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Distinguishing photo-induced oxygen attack on alkyl chain versus 
conjugated backbone for alkylthienyl-benzodithiophene (BDTT)-
based push-pull polymers  

Michael A. Anderson,a Anna Hamstra,b Bryon W. Larsonc and Erin L. Ratcliff *abd  

Synthetic design has enabled increasing power conversion efficiency advances in organic photovoltaics (OPV). One 

continuing knowledge gap is detailed understanding of single-material chemical (photo)stability. Many considerations are 

based on prior OPV-relevant donor homopolymer systems rather than the next-generation push-pull architectures. 

Generally, energetic offsets between the lowest occupied molecular orbital of the donor and molecular oxygen are assumed 

to dictate kinetics of photo-induced charge transfer to a super oxide radical. Herein we determine the ambient-induced 

photo-degradation pathways, presented as proposed site-specific arrow-pushing mechanisms, for five donor polymers all 

containing the same push unit - alkylthienyl-substituted-benzodithiophene (BDTT) - but with chemically distinct pull units. 

The donor-only polymer films were subject to controlled photobleaching in air as an accelerated degradation approach, 

coupled with simultaneous monitoring of absorptance.  Sample subsets were periodically removed and analyzed with x-ray 

photoelectron spectroscopy, to evaluate near-surface chemical composition and oxygen additions to hetero reporter atoms 

on either the BDTT push unit or distinct pull unit (i.e, sulphur and nitrogen). This methodology allows us to distinguish 

between different mechanisms of bond cleavage and formation. Overall, we find that neither polymer redox properties nor 

individual push or pull unit stabilty are sufficient to predict photo-oxidative degradation of these polymers. Rather, there is 

a greater dependence on the susceptibility of unique structural groups within a polymeric system. Alkyl chain oxygen 

addition is generally the first attack site and direct sulfur oxidation on the conjugated backbone occurs after saturation of 

the alkyl chain initiation sites. This work provides a standard that could be used to evaluate relative photo-oxidative 

(in)stability for new OPV materials quickly – prior to time-consuming device optimization - and demonstrates an effective 

methodology for correlating optical degradation with chemical structure alterations via spectroscopic signatures to guide 

synthetic design.   

1. Introduction 

The development of photostable organic-based opto-

electronic materials depends critically on knowledge of the 

primary factors that cause instability and the relevant 

degradation pathway(s). This is especially true for modern 

organic photovoltaic (OPV) materials that utilize increasingly 

complex push-pull architectures to achieve performance 

enhancements. These material constructs enable fine tuning of 

the energetics of charge carriers and reduction of exciton 

binding energies in both donor and acceptor materials.2-5 

Collectively these materials have greatly improved the 

understanding of the photophysics responsible for recent 

increases in OPV performance. 6-9  

One predominant example is the structural evolution of 

push-pull donor polymers containing an alkylthienyl-

substituted-benzodithiophene (BDTT) push unit. Pull units 

include diketopyrrolopyrrole (DPP),10 

ethylhexylfluorothienothiophene (EFT),11 fluorobenzotriazole 

(FTAZ) 21  thienopyrroledione (TPD), 12, 13 and 

benzodithiophenedione (BDD).14 All five co-polymers are D-A 

architectures, rather than randomized block co-polymers, 

collectively summarized in Figure 1a. This class of BDTT donor 

polymers represent historic synthetic approaches to optimize 

charge transport, microstructure, and optical properties. The 

BDTT unit (PBDTT- in Figure 1a, left) was first developed for 

polymer solar cells by Huo et al. in 2010 as a structural 

modification to the benzodithiophene (BDT) unit, yielding 

increased aggregation and lower bandgaps. 15, 16 Incorporating 

the pull units, PBDTT-DPP has been demonstrated to have high 

charge mobilities in highly ordered polymer films.17-19  Increased 

OPV device performance was observed over the BDT polymer 

(PBDT-DPP) due to higher mobilities (attributed to increased 

order) and increased device voltages (attributed to transport 

levels further from vacuum).19 PBDTT-DPP has demonstrated a 
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device efficiency of 6.5%. 19 PTB7-Th (PBDTT-EFT) also has 

literature precedent and structurally evolved from an original 

BDT-based polymer, PTB7. 20, 21 OPV performance was similarly 

improved due to redshifted absorption and increased 

coplanarity/aggregation.22, 23 The optimization of PTB7-Th-

based devices brought OPV efficiency over 10% in 2015, 24 a 

significant milestone in reaching the “10 and 10” efficiency and 

lifetime goals commonly thought to indicate market viability for 

OPV. Both PBDTT-FTAZ and PBDTT-TPD introduced unique pull 

groups to promote planarity, with PBDTT-FTAZ reporting device 

efficiencies c.a. 5%. 16, 25  PBDTT-TPD showed only modest OPV 

performance with PCBM yet achieved a 6.6% PCE in an all-

polymer flexible cell 24 Finally, PBDTT-BDD, 14 more commonly 

called PBDB-T, which was the first in a family of PBDB-T-based 

polymers (including the fluorinated (-2F) derivative abbreviated 

PM6) that have demonstrated device efficiencies over 19%.9, 26, 

27 

Despite these applied advances, there is still a fundamental 

knowledge gap relating push-pull structural design to intrinsic 

photostability. This gap needs to be addressed to produce 

materials achieving sufficient performance, cost, and stability 

metrics and these metrics should be considered at the synthetic 

design stage, as some groups already demonstrate. 28, 29 There 

are multiple routes of degradation for devices, e.g. extrinsic 

effects and interactions with transport layers, but we focus 

herein on intrinsic chemical degradation induced by light and 

oxygen since material resilience to these common stressors is 

requisite for stable devices. Most design schemes for 

photostability of OPV materials are based on the generalized 

but outdated correlations between energy level alignment of 

polymer electron affinity and ambient reactive species (i.e. 

molecular oxygen), essentially based on redox properties. For 

pure OPV polymers, the established mechanisms of photo 

degradation in light and air consist of radical initiation, 

propagation, and terminations steps.30 Initiation occurs via 

reactive oxygen species that attack the chemical structure, 

although there are different theories regarding the exact 

initiation steps and reactive species of photo-oxidation.1, 31, 32 

Conflicting reports propose charge transfer from either a singlet 

or triplet excited state of the donor to form radical oxygen33 or 

the more commonly invoked radical superoxide anion (O2
• –), as 

shown in Figure 1b. 1, 32, 34, 35 Based on this construct, one would 

expect the stability of donor polymers to trend with energy 

offset to molecular oxygen.  

Herein we definitively confirm that a generalization of redox 

properties alone is insufficient to predict chemical stability of 

BDTT-based donor polymers. We exposed each of the polymers 

to accelerated photobleaching in ambient conditions while 

monitoring the changes to absorption combined with multi time 

point (and photon dose) spectroscopic chemical analysis.  To 

date, a number of spectroscopic methods have been used to 

assess degradation mechanisms and determine the products of 

degradation and site-specific chemical alterations, including X-

ray photoelectron spectroscopy (XPS) and infrared (IR) and 

Raman spectroscopies. 36-42  In this work, we employed XPS for 

surface-sensitive (5-10 nanometers) detection, with a parts-

per-thousand sensitivity to local changes in chemical 

compositions. This approach ensures that only a few 

chromophores – namely the ones exposed to the highest 

oxygen content environment – have been degraded and thus 

provides early detection of radical propagation and oxygen 

addition in polymeric materials.   

 The combination of optical and chemical analysis, combined 

with literature evidence and precedent, allows us to identify the 

primary chemical degradation routes, presented as proposed 

site-specific arrow-pushing pathways. We find that the unique 

chemical structures of each polymer lead to different relative 

stabilities that cannot be predicted by the redox properties or 

prior knowledge of the individual push or pull units. Specifically, 

we find that monitoring changes in optical density as a function 

of absorbed photon dose yields decay behavior relevant to the 

chemical degradation information. We also show that key 

features of the XPS S 2p and N 1s spectra can elucidate which of 

the identified chemical degradation pathways are active for 

each polymer. Overall, our methodology provides a 

comprehensive example for future studies investigating the 

relationships between structure and photo-oxidative stability in 

organic photovoltaic materials. We urge others to measure 

Figure 1. a) Chemical structures and b) redox properties of the five push-pull polymer donors that all share the BDTT (push) unit. O2 electron affinity from Hoke et al. 1 

Further details on the polymers including alternate names, full chemical names, and the sources for redox level properties are given in Table S1. 
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photobleaching rates against photon dose (as opposed to 

change in OD vs time) as a standard practice when first 

assessing new materials’ relative stability. Further, studies 

should investigate the relationship of decay rates with the 

material-specific degradation pathways, as demonstrated in 

this work, in order build a dataset on the structural 

considerations that are relevant for synthesis of stable 

materials.  

2. Results and Discussion 

2.1 Photodegradation and Film Controls. 

The photo-generated reactive oxygen mechanism 

presented in Figure 1b accounts for the fact that organic 

polymers exposed to light without oxygen present, or oxygen 

without light present, do not undergo rapid photodegradation. 

Control experiments on the five polymers with peak fractional 

absorptance (FA) c.a. 0.3-0.4 shown in Figure S1 confirm that 

photo-oxidative degradation requires both the presence of 

oxygen and light. No degradation is observed when only one 

stressor is applied. Chemical stability was much lower in the 

case of ambient-light conditions that enable radical formation. 

Once formed, O2
•– undergoes radical attack of the polymeric 

structure, which can result in alteration of the chromophore 

and disruption of the corresponding optical transitions.  Fresh 

unencapsulated polymer films were exposed to a 

photobleaching lightsource in ambient conditions and 

absorptance spectra were taken periodically using an 

automated in-situ photodosing spectrometer (AIPS).43, 44 Error! 

Reference source not found.a shows the changes to the main 

absorptance features of each polymer throughout ambient 

photodosing; all five polymer films exhibit significant 

photobleaching. Figure S2 provides the same data set for an 

expanded wavelength range of c.a. 300-900 nm.  

 All polymers show reduced absorptance across all 

wavelengths and none of the polymers show newly arising 

peaks. PBDTT-DPP decreases absorptance uniformly, with the 

0-0 and 0-1 peaks relatively unchanged in position and relative 

ratio. In contrast, the other 4 polymers exhibit significant peak 

shifts, broadening, and peak ratio inversions. Thus, the products 

of degradation are chemical species that are either not optically 

active in the visible range, have reduced extinction coefficients, 

or form in small quantities relative to the remaining pristine 

chromophores. These will be assessed in the next section using 

x-ray photoelectron spectroscopy. 

In Figure 2a, we observe that absorptance loss at 0-0 peak 

wavelengths 18, 25, 45-47 is a consistent feature for each of the five 

polymers with photo-bleaching. Thus, this polymer-specific 

wavelength was selected to compare between materials, as it 

corresponds to the most active chromophores and should 

Figure 2. a) Primary absorptance features of the five polymers throughout degradation. Dashed lines show the 0-0 wavelength where FA values were extracted for: 

b) the normalized 0-0 transition intensity of each vs. accumulated photon dose (APD). The blue, green, and red traces in a and corresponding markers (blue triangle, 

green circles, red squares) overlaid on each polymer decay in b indicate the points at which replicate samples were removed for XPS characterization. The wavelengths 

of the 0-0 peaks were determined as the center of the lowest-energy peak observed. The exposure information for the none, low, and high setpoints including FA, 

APD, and time are given in Table S2. 
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therefore correlate strongly with the chemical changes. Error! 

Reference source not found.b shows a fractional absorptance 

(FA) line cut at each 0-0 transition peak as a function of 

accumulated photon dose (APD); wavelengths used are 

provided in the legend of the graph. The importance of showing 

optical decay as a function of absorbed photons has been 

presented previously, including accounting for film thickness 

variations.44, 48 Briefly, with photo-bleaching, the polymer films 

can absorb significantly different photon doses over the same 

amount of time since each polymer has a unique spectral 

overlap with the photobleaching lightsource and these profiles 

change at different rates. Therefore, tracking the reduction of 

the 0-0 transition relative to APD instead of time is a more 

rigorous way to assess relative stability.  

The rate of absorption decay via photo-oxidation for organic 

semiconductors is dependent on several variables including 

microstructure, oxygen concentration, oxygen diffusion 

coefficients, and the energies and intensities of irradiation. 30, 49, 

50 With regard to the optical decay behavior in Error! Reference 

source not found., a complete and systematic investigation of 

these variables would be necessary to fully describe 

degradation kinetics. For example, amorphous microstructures 

have been shown to photo-oxidize at faster rates for organic 

semiconductors, attributed to higher oxygen permeability, less 

conformational rigidity, and/or more localized charges 

(polarons). 51, 52 53 We performed grazing incidence wide-angle 

x-ray scattering (GIWAXS) to characterize the packing of the 

crystalline regions in the 5 polymer films as shown in Figure S3. 

The GIWAXS profiles for the polymers exhibit some ordered 

scattering but no evidence of long-range order in any of the 

films, consistent with other reports. 18, 25, 45-47 Thus, we consider 

the polymers to be in a single comparable phase, as opposed to 

considering the films two phase systems where different 

reactivities would be expected.  

With this single-phase assumption, we return to the 

generalization that electron affinity dictates chemical 

degradation. An observed linear decay in absorption with APD 

would indicate each absorbed photon causes the same loss to 

optical density. In other words, each photon of a particular 

wavelength has the same quantum efficiency for the particular 

chemical degradation mechanism.  Photodegradation pathways 

involving light of energies not resonant with vibronic transitions 

in polymers, such as scission or crosslinking, operate over longer 

time scales and we therefore assume that they do not have 

significant effects in these experiments. 48, 54, 55 Additionally, the 

contributions to degradation from residual solvents or 

impurities are beyond the scope of this work as the focus is on 

the rapid absorption losses as explained by mechanisms 

initiated by light and oxygen. 

Fits to the linear components of each polymer’s decay and 

identification of the intercept and inflection points, where 

applicable, are given in Figure S4 against APD and in Figure S5 

against time. Error! Reference source not found. shows the 

slopes of linear decay and transition points, where relevant, 

extracted from the fits in Figure S4. Linear absorptance losses 

against APD (Error! Reference source not found.b) for PBDTT-

DPP and PBDTT-EFT show a strong linear decay correlation for 

all APD, indicating degradation is likely dominated by a single 

pathway. Alternatively, PBDTT-FTAZ and PBDTT-BDD exhibit a 

clear change in slope midway through degradation, suggestive 

of initial and secondary pathways after a critical photon dose. 

This relatively distinct switch in decay rates hints at a sequential 

pair of pathways after a critical uptake of bonded oxygen that 

corresponds to a saturation of available sites.  PBDTT-TPD 

deviates from linear behavior and has an inflection point where 

the curvature changes from positive to negative. There may be 

3 or more pathways, yet without distinct transitions aside from 

the inflection point, these could be independently initiated and 

competing. Concurrent chemical information is needed to 

investigate these hypotheses.  

 

2.2 Overview of Chemical Degradation Pathways 

To investigate the changes in chemical species in the near-

surface region, we employed x-ray photoelectron spectroscopy 

(XPS). Multiples of films were placed on the AIPS system and 

were removed for analysis after different APDs. This ensured 

both reproducibility in the measurements and reduced the 

possibility of the decay rates being affected by experimentation 

or interruption.  

We performed high resolution core-level XPS on the films at 

three different points in the light-soaking degradation 

experiment. These points are identified in Error! Reference 

Table 1. Optical density vs APD slopes extracted from linear fits to each of the polymers’ absorption decay profiles. Transition points in APD 
(photons/m2) determined as the intercept between linear fits as shown in Figure S4. A value of OD/APD corresponds to the loss in optical density per 
photon given the cross section of illuminated film.   

Polymer Decay Wavelength Initial Decay 
(OD/APD) 

Secondary Decay 
(OD/APD) 

Transition Point 
(APD) 

PBDTT-DPP 765 nm -4.15x10
-26 N/A N/A 

PBDTT-EFT 695 nm -2.01x01
-26 N/A N/A 

PBDTT-FTAZ 588 nm -2.31x10
-26 -7.52x10

-27 3.34x10
24 

PBDTT-BDD 610 nm -9.14x10
-27 -4.32x10

-27 4.95x10
24 

PBDTT-TPD 610 nm Nonlinear curvature with inflection point 5.87x10
24 
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source not found. as the exposure levels of “none”, “low” and 

“high”; respectively identified as the blue, green, and red 

spectra in Error! Reference source not found.a and the blue 

triangle, green circles, and red squares in Error! Reference 

source not found.b. To note, the exposure times and APDs are 

unique for each polymer since each film was exposed as long as 

necessary to achieve measurable and distinct absorption loss; 

greater than c.a. 20% for low exposures and c.a. 35% for high 

exposures. Table S2 details the atomic concentrations of each 

element as determined by XPS for each polymer at each 

exposure as well as the respective APD, time, and FA. The only 

significant change to atomic concentrations with exposure is an 

increase in the oxygen content. The oxygen concentration at the 

three setpoints for each polymer is plotted against APD in 

Figure S6a and a positive relationship is clear. Figure S6b further 

shows the expected loss in OD as oxygen concentrations 

increases. This supports the photooxidation mechanism by light 

exposure in ambient, resulting in chemically bonded oxygen 

atoms to the polymers structure.  

The following sections (2.3.1-2.3.4) are case studies for each 

of the polymers and include the detailed XPS analysis correlated 

to the optical decay behavior that enabled determinations of 

the pathways in each of the polymers. In general, the XPS 

signatures of reporter atoms such as S 2p and N 1s can act as 

“proximity detectors” to the site of oxygen addition. This allows 

final products to be identified and pathways to be drawn with 

consideration of the chemical structures. As an example, 

supplemental Note S1 details the process used to correlate S 2p 

spectral evolution with the formation of specific degradation 

products.  

The results of these case studies are summarized collectively 

in Figure 3 as arrow pushing reactions on partial chemical 
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structures to be relevant for all the polymers. Supplemental 

Note S2 includes further details on the exact steps and 

literature support for each reaction. In Figure 3, reactions are 

grouped by indistinguishable final products, i.e., those that have 

the same reporter atom signatures in XPS, including oxygen 

addition on the alkyl chains (reactions 1-3) and the conjugated 

backbone (reaction 4). We readily acknowledge that we cannot 

confidently discriminate between the pathways and products of 

reactions 1-3 but have included all pathways where the first C-

H bond of side chains are attacked by oxygen to form carbonyls, 

alcohols, or esters. The ring-opening reaction 4 was proposed 

by Kim et al. for PBDTT-EFT 42 and occurs on the conjugated 

backbone of BDTT via a charge transfer state and results in 

formation of a thioester and carboxylic acid. Direct sulfur 

oxidation, either as a mono- or di-oxidized sulfur atom on 

thiophene, can occur via reaction 5 while reactions 6-7 are 

unique to the PBDTT-TPD polymer and result in direct oxidation 

of the nitrogen of the TPD unit.  

 

2.3 Case Examples for Degradation   

2.3.1. Case Example I: Alkyl Chain Oxygen Addition in PBDTT-

DPP  

The PBDTT-DPP polymer provides an effective case study for 

photodegradation by alkyl chain oxidation pathways. Error! 

Reference source not found.a-d shows the XPS regional spectra 

for PBDTT-DPP films after none, low, and high photon dose 

exposures; the order of the panels (top to bottom) corresponds 

to increasing exposure time. The corresponding fit parameters 

including chemical assignment, peak position, full-width half-

max, and area percentage are given in Table S3.  

A detailed analysis correlating the XPS signatures with 

photodegradation species is given in supplementary Note S3. To 

summarize, in the C 1s spectra in Error! Reference source not 

found.a, we observe an increase in the relative contributions of 

the higher BE peaks (green, red, orange). We assign these peaks 

to the formation of alcohols (C-O), carbonyls (C=O), and esters 

(C=O(O)), respectively. 36, 41, 52, 56  The N 1s spectra in Error! 

Reference source not found.b for the pristine film has a single 

peak at approximately 400.3 eV associated with the amide 

group of the pull unit. A shoulder emerges with even low 

photon dosing (14% bleach), this develops to the higher BE 

component (green) shifted c.a. 0.7 eV relative to the amide to 

c.a. 401.0 eV. This BE shift is consistent with a hemi-aminal, or 

oxidation of the carbon atom adjacent to the amide nitrogen, 

and not direct oxidation of the nitrogen atom itself which has 

been shown to result in a larger BE shift (c.a. 2 eV). 44, 57, 58 

Alternatively, in our data the DPP skeleton remains intact but 

an alkyl chain oxygen addition is hypothesized to occur on the 

side chains of the DPP unit. The S 2p doublet spectra are 

provided in Figure 4c. With no accumulated photon dose, we 

readily observe the expected spin-orbit coupling of the two 

peaks with a ratio of 2:1 for the S2p3/2 to S2p1/2, respectively. 

With both low and high photon dosing, we observe the 

formation of a second doublet (green) approximately 0.6 eV 

from the native thiophene sulfur peaks (blue). This shift is 

Figure 4. a) C 1s, b) N 1s, c) S 2p, and d) O 1s XPS regional spectra for PBDTT-DPP films with photobleaching exposures of none (top), low (middle), and high 

(bottom), coinciding with APDs of 0, 7.00E23, 1.37E24, and 2, 4, and 5 average oxygen atoms per monomer, respectively. e) The native chemical structure of PBDTT-

DPP and proposed structure with superimposed alky-chain oxygen addition products including carbonyls (i), alcohols (ii), and esters (iii), color coded to match O 1s 

peaks. The degraded structure in Error! Reference source not found.e is given to show the possibilities for degradation products superimposed on the same 

monomer for brevity.
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consistent with a perturbation to a branching thiophene’s sulfur 

atom by added oxygen 3 bond lengths away (on the alkyl chain) 

based on the reporter atom analysis in Note S2. Notably, there 

is no evidence of thioesters or directly oxidized sulfur species. 

The O 1s spectra in Error! Reference source not found.d are 

consistent with reactions 1-3 exhibiting formation of carbonyls, 

alcohols, and esters. We can conclude that these products form 

on the alkyl chains of both the push and pull units from 

proximity to the nitrogen and sulfur reporter atoms, 

respectively.  

Connecting the XPS data described above to the OD decay 

of PBDTT-DPP discussed in section 2.2 and Error! Reference 

source not found. further corroborates a single dominant 

degradation mechanism or set of reactions. The native chemical 

structure of PBDTT-DPP and an example degraded structure 

following alkyl chain oxygen addition at the determined sites 

are shown in Error! Reference source not found.e; we don’t 

anticipate that all degraded products would appear on the same 

monomer unit necessarily.  The degraded structure in Error! 

Reference source not found.e is given to show the possibilities 

for degradation products superimposed on the same monomer. 

The average number of oxygen atoms per monomer (Table S2) 

increased from 2 (native) to 5 (high exposure), although this 

quantification is only valid within the sampling depth of XPS (5-

10 nm). There is likely some fraction of the monomer units that 

has undergone significant oxidation as shown in Error! 

Reference source not found., just as there is likely some fraction 

that remains unaltered, and other fractions with varying 

degrees of oxidation. It is beyond the scope of this study to 

determine these fractions. However, if we assume that only the 

top 8 nm of the film is affected, a film density of 1.5 g/cm3 and 

spot size of 300 um2, then there are approximately 1.7 x 1011 

affected monomers. The collective effect of these alkyl chain 

oxidations reduced the bulk film optical density by 32% for the 

highly exposed sample. This might be surprising given the lack 

of alterations affecting the conjugated backbone, but the 

absorption profile of PBDTT-DPP shown in Error! Reference 

source not found.a exhibited little change to the profile shape 

relative to the other polymers.  

Additionally, PBDTT-DPP also exhibited the most rapid 

increase in bonded oxygen with respect to APD (Figure S6a), 

likely due to availability of initiation sites (4 alkyl chains per 

monomer). The lack of degradation pathways directly affecting 

the chromophore is consistent with minimally impacted 

bandgaps and corresponding absorption features, though it 

may be that chromophore alterations are occurring that result 

in chemical shifts below the sensitivity of XPS. We readily 

acknowledge additional factors may impact the magnitude of 

optical density loss; the loss of 32% in the case of PBDTT-DPP 

may be due to a combination of disrupted chromophore 

functionality and possibly light-only or thermally induced 

alterations such as crosslinking or scission that are not 

detectable via XPS. 

To summarize, the degradation behavior of PBDTT-DPP was 

dominated by alkyl chain oxygen addition occurring at the alpha 

carbon of side chains on both the push and pull units. PBDTT-

DPP also had the greatest increase in bonded oxygen with 

respect to APD of the polymers and the most rapid decay in 

optical density with respect to both APD and time. The latter 

point is surprising given the lack of degradation mechanisms 

affecting the conjugated backbone. The absorption intensity of 

a PBDTT-DPP film may therefore be highly dependent on the 

microstructure or chemical changes that cannot be detected via 

XPS, consistent with the absorption changes observed for 

control films in the dark in air and in the light in an inert 

environment. 

 

2.3.2 Case Example II: BDTT Ring-opening in PBDTT-EFT 

We look next to a ring-opening mechanism on the BDTT unit 

responsible for the degradation of PBDTT-EFT (aka PTB7-Th or 

PCE10). This pathway was previously proposed by Kim et al. 

based on absorption, photoluminescence, and Raman analysis, 
42 which provides a relevant benchmark for the sensitivity of our 

XPS approach. Error! Reference source not found.a-b shows 

selected XPS regional spectra for PBDTT-EFT films after none, 

low, and high photon dose exposures; the order of the panels 

(top to bottom) corresponds to increasing exposure time. The 

corresponding fit parameters including chemical assignment, 

peak position, full-width half-max, and area percentage are 

Figure 5. a)  S 2p and b) O 1s XPS regional spectra for PBDTT-EFT films with photobleaching exposures of none (top), low (middle), and high (bottom), coinciding with  APDs 

of 0, 1.84E24, and 4.04E24 and 2, 3, and 4 average oxygen atoms per monomer, respectively. c) The native chemical structure of PBDTT-EFT and a suggested structure 

following the reaction 4 pathway with thioester (i) and carboxylic acid (ii) formation; color coded to match O 1s peaks. 
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given in Table S4. Supplemental Note S4 provides the C 1s and 

F 1s core levels, with C 1s exhibiting a clear increase in higher BE 

species with ambient photodosing (as shown for PBDTT-DPP) 

while the F 1s spectra is unaffected.  

In Figure 5a, the S 2p doublet again yields a new species of 

sulfur (orange) that arises with exposure shifted from the native 

thiophene (blue) by c.a. 1.0 eV.  This is consistent with oxidation 

of the thiophene ring carbon bonds. We note this relative 

binding energy shift is in between the 0.6 eV shift of S 2p peaks 

observed for BDTT unit alkyl chain oxygen addition and the 

larger shift (c.a. 4 eV) expected for direct sulfur oxidation (i.e. 

sulfoxide and/or sulphonyl formation). We also note that the 

EFT alkyl chain already has a native ester to protect that site for 

reactions 1-3, although oxygen addition to a non-alpha carbon 

on the alkyl chain could be possible. The O 1s spectra in Error! 

Reference source not found.b show that the peaks assigned to 

thioester and carboxylic acid oxygen atoms formed on the BDTT 

push unit (orange and purple) increase with exposure relative 

to the native ester oxygen atoms (red and green) on the EFT pull 

unit. Error! Reference source not found. shows the native 

chemical structure of PBDTT-EFT and an example of a degraded 

structure that follows reaction 4 with a BDTT ring-opening 

mechanism. We note from Table S2 that the average number of 

oxygen atoms per monomer on the surface of the film has 

increased from 2 (native) to 4 (high exposure) though we again 

expect an unequal distribution across monomers in the film.  

Collectively, our results are in agreement with Kim et al. that 

the dominating degradation pathway is reaction 4: thioester 

and carboxylic acid formation via ring opening at the benzo-

adjacent thiophene of the BDTT unit. As shown in reaction 4, 

the initiation of this pathway is assumed to be via a charge 

transfer state between the polymer and molecular oxygen (O2), 

rather than reacting with a radical oxygen species. We note that 

the behavior of PBDTT-EFT is very different from that of PBDTT-

DPP, despite the two having almost equivalent electron 

affinities shown in Figure 1b. The result for PBDTT-EFT is a 

reaction that is highly site-localized to the conjugated system 

where the photoelectron is highly distributed. Therefore, it is 

consistent that a material dominated by this process does not 

also significantly undergo any of the other degradation 

pathways since they all require a reactive species to migrate to 

initiation sites. This is also in agreement with Löhrer et al. who 

identified the most sensitive reaction site of the polymer to be 

the conjugated backbone.48  

A single dominating degradation pathway is also 

corroborated by the sole linear decay to optical density for 

PBDTT-EFT as discussed in section 2.2 and Error! Reference 

source not found.. This polymer provides a second interesting 

comparison to PBDTT-DPP since they both have singular 

pathways and linear optical decays. However, PBDTT-EFT 

displays greater change to the absorption profile as a whole 

including peak broadening, a declining 0-0 to 0-1 ratio, and a 

blueshift to the onset (Error! Reference source not found.a). 

The thiophene ring-opening pathway dominant in PBDTT-EFT is 

responsible for the loss in optical density through direct 

disruption of the chromophore. These disruptions to the 

conjugated backbone of the polymer could also explain why 

PBDTT-EFT, in contrast to PBDTT-DPP, exhibited not only optical 

density losses but an evolving absorption profile. Further, this 

would explain why PBDTT-EFT had the most rapid decay in 

optical density with respect to added oxygen concentration in 

Figure S6b: added oxygen has a significant impact on the 

chromophore of the polymer. As there are only 2 sites per 

monomer for this pathway to occur, this mechanism is expected 

to be relatively slow. In contrast the alkyl chain oxygen addition 

mechanism proposed for PBDTT-DPP has a less direct effect on 

the chromophore and but there are 4 sites for initiation per 

monomer.  

Overall, despite being one of the more commonly used 

polymers in current research, PBDTT-EFT was the second most 

unstable polymer in the study and its degradation was 

dominated by a ring-opening mechanism on the BDTT 

backbone. This mechanism was unique in that it only occurred 

for PBDTT-EFT and it is proposed to be initiated via a charge 

transfer state between the polymer and molecular oxygen, as 

opposed to creation of a radical species. We postulate that since 

PBDTT-EFT had the smallest bandgap and therefore the smallest 

push-pull effect, the energetic driving force for charge 

separation was not sufficient to fully transfer photo-excited 

electrons to oxygen. One possible counterintuitive 

consequence for chemical design is that improving the ability of 

a polymer to transfer electrons to oxygen may reduce the rate 

of degradation as the reactive species could then migrate to 

other sites such as the alkyl chains as opposed to directly 

affecting the chromophore, suggesting potential upside for 

revisiting the design of wide-gap donor polymers with 

preferentially sacrificial side chains and protected backbones. 

The implication for the stability of OPV active layers is that an 

acceptor material could not compete as effectively with oxygen 

for electron harvesting if oxygen can diffuse to closer proximity 

and react with the polymer via a rapid transfer state. Future 

studies could investigate if the radical scavenging effect of 

acceptors is less effective in lower bandgap polymers. We now 

look to the remaining three polymers, which all show evidence 

of multiple active degradation mechanisms. 

 

2.3.3 Case Example III: Direct Sulfur Oxidation in PBDTT-FTAZ & 

PBDTT-BDD 

 We now turn to the polymers PBDTT-FTAZ and PBDTT-BDD 

which both show evidence of a sequential pair of degradation 

pathways in Figure 2b. PBDTT-BDD, also called PBDB-T, is the 

parent compound for a family of derivatives including PM6 that 

have enabled device efficiencies over 19%.9, 26, 27 The chemical 

structure only consists of carbon, sulfur, and oxygen. The lack of 

reporter atoms makes localizing degradation pathways difficult 

but the similarity of the absorption decay characteristics (Error! 

Reference source not found.b and Figure S4) and residual S 2p 

spectra (Figure S7) to PBDTT-FTAZ, which does carry a variety of 

reporter atoms, indicates similar degradation pathways.  

Figure a and Figure 6c show the S 2p XPS regional spectra 

for PBDTT-FTAZ and PBDTT-BDD films, respectively, after none, 

low, and high photon dose exposures; the order of the panels in 

Figures 6a and Figure 6c (top to bottom) corresponds to 
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increasing exposure time. The corresponding fit parameters 

including chemical assignment, peak position, full-width half-

max, and area percentage are given in Table S5 and Table S6. 

The S 2p spectra for both polymers show the arrival and 

increase of two distinct spin-orbit coupled peak pairs with 

exposure: one shifted c.a. 0.6 eV (green) and one c.a. 4.0 eV 

(red) from the native thiophene peaks (blue). The peaks shifted 

c.a. 0.6 eV were previously observed for PBDTT-DPP (and 

delineated in Note S2) and correspond to products of alkyl chain 

oxidation. The peaks shifted by c.a. 4.0 eV correspond to 

directly oxidized sulfur, as previously observed in other 

thiophene-containing polymers including P3HT,38, 59 41, 60 PTB7, 
56 PDPP4T, 44 and PCPDTBT. 40 Detailed analysis with the 

excluded regional spectra correlating the XPS signatures with 

photodegradation species are given in Note S5 for PBDTT-FTAZ 

and Note S6 for PBDTT-BDD. In summary for both polymers, the 

C 1s and O 1s spectra show the expected increase in peaks that 

correspond to formation of alcohols, carbonyls, and esters. 

PBDTT-FTAZ also contains fluorine, which is unaffected per the 

F 1s spectra (Figure S10b), and nitrogen. The N 1s in Figure S10c 

shows a new peak that we assign to an oxidized triazole, or an 

oxidation of a carbon atom adjacent to the triazole (see Note S5 

for rationale).  

The C 1s, O 1s, and S 2p spectra all indicate that reactions 1-

3 are active in both PBDTT-FTAZ and PBDTT-BDD resulting in 

alkyl chain oxygen addition. For PBDTT-BDD, the reporter atoms 

(sulfur) for the alkyl chains alpha carbons on the push and pull 

units are spectroscopically identical. Thus, we cannot determine 

if alkyl chain oxidation is occurring on one unit or both. For 

PBDTT-FTAZ however, the sulfur reporter atoms in Figure 6a 

suggest that oxygen addition is occurring at the alpha carbon 

site on the BDTT unit while the nitrogen reporter atom does the 

same for the FTAZ unit. Thus, alkyl chain oxygen addition is 

occurring on both structural units of PBDTT-FTAZ. The S 2p 

spectra additionally indicate direct sulfur oxidation is prevalent 

in both polymers following reaction 5. The products could be 

either a mono- or di-oxidized sulfur atom. 61-63 The S-O products 

are more likely to occur on thiophenes that are a part of a larger 

conjugated system, such as benzodithiophene, than those that 

are more isolated due to lower energy barriers.61 Combining 

these results, Figure 6b and Figure 6d show the native chemical 

structures of the two polymers as well as likely degraded 

structures using superimposed products of alkyl chain oxygen 

addition and sulfur oxidation. 

The relationship (concurrent vs sequential) and relative 

impact of the active degradation pathways is of interest when 

there are multiple reactions occurring. As discussed in section 

2.2 and shown in Error! Reference source not found., the optical 

decay vs APD for both PBDTT-FTAZ and PBDTT-BDD indicate two 

sequential degradation pathways, potentially after a critical 

photon dose point. Analysis of the S 2p peak areas in Figure 6a 

and Figure 6c (Table S5 and Table S6) reveal that the peaks 

corresponding to alkyl chain oxidation products (green) 

primarily increase in relative area during the initial linear optical 

Figure 6. S 2p XPS regional spectra for PBDTT-FTAZ (a) and PBDTT-BDD (c) films with photobleaching exposures of none (top), low (middle), and high (bottom).  PBDTT-

FTAZ exposures correspond to APDs of 0, 2.88E24, and 9.00E24 and 0, 4, and 8 oxygen atoms per monomer, respectively. PBDTT-BDD exposures correspond to APDs 

of 0, 8.35E24, and 1.82E25 and 2, 8, and 17 oxygen atoms per monomer, respectively. The native chemical structures of b) PBDTT-FTAZ and d) PBDTT-BDD with a 

proposed degraded structure following alky-chain oxygen addition and direct sulfur oxidation. Note that all functional groups may not occur on one monomer unit 

but are shown here to summarize. Oxygen species color coded to match O 1s peaks in SI. 
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decay while those of sulfur oxidation products are negligible. 

The alkyl chain oxidation products appear to stop forming in 

significant amounts while the sulfur oxidation products 

relatively increase. This is readily apparent in Figure a and 

Figure 6c as the green peaks have formed by the low exposure 

point (middle panel) while the red are minimal. Then by the high 

exposure point (bottom panel) the green peaks are minimally 

larger in area but the red peaks have grown substantially. We 

find (details in Notes S5 and Note S6) that the change in 

dominant product formation occurs at approximately the same 

APD as the critical point in OD rates in Error! Reference source 

not found.. Thus, we can assign the initial OD decay of PBDTT-

FTAZ and PBDTT-BDD films to degradation by reactions 1-3 and 

the secondary decay to reaction 5. 

 The sulfur oxidation pathway in PBDTT-FTAZ required c.a. 3 

times the APD of alkyl chain oxygen addition to result in the 

same absorption loss. The average number of oxygen atoms per 

monomer (Table S2) went from 0 (native) to 4 (low exposure) 

to 8 (high), and the switch in optical decay slopes occurred at an 

APD close to the low exposure point. Thus, 4 average oxygen 

atoms per monomer at the low exposure point, sufficient to 

saturate the 3 available alkyl chain initiation sites per PBDTT-

FTAZ monomer, coincides with the switch in mechanisms. This 

indicates that the initial degradation was dominated by alkyl 

chain oxygen addition but when the available sites were 

saturated, sulfur oxidation proceeded without competition.  

 The sulfur oxidation pathway in PBDTT-BDD required c.a. 2 

times the APD of alkyl chain oxygen addition to result in the 

same absorption loss. The average number of oxygen atoms per 

monomer for PBDTT-BDD (Table S2) increases from 2 (native) 

to 8 (low exposure) to 17 (high). This is a much larger uptake in 

bonded oxygen than observed for the other polymers, 

consistent with PBDTT-BDD having the greatest resilience to 

absorption decay with increasing oxygen concentration as 

observed in Figure S6b. The film still retained 49% of its optical 

density by the high exposure point despite an extra 15 average 

oxygen atoms per monomer. As the low exposure point (8 

average oxygen atoms per monomer) is at an APD higher than 

the switching photon dose, we extrapolate the average oxygen 

atoms per monomer to the switching dose to find it coincides 

with 6 average oxygen atoms per monomer, the exact number 

of alkyl chain initiation sites (alpha carbons), substantiating the 

saturation of alkyl chain oxygen addition. Due to the high 

oxygen uptake of PBDTT-BDD relative to the others in the study, 

there are likely further oxidation pathways occurring beyond 

those shown in Figure d. The most likely site for continued 

oxidation is along the alkyl chains, however, after oxygen 

attachment at the first (alpha) site, further oxidation along the 

chains is less likely to have significant effects on absorption. We 

therefore expect the second linear decay to absorption to be 

primarily due to sulfur oxidation with the possibility of non-

trivial contribution from continued alkyl chain oxidation.   

In summary, the PBDTT-BDD (PBDB-T) and PBDTT-FTAZ 

polymers exhibited similar degradation behavior with an initial 

fast OD decay due to alkyl chain oxygen addition then a switch 

in mechanisms to direct sulfur oxidation of backbone thiophene 

and a slower OD decay. For these polymers, the sulfur oxidation 

mechanism requires 2-3 times the APD as alkyl chain oxidation 

to result in the same OD loss. This likely indicates that an 

absorbed photon has a lower probably of resulting in sulfur 

oxidation, especially when preferential side chain attack sites 

are available. Despite similar degradation pathways, PBDTT-

BDD was the most stable polymer of the 5 in the study while 

PBDTT-FTAZ was in the middle. This was primarily due to the 

greater initial optical decay from alkyl chain oxidation in PBDTT-

FTAZ, as the slopes of decay during sulfur oxidation were 

comparable. Overall, PBDTT-FTAZ had both a greater 

probability of an absorbed photon resulting in bonded oxygen 

and a greater reduction in absorption per oxygen atom added. 

The probability of bonded oxygen resulting in a loss of optical 

density was the lowest for PBDTT-BDD of all the polymers.  

 

2.3.4 Case Example IV: Direct Nitrogen Oxidation in PBDTT-TPD  

We now turn to the final polymer, PBDTT-TPD, which of the 

polymer set has unique absorption decay characteristics and a 

new degradation pathway. Error! Reference source not 

found.7a-d show all the XPS regional spectra for PBDTT-TPD 

films after none, low, and high exposures to ambient 

photodosing; the order of the panels (top to bottom) 

corresponds to increasing exposure time. The corresponding fit 

parameters including chemical assignment, peak position, full-

width half-max, and area percentage are given in Table S7. A 

detailed analysis correlating the XPS signatures with 

photodegradation species is given in Note S7. To summarize, 

the C 1s spectra in Error! Reference source not found.a shows 

the expected increase in higher BE species (C-O, C=O, C=O(O)) 

with exposure. The blue peak in the N 1s spectra in Error! 

Reference source not found.b corresponds to the nitrogen in 

the pyrrole dione of the TPD unit. Upon exposure, we observe 

new species shifted to higher BE by c.a. 1.0 eV (green) by c.a. 

2.0 eV (orange). We assign the former to an oxidized pyrrole 

dione, whereby the alpha carbon of adjacent alkyl chain has 

been oxidized and the latter peak to directly oxidized nitrogen. 
44 The oxidized pyrrole dione case is denoted in Error! Reference 

source not found.e as (i) and the oxidized nitrogen case as (ii).  

The S 2p spectra in Error! Reference source not found.c show 

similar trends as observed for the BDD and FTAZ pull systems 

indicating direct sulfur oxidation. There is a significant increase 

in the (green) spin-orbit coupled peak pair shifted c.a. 0.6 eV 

from native thiophene (blue) by the low exposure point but a 

minimal increase from the low to the high exposure points. The 

red peaks shifted c.a. 4.0 eV from native thiophene have 

minimal presence by the low exposure point but increase 

significantly between the low and high exposure points.  

Together, the C 1s, N 1s, and S 2p spectra indicate the 

formation of alkyl chain oxidation and sulfur oxidation products, 

as was in the case of PBDTT-FTAZ, via reactions 1-3 and reaction 

5, respectively. The alkyl chain oxygen addition occurs on both 

the push and pull units as evidenced by the oxidized pyrrole 

dione peak (green) in the N 1s and the S-C-C=O peak (green) in 

the S 2p. The directly oxidized sulfur evidenced by the S-O peak 

(red) in the S 2p spectra is again assumed to occur on 

conjugated backbone thiophene. Interestingly, the peak 
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assigned to directly oxidized nitrogen (orange) the N 1s spectra 

suggests a third pathway in PBDTT-TPD. Oxidized nitrogen 

necessitates a pathway where the pyrrole dione is opened to 

allow the formation of an N-O bond. We determine this to most 

likely be via the reaction 6 pathway as discussed in detail in 

Note S7. Since nitrogen species of both oxidized pyrrole diones 

and directly oxidized nitrogen are present by the low exposure 

point, it is not clear if the direct nitrogen oxidation pathway 

initiates independently as in reaction 6 or proceeds from an 

alkyl chain oxygen addition as in reaction 7. The average 

number of oxygen atoms per monomer increased from 2 

(native) to 5 (low exposure) to 9 (high) (Table S2) and we note 

a 59% loss to optical density by the high exposure point. Error! 

Reference source not found.e shows the show the native 

chemical structure of PBDTT-TPD as well as a likely degraded 

structure using superimposed products of alkyl chain oxygen 

addition, sulfur oxidation, and pyrrole dione ring-opening.  

From Figure 2b, the 0-0 optical transition decay of PBDTT-

TPD discussed in section 2.2 did not exhibit clear linear regions. 

We attribute this to the competition of the 3 different sets of 

degradation pathways where the combination of multiple rates 

and transition points result in nonlinear behavior. As fitting the 

decay to a polynomial function removes physical relevance of 

the coefficients, we sufficed to identify the change in curvature 

to be at 5.87x1024 APD  (Error! Reference source not 

found.Error! Reference source not found.), determined as the 

change in sign of the second derivative in Figure S4. The peak 

growth characteristics in the S 2p in Error! Reference source not 

found.c once again indicate competition between alkyl chain 

oxidation and sulfur oxidation where the latter proceeds after 

saturation of the former. There was no linear slope change to 

the 0-0 transition decay in Figure S4 that could be associated 

with the saturation of alkyl chain initiation sites, but 

extrapolation of the data in Table S2 to the APD of the curvature 

change identified previously yields 4 average oxygen atoms per 

monomer, which corroborates saturation of the 3 available 

initiation sites. This point also occurs at lower APD than the low 

exposure point, at which we observe a small contribution of 

oxidized sulfur products (Table S7). The change in curvature at 

this point is thereby likely due to the termination of alkyl chain 

oxygen addition and the onset of direct sulfur oxidation. 

Notably, XPS results indicate that the pyrrole ring-opening 

pathway is active throughout the full photobleaching 

experiment. Thus, the two regions of distinct curvature in 

PBDTT-TPD absorption decay (Error! Reference source not 

found.b) are likely each the combination of two degradation 

pathways. The initial optical density decay (positive curvature) 

being due to alkyl chain oxygen addition and pyrrole ring 

opening, and the subsequent behavior (negative curvature) is 

the result of pyrrole ring opening and sulfur oxidation. 

We note that PBDTT-TPD was the only polymer that showed 

strong evidence of 3 different degradation pathways and the 

competition between them likely resulted in the relative 

stability of the material (second most stable). Similar to PBDTT-

BDD and PBDTT-FTAZ, the alkyl chain oxygen addition 

mechanism eventually saturated and sulfur oxidation then 

Figure 7. a) C 1s, b) N 1s, c) S 2p, and d) O 1s XPS regional spectra for PBDTT-TPD films with photobleaching exposures of none (top), low (middle), and high (bottom), 

coinciding with APDs of 0, 8.28E24, and 1.40E25 and 2, 5, and 9 average oxygen atoms per monomer, respectively. e) The native chemical structure of PBDTT-TPD and 

examples of possible degraded structures with superimposed products of (i) alkyl chain oxygen attack and direct sulfur oxidation, and (ii) pyrrole dione ring-opening; 

oxygen species color coded to match O 1s peaks. 
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proceeded. However, the third mechanism of pyrrole ring 

opening was active throughout the photodegradation 

experiment. We previously rationalized that a single dominating 

pathway is expected due to competition for the reactive 

species. For this reason, sulfur oxidation is not prevalent in any 

polymer until alkyl chain oxidation is saturated: they both 

initiate with the radical superoxide anion (O2
• –) and the alpha 

carbon of side chains was more energetically favorable for 

reaction than a thiophene sulfur atom. The pyrrole ring-opening 

pathway for PBDTT-TPD, however, does not initiate with the 

same radical species and could therefore proceed 

simultaneously. 

 

2.4 All Polymer Comparison Summary 

 We highlight that the relative stability between all 5 

polymers did not form a robust trend with electron affinity (EA). 

That is, the probability of an absorbed photon to result in a loss 

in optical density does not appear to be a function of the driving 

force between the polymer S1 or T1 states and EA of molecular 

oxygen. The overall absorption decay of the polymers was 

dependent on the unique chemical structures. When 

considering the full polymer set, it is clear that if redox levels 

are sufficient to initiate photooxidation, stability then depends 

highly on the specific degradation pathway(s) as to whether 

photooxidation primarily attacks the side chains or backbone, 

which impact the chromophore and optoelectronic properties 

of the polymer differently.  

If, however, we isolate degradation solely attributed to alkyl 

chain oxygen attack (case example I and the initial decay regions 

in case example III), we observe a trend of faster decay with 

higher polymer EA. In other words, the degradation rate via 

reactions 1-3 was highest for PBDTT-DPP (EA=3.63 eV), median 

for PBDTT-FTAZ (EA=3.24 eV), and lowest for PBDTT-BDD 

(EA=2.92 eV). For this subset, there is also a trend of higher 

oxygen uptake per absorbed photon with polymer EA. Similarly, 

the trend holds true when isolating degradation solely due to 

direct sulfur oxidation (secondary decays in case study III). 

These constrained results indicate that when kinetics don’t 

outcompete thermodynamics (i.e. considering a single 

degradation pathway on nearly identical structural sites), the 

redox properties are then dominant for degradation 

probability.  

 These constrained results would indicate that for BDTT-

based polymers undergoing the same chemical reaction 

pathways, a higher EA means greater susceptibility to 

photobleaching.  However, assuming an EA of 3.75 eV for 

molecular oxygen,1 which is higher than any of the polymers, 

we find it more likely that photobleaching susceptibility 

increases as polymer EA approaches oxygen EA. This would 

indicate that electron transfer from an excited polymer to 

molecular oxygen is facilitated by the degree of energetic 

coupling between the respective states. That is, if EAO2 > 

EApolymer, then the probability of photooxidation increases as 

EAO2 - EApolymer approaches 0. 

 Regardless of these trends that exist within specific decay 

regions of a limited set of the BDTT-based polymers, overall 

photostability was primarily dependent on the unique chemical 

structures and specific degradation pathways. Comprehensive 

chemical-stability studies like this can aid the development of 

stable materials with actionable synthetic guidelines far beyond 

the simple, and non-universal, correlations of electron affinity 

with light-air stability. Knowledge on the relationship between 

optical decay and material-specific degradation pathways will 

build a dataset on the structural considerations that are 

relevant for development of stable materials. At the very least, 

measurement of photobleaching rates as a function of APD 

should become standard practice as a first assessment of new 

materials’ relative stability.  

4. Conclusions 

 We have shown that knowledge of the redox properties or 

stability of the individual components is not sufficient to predict 

the stability of push-pull polymers. Rather, each chemical 

structure must be evaluated as a complete construction since 

the full structure influences the location of primary attack sites, 

the competition between and types of degradation pathways, 

and the final products – the sum of which determines material 

performance durability. Even when the same chemical 

degradation pathways are active in different polymers, they 

demonstrate different absorption tolerances to the alterations 

depending on whether their chemical designs favor oxygen 

attack at side chain vs backbone. We found that alkyl chain 

oxygen addition and sulfur oxidation were prevalent 

degradation pathways, and that the latter generally initiates 

after saturation of the former. These results applicable for 

organic semiconductors beyond push-pull polymer 

architectures, particularly since most share the basic structural 

template of alkyl chains on a conjugated backbone. Our findings 

should motivate new side-chain chemical design functionalities 

that go beyond solubility and microstructure formation 

assistance, to also aid in sacrificial reactive oxygen scavenging 

since side chain attack is less detrimental to optoelectronics and 

can outcompete rates of backbone attack. This work also 

showcased the ability XPS to elucidate final products and attack 

sites of chemical degradation through detailed, self-consistent, 

and comprehensive analysis of the regional spectra. Reporter 

atoms such as sulfur and nitrogen yielded valuable information 

in this regard. It is apparent in this work that the pull 

components of BDTT-push polymers influence the relative 

stability and mechanisms of ambient photo-induced chemical 

degradation primarily as they form chemical arrangements with 

unique susceptibilities. The conclusions and characteristics 

observed can be applied to the optimization of current or future 

OPV materials. 

5. Experimental 

5.1 Materials and Sample Preparation. 

 PBDTT-BDD (PBDB-T) was purchased from Brilliant Matters, 

PBDTT-FTAZ (J52) was purchased from Lumtec, PBDTT-DPP and 

PBDTT-TPD were purchased from Ossila, and PBDTT-EFT 

(PCE10) was purchased from 1-Material. Polymer films were all 
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cast from chloroform solutions at 4 mg/mL, except for PBDTT-

DPP which was 2 mg/mL, to achieve films with maximum optical 

densities c.a. 0.4. Solutions were heated on a hotplate at 45 ˚C 

prior to spincoating in an inert N2 glovebox with the following 

recipe: (1000 rpm for 1 s)-(800 rpm for 45 s)-(1000 rpm for 1 s) 

using approximately 90-110 uL of unfiltered solution per cast. 

Samples were kept in dark N2 environments for storage and 

transport and were only exposed to air during degradation 

testing. Chemical structures were drawn in ChemDraw 19.1. 

 

5.2 Automated In-situ Photodosing Spectrometer. 

 Samples were exposed to ambient indoor conditions in June 

at NREL in Golden, CO with 120 mW/cm2 light exposure of from 

a four bulb DC halogen lamp (Sylvania 58321) array. Samples 

were rotated continuously during photobleaching to ensure 

uniform exposure and absorption and reflection spectra were 

taken at set intervals. Multiples of films were placed on the 

system and were removed for separate analysis after different 

APDs to ensure both reproducibility in the measurements and 

to reduce the possibility of the decay rates being affected by 

experimentation or interruption. The fraction of light absorbed, 

or fractional absorptance (FA), spectra were calculated from the 

fraction reflected (FR) and fraction transmitted (FT) as FA=1-FT-

FR. FT and FR spectra were collected by separate spectrometers 

(Ocean Optics HR2000) fitted with a collimating lens and a ‘six 

around one’ reflectance probe, respectively. The accumulated 

photon dose (APD) was calculated using equation 1: 

𝐴𝑃𝐷(𝑡𝑖) = ∫ ∫ 𝐹𝐴(𝜆, 𝑡)

𝜆2

𝜆1

𝑡=𝑡𝑖

𝑡=𝑡0

⋅ 𝐼𝐿𝑝ℎ𝑜𝑡𝑜𝑛
(𝜆)𝑑𝜆𝑑𝑡 (1) 

Where 𝐼𝐿𝑝ℎ𝑜𝑡𝑜𝑛
 is the lamp array’s spectral photon flux. A six-

inch integrating sphere (Optronic Labs OL IS-670) fitted with 

silicon (Soma S-2441C) and InGaAs (Spectral evolution LF1250) 

diode arrays was used to gather the spectral irradiance data of 

the photobleaching light source which was converted to photon 

flux using equation 2: 

𝐼𝐿𝑝ℎ𝑜𝑡𝑜𝑛
(𝜆) =

𝑆𝑝𝑒𝑐𝑡𝑟𝑎𝑙𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒(𝜆) ∗ 𝜆

ℎ𝑐
(2) 

 

5.3 Grazing-Incidence Wide-Angle X-ray Scattering. 

 GIWAXS experiments were carried out at the Stanford 

Synchrotron Radiation Lightsource (SSRL) on beamline 11-3 

which is equipped with a two-dimensional Rayonix MX225 CCD 

area detector. A beam energy of 12.7 keV and an incident angle 

of measurement of ~0.12° were used. A LaB6 standard sample 

was used to calibrate the wavelength and sample-detector 

distance. The two-dimensional detector images were converted 

from intensity vs pixel position to intensity vs reciprocal space 

(q-space) in Igor 6.37 using WAXS tools and Nika macros. 64 The 

two-dimensional images were converted to one-dimensional 

intensity vs qz- and qxy-space by integration of chi segments 

taken from chi of 0-15° and 73-88°, respectively. 

 

5.4 X-ray Photoelectron Spectroscopy. 

 Polymer samples were spincast onto indium tin oxide (ITO) 

substrates approximately 1 cm x 1 cm for XPS. The experiment 

was performed with a Kratos Axis Ultra X-ray photoelectron 

spectrometer utilizing a 1486.6 eV monochromatic Al Kα source 

at a base pressure of 10-8 Torr. Photoelectrons were collected 

and analyzed using a hemispherical analyzer and a photodiode 

array and a 20 eV pass energy was used for all element specific 

acquisitions. The resulting regional spectra were background 

corrected using the Shirley function. Quantifications of percent 

atomic concentration were done by area. 
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