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Molecular doping strategies facilitate orders of magnitude enhancement
in the charge carrier mobility of organic semiconductors (OSCs). Under-
standing the different doping mechanisms and molecular-level con-
straints on doping efficiency related to the material energy levels is
crucial to develop versatile dopants for OSCs. Given the compositional
and structural heterogeneities associated with OSC thin films, insight
into dopant—polymer interactions by long-range techniques such as
X-ray scattering and electron microscopy is exceedingly challenging to
obtain. This study employs short-range probes, solid-state (ss)NMR and
EPR spectroscopy, to resolve local structures and intermolecular inter-
actions between dopants such as FATCNQ (2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane), Lewis acid BCF (tris[pentafluorophenyl]
borane) and Lewis base conjugated polymer, PCPDTBT (P4) (poly
[2,6-(4,4-bis(2-hexadecyl)-4H-cyclopental2,1-b;3,4-b’]dithiophene)-alt-
4,7(2,1,3-benzothiadiazole)]). Analysis of 'H and **C ssNMR spectra of
P4, P4:FATCNQ and P4:BCF blends indicates that the addition of
dopants induces local structural changes in the P4 polymer, and causes
paramagnetism-induced signal broadening and intensity losses. The
hyperfine interactions in P4:BCF and P4:F4ATCNQ are characterized
by two-dimensional pulsed EPR spectroscopy. For P4:FATCNQ, °F
ssNMR analysis indicates that the FATCNQ molecules are distributed
and aggregated into different local chemical environments. By compar-
ison, BCF molecules are intermixed with the P4 polymer and interact
with traces of water molecules to form BCF—water complexes that serve
as Bronsted acid sites, as revealed by !B ssNMR spectroscopy. These
results indicate that the P4—dopant blends exhibit complex morphology
with different distributions of dopants, whereby the combined use of
ssNMR and EPR provides essential insights into how higher doping
efficiency is observed with BCF and a mediocre efficiency is associated
with FATCNQ molecules.
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New concepts

Polymeric organic semiconductors (OSCs) are of high fundamental and
technological interest for a range of optoelectronics, though they exhibit a
lower number of charge carriers than their inorganic counterparts. While
molecular doping of OCSs by Lewis acids or by FATCNQ is an effective
strategy to augment charge carrier mobilities, the complex doping
mechanisms and intermolecular interactions are difficult to define at
the atomic-level. The lack of knowledge on dopant-polymer intermole-
cular interactions hinders further development of efficient dopants. It is
unclear why the doping efficiency of most conjugated polymers is only a
few percent, and in this study for the same conjugated polymer the BCF-
water complex is a much better dopant than FATCNQ. Thus, there is an
urgent need for further investigation to gain insight into the molecular
origins of different doping efficiencies. We propose a combined two-
dimensional (2D) solid-state NMR and EPR approach to investigate local
structures and intermolecular interactions in a Lewis base PCPDTBT (P4)
polymer doped with FATCNQ and a Lewis acid BCF-water complex that
serves as a Bronsted acid. These findings offer a greater molecular-level
understanding of polymer-dopant interactions and are expected to
provide guidance for the development of simple and efficient molecular
dopants for OSC-based optoelectronics.

Introduction

Organic semiconductors (OSCs) are attractive due to their
flexibility and light weight, which make them suitable for
optoelectronic applications such as organic light emitting
diodes (OLEDs) for large area displays, organic photovoltaic
cells (OPVs), organic photodiodes, organic field-effect transis-
tors (OFETs), thermoelectrics, and emerging applications in
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bioelectronics. A key parameter for such applications is the
energy gap between electronic states of n-conjugated building
blocks, and charge transport within and in between =-
conjugated chains. For OSCs, the conductivity is limited by
the relatively low number of charge carriers compared to their
inorganic counterparts and hybrid compositions."” This lim-
itation is due in part to the relatively large energy band gaps of
OSCs, meaning a sufficiently high energy (above the thermal
energy provided at room temperature) must be supplied to
excite an electron from the ground state into the excited state.
Additionally, poor electric field screening in organic semicon-
ductors leads to the attractive Coulombic force between the
excited electron and its positively charged ‘hole’ in the lower
energy level to provide an additional energy barrier to be
overcome.? One way to enhance the number of charge carriers
is through doping, the addition of dopants to the OSC, which
either serve as electron donors (n-type doping) or electron
acceptors (p-type doping).

Early OSC doping strategies relied on the use of metals and
volatile halides*” that unfortunately tended to diffuse through the
organic layers, resulting in irreproducible doping and device
instability.>” The advent of molecular dopants has allowed for
stable doping to be achieved in OSCs, improving the performance
of devices such as OFETs, OLEDs, and OPVs.® %7 Specifically, acid-
base complexation and reduction-oxidation (redox) reactions
between small molecule dopants and conjugated polymers are
among the widely explored chemical doping strategies to adjust
the optical and electronic properties in OSCs. In redox doping, an
integer charge transfer occurs from the LUMO (lowest unoccupied
molecular orbital) of the dopant to the HOMO (highest occupied
molecular orbital) of the OSC, which depends strongly on their
energy level alignment.'* FATCNQ is one of the most common
p-dopants because its LUMO matches with the HOMO of many
OSCs and the material is commercially available. However, FATCNQ
has a very low solubility in common organic solvents and tends to
aggregate in thin films.”®™® In the case of acid-base reactions,
doping occurs by proton transfer to the basic polymer backbones
upon addition of small molecule acids. Several Lewis and Bregnsted
acids have been proposed as molecular dopants to OSCs, whereby
Lewis and Bronsted acids lead to weak and strong doping,
respectively.”* " Recently, OSC doping driven by ion exchange has
been suggested.”® In order to take full advantage of the opportunity
presented by molecular doping, a detailed understanding of the
polymer-dopant intermolecular interactions upon doping with
specific small molecules is needed.

The impact of dopants on the optoelectronic properties of
OSCs has been rationalized based on morphological studies
and dopant-host interactions. For example, in the poly(3-
hexylthiophene) (P3HT):FATCNQ system, it was observed that
doping by vapor diffusion resulted in minimal disturbance to
the ordering of the conjugated backbone along which charges
are transported in OSC materials, yielding significantly higher
conductivity values when compared to solution-processed dop-
ing that more drastically altered the OSC morphology.>**° In
the case of the poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-
blthiophene] (PBTTT-C;4):FATCNQ blend, FATCNQ molecules
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are ordered in a cofacial arrangement with PBTTT-Cy,, leading
to an efficient charge transfer.*’> In other studies, varied
processing conditions were used to tune the ratio of doping
by FATCNQ, which occurred through the integer charge transfer
(ICT) or partial charge transfer mechanisms as explained by the
location of the dopant molecules in the polymer structure.**~°
As partial charge transfer involves orbital hybridization
between the dopant and the host material,®”*® it was shown
to be favored when the dopant intercalates between the con-
jugated backbones of the 0SC.>'”*° In contrast to the multitude
of doping studies involving FATCNQ molecules, the doping
mechanism employed by the relatively nascent Lewis acid
dopant BCF is still unclear and ripe for further
investigation.**™**> The emerging Lewis acid dopants such as
BCF are of great current interest to the OSC community due
their high doping efficiency, defined as the ratio of the free
charge carriers to the dopant molecules, and good solubility in
common organic solvents when compared to other dopants
such as FATCNQ.?>*"**3~%5 when BCF molecules interact with
traces of water molecules, BCF-water complexes are formed,
which perform as strong Brensted acids that are shown to dope
conjugated polymers.*° In a recent study by Yurash et al., the
proposed BCF doping mechanism is based on proton transfer
from a BCF-H,O adduct to the polymer backbone, followed by
electron transfer from a nearby neutral polymer chain. It is then
proposed to result in a neutral radical on the polymer backbone
chain containing the extra proton, a positive radical on the
adjacent polymer backbone chain that already donated an
electron, and a coexisting BCF-OH™ anion.”® In a later study
by Arvind et al., it is the neutral protonated radical that was not
observed in electron paramagnetic resonance (EPR) measure-
ments of P3HT : BCF blends.*" Therefore, it has been suggested
that the overall PBHT-BCF reaction resulted in the formation of
the H, product, with one possible route for H, formation being
the reaction of two neutral radical species in the neighboring
polymer chains. In addition, density-functional theory (DFT)
calculations of various scenarios from both mechanisms show
highly endergonic processes (positive free energy) unless the
formation of a larger anion, [BCF(OH)(OH,)BCF] in which
[BCF(OH)] ™ is hydrogen bonded to another BCF(OH,) complex,
occurs.*” The formation of a large [BCF(OH)(OH,)BCF| ™~ anion
has been previously observed by Doerrer and Green in their
study on the oxidation of metallocenes by BCF(OH,) in non-
aqueous solvents, in which H, was also proposed to be the side
product.*® The formation of H, proposed in these BCF oxida-
tion reactions of both P3HT and metallocenes has not, how-
ever, been observed experimentally. Thus, molecular-level
understanding of the doping mechanism is expected to help
the rational development of design rules to produce Lewis acids
for doping OSCs. However, such knowledge is rarely fully
established, due to compositional and structural heterogeneity
associated with molecularly doped conjugated polymers.
Studies on dopant-host morphology have mostly been based
on techniques such as X-ray scattering that is limited to
detecting the crystalline and well-ordered regions of a material,
and atomic force or optical microscopy which are limited by
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their nature as surface techniques. Very few OSC doping studies
have utilized complementary analytical techniques such as
solid-state NMR (ssSNMR) spectroscopy.®>*” Information on
intermolecular interactions at the atomic-scale can be obtained
through ssNMR techniques that cover the entirety of the
material by probing both crystalline and amorphous regions
in conjugated polymers and their blends.**** Specifically, 2D
EPR techniques enable the electron-nuclear hyperfine interac-
tions in polymer-dopant blends to be identified and distin-
guished at complementary length scales to sSNMR, as the latter
technique probes predominantly the undoped regions of the
polymer.

In this study, 1D and 2D ssNMR and EPR techniques were
employed to study the intermolecular interactions between the
dopants BCF-water complex and FATCNQ with the OSC poly-
mer referred to as P4 (Fig. 1). In P4:FATCNQ, fully doped
FATCNQ molecules lead to strong hyperfine interactions with
P4 backbones as revealed by 2D EPR analysis (e.g., charge
transfer complexes that may disrupt n-n stacking), and the
undoped/aggregated FATCNQ molecules (ie., diamagnetic
regions) can be detected by '°F ssNMR spectroscopy. In the
P4 :BCF blend, the local boron environments of BCF dopants
are characterized by ''B NMR and the hyperfine structure is
characterized by 2D EPR techniques. Furthermore, the results
discussed herein elucidate that the BCF doping mechanism
does not rely on BCF association (or intercalation) with the
conjugated backbone, as it does not require the formation of a
charge-transfer complex. The results provide essential insights
into polymer-dopant interactions, and partly explain the lower
doping efficiency observed in FATCNQ doped P4 (<4%) as
compared to that of BCF doped P4 (>14%).>® The addition of
these solid-state NMR and EPR results is expected to help
experimental characterization and modelling studies of differ-
ent BCF-polymer interactions and doping mechanisms.

Results and discussion

We separately examined the local structures and interactions in
pristine P4 polymer and P4:dopant blends at different molar
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Fig. 1 Structures of the host polymer P4 along with dopants BCF and
FATCNQ.
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ratios. Based on our previous morphological studies of BCF-
doped P4 using grazing incidence wide angle X-ray scattering
(GIWAXS) and atomic force microscopy (AFM), we did not
expect BCF to significantly alter the degree of molecular order
in the P4 polymer.*® Nevertheless, the addition of a dopant to a
polymer is expected to result in a variety of local chemical
environments such as diamagnetic and paramagnetic species,
which can be investigated by ssNMR and EPR techniques. For
example, a molecular-level assessment of local structures and
interactions in the neat P4, P4:BCF and P4:FATCNQ samples
can be made by analyzing the "H and "*C magic-angle spinning
(MAS) NMR spectra. The compositional and structural hetero-
geneity of the P4-dopant blends is indicated by broad signals
covering a wider range of 'H and "*C chemical shift (§) values
than those of the pristine P4 polymer (ESI, Fig. $1 and S2).%¢ Of
particular note, the origin of the NMR signal broadening in the
doped P4 polymers can be related to several short and long
range interactions, anisotropic bulk magnetic susceptibility
(ABMS) effects, hyperfine interactions, locally (dis)ordered
structures and relaxation-induced broadening, which are diffi-
cult to deconvolute. However, 'H — ">C cross polarization (CP)-
MAS NMR®” spectra of the P4-dopant blends exhibit higher
signal broadening and intensity losses in their aromatic regions
than the alkyl peaks, indicating that the noteworthy changes
occur in the vicinity of the P4 backbone moieties (ESL, T Fig. S2).
Notably, broad distributions of '*C peaks in the range of
105-175 ppm (~70 ppm wide for P4:BCF and P4-FATCNQ
blends compared to ~50 ppm for pristine P4) indicate the
different local chemical environments in doped polymers and
the presence of free radicals, which could also lead to signal
intensity loss due to paramagnetism induced relaxation.’®>°
Consequently, a large number of transients were coadded to
acquire the "C CP-MAS spectra of the P4:dopants with good
signal-to-noise ratios (20480 and 16384 coadded transients,
respectively, for P4:FATCNQ and P4:BCF), compared to the
coaddition of 4098 transients for the P4 polymer. Although
'H — 'C CP-MAS experiments of these materials do not
provide quantitative assessment of '*C{'H} peak enhance-
ments, a comparison of alkyl/aromatic "*C signal intensities
indicates that the major intensity losses occur in the P4-dopant
blends (Fig. S2, ESIT) compared to the neat P4 polymer.

To gain further insights into the signal intensity losses
induced by the addition of a dopant to the P4 polymers, 'H
MAS NMR spectra of undoped and doped P4 polymers
(~2.5 mg each) were acquired at identical experimental con-
ditions and compared (ESI,{ Fig. S3 and Table S1). For the
pristine P4 polymer, the aliphatic signal (0-4 ppm) intensity is
calibrated to 66, which leads to the estimation of the aromatic
signal (5-9 ppm) intensity of 4.7, consistent with the composi-
tion of the CPDT-BT unit with 4 aromatic protons and 66 alkyl
sidechain protons. By comparison, the peak integral of the alkyl
sidechains in the P4:F4TCNQ (1:0.2 molar ratio) blend is
reduced to 36.3 (calibrated with respect to 66 in the pristine
P4), and the aromatic signal is reduced to 1.7, which suggests
that the intensity losses occurred for both alkyl and aromatic
peaks, though greater intensity losses were observed for
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aromatic peaks than the aliphatic signals. A similar trend is
observed for the P4:BCF blend, whereby the peak integrals of
alkyl (49.5) and aromatic (1.4) groups are decreased (Table S1,
ESIt). It can be reasoned that the presence of both paramag-
netic and diamagnetic entities in the vicinity of the P4 polymer
backbones, as characterized by the EPR and NMR techniques
discussed below, contribute to such peak broadening and
intensity losses. For example, previous studies have shown that
the FATCNQ molecules intercalate between the n—n stacks and/
or lamellar stacks of PBTTT-C,, and P3HT polymers, leading to
charge transfer complexes.”*?*3%3%%-63 1 addition, the con-
tributions from the undoped polymer regions with self-
aggregated dopant molecules to the NMR peak broadening
cannot be ruled out.

To examine the backbone and sidechain moieties in the
(un)doped P4 polymer more closely, we employed 2D "H-'*C
heteronuclear correlation and '"H-'H double quantum-single
quantum (DQ-SQ) correlation NMR spectroscopy (ESI,t Fig. S4
and S5). In measurements of this type, the 2D signals are
created for through-space and dipolar coupled 'H-'*C and
"H-'H spin pairs, which correspond to inter- and intra-
molecular interactions. Specifically, 2D "H DQ-SQ combines
several key advantages; 'H signals are detected in two different
frequency dimensions, whereby the DQ signals originating
from dipolar coupled "H-"H pairs are manifested as the sum
of "H SQ chemical shifts (see Fig. 2, the vertical DQ axis has a
chemical shift range twice as large as the horizontal SQ axis).
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The DQ intensities are characteristic of the strength of dipolar
interactions between specific "H-"H pairs, which manifest as
on- and off-diagonal correlation peaks corresponding to che-
mically equivalent and distinct sites, respectively. This is illu-
strated with greater detail in the previous studies.®*®® A
comparison of 2D "H-'H DQ-SQ correlation spectra of P4,
P4:BCF and P4:FATCNQ blends acquired with 20 microse-
conds of recoupling time is shown in Fig. 2. For the neat P4
polymer (Fig. 2b), the broad distribution of "H DQ peaks
centered at ~3 ppm corresponds to dipolar coupled "H-'"H
pairs in the alkyl sidechains. The off-diagonal DQ signals at 7.5
and 9.3 ppm are due to the dipolar interactions between side-
chain and aromatic 'H-'H pairs. The distribution of on-
diagonal "H DQ peaks in the range of 11-14 ppm (Fig. 2b, solid
oval) is attributable to the close "H-"H proximities in the BT
units of the P4 polymer. Although the on-diagonal DQ peak
associated with through-space H-H proximities in CPDT moi-
eties is expected to resonate in the range of 14-16 ppm, this
peak is too weak to be detected due to weak inter- and
intramolecular dipolar interactions between the thiophene
protons. Nonetheless, a '"H DQ-SQ spectrum of the neat P4
acquired with a large recoupling time of 40 microseconds (ESL,f
Fig. S7a) shows a weak signal intensity at ~15 ppm. In
addition, the off-diagonal peak associated with the aromatic
groups of the P4 appearing at 5.4 and 5.9 ppm on the SQ axis
(DQ, 11.3 ppm) is attributable to the different local chemical
environments of 'H sites with different aromatic ring current

» o » - a G %
@B -y am
» » ’. - )
(b) » (c) (d)

C | P4:BCF (1:1) - | P4F4TCNQ( C
"o iy [0 E
c L - o
- - E 2
C 4 ~ 4 L4 &
- -+ o =
- © - - (]
C 8 = e 8 g
= I B = E
—12 77 < —12 —125
[~ // // - B g

- : , E C
—16 P —16 _—16;

III|III|III|III|III||[|_20|||||1|||||||||||||]|||_20|||||||||II|III|II71|III_20
10 8 6 4 2 0 10 8 6 4 2 0 10 8 6 4 2 0

'H SQ chemical shift (ppm)

'H SQ chemical shift (ppm)

'H SQ chemical shift (ppm)

Fig. 2 (a) Schematic diagram of the different distributions of dopant molecules in the host polymer. Solid-state 2D *H-'H DQ-SQ correlation NMR
spectra of (b) neat P4, (c) P4 :BCF (1:1 molar equiv.) and (d) P4: FATCNQ (1: 0.2 molar equiv.) indicating the signal intensity losses in the aromatic regions
of doped P4 polymers. Weak intensity signals in the dashed ovals are likely to be artefacts or residual DQ signals originating from the undoped

diamagnetic aromatic regions of the P4—dopant blends.
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effects in the n-m stacked PDT units. In contrast to the pristine
P4 material, the doped polymers display different DQ-SQ
features whereby the aliphatic signals are detected with appre-
ciable intensities but not the aromatic regions (Fig. 2c, d,
dashed ovals) indicating that the free radicals are closely
associated with the aromatic moieties of P4 polymers. In
addition, the "H DQ coherences relax much faster than the
SQ coherences, which may contribute to further signal intensity
losses, particularly in the localities of the free radicals. This is
further evaluated by examining the horizontal line-cut spectra
of 2D "H DQ spectra of doped systems acquired with different
recoupling times as shown in the ESI{ (Fig. S6 and S7b, c). The
weak intensity signals depicted in dashed ovals are either
artifacts or any residual aromatic "H DQ peaks originating
from the undoped diamagnetic regions. This result is in line
with the analysis of 1D 'H and "*C CP-MAS spectra, although 'H
DQ-SQ NMR notably allows observation of the specific moieties
of the polymer impacted by the doping process. It
can be reasoned that the different doping mechanisms and
the presence of different radical species contribute to the
intensity losses, as will be investigated by EPR techniques
discussed below.

Information on the hyperfine structure and local chemical
environments of dopants in organic semiconductors can be
obtained by EPR spectroscopy,”’ ®® which has a single-site
resolution to investigate paramagnetic species. Fig. 3 compares
the X-band continuous-wave length (CW) EPR and pulsed EPR
hyperfine sublevel correlation (HYSCORE) spectra of the P4,
P4 :BCF and P4:F4TCNQ blends. The CW spectrum of the P4
polymer (Fig. 3a) shows a very weak EPR signal with a 5 Gauss
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Fig. 3 Solid-state (a) continuous-wave EPR spectra of the P4 and P4:
dopant blends and 2D HYSCORE spectra of the (b) P4, (c) P4:BCF
(1:1 molar equiv.) and (d) P4:FATCNQ (1:0.2 molar equiv.) indicating
the different hyperfine interactions between the P4 and dopant molecules.
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(G) linewidth centered at a g-factor of 2.0026 indicating the
mobility of the delocalized electrons at minuscule concentra-
tions. The addition of dopants to the P4 induces a spike in the
signal intensity and a dramatic change in the EPR linewidth
that decreases to 1.7 G with a g-factor that resembles the free
electron g-value. However, the P4:BCF blend leads to a rela-
tively stronger EPR signal than the P4:F4ATCNQ, consistent
with the increased doping efficiency associated with the BCF
molecules. More elaboratively, the localization of dopant
molecules in the P4 polymer network is analyzed by the 2D-
HYSCORE technique that provides information on the hyper-
fine interactions between electrons and nuclear spins. The
physical origins that contribute to hyperfine couplings are (i)
anisotropic dipole-dipole interaction that depends on the
relative orientation of magnetic moments, and (ii) isotropic
Fermi-contact interaction that arises when there is a finite spin
density of the electron spin at the nucleus. For the neat P4
polymer, a weak Fermi-contact hyperfine coupling associated
with "H (14.5 MHz) with a maximum anti-diagonal ridge extent
of 8.2 MHz is detected in the (+, +) quadrant (Fig. 3b). In
addition, weak hyperfine couplings associated with *C and
with "N sites are observed. In the (—, + and +, +) quadrant of
the same spectrum, the single-quantum and double-quantum
signals associated with "*N are observed as indicated by red
arrows. By comparison, the 2D HYSOCRE spectrum of P4 : BCF
(Fig. 3c) exhibits weak hyperfine couplings with the two iso-
topes of boron '°B (v = 1.6 MHz) and "'B (v = 4.8 MHz) on the
diagonal (red arrows), and does not show anti-diagonal signals,
indicating that these hyperfine interactions arise purely from
dipolar interaction. A well-resolved '°F (v = 13.7 MHz) signal
with a maximum hyperfine coupling of 2.1 MHz indicates that
the fluorine atoms are spin polarized by the electrons, whereas
the 'H signal (v = 14.9 MHz) with a hyperfine coupling of 5 MHz
(with an electron-"H distance greater than 0.4 nm) suggests that
the bulky aromatic BCF molecules are located in the vicinity of
the P4 backbone moieties rather than intercalated between the
n-n stacked P4 backbones. In the case of P4 : FATCNQ (Fig. 3d),
a 'H signal at v = 14.9 MHz originates from a pure dipolar
interaction with a vertical shift of 1.4 MHz with a distance of
less than 0.38 nm between the unpaired electron and 'H, as
estimated based on the dipole single point approximation. This
hyperfine coupling is within the regime of typical n-r stacking
interactions in conjugated polymers, suggesting that the
FATCNQ molecules are intercalated, at least in part, between
the n-n stacked P4 polymers. Combined, the 2D ssNMR and
EPR results corroborate that the BCF and FATCNQ molecules
exhibit different intermolecular interactions with the P4 poly-
mer, leading to different doping mechanisms and efficiencies.

Further insights into the different doping effects in the
P4 : BCF and P4:FATCNQ blends can be obtained by analyzing
NMR longitudinal relaxation times (T;) of 'H sites in the P4
polymer. The presence of paramagnetic species in doped poly-
mers influences the associated longitudinal relaxation (T;)
times of nuclear spins.>® For the neat P4 and P4:dopant
blends, the T relaxation times are given in Table S2 (ESIT).
Aromatic "H sites in P4: BCF show relatively longer T; values
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(~0.89 s) than the same sites in the P4 : FATCNQ blend (0.03 s),
indicating different nuclear spin relaxation behaviors in these
blends. However, the P4:BCF-water complexes exhibit much
shorter T, values for both alkyl and aromatic 'H sites. The
different T, values are hypothesized to originate from different
distributions of dopant molecules in the polymers and the
different hyperfine interactions in the P4:F4TCNQ, P4:BCF
and P4:BCF-water blends. Although the 'H T; relaxation
measurements and analysis corroborate that the loss of 'H
DQ signal intensities in the P4 : dopant blends (Fig. 2¢) is due to
the presence of paramagnetic species in much closer proximity
to the P4 backbone moieties (as confirmed by EPR analysis,
Fig. 3), further investigation of the factors that contribute to
site-specific T; relaxation times is required to gain insight into
the different relaxation behaviors in the doped polymers.

By analyzing the ''B (spin magnetic moment I = 3/2 and
exhibits quadrupolar interaction) MAS NMR spectra of the BCF
and BCF:P4 blends, we provide further insight into the
changes in the local chemical environments of BCF molecules
upon addition to the P4 polymer. As seen in Fig. 4a, the 1D *'B
spectrum of BCF shows a broad quadrupolar lineshape between
45 and 60 ppm produced by the tri-coordinated boron atoms in
BCF, and a relatively narrow lineshape near 0 ppm attributed to
tetracoordinated boron nuclei in the BCF-H,O complex. As a
result of the increased coordination number of boron, and
reduced quadrupolar interactions, the tetracoordinated BCF-
H,O complex exhibits a relatively narrower signal.>””® Although
the neat BCF material was stored under a nitrogen atmosphere
in a glovebox, trace amounts of water present (or exposure to
ambient atmosphere during the sample preparation for ssSNMR
studies) were enough to result in the BCF-H,O complex,*® and
different types of BCF-water complexes.*> Upon addition to P4,
there is further narrowing of the ''B peak appearing at —4 ppm,
which could be attributed to the BCF molecules embedded into
the polymer chains and the hyperfine interactions between
BCF-water/BCF-OH™ and the P4 polymer radicals. When a
higher concentration of BCF is incorporated into the P4 poly-
mer (1:1 molar ratio), an additional ''B signal emerges at
~18 ppm, indicating the formation of additional BCF-water,
BCF-OH like or bridged complexes involving two BCF
molecules.’>** It is noteworthy that the conjugated polymers
with extended sidechains are lipophilic, and thus enhance the
moisture stability of the BCF molecules embedded into the P4
polymer. Addition of water molecules promotes the formation
of BCF-water and bridged complexes, which influence the
doping efficiency of the P4 : BCF blend. To test this, we carried
out "B and 'H MAS NMR experiments as a function of the
amount of water added to the P4 : BCF blend, whereby the ''B
signal at 15-19 ppm is detected with much higher intensity
(Fig. 4a). The "H NMR spectra also show the emergence of a
water "H signal resonating at ~4.5 ppm (Fig. 4b), and the 'H
signal integral values associated with aliphatic and aromatic
protons (13.2 and 0.5) indicate further signal intensity loss
upon addition of water to the P4 : BCF blend (Table S1, ESIt). In
addition, a comparison of the 1D X-band CW-EPR spectra of the
P4, P4:FATCNQ, P4 : BCF and P4 : BCF + water complexes (ESL,
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(a) "B MAS NMR 4

P4-BCF (1:1) + H20

P4-BCF (1:1) + D20

P4-BCF (1:1)

P4-BCF (1:0.2)

P4-BCF (1:0.05)

BCF

60 50 40 30 20 10 0 -10 -20
"B shift (ppm)
”
) RIS RNE water  alkyl sidechains

aromatic

water content

P4-BCF (1:1) + H:0
P4-BCF (1:1) + D:0
P4-BCF (1:1)

P4-BCF (1:0.2)
FrTT T T TT T T T T T T T TTTd
14 12 10 8 6 4 2 0 -2 4 -6

"H chemical shift (ppm)

Fig. 4 1D ™B MAS NMR spectra of (a) BCF, P4:BCF at different molar
ratios and P4 :BCF with a drop of added water and water-d. (b) *H MAS
NMR spectra of P4:BCF with and without added water or water-d. All
spectra were acquired at 18.8 T (*H = 800.1 MHz, !B = 256.7 MHz) at room
temperature.

Fig. S8) suggests that the P4:BCF-water complex has a rela-
tively higher concentration of radical species as indicated by
the stronger signal intensity than the P4:BCF blend. The
distinct EPR features of the P4:BCF + water complex are due
to the different local chemical environments of dopant mole-
cules and hyperfine interactions between P4 and BCF-water
complexes. Overall, this analysis suggests that the increased
concentrations of the paramagnetic species are formed when a
drop of water is added to the P4 : BCF complex. This result is in
line with our previous observation, whereby the addition of a
drop of water to P4:BCF resulted in enhanced charge carrier
mobility.*® Conversely, when deuterated water (D,0) is added
to the P4:BCF blend, there is no such trend in the emergence
of the ''B signal intensity (15-20 ppm) or the additional 'H
signal intensity loss in the aromatic regions of the "H MAS
NMR spectra. It can be reasoned that the deuteration of water
molecules can affect the formation of bridged BCF-water com-
plexes (for example, large anions), due to the geometric isotopic

This journal is © The Royal Society of Chemistry 2022
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effects on the hydrogen bonding interactions, which may
ultimately influence the proton transfer process to the P4
polymer chains.

From the 1D '°F NMR of the neat FATCNQ (Fig. 5a), we observe
two distinct peaks at —129 and —133 ppm corresponding to the
unique local environments for fluorine atoms in the crystal struc-
ture of FATCNQ.””> For the P4:F4TCNQ blends (1:0.02 and
1:0.2 molar ratios), the detection of *°F signals is challenging due
to minuscule concentrations of FATCNQ molecules and longer '°F
longitudinal relaxation delays of up to several minutes.*” This is
further exacerbated by the presence of delocalized electrons in the
vicinity of intercalated FATCNQ molecules between the polymer
backbones, as revealed by the EPR analysis and the intensity loss in
the "H NMR spectrum of P4 : FATCNQ as shown in Fig. 2. Here we
used a spin-echo filter to suppress background signals from the
NMR probe, and a large number of transients were coadded
(1600 scans) to acquire the '°F spectrum of P4:FATCNQ (1:0.02)
in order to identify two distinct '°F signals at —128 and —150 ppm.
Further addition of FATCNQ (0.2 molar equivalents) produces two
additional local environments for fluorine nuclei, resulting in
partially resolved peaks at —134, —135, —138 and —143 ppm.
Although '°F signals corresponding to the fully doped P4 : FATCNQ
regions (i.e., intercalated FATCNQ molecules) may not be observed
in ssNMR experiments,** the NMR-detected '°F signals are expected
to originate from the nonconducting regions and/or locally

(a) (b)

P4FATCNQ
(1:02)

50s
20s
-150
P4:FATCNQ 128 05
(1:0.02)
5s
3s
-129 -133
1s
FATCNQ
05s
|III|III|III|III||IIIIIII]III]III|
-100 -120 -140 -160 -180 -100 -120 -140 -160 -180
°F chemical shift (ppm) °F chemical shift (ppm)
(c) (d)
JM‘ P4 (sidechain)
P4:F4TCNQ (1:0.2) - -150 )
2 EED
3 ',(‘!|| F4TCNQ
E-140 “) P4 (core)
3 , F4TCNQ ;&
X F -130 ” (cluster) ‘
disordered o ’
lIIII|IIII|IIII|IIII|IIII|I_
-130 -140 -150 S

F chemical shift (ppm)

Fig. 5 Solid-state (a) 1D *°F MAS NMR spectra of the neat FATCNQ and
P4 : FATCNQ blends with different FATCNQ molar ratios, and (b) T,-filtered
19F MAS NMR spectra of P4:FATCNQ (1:0.2) as a function of spin-echo
time, and (c) 2D ¥F-1°F spin-diffusion NMR spectrum of P4:F4TCNQ
(1:0.2) acquired with 500 ms mixing time. (d) Schematic representation of
different distributions of FATCNQ molecules in the P4 polymer chains.
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aggregated FATCNQ molecules in the proximity of lamellar
regions.>® The combined ssNMR and EPR results suggest that the
FATCNQ molecules are distributed into different local chemical
environments in the P4 polymer, some of which, but not all, are
involved in the doping process. However, from the 1D '°F ssNMR
data alone we cannot discern which peaks would correspond to
backbone intercalated, crystalline and disordered aggregates of
FATCNQ molecules in the P4:FATCNQ blends. To further resolve
these signals, we used a spin-echo filter’® of 10 s, which suppresses
the signals from the probe background and a series of 1D *°F NMR
spectra (Fig. 5b) were acquired by varying the longitudinal relaxation
delays in the range from 0.5 to 50 s. This experiment allows fast and
slow relaxing '°F sites in the aggregated and ordered FATCNQ
molecules to be distinguished and identified. Distribution of
FATCNQ molecules closely associated with P4 backbone moieties
produces broad peaks at —143 and —134 ppm, visible after a short
relaxation delay (0.5 s), whereas the aggregated FATCNQ results in
narrow signals at —138 and —135 ppm which were detected at
higher intensities when a relaxation delay of greater than 20 s is
used. It is noteworthy that these relaxation delays are much smaller
than the Ty relaxation delays of the neat FATCNQ (up to 600s),
suggesting that the added FATCNQ molecules to the P4 polymer
exhibit different local structures and dynamics than the pristine
FATCNQ. For example, the literature reports detail FATCNQ aggre-
gate formation at high doping concentrations, which can be avoided
at low dopant concentrations.**”* This trend is observed in the
P4:FATCNQ system as revealed by the 1D '°F NMR experiment
carried out for a lower P4 : FATCNQ molar ratio of 1.0:0.02 (Fig. 5a),
which showed only the peaks near —128 and —150 ppm. These °F
chemical shifts are identical to those reported earlier, which
correspond to dopant molecules located in the vicinity of the P4
backbone moieties, further supporting the assignments made by
the spin echo experiments.

Correspondingly, 2D "’F-'°F spin diffusion measurements
also provided resolution of the aggregated and distributed
FATCNQ molecules in the doped P4 polymer (Fig. 5¢ and d).
These experiments use a spin diffusion delay (also referred to
as mixing time) to allow magnetization exchange between
dipolar coupled "F spins. A small mixing time of 10 ms is
not enough for the exchange of the magnetization between '°F
sites to occur (Fig. S9, ESIT), resulting in only self-correlation
peaks that appear along the diagonal. The longer spin diffusion
time of 500 ms allows a markedly different spectrum to be
obtained, showing cross-correlation peaks between the signals
at —138 and —135 ppm on both axes, which indicates spin
magnetization exchange between chemically distinct *°F nuclei
in the FATCNQ aggregates. In contrast, the lack of cross (off-
diagonal) peaks between intercalated (or closely associated with
the P4 backbone) '°F nuclei producing peaks at —143 ppm and
those in the aggregates producing peaks at —135 ppm suggests
that these two °F sites are too distant or locally disordered to
allow for spin magnetization exchange to occur between them.
The FATCNQ aggregation in the blend and the partial disrup-
tion of the P4 backbone by FATCNQ explain the lower doping
efficiency observed in P4:FATCNQ films (<4%). Further
analysis of cooperative interactions that drive molecular
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self-assembly in OSCs are expected to help to understand the
aggregation behaviors of small molecular dopants in
polymers.”®

Owing to the inherently heterogeneous chemical nature, the n-
conjugated polymers and their blends represent a characterization
challenge. The addition of dopant molecules causes changes to the
molecular self-assembly and local structures at sub-nanometer
distances, which are often difficult to analyze by X-ray scattering
and microscopy techniques, and insights offered by infrared
spectroscopy are also limited. On the other hand, electroanalytical
and UV-visible spectroscopy techniques, though they provide infor-
mation on the macroscopic changes such as conductivity and
optical absorption, do not resolve atomic-level structures and inter-
actions. Therefore, it is less straightforward to reach a consensus
about structure-property relationships. To this end, the ssNMR and
EPR analysis presented here enabled the specific moieties of doped
polymers impacted such as backbone and sidechain structures, and
hyperfine interactions to be identified and distinguished. Our
results indicate that the addition of FATCNQ and BCF to the P4
polymer leads to different intermolecular interactions and structural
changes due to different doping mechanisms. Some of the FATCNQ
molecules, but not all, dope the P4 polymer by forming charge
transfer complexes (free radicals that can be detected by EPR and
confirmed by the signal intensity loss in the aromatic 'H NMR
spectra of the P4 polymer), and the self-aggregated FATCNQ mole-
cules distributed within the polymer network can be analyzed by *°F
MAS NMR and relaxation measurements. In addition, sSNMR and
EPR analyses provide essential insights into the BCF-doped P4
polymers that exhibit an entirely different doping mechanism,
whereby BCF molecules interact with traces of water molecules to
serve as Brensted acid sites to transfer a proton to the P4 polymer
leading to BCF-OH ~ and other BCF-water Bronsted acid complexes
that are detected by "'B MAS NMR. These magnetic resonance
techniques present several opportunities and obvious challenges for
the study of doped polymers. For example, it is less straightforward
to distinguish between the doped and undoped polymer regions
and polymer-dopant interfaces precisely and quantitively. It is also
difficult to determine the domain sizes and shapes of the doped
and undoped polymers due to the short-range nature of both EPR
and NMR techniques. More in general, polymer blends consisting
of dia- and paramagnetic species lead to signal broadening due to
several short and long-range interactions such as Fermi contacts,
pseudocontacts, and anisotropic bulk magnetic susceptibility
(ABMS)-induced shifts, as well as the dipolar contributions and
locally disordered regions, which are additive, and deconvolution of
these factors to rationalize the NMR peak broadening requires the
ability to quantify them separately.

Conclusions

The use of high resolution ssSNMR and EPR techniques in this
study has provided valuable insights into the intermolecular
interactions at sub-nanometer distances, which underlie the
previously observed differences in doping efficiency between
the different molecular dopants. In the case of the P4:BCF
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blend, the BCF molecules are closely associated with the P4
backbones, though they cause minimal disruption to the con-
jugated backbone stacking, which is critical for charge trans-
port in organic semiconductors. In addition, BCF can interact
with traces of water molecules to form Brensted acid BCF-water
complexes. The "B NMR signals corresponding to tri- and
tetracoordinated BCF complexes are distinguished and identi-
fied, and EPR analysis further corroborates the close polymer-
dopant interactions, suggesting that the BCF-water complexes
serve as Brgnsted acid sites to enhance the doping efficiency
(>14%). By comparison, the combined EPR and NMR results
indicate that the fully doped FATCNQ molecules are closely
associated with the P4 backbones, and the undoped FATCNQ
molecules are distributed into different aggregates, specifically
by illustrating the 2D "H-'H and '°F-'°F NMR measurements
and analysis. This observation together with FATCNQ aggrega-
tion helps to explain the much lower doping efficiency (<4%)
of P4:FATCNQ.*° Insight into the hyperfine interactions in the
P4, P4:BCF and P4:F4TCNQ blends is obtained by analyzing
the pulse 2D HYSCORE spectra. Furthermore, these results are
complemented by 'H longitudinal relaxation (7;) measure-
ments and analysis that indicate that the addition of dopants
has an impact on the relaxation behaviors of "H sites in the P4
polymers. Therefore, a high-resolution ssNMR and EPR
approach can be applied to obtain essential structural insights
and have much wider relevance to characterize intermolecular
interactions in small molecule doped n-conjugated polymers.

Experimental
Materials, synthesis and deposition

The polymer poly[2,6-(4,4-bis(2-hexadecyl)-4H-cyclopenta[2,1-
b;3,4-b'|dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (P4), BCF
and FATCNQ were purchased from commercial suppliers, and
P4 and P4 : dopants at the indicated molar ratios were prepared
according to the procedure described in the ESL{

Solid-state NMR and EPR spectroscopy

All solid-state NMR and EPR experiments were carried out at
the high field NMR/EPR facility at the University of Lille,
France. Sample preparation for ssNMR and EPR experiments,
1D and 2D MAS NMR data acquisition and spectral analysis
details are given in the ESL
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