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ABSTRACT: A substantial reduction in the rate of
irreversible polymer photo-oxidation was observed through
the ionic stabilization of the polymer-O2 charge-transfer
complex (CTC) in amorphous polythiophene thin films.
Through the incorporation of anionic functionality containing
mobile cations, it was found that CTC stability increases with
increasing cation charge density. This results in an increased
rate of electron transfer to molecular oxygen relative to
photosensitization and reaction of 1O2, leading to a reduction
in the overall rate of polymer degradation. UV−vis and FTIR
spectroscopy were utilized to determine the identity of
intermediate and irreversible photodegradation products as
well as the effect of ion identity on the dominant photo-oxidation mechanism. As polymer-O2 CTCs are common in the photo-
oxidation of many conjugated polymers, these results have significant implications for the ongoing effort to produce
commercially viable organic electronic and photonic devices.

The application of conjugated polymers in practical
photonic and electronic devices continues to be strongly

inhibited by the inherent vulnerability of these materials to
photo-oxidation.1−7 Of particular interest among this class of
materials are poly(3-alkylthiophene)s and other polythiophene
derivatives, which are used as donor materials in bulk
heterojunction organic photovoltaics (OPVs). Although much
debate remains over the precise mechanisms that lead to
irreversible polymer photodegradation, the formation of
metastable charge-transfer complexes (CTCs) resulting from
photoinduced electron transfer from the polymer to molecular
oxygen (P+O2

−) are common to many of the proposed
mechanisms.8−14 The significance of these CTCs is that their
presence is believed to reduce the rate of overall irreversible
polymer degradation through the prevention or inhibition of
follow-on reactions or alternate degradation pathways.3,10,11,14

The inhibition of irreversible polymer degradation through the
formation of a polymer-acceptor CTC has previously been
demonstrated by incorporating stable electron acceptors, such
as fullerenes or other small molecules such as 2,4,7-
trinitrofluorenone;15−17 however, efforts to reduce the rate of
irreversible polymer photodegradation through the stabilization
of the polymer-O2 CTC have only recently been explored by
our group.18

In this letter, we report the substantial influence of ionic
interactions on the stability of the polythiophene-O2 CTC and
the corresponding inhibition of irreversible polymer degrada-
tion in amorphous polythiophene thin films. Through the
incorporation of anionic functional groups containing mobile
cations, we demonstrate that electrostatic stabilization of the
polythiophene-O2 CTC is directly correlated to the charge

density of the mobile cation. By further elucidating the role of
ionic functionality, we provide insight into the chemistry
directing mechanistic pathways of photo-oxidation in con-
jugated polymers and provide a mechanistic explanation of the
unusual photo-oxidative behavior observed in thin films of
similar ionically functionalized polythiophenes as demonstrated
by Arroyo-Villan et al. and others.19,20

To demonstrate the effect of ionic interactions on the photo-
oxidation of polythiophene thin films, we utilized the
conjugated polyelectrolyte (CPE) poly(6-(3-2,2′-bithienyl)-
hexanesulfonate) with tetramethylammonium (TMAPT) or
alkali metal (MPT, M = Li+, Na+, K+) counterions (Chart 1).

Thin films (30 nm) were exposed to long-term photo-oxidation
(∼8 days) under ambient laboratory conditions or to short-
term accelerated photo-oxidation (40 min) using a high
intensity tungsten light source (700−800 mW/cm2) under
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Chart 1. Chemical Structure of Poly(6-(3-2,2′-bithienyl)-
hexanesulfonate)

Letter

pubs.acs.org/macroletters

© 2012 American Chemical Society 499 dx.doi.org/10.1021/mz300046x | ACS Macro Lett. 2012, 1, 499−503

pubs.acs.org/macroletters


low or high humidity oxygen (1 atm). FTIR spectroscopy of
thick films (1−3 μm) was utilized to determine the identity of
photo-oxidation intermediates and products in humidified
oxygen using the same tungsten light source.
The effect of counterion charge density on overall polymer

photo-oxidation under ambient conditions is shown in Figure 1.

The rate of photobleaching of the π−π* absorption at the
initial λmax is a commonly used metric for polymer photo-
oxidation.1,9,15,19 In this case, the rate is determined by the
slope of the linear portion of the λmax absorption as a function
of time. A clear trend is observed between the rate of
photobleaching and the charge density of the mobile
counterion, with the overall rate increasing with decreasing
counterion charge density. The salient feature of the photo-
bleaching data is the large disparity of rates between the
TMAPT and MPT films. The ratios of the ionic radii Li+/K+

and K+/TMA+ are both ∼0.6; however, the rate of photo-
bleaching increases by 50% between LiPT and KPT and by
320% between KPT and TMAPT films. Extensive blue shifting
of the λmax of TMAPT films is also observed on this time scale.
The large disparity in rates suggests that counterion size alone
is not the primary factor affecting the rate of photobleaching,
but rather two different photo-oxidation mechanisms may exist,
one dominating in the case of MPT films and another for
TMAPT films. It is important to note that poly(3-
hexylthiophene) (P3HT) thin films show an increase in
photobleaching rate of 30% relative to TMAPT films. This
suggests that anionic functionality, in general, has a stabilizing
effect on polythiophene photo-oxidation.
To account for possible changes in film morphology due to

counterion identity, atomic force microscopy (AFM) was used
to verify that ion exchange does not alter the nanoscale
morphology of the films (see Supporting Information). This,
along with the lack of any significant differences in the initial
absorbance spectra of the films, suggests that changes in
polymer conformation are not the primary factor in the
observed rates. Oxygen permeability is not believed to be a
significant factor based on the reported oxygen diffusion
coefficient for regiorandom P3HT thin films (1.2 × 10−8 cm2

s−1).8 This results in an oxygen diffusion time of <1 ms for
these film thicknesses.
Figure 2 shows the results of photo-oxidation of TMAPT

and LiPT thin films under accelerated photo-oxidative
conditions. The data show that the predominant photo-

oxidative pathway differs based on the identity of the
counterion. In the case of LiPT films, the decrease in the
π−π* absorbance at 440 nm is accompanied by an increase in
the vis-NIR absorbance between 600 and 850 nm, with a clear
isosbestic point at ∼550 nm. The decrease in the visible range
and increase in the NIR are due to the formation of polaron
(polymer radical cation) species on the polymer backbone
resulting from electron transfer to oxygen (i.e., the formation of
the polythiophene-O2 CTC).

3,19,21,22 KPT films show the same
behavior as LiPT films; however, the overall rate of photo-
bleaching is greater than LiPT consistent with the data in
Figure 1. In the case of TMAPT films, only a decrease of the
π−π* absorbance and significant blue shifting of the visible
transition is observed.
It has been suggested by Arroyo-Villan et al. in early studies

of polythiophene CPE thin films that an increase in photo-
oxidative stability may result from the increase in hydrophilicity
imparted by ionic groups.19 It was postulated that the increase
in water content acted as a singlet oxygen (1O2) quencher
based on the short 1O2 lifetime in aqueous solution; however,
the role played by 1O2 in the solid state remains uncertain.9

Our data show that the rate of photobleaching increases in all
films with increasing humidity (see Supporting Information). It
is important to note that in the case of MPT films, both the
increase in the vis-NIR and decrease in the visible region are
marginally accelerated in the presence of increased humidity;
whereas, in the case of TMAPT films, only a dramatic decrease
of the visible transition (with extensive blue shifting) is
observed.
Figure 3 shows the FTIR spectra before and after photo-

oxidation of a TMAPT film in the range of 1850−400 cm−1

(full spectra and intermediate times are shown in Supporting

Figure 1. Normalized absorbance of thin films of LiPT (●), NaPT
(▲), KPT (■), and TMAPT (⧫) at 440 nm. The open and filled
symbols represent two samples exposed to identical photo-oxidative
conditions (∼0.4 mW/cm2). Film thicknesses were 30 nm.

Figure 2. UV−vis spectra of initial photo-oxidation of LiPT (top) and
TMAPT (bottom) films under oxygen atmosphere at 90 and 60%
relative humidity, respectively (800 mW/cm2). Spectra were collected
every 2 min for the first 20, then every 4 min until 40 min total. Insets
show the region between 540 and 850 nm. Arrows indicate the
direction of the absorbance change in each region.
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Information). The FTIR transmission (T) spectra of photo-
oxidation products of TMAPT films are found to be in very
good agreement with literature reports of the photo-oxidation
of polythiophenes by a 1O2 photo-oxidation mechanism.23,24

The prominent bands at 1722, 1360, and 1213 cm−1 are
assigned to CO stretching, OH bending, and CS+O− or
CSO stretching modes, respectively. Concomitant with
the appearance of these bands is the decrease in C−H
stretching modes in the range of 2800−3000 cm−1, the
aromatic C−H stretch at 3050 cm−1, and C−H deformations at
800 cm−1. The small initial band at 836 cm−1 is assigned to the
O−O stretch of peroxide species and shifts to higher
wavenumbers with time and broadens significantly. This
broadening and shifting is likely due to the formation of
various hydroperoxide and peroxide species in different
chemical environments. Following photo-oxidation, TMAPT
samples were placed in the dark under vacuum. No further
spectral changes were observed after 2 days in vacuo indicating
the formation of irreversible degradation products.
The difference spectra (ΔT = T(t) − T(tinitial)) for KPT and

LiPT films in the range of 1850−400 cm−1 are shown in Figure
4 (full spectra shown in Supporting Information). The
difference spectra allow for the resolution of specific bands
that partially overlap with bands due to sulfonate stretches in
the 1000−1250 cm−1 region. During photo-oxidation, several
prominent bands appear in the FTIR difference spectra. These
bands, located at 1333, 1140, 1060, and 1030 cm−1, are
assigned to oxygen doping (CTC formation) induced
molecular vibrations associated with polarons on the polymer
backbone, which are well documented.25−27 Control doping
experiments using I2 vapor result in the appearance of identical
bands (see Supporting Information). A broad absorbance tail in
the region of 4000 cm−1 is also observed corresponding to the
D1 ← D0 transition of the polymer radical cation.3 The 1060
cm−1 band is not resolved in the case of LiPT due to the direct
overlap with the SO3

− symmetric stretch, which is shifted to
higher energy due to the presence of the higher charge density
Li+ ion.37 The prominent difference between the two films is
the emergence of the 1722 cm−1 carbonyl band in the KPT
films at 105 min. No resolvable peak at this wavenumber is seen
in the LiPT spectra on this time scale. In fact, it takes more
than 24 h of continuous irradiation for a small feature at 1722
cm−1 to be resolvable (see Supporting Information). Similar
long-term photo-oxidations of KPT and LiPT reveal that the
polaron band at 1333 cm−1 reaches a maximum at ∼2 h and

does not decrease as the 1722 cm−1 carbonyl band grows into
the spectrum. These data suggest that both irreversible
degradation and electron transfer exist in parallel as suggested
by other groups.10,15,21 With continued irradiation (>48 h), the
1333 cm−1 band does begin to decrease in intensity possibly
due to CTC dissociation, as suggested in the literature.8,11,28

The peroxide O−O stretching mode at 836 cm−1 is observed in
both KPT and LiPT films and does not broaden or shift as
observed in the TMAPT films.
To ensure that oxygen permeability was not a factor using

these thicker films, control experiments were conducted in
which samples were exposed to wet oxygen overnight prior to
illumination to allow full saturation of oxygen in the film. No
effect on the rate of band formation is observed indicating rapid
oxygen diffusion as estimated from the reported diffusion
coefficient.
Following photo-oxidation, MPT samples were placed in the

dark in either ambient conditions or in humid oxygen.
Surprisingly, the doping induced infrared active bands all
completely reverse within ∼1 h with no spectral changes
associated with degradation observed (see Supporting
Information). This is in stark contrast to reported photo-
oxidations of P3HT thin films, which require vacuum, and often
heating, to rapidly reverse oxygen doping.3,13 Control experi-
ments using regioregular P3HT were performed, and the
oxygen doping induced IR bands remain observable for >1
week when stored under identical dark conditions. The
mechanism of the rapid reversibility in MPT films is currently
under investigation.
The data show the presence of two competing photo-

oxidation mechanisms, the predominance of which depends

Figure 3. (A) Initial and (B) final (165 min) FTIR spectra of photo-
oxidation of TMAPT film (2−3 μm thick) under oxygen atmosphere
at 90% relative humidity (700 mW/cm2). Arrows indicate direction of
change and are discussed in the text. Spectra offset for clarity.

Figure 4. Difference FTIR spectra of LiPT (top) and KPT (bottom)
films (1−2 μm thick) photo-oxidized under an oxygen atmosphere at
90% relative humidity (700 mW/cm2). Plots represent 30 min
increments from 45 min (red) to 165 min (blue). Arrows indicate
direction of change and are discussed in the text.
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upon the identity of the mobile counterion. At one extreme is
the photosensitization and reaction of 1O2. It is generally
accepted that this is the dominant photo-oxidation mechanism
in polythiophene solutions and likely in amorphous films as
well,9,21,23,29,30 although the latter has been questioned in
recent work by Dupuis et al.38 The formation of irreversible
oxidation products observed in the FTIR spectra suggest that
this is the dominant mechanism in the case of TMAPT films.
The rapid rate of blue shifting and photobleaching observed in
the UV−vis spectra of TMAPT films is also characteristic of the
1O2 mechanism as reported by other groups studying the
photo-oxidation of regiorandom P3HT films.9 At the other
extreme is the electron transfer mechanism forming a
polythiophene-O2 CTC. The observation of polaron infrared
active vibrations and the lack of carbonyl oxidation products
indicate that this is the dominant mechanism in LiPT films.
The presence of both mechanisms seen in the KPT films by the
appearance of both carbonyl degradation products and polarons
in the FTIR spectra, as well as the increased rate of
photobleaching relative to LiPT, suggests that a continuum
exists in which the rate of electron transfer to oxygen, relative to
photosensitization of 1O2, can be correlated to the charge
density of the mobile counterion. It is postulated that the rate
of CTC formation is increased by the ability of the mobile high-
charge-density cation and sulfonate group to effectively stabilize
the negative and positive charges on the oxygen and polymer
backbone, respectively, via Coulombic interactions. This
synergistic ion stabilization of the polymer-O2 CTC has also
been seen in oxidation studies of anionically functionalized
polyacetylenes.18

While it has been suggested that the presence of excess water
acts to quench 1O2,

19 the data presented here do not support
this assertion. Zhou et al. has suggested that the presence of
water in the photo-oxidation of P3HT films serves to solvate
oxygen, effectively increasing its work function, facilitating
electron transfer.31 The results from the MPT photo-oxidation
experiments in humid and dry conditions support this
hypothesis; however, due to the hydrophilic nature of the
films, it is possible that the presence of water also increases the
mobility of both the polymer chains and mobile counterions, as
seen in hydration studies of Nafion and other ionically
functionalized polymer films.32,33 This increased mobility
would aid in the ability of the ion to take up the most
advantageous position for ionic stabilization. This dependence
of ion position on CTC stabilization has been demonstrated by
numerous groups studying the photosensitization and reaction
of 1O2 with alkenes in NaY zeolite pores.34−36 Our current
work is focused on elucidating the molecular structure of the
polythiophene-O2 CTC and how specific ion interactions affect
the rate of photo-oxidation.
We have demonstrated that ionic stabilization of the

polythiophene-O2 CTC in polythiophene films can dramatically
affect the dominant photo-oxidation mechanism and substan-
tially lower the rate of irreversible polymer degradation. The
charge density of the mobile counterion has a direct influence
on the rate of CTC formation with high-charge-density cations
leading to increased rates of electron transfer to oxygen and
lower rates of irreversible degradation due to 1O2 photo-
sensitization or other possible competing photodegradation
mechanisms. The ability to inhibit degradation of conjugated
polymers by incorporating electron acceptors of high electron
affinity, such as fullerenes, has been demonstrated in the
literature.15 However, the ability to modulate the effective rates

of photoinduced electron and energy transfer through the use
of ionic functionality has not been previously explored. The
results presented here have a direct impact on the ongoing
debate regarding the precise photo-oxidation mechanism of
P3HT films and devices. While several proposed mechanisms
exist, including free radical mechanisms,9,29 1O2 mecha-
nisms,10,21,23 and newer mechanisms involving polymer excited
state reactions with ground state oxygen,11 the common factor
in these mechanisms is the formation of the polythiophene-O2
CTC. Thus, the ability to stabilize the polythiophene-O2 CTC
results in increased inhibition of follow-on degradation
reactions or alternate pathways. Inhibiting the rate of photo-
oxidation of polythiophenes and other conjugated polymers is
essential for their eventual use in practical devices such as
OPVs. The ability to direct photochemical pathways through
the use of ion stabilized intermediates opens new and exciting
opportunities for the rational design of new materials with
applications such as photocatalysis and oxygen reduction
reactions.

■ EXPERIMENTAL SECTION
Polymer synthesis and characterization is described in the Supporting
Information. Thin films of TMAPT were spun cast onto glass
substrates from methanol solutions (∼20 mg/mL). Solid-state ion
exchange was performed as described previously to prepare MPT films
(M = Li+, Na+, K+).18 Thick films for FTIR analysis were drop cast
onto silicon substrates from methanol or water for TMAPT and MPT
(M = Li+, K+), respectively. All films were dried under vacuum for >12
h prior to analysis. For the long-term photo-oxidation studies, thin
films were exposed to fluorescent lighting (∼0.4 mW/cm2) under
ambient laboratory conditions. For short-term accelerated photo-
oxidation experiments, samples were placed in a custom designed
chamber under vacuum. The chamber was backfilled with low or high
humidity oxygen (1 atm). Humidity was determined using a Picotech
humidity probe. Photo-oxidation was conducted using a tungsten light
source at a distance of 12 in (∼800 mW/cm2). UV−vis spectra were
collected via optical windows on the chamber, which was mounted in
the spectrometer using a custom mount. Photo-oxidations of thick
films (1−3 μm) for FTIR were conducted in wet (RH 90%) oxygen in
the same chamber at 1 atm and exposed to a tungsten light source at a
distance of 10 in (∼700 mW/cm2) for the specified time increments.
Samples were removed briefly (5−10 min) to collect spectra.
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