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In this paper, the influence of the lithium salt lithium-trifluoromethanesulfonate �LiOTf� on the photophysics
of three different oligo�ethylene-oxide� side-chain grafted poly�p-phenylene� �PPP� type polymers is studied by
correlating polymer morphology to optical properties. It is shown that the introduction of the lithium salt leads
to a phase transition from a lamellar-type ordered structure to a random amorphous phase, which is accompa-
nied by an alteration of the optical properties of the polymers. Both the �-�* as well as the triplet exciton �TE�
absorption, exhibit a hypsochromic shift upon the addition of LiOTf. Moreover, a detailed study of the TE
behavior of the polymer/LiOTf blend systems for different LiOTf concentrations was performed, including the
generation rate of TEs from singlet excitons, the TE monomolecular decay, and the TE bimolecular annihila-
tion process. One finds that upon increasing LiOTf concentration, both the TE generation rate and the TE
lifetime increase, whereas the bimolecular annihilation process is diminished. These behaviors are correlated
with the above mentioned order-disorder transition of the polymer system, which was confirmed by x-ray
measurements.
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I. INTRODUCTION

Organic semiconductors, and in particular conjugated
polymers, have attracted significant interest due to their po-
tential applications in optoelectronics,1–3 batteries,4 for
chemical sensing,5,6 etc. Side chains render the polymers
soluble in common organic solvents, which facilitates their
processability by, e.g., spin coating, drop casting, or inkjet
printing7 of polymer solutions. A particular type of side
chains, the oligo�ethylene-oxides� �OEO�, offers another at-
tractive property, which is ionic conductivity. Thus, conju-
gated polymers functionalized with OEO side chains are dis-
tinguished both by ionic and electronic conductivity �so-
called polymeric mixed ionic-electronic conductors
�pMIECs��,8 which extends their potential applications from
pristine solid state electrolytes9 to utilizations in organic
electronics, for example in light-emitting electrochemical
cells �LEC�.10,11 Initial studies on LECs investigated blend
systems of high molecular weight poly�ethylene oxide�
�HMW-PEO� complexed with lithium-trifluoromethane-
sulfonate �lithium-triflate, LiOTf�—the prototype solid state
electrolyte—and a luminescent conjugated polymer.10,11

However, HMW-PEO reveals the disadvantage of crystallin-
ity at room temperature, which on one hand lowers the ionic
conductivity,12 and on the other hand results in distinct phase
separation between the hydrophilic ion conductor and the
generally hydrophobic luminescent polymer that largely af-
fects both the optoelectronic characteristics13 and the reli-

ability of the devices.14 Therefore, the usage of OEO grafted
conjugated polymers is a promising concept to overcome
these difficulties, especially for applications where phase
separation is a crucial issue.

In order to improve the performance of devices fabricated
from a polymer or a blend consisting of a polymer and an
alkali metal salt, as is necessary for LEC operation, it is
essential to gain knowledge about the fundamental optical
and electro-optical properties of the active layer. In particu-
lar, for organic light-emitting devices �light-emitting diodes
from polymers as well as small molecules, LECs�, the
knowledge of the formation and decay pathways of the ex-
cited states created under device operation is essential; there-
fore, the analysis of the singlet exciton �SE� as well as the
triplet exciton �TE� kinetics are main issues in order to en-
hance information of the electroluminescence behavior of the
utilized organic materials and their blends with a salt.

As will be shown in the following for OEO grafted
poly�p-phenylenes� �PPPs� and LiOTf as model systems, the
SE and TE behavior significantly alters upon the addition of
the salt. To do so, the properties of the excited species in the
singlet �by means of �-�* absorption and photolumines-
cence �PL�� and in the triplet manifold �by photoinduced
absorption �PIA�� as a function of the LiOTf concentration
were investigated.

When exciting a conjugated polymer by light, just SEs are
formed; thus, TEs can only be created by intersystem cross-
ing �ISC�, which is allowed by spin-orbit coupling �SOC�.
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ISC from the singlet to the triplet manifold occurs mainly
from the lowest excited singlet state S1, since the internal
conversion process is very fast. SOC between S1 and the T1
�the lowest excited triplet state� often vanishes and higher
lying triplet states, which are energetically located in the
vicinity of S1, reveal high spin-orbit expectation values.15

Quantum-chemical calculations of the ISC rates of oli-
go�phenylene ethynylene�s and oligothiophenes depicted that
increasing the twist angle between adjacent rings enhances
the ISC rates.15 Such an enhancement of the twist angle be-
tween adjacent phenyl rings, thus disturbing the
�-conjugation, may also be associated with an increased in-
trachain disorder, which can be artificially induced by blend-
ing the polymer with a salt.

The importance of triplet excitons is evident as they can
be generated in organic light-emitting devices by two differ-
ent ways, first, by recombination of a positive and negative
polaron injected from the electrodes and secondly, via ISC of
SEs from the singlet to the triplet manifold. Simple spin
statistics predict that only 25% of the overall excitons gen-
erated in organic light-emitting devices are singlets, thus
75% do not contribute to the electroluminescence quantum
yield �ELQY�. In various studies performed in the past, it
was suggested that SEs and TEs were generated with differ-
ent cross sections,16 which had been also confirmed by
quantum-chemical calculations,17 and ELQYs up to approxi-
mately 50% were reported. However, recently, experiments
have shown that the ELQY of organic light-emitting devices
is restricted to the spin statistics meaning that only a 25%
singlet yield can be obtained.18

In the following studies, OEO grafted PPPs, which were
successfully applied in light-emitting diodes19,20 and LECs,19

are depicted to shed some more light on the singlet and trip-
let kinetics of optoelectronic devices utilizing pMIECs.

II. EXPERIMENTAL METHODS

The oligo�ethylene-oxide� grafted PPP-type polymers
PPP-OR11, PPP-R10, and PPP-R10/OR11 were prepared us-
ing Suzuki polymerization methods as previously reported.21

The two homopolymers PPP-OR11 and PPP-R10, the co-
polymer PPP-R10/OR11—which is a random composition of
the two homopolymers—and the lithium salt LiOTf were
dissolved in oxygen-free tetrahyrdofuran �THF� and stirred
for 12 h under an argon atmosphere. Films of the pristine
polymers and polymer/LiOTf blend systems were fabricated
in an argon glove box by spin casting 12 mg/ml solutions
�ratio polymer to LiOTf 20:4, 20:6, 20:8, and 20:16 by
weight�, yielding films of approximately 100 nm thickness
on quartz substrates. Diluted solutions of the pristine poly-
mers and polymer/LiOTf blends with polymer concentra-
tions in the range of �g per ml solvent were prepared in
order to investigate the photophysical properties of the poly-
mer in solution, avoiding any self-absorption effects.
Ultraviolet/visible �UV/Vis� absorption and PL spectra were
recorded with a Perkin-Elmer Lambda 9 spectrophotometer
and a Shimadzu RF5301 spectrofluorimeter, respectively.
Samples for the PIA measurements were mounted within an
optical cryostat �temperature of about 77 K� under dynamic

vacuum �pressure less than 10−5 mbar to prevent photo-
oxidation�. The pump beam was provided by an argon ion
laser in multiline UV mode �351 nm and 364 nm�. This ex-
citation beam was modulated by a chopper at a frequency of
17 Hz, providing the reference for the lock-in amplifier. A
tungsten halogen lamp provided the light for the absorption
measurements. All PIA spectra were corrected for the PL and
optical throughput of the setup. X-ray measurements were
performed with a Siemens D501 Krystalloflex powder dif-
fractometer �coupled theta/2theta�.

III. RESULTS AND DISCUSSION

The three conjugated polymers investigated in this study
are OEO side-chain grafted poly�p-phenylene�s �the chemi-
cal structures are depicted in Fig. 1�; of these, two are
homopolymers—a bis-�alkyl�-substituted PPP, abbreviated as
PPP-R10, and a bis-�alkoxy�-substituted PPP, abbreviated as
PPP-OR11—and the third is a copolymer abbreviated as
PPP-R10/OR11.21 The copolymer consists of a random com-
position of segments of the two homopolymers. From NMR
studies, it is estimated that the copolymer consists of ap-
proximately 51% PPP-OR11 and 49% PPP-R10 segments.
PPP-R10 and PPP-OR11 differ by the specific composition
of the OEO side chains: For PPP-R10 they are grafted by
carbon atoms, which, in the case of PPP-OR11, are replaced
by oxygen atoms, so that the side chains of PPP-OR11 con-
tain one more oxygen atom. The resulting consequences on
the photophysical properties will be discussed in detail be-
low.

A. Photoluminescence and �-�* absorption
of the pristine polymers

Figure 1 shows the absorption and the PL spectra of di-
luted solutions and thin spin-coated films of PPP-R10, PPP-
OR11, and PPP-R10/OR11. When analyzing the absorption

FIG. 1. Chemical structures of the three investigated PPP-type
polymers: PPP-R10 �left top�, PPP-OR11 �left middle�, and the co-
polymer PPP-R10/OR11 �left bottom�. Right side: Absorbance and
PL spectra of diluted solutions �dashed line� and spin-cast films
�solid line� of the polymers.
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and the emission spectra of the three PPP-type polymers, it is
evident that the spectra possess no vibrational structure. This
absence of a well-resolved vibronic structure in the absorp-
tion and the emission is indicative for the presence of differ-
ent conjugation lengths, resulting in a distribution of ener-
getic sites. Additionally, since the phenyl rings of the PPPs
are capable of twisting around the axis defined by the poly-
mer backbone, a distinct geometry change during the transi-
tion from the ground state to the excited state �documented
by rather differently shaped ground and excited state energy
parabolas� is sustained.22 As a consequence of this interring
tilt angle alteration between the two conformations, the ring
torsional mode strongly couples to the optical transition.
Similar experimental results were found for biphenyl23 and
p-terphenyl.22

Analyzing the solid state spectra of the polymers, the
maxima of the absorption peak of PPP-R10 and PPP-OR11
are found at 4.08 eV and 3.43 eV, respectively. The PL
maxima of PPP-R10 and PPP-OR11 are located at 3.38 eV
and 2.96 eV, respectively. Both the absorption and the PL
spectra of PPP-OR11 reveal a distinct redshift in comparison
to those of PPP-R10, which is a consequence of the different
side-chain types. Since the side chains of PPP-OR11 are
grafted by oxygen atoms, the redshift is caused by two ef-
fects: The oxygen atoms �a� donate electron density from the
�-electron system raising the HOMO level of the backbone24

and �b� have less steric interaction with the hydrogen atoms
of the adjacent phenyl rings than the methylene groups,
which results in a more planar structure of the backbone.
While �a� generally leads to an overall reduction of the op-
tical gap �confirmed by quantum-chemical calculations�, �b�
seems to promote this effect: the more planar conformation
of the backbone gives rise to minor disturbance of the
�-electron system and therefore to a lower band gap com-
pared to PPP-R10.

A further remarkable feature distinguishing the ho-
mopolymers is the large difference of the Stokes shifts. For
PPP-R10 the Stokes shift is 0.75 eV while that of PPP-OR11
is only 0.49 eV. This energy difference of 0.26 eV arises
from different degrees of conformational changes between
the ground and the excited states of the two polymers. The
particular torsional angles of adjacent phenyl rings largely
differ for the two polymers in the ground state, which results
in the considerable energy difference of the absorption
maxima �0.65 eV�. However, in the excited state the
�-electron system is altered, which leads to a modification of
the geometric structure. The backbones of both polymers be-
come more planar, the difference of the twist angles de-
creases, and consequently the difference of the PL peak
maxima of PPP-OR11 and PPP-R10 exhibits only 0.42 eV
compared to the 0.65 eV in the instance of the �-�* absorp-
tion.

As already mentioned before, the copolymer PPP-R10/
OR11 consists of segments of both homopolymers. Theoret-
ical work on other copolymers comprising low and high
band-gap segments suggests that the band gap is the
weighted average of the gap values of the segments of the
homopolymers.25 However, the solid state absorption spec-
trum of PPP-R10/OR11 does not show features that can be
attributed to such “weighted average” but clearly displays

contributions of the PPP-R10 and PPP-OR11 segments. The
characteristic shoulder in the absorption spectrum at approxi-
mately 3.52 eV has nearly the same energetic position as the
maximum of the PPP-OR11 absorption. The main absorption
peak at 4.12 eV originates from the PPP-R10 segments. The
solid state PL spectra of the copolymer and PPP-OR11 ex-
actly match, which can be ascribed to Förster energy transfer
or to intra—or interchain exciton migration26 after photoex-
citation from the higher energetic PPP-R10 to the lower en-
ergetic PPP-OR11 segments, which subsequently act as
emission centers.

In principle the spectra of the polymers in diluted solution
reveal the same shape as the film spectra, however, in case of
the solution spectra the maxima of the PL and the �-�*

absorption are shifted by about 0.1 eV to higher energies
�see also Table I�.

The observation of a bathochromic shift in the absorption
and the emission characteristics leads to the conclusion that
the PPP backbones are flattened into a more tight, planarized
conformation in the solid state by an ordering effect �solid
state stacking�. No evidence for distinct interchain interac-
tions of the �-electron systems was observed �ground state
aggregate or excimer formation�.

B. Photoluminescence and �-�* absorption of the polymers
blended with LiOTf

In order to study the influence of an alkali metal salt on
the photophysical properties, in Fig. 2 the solid state �-�*

absorption and the PL spectra of the three pristine polymers
PPP-R10, PPP-OR11, and PPP-R10/OR11 are compared
with the corresponding polymer/LiOTf blends. The ratio of
polymer to LiOTf of each blend was 20:4 by weight, a value
typically used for the fabrication of LECs.

When comparing the spectra of the pristine and the salt-
blended films, a small hypsochromic shift is observed for
both the absorption and the PL, an effect which is caused by
the presence of the ionic species. The accompanying disorder
results in an alteration of the conformation and/or the elec-
tron density of the polymer backbones. This effect is termed
an ionochromic effect;5,27 thus, the exact values for the opti-
cal band gaps of the polymers depend on the presence and
the amount of the ionic species. The ionochromic effect is
also known for other conjugated polymers containing of
OEO side chains, such as poly�2,5-bis�triethoxy-methoxy�-
1,4-phenylene vinylene� �BTEM-PPV�.6,28 Table II summa-

TABLE I. PL and �-�* absorption maxima of the three inves-
tigated polymers in solution and of spin-cast films.

PL maximum
�eV�

�-�* absorption
maximum

�eV�

Solution Film Solution Film

PPP-R10 3.47 3.38 4.22 4.08

PPP-OR11 3.05 2.96 3.54 3.43

PPP-R10/OR11 3.08 3.00 4.26 4.12
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rizes the �-�* absorption and the PL peak maxima for the
pristine and the LiOTf blended systems.

In order to analyze the alteration of the photophysical
properties of the singlet and the triplet excitons with increas-
ing salt concentration, the system PPP-R10/LiOTf will be
representatively discussed in the following. Figure 3 depicts
the �-�* absorption of PPP-R10 films in the pristine and the
salt-blended states for different concentrations of LiOTf �ra-
tios 20:4, 20:6, 20:8, and 20:16 by weight�. The absorption
spectra reveals two distinct trends with increasing salt con-
centration: first, a hypsochromic shift of the peak maxima
and secondly, a broadening of the peaks. The absorption
maxima shift from 4.09 eV for pristine PPP-R10 to 4.26 eV
for PPP-R10:LiOTf 20:16 by weight. This blueshift, as well
as the broadening of the spectra, indicates that the addition of
LiOTf induces disorder in the system, which increases the
twist angle between neighboring phenyl rings of the PPP
backbone and hence diminishes the �-conjugation. The peak
broadening can be explained by the fact that some of the
segments still do not form complexes with lithium ions. By

means of infrared29 and Raman studies,30 it was found that
ion pairs dominate in OEO grafted conjugated polymer/
LiOTf blend systems, because of the low dielectric constant
of the OEOs. The low degree of ion dissociation lets one
conclude that the lower energetic part of the absorption spec-
trum stems from “undisturbed” noncomplexed polymer seg-
ments, and the higher energetic part from “disturbed” com-
plexed ones and additionally from segments that are
sterically disturbed by ion pairs and/or aggregates.

C. X-ray diffraction and disorder

In order to confirm the wavelength shift and the broaden-
ing of the absorption peak of PPP-R10/LiOTf blends with
increasing salt concentration, which is assumed to be a result
of disorder, morphological investigations on the blend sys-
tems have been performed. Lauter et al.31 proposed an ide-
alized structural model for OEO grafted PPP type polymers.
Within this model, a lamellar order constituted by PPP layers
separated by the side chains was predicted for the polymer in
its pristine state. In order to study the influence of LiOTf on
this order, x-ray measurements at room temperature were
performed.

Figure 4 illustrates the x-ray diffractograms of drop-cast
films of pristine PPP-R10 and PPP-R10 blended with LiOTf
�ratio PPP-R10:LiOTf=20:4 by weight�. The diffractogram

TABLE II. �-�* absorption and PL maxima of the three inves-
tigated polymers in the pristine and LiOTf blended solid states
�polymer:LiOTf=20:4 by weight.�

Absorbance max.
�eV�

PL max.
�eV�

PPP-R10 4.09 3.38

PPP-R10+
LiOTf

4.10 3.41

PPP-OR11 3.43 2.96

PPP-R10+
LiOTf

3.44 3.00

PPP-R10/OR11 4.12 2.995

PPP-R10/OR11+
LiOTf

4.15 3.002

FIG. 2. Absorbance and PL film spectra of PPP-R10 �a�, PPP-
OR11 �b�, and PPP-R10/OR11 �c� in its pristine �solid line� and
LiOTf blended �dashed line� states �polymer to salt 20:4 by weight�.

FIG. 3. �-�* absorption spectra of PPP-R10 as a function of the
LiOTf concentration. �Solid line� pristine PPP-R10. The ratios poly-
mer to LiOTf are 20:4 �dashed line�, 20:6 �dashed-dotted line�, 20:8
�short dashed line�, and 20:16 �dashed-dotted-dotted line� by
weight.

FIG. 4. X-ray diffractograms of drop-cast films of pristine PPP-
R10 �solid line� and PPP-R10 blended with LiOTf �PPP-
R10:LiOTf=20:4 by weight� �dashed line�. Inset: Second and third
order of the main peaks; �filled triangles� pristine PPP-R10, �open
triangles� PPP-R10:LiOTf=20:4 by weight.
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of the pristine drop-cast polymer film depicts a sharp peak at
1.58 nm, which can be related to the distance between the
main chain layers in the polymer film. This reflection indi-
cates lamellar ordering of the hydrophobic polymer back-
bones in the film, which are separated by the hydrophilic
OEO side-chain matrix. At 0.8 nm and 0.53 nm, the second
and third order of this peak can be observed. However, ad-
ditional contributions, e.g., from interchain spacing, compli-
cate a comprehensive interpretation.

Comparing the peak positions and their heights, the con-
sequences of salt addition on the lamellar order becomes
evident. On the one hand, the peak undergoes a distinct shift
in accordance with a higher interchain distance �from
1.58 nm in the pristine state to approximately 1.77 nm in
case of the 20:4 blend�. Accordingly, also the maxima of the
higher orders shift in the same direction, which is displayed
in the inset of Fig. 4. Simultaneously, the peak height de-
creases upon addition of the lithium salt. The former charac-
teristic is due to an ion-induced enhancement of the PPP-
layers spacing, while the latter one points to disorder as a
consequence of the addition of the lithium salt, indicating
that the lamellar order is reduced.

D. Photoinduced absorption of the pristine polymers

To study the nature of the nonemissive excited entities
�TEs and polarons� of PPP-R10, PPP-OR11, and PPP-R10/
OR11 in their pristine and LiOTf complexed states, PIA mea-
surements were performed. Since the TE properties are
strongly affected by the amount of order, the experiments in
this section aim to address the influence of the TE properties
on the LiOTf concentration. Figure 5 shows the PIA spectra
and TE absorption features �T1→Tn�, respectively, of the
pristine PPP-type polymers under investigation.

The location of the TE features of the polymers was con-
firmed by quantum-mechanical calculations.32 Comparing
the spectra of the homopolymers �PPP-OR11 and PPP-R10�,
it is evident that the T1→Tn transition maximum of PPP-
OR11 reveals a distinct redshift. PPP-OR11 exhibits its
maximum at 1.54 eV, whereas that of PPP-R10 is located at
1.80 eV. This bathochromic shift indicates that the different
side chains, as in the case of the above-discussed �-�* ab-
sorption spectra, cause a more extended �-electron system in
the case of PPP-OR11 and thus a lower T1→Tn transition

energy. This is confirmed comparing the PIA spectra of PPP-
OR11 and PPP-R10 with PIA spectra of other PPP-type poly-
mers, such as poly�9,9-dioctylfluorene� �PFO�33 and methyl
substituted ladder-type poly�p-phenylene� �m-LPPP�,34

which possess planarized conjugated backbones due to
bridges between adjacent phenyl rings. The maxima of the
T1→Tn transition energies of PFO and m-LPPP were found
at 1.4 eV and 1.3 eV, respectively, which is lower than the
maxima of the two homopolymers investigated.

The copolymer, which is a composition of PPP-OR11 and
PPP-R10 segments, shows the TE absorption contributions
of both homopolymers. This is evidenced by shoulders at the
positions of the PPP-R10 and PPP-OR11 triplet absorption
maxima. The triplet absorption maximum is located at
1.67 eV and therefore lies exactly in the middle between that
of the PPP-R10 and PPP-OR11. The signal of the other non-
emissive entity of the polymers, the polarons, is obviously
too weak for studies.

One has to point out that the TEs of the copolymer PPP-
R10/OR11 reveal different behavior �PIA spectrum� com-
pared to its SEs ��-�* absorption�. The singlets migrate from
the PPP-R10 to the lower energetic PPP-OR11 segments,
which subsequently serve as recombination centers �Fig. 2�,
whereas the TEs can be detected on the PPP-OR11 as well as
on the higher energetic PPP-R10 segments. These discrepan-
cies can be explained by the different timescales of the triplet
absorption �approximately 10−15 s� and the energy transfer
process between the different segments of a copolymer �ap-
proximately 10−12 s�. In other words, the TEs of the PPP-
R10 segment are excited to the Tn states before they can
relax to the lower energetic PPP-OR11 segments.

In principle one can quantify the monomolecular lifetime
�TE,mono and the ISC conversion rate of the SE to the TE �TE
quantum yield �SE→TE� at low excitation densities �monomo-
lecular decay range� as well as the equivalent bimolecular
lifetime �TE,bi and the bimolecular annihilation parameter �TE
at high excitation densities �bimolecular decay regime�.35

FIG. 5. PIA spectra of the pristine PPP-type polymers. �dashed
line� PPP-R10, �dashed-dotted line� PPP-OR11, and �solid line�
PPP-R10/OR11.

FIG. 6. Dependence of the PIA signal of pristine PPP-R10 �a�,
PPP-OR11 �b�, and PPP-R10/OR11 �c� on the laser intensity. Inset:
Out-of-phase signal of the lock-in amplifier in the monomolecular
and the bimolecular TE decay regime depending on the modulation
frequency.
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Figure 6 shows intensity-dependent TE absorption mea-
surements of PPP-R10, PPP-OR11, and PPP-R10/OR11
films recorded at the T1→Tn absorption maximum �obtained
by the conventional PIA measurements �Fig. 5��. Comparing
the amount of TEs as a function of the laser excitation inten-
sity for the different polymers, the transition from the mono-
molecular to the bimolecular decay regime can be clearly
observed as a change of the curves’ slope �sketched for PPP-
R10/OR11�. The insets of Fig. 6 show the dependence of the
out-of phase signal of the lock-in amplifier on the chopper
frequency measured in the monomolecular and bimolecular
TE decay regimes. A detailed description of the �TE,mono,
�SE→TE, and �TE calculation is given in the appendix, while
the determined values are displayed in Table III.

The values of �TE,mono are similar for all three polymers
investigated and are in the range of 25 ms. Comparing these
values with the monomolecular TE lifetime of polymers with
more planar backbones �for m-LPPP this value was found to
be about 10 ms�,35,36 it can be concluded that the less twisted
and distorted the polymer backbone, the lower the TE life-
times. This is attributed to defects, which act as TE quench-
ing centers and can be more easily reached in a well-
developed �-electron system.

The TE quantum yield �SE→TE of all three polymers is in
the range of 10−4 and 10−5, while the bimolecular annihila-
tion parameter of triplet excitons �TE is in the range of
10−15 to 10−16 cm3 s−1. The yields �SE→TE are similar to
those observed for other conjugated polymers, e.g.,
m-LPPP.37 One reason why �SE→TE of PPP-R10 is somewhat
higher than observed for PPP-OR11 can be assigned to the
larger twisting angle between adjacent phenylene rings,
which increases the energetic disorder. This is favorable for
the formation of polarons and hence triplet excitons formed
therefrom. The bimolecular annihilation parameter is related
to the diffusion coefficient of the TEs by Eq. �A3� �see Ap-
pendix�. A calculation of the diffusion coefficients DTE for all
three polymers yields DTE �10−10 cm2 s−1, which is in good
agreement with other organic materials.23

E. PIA measurements of LiOTf blended polymer films
and TE kinetics

Modification of the polymer system by the addition of
LiOTf alters the structural order of the polymer chains �see
Fig. 4�. In the following, the variations of the TE properties
�changes of TE generation rate and their kinetics� upon the
addition of LiOTf are discussed.

Figure 7 depicts the TE absorption features of PPP-R10,
PPP-OR11, and PPP-R10/OR11 in their pristine and LiOTf

blended states �polymer to LiOTf 20:4 by weight�. In each
instance the TE absorption spectra of the LiOTf complexed
films display a shift to higher energies and a peak broadening
compared with their pristine state, consistent with the obser-
vations obtained for the �-�* absorption. These hypsochro-
mic shifts provide additional evidence for a reduced
�-conjugation of the backbones induced by the alkali metal
salt added and the related increase of disorder.38

In order to analyze the influence of LiOTf addition on the
TE kinetics in detail, intensity-dependent PIA measurements
�varying the excitation intensity of the laser and density of
absorbed photons Nabs, respectively� and frequency-resolved
PIA measurements �varying the frequency at constant exci-
tation intensity� were performed. Since both trends—the
blueshift of the peak maxima and peak broadening with in-
creasing salt concentration—are equal for all the polymers
investigated, PPP-R10/LiOTf blends were chosen as a repre-
sentative system. PIA measurements were performed of pris-
tine PPP-R10 and PPP-R10/LiOTf blends �20:4, 20:6, 20:8,
and 20:16 by weight�. Figure 8 shows the PIA spectra of
these five samples.

With increasing salt concentration the T1→Tn absorption
maximum shifts from 1.80 eV �pristine PPP-R10� to 1.99 eV
�PPP-R10 blended with LiOTf 20:16 by weight�. The full
width at half maximum �FWHM� of the TE absorption peak
increases from 0.508 eV to 0.919 eV. Both characteristics
can be ascribed to a reduction of the �-conjugation of the
polymer backbones as a consequence of the addition of ionic
species and the resulting increase of disorder, as also ob-
served for the �*-� absorption of the systems �see Fig. 3�.

Valuable information on the ion-induced order-disorder
transition can be gained by studying the TE dynamics, which
is highly sensitive to intra- and/or interchain order. For this
reason intensity-dependent and frequency-resolved measure-
ments of the PPP-R10/LiOTf blends were carried out, allow-
ing one to study the alterations of TE generation rates, the
TE lifetimes, and the bimolecular annihilation parameter
which is correlated with the TE diffusion constant.23 Figure 9
illustrates the evolution of �a� the SE-TE quantum yield

TABLE III. Monomolecular TE lifetime �TE, TE quantum yield
�SE→TE, and bimolecular annihilation parameter �TE of PPP-R10,
PPP-OR11, and PPP-R10/OR11.

PPP-R10 PPP-OR11 PPP-R10/OR11

�TE �ms� 21 25 25

�SE→TE �-� 8E−4 3E−4 8E−4

�TE �cm−3 s−1� 4E−16 7E−16 3E−16

FIG. 7. TE absorption features of PPP-R10 �a�, PPP-OR11 �b�,
and PPP-R10/OR11 �c� in their pristine �solid line� and LiOTf
blended �dashed line� states �polymer:LiOTf=20:4 by weight�.
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�SE→TE, �b� the monomolecular and the equivalent bimolecu-
lar TE lifetimes, �TE,mono and �TE,bi, and �c� the bimolecular
annihilation parameter �TE of pristine and blended PPP-R10.

Figure 9�a� shows the evolution of the TE quantum yield
�SE→TE of pristine PPP-R10 and its LiOTf blended state
�maximum concentration polymer to LiOTf 20:16 by
weight�. Distinctly, an enhancement of the conversion rate
from SE to TE with increasing salt content via ISC is detect-
able. As discussed above, increasing the salt increases the
disorder in the complete system, which can be associated
with an augmentation of the twist angle between adjacent
phenyl rings of the polymer backbone. In case of poly-
thiophenes, Theander et al.39 and Lanzani et al.40 have
shown that the fluorescence quantum yield in solution de-

creases when grafting the polymers with bulky side chains
because of more efficient nonradiative decay channels as a
consequence of backbone distortion and reduction of
�-conjugation. In combination with theoretical studies on
different types of �-conjugated oligomers in Ref. 15, which
show that an enlargement of the twist angle between adjacent
aromatic rings disturbs the �-conjugation of the system and
results in to a higher SE-TE conversion yield, we ascribe the
rising TE quantum yield with increasing salt concentration to
an enhanced SOC in the excited state because of an increas-
ingly nonplanar conformation of the polymer backbones. In
other words, the higher TE generation yield of the LiOTf
blends arises from more efficient ISC channels involving a
nonplanar singlet S1 excited state and a closer lying triplet
state compared to the noncomplexed polymer.32 For this rea-
son molecular disorder appears to an important parameter in
the control of the nonradiative decay rates and the singlet
emission quantum efficiencies.

In Fig. 9�b� the dependence of the monomolecular and the
equivalent bimolecular TE lifetime in pristine PPP-R10 and
the polymer blended with different concentrations of LiOTf
�at comparable excitation densities� are displayed. Both life-
times increase with increasing lithium salt concentration. In
the monomolecular case �TE,mono was determined to be 21 ms
for the pristine polymer and 88 ms for the blend with the
highest LiOTf concentration �20:16�, whereas in the bimo-
lecular instance �eq,bi increases from 11 ms for the pristine
polymer to 43 ms for the 20:16 blend.

Due to the polar side chains and the relatively nonpolar
conjugated backbone, films of pristine PPP-R10 were found
to reveal highly ordered main chains incorporated into a
crystalline side-chain matrix.31 Such a highly ordered struc-
ture will result in relatively low lifetimes, since on-chain as
well as interchain migration of TEs is possible and therefore
a high manifold of defects, which act as quenching centers,
both on the same chain and on neighbored chains can be
easily reached. Blending the polymer with LiOTf induces
disorder in the main chains, yielding higher twist angles be-
tween neighboring phenyl rings. Hence, the intermolecular
distance between the conjugated backbones will increase and
the interchain migration of TEs is suppressed, i.e., mainly
on-chain defects can act as quenching sites and therefore the
monomolecular lifetime of the TEs in these systems in-
creases.

It has to be noted that Lauter et al.31 mainly observed a
“one-dimensional swelling” upon complexation with LiOTf
�in direction of the side-chain matrix�. However, their study
was performed for a Li:O ratio of 0.04, while the ratios stud-
ied here are much higher. A PPP-R10:LiOTf ratio of 20:4,
which indeed causes a pronounced influence within the x-ray
spectra, but only a small shift within the photophysical char-
acteristics �for which the conjugated backbone moiety is re-
sponsible� corresponds to a Li:O ratio of about 0.1. This
means that a larger number of ionic species are necessary for
a measurable influence on the intermolecular distances of the
PPP backbones.

Figure 9�c� depicts the bimolecular annihilation parameter
�TE of a pristine PPP-R10 film and for blends with different
concentrations of LiOTf. �TE is calculated from �eq,bi for
a given TE density as described in the appendix in detail.

FIG. 8. PIA spectra of thin films of PPP-R10/LiOTf blends.
�Solid line� pristine PPP-R10, �dashed line� PPP-R10:LiOTf
=20:4 by weight, �short dashed line� PPP-R10:LiOTf=20:6 by
weight, �dashed-dotted line� PPP-R10:LiOTf=20:8 by weight,
�dashed-dotted-dotted line� PPP-R10:LiOTf=20:16 by weight.

FIG. 9. Evolution of the TE quantum yield �a�, TE lifetime �b�,
and bimolecular annihilation parameter �c� with increasing LiOTf
concentration in PPP-R10/LiOTf blend systems.
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The bimolecular annihilation parameter decreases from
3.3�10−16 cm3 s−1 in the pristine polymer to 6.5
�10−17 cm3 s−1 in the 20:16 blend. Note that the TE diffu-
sion constant is directly related to the annihilation parameter,
meaning that the overall mobility of the triplets decreases
with increasing LiOTf concentration. This trend is confirmed
by quantum mechanical calculations32 on isolated PPP-R10
backbones �interchain migration of TE is not possible�. This
shows that on-chain migration and energy transfer of TEs is
the more hindered the higher the twisting angles between
adjacent phenyl rings �introduced here by the addition of
LiOTf�, which additionally results in higher lifetimes, since
TEs hardly meet on-chain quenching sites.

IV. CONCLUSION

We have shown that the addition of the alkali metal salt
LiOTf to oligoether functionalized PPP-type polymers intro-
duces disorder in the systems, resulting in a hypsochromic
shift when studying the optical characteristics in the singlet
exciton manifold including photoluminescence emission and
�-�* absorption. Additionally, the FWHM of the absorption
peaks reveal a strong broadening with high LiOTf concen-
trations. The introduction of disorder by the addition of the
alkali metal salt results in a phase transition from a lamellar-
type ordered structure to a random amorphous phase, as con-
firmed by x-ray measurements.

From PIA measurements on pristine PPP-R10, PPP-
OR11, and PPP-R10/OR11 samples, it was found that the
more twisted the polymer backbones, the energetically
higher is the TE absorption peak located. This conclusion is
confirmed by a comparison of the TE absorption maxima of
the polymers with that of planar PPP-type polymers �PFO
and m-LPPP�.

Analyzing the TE absorption features of the pristine poly-
mers and their LiOTf blended state �ratio 20:4 by weight�, a
similarity concerning the energetic shift as well as the broad-
ening of the TE absorption peak with the �-�* absorption
becomes evident. From the PIA measurements we addition-
ally conclude that an increasing salt concentration result in
an enhancement of the ISC rate of singlet excitons to the
triplet manifold. This is a consequence of an enhanced SOC
because of more nonplanar conformations of the polymer
backbones. Additionally, the lifetime of the TEs increases
and the TE bimolecular annihilation parameter, which is cor-
related with the diffusion constant, decreases with the LiOTf
ratio. The former behavior can be explained by an increase
of the intermolecular distance between adjacent conjugated
backbones; thus, interchain migration of TEs is suppressed
and mainly on-chain defects act as quenching sites, while the
latter characteristic is in accordance with quantum-
mechanical calculations.
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APPENDIX

Upon photoexcitation only SEs are generated in conju-
gated polymers. The created SEs can decay radiatively by
emitting photons or nonradiatively by emitting phonons, cre-
ating polarons due to dissociation �e.g., by chemical
defects36 or an electrical field41� or TEs via ISC. ISC is an
essential effect for molecules containing heavy atoms, be-
cause then spin-orbit coupling become large. The density of
TEs depends on the absorbed photons on a unit cross-
sectional area of the sample per second Nabs and the conver-
sion quantum yield of SEs to TEs �SE→TE. For TEs there
exist two different recombination regimes: first, the mono-
molecular decay regime for low TE densities and second, the
bimolecular recombination regime, which is observed for
high TE densities.

1. Monomolecular regime

The monomolecular decay dynamic is characterized by a
linear dependence of the TE population on Nabs. This regime
is also noticed in systems where polymer chains are isolated
from each other, such as in solutions.42

The rate equation for the monomolecular decay kinetics
of the TEs is given by

dnTE,mono

dt
= �SE→TE � Nabs − kTE � nTE,mono, �A1�

where �TE→SE is the TE quantum yield and �SE→TE�Nabs
the formation rate of TEs from SEs, kTE is the monomolecu-
lar TE decay rate, and nTE,mono is the abbreviation for the TE
density in the monomolecular case.

2. Bimolecular regime

The bimolecular TE recombination, which leads to a sub-
linear dependence of the TE population on Nabs, is obtained
due to additional TE decay resulting from TE-TE interac-
tions. This recombination kinetic depends on the density of
the TEs and its interaction strength.

In order to describe the TE kinetics for both the monomo-
lecular and the bimolecular TE decay region, a further term
has to be added to Eq. �A1�. One obtains

dnTE

dt
= �SE→TE � Nabs − kTE � nTE − �TE � nTE

2, �A2�

containing −�TE�nTE
2, which describing the bimolecular TE

recombination process. �TE is the bimolecular annihilation
parameter. The bimolecular annihilation parameter �TE is a
measure for the TE diffusion. The TE diffusion coefficient
DTE can be calculated by

DTE =
�TE

4 � � � R
�cm2s−1� . �A3�

R is the extent of the TE wave function. In Ref. 36, the
extent of TEs in m-LPPP, which is similar to the here used
PPPs, was determined to a value of 3–4 Å.

3. Frequency-resolved PIA measurements

In order to study the TE kinetics concerning their lifetime
in the monomolecular and the bimolecular instances,
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frequency-resolved PIA measurements were performed. Its
principle is to detect the out-of-phase component of the PIA
signal as a function of the excitation frequency, given by the
chopper, at a fixed wavelength �maximum of the triplet ab-
sorption peak� to deduce the time constants of the process.

In the monomolecular case, the frequency fmax,mono at the
maximum of the out-of-phase component is related to the
monomolecular TE decay rate kTE as shown in the following
equation:43

kTE = 2� � fmax,mono�s−1� . �A4�

The TE lifetime �TE in the monomolecular case is the recip-
rocal of the monomolecular decay rate kTE,

�TE =
1

kTE
�s� . �A5�

The bimolecular recombination process is described by
the term −�TE�nTE

2 in the rate Eq. �A2�. This term can be
rewritten into the form −�TE�nTE

2=−��TE�nTE��nTE,
achieving the equivalent-bimolecular decay rate keq,bi,

keq,bi = �TE � nTE,bi�s−1� , �A6�

which can be determined from the frequency fmax,bi where
the out-of-phase component of the PIA signal exhibits its
maximum. The equivalent bimolecular decay rate can be cal-
culated via the following equation:

keq,bi = 2� � fmax,bi, �A7�

and similar to the monomolecular case the equivalent bimo-
lecular TE lifetime �TE,bi is the reciprocal of the equivalent
bimolecular decay rate keq,bi,

�TE,bi =
1

keq,bi
�s� . �A8�

4. Intensity-dependent PIA measurements

In order to calculate the quantum yield for SE-TE conver-
sion �SE→TE and the bimolecular annihilations parameter
�TE, the TE density nTE at certain excitation intensities in the
monomolecular recombination and the bimolecular recombi-
nation regime are required. In principle, the PIA signal �T /T
as a function of the excitation intensity and laser power, re-
spectively, at a fixed wavelength �maximum of the triplet
absorption peak� is detected, and by using the following
equation the TE density can be calculated:

nTE =
�T

T
�

1

	TTd
�cm−3� . �A9�

�T /T is the PIA signal for the adjusted excitation density,
	TT�4�10−16 cm2 is the absorption cross section of the
TEs,44 and d is the film thickness.

5. TE quantum yield �SE\TE and bimolecular annihilation
parameter �TE

With the results obtained from the frequency-resolved and
the intensity-dependent PIA measurements, the TE quantum
yield �SE→TE and the bimolecular annihilation parameter �TE
can be calculated. In order to determine �SE→TE, we consider
the monomolecular steady state rate equation

dnTE,mono

dt
= �SE→TE�Nabs − kTE�nTE,mono = 0. �A10�

Thus the TE quantum yield is given by

�SE→TE =
kTE�nTE,mono

Nabs
�− � . �A11�

The bimolecular annihilation parameter is given by Eq. �A6�
and we obtain

�TE =
keq,bi

nTE,bi
�s−1 cm−3� . �A12�
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