicate the mutual nanoscale proximities of the BCF and
PFPT moieties. These results are corroborated by the 2D
"H{"F} correlation NMR measurements and analyses, which
establish the 'H and "F proximities in the PFPT/BCF
complex at subnanometer to nanometer distances. In addition,
an analysis of the spectroscopic data reveals that adduct
formation in solution is an equilibrium process, specifically a
1:1 binding isotherm, with equilibrium strongly favoring
adduct formation (AG® < —0.2 eV). This detailed investigation
also highlights the important role of the steric conformation of
the polymer backbone, which in the case of PFPT, because of
its nonplanar structure, is able to bind one B(C4Fs); molecule
for every repeat unit of PFPT.

Molecular-level and atomic-level insights into the structure
and optical properties of Lewis acid adducts that form with
Lewis base polymers, as acquired in this study, are expected to
guide the development of new polymers which are compatible
with band gap engineering via Lewis acid adduct formation,
which is of broad interest to the organic semiconductor
community. This general strategy may be used not only for
tailoring the optical properties of polymer light-emitting diodes
(PLEDs) and organic photovoltaics (OPVs) but also for the
fine-tuning of energy levels postsynthesis. In PLEDs and field-
effect transistors, modifying the HOMO and LUMO energies
may beneficially enhance (or inhibit) charge injection as well
as tune the optical band gap, whereas in OPVs, energy-level
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alignment between an electron acceptor material and electron
donor material is critical to achieving efficient charge
separation and high open-circuit voltage.”” %>

B EXPERIMENTAL SECTION

BCF was purchased from Tokyo Chemical Industry in a purity greater
than 98% and used as received. Because BCF is very hygroscopic, we
regularly assessed its contamination of water by dissolving some BCF
in a dry NMR solvent and looking for any proton peaks other than
what is expected from the solvent. Storage and handling of BCF in
nitrogen atmosphere gloveboxes were sufficient to prevent water
contamination. All solvents were purchased dry. Molecular sieves
were added to these solvents before use. All measurements and
sample preparations were carried out in oxygen-free environments. All
solutions were allowed to equilibrate at room temperature overnight,
or longer, before measurements were obtained or films were prepared.

The regioregular PFPT was synthesized in a four-step procedure
starting from 2,7-dibromo-9H-fluorene. A more complete description
of the synthesis and characterization details can be found in the SI
After alkylation with 1-bromohexadecane and stannylation via
lithium—bromine exchange, (9,9-dihexadecyl-9H-fluorene-2,7-diyl)-
bis(trimethylstannane) (M1) was obtained in 82% yield. To obtain
a regioregular polymer, M1 was converted via Stille coupling with
excess 4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine to 4,4'-(9,9-di-
hexadecyl-9H-fluorene-2,7-diyl)bis(7-bromo-[1,2,5]thiadiazolo[3,4-
c]pyridine) (M2). Because of the higher reactivity of C—Br at the
position a to the pyridine nitrogen, full regioselectivity was
achieved.”> The polymerization of M1 and M2 was performed
under microwave conditions at 200 °C for 80 min. For end-capping
with phenyl units, the received polymer was transformed via Stille
coupling with tributylphenylstannane and phenylbromide, respec-
tively.

Thin films used for absorption and fluorescence spectroscopy were
spin coated (800 rpm) onto clean glass substrates from solutions in
chloroform where the concentration of the polymer was approx-
imately 20 mg/mL. They were then encapsulated using epoxy and
another clean glass substrate to exclude the presence of oxygen, after
which measurements were performed outside of the glovebox. For
solution measurements, samples were prepared inside a nitrogen
atmosphere glovebox, loaded into a custom-made cuvette with Teflon
seal, sealed, and then brought out of the glovebox for measurements.
Absorption measurements were performed on a Lambda 750 UV—
vis/NIR spectrophotometer. The optical band gaps (E,,) were
determined by the onset of absorption. A charge-coupled device
camera (Princeton Instruments Pixis: 400) was used to obtain steady-
state fluorescence spectra. A blackbody light source was used for
spectral calibration of the detector. The photoluminescence quantum
yields in solution (4. = 503 nm) were determined in the usual way
by reference to a standard dye, in this case, Rhodamine B.%* The
photoluminescence quantum yields in the solid state were determined
using an integrating sphere and an excitation wavelength of 458 nm.*

The Benesi—Hildebrand equation for a 1:1 complex is given by

b1
SK. Ae[L]  AeS,

ad (1)
where b is the path length of the cuvette, S, is the total substrate
concentration (i.e., the initial polymer repeat unit concentration), [L]
is the concentration of the unbound ligand at equilibrium (i,
unbound BCF, AA is the change in absorbance at a defined
wavelength for a particular ligand concentration (with respect to the
free substrate), Ae is the difference in molar absorptivity at the
defined wavelength between the bound and unbound complexes, and
K,y is the equilibrium constant for ligand binding. To use this
equation, however, we must first determine [L] at equilibrium after
adding a given amount of the ligand to solution. For a 1:1 binding
isotherm model, the mass balance of the ligand tells us that
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SiKq[L]
L =[L] +[SL] = [L] + — 0
1+ K,[L]

@)

where L, is the total ligand concentration and [SL] is the
concentration of the bound complex at equilibrium. A Taylor series
expansion of L, is

g (L)
2 3)

where g(L,) is eq 2, g'(L,) is dL,/d[L], and ¢''(L,) is d’L/d[L]~
Truncating at the linear term of eq 3 and solving for [L], we find a
solution in the form of

KeqStLt
1+ KoLy
KegSt
1+ ————5—
14 2K Ly — Ko 'Lt (4)

For each concentration of L, for which the absorbance was measured,
[L] was determined by an initial guess of K, in eq 4. Then, a Benesi—
Hildebrand plot was constructed, and from the slope and intercept of
the resulting linear fit, another value of K, was extracted. The initial
guess in eq 4 was modified until the K, determined from the Benesi—
Hildebrand plot was equivalent to the initial guess, which finally
results in our reported value of K, for BCF binding to PFPT. See ref
42 for more details.

For solution-state NMR, samples were measured using quartz
NMR tubes with a specially designed Teflon screw-cap seal. Samples
were loaded into the NMR tube inside the nitrogen atmosphere
glovebox and sealed and then brought outside the glovebox for
measuring. Deuterated chloroform was chosen because it was readily
available, significantly cheaper than deuterated chlorobenzene, and
improved the solubility of the polymer in chloroform over that in
chlorobenzene. Measurements were carried out on an Agilent
Technologies 400 MHz, 400-MR DD?2 spectrometer. Proton chemical
shifts are referenced to the proton peaks of residual chloroform in the
bulk chloroform-d solvent. ''B chemical shifts are reported relative to
0 = 0.0 for boron trifluoride diethyl etherate. In all experiments, the
concentration of the polymer (with respect to the repeat unit) and/or
BCF was 20 mM. To determine the equilibrium constant, the
integrated peaks of interest and initial concentrations were used to
determine the precise equilibrium concentrations of adduct [PFPT--
BCF], free polymer [PFPT], and unbound BCF [BCF]. Then, the
following equation was used to determine the equilibrium constant

_ [PEPT - BCF]
“ " [PFPT][BCF]

L, =g(L) + ¢ @)(L] - L) + (IL] = L)+

L] =L, —

in accordance with the reaction stoichiometry
PFPT + BCF < PFPT --- BCF

For solid-state NMR, samples were prepared by first creating a
solution (where the concentration of the polymer was approximately
20 mg/mL in chloroform) in a clean 20 mL vial. Then, the solvent
was allowed to evaporate in the nitrogen atmosphere glovebox. The
material was scraped off the walls of the vial, and the powder was
transferred to an airtight rotor for subsequent measurements in a
glovebox. The PFPT/BCF complex was packed into a 2.5 mm (outer
diameter) zirconia rotor fitted with a Vespel cap. The purity of the
PFPT/BCF complex is reflected in the '"H MAS NMR spectrum
shown in Figure 6a, which is free from solvent 'H signals. All solid-
state MAS NMR spectra were acquired on a 9.4 T Bruker AVANCE-
III NMR spectrometer equipped with a 2.5 mm H—F—X probehead
and a Bruker variable temperature (VT) control unit. Single-pulse "°F
MAS NMR spectra were acquired under 25 kHz MAS conditions
using 256 coadded transitions and a T, relaxation delay of 20 s,
corresponding to a total experimental time of 1.5 h. Single-pulse 'H
MAS NMR experiments were acquired by the coaddition of 32
transients with a relaxation delay of 3 s corresponding to a total
experimental time of 2 min. One-dimensional *C{'H} and *C{"’F}
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CP-MAS spectra were acquired under 15 kHz MAS conditions using
a CP contact time of 2 ms each. Cross-polarization involves the
simultaneous excitation of 'H/'F and '*C nuclei to enhance the
signals of the latter. The 3C 90° pulse duration was 4.0 ys, and the
'"H nutation frequency was 100 kHz. Coadded transients (2048) using
a 3 s recycle delay and heteronuclear decoupling were applied during
acquisition using the SPINAL64 sequence, corresponding to a total
experimental time of 2 h A 2D 'H{“F} heteronuclear multiple-
quantum coherence (HMQC) spectrum was acquired using 0.32 ms
of recoupling time. The 2D spectrum was acquired using 64 t
increments, each with 32 coadded transients, with a rotor-
synchronized t, increment of 40 us corresponding to an overall
experimental time of 2 h using a 3 s recycle delay. The DQ coherences
were excited and reconverted using a 16-step phase cycle that
incorporates Ap = +2 on the DQ excitation pulses (four steps) and
Ap = +1 (four steps) on the z-filter 90° pulse, where p is the
coherence order. The 2D spectrum was acquired using 128 ¢,
increments, each with 16 coadded transients, using a rotor-
synchronized t, increment of 40 s corresponding to an experimental
time of 2 h using a 3 s recycle delay. All 'H and "*C experimental
shifts are calibrated with respect to neat TMS using adamantane as an
external reference (higher ppm '*C resonance, 35.8 ppm; 'H
resonance, 1.85 ppm). Solid-state '°F chemical shifts of the PFPT/
BCF complex were calibrated to the °F chemical shift of Teflon at
—132 ppm which in turn was calibrated using neat CECly (*°F, 0
ppm) as an external reference.

All ultraviolet photoelectron spectroscopy measurements were
performed on a Kratos Axis Ultra DLD spectrometer under vacuum
(1077 Torr) using a He I (hv = 21.2 eV) discharge lamp at a pass
energy of 5 eV. The solutions were spun cast on top of solution-
cleaned indium tin oxide/glass substrates to give a film with a
thickness of approximately 10 nm. The films were electrically
grounded to the sample bar using nickel-impregnated tape. Linear
fits to the baseline to extract relevant parameters were performed
using IGOR Pro.

All X-ray photoelectron spectroscopy measurements were
performed on a Kratos Axis Ultra DLD spectrometer under vacuum
(107™® Torr) using monochromated X-rays produced using an
aluminum source running at a potential of 14 kV. A pass energy of
20 eV was used for all high-resolution element sweeps. The samples
were spun cast onto cleaned conductive indium tin oxide/glass
substrates. The films were mounted onto a sample bar using double-
sided tape and electrically grounded to the sample bar using nickel-
impregnated tape. Peak fitting was performed using WINSPEC, and
atomic sensitivity factors for each element were taken into account
during peak integrations.

Calculated structures were optimized by DFT using the B3LYP
functional and the 6-31G(d,p) basis set.””*® Solvent effects were
considered by using the SMD solvation model (solvent
chlorobenzene). For orbital analysis (TD-DFT), single-point energy
calculations were performed on the B3LYP-optimized geometries
using the @B97XD functional and the 6-31G(d,p) basis set.”” The
value of @ for each structure was determined after sampling a range of
arbitrarily chosen values and selecting that which finally satisfied
Koopman’s theorem.”
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1. Symmetric J-V curves for different film thicknesses

Figure S1. J-V curves of symmetric hole-only diodes for PTB7-Th films of a) 251 nm, b) 481
nm, and c¢) 575 nm thicknesses and MEH-PPYV films of a) 121 nm, b) 244 nm, and ¢) 361 nm
thicknesses with the following device configuration: PEDOT:PSS (35 nm) / Active layer/ MoOs

(10 nm) /Ag (100 nm).



2. Temperature-dependent J-V curves and SCLC fits to the current density

Figure S2. Temperature-dependent J-V curves (solid lines) and fits to the SCLC equation (dotted
lines) for a PTB7-Th hole-only diode of 481 nm. The underestimation of current density at

higher electric fields and lower temperatures is evident.



3. Temperature-dependent J-V curves and drift-diffusion calculations for current
density for different thickness devices

PTB7-Th MEH-PPV
251 nm 121 nm
575 nm 361 nm

Figure S3. Temperature-dependent J-V curves of PTB7-Th hole-only diodes of thicknesses a)
251 nm and ¢) 575 nm and MEH-PPV hole-only diodes of thicknesses b) 121 nm and d) 361 nm.

The dotted lines are the drift-diffusion calculations for the current densities.



4. Probing differences in crystallinity by GIWAXS of PTB7-Th and MEH-PPV

Figure S4. GIWAXS spectra of a) PTB7-Th and b) MEH-PPV films of 100 £ 5 nm
thicknesses. Line-cut profiles of GIWAXS measurements of PTB7-Th and MEH-PPV films

in the ¢) in-plane and d) out-of-plane direction.

Table S1. GIWAXS parameters for PTB7-Th and MEH-PPV in the in-plane and out-of plane

direction obtained from line-cuts.

Material . Lamellar spacing . . n-m stack .
qxy (A1) d-spacing (A) Lc(A) gz (A" d-spacing (A) Lc(A)
PTB7-Th  0.26 23.6 594 1.62 3.88 13.8

MEH-PPV  0.33 18.7 260 1.59 3.94 12.9




5. Solid-state NMR analyses of PTB7-Th and MEH-PPV

Figure S5. Solid-state '"H MAS NMR spectra of (a) PTB7-Th and (b) MEH-PPV acquired at
11.7 T and at room temperature under 58 kHz MAS depicting the 'H signals of branched alkyl

sidechains (0-5 ppm) and aromatic backbone moieties (6-9 ppm).



