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ABSTRACT: The ability to insolubilize doped semiconducting polymer layers can help enable the fabrication of efficient multilayer
solution-processed electronic and optoelectronic devices. Here, we present a promising approach to simultaneously n-dope and
largely insolubilize conjugated polymer films using tetrakis[(4-(1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazol-2-yl)phenoxy)me-
thyllmethane (tetrakis-O-DMBI-H), which consists of four 2,3-dihydro-1H-benzoimidazole (DMBI-H) n-dopant moieties covalently
linked to one another. Doping a thiophene-fused benzodifurandione-based oligo(p-phenylenevinylene)-co-thiophene polymer
(TBDOPV-T) with tetrakis-O-DMBI-H results in a highly n-doped film with bulk conductivity of 15 S cm™. Optical absorption spectra
provide evidence for film retention of ca. 93% after immersion in o-dichlorobenzene for 5 min. The optical absorption signature of
the charge carriers in the n-doped polymer decreases only slightly more than that of the neutral polymer under these conditions,
indicating that the exposure to solvent also results in negligible de-doping of the film. Moreover, thermal treatment studies on a
tetrakis-O-DMBI-H-doped TBDOPV-T film in contact with another undoped polymer film indicate immobilization of the molecular
dopant in TBDOPV-T. This is attributed to the multiple electrostatic interactions between each dopant tetracation and up to four
nearby anionic doped polymer segments.

1. INTRODUCTION

Stable and efficient doping of organic semiconductors plays
an important role in a variety of (opto-)electronic devices,
where it can extend the range of achievable functionality and
to improve the performance of devices including organic light-
emitting diodes (OLEDs), organic photovoltaic (OPV) cells, and
organic field-effect transistors.’* The addition of molecular ox-

Although doping can help improve device performance, do-
pants are often prone to migration from their intended loca-
tions to other regions of the device in which their presence
may not be desirable. For example, Li* ions have been found to
diffuse from n-doped injection layers in OLEDs into the emis-
sive layer, adversely affecting device performance,® while dif-
fusion of much larger metal-organic dopants from a p-doped

idants (p-dopants) or reductants (n-dopants) can lead to a sig-
nificant increase in the density of positive or negative charge
carriers, respectively, either through simple electron-transfer
reactions or more complex chemistry. This, in turn, permits
one to tune the conductivity of the semiconductor, and to
modulate the Fermi-level position in the semiconductor’s
transport gap, facilitating alignment of its charge transport lev-
els at interfaces with those of other materials within an (opto-
)electronic device stack.”

charge-extraction layer into an OPV active layer is also thought
to be responsible for deterioration of device performance.’
Furthermore, solution fabrication of multilayer devices is often
challenging, in that deposition of a second layer can lead to
(partial) dissolution of the first layer. Solvent-resistant polymer
films have been obtained through crosslinking thermally (e.g.,
using benzocyclobutanes® or trifluorovinylethers®), photo-
chemically (e.g., using acrylates' or cinnamates?'?), or with acid
catalysis (using oxetanes®?), allowing the fabrication of multi-
layer device architectures by solution-processing.’> 14



However, a high loading of cross-linkable units on polymer
chains can in some cases interfere with the intermolecular
packing and thus negatively affect the charge-carrier
transport,*> and the approach will not necessarily immobilize
dopant ions, unless they are also functionalized with crosslink-
ing groups. Another approach to achieve solvent-resistant pol-
ymer films is the addition of aryl azide cross-linker mole-
cules,"2° which, upon photolysis, can give highly reactive sin-
glet nitrenes that can undergo insertion into the alkyl C—H
bonds of the organic semiconductor side chains and/or dopant
moieties. This can also - in principle - lead to dopant immobili-
zation, although in a recent study molybdenum tris(dithiolene)
dopants were not effectively immobilized, presumably be-
cause they contained few C—H bonds.” In a related approach
an azide-functionalized dopant molecule has been photolyzed
to covalently tether the dopant ion to a semiconductor.? In
some cases, orthogonal solvents can be used for successive
layer deposition. For example, the high-conductivity hole-in-
jection/extraction material PEDOT:PSS (poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate) is usually processed from
water and is insoluble in the solvents used to cast typical hole-
transport materials, while the large polymeric, multiply
charged counter anion PSS does not diffuse into adjacent lay-
ers. However, the water used for processing PEDOT:PSS can
lead to poor long-term stability of certain devices and the ap-
proach is clearly limited to p-doping.??

While films resistant to solvent exposure can, at least to
some extent, be created via molecular doping-induced poly-
mer chain aggregation, the formation of aggregates has been
shown in some cases to degrade the electrical properties of the
film.2> Furthermore, few n-doped materials have been re-
ported that can be processed from solution and subsequently
insolubilized,?* especially while retaining a high conductivity.

One of the factors that makes PEDOT:PSS insoluble in low-
polarity organic solvents may be a network of strong Cou-
lombic interactions between the multiple positive charge car-
riers located on the PEDOT chains and the multiple negative
charges on the PSS anion chain. Networks of electrostatic in-
teractions, along with other non-covalent interactions, also
play an important role in the conformations and binding char-
acteristics of biological molecules such as proteins, and in var-
ious synthetic supramolecular self-assembling systems. We hy-
pothesized that such “electrostatic crosslinking” could also po-
tentially be applied to increase the solvent-exposure re-
sistance of n-doped polymers if the dopant formed a multiply
charged cation upon doping. At the same time, we considered
that, if the dopant extensively reacted with the polymer at the
solution-casting stage, poorly soluble material might form in
an uncontrolled manner and precipitate prior to film for-
mation. Therefore, a more desirable approach might be to use
a multi-electron dopant that could be thermally activated sub-
sequent to film formation, as shown schematically in Figure 1.

Recently, 1,3-dialkyl-2-aryl-2,3-dihydro-1H-benzoimidazole
(DMBI-H) derivatives, especially N-DMBI-H (Figure 2), have at-
tracted attention as n-dopants, due to their stability in air and
straightforward synthesis.”> These solution- and vacuum-

processable n-dopants have been reported to undergo initial
hydride transfer with at least several classes of semiconducting
host materials (A), to form DMBI* cations and AH~, which sub-
sequently reacts further to form charge carriers, A*-,2% %7 alt-
hough other mechanisms have been suggested including loss
of H* atom from the dopant, with subsequent electron transfer
to A from DMBI*,?® 2° or from DMBI-H:A charge-transfer com-
plexes.’° DMBI-H derivatives have been demonstrated to dope
organic semiconductor molecules, such as fullerene deriva-
tives, and electron-transport polymers such as poly{[N,N'-
bis(2-octyldodecyl)naphthalene-1,4:5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} [P(NDI20D-T,)] (Figure 2),
in many cases requiring thermal treatment of the films in order
to achieve efficient doping.2>?” 3133 Recently, conjugated poly-
mers containing thiophene-fused benzodifurandione-based ol-
igo(p-phenylenevinylene) (TBDOPV) monomers have exhibited
film conductivity as high as 90 S cm™ when doped with N-
DMBI-H and thermally annealed, specifically ca. 60 S cm™ in
the case of TBDOPV-T, in which the TBDOPV units alternate
with thiophene moieties (Figure 2), which is the polymer used
in this study.>* These conductivities, which are remarkably high
for n-doped materials, are attributed to the rigid planar back-
bone of the polymers and excellent miscibility with the dopant
molecules. Here, we describe an approach to insolubilizing n-
doped films by using a new dopant, in which four DMBI-H units
are connected through a saturated linking group (see Figure 2),
and which is capable of forming a multiply charged cation via
multiple hydride transfers.

Figure 1. Schematic of “electrostatic crosslinking” between poly-
cations (red) and negatively charged sections of polymer (blue) on
thermal activation of a film containing a polymer (green) and a
molecule containing multiple dopant moieties (magenta).

2. EXPERIMENTAL SECTION

2.1. General Synthesis Details. Chemicals were obtained
from commercial sources and used as received unless stated
otherwise. TBDOPV-T polymer®' and MeO-DMBI-H?® were syn-
thesized as previously reported. P(NDI20OD-T,) polymer, also
known as N2200, was purchased from Polyera (Lot: CZH-XV-
77-22). All operations involved in synthesis were performed
under an atmosphere of nitrogen using standard Schlenk tech-
niques or in a glove box. *H-NMR and **C-NMR spectra were
recorded in CDCl; or CsDs, on Varian 500 or 700 MHz spectrom-
eters. The chemical shifts (8) are reported in parts per million
(ppm). NMR spectra for tetrakis-O-DMBI-H are shown in Figure
S1 and S2 in the Supporting Information.
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Figure 2. Chemical structures of the widely used n-dopant N-DMBI-H, the related MeO-DMBI-H, conjugated polymers P(NDI20OD-T2) and
TBDOPV-T, and the tetrafunctional dopant tetrakis-O-DMBI-H discussed in this work.

2.2 Tetrakis[(4-formylphenoxy)methyl)lmethane. Fol-
lowing a reported procedure,? pentaerythrityl tetrabromide
(5.0 g, 12.8 mmol), 4-hydroxybenzaldehyde (7.9 g, 65 mmol),
KOH (3.6 g, 65 mmol), and tetrabutylammonium iodide (40 mg,
0.11 mmol) were added to a two-neck flask. A reflux condenser
was installed, and the flask evacuated and refilled with nitro-
gen three times. DMF (40 mL) was added, and the mixture was
stirred at 120 °C for 12 h. The reaction mixture was cooled to
room temperature and poured into water. The crude product
was extracted with EtOAc, and washed with saturated brine,
dried over sodium sulfate, and the solvents were evaporated
to afford a yellow solid to which methanol (30 mL) was added.
The solids were filtered and rinsed with methanol again to get
yellow shiny crystals (4.0 g, 7.23 mmol, 56%). *H NMR (500
MHz, CDCls) 6 9.89 (s, 4H), 7.83 (d, J = 8.8 Hz, 8H), 7.05 (d, J/ =
8.8 Hz, 8H), 4.48 (s, 8H). 3)C{*H} NMR (176 MHz, CDCls) &
190.78, 163.27, 132.13, 130.73, 114.98, 66.58, 44.82. HRMS
(ESI) calcd for C33H290s (M+H*), 553.1856; found 553.1850.

2.3. Tetrakis[(4-(1,3-dimethyl-2,3-dihydro-1H-benzo[d]imi-
dazol-2-yl)phenoxy)methyl)lmethane (Tetrakis-O-DMBI-H).
In a glove box, tetrakis[(4-formylphenoxy)methyl)]methane
(2.0 g, 3.61 mmol) was dissolved in anhydrous CH,Cl, (20 mL).
N,N'-Dimethyl-1,2-phenylenediamine (2.0 g, 14.68 mmol) was
dissolved in 5.0 mL CH,Cl, and added to reaction flask, which
then was sealed with a septum and transferred outside the
glove box. Three drops of acetic acid were added by a syringe.
The mixture was stirred at RT overnight. To the mixture, meth-
anol was added, which results in white precipitates. The solid
was filtered and dissolved in CH,Cl, and precipitated with
methanol to obtain off-white solid (this process was repeated
three times) (500 mg, 14%). *H NMR (700 MHz, C¢D¢) 6 7.42 (d,
J =8.6 Hz, 8H), 6.93 — 6.84 (m, 16H), 6.41 (dd, J = 5.4, 3.2 Hz,
8H), 4.60 (s, 4H), 4.37 (s, 8H), 2.31 (s, 24H). *3)C{*H} NMR (176
MHz, CsDs) 6 160.12, 142.62, 132.58, 130.63, 119.98, 114.92,
106.28, 94.11, 67.11, 45.16, 33.05. ESI-MS = (1027.5 [M+3H]*,
4.0%), 1026.5 [M+2H]*, 7.9%, 1025.5 [M+H]*, 0.2%), 1023.5
[M-H]*. HRMS (ESI) caled for [M-H]*, 1023.5280; found
1023.5277.

2.4. Doping Experiments. Stock solutions with concentra-
tions of 5 mg mL™ for tetrakis-O-DMBI-H and TBDOPV-T were

prepared under nitrogen atmosphere in an inert gas box using
dried o-dichlorobenzene (0-DCB). The stock solutions were
stirred overnight in order to enable complete dissolution of the
materials. The reported dopant concentration, ¢, is given by ¢
= Np / (Np + Np), where Np is the number of dopant molecules
and Np is the number of polymer monomer units contained in
the solutions. Thin films were prepared via spin-coating at
1000 rpm for 1 min, followed by 2000 rpm for 20 s. Thermal
activation was performed by annealing the 9 mol%-doped thin
films at 140 °C for 2.5 h on a hot plate in the glovebox, if not
otherwise stated.

2.5. Film Characterization. Optical absorption spectroscopy
was performed using a Lambda 950 UV-vis-NIR spectropho-
tometer (PerkinElmer, Inc.). Undoped and doped thin films
were prepared on glass substrates with thicknesses between 5
and 20 nm. Exclusion of oxygen during the optical measure-
ments was ensured using nitrogen-filled boxes with two quartz
glass windows, in which the samples were mounted. The spec-
trophotometer undergoes a detector/grating and lamp change
at 861 nm and 319 nm, respectively, which leads to offsets in
the recorded UV-vis-NIR spectra at these positions. Therefore,
the UV region (<319 nm) and NIR region (>816 nm) of the spec-
tra were aligned to the vis region (319-861 nm) by shifting
up/down with a constant offset in order to account for these
artefacts.

Electrical conductivity measurements were performed in-
side a nitrogen-filled glovebox. The samples were prepared by
spin-coating the undoped and tetrakis-O-DMBI-H-doped
TBDOPV-T films on glass substrates. The sheet resistance Rs
was measured by using an in-line four-point probe with 0.635
mm tip spacing, connected to a resistivity test unit (RM3000)
from Jandel Engineering. Conductivity values were obtained
via =1/ (R.d), where d is the film thickness measured with a
Dektak profilometer.

Ultraviolet photoelectron spectroscopy (UPS) and X-ray pho-
toelectron spectroscopy (XPS) measurements of thin films on
ITO substrates were performed in an ultrahigh vacuum cham-
ber with a base pressure of 10° mbar. UPS measurements
were performed in a custom UHV system, equipped with a



monochromated helium-gas-discharge lamp (21.22 eV). For
XPS measurements, non-monochromated Al Ka (1486.7 eV) ra-
diation was used for excitation. The spectra were collected in
normal emission with a SPECS Phoibos 100 hemispherical elec-
tron energy analyzer. The pass energy was 5 eV or 20 eV for
UPS and XPS measurements, respectively. The secondary elec-
tron cutoff (SECO) spectra were measured with a bias of -10V,
which was applied to the sample in order to clear the analyzer
work function.

Film surface topography (Figure S3, Supporting Information)
was characterized with a Bruker Dimension Icon scanning force
microscope, operated in Peak Force Tapping TM mode using
ScanAsyst-Air cantilevers. Grazing incidence wide angle X-ray
scattering (GIWAXS) measurements (Figure S4, Supporting In-
formation) were performed at the Stanford Synchrotron Radi-
ation Lightsource (SSRL) beamline 11-3 with an X-ray wave-
length of 0.9752 A and sample-to-detector distance of 321 mm
at an incident angle of 0.14°. Measurements were carried out
using a He-filled sample chamber to reduce air scattering back-
ground. The spectra were collected with a 2D CCD X-ray detec-
tor (MX225, Rayonix, L.L.C) with a pixel size of 73.2 um (3072 x
3072 pixels)

3. RESULTS AND DISCUSSION

3.1. Dopant Design, Synthesis, and Use. As discussed in the
introduction, we chose a molecule using multiple DMBI-H do-
pant moieties since, at least with many semiconductors, dop-
ing with these moieties requires thermal activation, enabling
doping and insolubilization to be achieved subsequent to film
formation. We chose a pentaerythritol-based core to connect
our multiple dopant moieties due to: its ready availability; its
relatively small size, which will not excessively dilute the active
components of the doped film and may help minimize struc-
tural disruption; and its non-rigidity, which was anticipated to
facilitate solubility of dopant precursors and the dopant itself,
as well as allowing the conformation of the molecule to adapt
to different host environments. Moreover, C(CH;,Br); can be
converted to tetrakis[(4-formylphenoxy)methyl)Jmethane
through a straightforward literature procedure, which can
potentially serve as a precursor to tetrakis-O-DMBI-H (Figure
2), in which there are n-electron-donating alkoxy substituents
on the 2-aryl groups of the DMBI-H moieties. These n-donors
accelerate the hydride-transfer step through stabilization of
the highly polarized transition state that ultimately results in
formation of the corresponding benzimidazolium cation,?® and
the alkoxy groups in tetrakis-O-DMBI-H are anticipated to lead
to a reactivity similar to, albeit somewhat lower than, that of
N-DMBI-H, which is appropriate for thermally activated doping
of polymers including TBDOPV-T and P(NDI20D-T,).2527.31-34

Tetrakis[(4-formylphenoxy)methyl)]methane has reasona-
ble solubility in CH,Cl,, which is commonly used for the synthe-
sis of DMBI-H derivatives. Accordingly, this aldehyde was con-
verted to tetrakis-O-DMBI-H through condensation of
tetrakis[(4-formylphenoxy)methyl)]methane and N,N'-dime-
thyl-1,2-phenylenediamine in the presence of a catalytic
amount of acetic acid in CH,Cly, in analogy to reported synthe-
ses of monomeric DMBI-H derivatives.??

Films of TBDOPV-T doped with various concentrations of
tetrakis-O-DMBI-H were fabricated by spin-coating from o-

dichlorobenzene solution (0-DCB) and thermally activating at
140 °Cfor 2.5 h. As discussed in section 3.3, appreciable doping
is not observed without the thermal annealing step.

3.2. UPS Studies of Doping. UPS was used to investigate
changes in the electronic structure of TBDOPV-T on reaction
with tetrakis-O-DMBI-H (Figure 3). The pristine TBDOPV-T film
on ITO exhibited a work function of 4.6 eV and an ionization
energy of 5.0 eV; i.e., the Fermi level (E¢) was ca. 0.4 eV above
the valence band onset. After the thermal activation step, a
film of TBDOPV-T doped with 9 mol% tetrakis-O-DMBI-H (i.e.,
36 mol% hydride, the concentration examined that afforded
the highest electron conductivity, see section 3.5) exhibited a
reduced work function of 4.0 eV, and an additional density of
states extending up to E;. Negative charge carriers in the form
of polarons or bipolarons on conjugated polymers result in two
gap states, i.e., an occupied state just below the conduction
band and another state just above the valence band of the
neutral polymer.3*3> In the valence spectra of Figure 3b we
cannot resolve two gap states, but rather two seemingly
merged features (a peak at ca. 5.5 eV and the shoulder at ca.
4.5 eV) seem to fill the former transport gap of the polymer.
Given that TBDOPV-T is a narrow-gap semiconductor (optical
gap of 0.9 eV), it is conceivable that the two doping-induced
gap states appear merged, particularly in the presence of
structural and electrostatic disorder. The upper onset of the
gap state(s) is just below E, so that the 9 mol% tetrakis-O-
DMBI-H-doped TBDOPV-T film exhibits an ionization energy of
only 4.0 eV. All these observations are consistent with n-dop-
ing.

We assume doping of TBDOPV-T using tetrakis-O-DMBI-H
takes place via an initial hydride transfer, with subsequent re-
actions leading to polaron and/or bipolaron charge carriers, in
analogy to what has been seen for the reaction of N-DMBI-H
and 2CN-BDOPV, a small molecule similar to the electron-poor
monomer unit of TBDOPV-T.?” Certainly ion-pair formation via
a simple one-electron transfer can be excluded; UPS affords an
ionization energy of 5.4 eV for tetrakis-O-DMBI-H (higher than
that of TBDOPV-T) and the electron affinity of TBDOPV-T can
be estimated to be around 3.9 eV (see Figure S5 for further de-
tails), indicating that such an electron-transfer reaction would
be endergonic by well over 1 eV and thus the rates of electron
transfer would be slow at the temperatures used to process
the film and the equilibrium constant for ion-pair formation
even smaller than that for thermal formation of carriers in the
undoped polymer.

3.3. Optical Studies of Doping and Insolubilization. Optical
absorption spectroscopy was performed to provide further ev-
idence for doping of the polymer with tetrakis-O-DMBI-H (see
Figure 4a). The spectrum of a 9 mol% tetrakis-O-DMBI-H-
doped TBDOPV-T film thermally annealed at 140 °C for 2.5 h
shows the emergence of a new absorption feature at ca. 0.7
eV attributed to the charge carriers introduced on doping. Sim-
ultaneously, the features of the neutral polymer at about 1.1
eV and 2.6 eV are bleached, as expected as the proportion of
neutral TBDOPV-T segments is reduced. These spectral
changes are similar to those previously found on n-doping the
same polymer with the monomeric hydride-donor dopant, N-
DMBI-H, and with (RuCp*mes), (Cp* = CsMes; mes = mesity-
lene).3'In particular, the changes in the spectrum are similar to



those observed with N-DMBI-H at similar reactive hydride con-
centrations suggesting a similarly high charge-generation effi-
ciency (XPS suggests most N-DMBI-H units in annealed
TBODPV-T films are converted to N-DMBI*). We note that ther-
mal activation of the dopant:polymer film is necessary for the
observation of doping; the absorption feature at 0.7 eV is not
observed in the UV-vis.-NIR spectrum of the tetrakis-O-DMBI-
H:TBDOPV-T film prior to thermal activation (Figure S6 in the
Supporting Information).

T T T T T
a) b)
s
2 £
2 |40ev L4 E:
2 9
£ 3
N e
5 =
£ oy
o 7]
< 3
2
£
46 eV E.
ju—TBDOPV-T
e Tetrakis-O-DMBI-H: TBDOPV-T 9 mol%
T T T T T
3 4 5 6 7 6 5 4
kinetic energy (eV) binding energy wrt E, . (eV)

Figure 3. UPS a) secondary electron cutoff (SECO) and b) valence
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conjugated backbone.
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The 140 °C-annealed tetrakis-O-DMBI-H-doped films are vis-
ually unaffected by briefimmersion in solvents including ortho-
dichlorobenzene (0-DCB), THF, and CH)Cl,. The o0-DCB re-
sistance was quantified by immersing the doped film in that
solvent for 5 min. The absorbance of the neutral feature at 1.1
eV decreased only slightly, to 93% of its initial value. The ab-
sorbance of the feature at 0.7 eV assigned to the charge carri-
ers shows a slightly larger decrease, but the ratio of absorb-
ance at 0.7 eV to that at 1.1 eV decreases by only ca. 3%. On
the other hand, neither the pristine polymer nor the do-
pant:polymer film without thermal activation shows any re-
sistance to 0-DCB immersion under the same conditions (Fig-
ure S6a, Supporting Information, consistent with our original
hypothesis that the resistance to solvent is the Coulombic at-
traction between multi-charged cations and the charged poly-
mer segments after doping, rather than a consequence of
changes in morphology or microstructure induced by the pres-
ence of dopant molecules (see following section). Annealing at
lower temperatures leads to more limited solvent resistance
(Figure Séb).

As a further control experiment, we also examined the effect
of 0-DCB upon annealed MeO-DMBI-H-doped TBDOPV-T.
MeO-DMBI-H was chosen as a monomeric model for tetrakis-
O-DMBI-H capable of transferring only one hydride to form a
monocation, but with similar electronic structure, and was
used at a comparable hydride concentration. A very large de-
crease in the absorbance of both neutral and charge-carrier
features is observed after immersing the doped film in 0-DCB
(Figure S7 in the Supporting Information). This observation fur-
ther supports the idea that the high o0-DCB resistance of
tetrakis-O-DMBI-H-doped TBDOPV-T films can be ascribed to
the strong electrostatic interactions between multiply charged
cations and the neighboring negatively charged polymer
chains.
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Figure 4. a) Optical absorption spectra of undoped TBDOPV-T and annealed tetrakis-O-DMBI-H-doped TBDOPV-T films before and after
immersing in 0-DCB for 5 min (see also Figures S6 and S7 for control experiments). The optical transition assigned to the TBDOPV-T charge
carrier at 0.7 eV is marked with a dotted line. b) Electrical conductivity of annealed tetrakis-O-DMBI-H-doped TBDOPV-T films before and

after immersing in o-DCB.



3.4. Morphology and Microstructure. Changes in the mor-
phology and polymer ordering were observed upon doping
with tetrakis-O-DMBI-H and annealing, as revealed by scanning
force microscopy (SFM) and grazing-incidence wide-angle X-
ray scattering (GIWAXS) characterization, respectively (Figures
S3 and S4 in the Supporting Information). GIWAXS shows that
the doping of TBDOPV-T with tetrakis-O-DMBI-H led to
broader diffraction peaks, indicating an increase in structural
disorder. SFM also indicates that the doped films are some-
what smoother, consistent with a reduction in crystallinity.
This behavior is found for many doped systems,3® although pre-
vious studies of TBDOPV doped with the smaller monomeric N-
DMBI-H led to slightly increased order.3! In the present work,
slight increases of both (100) and (010) plane-spacing using
tetrakis-O-DMBI-H was observed, where (100) and (010) de-
note the planes defined by the lamellae formed by the poly-
mers and by the r—m stacking, respectively. For a tetrakis-O-
DMBI-H fraction of 9 mol%, the (100) spacing increased from
34.5 A to 36.0 A, similar to what was seen on doping with N-
DMBI-H.3! The m—mt stacking distance increased from 3.39 A to
3.45 A with 9 mol% tetrakis-O-DMBI-H, whereas the use of N-
DMBI-H had little effect on the m—m stacking spacing.3* The in-
creased structural disorder seen with increased dopant con-
centration is unlikely to explain the solvent-exposure re-
sistance of the doped films since more crystalline systems are
typically less soluble than disordered systems.

3.5. Electrical Conductivity. The bulk electrical conductivity
of annealed TBDOPV-T films with 5 and 9 mol% tetrakis-O-
DMBI-H-dopant (i.e., 20 and 36 mol% hydride, close to 28-33
mol% range of N-DMBI-H concentrations leading to maximum
conductivity in TBDOPV-T3!) was measured with four-point
probe as a function of immersion time (Figure 4b). Since the
conductance of the pristine TBDOPV-T film was too low to be
determined with our setup, a value of 1x107 S cm™ (the de-
tection limit of the measurement system used) can be taken as
upper limit for the conductivity of the undoped material. The
films with 5 and 9 mol% dopant prior to solvent immersion ex-
hibited conductivity values of ca. 1 and 15 S cm™ respectively.
This enhancement of conductivity by 7+ and 8+ orders of mag-
nitude at 5 and 9 mol% dopant, respectively, is clearly con-
sistent with the effective doping suggested by UPS and UV-vis-
NIR spectroscopy. These conductivity values are still consider-
ably lower than obtained for the same polymer n-doped by N-
DMBI-H, which forms a more-or-less planar cation, but are sim-
ilar to those obtained using (RuCp"mes),, an organometallic
dopant that forms a three-dimensional cation.3! The reduction
in polymer order (Figure S4) by the somewhat bulky three-di-
mensional tetrafunctional dopant used here may play a role in
obtaining a lower conductivity than using the chemically simi-
lar N-DMBI-H. To test the stability of the electrical properties
of the doped film to solvent treatment, it was immersed in o-
DCB for 5 min, resulting in a drop of conductivity to 3 S cm™.
After further immersion steps, the conductivity changed mod-
erately. These data provide further evidence for the high sta-
bility of the annealed tetrakis-O-DMBI-H-doped semiconduc-
tor polymer film to solvent. The apparent discrepancy between
the minor change in absorption spectrum, suggesting a minor
change in carrier concentration, and the five-fold decrease in
conductivity after immersion presumably largely reflects a

decrease in charge-carrier mobility. Since the film retention is
about 93%, a small fraction of the doped polymer film is obvi-
ously removed by the solvent. However, it is also reasonable
to assume that some solvent molecules are able to diffuse into
the film when immersed in 0-DCB. Although the films were
dried under a stream of nitrogen, we speculate that residual
solvent molecules could affect the film microstructure leading
to the observed decrease in conductivity.

3.6. Dopant Diffusion. The multiple electrostatic interaction
between dopant ions and charged polymer segments that we
consider likely responsible for the solvent-exposure resistance
of tetrakis-O-DMBI-H-doped TBDOPV-T films, along with the
large size of the dopant, might also be expected to suppress
diffusion of the dopant. Before examining the possibility of do-
pant molecule and/or ion diffusion into an undoped polymer
layer, we established that a film of tetrakis-O-DMBI-H-doped
TBDOPV-T was stable to thermal annealing (140 °Cfor 5 hiin an
inert atmosphere, see Figure S9a). We then examined the abil-
ity of tetrakis-O-DMBI-H and/or tetrakis-O-DMBI-H-derived
cations to diffuse from a thermally activated tetrakis-O-DMBI-
H-doped TBDOPV-T film into an adjacent undoped film.

We chose polymer P(NDI20D-T,) (Figure 2) as a suitable un-
doped material since it meets several key requirements for in-
vestigating dopant diffusion using absorption spectroscopy.
Firstly, its reduction potential is very similar to that of TBDOPV-
T (both are ca. —1.0 V vs. ferrocene),3" “° and so no energetic
penalty is expected for dopant ion and charge-carrier migra-
tion from TBDOPV-T into P(NDI20OD-T,). Secondly, the spectra
of neutral and reduced P(NDI20OD-T,) are distinct from those
of neutral and reduced TBDOPV-T.*! Importantly, despite dif-
ferences in backbone rigidity, charge delocalization, and side-
chain spacing, all of which could potentially affect dopant dif-
fusion, a control experiment showed P(NDI20OD-T,) can be
doped sequentially using tetrakis-O-DMBI-H after thermal an-
nealing (Figure S9b). This indicates that at least neutral
tetrakis-O-DMBI-H can diffuse into the film and that any such
diffusing unreacted dopant would dope this polymer. Accord-
ingly, a P(NDI20D-T,) film was deposited on a tetrakis-O-DMBI-
H doped TBDOPV-T film that had been thermally activated; this
bilayer structure was then heated at 140 °C for 3 h in an inert
atmosphere. Migration of dopant ions and associated charge
carriers (or migration and activation of any unreacted dopants)
would be expected to result in the appearance of the absorp-
tion features characteristic of P(NDI20D-T;) charge carriers
(ca. 2.5and 1.5 eV4), increased neutral TBDOPV-T absorbance
(ca. 1.2 eV), and a decrease in absorbance attributable to neu-
tral P(NDI20OD-T,) (ca. 3.1 and 1.8 eV and to TBDOPV-T charge
carriers (ca. 0.7 eV). As can be seen from Figure 5, changes are
slight (no changes at 0.7, 1.2, and 3.1 eV, slight increases at 2.5
and 1.2 eV, slight decrease at 1.8 eV eV). Thus, under these
conditions, there is evidently minimal diffusion of tetrakis-O-
DMBI-H-derived ions into P(NDI20OD-T5).

4. CONCLUSION

In conclusion, a molecule in which four DMBI-H units are
linked together via a saturated carbon center — tetrakis-O-
DMBI-H — n-dopes the electron-transporting polymers
P(NDI20D-T,) and TBDOPV-T after thermal annealing. An an-
nealed tetrakis-O-DMBI-H-doped-TBDOPV-T film exhibited a



conductivity of 15 S cm™, coupled with good resistance to o-
DCB, which we ascribe to strong electrostatic interactions be-
tween multiply charged cations and the neighboring negatively
charged polymer chains. No evidence was found for the diffu-
sion of dopant molecules and ions from a tetrakis-O-DMBI-H-
doped-TBDOPV-T into a P(NDI20D-T,) film, an observation
that may be due both to the same strong dopant ion:polymer
interactions responsible for increased solvent-exposure re-
sistance and to the large size of the dopant ions. Accordingly,
this work suggests a possible means of fabricating multilayer
structures from solution and restricting to intentionally doped
regions of devices. More dopant:polymer combinations will be
investigated in the future to establish the generality and limi-
tations of the approach.
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Figure 5. Optical absorption spectra of films of P(NDI2OD-T,),
tetrakis-O-DMBI-H-doped TBDOPV-T, and P(NDI20OD-T,) depos-
ited onto tetrakis-O-DMBI-H-doped TBDOPV-T films before and af-
ter heating at 140 °C. The vertical dashed line indicates the feature
attributable to TBDOPV-T charge carriers.
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