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Ultrafast photoinduced electron transfer in
conjugated polyelectrolyte—acceptor ion pair
complexest

Pradeepkumar Jagadesan, (2 Silvano R. Valandro® and Kirk S. Schanze (= *

Conjugated polyelectrolytes (CPEs) are a promising class of materials for photovoltaic and sensing
applications due to their ability to undergo efficient photoinduced electron transfer (ET). Although
water-soluble poly(p-phenylene ethynylene) (PPE) polyelectrolytes have been synthesized for various
applications, no reports have clearly revealed the dynamics of the photoinduced ET process and charge
transfer state of PPE-type CPE/electron acceptor systems. Herein, we investigated photoinduced ET
from a water-soluble PPE based CPE functionalized with alkyl sulfonate (R-SOs™) as side groups to
three cationic electron acceptors. Steady-state absorption studies showed a bathochromic shift of the
absorption band for all CPE/acceptor mixtures compared to CPE as a result of the suppression of the
conformational changes in the polymer caused by the ion—pair interaction. Stern—Volmer (SV) fluores-
cence quenching studies revealed that all of the cationic electron acceptors efficiently quenched the
fluorescence of CPE with SV constants (Ksy) in excess of 10 M™%, Picosecond transient absorption (TA)
studies of a CPE/methyl viologen mixture revealed the absorption feature of the cation radical state
(CPE**) of the polyelectrolyte. Kinetic measurements established that the forward electron transfer
in the polyelectrolyte/acceptor mixtures occurs with rate constant k¢ > 1 x 102 s™* and the return ET

occurs with kp = 3 x 10 st

. We also demonstrated that the electron transfer between a PPE-type
polyelectrolyte and an acceptor in their assemblies could be modulated by a supramolecular approach,
which revealed that the nature of the acceptor—supramolecule host—guest complexes dictates the

kinetics of the electron transfer process.

biomolecules.?**® The strikingly sensitive response in the
fluorescence quenching of CPEs towards various analytes at

Conjugated polyelectrolytes (CPEs) are conjugated polymers
featuring ionic side groups. The m-conjugated backbone in
CPEs endows them with efficient light harvesting and light
emitting properties, while the ionic sides chains render the
polymers water-soluble."™ Wudl, Heeger and coworkers
reported the first conjugated polyelectrolyte in 1987.° Ever since
their inception, a wide range of CPEs with diverse backbone
structures and side chains have been synthesized for a spec-
trum of applications such as organic light emitting diodes,®®
organic photovoltaics,”'® drug delivery,"* antimicrobials'*™"°
and bioimaging.'® Moreover, the remarkable photophysical
properties of CPEs such as high fluorescence quantum
yields and amplified quenching make them intriguing entities
for the detection and sensing of ions,"”™*° molecules**** and
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ultralow concentrations is caused by the spatial delocalization
and mobility of excitons in the polymer as a result of electron/
energy transfer from the CPE to the quencher. The activity in
this area has been propelled since the papers published by
Swager and co-workers in 1995,”*%” in which they presented the
first example of amplified quenching of a poly(p-phenylene
ethynylene) (PPE) conjugated polymer by dimethyl viologen
(MV>*) with a Stern-Volmer quenching constant (Ksy) as high
as 10° M, The amplified quenching effect was attributed to an
effective photoinduced electron transfer (ET) process, in which
a single viologen is sufficient to trap nearly the total exciton
energy along one polymer chain.”®

Whitten, Wudl and co-workers first reported the amplified
quenching effect in a water-soluble conjugated polyelectrolyte,
in which they demonstrated that the fluorescence of a poly
(p-phenylene vinylene) (PPV) polyelectrolyte appended with
sulfonate (-SO;~) functionality was quenched by MV>* with a
Ksy in excess of 10" M~".>° Following this, Tan et al. observed
that a PPE-type polyelectrolyte appended with alkyl sulfonate
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groups exhibited amplified quenching upon MV>** addition
in both water and methanol, with Kgy values on the order of
10”7 M~ .*° The enhanced quenching exhibited by CPEs in
comparison to Swager’s neutral conjugated polymers was
attributed to the ultrafast exciton migration along the polymer
chain to the quencher as a result of the strong complex
formation between the polyelectrolyte and quencher through
ion-pairing and hydrophobic interactions.

During the past two decades, significant efforts have been
devoted to the design and study of a range of CPEs for chemo-
and biosensing applications that rely on amplified fluorescence
quenching as the predominant signal transduction method.
Among the polyelectrolytes, PPE-type CPEs have attracted
considerable attention for developing fluorescence-based
assays due to their rigid rod structure, high water solubility,
fluorescence quantum yield and biocompatibility.>'* The
fluorescence quenching of CPEs occurs via one of three
pathways, which include energy®**® or electron transfer®*>°
from the polyelectrolyte to the quencher, or through inter-chain
aggregation caused quenching (ACQ)."*?” Fluorescence
quenching via energy transfer can more often be easily distin-
guished from the others through the observation of sensitized
emission from the quencher. In contrast, fluorescence quench-
ing by an ET pathway involves the generation of the polyelec-
trolyte cation radical (positive polaron) and the reduced
quencher from the excited state of the polymer. Subsequently,
the return ET occurs non-radiatively to regenerate the ground
state polyelectrolyte and acceptor. Owing to the very short
lifetimes (~ps time scale) of the polaron states, ultrafast
spectroscopy is required for detection and characterization of
the intermediate charge transfer (CT) state [CPE*", A”]. To the
best of our knowledge, ultrafast transient absorption spectro-
scopic studies to understand the photoinduced ET process and
intermediate CT state of PPE-based CPE and quencher mixtures
have not been previously reported. Moreover, understanding
the ET mechanism and dynamics and developing strategies to
modulate the process are of paramount importance, especially
for exploiting CPEs for sensing and photovoltaic applications.

The present investigation seeks to study the mechanism
of quenching of a water-soluble PPE-type CPE (CPE) function-
alized with alkyl sulfonate (R-SO;™) by a set of three cationic
electron acceptors (MV>*, NDI** and NMI'", Chart 1) with the
goal to observe the CT state, its spectral properties, and the
dynamics for forward and return ET. For all three CPE-acceptor
ion-pair complexes, the absorption bands were substantially
red-shifted and their intensities are comparable to the primary
absorption of CPE. Addition of NDI** and NMI" to CPE resulted
in amplified fluorescence quenching with Kgy ~ 107 M.
Picosecond transient absorption (TA) spectroscopy of the
CPE/MV>* complex in water revealed the existence of the CPE
cation radical (CPE*") state. Moreover, the observation of the
absorption of reduced NDI** in the TA measurements of the
CPE/NDI** complex confirms the photoinduced ET process
between CPE and NDI**. We have also shown that the ET
dynamics in CPE/acceptor mixtures could be modulated using
the supramolecule host cucurbit[7]uril (CB7, Chart 1).
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Chart 1 Structure of CPE, MV?*, NDI?>*, NMI* and CB7.

Results
Structures and thermodynamics of electron transfer

Our primary goal in this work is to elucidate the photoinduced ET
mechanism between a water-soluble poly(p-phenylene ethynylene)
conjugated polyelectrolyte (CPE) and cationic quenchers. Conju-
gated polyelectrolyte CPE featuring alkyl sulfonate (R-SO;~) was
synthesized via a chain-growth polymerization method following
an earlier report, and its degree of polymerization (n) was deter-
mined to be ~ 10 with a polydispersity index (PDI) ~ 1.2.%® Methyl
viologen (MV>*) and cationic derivatives naphthalene diimide
(NDI**) and naphthalene monoimide (NMI") were chosen as
acceptors because of their capability to associate with the
anionic CPE and their strong electron acceptor character. All
of the quenchers are mono- or di-cations and therefore are
expected to form ion-pair complexes with the anionic polyelec-
trolyte. Previous work has also shown that polyvalent cations
associate more strongly than mono-cations, and in some cases
polyvalent ions can induce the formation of aggregates.?*3%4°

In order to facilitate the discussion below, Fig. 1 gives a
simplified excited state scheme for the ion pair complex
between CPE and an acceptor, [CPE, A]. Initial excitation
produces the singlet excited state, [*CPE, A], and this can be
quenched by forward ET to produce a CT state, represented as
[CPE*, A™]. This state then relaxes back to the ground state by
charge recombination. There is also the possibility that the
separation distance between the polymer and reduced acceptor
could increase after forward ET occurs, giving rise to a charge-
separated state, [CPE'//A"]. The thermodynamic driving
force for forward ET and charge recombination (AG; and
AGy, respectively) can be determined from the reduction
potentials of the acceptors, and the oxidation potential and
the excited state energy of CPE. The relevant potentials are
listed in Table 1, along with the excited state oxidation
potential of CPE, which is computed from the polymer’s
ground state oxidation potential, and the singlet excited state

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 1 Energy diagram for photoinduced ET and charge recombination in
CPE-acceptor ion-pair complexes.

Table 1 Redox potentials for CPE and the acceptors

Compound E(CPE/CPE*")/V E(*CPE/CPE*")/V* E(A/A)IV
CPE 0.9* —-1.8 —

Mv>* — — —0.46*
NDI* — — —0.48%
NMI* — — —1.3%

@ Computed from the following equation, E(*CPE/CPE") = E(CPE/CPE")
- E(*CPE), where the latter is 2.7 eV and is obtained from the
fluorescence maximum of CPE.

energy, E(*CPE/CPE") = E(CPE/CPE") — E(*CPE). From the data
in Table 1, it is clear that forward ET is very exothermic for all of
the acceptors, ranging from —0.5 eV for NMI" to —1.34 eV for
MV>*, Charge recombination is even more exothermic, ranging
from —1.36 eV for MV>" to —2.2 eV for NMI".*! Given the large
driving force for all of the ET processes in Fig. 1, it is predicted,
assuming that the separation distance in the ion pair com-
plexes is small (<5 A), that both forward and return ET will
occur rapidly (>10° s™'). This prediction is based on the
assumption that the ET reactions will follow a Marcus depen-
dence on the driving force and that the reorganization energy is
in the range 0.5-1.0 eV.*

Steady state absorption and fluorescence spectroscopy

The steady-state absorption and fluorescence spectra of CPE
and the corresponding complexes with the acceptors were
studied in water as a solvent. The fluorescence spectra of the
complexes were recorded by exciting at the absorption max-
imum (~420 nm) of CPE, where the acceptors do not absorb
(Fig. S1, ESIT)."” Fig. 2 illustrates the changes in the absorption
and fluorescence spectra of CPE in the presence of MV>" in
water. Addition of MV>* (0-7.5 uM) to 5 uM (calculated based
on the polymer repeat unit, PRU) CPE resulted in the signifi-
cant red-shift of the absorption band, which is accompanied by
a shoulder peak around 480 nm. The changes are consistent
with the spectral changes observed for a CPE and 1,3-propane
diammonium salt mixture.*® This indicates that the association
of MV** with CPE induces a degree of rigidity to the polymer,
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Fig. 2 (a) Absorption and (b) fluorescence spectra (lex = 410 nm) of CPE

(5 uM, PRU) in water with varying concentrations of MV?* as indicated in
the figure.

restricting its ability to undergo conformational changes, which
results in the extension of the conjugation length, which causes
the bathochromic shift.>®> Moreover, the apparent color change
(yellow to brown) observed for the CPE solution upon MV**
addition (Fig. S2, ESIT) suggests that the absorption spectrum
of the CPE/MV** complex may have some contribution from
charge transfer absorption. The weak shoulder peak that emerges
around 480 nm is attributed to the absorption of CPE aggregates
induced by MV>*.>**%8 The change in CPE absorption upon MV>*
addition is accompanied by a substantial decrease in the fluores-
cence intensity with Kgy ~ 7.1 x 10° M~ .%®

The absorption and fluorescence spectra of CPE with the
addition of NDI** and NMI" are shown in Fig. 3. As seen in
Fig. 3a and c, the absorbance bands red-shift considerably as a
function of the acceptor concentration (0-10 uM). For both imide
acceptors, the bathochromic shifts of the absorption peaks in the
mixtures are more significant compared to CPE/MV>", possibly
due to the contribution from CT absorption (Fig. S2, ESI}).
The absorption bands observed in the 330-400 nm region in
Fig. 3a and ¢ correspond to the absorption features of NDI** and
NMI" (Fig. S1, ESI+), respectively. Moreover, addition of NDI** and
NMI' to CPE also resulted in significant quenching of the CPE
fluorescence (Fig. 3b and d) with Kgy ~ 7.1 x 10° M " and 5.5 x
10° M, respectively (Fig. S3, ESIf). For all of the samples, the
Stern-Volmer plots are approximately linear at low concentration
of the quencher but they curve upward at higher concentrations.
The Ksy values were estimated by extrapolating the linear region at
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Fig. 3 Absorption spectra of CPE (5 uM, PRU) in water with varying concentrations of (a) NDI?* and (b) NMI* as indicated in the figures. (b) Fluorescence
spectra (lex = 410 nm) of CPE in water with varying concentrations of (a) NDI?* and (b) NMI*.

low concentration. Note the subtle effect that the intensity ratio of
the 0-0/0-1 vibronic bands changes as a function of quencher
concentration, depending on whether the quencher is NDI** or
NMI" (Fig. 3b and d). This could be caused by the different
charges on the quenchers, which leads to different ion-pair/
aggregation interactions in the CPE/quencher complexes.
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Picosecond transient absorption spectroscopy

To obtain more insight into the intermolecular ET between CPE
and the cationic electron acceptors, and the absorption features
of the polyelectrolyte cation radical (CPE*"), picosecond tran-
sient absorption (TA) measurements were performed. Fig. 4a
displays the TA spectra of CPE in water. The negative signal
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Fig. 4 Picosecond transient absorption (psTA) spectra of (a) CPE (12.5 uM, PRU), (b) CPE + 12.5 uM MV?* at the indicated delay times and (c) CPE in the
presence of O uM to 12.5 uM MVZ* at 10 ps delay time in air-saturated H,O following a 440 nm laser excitation pulse (100 fs pulse width, 100 nJ per pulse).
(d) Kinetic decay traces of CPE in the presence of O pM to 12.5 pM of MV?* detected at 603-615 nm.
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observed between 400 and 530 nm is attributed to stimulated
emission (SE) from CPE, which is coupled with broad, feature-
less absorption in the visible region due to excited state
absorption (ESA) of the CPE singlet excited-state. The TA
spectrum of CPE is similar to that reported for other PPE-type
conjugated polymers.*® The ESA kinetics of CPE exhibits three
decay components with time constants 3, 49 and 264 ps with
relative amplitudes of about 0.41, 0.30 and 0.29, respectively
(Table 1). The fast decay processes (<50 ps) are likely due to
initial structural relaxations followed by singlet decay via
radiative and non-radiative pathways. The TA decay dynamics
for CPE are in good agreement with its fluorescence decay
kinetics (Fig. S4, ESIf).

The TA spectra of CPE with MV>* (1:1 concentration ratio)
recorded at different delay times are shown in Fig. 4b and a
comparison of the spectra at 10 ps delay time for CPE with
various MV>* concentrations is shown in Fig. 4c (see Fig. S5 in
the ESIT for full spectra). From these data it is clear that the TA
spectra for the CPE/MV>" complex are noticeably different from
those of CPE alone. In particular, the main absorption band in
the spectrum in the presence of MV>" is blue shifted from that
of CPE alone, and in addition there is substantially more
absorption in the region between 330 and 500 nm (the latter
is partially due to the decrease in SE due to fluorescence
quenching in the CPE/MV>" complex). The TA spectrum of
the CPE/MV>" complex is dominated by the absorption of
the oxidized polymer (CPE*", polaron state). This assignment
is supported by a previous study of a structurally-similar
PPE-based polymer cation radical generated by pulse radiolysis
which displayed a similar absorption-difference spectrum.>®
Note that the spectrum of the oxidized polymer (CPE*", polaron
state) is similar to that of the singlet exciton state; however, it is
not unusual for exciton and polaron states of conjugated
polymers to have similar spectra.>® Notable is the fact that
the spectral signature of the reduced acceptor (MV**), which
displays bands at 395 and 600 nm,"”*> is not seen in the
transient absorption spectrum of the CPE/MV>" complex. It is
not clear why this is the case, but it may be due to the fact that
the 395 nm band is obscured by the excitation scattering and
SE, and the 600 nm band is overlapped by the significantly
stronger absorption of CPE*".

As shown in Fig. 4d, addition of MV** to CPE leads to two
notable changes in the TA decay dynamics. First, the predomi-
nant decay component is considerably more rapid in CPE/MV>*
compared to CPE. Second, less obvious is the low amplitude,
long lifetime component (t > 1000 ps) that emerges at higher
MV?** concentration (see Table 2). As discussed in more detail
below, analysis of the kinetics suggests that the photoinduced
ET occurs on an ultrafast timescale (ki > 10" s™') and
the dominant decay component in the TA is due to return ET
(2 ps, ky, ~ 5 x 10™ s71), which gives rise to decay of the
absorption. The long lifetime component apparent in samples
with higher MV>* concentration is due to a small component of
CPE*" (polaron)//MV*" pairs that are able to undergo cage
escape from the original complex geometry where CT occurs.
This gives rise to a decreased rate of charge recombination

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Table 2 Picosecond transient absorption kinetics

T1/ps T,/ps 73/ps

CPE 3.0 + 0.2 (0.41)
CPE/MV** 2.0 £ 0.1 (0.89)
CPE/MV**/CB7 4.0 + 0.2 (0.41)

49 + 6 (0.30)
115 + 10 (0.08)
60 + 6 ps (0.30)

264 + 24 (0.29)
>1000 (0.03)
610 =+ 60 (0.29)

The relative amplitudes are in parentheses. CPE = 12.5 pM, MV** =
12.5 uM and CB7 = 125 uM.

(Fig. 1), which manifests as a much slower decay rate for the
CPE*" (polaron) absorption.

In order to better under the ET process and to identify the
acceptor anion radical, we utilized a naphthalene dimiide
(NDI*") electron acceptor. The spectrum of the reduced diimide
(NDI') has been well documented in previous spectroelectro-
chemical and transient absorption studies.>*> Fig. 5a illus-
trates the TA difference spectra of the [CPE, NDI**] ion-pair
complex recorded at different delay times. The spectra feature
strong negative absorption features located from 330 to 470 nm
that are consistent with the depopulation of the electronic
ground states of CPE and NDI** (i.e., ground state bleaching).
The positive transient absorption consists of two prominent
bands. The most significant signal to emerge is the narrow
absorption band at ~490 nm, which is partially cut-off by the
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Fig. 5 (a) Picosecond TA spectra of CPE (12.5 pM, PRU) + 12.5 pM NDI?*
in air-saturated H,O at the indicated delay times following a 440 nm
laser excitation pulse (100 fs pulse width, 100 nJ per pulse). (b) Kinetic
decay traces of CPE (red) and CPE + NDI?* (blue) detected at 603 nm and
622 nm, respectively.
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ground state bleach of CPE. This absorption is clearly due to
the reduced diimide acceptor (e.g., NDI*") resulting from the
photoinduced ET from CPE to NDI**. The broad transient
absorption that extends from 500-650 nm is mainly due to
the CPE*" (polaron) state as it is similar in shape and peak
wavelength compared to that observed for the polaron absorp-
tion in the CPE/MV>* system (Fig. 4b). The dynamics for the
CPE/NDI** system are shown in Fig. 5b; it can be seen that the
charge transfer state decays very rapidly, with a dominant decay
component of 3 ps (Table S2, ESIt).

The intermolecular ET between CPE and dicationic electron
acceptors occurs very rapidly because of the strong ion-pair
complex formation. To test the efficiency of the electron
transfer process between CPE and a monocationic acceptor,
identical experiments were carried out with a naphthalene
monomiide (NMI') derivative. The TA spectrum of CPE/NMI"
at 13 ps delay (Fig. S6a, ESIt) is qualitatively similar to the
spectrum with the NDI** acceptor, supporting its assignment to
the charge-transfer state [CPE**, NMI*] produced by ultrafast
photoinduced ET from CPE to the NMI" acceptor. This species
decays with single exponential kinetics with a lifetime of 35 ps
(Table S3, ESIt).

Modulation of the electron transfer dynamics using
cucurbit[7]uril

It is well known from previous studies that the energy and ET
dynamics between donor and acceptor molecules could be
modulated using supramolecules, in which one of the donor
or acceptor is trapped within the cavity of a supramolecule and
the other remains free in solution or electrostatically bound to

a o35

0.30

100 uM CB7

—— CPE+
7.5 uM MV2+

— CPE

0.25
0.20
0.15

Absorbance

0.10
0.05

0.00

350 400 450 500 550 600
Wavelength (nm)

0.015{—1ps
0.010
0.005

AA

0.000 -

-0.005+
-0.010+

380 390 Aauknn 420 430
Wavelength (nm)

350 400 450 500 550 600 650 700
Wavelength (nm)

-0.015

View Article Online

Materials Chemistry Frontiers

the outside of its wall.**"*® Cucurbit[7]uril (CB7, Chart 1) is a
water-soluble barrel-shaped organic macrocyclic host molecule
composed of seven glycoluril units interlinked to each other by
pairs of methylene groups.®*®* Host-guest complexation in
CB7 is driven by the hydrophobic interactions of a guest
molecule with its inner cavity, and electrostatic attraction of
cationic groups on the guest towards C=0 dipoles on CB7.%

To probe the feasibility of modulating the ET dynamics of
the [CPE, MV>"] ion pair complex, CB7, which is known to
strongly bind MV>* (association constant, K, ~ 2 x 10> M~ 1)**
in aqueous medium, was used as a host. Fig. 6a and b display
the changes in the absorption and fluorescence spectra of the
CPE/MV>" mixture in the presence of CB7. Upon incremental
addition of CB7 (0-100 puM), the intensity of the absorption
peak increased monotonically with a concomitant blue shift,
which is accompanied by an increase in the fluorescence
intensity. The fluorescence recovery confirms the interference
of CB7 in the ET quenching process. Nevertheless, the fluores-
cence was not fully recovered even in the presence of 100 pM
CB7 and it also resulted in a featureless fluorescence band. This
suggests that CB7 may slow the rate of ET quenching (e.g., k¢ in
Fig. 1), but not shut off ET entirely.

Although the TA spectra (Fig. 6¢) of the CPE/MV>'/CB7
mixture are complex, several important conclusions can be
derived based on the spectral features and kinetics. First, the
TA spectral features in the shorter time range (1 ps-60 ps) and
the lifetimes (4 and 60 ps) are consistent with the spectral and
decay kinetics of CPE alone (Fig. 4 and 6d, and Table 2).
Secondly, the TA spectra at longer delay times blue-shift by
~20 nm and the long lifetime component of the CPE/MV>*/CB7
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Fig. 6 (a) Absorption and (b) fluorescence (Zex = 410 nm) spectra of CPE (5 uM, PRU) + MV2* in water with varying concentrations of CB7 as indicated in
the figure. (c) Picosecond TA spectra of the CPE/MV?*/CB7 mixture (CPE = 12.5 uM, MV?* = 125 uM, CB7 = 125 uM) in H,O at the indicated delay times
following a 440 nm laser excitation pulse (100 fs pulse width, 100 nJ per pulse). (d) Kinetic decay traces of CPE (red), CPE/MV?* (blue) and CPE/MV?*/CB7

(green) detected at 603 nm, 615 nm and 606 nm, respectively.
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decay is slower (~610 ps) than that of CPE (~264 ps, Table 2).
Global analysis of the time-resolved spectral dynamics (Fig. S7,
ESIt) clearly shows that the slowly decaying component has
blue-shifted absorption that is similar to that observed for the
[CPE, MV>*] complex (Fig. 4b).

Although the TA feature of CPE*" is not clearly visible for
CPE/MV>*/CB7, careful inspection of the signals at 0.4-2 ns
delay times in Fig. 6¢ reveals the presence of weak absorption of
CPE*" along with very weak absorption at ~395 nm that may be
due to the reduced viologen acceptor, MV*" (Fig. 6c inset).
Taken together, the data for the CPE/MV>*/CB7 system suggest
that CB7 sequesters MV>* from CPE, slowing the rate of forward
ET due to separation of CPE from MV>* by the CB7 wall. This gives
rise to a longer lifetime for *CPE and suppressed fluorescence
quenching. The rate of return ET (k,) may also be suppressed by
CB7, also due to the separation imparted by the host.

The absorption and fluorescence spectra of CPE/NDI** in
the presence of CB7 are shown in Fig. S7a and b (ESIT),
respectively. Given the smaller size of the inner cavity of CB7,
it is expected that NDI** will not form a host-guest complex with
CB7. The absence of any considerable change in the absorption
and fluorescence spectra of the CPE/NDI”* mixture confirmed the
inability of CB7 to alter the interaction of CPE and NDI**,

Discussion

Following the pioneering work of Wudl and Heeger on ultrafast
ET in PPV-based conjugated polymer/C60 systems and on bulk
heterojunction solar cells,®>®® the rich photophysical proper-
ties of conjugated polymers/CPEs and their ability to participate
in photoinduced ET processes have been exploited for their
application as organic photovoltaics and sensors. Although
the electron-donating feature of conjugated polyelectrolytes
has been successfully utilized for a range of applications,
systematic investigation of the polaron state of the polyelec-
trolytes resulting from photoinduced ET has not been reported
previously. In this context, understanding the ET mechanism
and dynamics as well as the photophysics of polaron states
of conjugated systems is essential for the advancement of
the field. Earlier work reported by Friend and coworkers
on TA spectroscopy studies of a poly(9,9’-dioctylfluorene-
alt-benzothiadiazole) based CPE revealed the generation of
polaron states in the absence of electron acceptors as a result of
inter-chain exciton annihilation.®” They also observed that the
polarons are stabilized in the solid state by counter anions via
Coulombic interaction. Clark et al. performed TA studies for a
PPE-based polyelectrolyte in its aggregated state in ethanol. Their
attempts to detect the polaron signals of the polyelectrolyte were
unsuccessful due to the lack of effective interchain interactions.®®

The primary objective of this work was to study the mecha-
nism of quenching of a water-soluble PPE-based conjugated
polyelectrolyte by electron acceptors, with the aim to observe
the CT state and its spectral properties and dynamics. For all
three CPE/acceptor mixtures, a considerable red-shift in the
absorption was readily observed in the steady-state absorption
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spectra and their intensities are comparable to the main
band of CPE. The bathochromic shift is caused as a result of
the suppression of polymer conformational changes upon
association with the cationic acceptors, and also the possibility
of absorption due to optical CT. Moreover, the electron accep-
tors quenched the fluorescence from CPE very efficiently with
Stern-Volmer quenching constants (Ksy) in excess of 10° M7,
consistent with the amplified quenching effect. Addition of a
supporting electrolyte such as NaCl (Fig. S9, ESIt) to CPE/MV>*
resulted in the dissociation of CPE and MV>*, which is evident
from the recovery of the CPE fluorescence in Fig. S9b (ESIT).
Moreover, the bathochromic shift in the absorption spectra of
CPE/MV>*/NaCl (Fig. S9a) (ESIt) suggests that the polymer
aggregates at high ionic strength due to polyelectrolyte charge
screening by NaClL.*° The distinct absorption features of the
polymer aggregates and CPE/MV>" further confirm that the
CPE/MV** ion-pair complex mostly remains as individual
chains and the binding of MV** to CPE suppresses the polymer
conformational changes. Taken together, the pronounced
changes in the absorption and fluorescence spectra of the
mixtures suggest: (1) that there is tight (ion-pair) association
between anionic CPE and the cationic acceptors; and (2) that
photoinduced ET between the polyelectrolyte and quenchers
occurs rapidly and efficiently.

The ultrafast TA studies provided some interesting details
about the ET properties and the CT states of CPE and the
acceptors. The TA spectra of [CPE, MV>"] (Fig. 3b) revealed the
absorption feature of CPE*" generated as a result of the photo-
induced ET to MV>*, which is unprecedented for any PPE-type
polyelectrolytes. The spectrum of the polaron state of the
PPE-based polymer exhibits a primary band maximum at
~595 nm, and it is in agreement with previous studies on
PPE-type oligomers and polymers.®® Moreover, the absorption
feature due to the reduced acceptor, MV**, which is expected at
~395 nm, was not observed for CPE/MV>*, 1t is unclear why,
but it is possible that it is obscured by the considerably more
intense bleach and absorption features due to CPE*". However,
direct evidence for the existence of the CT state is obtained
from the TA spectra of the [CPE, NDI’*] ion-pair complex
(Fig. 5a). In this case, clear absorption bands due to the
oxidized CPE and the reduced diimide acceptor can be seen,
and these are formed essentially instantaneously following
photoexcitation of CPE (<1 ps), indicating that the forward
ET is ultrafast (k; > 10" s ).

As noted above, the forward ET in both the [CPE, MV>*] and
[CPE, NDI**] complexes is ultrafast. This is evident from the
fact that the spectra of the CT states are observed at even
the earliest delay times probed (1 ps, k¢ > 10" s™'). In both
systems, the predominant kinetic decay component for the CT
state has T ~ 3 ps, and we attribute this process to return ET
from the CT state (k, ~ 3 x 10" 7). The very fast ET dynamics
in these systems are readily explained by the following features.
First, the distance between the polymer backbone and the acceptor
is likely very short (Fig. 7a), giving rise to relatively strong
electronic coupling (V,; > 50 meV).*” Second, for both the
MV>" and NDI** acceptors, the driving force for the forward and
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Fig. 7 Possible structure of ion-pair complexes. (a) [CPE, MV?*] and
(b) [CPE**, MV**].

return ET processes is in the range of —1.3 eV, making them
highly exothermic (near the activationless region of the Marcus
curve). One subtle yet interesting feature is the existence of a
low-amplitude, slow decay component for the CT state for the
[CPE, MV>*] complex, suggesting a mechanism that gives rise to
slower return ET. It is possible that the slower process is due to
the formation of a “separated” CT state, where the reduced
acceptor MV** has diffused away from the backbone, perhaps
by becoming bound to only one of the polyelectrolyte pendant
anion groups (-R-SO3 ), e.g., Fig. 7Db.

Photoinduced ET between a donor and acceptor pair, espe-
cially ones that form ground-state CT complexes, is a very rapid
process that occurs usually on a sub-picosecond time scale.”®”">
Designing donor-acceptor systems in which the deacceleration
of return ET could lead to elongation of the lifetime of the
charge-separated state is essential for the efficient conversion
of light to chemical energy. One of the interesting and facile
approaches adopted to slow down the return ET process is
through screening the donor from the acceptor or vice versa
using an insulating supramolecular host.”>””® To the best of our
knowledge, this strategy has not been employed for the deac-
celeration of the ET process in conjugated polyelectrolytes. For
modulating the electron transfer process in the CPE/acceptor
systems, the rigid supramolecule CB7 was employed. Our
results indicate that since CB7 has the ability to fully encapsu-
late MV>*,** the host-guest (MV>*/CB7) complex formed upon
addition of CB7 to CPE/MV>* remains bound to the polyelec-
trolyte, allowing the ET to proceed through the walls of the
host. As a result, the forward and return ET processes are
slowed down in the CPE/MV>*/CB7 system. By contrast, CB7
did not influence the ET process in CPE/NDI** due to the inability
of CB7 to form a host-guest complex with NDI**, Thus, the results
provided a proof-of-concept for the modulation of the ET process
in mixtures involving conjugated polyelectrolytes.

Conclusion

In this report, we investigated the photoinduced ET properties
of a water-soluble poly(p-phenylene ethynylene) conjugated
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polyelectrolyte appended with alkyl sulfonate (R-SO;™) func-
tionality in the presence of three strong electron acceptors.
Direct observation of the red-shift in the absorption peaks
revealed the ion-pair assembly formation between the polyelec-
trolyte and quenchers. The fluorescence of the polyelectrolyte is
quenched very efficiently with Stern-Volmer constants (Ksy)
on the order of 10° M. Ultrafast transient absorption studies
of the CPE/acceptor complexes revealed the unprecedented
absorption feature of the cation radical species of the PPE-
based polyelectrolyte. The TA spectra of the [CPE, NDI**] complex
provided further evidence for the production of anion radical
species of the acceptor via photoreduction. Kinetics measure-
ments performed on the three polyelectrolyte/acceptor mixtures
indicate that the forward ET occurs with rate constant kf > 1 x
10" s™" and the return ET is also rapid with k ~ 3 x 10" s~

Experimental section
Characterization methods

UV-visible spectra were recorded using a Shimadzu UV-2600
spectrophotometer. Corrected steady-state fluorescence spectra
were obtained using an Edinburgh fluorometer. A 1 cm” square
pyrex cuvette was used for the solution spectra, and the emission
was collected at 90° relative to the excitation beam. Fluores-
cence lifetimes were measured using a PicoQuant FluoTime
300 fluorescence lifetime spectrophotometer by time-correlated
single photon counting (PicoQuant PicoHarp 300 module).
A high-performance LDH-D-C-405 PicoQuant diode laser
provided the excitation at 405 nm (repetition rate 40 MHz,
P < 3 mW) for the sample. The instrument response function
(ca. 100 ps) was measured using a Ludox scattering solution.
Decays were obtained using single/biexponential fitting para-
meters using FluoroFit software.

Femtosecond-picosecond transient absorption spectroscopy
was carried out using a system consisting of a Coherent Astrella
Ti:sapphire (100 fs, 1 KHz repetition) source (https://www.
coherent.com/lasers/laser/astrella-ultrafast-tisapphire-amplifier)
coupled with an Opera Solo OPA (https://www.coherent.com/
lasers/laser/opera-solo-ultrafast-optical-parametric-amplifier) and
a Ultrafast Systems Helios transient absorption spectrometer
(https://ultrafastsystems.com/products/helios-fire). The first
beam generated from the Coherent Astrella was directed
through an optical parametric amplifier in the Opera Solo
OPA, where the wavelength was tuned to 440 nm for pumping.
The pump beam was then directed into a Helios fire (Ultrafast)
automated femtosecond transient absorption spectrometer
where the beam passed through a chopper, depolarizer and
neutral density filter to tune the beam to 0.1 mW (100 nJ per
pulse) of power before hitting the stirred sample (O.D. = 0.2).
The second beam was passed through a digitally controlled
delay stage (in the Helios fire) with a maximum range of 8 ns, and
afterward the beam was focused into a calcium fluoride crystal to
generate a UV-visible probe ranging from 320-700 nm. The two
beams overlap at the sample position with their respective
electronic polarizations at the magic angle. The output signal with
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and without pumping (at several time delays) was detected
using a fiber-coupled alignment-free spectrometer with a
1024-pixel CMOS sensor. Chirp- and time-zero corrected
spectra, and multiexponential decay fits were acquired and
manipulated using Surface Explorer software provided by
Ultrafast Systems. OriginLab Corporation (version 9.55) data
analysis software was used to plot the spectra.
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