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Bipyridiniums, also known as viologens, are well-

applications that capitalize on their dynamic redox chemistry, such as &%
redox-flow batteries and electrochromic devices. Viologens are also \ oH o >/
particularly useful in photoinduced electron transfer (PET) processes and ~ Donor : .
therefore are of interest in photovoltaic applications that typically rely on :
electron-rich donors like polythiophene (PTh). However, the PET
mechanism and relaxation dynamics between interfacing PTh and Water-Soluble
viologen-based thin films has not been well studied as a function of PTh
thickness of the acceptor layer. Here, a novel, bilayered thin film aS Natisble Jhickpess Sasmsesaososooozooc -
composite was fabricated by first spin-coating PTh onto glass slides,

followed by spin-coating and curing polyviologen (PV)-based micron-sized films of variable thicknesses (0.5—11.3 #m) on top of the
PTh layer. The electron-transfer mechanism and relaxation dynamics from the PTh sublayer into the upper PV film were
investigated using femtosecond transient absorption (fTA) spectroscopy and electrochemistry to better understand how the charge-
transfer/relaxation lifetimes could be extended using thicker PV acceptor films. The fTA experiments were performed under inert N,
conditions as well as in ambient O,. The latter shortened the lifetimes of the electrons in the PV layer, presumably due to O, triplet-
based trap sites. Contact angle measurements using H,O and Mel were also performed on top of the bilayered films to measure
changes in surface free energy that would aid the assessment related to efficiency of the combined processes involving light
penetration, photoexcitation, electron mobility, and relaxation from within the bilayered thin films. Insights gained from this work
will support the development of future devices that employ viologen-based materials as an alternative electron-acceptor that is both
easily processable and scalable.

documented electron acceptors that are generally easy to synthesize on Ee ! .
a large scale and reversibly cycle between three oxidation states (V>, V*, S ' \N{\, ;/\N/ :
and V°). Accordingly, they have been explored in a number of |{ { o
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polythiophene, polymethacrylic acid, polyviologens, photoinduced electron transfer, thin films,
transient absorption spectroscopy

desirable electronic structures, while many electrochromic

devices use doped tungsten oxides.'” However, these acceptor

As the scientific community races toward “devices of the future,”

conducting polymeric materials and conjugated polymers have
become important areas of study in chemistry and materials
science.”” At the center of these next-generation devices are
donor—acceptor (D—A) pairs, used widely in the fabrication of
organophotovoltaic (OPV)>* and electrochromic devices.’
While there is a vast library of known conjugated polymer
donors and acceptors, only a few are utilized commercially. The
limits placed on these D—A pairs are largely derived from a lack
of visible-light absorption and low processability into films.
Perhaps some of the most popular donors for these devices are
substituted polythiophenes like poly(3-hexyl thiophene),’
commonly known as P3HT, although many others have been
explored.”® Yet, there is a noticeable lack of diversity among
commercial acceptor compounds.9 For example, most OPV
materials rely on fullerene-derived acceptors'”'' given their
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materials can sometimes lack electronic tunability and are often
tedious to synthesize. This has prompted an increased interest in
developing novel acceptor compounds for their potential use in
commercial applications.” For example, Sun et al."> recently
synthesized in nine steps a brominated and conjugated acceptor
compound with a zero HOMO offset between itself and a

thiophene-based donor polymer. This combination resulted in
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Oligoviologen Cross-Linked PMAA Network
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Figure 1. (a) General orbital energy diagram illustrating the mechanism of blue light-induced photoexcitation (E,,) and electron transfer from a donor
polythiophene (PTh) thin film to an acceptor oligoviologen cross-linked thin film of variable thickness (denoted as “a”). In studying this process, a
bleach signal (Eg; ) and an induced-absorption (E,,), both attributed to excitation within the donor layer were temporally characterized. A different
induced-absorption absorption signal (Ey,,) is associated with the electron charge transfer (CT) into the acceptor layer, and it was also probed with
time. (b) The bilayered thin films were fabricated from a water-soluble polythiophene and an oligoviologen cross-linked poly(methacrylic acid)
(PMAA) with film thicknesses of 0.23 + 0.03 ym and 0.5—11.3 ym, respectively.

one of the most highly efficient photovoltaic devices reported to
date (photoconversion efficiency (PCE) of 16.32%).

Alternatively, simpler molecular designs that can be
synthesized in fewer steps and on a larger scale are also of
interest as potential electron-acceptor materials. One potential
candidate is N,N’-dialkyl-4,4’-bipyridiniums (also known as
viologens),'*"® which are bipyridines that are readily alkylated at
the nitrogen position, leading to dicationic moieties that can
accept up to two electrons per viologen unit. Broad interest in
bipyridinium salts stems from the ease with which their three
reversible oxidation states can be accessed.'*'® Specifically, the
lower oxidation states (V*" and V°) are obtained through one- or
two-electron reductions of the dication (V**), respectively.
These well-documented reductions may be induced chemi-
cally,'” electrochemically,'* or photochemically.'® Moreover,
the dication (V**) is usually a pale-yellow color as its chloride
salt, the radical cation (V**) is dark purple, appearing almost
black, and the diradical or neutral state (V°) is reddish-orange as
its chloride salt. These prominent redox-induced color changes
make viologen-based materials ideal for electrochromic
devices;'*™** however, they have also been explored in
supercapacitors,”* "> redox-flow batteries,**>° and biological
assays’”*" and even as dopants in dye-sensitized solar cells’***
and quantum dots.***

Previously, we synthesized unimolecular and water-soluble
oligo- and polyviologens with alternating main-chain backbones,
where each viologen subunit was spaced on either side by
oligoethylene glycol or hexamethylene subunits.”* > These
well-defined viologen-based oligomers and polymers were used
to cross-link polyacrylates to form homogeneous hydrogels that
could reversibly contract and stiffen in response to chemical*® or
photoredox-based*****° reduction of the viologen subunits in
the cross-linker. In the case of the photoredox-based
mechanism, both tris(bipyridine) ruthenium(1I) chloride ([Ru-
(bpy);]CL,) and a zinc tetraphenyl porphyrin (Zn-TPP) served
as the electron donor upon photoexcitation with blue or blue/
red light, respectively, and with triethanolamine functioning as a
sacrificial reductant to regenerate each photocatalyst.
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Since polythiophenes (PTh) and viologens were previously
linked as useful D—A pairs in electrochromic applications, """ ***
we speculated that PTh could serve as a viable electron-transfer
photocatalyst to reduce viologen-based polymers and related
materials without the need for separate photocatalysts and
sacrificial reductants. However, to simulate and better under-
stand the nature and dynamics of electron transfer between a
PTh donor and viologen-based acceptor within the context of a
device setup, we aimed to fabricate layered D—A thin films that
would allow for sufficient light penetration as a function of film
thickness. Here, we describe a systematic investigation into the
photoinduced electron transfer (PET) mechanism at play in
novel PTh-viologen bilayered thin films (Figure 1) using
femtosecond transient absorption (fTA) spectroscopy and
electrochemistry. The micrometer-thick films were prepared
by spin-coating the polythiophene derivative onto glass slides,
followed by spin-coating and curing varying thicknesses of a
viologen cross-linked poly(methacrylic acid) (PMAA) film on
top of the PTh sublayer. Additionally, contact angle measure-
ments were performed on the bilayered films pre- and post-PET
to evaluate the efficiency of light penetration and electron
transfer through the series of bilayered thin films. We envision
that the PET mechanism and dynamics of the PTh-viologen
thin-film composites reported here will serve as the basis on
which new devices may be fabricated using viologen-based
acceptor materials.

Poly(3,3'-((2-(thiophen-3-yl)ethyl)azanediyl)dipropionic
acid) (PTh) used in this investigation was synthesized by
following a previously reported method (see the Supporting
Information (SI))* in which a thiophene-based propionate
methyl ester precursor was treated with FeCl; to form the
polymer, followed by saponification in strong base (NaOH) to
generate the final anionic polymer. The negative charges helped
facilitate solubility and processing in H,O as well as electrostatic
binding to the highly charged cationic PV-based film when the
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two materials were interfaced during fabrication. Also, the PTh
used here was insoluble in nearly every solvent outside of H,O,
so effective bilayer film formation was easily achieved without
dissolution of the donor sublayer. The PTh film was first
prepared (Figure 2) in a 60 mg-mL ™" solution of 1:1 MeOH to
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Figure 2. A 60 mg-mL ™" solution of PTh in 1:1 MeOH:H, O was plated
onto a 1” X 1” glass (borosilicate) microscope slide using a spin-coater.
After drying, the PV/methacrylic acid mixture was polymerized
photochemically while on the spin-coater directly on top of the PTh
layer. The PV concentration and polymerization conditions were varied
slightly dependent on the desired thickness of the acceptor PV film
(oligoviologen cross-linked PMAA network).

H,O. This solvent combination allowed for good solubility and a
quick drying time. The solution was spin-coated onto a 1” X 1”
glass (borosilicate) microscope slide and then quickly dried on a
hot plate (60 °C) after spreading. The PTh layer appeared as a
bright, transparent orange film after plating. The PV layer was
subsequently polymerized on top of the dried PTh layer (vide
infra). It is important to note that all syntheses were done in a
class 100 cleanroom environment to prevent dust buildup
between the two layers, as well as on top of the final bilayered
film product.

The PV-cross-linked PMAA film, referred to herein as just
“PV film” or “PV layer”, was synthesized (Figure 2) from a
methacrylic acid monomer and a 2V-St-20Ts-2Cl cross-linker.
The prepolymer solution was spun on top of the PTh layer and
polymerized in situ on the spin-coater by irradiating the slide
with UV light (365 nm) as it was spinning. The pre-PV solution
was prepared in an almost-neat combination of methacrylic acid
and H,O with the methacrylic acid monomer simultaneously
functioning as the major solvent. The PV film color varied from
light brown to a deep brown depending on the final thickness of
the film. The bilayered film product was a glassy yet translucent
brown color. The thickness of the bottom PTh layer was kept
constant throughout the course of this study, while the top PV
layer was varied between 0.5 and 11.3 ym.

The resultant bilayered film was uniform, as shown in the
atomic force microscopy (AFM) images in Figure 3a; differ-
ences in thickness varied in the nanometer range from the
surface of the films (Figures S15—S18). Similarly, optical
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Figure 3. (a) AFM image of the surface of the 1.5 ym bilayered polymer
film. Height differences of the film show fluctuations within a
nanometer, indicating good uniformity. (b) Optical microscope
image of the 1.5 um bilayer polymer film at 40X magnification further
confirms the uniformity of the surface and is consistent with the AFM
data. (c) Profilometry data for the 1.5 pm bilayered polymer film
confirmed the thickness of the two interfaced films by specifically
measuring over an intentional scratch that was made in the films. A
buildup in polymer on either side of the scratch produced the tall peaks.

microscopy was used (Figure 3b) to confirm visual uniformity at
40X magnification. The optical microscope images gave a good
representation of the aforementioned color of the resultant
films, a combination between the orange color associated with
the PTh derivative and the brown color of the PV film. While
characterizing the thickness of the film using profilometry
(Figure 3c), further evidence of film uniformity was confirmed.
The height or thickness of the film was determined by gently
scratching through the bilayered films with a razor blade. This
action resulted in a buildup of the soft, polymeric material at the
edge of the scratch, but the remainder of the scan outside of the
scratch location showed a uniform surface. The depth of the
scratch, as measured with the profilometer, helped accurately
quantify the total height of the film. Moreover, the uniformity of
the films indicated an overall compatibility of the two films, PTh
and PV, during the fabrication steps. Little to no determinable
aggregation of polymeric material occurred in either film, even at
very small thicknesses (Figures S7—S12).

After the method was established for fabricating the bilayered
films, the separated individual films (PTh and PV) were plated
to study their solid-state electrochemical properties (Figure 4).
Instead of the borosilicate microscope slides, both PTh and PV
films were deposited via spin-coating onto conductive ITO
slides. Notably, during cyclic voltammetry, the PV films showed
reduction peaks on the first pass but failed to show oxidation
peaks on the return pass. This is likely because the upper film is
largely comprised of methacrylic acid and during the first sweep,
the integrity of the film was disrupted. However, the discovery of
the onset potentials for reduction and oxidation of each film
(Figures S1 and S2) was crucial to understanding the electron
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Figure 4. (a) Linear sweep voltammetry of a 1.5 yim PV cross-linked thin film on an ITO slide yielded onset peaks at 0.61 V for oxidation (Figure S2a)
and —0.27 V for reduction. The latter information allowed for the calculation of the LUMO energy level associated with the PV film (—4.1 eV). (b)
Linear sweep voltammetry of the PTh film on an ITO slide revealed onset peaks at 0.88 V for oxidation (Figure S1a) and —0.63 V for reduction. The
latter potential resulted in a LUMO energy of —3.8 eV. (c) Corresponding orbital energy diagram with LUMO calculated from linear sweep
voltammetry and HOMO from E,,, osica derived from UV—vis spectroscopy as well as higher energy orbitals determined from transient absorption
spectroscopy data (vide infra). The small gap between the LUMOs of the two films indicates effective electron transfer upon excitation of the PTh is

feasible.

transport mechanism. So, to protect the integrity of the films
between scans, linear sweep voltammetry was used instead of
cyclic voltammetry. The PV film showed onset potentials of 0.61
and —0.27 V for the oxidation and reduction, respectively, of the
integrated viologen subunits (Figures S2a and 4a). Likewise, the
PTh film showed onset potentials of 0.88 and —0.63 V for the
oxidation and reduction, respectively (Figures S2b and 4b).
These electrochemical experiments were conducted on films of
thickness with 0.23 ym for the PTh film and 1.5 gm for the PV
film and in the bilayered film (Figure S3). The measured
reduction potentials allowed for the construction of part of the
orbital energy diagram shown in Figure 4c, where the equation
below was used to calculate the LUMO orbital energies using 4.4
eV as the value of IP(Fc), which refers to the internal standard

redox potential of ferrocene:**

ELUMO = - r’ed,onset - IP(FC) eV

Canonically, for electron transfer to be effective enough for
use in engineering applications, there needs to be a AE; 10(p-4)
gap of around 0.3 eV between the donor and acceptor
materials.”” The two LUMO orbitals have energies of —3.8
and —4.1 eV for the PTh and PV layers, respectively, resulting in
the requisite AE; ypop-a) = 0.3 €V difference, supporting the
claim that electron transfer is possible between the layered films.
Additional information related to the HOMO energy values is
included in the orbital energy diagram, which is based on data
obtained from optical absorption spectroscopy and fTA
experiments (vide infra).
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To initiate PET, the bilayered films need to be capable of
absorbing enough light to photoexcite electrons in the PTh film
and inject them into the upper PV film. Optical absorption
spectroscopy (UV—vis-NIR) showed strong absorptions for
both the PTh and PV films below 400 nm (>3.10 eV) (Figure Sa
and b), thus making it unlikely that UV light could be used to
selectively photoexcite the PTh film. However, the PTh film
displayed a strong absorption from 400 to 600 nm (2.07 to 3.10
eV) that is largely lacking in the PV film absorption spectrum,
thus representing an ideal wavelength range to induce electron
transfer. A blue light source was therefore chosen in order to
excite between 450—460 nm (~2.73 eV), allowing for
absorption by the PTh film primarily, with minimal absorption
by the PV film.

The individual films were plated onto microscope slides in the
same manner as that for linear sweep voltammetry and were
examined in the solid state. The onset values for the optical
absorption peaks, i.e., dgp optical (Egap‘opﬁcal), were found at 593
nm (2.09 eV) for the PTh layer (Figure Sa) and 408 nm (3.04
eV) for the PV layer (Figure Sb).

The energy value of the HOMO could be discerned using the
equation:44

EHOMO = ELUMO + Egap,optica]

Given this, the HOMO values were determined to be —5.9 and
—7.2 €V for the PTh and PV layers, respectively. These values
are consistent with reported values for both PTh- and PV-based
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Figure 5. (a) UV—vis-NIR absorption spectrum of PTh only on a
microscope slide. The onset of the absorbance was determined to be
593 nm (2.09 eV). (b) UV—vis-NIR absorption spectrum of PV only on
a microscope slide. The onset of the absorbance was determined to be
408 nm (3.04 eV). (c) Photoluminescence (PL) spectra were recorded
using excitation at 420 nm (2.95 eV). PL spectra of the samples are
broad with maxima at 650 nm (~1.90 V), 515 nm (2.41 €V), and 525
nm (~2.36 eV) for the PTh-only (black), PV-only (blue), and bilayer
(red) films, respectively. The bilayered PL spectrum was fit to a sum of
the PTh-only and PV-only PL spectra, which is shown as a dashed line.
The relative contributions of the two PL spectra in the fit are illustrated
by their relative intensities.

materials,***” which allowed for the bottom portion of the

orbital energy diagram in Figure 4c to be completed.
Photoluminescence (PL) experiments were performed
(Figure Sc) on the PTh-only, PV-only, and bilayered films
using excitation at 420 nm (2.95 eV). The PTh donor film has an
absorption of 0.082 au at 420 nm, and the PL spectrum is broad
with a maximum at near 650 nm (~1.90 eV). The PV acceptor
film has a slightly lower absorption of 0.064 au at 420 nm, and
the PL is broad with a maximum near 515 nm (2.41 eV). The PL
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spectrum of the bilayered films resembles the PV-only PL
spectrum with a slightly shifted maximum at 525 nm (2.36 eV).
In order to estimate the contributions from the PTh and PV
layers in the bilayer PL spectrum, the bilayer PL spectrum was fit
to a sum of the PL spectra of the two separate layers. The
estimated contributions for each are indicated by the intensity
scale used in Figure Sc. Thus, even though the absorption of the
PTh layer is 28% greater than the absorption of the PV layer at
420 nm, the PL is dominated by the PV layer. Although the
fitting of the shape of the bilayer PL spectrum is not ideal, these
results strongly suggest the emission is predominantly from the
acceptor PV layer, and there is charge transfer from the PTh
layer to the PV layer following absorption.

The fTA experiments were performed (Figure 6a and b) to
investigate the dynamics of the photoinduced charge transfer in
the bilayered films. The absorption spectra of the PTh- and PV-
only films served as a guide on how to best induce and probe the
charge transfer from the PTh electron donor film to the PV
acceptor layer. There is a small energy window near 500 nm
(2.48 eV) where the top PV acceptor layer does not appreciably
absorb, 0.027 au, but the bottom PTh layer does, 0.116 au.
Consequently, most of the fTA experiments utilized excitation at
500 nm (E,, = 2.48 eV). Even with this excitation wavelength,
more signals than those from charge transfer are present in the
fTA data collected for the bilayer samples, AAbs(E, t); there are
contributions from electronic excitation and relaxation within
the separate layers. fTA experiments were therefore performed
on thin-film samples containing just the bottom PTh electron-
donor layer and just the top PV electron-acceptor layer, in
addition to those performed on the PV/PTh bilayer, in order to
identify and account for the contributions from each. All of the
fTA data contain induced-absorption signals, AAbs(E, t) > 0,
which are associated with new transitions not present in the
unexcited samples. The fTA data also include bleach signals,
AAbs(E, t) < 0, associated with decreases in transition
probabilities caused by increases of the electron populations in
excited levels or hole populations induced in HOMO levels
caused by the excitation or pump pulse. In order to facilitate
comparisons of the fTA data with the energies of the bands
measured in the voltammetry experiments, from this point
forward the energies instead of wavelengths of the fTA signals in
the spectral data will be referenced.

The fTA data set acquired using E,, = 2.48 eV on the sample
containing only the bottom PTh layer is included in Figure 6a.
This excitation immediately (within the temporal resolution of
the measurements, ~200 fs) gave rise to a bleach signal, Eg;, or
decreased absorption at the HOMO—LUMO gap of the PTh
near 2.55 €V as electrons were promoted to the LUMO band
and holes (or electron deficiencies) were generated in the
HOMO band. These bleach signals (blue) in Figure 6a
remained for as long as there were either electrons in the
LUMO or holes in the HOMO band through the volume region
of the sample probed. As will be mentioned, there is a bleach
signal to higher energies associated with the PV acceptor layer
and the temporal profiles were measured at 2.38 eV (520 nm) to
avoid contributions from these signals. The temporal profile of
the Ep feature at 2.38 eV (Figure S27b in the SI, decays
multiexponentially with an average decay lifetime of 740(80) ps.
This excitation also resulted in a long-lived induced-absorption
feature (red) near 1.72 eV associated with electronic transitions
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Figure 6. (2) Femtosecond transient absorption (fTA) data collected on the PTh bottom layer using E,, = 2.48 V. (b) fTA data collected on the PV1.5
top layer excited with E,, = 2.76 eV. (c) fTA data of the PTh/PV1.5 bilayered film with E,, = 2.48 V. (d) Temporal profiles of the bleach signals from
the PTh film, gray triangles, and the PTh/PV1.5 bilayer, black circles, measured at a probe energy of 2.38 eV in the data are included in (a) and (c),
respectively. (e) Temporal profiles of the PTh bottom layer (black) and the PTh/PV1.5 bilayer (gray), measured at a probe energy of 1.97 eV in (a)
and (c), respectively. (f) Temporal profile of the electron occupancy in the PV1.5 layer associated with charge transfer from the PTh layer (red curve)
was estimated by subtracting the PTh signal from the PTh/PV1.5 signal probed at 1.97 eV in (a) and (c), respectively. The fit of this profile to a single-

exponential decay is shown (yellow).

out of the LUMO state of the excited PTh film, indicated by Ey,,
in the schematic in Figure 4c. The temporal profile of this signal
is included in Figure S26. An accurate determination of the
lifetime for this signal (>1 ns) is not possible with the current
fTA apparatus due to the lifetime being longer than can be
measured with the apparatus. The shorter decay lifetime of the
Egy signal (2.38 €V) in comparison to that of the E,; signal
(1.72 eV) is attributed to the filling of the electron vacancies (or
holes) in the HOMO of the PTh layer with electrons originating
from outside the excitation volume in this layer or from the salts
in the PTh layer.

The goal in these experiments was to identify and characterize
the photoinduced electron transfer from the PTh later to the PV
layer. Thus, it was necessary to characterize the transient signals
associated with electrons in the electron-acceptor PV layer. To
do so, separate fTA experiments were performed on PV-only
layer samples. As mentioned, there is weak absorbance of the PV
layer at E,, = 2.48 eV (500 nm) (Figure Sb) and no measurable
fTA signals were obtained using this pump photon energy
(Figure S28). Consequently, experiments were performed on
the PV-only films with E, = 2.76 eV (~450 nm), just at the turn-
on of the absorption. The fTA data for the PV1.5 film sample
recorded using E,, = 2.76 eV are included in Figure 6b. There is
an immediate bleach signal present at high energies, not shown,
that is associated with excitation of the PV. There is also a
prominent induced-absorption signal near 1.97 eV associated
with the presence of electrons in an excited state of the PV. This
transition is identified as Ej,, in Figure 4c. This Ej,, signal was
used to track the PTh to PV layer charge transfer.

The fTA data collected on the PTh/PV1.5 bilayer sample is
included in Figure 6¢, and cursory inspection indicates these fTA
data contain similar bleach and induced-absorption signals as
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present in the PTh-only top layer (Figure 6a). The fTA spectra
associated with different delay times are plotted in Figure S30 to
illustrate there are differences in the data for the PTh and PTh/
PVL.S samples. The multiexponential temporal profiles of the
Egy signals at a probe energy of 2.38 eV (520 nm) are included in
Figure 6d. The average lifetime of this bleach feature is shorter
for the bilayer sample than the PTh-only sample, 450(30) versus
760(80) ps (Table S2 in the SI). The shorter lifetime is
associated with transfer of excited-state electrons from the PTh
donor layer to the PV1.5 acceptor layer and the filling of holes in
the PTh layer with either electrons transferred back from the PV
layer or from the salts present in the PTh layer.

The temporal profile of the fTA data of the PTh/PV1.5
bilayer measured at the energy of the E},, signal associated with
electrons transferred to the PV1.5 layer, 1.97 eV, is shown as gray
in Figure 6e. This profile is markedly different from that
measured at the same energy on the PTh data (black in Figure
6e), and these differences are attributed to the electrons in the
PVL.S layer. In order to extract the dynamics of the charge-
transfer processes and subsequent relaxation of the electrons in
the PV1.S layer, the fTA data of the PTh-only sample was
subtracted from the data collected of the PTh/PV1.5 bilayer
sample. The two temporal profile at 1.97 eV is plotted in Figure
6f. This charge-transfer induced-absorption signal (red) appears
with an instrument-limited rise time and decays with a single-
exponential lifetime of 140(1) ps.

Additional fTA experiments were performed on the bilayer
samples with thinner and thicker PV layers, PTh/PV0.5 and
PTh/PV4, as well as the corresponding PV-only films to probe
the impact of the thickness on the electron transfer and
relaxation dynamics. The fTA data are presented in Figure S29,
and they are qualitatively similar to the results included in Figure
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6¢. The rise times of the Eg;, Ejy,, and Ej,, signals for all three
samples are 100 fs or less, notably shorter than the instrument
response, ~200 fs. The average decay lifetime of the Ey; signal at
2.38 eV is slightly smaller for the PTh/PV0.S bilayer, 404(7) ps,
than that measured for the PTh/PVL.S bilayer, 450(30) ps
(Table S1). The average lifetime of the Ey; signal is notably
longer for the for the thicker PTh/PV1.5 bilayer, 740(80) ps.
The temporal profiles of the Ej,, signals at 1.97 eV were
estimated in the same manner as described above by subtracting
the fTA data acquired for the PTh sample from the PTh/PV0.5
and PTh/PV4 bilayer samples (Figures S31 and S32). The
single-exponential decay constant of the E},, temporal profile of
the PTh/PV0.S sample, 167(1) ps, is slightly longer than the
profile of the PTh/PV1.S sample, 140(1) ps. Note that the error
indicated is from the fit and it is not from measuring the data
from multiple bilayer samples. The lifetime of the E,, signal of
the PTh/PV4 sample is notably longer, 204(1) ps.

It is possible contributions from carrier—carrier interactions
or cumulative effects, such as the buildup of charge in the PTh
layer, could be contributing to the observed dynamics and
lifetimes in the fTA data. Additional fTA experiments were
performed using 2.5X higher excitation fluences (Figure S33).
The magnitude of the AAbs(E, t) signals increased with fluence,
but they did so proportionally at all E and t. This suggests there
are no or minimal carrier—carrier interactions contributing to
the fTA data. To probe for charging or photoinduced changes in
the bilayer samples, fTA data were continuously recorded over a
3 h period (Figure S34). The fTA data collected did not change
with time, and they do not contain evidence for charging. Note
that charging of the PV layer, perhaps temporarily, would likely
result if it were not a salt.

The fTA experiments just described were performed with the
samples maintained under a nitrogen atmosphere to minimize
the presence of oxygen and the possible opening of triplet states
that could trap electrons and contribute to the dynamics. Several
fTA experiments were also performed on PTh/PVL1.5 bilayer
samples in air using E,, = 2.48 eV to probe the impact of oxygen
on the electron dynamics. The temporal profile of the E|,; signal
at 1.72 eV collected for the PTh/PV1.5 bilayer under air is the
same within error as the profile collected for the PTh/PV1.5
sample in nitrogen (Figure S26). This suggests the charge-
transfer from the excited PTh layer to the PV layer is not
influenced by the presence of oxygen. The lifetime of the Ej,,
signal at 1.97 eV is shorter with oxygen present, dropping from
140(1) to 106(1) ps. This shortening could be due to two
factors. It is possible that the rate for transfer from the PVL.S
layer back to the PTh layer was enhanced with oxygen, but it is
more likely there were trap sites present in the PV layer, such as
triplet states, into which the electrons relaxed within the PV
layer. Either of these competing pathways would have resulted in
an increase of the total rate of electron loss in the PV layer. The
temporal profile of the Ep signal associated with excitation
within the PTh layer at 2.38 eV is shorter with oxygen present
(Figure S27); the average decay lifetime dropped from 450(30)
ps in nitrogen to 237(S) ps with oxygen present. This change in
Eg, lifetime indicates there is a significant contribution of the
observed recovery dynamics in the PTh layer from the back
transfer of the electrons from the PV layer to the PTh layer.

We propose the following mechanisms and charge carrier
dynamics based on the fT A data. The photoexcitation with E,, =
2.48 eV light promotes electrons in the PTh layer. A significant
and measurable fraction of the excited electrons in the PTh layer,
likely those in proximity to the PTh/PV interface, transfer to an
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excited state within the PV1.5 layer on ultrafast time scales. The
evidence that only a fraction of the electrons transfer to the PV
layer is the notably longer lifetime of the Ej,; signal, >1 ns, in
comparison to the instrument-limited rise time of the E,, signal.
The electrons transferred to the PV layer may diffuse throughout
the layer, until they ultimately transfer back to the PTh layer.
The longer lifetime of the Ey,, signal for the thicker PTh/PV4.0
bilayer in comparison to the thinner PTh/PV0.5 and PTh/
PV1.5 bilayers suggest these electrons may sample distances
longer than 1.5 pm into the PV acceptor layer. The temporal
profiles of the bleach signals associated with excitation of the
PTh layer have multiexponential decays associated with
contributions from several mechanisms, including transfer of
electrons from the PV layer back to the PTh layer, depopulation
of electrons out of trap states, electron transfer from the salt, and
relaxation of electrons in the PTh that do not transfer to the
PVL.S layer.

After the photoluminescence and TA experiments showed
effective electron transfer between the two layers, we became
interested in measuring the change in surface energy as the top,
PV layer’s viologen subunits were reduced from a dicationic
state (V**) to a monoradical cation (V**). Since the cross-
linking density was very high, the amount of viologen in the top
layer was considerable. To investigate the change in surface
energy as a function of the PV film’s thickness, droplet contact
angle experiments were conducted (Figure 7). We assumed
there would be a smaller contact angle in a water-droplet
experiment when the PV layer was oxidized (Figure 7a), and a
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Figure 7. (a) Histogram showing average H,O droplet contact angle at
t = 1 s after dropping onto the bilayered film at varying thicknesses of
the PV layer of the film. Statistically significant differences are noted at
total thicknesses below 6 ym before and after reduction of the PV film.
Images of the droplets at t = 1 s are shown on the right. Similar data is
presented in (b) with Mel as the liquid, although no significant
differences were noted in contact angle at any thickness. The
corresponding images of the Mel droplets are shown to the right of
the histogram. Note: *p < 0.05, **p < 0.01, ns = no statistical
significance.
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larger contact angle when the PV layer was reduced on account
of the corresponding charges and polarity. To test this theory,
the bilayered film was irradiated with blue light to trigger
electron transfer from the PTh to the PV layer. A secondary
experiment was conducted (Figure 7b) with Mel, a compound
with a neutral polarity. The droplet contact angle was expected
to change between oxidation states of the viologen subunits in
the PV film with H,O and was not expected to change with
addition of Mel.

The droplet experiments were conducted both before and
after irradiation with blue light for 1 h. After compilation of the
data, there was a notable difference between the H,O droplets
on the surface of the bilayered film before and after reduction at
all thicknesses below 6 ym. This is significant because it supports
a measurable, physical change occurring in the material in
response to the collection and retention of electrons in the PV
layer that originated from the photoexcited PTh layer.
Interestingly, although not surprisingly, there was a marked
drop-oft in the effectiveness of the electron shuttling away from
the films’ interface at thicknesses larger than 4 pm. This was
expected as the excited electrons have a finite lifetime and may
encounter more trap sites in a thicker PV layer. If they could not
be shuttled toward the surface of the bilayered film before that
time, there would be no measurable change in the surface
energy. Likewise, there was no significant difference between the
Mel droplets before or after reduction. This is evidence that the
interaction with the surface has to do with the change in polarity
of the PV film. Any change due to heat or other experimental
variables would have resulted in a consistent change in both
droplet contact angle trials.

Seeking to better understand the mechanism and relaxation
dynamics associated with electron transfer between a photo-
excited donor PTh thin film that was directly interfaced with an
acceptor PV thin film, we used solid-state electrochemistry and
fTA to probe the excitation and charge transfer processes as a
function of the acceptor film’s thickness. In this systematic
investigation, the PTh sublayer was set at ~0.23 pm thick, and
the PV layer was varied from 0.5 up to 11.3 pm. It was shown
that the thicker acceptor layers up to 4 ym were able to retain the
injected electrons for longer periods of time before charge
recombination occurred between the sublayer and upper PV
film. Moreover, droplet contact angle experiments were
performed by dropping either H,O or Mel onto the surface of
the bilayered thin films (i.e., on top of the PV film). A correlation
between contact angle and film thickness was determined,
whereby the samples with thicknesses greater than 4 ym did not
exhibit any changes in surface free energy, as evidenced by a lack
of change in the droplet curvature and relative angle. We
envision the findings from this work will aid the development of
future devices that employ viologen-based materials as an
alternative electron-acceptor that is both easily processable and
scalable.

In this work, all reagents were purchase from commercial suppliers and
used without further purification. 3-Thienylethanmine was prepared
following a reported literature procedure.”® Synthesis of dimethyl 3,3'-
((2-(thiophen-3-yl)ethyl)azanediyl)dipropionate and poly(3,3’-((2-
(thiophen-3-yl)ethyl)azanediyl)dipropionic acid) was conducted
following a reported literature procedure.*’ The viologen cross-linker
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was synthesized following preparatory procedures from our previous
work.*>*® Films were fabricated using 1”7 X 1” cut sodium silicate
microscope slides. TA measurements were performed in N, and in air
using the output of a commercial Ti: sapphire amplifier laser system and
a commercial TA spectrometer. Contact angle data was acquired using a
Samsung Note 10+ camera with a Clarus 15X macro lens and all data
was analyzed in Image].

FeCl; (3.15 g, 19.47 mmol, equiv) was added to a 200 mL round-
bottom flask and suspended in 50 mL of CHCl,. Then, the mixture was
allowed to stir at room temperature for 30 min. After 30 min, the
monomer (1.46 g, 4.87 mmol, 1 equiv) was dissolved in S mL of CHCl,
and added dropwise to the reaction flask. The reaction was allowed to
stir at room temperature for 2 days. After this time, 10 mL of MeOH
was added to the flask. A thick black oil precipitated out of the solution.
The precipitate was collected and washed with 200 mL of a 1:1 mixture
of CHCl;:MeOH. The precipitate was then dissolved in 10 mL of
DMSO and added to a small 50 mL round-bottom flask. Then 30 mL of
3 M aqueous NaOH solution was added to the flask. The reaction was
heated to 50 °C and allowed to stir for 12 h. After 12 h, the reaction
mixture was transferred to a dialysis bag (MW cutoff 1 kDa) and
dialyzed for 2 days in deionized H,O. The resulting product from the
dialysis bag was filtered. The H,O was evaporated to yield 3.12 g (99%
by weight) of the water-soluble polythiophene. 'H NMR (300 MHz,
D,0) 8H 7.27 (s), 4.66 (s), 3.28 (s), 2.46 (s).

Since it was difficult to calculate the number-average molecular
weight (M,,) of PTh from "H NMR (Figure $22), the retention time of
the esterified PTh precursor was determined in DMF using gel
permeation chromatography (GPC) and compared to water-soluble
polyethylene glycol (PEG) standards (Figure S20). A calibration plot
was constructed from the corresponding retention times of the PEG
standards (Figure S21), from which M, (the peak molecular weight)
was extrapolated. This approach allowed us to calculate M, = 10 800 g:
mol™" and a peak degree of polymerization (DP,) equal to 36 subunits
on average.

2V-20Ts (1.6 g, 1.8 mmol, 1 equiv) and 4-vinylbenzyl chloride (11.0 g,
72 mmol, 40 equiv) were dissolved in MeCN (dry, 40 mL, 40 mg/mL
2V-20Ts) and heated to 55 °C for 72 h. After 72 h, MeOH (10 mL)
was added to the solution to dissolve the precipitate and the solution
was transferred to four 50 mL centrifuge tubes and diluted with 40 mL
of toluene (PhMe) to precipitate the product. The tubes were
centrifuged at 4500 rpm at —10 °C for 30 min. The resulting
supernatant was decanted, and the viscous, brown oil was washed by
adding S0 mL of MeCN to each tube, followed by sonication and
centrifugation. The supernatant was decanted, and this process was
repeated three times. The oil was then dissolved in 5 mL of MeOH and
precipitated a final time by adding SO mL of 1:1 PhMe: Et,O to yield 0.8
g (39%) of the desired product, 2V-St-20Ts-2Cl, as a dark brown,
viscous solid. "TH NMR (500 MHz, (CD;),SO): 6H 9.65 (d, ] = 6.4 Hz,
4H); 9.40 (t, ] = 8.5 Hz, 4H); 8.93—8.76 (m, 8H); 7.66 (d, ] = 8.1 Hz,
4H); 7.55 (d, ] = 8.1 Hz, 4H); 7.47 (d, ] = 7.9 Hz, 4H); 7.08 (d,] = 7.8
Hz, 4H); 6.74 (dd, ] = 17.6, 11.0 Hz, 2H); 6.02 (s, 4H); 5.91 (t, ] = 16.4
Hz, 2H); 5.32 (d, ] = 11.0 Hz,2H); 4.97—4.88 (m, 4H); 4.02—3.90 (m,
4H); 3.61—3.52 (m, 4H); 3.49—3.31 (m, SH); 2.26 (s, 1H).

A 60 mg-mL™" solution of polythiophene was made using a 1:1 mixture
of MeOH and H,0. To generate the bottom layer, the 1” X 1” glass
slide was heated to 125 °C using a hot-plate. The hot slide was then
quickly transferred to the spin-coater and 250 yL of the polythiophene
mixture was deposited onto the slide. Spin conditions: 2 s at a velocity
of 4500 rpm (ramp = 4500 rpm/s). After spinning, the slide was placed
back on the hot plate for 30 s to ensure even drying.

Polyviologen (PV) Cross-Linked Top-Layer Film Fabrication
(0.5—4 pm). An amount of 75 mg of 2V-St-20Ts-2Cl cross-linker was
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weighed and added into a 10 mL round-bottom flask. Then 1.25 mg of
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was added to
the reaction flask. Then, 225 uL of methacrylic acid and 75 uL of
deionized H,O were added to the reaction flask for the 0.5 and 1.5 ym
films. For the 4 pm films, 257 L of methacrylic acid and 43 uL of
deionized H,0O were added to the reaction flask. The mixture was
sonicated to ensure that all cross-linker and initiator were dissolved.
Then, the mixture was degassed through freeze—pump—thawing three
times. The mixture was then transferred into a clean room and plated on
top of the polythiophene-coated substrate. Then 300 L of the mixture
was plated onto the polythiophene-coated substrate on a spin-coater.
During the second spin step (10 min), the mixture and substrate were
irradiated with a UV (365 nm) 75 W light source, positioned 3" from
the surface. Spin conditions: For 0.5 ym films: 10 s at a velocity of S000
rpm (ramp = 1000 rpm/s), 10 min at V = 500 rpm (ramp = 500 rpm/s);
1.5 pm films: 10 s at a velocity of 1000 rpm (ramp = 100 rpm/s), 10 min
at V=500 rpm (ramp = 500 rpm/s); for 4.0 pum films: 10 s at a velocity
of 450 rpm (ramp = 100 rpm/s), 10 min at V = SO0 rpm (ramp = 500
rpm/ s).

Polyviologen (PV) Cross-Linked Top-Layer Film Fabrication
(6.0—11.3 um). An amount of 75 mg of 2V-St-20Ts-2Cl cross-linker
was weighed and added into a 10 mL round-bottom flask. Then 1.25 mg
of lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was added
to the reaction flask. Then, 225 uL of methacrylic acid and 75 uL of
deionized H,O were added to the reaction flask for the 11.3 ym films.
For the 6.0 um films, an additional 75 uL of MeOH was added to the
reaction flask to dilute the mixture. The mixture was sonicated to ensure
that all cross-linker and initiator were dissolved. Then, the mixture was
degassed through freeze—pump—thawing three times. The mixture was
then transferred into a clean room and drop-cast on top of the
polythiophene-coated substrate. The substrates were irradiated with a
UV (365 nm) 75 W light source, positioned 3” from the top of the film,
for 6 h to ensure complete polymerization.

Linear sweep voltammetry (LSV) was conducted on both the PTh and
PV only films as well as the bilayered film, all in a 0.1 M solution of
TBAPF, in DMF. PTh solid-state LSV was obtained by dropping 5 uL
of a 60 mg/mL solution of PTh in a 1:1 H,0:MeOH mixture onto the
surface of a glassy carbon electrode. The PV only films were formed
following the procedure for the 1.5 ym film and were plated onto a
cleaned ITO slide for use as the working electrode. The bilayered films
were analyzed following the procedure for the 1.5 ym film and were
plated onto a cleaned ITO slide for use as the working electrode. A Ag/
AgCl reference in 1.0 M KCl in H,O and platinum wire counter
electrode were used.

UV—vis spectroscopy was recorded using an Agilent Cary 5000
spectrophotometer with a PbSmart NIR detector scanning from 200 to
1600 nm. All measurements were conducted in the solid state by
aligning the respective films with the beam and scanning from 200 to
1600 nm.

Topographical data was collected from a Bruker Dimensions ICO
atomic force microscope using a ScanAsyst-Air AFM tip with a scanning
rate of 1 Hz. Various scanning windows were documented.

The thickness of the films was determined by making a thick scratch in
the films with the back of a razor blade followed by obtaining
topographical data from a KLA-Tencor Alpha-Step D-100 Profilom-
eter. The thickness of the two individual layers was determined first by
measuring the thickness of the polythiophene layer then the thickness
of the bilayers. The thickness of the top layer could then be determined
through subtraction.

fTA spectroscopy is a differential absorption (AAbs) measurement,
where the broad, probe continuum is used to probe changes in the

absorption spectra of the sample with and without excitation as a
function of t after photoexcitation. For a single measurement at a given
t, two transmission spectra of the probe laser are collected. One
spectrum is the probe spectrum acquired with the excitation beam
blocked. A second transmission probe spectrum is recorded with the
excitation laser pulse traversing the sample at ¢ before the probe pulse.
The femtosecond TA experiments were performed using the output of a
commercial Ti:sapphire amplifier laser system (800 nm, ~2.3 W at 1
kHz, and ~120 fs pulse width) and a commercial TA spectrometer. A
fraction of the laser output was focused into a sapphire crystal to
generate a white light continuum (450—760 nm) for use as the probe
beam. The remainder of the laser output pumped a commercial optical
parameter amplifier to provide excitation pulses at either S00 nm (2.48
eV) or 450 nm (2.76 eV) with a bandwidth of ~12 nm. A motorized
delay stage was used to control the delay time between the pump and
probe pulses, ¢, with t < 1.5 ns. The data were collected for 2 s at each .
The unpolarized excitation and probe beams were gently focused on the
sample, which was positioned orthogonally to the probe beam path.
The excitation fluence was kept to ~50 yJ cm™ pulse™ to minimize
multicarrier interactions and heating effects. A temporal resolution of
~200 fs was achieved in these fTA measurements.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.1c00036.
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