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Material Crystallinity as a Determinant of Triplet Dynamics
and Oxygen Quenching in Donor Polymers for Organic

Photovoltaic Devices

Ying W. Soon, Safa Shoaee, Raja Shahid Ashraf, Hugo Bronstein, Bob C. Schroeder,
Weimin Zhang, Zhuping Fei, Martin Heeney, lain McCulloch, and James R. Durrant*

This paper is concerned with the photophysics of triplet excitons in con-
jugated donor polymers, and their quenching by molecular oxygen. These
photophysics are assayed by transient absorption spectroscopy, and cor-
related with X-ray diffraction measurements of relative material crystallinity.
Eleven different donor polymers are considered, including representatives
from several classes of donor polymers recently developed for organic solar
cell applications. Triplet lifetimes in an inert (nitrogen) environment range
from <100 ns to 5 us. A remarkably quantitative correlation is observed
between these triplet lifetimes and polymer XRD strength, with more crys-
talline polymers exhibiting shorter triplet lifetimes. Given the broad range
of polymers considered, this correlation indicates that material crystallinity
is the dominant factor determining triplet lifetime for the polymers studied
herein. The rate constant for oxygen quenching of these triplet states,
determined from a comparison of transient absorption data under inert

and oxygen environments, also show a correlation with material crystal-
linity. Overall these dependencies result in the yield of oxygen quenching of
polymer triplet states increasing strongly as the crystallinity of the polymer
is reduced. These photophysical data are compared with photochemical
stability of these donor polymers, assayed by photobleaching studies of
polymer films under continuous light exposure in an oxygen environ-

ment. A partial correlation is observed, with the most stable polymers
being the most crystalline, exhibiting negligible oxygen quenching yields.
These results are discussed in terms of the likely origins of the correlations
between material crystallinity and photophysics, and in terms of their impli-
cations for the environmental stability of such donor polymers in optoelec-
tronic devices.

1. Introduction

Triplet excitons are a key consideration
for the function of many plastic opto-
electronic devices including organic light
emitting diodes (OLEDs) and photovol-
taic cells (OPVs). In fluorescent OLEDs,
charge recombination to form triplet
exciton states is a key loss pathway which
can reduce device photoluminescence effi-
ciency. The decay of such triplet states is
primarily non-radiative, and spin statistics
indicate that triplet exciton formation is
three times more probable than singlet
excitons.!l Substantial progress has been
made to harness these triplet excitons
to achieve near 100% internal electrolu-
minescence quantum efficiencies using
phosphorescent molecules.? In such
phosphorescent OLEDs devices, triplet—
triplet annihilation is however found to be
a significant loss mechanism leading to
quantum efficiency roll-off at high current
densities.”l In OPV devices, triplet exciton
formation has been found to be a signifi-
cant loss pathway, with charge recombina-
tion to triplet excitons resulting in loss of
photocurrent generation.>°! Conversely,
triplet excitons typically have longer life-
times than singlet excitons; this longer
lifetime can result in longer exciton diffu-
sion lengths and can facilitate their ability
to drive photoinduced charge separation.[’!
The longer triplet lifetimes, and high tri-

plet yields have been a key factor behind the success of ruthe-
nium based coordination dyes in dye sensitized solar cells”]
whilst there have been considerable attempts to utilise the
longer diffusion length of triplet excitons to reduce the nano-
morphology requirement of donor/acceptor films for organic
solar cells.l®l Recent studies have also shown the possibility of
doubling internal quantum yields by creating two triplet exci-
tons from each singlet exciton via a singlet—triplet fission pro-
cess.”) This is analogous to the multiple exciton generation
demonstrated in inorganic photovoltaic devices.'” In addi-
tion to the possible effects of triplet states on device efficiency,
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triplet excitons may also play a role in the photochemical sta-
bility of organic electronics.!'"12 Such triplets may be generated
either by direct intersystem crossing from singlet excitons or by
charge recombination such as those active in OLEDs.»?] As we
and others have recently demonstrated, triplet mediated singlet
oxygen generation can cause significant photochemical degra-
dation on polymers of interest for organic photovoltaics.>!3!
Therefore, predicting and controlling triplet dynamics is of sig-
nificant impact to the development of organic electronics.

In this paper, we report the triplet exciton decay dynamics
for a broad range of polymers recently developed for OPV
applications, demonstrate that these triplet dynamics, and the
efficiency of their quenching by molecular oxygen, are strongly
correlated with polymer crystallinity, and discuss these results
in relation to polymer photochemical stability.

The photophysics of triplet states in conjugated polymers has
been studied previously using techniques including optically
detected magnetic resonance, time-resolved electron paramag-
netic resonance and photomodulation spectroscopy.'¥ Solid-
state studies of triplet photophysics using these techniques
need to be conducted under very low temperature (to increase
the triplet lifetime) and/or high excitation densities in order
to obtain good triplet signals. However, low temperature con-
ditions are less relevant to practical device applications, whilst
high excitation densities typically invoke bimolecular triplet-
triplet annihilation processes, rather than the monomolecular
decay of triplet states normally of most relevance for solar irra-
diation conditions. Additionally, most early studies of polymer
triplet excitons have focused on conjugated polymers developed
for OLED applications.Studies of triplet photophysics of poly-
mers for OPV applications have been relatively limited to date,
as has been reported previously.[">1%!

The crystallinity of donor polymers is known to affect the
morphology of OPV and OLED active layers, their charge trans-
port and other functional properties, and hence device perfor-
mance.l'%2 Several studies have reported limited studies of
the relationship between a polymer’s crystallinity and its triplet
exciton dynamics. It has been reported that more planar conju-
gated structures can reduce spin-orbit coupling,?!] which can
have direct impact on the rate of triplet formation and decay.
Both Janssen et al.?2 and Becker et al.?®l have also shown that
the photophysics of triplet states are considerably affected by
aggregation and conjugation lengths of o-oligothiphenes. More
recently, Cadby et al.'”! observed significantly lower yield of
triplet excitons in thermally annealed poly(9,9-dioctyl)fluorene
(PFO) films compared to the unannealed PFO films, while
Ohkita et al.l have observed the presence of triplet states in
amorphous polythiophene films but not in the more crystalline
ones. However, comparative studies of triplet exciton dynamics
between different donor polymers have been very limited to
date, and therefore the relative importance of the dependence
upon material crystallinity compared to other aspects of molec-
ular design has not previously received significant attention.

The development of new, lower bandgap donor polymer has
recently led to impressive advances in OPV device efficiency.
However, relatively few studies have compared the relative
stabilities of these donor polymers. Some such studies have
investigated the main photodegradation pathways of such
donor polymers in neat and blend films, including in particular
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triplet mediated singlet oxygen generation, or anion mediated
superoxide radical anion formation, although at present there is
not a clear consensus on the relative importance of these path-
ways.[>1324 Triplets are known to be able to sensitise the forma-
tion of singlet oxygen via energy transfer to molecular oxygen.
The resultant singlet oxygen is highly reactive and can attack
polymer chain leading to degradation.”! Studies by Ma et al.
have, for example, shown that formation of triplet states may
be a key step leading to photodegradation in poly(p-phenylenev-
inylenes) (PPVs).'l However direct comparisons between
polymer triplet yields/lifetimes and photochemical stability
have been very limited to date.

In this paper, we employ a broad range of polymers
(Figure 1), mainly of donor/acceptor type recently developed
for OPV device applications. We measure the triplet yields
and decay dynamics in neat films of these polymers in both
inert and oxygen atmospheres, and correlate these photo-
physical data with X-ray diffraction (XRD) measurements of
polymer crystallinity. Our study employs transient absorption
spectroscopy (TAS) which allows the determination of mono-
molecular triplet decay dynamics in conjugated polymers
under room temperature, which is closer to the normal oper-
ating condition of OLEDs and OPVs. The high sensitivity of
our TAS system enables the detection of transient signals at
low laser intensities (~1-3 uJ cm™), which ensures that con-
tributions from triplet-triplet annihilation are excluded. Our
studies focus on the microsecond timescale, allowing us to
address the quenching of these triplets states by molecular
oxygen.?! Finally we measure the photochemical stability of
these polymers under accelerated degradation conditions in
oxygen and discuss the correlation between this photochemical
and stability and oxygen quenching of photogenerated triplet
states.

2. Results

Transient absorption data were collected for neat films of all the
polymers studied herein (see Figure 1 for polymer structures).
Typical data for one such polymer, GeIDT-BT, is presented in
Figure 2. This polymer film exhibited a photoinduced transient
absorption band peaking at approx. 1050 nm (see insert), which
decayed monoexponentially with a lifetime of 1.60 us under
nitrogen environment, accelerating to 0.2 us under oxygen envi-
ronment. The oxygen sensitivity of this transient absorption
signal, and its monoexponential microsecond decay dynamics,
allow us to assign this signal to GeIDT-BT triplet exciton T;—
T, absorption. These triplets states most likely derive from
intersystem crossing from the corresponding polymer singlet
excitons.

Figure 3a shows these triplet exciton decay kinetics as a func-
tion of laser excitation intensity. As seen from the inset, there
is a linear dependence between the initial triplet signal ampli-
tude and excitation intensity for intensities <7 uJ cm™2, whereas
saturation of the triplet signal amplitude occurs at higher exci-
tation intensities. At low excitation intensities, all decays exhib-
ited a monoexponential, 1.60 £ 0.1 us decay, whilst at higher
excitation intensities, an additional faster decay is observed,
resulting in biexponential decay dynamics, as illustrated in
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Figure 1. Structures of the polymers used in this study.

Figure 3b. This additional decay phase (and saturation of initial
signal amplitude) is assigned to the presence of triplet—tri-
plet annihilation at high excitation intensities.?2?728] As such,
all triplet lifetimes reported herein were obtained from decay
kinetics at low excitation energies (typically ~3 pJ cm2), well
into the linear region where only monomolecular decay of tri-
plet excitons is observed.

Analogous data (see Supporting Information, Figure S1) to
that shown in Figures 2 and 3 were collected for neat films of
all the polymers shown in Figure 1. Large variations in tran-
sient data were observed between the polymers studied. Some
polymers showed strong triplet signals with long triplet life-
times (up to 5 us) whereas others showed no triplet exciton
signal beyond the time resolution of our transient spectrometer

80- 80
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20
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Figure 2. The transient absorption decay kinetics of a GelDT-BT
neat film under nitrogen and oxygen environments, measured using
3.5 u) cm excitation at 640 nm and a probe wavelength of 1050 nm.
The broken line represents fitting curve with a monoexponential equation:
AOD o exp (—t/t). The inset shows the normalised transient absorp-
tion spectrum measured at 1 us.
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(=100 ns). For some neat polymers, an additional, slower, low
amplitude power law decay phase was observed when using
high excitation densities, assigned to formation of polymer
polarons. The relatively low amplitude of this signal, and
requirement for high excitation densities, indicates the yield of
these polarons is relatively low, consistent with the expected low
charge separation yields in neat polymer films; these polarons
are not considered further in this paper. Polymer triplet exciton
lifetimes in inert atmosphere as determined from these data
are listed in Table 1, and ranged from 0.1 to 5 ps.

In addition to yielding triplet lifetimes, a comparison of the
transient absorption decay kinetics determined in inert and
oxygen atmospheres (7y, and 7o, respectively) allows us to
determine the rate constant, ko, and quantum yield, @q, of
oxygen quenching of the polymer triplet from:

1 1
kop=——-—
To2 ™~

@sz_ )

These oxygen quenching rate constants and quantum yields
are also listed in Table 1. kg, varies between polymers from
0.28 x 10° to 3.7 x 10° s7\. @, ranges from 0 to 84 +2% poly-
mers, with this variation arising both from variations in triplet
lifetime where polymers with longer triplet lifetimes exhibit
higher oxygen quenching yields, and from variations in oxygen
quenching rate constant.

We investigated the possibility of a correlation between the
polymer triplet decay kinetics (and oxygen quenching) and the
polymer singlet exciton energies, as assayed by their optical
absorption band gaps, also listed in Table 1. No such correlation
could be observed (see Supporting Information, Figure S2),
suggesting that the pronounced differences in triplet photo-
physics and oxygen quenching among the polymers studies are

1)

Tﬁ) x 100%

™~
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Figure 3. a) The transient absorption decay kinetics of a GelDT-BT
neat film as a function of laser excitation intensity, from top to bottom,
E =89, 43, 27, 7, 3.5, 1.1, 0.7 i) cm™. The inset shows monoexpoe-
nential decay amplitude against laser excitation intensity. b) Decay
kinetic at 89 ) cm™ (solid black line) is fitted to a biexponential equa-
tion, AOD o Ayexp(—t/T1) + Aexp(—t/T2) while decay kinetic
at 7 u) cm? (solid grey line) is fitted to a monoexponential equation,
AOD o exp (—t/7).

unlikely to be explained by the energies of singlet (and by infer-
ence triplet) excitons.

Wide-angle X-ray scattering data was employed to assay the
diffraction strength and thereby the relative crystallinity of
drop cast films of the polymers employed in this study. Typ-
ical data are shown in Figure 4, normalised for film thickness,
showing scattering peaks at around q = 0.4 A~' and 1.6 A,
assigned as previously’?’ to out-of-plane lamellar stacking
and m-m stacking peaks respectively. It is apparent that the
polymers used in this study exhibit a highly varying degree of
XRD scatter intensity and peak widths, indicative of varying
crystallinity between the polymers studied. We note the rela-
tive magnitudes of these scatter peaks is not only dependent
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Table 1. Photophysical properties of neat films. (The pump and probe
wavelengths for each polymer are listed in the Supporting Information.)

Polymers N2 koz Do) E?

[us] [x10°s7] [%] [eV]
Ra-P3HT 5.0 1.2 84 23
GelDT-BT 1.6 3.7 80 1.8
IF8TBTT 1.3 2.6 79 2.0
APFO3 0.9 1.4 55 2.0
PCDTBT 0.9 1.4 55 1.9
PTB7 0.8 0.4 25 1.7
SilDT-BT 0.4 0.3 10 1.9
IDT-BT 0.1 0 0 1.8
DPPTT-T - - - 1.4
DPPT-TT - - - 1.4
Rr-P3HT - - - 2.0

2Optical bandgaps, E,, are estimated from the first vibrational band of absorption
and emission spectra.

on film crystallinity but also on any preferred orientation of
the polymer crystalline domains within the film. Three of the
polymers studied, regioregular P3HT (Rr-P3HT), DPPT-TT
and DPPTT-T exhibit intense and narrow lamellar scattering
peaks at around q = 0.4 A~ consistent with their previously
reported high degree of crystallinity.2%3% These polymers
exhibited relatively weak m—r stacking scatter peaks, attributed
to these polymers being primarily oriented edge-on to the sub-
strate (with -7 stacking parallel to the substrate), as indicated
for both Rr-P3HT and DPPT-TT from previous grazing inci-
dence X-ray scattering (GIXS).2%3% The remaining polymers
films exhibited weak and broad scattering peaks at around
g = 0.4 A~ and additionally at g = 1.6 A~". For these polymers,
the relative film crystallinities were estimated from integra-
tion of the diffraction intensities over the relevant bands fol-
lowing literature procedures.?!! Similar relative crystallinities

: 4k
60k |
2k

|
40k Bl Rrp3uTO
— - DPPT-TT
I*. —PTB7

‘)| —pcDTBT
I, { ——Ra-P3HT

—_Ng -~

0.5 1.0 1.5 2.0
q/ A

Figure 4. Wide-angle X-ray scattering data on neat films showing poly-
mers with different degree of diffraction strength. The inset shows an
expansion of scattering data for the more amorphous polymers. The scat-
tering vector g was determined from the scattering angle by g = (47/4)
sin(6). Film thicknesses are (4.1, 7.5, 4.2, 4.9, 3.7) nm for Rr-P3HT, DPP-
T-TT, PTB7, PCDTBT, and Ra-P3HT respectively.
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Figure 5. Triplet exciton lifetimes (as estimated from triplet decay
kinetics) as a function of lamellar (black square) and n—m (grey circle)
diffraction strength, determined from integration of XRD peaks.

were obtained for these polymers from analysis of either the
lamellar stacking or m—m stacking peaks, indicating that both
these peaks were effective assays of polymer crystallinity, and
consistent with relatively random crystal orientations within
these more amorphous films.

Figure 5 shows a plot of polymer triplet exciton lifetimes as
a function of relative polymer crystallinity measured from the
strength of either the lamellar or 7~ XRD peaks. No triplet
signals were observable for the three polymers exhibiting high
crystallinity and evidence of orientated films; these polymers
are therefore not included in this analysis. It is apparent that for
the remaining, more amorphous polymers, the polymer triplet
lifetime shows a strong correlation with both the lamellar and
m—m assays of film crystallinity, with the polymers with low frac-
tional crystallinity showing longer triplet lifetimes. This cor-
relation is particularly clear for the m—r stacking XRD peak,
strongly indicating that the strength of polymer mr stacking
(and the associated increase in polymer crystallinity) is a key
determinant of triplet exciton lifetime.

We also considered whether there was a correlation between
polymer crystallinity and the yield of polymer triplet excitons,
as assayed by the initial amplitude of the transient absorption
signal assigned polymer triplet T,-T, absorption (see Sup-
porting Information, Figure S3). This assay is less quantita-
tive than the lifetime data due to likely variations in polymer
T,-T, absorption coefficient, and due to difficulty in meas-
uring this amplitude for triplets with lifetimes approaching
our instrument response. For the polymers where the initial
signal amplitude could be clearly measured, we observed rather
similar triplet signal amplitudes (£50%) for all the polymers
studied, with only a limited correlation with polymer crystal-
linity (a weak trend of decreasing triplet signal amplitude with
increasing polymer crystallinity, see Figure S2, consistent with
Cadby et al.'”] Tt thus appears that whilst the triplet exciton life-
time is strongly correlated with polymer crystallinity (varying by
>50 fold as a function of relative polymer crystallinity), the yield
of these triplets is not so strongly correlated, at least within the
limits of our experimental assay.
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Figure 6. Plot of a) rate constants and b) yields of oxygen quenching
against - diffraction strength.

In terms of oxygen quenching, a correlation was observed
between oxygen quenching rate constant and polymer
crystallinity, with more crystalline polymers showing a slower
rate constant (Figure 6a), with the exception of regiorandom
P3HT (Ra-P3HT), which shows an anomalously slow rate
constant for oxygen quenching given its low crystallinity (dis-
cussed further below). The yield of oxygen quenching showed
a particularly strong correlation with polymer crystallinity
(Figure 6b). For more amorphous polymers such as Ra-P3HT
or GeIDT-BT, more than 80% of triplet excitons are effectively
quenched by oxygen, whereas more crystalline polymers such
as IDT-BT showed negligible oxygen quenching yield. This cor-
relation can be attributed both to the longer triplet lifetime of
more amorphous polymers giving the triplets more time to
interact with oxygen, and the higher oxygen quenching rate
constant observed for the more amorphous polymers. For the
three crystalline polymers, no oxygen quenching data could
be obtained, although the absence of any triplet exciton signal
on timescales >100 ns, and the trend of decreasing oxygen
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Figure 7. a) The transient absorption decay kinetics of a regiorandom
P3HT neat film under nitrogen and oxygen environments, excited at
440 nm and probed at 980 nm. Transient decay kinetic of regioregular
P3HT neat film (light grey) showed no observable signal on the same
timescale. b) The rate of degradation of regioregular (black circle) and
regiorandom (grey square) P3HT neat films when exposed to white light
and pure oxygen environments.

quenching rate constant with increased crys-
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This photochemical stability was assayed by monitoring the rate
of photobleaching of ground state absorption spectra of each
polymer film as a function of white light illumination time in
pure oxygen.[3] No photobleaching was observed in the absence
of either light or oxygen.

We first of all consider the photostability of Rr-P3HT and Ra-
P3HT, as these polymers are chemically almost identical, but
differ significantly in crystallinity. Figure 7a shows the transient
absorption data for these two polymers, with Ra-P3HT showing
a long lived triplet signal, strongly quenched by oxygen (oxygen
quenching yield of 84%), whilst Rr-P3HT showed no triplet
transient absorption signal on the timescales measured, and
therefore is expected to have a negligible oxygen quenching
yield. A comparison of the rates of photodegradation of Rr-
P3HT and Ra-P3HT is presented in Figure 7b, showing that
Rr-P3HT is much more stable than Ra-P3HT (~3.5 fold) under
the same conditions. This striking difference in photochemical
stability is consistent with the difference in triplet photophysics
between these two polymers.

Figure 8 compares the rates of photodegradation of the
polymers in our study. The two most photostable polymers in
this study are DPPTT-T and Rr-P3HT, the two polymers which
exhibited particularly high crystallinity and negligible triplet
signals. On the other hand, the more amorphous polymers
with longer triplet lifetimes, and significant oxygen quenching
yields, are relatively less stable. The superior photostability of
the highly crystalline polymers may stem from the absence
of long-lived triplet excitons which could drive singlet oxygen
generation. However there is not a clear quantitative correla-
tion between photodegradation rate and oxygen quenching
yield, with for example PCDTBT exhibiting a higher stability
than PTB7, but a lower (although still significant) oxygen
quenching yield. Similarly Ra-P3HT exhibits the highest
polymer triplet yield (see Supporting Information, Figure S3),
and highest oxygen quenching yield, but superior stability
to PTB7. Hence, whilst these data are consistent with triplet
exciton generated singlet oxygen being a key photodegrada-
tion pathway of these neat polymer films, the yield of singlet
oxygen is clearly not the only factor determining the rate of
photochemical degradation.

tallinity suggests that their oxygen quenching 1.0 —4+—DPPTT-T | ]. Crystalline
yield will be negligible. Oxygen quenching —4+—Rr-P3HT |
of molecular triplet states has been previ- 0.8 *'ZgETBT ;
ously shown to proceed by energy transfer = ™ i :.-:Ra-P(:);:I;-IT Relatively
to molecular oxygen, resulting, at least in & —=—IDT-BT | Amorphous
part, in excitation of molecular oxygen from § - a- SilDT-BT |
its 30, triplet ground state to its 'O, singlet ‘9: 0.6- -a- PTB7 ‘
state.2 <
As discussed above, oxygen quenching
of triplet excitons, leading to singlet oxygen 0.4
generation, is known to be a key photodeg-
radation pathway for organic materials. We 6 160 260 360

therefore now turn to the photochemical sta-
bility of the polymers studied herein, and the
extent to which this stability correlates with
triplet photophysics and polymer crystallinity.
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Figure 8. The rate of degradation of polymers when exposed to white light and pure oxygen
environments, as monitored by the decay of their peak absorption strength.
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3. Discussion

First we summarise the correlation we observe between
polymer triplet photophysics and material crystallinity, and then
address the basis and implications of this correlation. Herein,
polymers studied are categorised according to their relative film
crystallinity, as estimated by the strengths of their lamellar and
m—m stacking XRD peaks. For the more amorphous polymers,
PCDTBT, PTB7, SiIDT-BT, GelDT-BT, APFO3, IF8TBTT, Ra-
P3HT, and IDT-BT, optical excitation is observed to result in
long lived triplet excitons with lifetimes ranging from 0.1 to
5 us. These triplets are observed to be quenched under oxygen
on the timescales measured, with the oxygen quenching effi-
ciency increasing with longer triplet lifetime. On the other
hand, Rr-P3HT, DPPTT-T and DPPT-TT all exhibited substan-
tially higher film crystallinity, and no observable transient spe-
cies on the microsecond timescale.

For the more amorphous polymers, where we are able to
quantify both the relative material crystallinity and triplet
exciton lifetime, we observed a good correlation between triplet
lifetime and polymer crystallinity, with the triplet exciton life-
time decreasing at least 50-fold with increasing polymer crystal-
linity. This correlation is consistent with previous studies which
have indicated some correlation between triplet photophysics
and material crystallinity for single material studies.>1722 Our
observation herein that this correlation can be observed even
for a broad range of structurally different polymers indicates
this correlation is quite general, and suggests that polymer
crystallinity is the primary determinant of triplet lifetime for
such polymers.

We now consider the likely physical origin of this correla-
tion between polymer crystallinity and triplet lifetime. Molec-
ular aggregation/crystallisation has been reported to result in
quenching of molecular singlet excited states due to an acceler-
ation of non-radiative decay processes (a process often referred
to as "concentration quenching’).}3! However, for the polymers
studied herein, only a weak correlation was observed between
fluorescence decay time (determined from time correlated
single photon counting) and film crystallinity (see Supporting
Information Figure S4). Similarly the polymer triplet yield, as
approximately assayed by the amplitude of the T,-T, transient
absorption signal, did not strongly correlate with polymer crys-
tallinity (see Figure S2). This suggests that the strong correla-
tion between triplet lifetime and polymer crystallinity reported
here should not be assigned primarily to such concentration
quenching effects. It appears more likely that this correlation
is associated with a lower triplet exciton mobility in the more
amorphous polymers reducing the probability of triplet excitons
reaching quenching sites, hence contributing to an increase in
triplet lifetimes.3

The rate constant for oxygen quenching of polymer triplet
excitons was observed to correlate well with polymer crys-
tallinity. This correlation can most probably be attributed to
higher oxygen solubility in more amorphous polymers.%3¢
Ra-P3HT, however, appears to be an anomaly to this correla-
tion (Figure 6a), showing a rather slow oxygen quenching rate
constant. In the case of Ra-P3HT, the nature and density of
the short alkyl chains may act to impede oxygen diffusion. The
yield of oxygen quenching is also found to correlate well with
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polymers’ crystallinity. The higher yield of oxygen quenching
observed for more amorphous polymers results primarily from
the increased triplet lifetimes, as well as from increased oxygen
quenching rate constant.

From the rate of photodegradation of the polymers shown
in Figure 8, it is apparent that the most stable polymers are
highly crystalline, with no observable triplet formation. Other
than the absence of triplet mediated degradation pathway, the
photostability of crystalline polymers may also be enhanced by
the lower oxygen solubility which can reduce the rate of pho-
tooxidation.?>¥] In a recent work,3l we have compared the
photodegradation pathways of two polymers (DPPTT-T and
PTB7) which exhibit very different photochemical stability. It
was demonstrated from studies employing a molecular sin-
glet oxygen probe that the PTB7 film showed a high yield of
singlet oxygen generation under white light irradiation, con-
sistent with the observed high PTB7 triplet yield and efficient
oxygen quenching, and rapid photochemical degradation. As
such it seems reasonable that the faster photochemical deg-
radation observed for the more amorphous polymers studied
herein is associated with the observed oxygen quenching of the
polymer triplet excitons, leading to singlet oxygen generation.
However we do not observe a quantitative correlation between
oxygen quenching yield and photochemical degradation rate,
suggesting another factor is also influencing the rate of pho-
tochemical degradation. For all the neat polymer films studied
herein, only very low polaron yields were observed, suggesting
that anion mediated superoxide generation?*38l is unlikely to
be a significant degradation pathway. Most probably the vari-
ations in photodegradation rates observed for the relatively
amorphous polymers are associated with the specific chemistry
of the interaction of singlet oxygen with the donor polymers,
especially the electron density and steric nature of the con-
jugated diene groups along the backbone. For example, it is
known that singlet oxygen is particularly reactive with electron-
rich diene units when strong electron-donating group such as
sulphur is present, for example in thiophenes.?’! In addition,
the particular instability of SiIDT-BT may be associated with
ability of silicon to form strong silicon-oxygen bonds,**! whilst
the instability of PTB7 may be associated with the high elec-
tronegativity of its fluorine substituent which may accelerate
the reaction with singlet oxygen. As reported by Son et al.,*0!
the introduction of more fluorine atoms into polymer backbone
can increase its susceptibility to singlet oxygen attack.

For the study reported here in, we do not see any significant
correlation between exciton energetics and photophysics/ pho-
tochemical stability (see for example Table 1). Consistent with
this observation, we note that polymer triplet excitons are typi-
cally reported to be 0.4-0.7 eV below the singlet exciton,*!l sug-
gesting that for all the polymers studied apart from DPPTT-T
and DPPT-TT (which in any case does not exhibit long lived
triplet states), the polymer triplet exciton has sufficient energy
to drive singlet oxygen generation (0.98 eV).

The oxygen quenching of polymer triplet exciton reported
herein was obtained for neat polymer films. In polymer/
fullerene blend films employed in organic solar cells, tri-
plet formation by direct intersystem crossing from polymer
singlet excitons is likely to be suppressed by photoin-
duced charge separation. However recombination of these
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photoinduced charges can also result in triplet exciton gen-
eration.®2742 Indeed we have reported that PTB7:PC;;BM
blend films actually exhibit higher singlet oxygen genera-
tion yields than neat PTB7 films.[3] Furthermore it is widely
reported that electron/hole recombination in OLED devices
can lead to high yields of triplet excitons.[*3] Therefore, whilst
the specific impact of triplet mediated singlet oxygen genera-
tion will depend upon the details of device operating con-
ditions, and the extent of encapsulation of the device from
oxygen ingress, it appears likely that the neat polymer sta-
bility reported herein will have some relevance to the long
term stability of OPV and OLED devices. The design of
materials to avoid triplet mediated singlet oxygen genera-
tion is therefore likely to be an important consideration for
stable optoelectronic devices.!3] The results we report herein
suggest that one strategy to address this requirement is to
employ relatively crystalline donor polymers, as these exhibit
(at least for the materials studied herein) triplet lifetimes too
short for efficient singlet oxygen generation.

4. Conclusion

The results we report herein indicate that materials crystallinity
is a key determinant of the lifetime and oxygen quenching
efficiency of polymer triplet states. This dependence appears
to be the dominant determinant of triplet lifetime for a broad
range of polymer structures. This conclusion is clearly of rel-
evance to optoelectronic devices where photochemical stability
under irradiation is of concern when considering encapsulation
requirements to prevent oxygen ingress. It is also of relevance
to device design strategies where triplet exciton states play a
key role in device function, such as singlet fission based pho-
tovoltaic devices and OLED devices utilising triplet excitons. As
such, these results suggest that the impact of materials crys-
tallinity upon triplet photophysics is a key materials design
consideration likely to be of importance for many organic opto-
electronic devices applications.

5. Experimental Section

Materials: The polymers DPPTT-T*4 DPPT-TT,?% APFO3 14
IF8TBTT,*l GelDT-BT,/l SiIDT-BTH8 and IDT-BTI*] were synthesised
as reported elsewhere. Both PCDTBT and PTB7 were purchased from
1-Material and purified before use as detailed previously.l'3I Regioregular
P3HT (Rr-P3HT) was purchased from Merck whereas regiorandom
P3HT (Ra-P3HT) from Sigma Aldrich, and both were used as received.

Film  Fabrication: Solutions for films were prepared with
dichlorobenzene (18 mg/mL) for GelDT-BT, SilDT-BT, IDT-BT and
IF8TBTT; with chlorobenzene (12 mg/mL) for Rr-P3HT, Ra-P3HT,
APFO3 and DPPT-TT; and with chloroform (10 mg/mL) for PCDTBT and
DPPTT-T. For PTB7 films, solutions were prepared with a mixture of 97%
chlorobenzene and 3% 1,8-diodoctane at ~15 mg/mL. The choice of
solvents were as used in the optimised blend photovoltaic devices. The
solutions were heated on a hot plate at ~50 °C (except for chloroform
solutions) and stirred continuously overnight to ensure complete
dissolution. All polymer films were then fabricated by spin coating the
solutions onto glass substrates at 2000-3000 rpm for 1 min. Before
spin coating, the substrates were cleaned by sonication in acetone and
isopropanol for 15 min respectively.
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Measurements: Transient absorption data were collected on films with
a microsecond transient absorption system under nitrogen (or oxygen)
atmosphere as detailed previously.

Wide-angle X-ray diffraction (XRD) measurements were carried out
with a PANALYTICAL X'PERT-PRO MRD diffractometer equipped with a
nickel-filtered Cu Kol beam and X’CELERATOR detector, using current
| =40 mA and accelerating voltage U = 40 kV. Samples were prepared by
drop casting ~0.25 mL of solutions onto 2 cm x 1 cm substrates and left
to dry at room temperature.

For stability study, films were degraded by exposing to white light
irradiation from Luxeon Star white LED (~80 mW cm™) under pure
oxygen environment. Ground state absorption spectra were then
obtained as a function of illumination time using a UV-1601 Shimadzu
uv-vis spectrophotometer. Control data in the absence of illumination
showed no measureable degradation.
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Supporting Information is available from the Wiley Online Library or
from the author.
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