
Molecular Packing and Arrangement Govern the Photo-Oxidative
Stability of Organic Photovoltaic Materials
William R. Mateker, Thomas Heumueller, Rongrong Cheacharoen, I. T. Sachs-Quintana,
and Michael D. McGehee*

Department of Materials Science and Engineering, Stanford University, Stanford, California 94305, United States

Julien Warnan and Pierre M. Beaujuge

Physical Sciences and Engineering Division, King Abdullah University of Science and Technology, Thuwal, Saudi Arabia

Xiaofeng Liu and Guillermo C. Bazan

Center for Polymers and Organic Solids, University of California, Santa Barbara, California 93106, United States

*S Supporting Information

ABSTRACT: For long-term performance, chemically robust materials are
desired for organic solar cells (OSCs). Illuminating neat films of OSC
materials in air and tracking the rate of absorption loss, or photobleaching,
can quickly screen a material’s photochemical stability. In this report, we
photobleach neat films of OSC materials including polymers, solution-
processed oligomers, solution-processed small molecules, and vacuum-
deposited small molecules. Across the materials we test, we observe
photobleaching rates that span 7 orders of magnitude. Furthermore, we
find that the film morphology of any particular material impacts the
observed photobleaching rate and that amorphous films photobleach faster
than crystalline ones. In an extreme case, films of amorphous rubrene
photobleach at a rate 2500 times faster than polycrystalline films. When we compare density to photobleaching rate, we find that
stability increases with density. We also investigate the relationship between backbone planarity and chemical reactivity. The
polymer PBDTTPD is more photostable than its more twisted and less-ordered furan derivative, PBDFTPD. Finally, we relate
our work to what is known about the chemical stability of structural polymers, organic pigments, and organic light-emitting diode
materials. For the highest chemical stability, planar materials that form dense, crystalline film morphologies should be designed
for OSCs.

1. INTRODUCTION

Research effort directed to improving the power conversion
efficiency of organic solar cells (OSCs) has driven it toward and
above 10%.1−7 With such a promising initial efficiency, the
long-term performance of OSCs also needs to be considered.8,9

Extrapolated lifetimes of 2−3 years are reported in glass-on-
glass encapsulated OSCs using the polymer poly(3-hexylth-
iophene-2,5-diyl) (P3HT) blended with [6,6]-phenyl-C60-
butyric acid methyl ester (PCBM),10 and lifetimes of 7−10
years are reported in encapsulated OSCs with the polymer
poly[9′-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-
2′,1′,3′-benzothiadiazole) (PCDTBT)11 and fullerene [6,6]-
phenyl-C70-butyric acid methyl ester (PC71BM).12,13 When
polymer solar cells made from PCDTBT and PC71BM are
illuminated in an environment with less than 0.1 ppm oxygen
and water, extrapolated lifetimes approaching 20 years are
observed,14 which rivals the lifetimes observed in some
evaporated small-molecule solar cells.15 Although such

observations are promising, a more fundamental understanding
of photodegradation processes that lead to short-term burn-
in16,17 and long-term performance loss is still needed. In either
case, the most photochemically robust materials that perform
well in OSCs are sought.
Design rules for developing photochemically robust OSC

materials are only beginning to emerge. One inherent difficulty
with assessing OSC material stability is the experimental length.
In an effort to accelerate material aging, researchers illuminate
thin films of OSC materials in air.18 The degradation of the
OSC material is measured by tracking a decrease in the film
absorption over time, which usually occurs on the span of
hours. The loss of absorption is attributed to a loss of extended
π-conjugation in the OSC material through photochemical
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reactions with oxygen, which generally occur through a free-
radical mechanism.19−23 This procedure, termed photobleach-
ing, gives researchers a quick screen of a material’s photo-
chemical stability, and can at least be used for comparison
between materials. Photobleaching is particularly relevant for
OSCs in low-cost packaging.
Another challenge to establishing general design principles is

the chemical variety of OSC materials.24 Many of the high
efficiency materials, particularly polymers, even contain multi-
ple chemical building blocks in a donor−acceptor (D−A)
arrangement.25−27 A relative stability ranking of some chemical
building blocks has been created by synthesizing D−A
polymers from various combinations of common donor and
acceptor units.28 Although work of this type provides synthetic
chemists with helpful empirical guidelines, it does not address
why some building units are more stable than others. In
addition to the functional groups on the conjugated backbone,
solution-processed OSC materials contain solubilizing side
chains that can also impact stability. The role of the side chains
in photodegradation, particularly in photo-oxidation, is well
established.18,29,30 For several polymers investigated in de-
tail,22,31,32 one of the key steps in a photodegradation reaction
pathway is abstraction of a hydrogen atom on the α carbon of

the solubilizing side chain, and polymers with thermo-cleavable
side chains are observed to be more stable to photobleaching.33

Thus, both the molecular structure of the backbone and the
solubilizing side chain can have a strong impact on observed
stability.
In addition to the chemical structure, the molecular

arrangement of materials in the solid state can impact stability.
From the study of organic molecular crystals, it is well-known
that the physical constraints of the solid state, such as the
inability of molecules to adopt different conformations, can
dramatically change not only the rates of reaction, but also the
products that can form.34 When considering solid-state
photochemistry, it is important to consider that the molecular
arrangement and local environment of a molecule or polymer
can be more important than the innate reactivity of the
molecule or polymer itself.34 Given such a dependence on the
local environment and molecular arrangement, film morphol-
ogy should have a strong effect on an observed photoreaction
rate. A film’s density, which is impacted by its degree of
crystallinity, affects the permeability of chemical reactants to a
reaction site and products away from it. Furthermore, the
packing in a crystal structure limits the extent to which a
polymer chain or molecule can rotate or change shape to reach

Chart 1. Chemical Structures of the Investigated Materials
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intermediate or final chemical structures. The molecular
packing may also increase the chemical strength of the bonds,
especially if packing induces more rigid, planar backbones.
Extended regions of delocalization should be chemically more
robust.35

By comparing several polymer OSC materials, it has been
observed that polymers with a higher degree of crystallinity
tend to be more stable to photobleaching,36 though differences
in chemical composition among materials may also influence
the stability. The chemical composition of regioregular P3HT
and regiorandom P3HT is the same (Chart 1), yet regiorandom
P3HT photobleaches at a faster rate.36,37 The difference
between the materials is in the molecular conformation and
film morphology; regioregular P3HT forms semicrystalline
films, while regiorandom P3HT polymer chains are highly
twisted and films are completely disordered.38 Both the
generality of this observation across OSC materials, and the
underlying mechanisms that lead to the stabilizing effect of a
more ordered film morphology, need to be explored further.
In this report, we investigate the role of film morphology and

molecular conformation on the photo-oxidative stability of
OSC materials. To probe the photo-oxidative stability, we
illuminate neat films of a variety of OSC materials in air and
track the optical absorption bleaching over time. Across the set
of materials tested, we observe the bleaching rate to span 7
orders of magnitude. For all films in which we can tune the
morphology, we find that amorphous films photobleach faster
than crystalline ones. We investigate factors that may lead to
the large spread of photo-oxidative stabilities across materials,
as well as the improved stability of crystalline films that are
observed. Across all materials, we find that photo-oxidative
stability tends to increase with film density. We also investigate
the relationship between molecular conformation and photo-
oxidative reactivity. We show that the relatively planar polymer
poly(benzo[1,2-b:4,5-b′]dithiophene−thieno[3,4-c]pyrrole-4,6-
dione) (PBDTTPD)39−42 is more photostable than its more
twisted, less-ordered benzodifuran derivative, poly(benzo[1,2-
b : 4 , 5 -b ′ ]d i f u r an− t h i eno[3 ,4 - c ]py r ro l e -4 , 6 -d ione)
(PBDFTPD).43 Overall, we find that achieving the highest
photochemical stability requires that dense, crystalline, and
planar materials be designed for OSCs.

2. RESULTS
2.1. Photobleaching Films in Air. In order to characterize

the photochemical stability across materials, films of a variety of
OSC materials were illuminated under ambient conditions in
air by a LG sulfur plasma lamp with an intensity of 100 mW/
cm2. The lamp’s spectrum closely matches the visible portion of
the AM1.5G spectrum but has little ultraviolet radiation
(Supplemental S1). Absorption spectra were periodically
measured to track the decrease in thin film absorption with
time (Supplemental Section 3). Films had an initial optical
density (OD) of around 0.3 to ensure similar illumination
throughout the thickness of the films for the duration of the
experiment. In order to compare the photo-oxidative rate
between materials, the normalized OD loss per hour was
calculated by fitting the initial decay of the absorption maxima
and normalizing by the initial peak absorption before aging.44

Among the materials we test, the photobleach rate spans 7
orders of magnitude (Figure 1). Films of amorphous rubrene
are the least stable with a bleach rate of about 16 000% per
hour, which corresponds to complete bleaching in seconds. Of
the polymers we investigate, poly[2-methoxy-5-(3′,7′-dimethy-

loctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) (Chart 1) is
the least stable and photobleaches at a rate of 500% per hour,
which is about 250 times faster than the most stable polymer,
PBDTTPD. The solution-processed small molecules 7,7′-(4,4-
bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b′]dithiophene-2,6-diyl)-
bis(6-fluoro-4-(5′-hexyl-[2,2′-bithiophen]-5-yl)benzo[c][1,2,5]-
thiadiazole) (T1)45 and X246 (Chart 1), both of which can
achieve 7% efficiency in OSCs, are slightly more stable than
PBDTTPD, and bleach at rates just under 1% per hour. Finally,
the materials with the lowest photobleach rate that we observe
are the fullerene molecules PCBM and PC71BM and the
evaporated small molecule zinc phthalocyanine (ZnPc) (Chart
1), which lose OD at a rate of 0.1% per hour.

2.2. Film Morphology and Photobleach Rate. As has
been previously observed, we find regioregular P3HT to
photobleach at a rate 3−5 times slower than regiorandom
P3HT, 4% versus 12% per hour, respectively.20,36,37 These two
polymers have the same chemical composition, but differ in
molecular conformation and thin film morphology. Regiore-
gular P3HT develops into a semicrystalline film morphology,
whereas regiorandom P3HT has a twisted backbone and forms
a completely disordered film.
In order to systematically explore the generality of the

stabilizing effect of a more crystalline film morphology, and to
control for differences in chemical structure among materials,
we compared the stability of amorphous and crystalline films
for several OSC materials. We specifically chose to investigate
solution-processed and evaporated small molecules, as film
morphologies are more easily tunable than in polymeric
systems. Amorphous films of 6,13-bis(triisopropylsilylethynyl)-
pentacene (TIPS-pentacene),47 PCBM, PC71BM, and T1 were
prepared by spin-casting the materials from chloroform or
chlorobenzene solutions, and crystallinity was induced by
thermal annealing. Amorphous films of rubrene were prepared
by evaporating at a fast rate, and crystallinity was similarly
induced by annealing. Morphologies were compared using
grazing incidence X-ray diffraction (Supplemental Section 2).
Detailed morphological characterization was not used to
determine degree of crystallinity, crystallite size, or crystallite
orientation; films of the same material were simply categorized
as “amorphous” or “crystalline” based on the appearance of

Figure 1. Optical density loss per hour in accelerated photobleaching
for each investigated material. The magnitude of the photobleach rate
varies across materials by 7 orders.
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diffraction spots in the diffraction patterns. To minimize any
effect of batch-to-batch impurity levels, we fabricated
amorphous films of each material on glass substrates, which
we broke in half. We annealed one-half to induce crystallinity,
while the other remained amorphous. We then illuminated the
crystalline and amorphous films side-by-side, took absorption
spectra over time, and tracked the OD loss.
For every material that could be made as both amorphous

and crystalline films, the films with a crystalline morphology are
more stable (Table 1). The photobleach rates observed in

crystalline films are slower than the rates of amorphous films by
a factor of 3−5 for most of the materials. Notably, while
amorphous films of rubrene are the least stable material we
observe and lose OD at a rate of 16 000% per hour, crystalline
films have photobleach rates equivalent to many of the
polymers we test, at about 6% per hour (Figure 2). The factor
of stability improvement in crystalline rubrene films is over
2500.

2.3. Film Density and Photobleach Rate. Physical
constraints, such as limited molecular motion and atomic
mobility, could be at the origin of the difference in stability
between the disordered and crystalline morphologies, as well as
partially account for the large variation in photobleach rate
observed across all materials. Materials with higher crystallinity
are generally denser than more amorphous materials, and an
increased density could lower the permeability of chemical
reactants and products. This effect has been observed
previously in semicrystalline polymers like polyketones and
polyethylene, where both the solubility and diffusivity of gases
are inversely proportional to the degree of crystallinity.48−53 It
has also been shown that in semiconducting polymers with a
higher degree of crystallinity, oxygen is less efficient at
quenching photogenerated triplet states, which may imply

that oxygen molecules are not able to penetrate semicrystalline
films as easily as amorphous ones.36 Furthermore, one strategy
used to improve the weatherability of organic pigments has
been to increase their density.54,55 Dense packing in organic
pigments prevents molecules from changing shape and
adopting new molecular conformations, and photoinduced
radicals are physically confined and often simply recombine
without further reaction.56 In the context of polymers, for
which the first step of photo-oxidation can be hydrogen
abstraction on the side chains leading to radical formation,
improving the side chain packing or increasing the density of
the film could lead to radical recombination instead of further
reaction along the conjugated backbone.
To examine the possible connection between film density

and photobleach rate, we measured the density of thin films for
the materials we aged using X-ray reflectivity (Table 2), which

can be used to estimate the density and thickness of thin films.
At values of theta below the critical angle of the film, the X-rays
are completely reflected off the surface. At the film’s critical
angle, which is a function of the film’s density, there is a sharp
drop in measured intensity, as the X-rays are no longer reflected
off the surface. Between the critical angle of the film and the
substrate, the X-rays pass through the film thickness and are
internally reflected off the substrate, and give rise to
interference fringes which are a function of the film’s thickness.
(Supplemental Section 4 for more details) MDMO-PPV, the
least stable polymer, has a density of about 1.00 g cm−3.
Regioregular P3HT that has been melted and slowly cooled to
room temperature to induce crystallinity has a density of 1.12 g
cm−3, which is denser than both as-cast regioregular P3HT and
regiorandom P3HT. PCDTBT and PBDTTPD are even
denser, at close to 1.17 g cm−3. Films of the solution-processed
small molecules T1 and X2 have densities higher than 1.20 g
cm−3. Finally, PCBM and PC71BM are the densest materials in
the present study, at over 1.60 g cm−3. Unlike the polymer
films, the difference in density between the crystalline and
amorphous small molecule films could not be resolved and
were within the error of the measurement. Chains of disordered
polymers likely occupy a large volume compared to ordered
polymer chains, which become more like packed rods than
disordered coils. It is likely that the small molecules do not have
the same rotational freedom in the disordered state to occupy

Table 1. Crystalline Films Improvement in Stability

material ratio of photobleach rate of crystalline film

TIPS-pentacene 2.5
T1 3
P3HT 3
fullerenes 4
rubrene >2500

Figure 2. Normalized peak optical density versus time is plotted for
both amorphous and crystalline rubrene films. Amorphous rubrene
films completely bleach in minutes, while crystalline films bleach over
hours.

Table 2. Material Densities Obtained from X-ray Reflectivity

material density [g cm−3] (±0.05)

MDMO-PPV 1.00
regiorandom P3HT 1.00
regioregular P3HT 1.00
annealed regioregular P3HT 1.12
PBDFTPD 1.12
PCDTBT 1.16
PBDTTPD 1.17
T1a 1.21
X2 1.24
rubrenea 1.24
ZnPc 1.49
PCBMa 1.60
PC71BM

a 1.63
aThe measured density of amorphous and crystalline films lies within
the error.
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significantly more volume than in the crystalline state, and so
the difference in density is minimized compared to polymers.
When plotted against the photobleaching rate, there is a clear

correlation between density and photo-oxidation (Figure 3).
Denser films, especially above 1.50 g cm−3, photobleach at a
slower rate than films that are less dense. These results suggest
a relation between density and stability. The correlation is not
absolute; factors in addition to film density, such as specific
chemical groups, could account for some of the discrepancies.
For example, MDMO-PPV and regiorandom P3HT differ in
stability by 2 orders of magnitude. This difference is likely due
to the presence of a vinylene group on MDMO-PPV, which is
known to be highly reactive.57 PCDTBT, PBDTTPD, and
PBDFTPD also have similar densities but different photobleach
rates. A more extreme outlier is amorphous rubrene, which is
by far the most reactive material, while comparable in density to
T1 and X2. This may be due to the molecular conformation
that rubrene molecules adopt in the amorphous state.
2.4. Bond Twisting and Photobleach Rate. In addition

to the physical constraints imposed by a crystal structure, the
innate chemical reactivity of the OSC materials may also be
changed in the crystalline state. The bonds of conjugated cores
are stabilized by the delocalization and resonance energy of the
pi electrons.35 Any disruption of this delocalization, for
instance, by a twist in the backbone of the material, weakens
the bonds and should cause the reactivity to increase. Models of
amorphous rubrene show it to have a backbone twist of 42°,
while molecules in a crystal are completely planar,58 which may
explain such an extreme improvement in stability in the
crystalline state.
The polymer with the lowest observed photobleach rate in

the present study is PBDTTPD. Photostability of PBDTTPD
has been observed by others, and its stability compared to
P3HT and PCDTBT, which have similar densities, has been

hypothesized to result from the presence of oxy-alkyl side
chains,59 which have been predicted to be more stable to
photo-oxidation than simple alkyl side chains.60 Another factor
that may contribute to its enhanced stability is its planarity.
PBDTTPD is predicted by models to be almost completely
planar,61 possibly aided by intermolecular interactions between
the oxygen on the TPD unit and a hydrogen on the BDT
unit.62 To investigate the effect of backbone twisting on
photostability, we compared the photobleaching rates of
PBDTTPD and its furan derivative, PBDFTPD (Figure 4).
Films of the two polymers have similar densities of 1.16 and
1.12 g cm−3. When the benzodithiophene unit of PBDTTPD is
replaced by a benzodifuran unit to form PBDFTPD, the highest
occupied molecular orbital of the polymer is further from
vacuum (PBDTTPD is reportedly 5.29 eV and PBDFTPD is
5.41 eV), and the BDF and TPD units can twist out-of-plane,
which is the most notable differences between the two
polymers.43 In our side-by-side comparison of similarly
prepared polymer batches, PBDTTPD loses OD at a rate
four times slower than PBDFTPD. Although a material’s
stability is probably affected by a combination of chemical
structure and molecular conformation, the results of this
particular experiment suggest that a chemical change that
induces a more twisted conformation can have a strong effect
on photo-oxidative stability.

3. DISCUSSION

3.1. Accelerating Degradation. Ultimately, accelerated
degradation experiments should represent the same degrada-
tion mechanisms as normal operating conditions. In photo-
bleaching experiments in air, the condition that accelerates the
observed degradation is environmental oxygen concentration. It
is important to consider how photo-oxidation contributes to
OSC degradation that has so far been observed. Though the

Figure 3. Thin film density plotted against the photobleach rate for the materials investigated. As a general trend, the films with the slowest
degradation are also the densest. An outlier is “amorphous rubrene”, which has the highest photobleach rate while its density remains somewhat high
compared to more stable systems.
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severity of burn-in depends on film morphology,63 at least in
OSCs made with PCDTBT, reactions with oxygen do not
appear to cause burn-in, as the solar cells lose nearly 40% of
starting efficiency to burn-in in an environment with less than
0.1 ppm oxygen.14 Long-term stability, however, does appear to
be affected by environmental oxygen content, as post burn-in
degradation is minimal in the solar cells made with PCDTBT
and aged in the same low oxygen environment.14 In a simple
model where photo-oxidation of PCDTBT is first order
dependent on oxygen concentration, the observed rate of
photo-oxidation compared to air should be reduced by a factor
of 2.05 × 106 in an environment with 0.1 ppm of O2. A defect
concentration of 0.01−0.1% is known to reduce solar cell
performance by 20−50%,64,65 and with a photobleach rate of
4% per hour, the illumination time needed to photochemically
introduce such a number of defects (corresponding 0.01−0.1%
bleach of PCDTBT) in an environment with 0.1 ppm of O2 is
5100−51 000 h (SI for details). This simple “back-of-the
envelope” calculation matches the observed lifetime (41 000 h)
of PCDTBT solar cells in such an environment.
In a solar cell with more realistic packaging, oxygen will first

need to diffuse through the packaging material and then
chemically react with the OSC material. Either step could be
degradation rate limiting. Based on the measured density and
photobleach rate, a thin film of unpackaged PCDTBT in air
consumes oxygen via photoreaction at a rate of 3.05 cm3 m−2

day−1 (SI for details). Thus, the oxygen consumption of the
PCDTBT will only be the rate limiting step in OSC
degradation if oxygen permeation through a barrier film is
faster. Untreated films of poly(ethylene terephthalate) (PET),
poly(ethersulfone) (PES), and poly(ethylene-2,6-naphthalate)
(PEN) have oxygen transport rates (OTRs) of the same order
of magnitude as the oxygen consumption of PCDTBT, and
improvement in the photo-oxidative stability of the semi-

conductor should lead to improvement of the stability of the
packaged OSC.66 However, a layer of inorganic material is
typically deposited onto a PEN or PET substrate, which
reduces the OTR of the composite barrier films by 2−3 orders
of magnitude. Glass-on-glass packaging provides even lower
OTR. In these cases, the rate limiting step of OSC photo-
oxidation will be diffusion of oxygen through the barrier film,
and the measured lifetime will be determined more from the
quality of the packaging than the photo-oxidative stability of the
semiconductor. In the context of this work, the improved
photo-oxidative stability of more crystalline organic semi-
conductors will improve OSC lifetimes in applications that
employ packaging that is more permeable to oxygen.

3.2. Photochemical Reactions in the Absence of
Oxygen and Water. Stiff molecules with denser, more
crystalline morphologies should impact the chemical stability
of OSCs even in the absence of oxygen and water. OLEDs can
serve as an example, as they are similarly packaged, and
chemical degradation mechanisms beyond oxidation have been
reported.67,68 Detailed mechanistic studies have shown twisted
or freely rotating bonds to disassociate under irradiation and
operation.67,69,70 Lifetimes are improved by a factor of 4−200
in OLED devices that incorporate stiff molecules that strongly
aggregate,71,72 even when the chemical degradation mechanism
does not involve oxygen. Generally, OLED lifetimes have
improved enough to enter the commercial market, and a review
of some of the latest OLED materials shows a trend of more
planar, stiffer molecules.73 The progress in OLEDs further
supports the idea that the general chemical stability of OSCs
could also benefit from stiffer molecules with denser, more
crystalline morphologies.

4. CONCLUSIONS
In summary, as the photobleach rate of OSC materials spans 7
orders of magnitude, design rules are needed to direct synthetic
efforts toward new materials with high stability. Material
engineering to enhance crystallinity has helped improve the
stability of organic materials in other functions, such as
structural polymers, and in this study we have shown that
crystalline OSC films are generally more stable than amorphous
ones. Moving forward, new materials should be designed to
form ordered crystalline domains. Crystal engineering of
organic pigments to increase density has already been shown
to improve resistance to weathering, and we find that
photobleaching rates correlate with OSC material density.
Thus, new materials should be designed to be as dense as
possible. Evaporated molecules are likely the best path to films
with high density, as there are trade-offs between solution-
processability and material density. Finally, stable OLED
materials are trending toward planar, stiffer molecules, and
our study is consistent with this idea, showing that a backbone
twist in π-conjugated systems can accelerate the photobleaching
rate and compromise long-term stability in OSC materials.
Materials design toward dense, crystalline films of planar, stiff
molecules should increase the observed stability of OSC
materials and devices.

■ EXPERIMENTAL SECTION
Materials. PCBM and PC71BM were purchased from Solenne.

MDMO-PPV, rubrene, TIPS-pentacene, pentacene, and ZnPc were
purchased from Sigma-Aldrich. Regioregular P3HT was purchased
from BASF. Regiorandom P3HT was purchased from Rieke.
PCDTBT was purchased from St. Jean Photochemie. PBDTTPD

Figure 4. (Top) The normalized peak absorbance versus time is
shown for PBDTTPD and PBDFTPD. PBDFTPD is less stable.
(Bottom) The structures of PBDTTPD and PBDFTPD are shown.
The BDT and TPD units lie in the same plane, whereas the BDF and
TPD units twist out of plane.
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and PBDFTPD were synthesized similarly to Warnan et al. and were
prepared to have similar molecular weights.43 T1 and X2 were
synthesized similarly to van der Poll et al.45 and Liu et al.,46

respectively. All materials were studied as received without additional
purification.
Sample Preparation and Aging. Glass substrates were scrubbed

with dilute Extran 3000 detergent and ultrasonicated in dilute Extra
3000 detergent, acetone, and isopropyl alcohol for 15 min each. Films
of PCBM, PC71BM, TIPS-pentacene, X2, regioregular and regioran-
dom P3HT were spin-cast onto the glass substrates from chloroform
solutions to form amorphous films. PCDTBT was spin-cast from
dichlorobenzene, and T1, PBDTTPD, and PBDFTPD were spin-cast
from chlorobenzene. Amorphous rubrene was prepared by thermal
evaporation onto substrates at a rate of 5.0 Å/s at a pressure of 1.0 ×
10−6 Torr. ZnPc was thermally evaporated onto substrates at 1.0 Å/s
at a pressure of 1.0 × 10−6 Torr. Initial peak optical densities of the
films were about 0.3. To induce crystallinity, films of PCBM, PC71BM,
and T1 were annealed at 180 °C for 20 min, films of TIPS-pentacene
were annealed at 175 °C for 20 min, rubrene films were annealed at
100 °C for 98 h, and regioregular P3HT films were annealed at 220 °C
and slow cooled to room temperature. For direct comparison between
amorphous and crystalline films of each material, amorphous samples
were broken in half, and one-half was annealed. Samples were aged in
air under a sulfur-plasma lamp (LG 6000K) with an intensity of 100
mW cm−2 and a temperature of 40 °C. The humidity was not
controlled. From data taken at a weather station on Stanford campus
and made available at wunderground.com over the period of January 1,
2014 to December 31, 2014, the dew point varies month-to-month but
stays within the range of 40−60 °F (see Supplemental). This
corresponds to a water content of 8000−17 500 ppm on a volume
basis. The humidity of the indoor lab was most likely within that range.
The amorphous and crystalline halves from the same substrate were
illuminated side by side. UV−vis absorption spectra were measured in
transmission mode with an Ocean Optics DT-1000-CE UV−vis
spectrometer. The time corresponding to the first 5−30% of
photobleaching was used to determine the photobleach rate.
X-ray Diffraction. Films were prepared on glass substrates in the

same conditions as aging. Grazing incidence X-ray scattering (GIXS)
was obtained at beamline 11−3 at the Stanford Synchotron Radiation
Lightsource using an X-ray energy of 12.7 eV, a MAR 345 image plate
area detector, a helium-filled sample chamber, with an incident X-ray
beam angle of 0.12°.
Density Measurements. Densities of the various materials were

obtained from X-ray reflectivity scans. Neat films were prepared on
either silicon or glass substrates. Films were taken to beamline 2−1 at
the Stanford Synchrotron Radiation Lightsource (SSRL). Low-angle
theta-two theta scans from theta 0.1°−0.3° were collected using a
beam energy of 8000 eV. The curve fitting program IMD 5.0 was used
to fit densities to the various films.74 To achieve the best fits, the film
thicknesses and densities were manually adjusted.
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