
Stability of push-pull small molecule donors for organic 
photovoltaics: spectroscopic degradation of acceptor 

endcaps on benzo[1,2-b: 4,5-b’]dithiophene cores 

Journal: Journal of Materials Chemistry A

Manuscript ID TA-ART-06-2019-006310.R1

Article Type: Paper

Date Submitted by the 
Author: 29-Jul-2019

Complete List of Authors: Watts, Kristen; University of Arizona, Chemistry and Biochemistry
Nguyen, Trung; University of Arizona, Materials Science and Engineering
Tremolet de Villers, Bertrand; National Renewable Energy Laboratory 
(NREL), Chemistry and NanoScience Center
Neelamraju, Bharati; University of Arizona, Materials Science and 
Engineering
Anderson, Michael; University of Arizona, Materials Science and 
Engineering
Braunecker, Wade; National Renewable Energy Laboratory, 
Ferguson, Andrew; National Renewable Energy Laboratory, Chemistry & 
Nanoscience Center
Larsen, Ross; National Renewable Energy Laboratory, Computational 
Science
Larson, Bryon; National Renewable Energy Laboratory
Owczarczyk, Zbyslaw; National Renewable Energy Laboratory, National 
Center for Photovoltaics
Pfeilsticker, Jason; National Renewable Energy Laboratory, 
Pemberton, Jeanne; University of Arizona, Chemistry & Biochemistry
Ratcliff, Erin; University of Arizona, Department of Materials Science and 
Engineering

 

Journal of Materials Chemistry A



  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

 

Stability of push-pull small molecule donors for organic 
photovoltaics: spectroscopic degradation of acceptor endcaps on 
benzo[1,2-b: 4,5-b’]dithiophene cores  

Kristen E. Watts,a‡ Trung Nguyen,b‡ Bertrand J. Tremolet de Villers,c Bharati Neelamraju,b 

Michael A. Anderson,b Wade A. Braunecker,c Andrew J. Ferguson,c Ross E. Larsen,d Bryon 
W. Larson,c Zbyslaw R. Owczarczyk,c Jason R. Pfeilsticker,c Jeanne E. Pemberton,a* Erin L. 
Ratcliffb,e* 

High efficiency organic photovoltaic devices have relied on the development of new donor and acceptor materials to 

optimize opto-electronic properties, promote free carrier generation, and suppress recombination losses. With single 

junction efficiencies exceeding 15%, materials development must now target long-term stability.  This work focuses on the 

photobleaching dynamics and degradation chemistries of a class of small molecule donors inspired by benzodithiophene 

terthiophene cores (BDT-3T) with rhodanine endcaps, which have demonstrated 9% efficiency in single junction devices and 

>11% in ternary cells. Density functional theory was used to design three additional molecules with similar synthetic 

pathways and opto-electronic properties by simply changing the electron accepting endcap to benzothiazoleacetonitrile, 

pyrazolone, or barbituric acid functional groups. This new class of semiconductors with equivalent redox properties enables 

systematic investigation into photobleaching dynamics under white light illumination in air. Degradation chemistries are 

assessed via unique spectroscopic signatures for the BDT-3T cores and the endcaps using photoelectron spectroscopies.  We 

show that the pyrazolone undergoes significant degradation due to ring opening, resulting in complete bleaching of the 

chromophore. The barbituric and rhodanine endcap molecules have moderate stability, while the benzothiazoleacetonitrile 

group produces the most stable chromophore despite undergoing some oxidative degradation. Collectively, our results 

suggest the following: i) degradation is not just dependent on redox properties; ii) core group stability is not independent of 

the endcap choice;  and iii) future design of high efficiency materials must consider both photo and chemical stability of the 

molecule as a whole, not just individual donor or acceptor building blocks.   

Introduction 

High efficiency organic photovoltaic devices have relied on the 

development of new donor and acceptor materials to optimize opto-

electronic properties. To date, the highest single-junction organic 

photovoltaic devices have demonstrated >15% power conversion 

efficiencies (PCE) 1 and  reported tandems with PCE ~15-17%.2, 3 

Current design guidelines for materials utilize a push-pull concept 

with alternating electron donating (D) and withdrawing or accepting 

(A) building blocks, a concept that has been successful for both 

polymeric and molecular systems.  The push-pull concept enables 

manipulation of the electron density about different parts of the 

molecule/oligomer for facile tuning of the band gap and redox 

properties. Such exquisite control over the opto-electronic 

properties provides opportunity for alternative applications for 

organic photovoltaic systems, such as integration of photovoltaics in 

semi-transparent windows, laptop screens, and automobile 

windshields.4, 5 Of particular note is off-grid deployable OPV coatings 

for powering greenhouse enclosures, where the opto-electronic 

properties of the semiconductors can be tuned for maximizing device 

efficiencies while still retaining transmission of the photosynthetic 

active radiation. 6  

 Many different push-pull materials have been studied in recent 

years for blended heterojunctions.  Generally, the electron donor 

material in the blended heterojunction has been considered the 

more photo-unstable component of the blended heterojunction,7 

although fullerene degradation due to dimerization has been 

reported.8 Historically, one predominant core unit for donors is the 

(4,8) alkoxy-substituted benzo[1,2-b:4,5-b']dithiophene (BDT) unit, 

which is a symmetric and coplanar structure that is easily modified 

with good electron delocalization and high hole mobilities.9-11 

Examples of BDT systems are shown in Chart 1. An early high 
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performing material, termed PTB7 or poly((4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2-b:4,5-b:4,5-b’]dithiophene-2,6-diyl)(3- 

fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl))), 

demonstrated PCE ~7.5% in normal device structures12 and >9% in 

an inverted structure with optimized contacts when blended with a 

fullerene.13  Photochemical stability of neat polymer and blends with 

PC70BM found the BDT group to be the site of instability (point of 

oxidation) and that degradation was accelerated in the presence of 

the fullerene.14, 15 Structural modification of the PTB7 with 

alkylthienyl side group pendants (PTB7-Th) advanced PCEs to ~10%, 

attributed in part to better microstructure control.16, 17 Other 

strategies to promote photocurrent generation and/or control 

microstructure during the drying process were attained for the BDT 

core class of polymers through the use of diiodooctane (DIO) 

additives. 18, 19  Yet degradation continues to be a major problem for 

these polymers with a perceived catalytic effect of DIO on 

degradation in microstructure-optimized devices. 20  

More recently, design of blended heterojunction donor materials 

shifted to highly crystalline oligomers. These "small molecule" (SM) 

materials are comprised of relatively long conjugation systems (~6-

10 electron push-pull units) and offer a number of synthetic 

advantages over polymers: i) uniform and defined molecular 

structures to minimize batch-to-batch variations; ii) higher open 

circuit voltages; iii) higher hole mobility; and iv) structural versatility 

to enable more refined control of energy levels.21-23 Additionally, 

crystalline interactions and formations can be controlled through the 

molecules themselves, which have the potential to improve long-

term stability and reduce processing costs by eliminating the need 

for additives. One particularly promising class of SMs utilizes BDT 

with terthiophene spacers (3T),24 creating a BDT-3T 

donor’/donor/donor’ core (D’-D-D’) with extended conjugation and 

a planar structure suggested for high performance OPVs (Chart 1).25-

27 Systematic manipulation of the side chains and endcaps to control 

liquid crystalline behavior have yielded OPVs with PCE >9% and fill 

factors as high as 70% (a feature not normally observed in polymeric 

systems) for the rhodanine endcapped small molecule (SMRh – see 

Chart 1).28 A number of derivatives have been synthesized with 

different endcapped acceptor units, such as side-chain modified 

rhodanines and thiazolidiones. 29 Further side-chain engineering of 

the BDT core produced changes in highest molecular orbital levels 

and charge transport properties, 30-32 reaching above 9.6% PCE for an 

average of 50 devices for a meta-alkylthio side chain.33  

Importantly, SMs can have unique interactions compared to 

polymeric analogs, as the extent of delocalization of electron density 

is confined to a small oligomer unit.34 Such effects could potentially 

make the molecules more susceptible to chemical degradation, but, 

if mechanisms are understood, could also enable design of optimized 

OSC materials with enhanced stability. For the initial SMRh OPV, Sun 

et al. reported that degradation was still observed in the device, 

which they attributed to the metal contact.28 They suggested that the 

stability is enhanced by switching to SM systems and/or the 3T 

spacers over the polymeric systems described above; however, no 

chemical degradation information was provided.   

This work focuses on the degradation chemistries of a class of 

small molecule donors inspired by the highly efficient and 

commercially available SMRh derivative: rhodanine endcap with 

alkylthienyl pendants on the BDT-3T core. We focus here strictly on 

the materials chemistry and eliminate device variables, burn-in loss 

and degradation effects due to contacts by investigating only the 

active layer.35 Our motivation was two-fold: i) compare molecules 

with similar synthesis pathways (Knoevenagal condensation) and ii) 

limit complications in degradation due to major differences in redox 

potentials, as singlet oxygen was hypothesized to be the dominant 

oxidant consistent with prior reports.36  We thus used DFT to design 

a class of three additional molecules with similar opto-electronic 

properties to SMRh, achieved by simply changing the endcap to 

benzothiazoleacetonitrile (SMCN), pyrazolone (SMPy), or barbituric 

acid (SMBA) functional groups (Chart 1).  Most critically, each endcap 

acceptor unit possesses unique spectroscopic signatures 

independent of the core that can be used to better understand 

degradation effects.  This allows us to evaluate the site of oxidation 

– i.e. the stability of the BDT-3T core as well as the role of the stability 

of the different endcaps. Time-dependent degradation was 

monitored using both UV-vis and FTIR spectroscopies, with changes 

in optical transmission related to the CIELAB color coordinate 

system.  Changes in frontier orbitals and electronic structure are 

monitored using a combination of laboratory and synchrotron-based 

photoelectron spectroscopies. Our results demonstrate the 

enhanced understanding that can be achieved by using 

photoelectron spectroscopies to evaluate the local oxidation states 

of chemical environments for organic push-pull systems and connect 

molecular-level composition to electronic structure. In particular, we 

emphasize that photoelectron spectroscopy techniques overcome 

ambiguity in the FTIR spectral data that results from a combination 

of spectral congestion and lack of surface sensitivity, and thus, 

provide detailed evidence for clear changes in spectral signatures 

days before they are observed by FTIR.   Collectively, our results allow 

the proposal of specific guidelines on designing more stable 

materials and the need to screen materials independent of full device 

architectures to elucidate degradation effects, the results of which 

could be used to engineer efficient encapsulation strategies.  
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Materials and Methods 

Synthesis and reagents.  All reagents employed in this study were 

obtained from commercial sources at the highest available purity and 

used without further purification, unless otherwise noted. Detailed 

synthesis is provided in the supplemental information (SI).  All 

reactions were performed under dry N2. THF was purified by passing 

through alumina in an MBraun solvent purification system. Column 

chromatography was performed with Fluka Silica Gel 60 (220-440 

mesh). Molecules were characterized by 1H NMR (400 MHz) and 13C 

NMR (100 MHz) on a Bruker Advance III HD NanoBay NMR 

Spectrometer and using MALDI mass spectrometry using a 7T Fourier 

transform ion cyclotron resonance mass spectrometer (FT-ICR-MS, 

SolariX XR, Bruker), with spectra and peaks provided in the SI section 

Figures S1-S10.   

 

Density functional theory (DFT) calculations. All calculations were 

performed with the default settings in the Gaussian 09 electronic 

structure package, revision D.01.37 The geometric structure of each 

molecule was optimized in vacuum with the Becke-style three-

parameter density functional with the Lee-Yan-Parr correlation 

function (B3LYP), using the 6-31G(d) basis set.  No attempt was made 

to search through every possible conformer but adjacent thiophene 

rings were oriented initially in the trans configuration with respect to 

one another. All figures and all quoted electronic properties are for 

the optimized geometries. For computational efficiency, the alkyl 

side chains and endcaps were truncated to methyls. We have 

previously demonstrated that electronic structure of conjugated 

fused-ring structures is unaffected by replacing a methyl with an 

ethyl or small branched alkyl such as an isopropyl group.38 

 

Time-dependent photobleaching.  Photobleaching kinetics were 

monitored using a previously published approach.34, 39  Briefly, 

samples were exposed to a four-bulb DC halogen lamp (Sylvania 

58321) array providing an output of 120 mW/cm2 at the surface of 

the samples. Radiative heating from the lamps kept the samples at a 

temperature of 65°C which was spot-checked throughout the 

experiments using a contact thermocouple.  Ambient conditions and 

lamp stability were recorded throughout the experiment (see SI). 

Fraction-of-light-absorbed (FA) spectra were calculated using Eq. 1 

from fraction reflected (FR) and fraction transmitted (FT) spectra 

collected by separate spectrometers (Ocean Optics HR2000) fitted 

with a ‘six around one’ reflectance probe (Ocean Optics R400-7-SR) 

and a collimating lens respectively.  

 

𝐹𝐴 = 1 ‒ 𝐹𝑇 ‒ 𝐹𝑅          (1) 

 

A first surface aluminum mirror was used as the reflectance 

reference. Accumulated photon dose (ti) was calculated using Eq. 2 

where IL,photon is the spectral photon flux of the degradation lamp  

array.  

Photon dose (ti) = ∫  ∫ FA(λ, t) ∗ IL,photon(λ)dλdt
λ2

λ1

t=ti

t=t0
  (2) 

Spectral irradiance data of the photobleaching light source was 

gathered using a six-inch integrating sphere (Optronic Labs OL IS-

670) fitted with silicon (Soma S-2441C) and InGaAs (Spectral 

Evolution LF1250) diode arrays.  The spectral irradiance data was 

then converted to photon flux using equation 3.   

 

IL,photon(λ) =
Spectral irradiance (λ)∗λ

hc
   

  (3) 

Photoelectron Spectroscopy.  X-ray and UV-photoelectron 

spectroscopy were performed with a Kratos Axis Ultra X-ray 

photoelectron spectrometer with a monochromatic Al Kα source (1486.6 

eV) for XPS measurements and a He(I) excitation source (21.2 eV) for UPS 

measurements, all at a base pressure of 10−9 Torr. Photoelectrons were 

collected in a hemispherical analyzer and detected with a photodiode 

array. A −9.00 V bias was applied to the sample to enhance collection of 

the lowest kinetic energy electrons during UPS analysis. All UPS spectra 

were referenced to the Fermi level (EF) of a clean, polycrystalline gold 

sample. For XPS, a 20 eV pass energy was used for all element specific 

spectral acquisitions. Resulting XPS spectra were first baseline 

corrected and then fit using a 40% Gaussian, 60% Lorentzian peak 

shape. For acquired N 1s spectra, baseline was corrected using a 

linear subtraction method, and for S 2p spectra a Shirley baseline 

correction was employed. 

 

Near-edge x-ray absorption fine structure (NEXAFS) spectroscopy. 

NEXAFS data were acquired at a 55° angle (magic angle) of X-ray 

incidence using the bending magnet beamline 8–2 at the Stanford 

Synchrotron Radiation Lightsource (SSRL). Beamline 8-2 is equipped 

with a spherical grating monochromator, operated using 40 x 40 μm 

slits corresponding to a resolution of ~0.2 eV. The spot size at the 

interaction point was around 1 x 1 mm2 and a flux of 1010 

photons/sec at which beam damage is not noticeable even for 

extended exposure. The samples were mounted on an aluminum 

holder using double sided carbon tape, making use of a top mounted 

manipulator that can be rotated around its own axis, thereby 

changing the incidence angle of the sample relative to the beam 

which is highly polarized in the horizontal plane. The magic angle (55° 

incidence) ensures that any anisotropy in the angular dependence 

cancels out when azimuthally averaged which is an accurate 

representation of deposited films on lower symmetry surfaces. The 

x-ray energies for the S 2p, C 1s, and N 1s edges were scanned from 

155 eV to 210 eV, 260 eV to 350 eV, and 380 eV to 440 eV, 

respectively. Data were collected both in total electron yield (TEY) 

and Auger Electron Yield (AEY) mode using the drain current 

(amplified by a Keithley picoammeter) and a Cylindrical Mirror 

Analyzer (CMA) operated with a pass energy of 200 eV and set to 

record the main Auger line for the various edges. The incoming flux 

was recorded using a nickel grid with Au sputtered film. During the 

time of this experiment, there was some contamination present in 

the C 1s region, which has been double normalized to reduce the 

error. However, there remains some uncertainty about the 

quantification near 285 eV, but this should only have a minor effect 

on the analysis and does not alter the data interpretation and the 

main findings. The NEXAFS data was processed using minima offset 

subtraction and normalizations by the respective intensities at 

photon energies past the unoccupied sigma peaks. Backgrounds 

were subtracted using linear background fit functions.  
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Results and Discussion 

Opto-electronic properties of the molecular system.  In order to 

guide synthetic design of target molecules with nearly identical opto-

electronic properties, we first used density functional theory (DFT) 

and time-dependent density functional theory (TDDFT) to predict the 

electronic properties. The output of this simulation was the 

suggestion for the three small molecules synthesized in this work. 

Our end goal was to investigate degradation chemistries of the donor 

materials and thus, we searched for structurally similar molecules 

with equivalent redox properties (ionization energies and electron 

affinities). For all three molecules, we truncated each of the alkyl side 

and end chains to be a methyl functional group. For each optimized 

geometry, we extracted Kohn-Sham orbital energies of the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) and several higher-energy unoccupied 

orbitals (LUMO+1, LUMO+2, etc.) The electronic excitation energies via 

a TDDFT calculation were performed on each optimized geometry. 

An optical bandgap of ~2.2 eV for each molecule was predicted by 

DFT. There is general agreement with the measured optical gap using 

absorbance spectroscopy for each molecule (see Figure S14) with an 

absorption peak at ~2.1 eV for SMRh and ~2.2 eV for SMCN, SMPy, 

and SMBA. Examples of the contour plots of the HOMO and LUMOs 

for SMCN are provided in Figure 1; all others are given in the 

supplemental information section (Figures S11 and S12).  

Each molecule was found to have nearly degenerate LUMO and 

LUMO+1 levels with a small relative energy separation (~80 meV). 

This near degeneracy is a consequence of the shapes of the LUMO 

and LUMO+1 orbitals; both orbitals consist of wave functions that 

encompass both the endcaps and the thiophene arms of the 

molecule. The LUMO orbital consists of a symmetric sum of orbitals 

from each side (a bonding configuration) and the LUMO+1 is an 

antisymmetric sum of orbitals (an anti-bonding configuration). The 

small splitting reflects the small overlap at the BDT core between the 

orbitals from each arm. We anticipate that almost any small 

molecule consisting of an electron rich core coupled to two arms that 

have electron poor endcaps will exhibit similar near-degeneracy in 

the first two unoccupied orbitals, provided the endcaps are 

sufficiently electron accepting to prevent the LUMO of each arm 

from spilling appreciably onto the core. We emphasize that the 

degeneracy of A-D’-D-D’-A systems is unique from the D'-A-D-A-D' 

systems, 40-42 which demonstrate a larger split in the LUMO levels due 

to mixing of the electron density of the acceptor units across the 

donor core. We hypothesize that the larger separation between the 

acceptors and the center of the molecule reduces the coupling, 

leading to the near degeneracy of the systems considered herein. 

In organic semiconductors, it is important to consider both the 

optical and transport levels when constructing devices. 

Photoelectron spectroscopy is considered the primary tool to 

evaluate the transport levels in organic semiconductors as it 

accounts for the initial and final state effects. Specifically, the 

presence of a carrier on the organic semiconductor results in a 

polarization of the surrounding molecules accompanied by a nuclear 

relaxation on the center molecule and is strongly coupled to the 

intra- and intermolecular vibrations of the solid film.  Figure 2a shows 

the valence (occupied) structure of each of the three donor 

molecules (top), using two different photoelectron energies (21.2 

and 1486.6 eV), which have different sensitivity factors for different 

elements.  The highest occupied molecular orbital (HOMO) for each 

molecule was estimated by the onset density of states; each was 

determined to be ~5.0 eV.  DFT confirms that the HOMO of each 

molecule is located largely on the BDT-3T core and the surrounding 

thiophene moieties, with minimal electron density associated with 

the endcaps.  The data in Figure 2a are consistent with the DFT 

predictions in that the shape of the spectra reflect equivalent 

elemental contributions. 

From the molecular orbitals in Figure 1, the largest effect of the 

acceptor endcaps was predicted to be due to LUMO contributions. In 

order to evaluate the unoccupied states, element-specific near-edge 

x-ray absorption fine structure (NEXAFS) was used.  Figure 2b shows 

the overlaid S L-edge (left), C K-edge (center) and N K-edge (right) for 

the three molecules. The S L-edge is dominated by the BDT-3T core, 

with very little contribution of the thiazole units for SMCN.  The C K-

edge shows some change with endcap, indicating that the carbon 

contributions are impacted by the presence of the endcaps although 

the spectrum was too congested to identify definitively key features 

associated strictly with endcaps. In the N K-edge (far right), it is 

readily apparent that the endcaps have a profound effect on the 

relative intensities of the core-unoccupied state transitions.   

The energy band diagram for each of the three synthesized 

molecules is shown in Figure 3 and includes interpretation assisted 

by DFT.  As expected, the neat films all demonstrate similar splitting 

of unoccupied molecular orbital energies for the first three 

observable transitions, each on the order of 1-1.5 eV.  Collectively, 

the band diagrams in Figure 3 clearly demonstrate the ultimate 

synthetic capability of small molecules to create nearly identical 

electronic structure derived from unique chemical structures.  This is 

a promising and unique system to use as a testbed to consider 

degradation moving forwards, as it will enable us to separate out 

chemical reaction induced degradation from mechanisms associated 

with energetics and charge carriers.   
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Time-dependent photobleaching. Thin films of neat donors were 

aged with continuous ambient illumination and the time-dependent 

photobleaching was monitored in the visible region.  We note that 

degradation was not observed when stored in ambient under dark 

conditions nor when light-aged in a glove box.  Figure 4 shows the 

absorptance spectra of the three synthesized molecules calculated 

from the transmission and reflection data gathered for 11 days; 

comparable results for the SMRh molecule are provided in Figure 

a 

b 
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S15. The data in Figure 4 indicate that all molecules exhibit general 

photobleaching, albeit to varying degrees. Quantification of percent 

photobleaching is given in Figure S16. SMPy exhibits complete 

photobleaching at 6 days. SMRh and SMBA showed moderate 

photobleaching initially but bleached by 75% in the 11 day period, 

while SMCN appears the most stable in terms of opto-electronic 

properties and retains ~90% of the chromophore after 11 days. We 

note that the high performing SMRh is not the most stable donor.   

 In semi-transparent solar window applications for OPVs, either 

neutral, grey or pure colors are desired and the tolerance for color 

drift with time is low. Time-dependent absorptance data of the films 

is plotted in CIE L*a*b* coordinate system in Figure 4d to describe 

the color as perceived by the human eye with a D65 standard 

illuminant. Briefly, in this coordinate system, L* corresponds to 

lightness (contrast) while a* and b* are the green-red and blue-

yellow color coordinates respectively. 43, 44 The lightness values with 

time are given in Figure S17. In Figure 4d, each of the films initially 

are a blue-purple in color, associated with transmission of blue and 

red regions of the electromagnetic spectrum. It is apparent that the 

relative fraction of photobleaching also corresponds to color 

coordinate shifts for the different molecules, a strong indication of 

variability in chemical degradation. SMPy shifts from the blue-red to 

the yellow-red quadrant before fully bleaching. SMBA shows a 

similar pattern with color quadrant changes but to a lesser extent.  

SMRh shows a loss in the purple color and moves from blue-red to 

yellow-red.  The SMCN retains the initial color the best and is the only 

molecule that remains in the blue-red quadrant after 11 days 

ambient exposure.  

 

Chemical degradation.  The chemical mechanism of photoxidation is 

generally thought to proceed via a free-radical reaction as 

ascertained through EPR experiments described in the literature. 45-

49 Traditionally, vibrational spectroscopies such as Raman or FTIR are 

used to provide a sense of the chemical alterations that occur within 

materials, as they provide a direct probe of chemical bonds. A similar 

experiment as the photobleaching described above was conducted 

using FTIR spectroscopy, with results provided in the SI section.  We 

note that in order to obtain significant signal in the transmission 

mode configuration used here, thicker, drop-cast films were used.  

Given this, the sensitivity of the FTIR measurements to film changes 

was much slower relative to the optical photobleaching events.  

Furthermore, assigning definitive absorption peaks was difficult due 

to spectral congestion, particularly below 1800 cm-1, but the FTIR 

results nevertheless provide complementary chemical information. 

 As an alternative to vibrational spectroscopy, x-ray 

photoelectron spectroscopy (XPS) provides chemical information at 

the elemental level and is the only technique that provides surface-

sensitive information about the film on the local oxidation state of a 

particular atom (i.e. regions that are expected to degrade first). 

Figure 5 shows the N 1s and S 2p core level spectra of the pristine 

and degraded films; here degradation was limited to only a 48 h 

exposure.  O 1s and C 1s core level spectra are given in Figure S22. In 

Figures 5a-c, the N 1s spectra allow for direct monitoring of the 

endcaps while the S 2p is predominantly reflective of the stability of 

the BDT-3T cores, with the exception of SMCN which has an 

additional sulfur component in the endcap. Table 1 provides the 

binding energies, full-width half maxima, and chemical assignment 

for each fitted peak of both the pristine and degraded films. For 

reference, the C and N K-edge and S L-edge XAS spectra of the 

degraded films can be found in Figure S21.  A similar data set for small 

molecules mixed with PCBM can also be found in the Supplemental 

Information section (Figures S24 and S25).  

 

Endcaps. Focusing first on SMPy (Figure 5a), the pristine film has two 

contributions to the N 1s spectrum at 399.8 and 400.9 eV from the 

pyrazolone endcap, corresponding to the imine50 (peak 1) and 
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amide51 (peak 2) nitrogen atoms, respectively, in a 1:1 ratio.  After a 

48 h photon dose, nearly complete loss of the imine nitrogen is 

observed, indicating extensive oxidation chemistry. Concomitantly, 

two higher binding energy peaks at 402.2 and 403.2 eV emerge and 

a large amount of oxygen inclusion is observed in the film (25% 

increase, see Figure S23).  We note that endcap degradation alone is 

insufficient to justify the +25% oxygen uptake, thereby implicating 

degradation of the BDT-3T core as discussed below.    

aPeaks were fit using 40% Gaussian 60% Lorentzian peak shapes. bBinding energy of S 2p3/2. Each S 2p doublet was fit to retain the necessary spin orbit splitting ratios 

by maintaining a constant peak separation 1.18 eV, a height ratio of 2:1 and equivalent full width half maximum. cThe resolution of the instrument is 0.1 eV, this 

standard deviation is calculated from the average of all of the peaks of S 2p3/2 corresponding to thiophene in all the pristine films. 

Table 1. Chemical assignments to x-ray photoelectron spectroscopy peak fits in Figure 5.  

Figure 5.  N 1s and S 2p core level XPS spectra with peak fits for pristine and degraded (a,d) SMPy (b,e) SMBA (c,f) SMCN. 
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 Several mechanisms for singlet oxygen scavenging by pyrazolone 

derivatives have been reported for pyrazolone-based structures of  

interest to pharmaceutical 52 and dye 53-55 industries. Possible 

reaction pathways include a [4,2] Diels Alder reaction to form quasi-

ozone species56-59 and/or a photochemical ring rearrangement.60  

The two additional, higher binding energy N 1s peaks are indicative 

of photorearrangement, which we suggest could occur via ring 

opening reactions resulting in functional groups such as carbonyls 

and nitrosos 61, 62 or N-hydroperoxy 63 groups, most likely through 

reaction with singlet oxygen. The N K-edge in Figure S21 corroborates 

this ring-opening hypothesis, with a complete change in the near-

edge fine structure of the π* regions. The formation of nitrosos and 

other NOx species are confirmed in FT-IR spectra by appearance of 

peaks between 1650 and 1400 cm-1 (Figure S18). Extensive oxidation 

throughout the conjugated molecular structure is further supported 

by the observance of highly oxidized sulfur species in the S 2p XPS 

and oxidized carbon species in the C 1s XPS, discussed below, and the 

FTIR spectra in Figure S11, showing the emergence of sulfone, 

sulfoxide, and carbonyl species.  The retention of some portions of 

the core suggest that the endcap may be the primary site of oxidative 

attack.   

 In Figure 5b, pristine SMBA exhibits only a single peak at 400.8 

eV, corresponding to the two electronically identical imide nitrogen 

atoms in the barbituric acid endcap. After 48 h of ambient light 

exposure, two new peaks emerge, one at lower binding energy (peak 

6, 400.0 eV) and one at higher binding energy (peak 7, 402.2 eV). The 

majority of signal from the imide nitrogen (peak 5) is retained, 

however, indicating that only a fraction of the material has degraded. 

This behaviour is consistent with less photobleaching at shorter 

times (~2 days) for SMBA (Figure S9) than for SMPy. We suspect that 

the majority of film degradation occurs at the surface in the first 48 

hours.  

 One hypothesis for the presence of a reduced N 1s environment 

is that photoexcitation promotes a delocalization of the excited state 

electron within one of the imide functional groups, which then 

undergoes ring opening with CO elimination. This would yield two 

new N 1s peaks: one species retaining its imide functionality (peak 7) 

and the other being reduced to a primary amide (peak 6).64-66 FTIR 

spectroscopy (Figure S19) does not possess sufficient sensitivity to 

definitively verify this mechanism, which appears surface confined; 

however, we note subtle changes to the near-edge features of the N 

L-edge in Figure S218.  

 Figure 5c shows the N 1s core spectra for SMCN, the most stable 

endcap of the three molecules studied. The pristine sample shows 

two N 1s peaks at 398.9 and 399.6 eV attributed to the nitrile and 

benzothiazole groups, respectively (peaks 8 and 9). Despite less 

pronounced photobleaching (Figure 4a), the SMCN film exposed for 

48 h under ambient illumination surprisingly shows clear evidence of 

degradation. The N 1s spectra of the degraded film exhibits a greatly 

reduced benzothiazole:nitrile N 1s ratio, going from 1:1 in the 

pristine films to 1:3 in the degraded film. Thus, we hypothesize that 

the resultant N 1s species associated with peaks 10 and 11 are due 

to benzothiazole decomposition. This assertion is corroborated by no 

change in the ν(C≡N) peak observed with this molecule in the 

corresponding FTIR spectra (Figure S20). Photochemical 

incorporation of a hydroxide group with saturation of the imine 

bond67 and radical cleavage68 have been proposed reaction 

pathways in the literature, although the latter seems less likely due 

to steric hindrance effects.  We note that the observed +9% oxygen 

incorporation cannot be explained by endcap degradation alone, as 

with SMPy. To understand this discrepancy, the chemistry of the 

BDT-3T core molecules must be understood. 

 

BDT-3T core.  Figures 5d-f shows the S 2p spectra subjected to 

spectral decomposition for all three molecules, with the 

predominant signal arising from the BDT-3T core; SMCN has an 

additional contribution from the benzothiazole component of the 

endcap (Figure 5f). The degradation of the BDT-3T core in all cases 

can be described by two main phenomena: 1) reduced, localized 

electron density on the sulfur (thiopheneδ+) and 2) oxidation of the 

sulfur species to higher oxidation states.  

 In Figure 5d, SMPy, in addition to showing the most extreme 

degradation both in optical spectroscopy and in endcap chemistry, 

also shows the greatest degradation of the BDT-3T core, consistent 

with electron density redistribution about the entire molecule. Peak 

1 in Figure 5d is attributed to partial oxidation of the thiophene ring 

(thiopheneδ+), likely by charge transfer to the SMPy endcap to 

facilitate oxidative chemistry with O2. Peaks 2 through 4 are 

hypothesized to be direct further oxidation of the S atoms to varying 

extents.  Previous work on the photochemical degradation of poly(3-

hexyl)thiophene (P3HT) has shown that thiophene groups are readily 

oxidized in ambient conditions to form sulfoxide (S=O), sulfinate 

ester, and sulfone species,36, 69 corresponding to peaks 2, 3 and 4 in 

Figure 5d. At long exposure times, the FTIR data in Figure S18 

confirms the presence of sulfone and sulfoxide species between 

1200 and 1000 cm-1. Figure S21 also shows a significant change in 

both the π* and σ* features of the degraded S L-edge.  Furthermore, 

the appearance of peaks at 1715 and 1785 cm-1 in the infrared 

spectrum for the photo-oxidative degradation of SMPy (Figure S18) 

has also been seen before in the literature for the photo-oxidative 

degradation of P3HT. 36, 69 These peaks have been attributed to the 

formation of various carbonyl groups at the hexyl side chains of the 

thiophene through a multistep oxygenation reaction instigated by an 

initial hydrogen abstraction from the alpha carbon in the chain. The 

formation of COx species is corroborated by the large high binding 

energy growth observed in C1s XPS as well as the large degree of 

oxygen uptake as seen by the O 1s spectrum (Figure S22). 

 Relative to SMPY, SMBA (Figure 5e) shows little evidence for 

direct sulfur oxidation and only a small presence of the thiopheneδ+ 

feature at 165.1 eV, although the percent composition is greater 

than the unreacted BDT-3T contributions at the surface of the film.  

This observation suggests that SMBA ring opening with CO 

elimination does not lead to changes in bonding of the BDT-3T core. 

We hypothesize that this ring opening process alters the electron 

withdrawing nature of the endcap, giving rise to photobleaching of 

the chromophore, but allows retention of the BDT-3T structure.    

 The spectral data for SMCN does indicate direct sulfur oxidation 

upon degradation through the presence of a peak at 168.3 eV (Peak 

7, Figure 5f), but to a significantly smaller extent than observed in 

SMPy. Interestingly, dominance of the spectral signature for 

thiopheneδ+, observed with SMPy and SMBA, is not seen for SMCN.  

We do note a small reduction in the contribution from the 

benzothiazole sulfur, which implies the benzothiazole could be 

participating in formation of SOx species, as supported by the N 1s 
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spectrum of degraded SMCN (Figure 5f). However, given that this 

molecule shows the greatest chromophore stability, the 

benzothiazole unit must not participate significantly in delocalization 

of the electron density across the molecule as supported by the DFT 

results in Figure 1. 

 

Incorporation of PC71BM.  

The stabilizing effect of fullerene derivatives has been discussed in 

the literature with other types of semiconducting materials, namely 

polymeric semiconductors such as P3HT 70and PPV.71 It has been 

proposed that this general stabilization effect is due to the sub-ns 

quenching of the excited state induced in the semiconducting 

material, preventing subsequent intramolecular degradation 

mechanisms from occurring; 72 dynamics are controlled by the 

electron affinity of the fullerene.15 More simply, creating faster 

electron transfer to the fullerene acceptor, relative to the rate of 

electron transfer to singlet oxygen, could decrease photo-

degradation pathways.  

 While measuring rates of electron transfer are beyond the scope 

of this work, a qualitative analysis is still useful. Figure S24 shows the 

same XPS results for 1:1 blended ratios of the organic small 

molecules with PCBM; the complementary figures for the x-ray 

absorption are given in Figure S25. With the exception of SMCN, we 

note that the fullerene incorporation decreases ambient photo-

degradation. In addition to the possible mechanisms outlined above, 

this could possibly be due to changes in  permeability of the film to 

ambient reactants,73 such as H2O or O2, or possibly even the decrease 

of electron density on the semiconductor itself through a photo-

induced electron transfer from the donor to  the PCBM acceptor. 71, 

74 We note for the case of the highly reactive SMPy, the oxygenation 

of the thiophene is decreased and we observe the retention of the 

imine nitrogen peak. Similar behaviour is observed for SMBA.  These 

hypotheses serve as motivation for future works. 

Conclusions 

Photobleaching of organic semiconductor materials is becoming a 

targeted topic as the field of OPV branches towards new 

technological developments where aesthetics are as or more 

important than power conversion efficiencies, such as building 

integrated photovoltaics and solar windows.  Herein we considered 

the effect of endgroup substitution on the dynamics of 

photobleaching and mechanisms of photo-oxidation, independent of 

redox potential. This systematic study was afforded by 

computationally designing and then synthesizing three new push-

pull small molecules following an A-D’-D-D’-A molecular design 

comprised of a BDT-3T core and benzothiazoleacetonitrile, 

pyrazolone, or barbituric acid endcaps. By comparing across the 

molecule class, several key findings became apparent to guide new 

materials design.  First, from SMPy, we concluded that the 

pyrazolone was the site of rapid free radical attack and such end 

groups should be avoided. More generally, a pertinent design rule 

we garnered from this end group is that systems that retain full pi-

conjugation after free radical attack are prone to radical propagation 

throughout the molecule, direct oxygen incorporation, and rapid 

photobleaching. We suggest molecular design to focus on low 

reactivity and systems that once attacked, isolate the attack site from 

the core. This concept is further supported by comparison between 

SMCN and SMBA. For SMCN, our key finding is that the degradation 

chemistries do not necessarily coincide with photobleaching of the 

main absorptance features due to differences in electron 

delocalization. We emphasize these types of systems (i.e. SMCN) 

should be targets for color aesthetic applications. Alternatively, 

SMBA demonstrated less chemical degradation in ambient 

conditions, which is expected to lead to fewer trap states and 

retention in device efficiency, especially if encapsulated. Overall, our 

results speak to the importance of a thorough consideration of both 

electronic and chemical stability when designing new materials, with 

consideration of plausible degradation pathways based on chemical 

traits and not just on redox properties. Once stable molecules are 

identified, we hypothesize that generally, inclusion in blended 

heterojunctions should reduce degradation, although there are 

certainly exceptions to this rule.  Future work should target kinetics 

of reactions and mechanistic pathways to further guide materials 

design.   
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Degradation pathways of small molecule donors for organic photovoltaics are shown to be dependent 
on chemical traits and not just redox properties.
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