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Don’t fluorinate there! The Impact of Fluorination Position on Polymer 
Photostability and its Effect on Photovoltaic Device Stability

Broader Context Statement: The global energy transition necessitates a rapid shift from fossil 
fuels to sustainable alternatives. Among these, solar photovoltaics (PVs) have seen remarkable 
growth driven by the decreasing cost of silicon solar cells. However, the inherent rigidity, 
opacity, and fixed bandgap of silicon limit its application in niche applications like built-in 
photovoltaics (BIPVs), agrivoltaics, and indoor energy harvesting. Organic photovoltaics (OPVs) 
are a promising and versatile alternative due to their tuneable, semi-transparent, and flexible 
properties, making them ideal for these niche applications. While recent advances have pushed 
OPV power conversion efficiencies beyond 20%, their operational stability remains a critical 
challenge, directly impacting their levelized cost of electricity (LCOE) and market 
competitiveness. In this study, we attempt to improve the stability of a widely used high-
performance organic semiconducting polymer by fluorination. We challenge the conventional 
wisdom that fluorination universally improves ambient photostability by demonstrating a strong 
dependency of photostability on the fluorine substitution position, with specific fluorination 
positions leading to severely compromised photostability. This work provides critical insights into 
the degradation mechanisms of widely used organic semiconductors and establishes new 
considerations for the molecular design of more stable OPVs.
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Abstract

Despite the excellent progress in organic photovoltaic (OPV) efficiencies, they still suffer from poor 

operational stability. This is especially true in ambient conditions, with degradation often driven by 

intrinsic material instabilities. Fluorination of the constituent organic semiconductors, which deepens 

frontier orbitals and improves organic semiconducting packing, is often utilised to improve 

photostability. Here, fluorinated analogues of the high-performance workhorse polymer PBDB-T are 

synthesised and their photostability characterised. Device stability, with both Y6 and IT-4F, is found to 

be critically dependent on the intrinsic polymer photostability, with fluorination of the 

benzodithiophene (BDT) being particularly ruinous for stability. The carbonyl group in these unstable 

BDT-fluorinated analogues is found to be highly unstable towards illumination. This instability arises 

from a disruption of non-covalent interactions along the polymer backbone, where the fluorine on 

BDT interferes with intramolecular S-O interactions between the thiophene and benzodithiophene-

dione (BDD) carbonyl. This leads to increased backbone disorder and a more vulnerable carbonyl 

environment. These results challenge the conventional belief that fluorination universally improves 

OPV stability and underscore the crucial role of non-covalent interactions in governing material 

stability.
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Introduction
Organic photovoltaics (OPVs) continue to improve in efficiency, now achieving > 20% in single-junction 

cells.(1-3) Despite this, the poor longevity of OPVs remains a considerable barrier towards 

commercialisation.(4, 5) Given the multilayered structure of OPV devices, degradation within any layer or 

interface is possible.(6) However, the most critical factor for determining device stability is often the 

photoactive organic layer due to its sensitivity to illumination, particularly in ambient atmospheres.(7-10) 

Encapsulation mitigates degradation by inhibiting air ingress, yet it only slows the process, highlighting 

the need for intrinsically stable organic semiconductors (OSCs).(11, 12)

One potential strategy that we have suggested as a design rule for improving the stability of OSCs is 

fluorination.(4) Fluorination is known to deepen a molecule’s frontier molecular orbital energy levels, 

improving the OSC’s ambient stability.(13-15) Non-covalent fluorine-sulfur interactions are also known to 

planarise conjugated backbones,(16-19) potentially inhibiting any conformational changes upon 

degradation.(7) Fluorination has also been demonstrated to enhance the molecular quadrupole, which is 

increasingly being used to improve device performance(20) and photostability.(8) Additionally, 

fluorination often improves the solid-state packing of OSCs, reducing π-π stacking distances and 

enhancing crystallinity,  improving the OSC's morphological and photo-stability.(21-24) 

While the PBDB-T class of donor polymers,(25, 26) particularly PM6,(27) have become OPV workhorses 

due to their excellent efficiencies when paired with the Y-series of acceptors,(27) recent studies have 

identified the instability of this class of polymers toward ambient illumination. Under illumination in 

ambient air, we observed a twisting of the polymer backbone, resulting in ultrafast polaron pair formation, 

which acts as an exciton trap, inhibiting charge transfer and driving device degradation.(9) This 

degradation mechanism was isolated to the electron-rich benzodithiophene unit, suggesting its use may 

be problematic in the search for stable OSCs. This has been confirmed by further studies by Prasad et al., 

who found that the inclusion of the BDT-T linker in Y-series acceptor polymers led to poor ambient 

photostability.(28) 

In this study, we investigate the impact of PBDB-T fluorination position on polymer stability to understand 

if the fluorination strategy can be used to improve the photostability of this important class of polymers. 

PBDB-T is a donor-acceptor copolymer comprised of an electron-rich benzodithiophene (BDT) and an 

electron-deficient benzodithiophene-dione (BDD) separated by thiophene (T) linkers. Solubilising 

sidechains of 2-(2-ethylhexyl) thiophene and 2-ethylhexyl are attached to the BDT and BDD units, 

respectively. We compare the stability of five polymers (chemical structures in Figure 1) with different 
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positions of fluorination: PBDB-T (no fluorine), PM6 (thiophene sidechain fluorination), PT-2F (thiophene 

spacer fluorination, previously named PFBDB-T),(29)  PBDT-2F (BDT unit thiophene ring fluorination),and 

PTDBT-4F (BDT and thiophene linker fluorination).(30) We find fluorination of the thiophene spacers to 

mildly improve device stability. Interestingly, however, fluorination of the BDT unit itself is disastrous for 

polymer stability. These findings demonstrate fluorination's potential for improving OPV stability but 

highlight how sensitive this effect is towards the position of fluorination. 
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Figure 1. Chemical structures of the PBDB-T class of polymers studied here with different fluorination positions.

Results and Discussion

Polymer Properties

PBDB-T and PM6 were sourced from commercial sources (see Methods), whilst the fluorinated analogues 

PT-2F, and PTBDT-4F were synthesised using our previously reported procedures.(29, 30) The synthesis of 

the previously unreported PBDT-2F is given in the Supporting Information (Figure S1). The basic properties 

of the polymers are summarised in Table 1. 

The number average molecular weights (Mn) of the polymers were assessed with high temperature 

(150°C) gel permeation chromatography (GPC) to avoid aggregation effects. All polymers were in the Mn 

range of 35-69 kDa and with dispersities (Đ) between 2-3.3. Whilst molecular weight is known to impact 

device performance, these values are within the range previously shown to give consistent device 

performance for PBDB-T and PM6, i.e. neither very high nor very low.(31, 32) Since all polymers have a 
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sufficiently large Mn to be above the effective conjugation length, we believe we can reasonably compare 

between polymer batches.

The neat polymer film absorption spectra (Figure S3) show that fluorination along the conjugated 

backbone slightly narrows the band gap. The lowest energy absorption peak in these polymers correlates 

to aggregated polymer, as determined by temperature-dependent absorption measurements on solvated 

PBDB-T.(33) This peak shifts 10-20 nm to longer wavelengths for PT-2F and PTBDT-4F, indicating 

thiophene fluorination encourages polymer aggregation. Air photoemission spectroscopy (APS) gives the 

ionisation energy of the polymers (Figure S4), which is commonly equated with the highest-occupied 

molecular orbital (HOMO) energy level.(34, 35) Fluorination deepens the HOMO level in all cases, the 

details of which are discussed below.

Table 1. An overview of the basic properties of the polymers studied herein. Absorption max (λmax,film) and optical band gaps 

(Eg,opt, film) are extracted from the UV/vis absorption spectra, ionisation energies (IEAPS) are extracted from air photoemission 

spectroscopy (APS), with the LUMO estimated by addition of the IEAPS with the Eg,opt,film. The number-average molecular weight 

(Mn) is given along with the polydispersity index (Đ).

Polymer λmax,film

/ nm

Eg,opt, film

/ eV

IEAPS

/ eV

LUMO

(IEAPS + Eg,opt,film) / eV

Mn

/ kDa

Đ

PBDB-T 614 1.85 -4.87 -3.02 65 2.3

PM6 618 1.84 -5.06 -3.22 36 2.7

PT-2F 640 1.80 -4.92 -3.12 50 2.0

PBDT-2F 616 1.82 -5.10 -3.28 69 3.3

PTBDT-4F 630 1.80 -5.15 -3.35 47 2.1

Polymer Photostability

To investigate the photostability of our polymers, we studied neat and blend films before and after 24 

hours of photodegradation in air (Figure S3) with the absorption spectra of PT-2F and PT-2F:Y6 films 

shown in Figure 2. The absorption percentage remaining after degradation of all the polymers is compared 

in Figure 2c. Upon ageing, the main absorption peak of PT-2F is bleached, with a more pronounced 

quenching of the low-energy aggregation peak (as determined from previous temperature-dependent 

studies)(36) and an increase in sub-gap absorption, indicating disrupted polymer packing, more disorder 

and the emergence of sub-gap states in the degraded polymer. PBDB-T and PM6 also show these features 
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with a similar amount of quenching; however, PT-2F maintains a more pronounced aggregation peak 

following degradation. Surprisingly, within 24 hours, the absorption peaks of PBDT-2F and PTBDT-4F are 

nearly entirely bleached. Even after 2 hours of ageing (Figure S3), the films bleach significantly more than 

the 24 hour degraded films of the other polymer.  Such rapid absorption bleaching reveals a severe 

instability of these two polymers towards illumination in air. Further, blend film studies (Figure S7) reveal 

similar polymer absorption bleaching with a similar trend to the neat films, with PBDT-2F and PTBDT-4F 

being the most unstable. The acceptor absorption is also bleached, but to a lesser extent, suggesting that 

the polymer is the crucial component determining blend stability.
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Figure 2. Film absorption spectra of neat PT-2F (a) and PT-2F blends with Y6 (b) before and after 24 hours of 1 sun illumination in 

ambient air; (c) the integrated absorption of all neat polymer and Y6-blend films after degradation relative to the fresh absorption; 

for blend films the blue-shaded area in (b) shows the wavelength range used for integration of the specific polymer absorption. 

Impact on Device Stability
To understand how this polymer instability translates to devices, inverted 

ITO/ZnO/Polymer:Acceptor/MoOX/Ag solar cells were fabricated with the common acceptors Y6 and IT-

4F, which were chosen for their high performance and demonstrated photostability in devices. Device 

performances are given in Figure S5. It should be noted that the devices used were not optimised for 

efficiency, as we wanted to avoid thermal annealing and the use of additives to isolate the effect of 

polymer selection. As such, the efficiencies are lower than those of similar devices in the literature. With 

IT-4F, all fluorinated polymers give more efficient devices than PBDB-T, demonstrating enhanced open-

circuit voltage (VOC) and fill factor (FF). While only the PT-2F devices perform superior to the 

nonfluorinated polymer when paired with Y6, despite a higher VOC being achieved with all the fluorinated 

polymers. 
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Figure 3. Device stability of the PBDB-T class of polymers. (a & b) Average, normalised power conversion efficiencies (PCE) of 

ITO/ZnO/Donor:Acceptor/MoO3/Ag devices as a function of illumination time in air; (c) normalised PCE loss of these devices after 

60 minutes ageing.

These devices were degraded at open circuit under ambient conditions with a white LED at 1 sun light 

intensity, calibrated by device current matching. The evolution of power conversion efficiency with 

illumination time is shown in Figure 3, with full device parameters shown in Figure S6. Both sets of devices 

degrade rapidly in air, predominantly driven by a loss of JSC, consistent with our previous reports on PBDB-

T and PM6 degradation.(9) The Y6 devices with PBDB-T, PM6, and PT-2F have superior stability to their IT-

4F counterparts. With both acceptors, PT-2F devices are the most stable, followed by PBDB-T and PM6, 

which show similar lifetimes. The unstable polymers PBDT-2F and PTBDT-4F show the worst device 

stability, losing nearly all efficiency within 30 minutes of degradation, highlighting the key role of polymer 

stability in determining the overall device stability. The PCE loss of the different polymer devices after one 

hour of degradation is compared in Figure 3c.

Nature of Degradation

As in our previous study, we employ transient absorption spectroscopy after 2 hours of film degradation 

to understand the nature of degradation in the BDT-fluorinated polymers (Figure S8, Figure S9). For all 

fresh polymers, we observe a ground state bleach (GSB) around 600 nm, stimulated emission (SE) 700-

750 nm, a broad photoinduced absorption (PIA) centred around 1000 nm assigned to the S1 state, and a 

small shoulder feature at 900 nm related to the polymer polaronic absorption, which overlaps with the S1 

PIA. After ageing, PBDB-T and PM6 show a quenched SE band and an enhanced photoinduced absorption 

(PIA) signal at 900 nm within the first couple of picoseconds, consistent with ultrafast polaron pair 

formation.(9) Both these signatures are more subtle for PT-2F, indicating enhanced stability towards the 
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detrimental formation of trapped polaron pairs. Similarly, upon ageing, PBDT-2F and PTBDT-4F show SE 

quenching and an increase in the polaron signal at 900 nm. However, at 1-2 ps, the PIA intensity increases 

relative to the GSB nearly 3 times compared to PT-2F and is also accompanied by a change in the PIA 

shape. Furthermore, consistent with the steady state absorption measurements, the GSB for PBDT-2F and 

PTBDT-4F shows a noticeable blue shift and a near-complete loss of vibronic features. Thus, the TAS data 

suggest that an additional photophysical process is occurring following degradation of these two 

polymers.

The common feature distinguishing PBDT-2F and PTBDT-4F from the other polymers is the fluorination of 

the BDT unit, which appears to be disastrous for polymer photostability. This has previously been seen in 

a series of thienothiophene polymers containing fluorinated BDT units.(23) In that study, the accelerated 

degradation of BDT-fluorinated polymers was assigned to accelerated singlet oxygen [2+4] cycloaddition 

due to differences in internal polarisation. Below, we present energetic, chemical, and computational 

analyses to investigate potential degradation mechanisms in our polymer series.

Generally, illumination in air is thought to initiate photooxidation in OSCs. Photooxidative stability has 

been correlated to the energy levels of a material, with deeper frontier energy levels corresponding to 

enhanced stability.(37) The highest-occupied-molecular-orbital (HOMO) energy levels of the polymers, 

measured by air photoemission spectroscopy (APS) before and after ageing, are shown in Figure 4. The 

HOMO levels of the fresh polymer films are -4.87, -4.92, -5.06, -5.10, and -5.15 eV for PBDB-T, PT-2F, PM6, 

PBDT-2F, and PTBDT-4F, respectively. Due to the electronegativity of fluorine, fluorination results in a 

deepening of HOMO energy levels, with the magnitude of this depending on the number and position of 

fluorine atoms. We can see that the fluorination on the BDT unit, either on the sidechains as in PM6 or on 

the main conjugated backbone, results in the strongest stabilising effect, deepening the HOMO by ~0.2 

eV. In comparison, thiophene fluorination only deepens the HOMO level by 0.05 eV. This is understood in 

terms of the D-A structure of the polymer, where the wavefunction of the HOMO is predominantly 

localised on the electron-rich donor BDT unit. As such, direct modification of this unit will result in a more 

substantial effect on the HOMO energy. With the band gap of the polymers being similar, the LUMO levels 

follow the HOMO trend. Surprisingly, the deeper energy levels of the BDT fluorinated polymers do not 

confer improved ambient photostability.
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Figure 4. Energetics of the PBDB-T series of polymers. (a) the air photoemission spectroscopy (APS) derived HOMO levels of the 

polymers before and after ageing; (b)+(d) are examples of the APS spectra obtained for the PT-2F and PBDT-2F polymers, with 

their tail area shaded; (c) extracted APS tail areas of polymer films after ageing.

Following 24 hours of ageing, the HOMO levels of PBDB-T and PM6 are deepened by roughly the same 

energy ~0.35 eV, whilst PT-2F deepens by only 0.11 eV. After 24 hours, the HOMO levels of PBDT-2F and 

PTBDT-4F cannot be measured using APS. Still, after 2 hours of ageing, a deepening of 0.33 and 0.18 eV is 

observed, again showing their relative instability compared to the other polymers. APS is a surface-

sensitive technique, so in degraded films, it is particularly sensitive to the most degraded material, i.e. the 

first few nanometres exposed to air. The disrupted conjugation in the degraded polymers widens the 

bandgap, deepening the HOMO level. In addition to giving the HOMO energy, the tail area of the APS 

measurements gives an idea about the energetic disorder around the HOMO.(38, 39) The tail areas of 

fresh and aged films are visible in Figure S4, with extracted values of the aged films summarised in Figure 

4c. Fresh polymer films show that PBDB-T, PM6, and PT-2F have smaller tail areas than PBDT-2F and 
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PTBDT-4F, indicating that the fresh unstable polymers are more energetically disordered. After ageing, 

the tail area increases, indicating higher energetic disorder in the degraded polymers. This area is still 

small for PBDB-T and PT-2F, slightly larger for PM6, and largest for PBDT-2F and PTBDT-4F, even after only 

2 hours of ageing. The deepening of the HOMO energy level and increasing disorder are consistent with 

UPS studies on fresh and degraded PBDB-T presented elsewhere.(28)

PT-2F shows the least change in energetics, with the HOMO only shifting by 0.11 eV. PT-2F also maintains 

the highest relative intensity of the aggregation absorption peak. The more stable aggregation state of 

PT-2F can explain the relative energetic stability, as the most aggregated polymer will have the lowest 

bandgap and define the HOMO level in the film. AFM images of the more stable polymer films show fibril 

structures, which are finer for PT-2F than PBDB-T and PM6 (Figure S10). The improved energetic stability 

and finer morphology may account for the enhanced device stability of PT-2F relative to PBDB-T and PM6, 

as the finer fibril structure forms a more stable morphology with the acceptor. Photostability is also 

improved by minor improvements in crystallinity, and therefore, small changes in the polymer or blend 

morphology may impact photostability.(40) We also note that PBDT-2F and PTBDT-4F films have less 

pronounced fibril structure, with this less ordered morphology accounting for the greater energetic 

disorder observed in these films.

Molecular Origin of Photodegradation

To understand the molecular origin of polymer degradation in more detail, we used in situ Raman 

spectroscopy with a resonant degradation and probe laser at 514 nm (Figure S11). Raman peak 

assignment is consistent with our previously reported assignment of PBDB-T.(9) Following extended laser 

illumination, the Raman intensity of all the polymers is reduced. When normalised, relative peak intensity 

changes become apparent. For all the polymers, we see changes consistent with those previously assigned 

to the photoinduced twisting of the conjugated backbone away from planarity.(9) This is consistent with 

the TAS data above, which shows polaron pair formation in PBDB-T, PM6, and PT-2F. However, this does 

not explain the relative instability of the BDT-fluorinated polymers, nor does it reveal an additional 

degradation mechanism as suggested by the TAS data.

Instead, we turn to FTIR analysis to investigate the products of degradation. The FTIR spectra of fresh and 

degraded PT-2F and PBDT-2F are shown in Figure 5a to represent the stable and unstable polymers, with 

other polymers shown in Figure S12-15. After 1 hour of 1 sun illumination in air, the PT-2F is relatively 

stable, showing only a small reduction in the carbonyl peak at 1648 cm-1, assigned to the BDD unit and the 
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growth of a new, broad peak at 1705 cm-1, likely associated with C=O. Differently, PBDT-2F shows a 

significant reduction in the carbonyl peak, a greater increase of the peak around 1705 cm-1, another 

possible new carbonyl peak at 1833 cm-1, a new peak at 1190 cm-1, and changes in the C=C fingerprint 

region. We note that no new broad peaks at higher frequencies (ca. 3300 cm-1, Figure S15) in the 

degradation product indicate the presence of OH bonds. The significant loss of the BDD carbonyl peak in 

the unstable polymers indicates that this is the key instability driving the rapid degradation of these 

polymers. 

The broad degraded product peak at 1705 cm-1, observed across all polymers, which we attribute to new 

carbonyl (C=O) stretching vibrations, is consistent with X-ray photoelectron spectroscopy (XPS) studies on 

PBDB-T that show photooxidation of carbon.(28, 41) We note that these studies also indicate direct 

photooxidation of sulfur at longer degradation times, although this is not apparent in our FTIR analysis. 

For the more unstable BDT-fluorinated polymers, the additional degraded peaks indicate a new 

degradation product.  The band at 1833 cm-1 is unusually high in frequency for a typical carbonyl stretch 

but may be attributed to an acid anhydride. The anhydride (O=C-O-C=O) is expected to result in two 

carbonyl peaks due to the symmetric and asymmetric stretches of the two carbonyl groups, with the lower 

energy symmetric peak being found within the broad carbonyl band around 1705 cm-1. The new 

absorption at 1190 cm-1 could also correspond to the C-O-C stretching mode of an acid anhydride. 

Alternatively, the high-frequency carbonyl could be the result of an acyl fluoride, and the peak at 1190 

cm-1 resulting from a sulfone (S=O) stretch vibration. In any case, the new photooxidation product results 

in a disruption of the conjugated backbone, as demonstrated by the changes in the FTIR C=C fingerprint 

region, and consistent with rapid optical absorption loss and widening bandgap observed above.

Despite not pinpointing the exact degradation product, we have outlined a distinct conjugation-breaking 

product in the unstable BDT-fluorinated polymers originating from a new degradation pathway. We 

discuss the origin of this degradation pathway below. 
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Figure 5. Chemical Degradation Analysis. (a) FTIR spectra of PT-2F and PBDT-2F films on CaF substrates before and after 1 hour of 

1 sun illumination in air; (b) FTIR spectra of fresh polymer films normalised to the carbonyl peak; (c) A segment of the energy 

minimised structure (top) of PT-2F (left) and PBDT-2F (right) with intramolecular non-covalent interactions between the thiophene 

sulfur and both the BDD carbonyl and BDT fluorine highlighted with dashed lines.  The same polymers (bottom) after BDD-T 

dihedral rotation to a localised energetic minimum, energies of which are given relative to the global minimum energy structure.

As an observed weak point, we investigate the nature of the carbonyl bonds in the polymer series by 

plotting the normalised IR carbonyl peak of the fresh polymers in Figure 5b. The carbonyl peak is shifted 

to higher frequencies in the BDT-fluorinated polymers, indicating a stronger carbonyl bond. We rationalise 

this by considering potential non-covalent interactions along the polymer chain. The sulfur in the 

thiophene spacer unit forms attractive non-covalent interactions with the BDD carbonyl oxygen, driven 

by electrostatic and dipole interactions.(16) Similarly, S-F electrostatic interactions are possible, although 

these are weaker than S-O interactions.(16) Nevertheless, with BDT fluorination, the sulfur on the spacer 

thiophene can form non-covalent interactions with the fluorine on BDT in addition to the S-O interactions 

with BDD. The competing S-F interaction weakens the S-O interaction, resulting in the stronger carbonyl 

bond observed with FTIR. The top panels of Figure 5c depict these interactions as dotted lines, with 

thickness indicating interaction strength, for the stable PT-2F and unstable PBDT-2F polymers. We 

postulate that the S-O interaction stabilises the polymer during photophysical degradation processes, 
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stabilising the polymer conformation and structure. When this interaction is weakened, the polymer 

becomes more unstable, demonstrating the critical role that molecular structure plays in determining 

polymer photostability.

Simulations

DFT simulations were performed using Gaussian16 to confirm the impact of BDT-fluorination on the 

carbonyl group and to investigate the degradation mechanism further.(42) The B3LYP-D3 functional and 

6-311G(d,p)++ basis set were utilised to model diffuse orbitals and dispersion effects, which are critical 

for modelling non-covalent interactions.(43-45) Molecular orbital diagrams on polymer trimers are shown 

in Figure S16. HOMOs are delocalised across the conjugated backbone in C=C bonds, while the LUMO is 

more localised to the BDD-T unit, with fluorination leading to small changes in the degree of LUMO 

localisation to the BDD unit.

Partial atomic charges are calculated using the electrostatic potential (ESP) method ChelpG, which gives 

the electrostatic potential on each atom and has been shown to give more consistent results between 

different basis sets.(16, 46) Electrostatic potential surfaces of the polymer monomers are shown in Figure 

S17, with localised areas of negative potential concentrated around the electronegative fluorine atoms. 

The extracted carbonyl oxygen atomic charges are -0.405, -0.404, -0.396 for PBDB-T, PM6, PT-2F, while 

BDT-fluorination reduces the partial charge of PBDT-2F and PTBDT-4F to -0.385, and -0.377. The reduced 

oxygen charge is indicative of a weakened S-O interaction, highlighting the key impact of BDT-fluorination. 

The impact of the S-O interaction on polymer conformation is explored through dihedral energy scans of 

the BDT-T and BDD-T interunit bonds (Figure S18). It has been previously shown that the degradation of 

PM6 can be related to the twisting of the conjugated backbone about these interunit bonds.(9)  In the 

lowest energy conformations of all the polymers, the sulfur of BDT and the thiophene spacer face opposite 

directions (anti). Fluorination along the backbone planarises the BDT-T linkage with dihedral angles given 

in Figure S19. A second local energetic minimum is observed when the BDT-T dihedral angle is again close 

to planarity, but with the sulfur atoms being syn. The energy of these local minima depends on the 

polymer, with a detailed explanation outlined in Figure S18. PBDB-T and PTBDT-4F have relatively high 

local minima (60 meV), while PT-2F and PBDT-2F have local minima only 15-18 meV above the global 

minima. These energetic differences show no correlation with the polymer stability trend observed and, 

therefore, cannot explain the degradation mechanism of BDT-fluorinated polymers.
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Now, focusing on the BDD-T dihedral, we expect the S-O interactions to play a more critical role. Rotation 

about this dihedral is shown in Figure 5c for PT-2F and PBDT-2F. The minimum energy structure (Figure 

5c, top panels) in all polymers is when the sulfur of the thiophene spacer and carbonyl of BDD are on the 

same side, with a dihedral angle of ~15°. Rotation about the BDD-T dihedral by ~180° results in a second 

local minimum when the spacer thiophene sulfur and BDD carbonyl are anti (Figure 5c, bottom panels). 

For PBDB-T and PT-2F these minima are 20 meV higher in energy than the global minimum, demonstrating 

the stabilising effect of the S-O interaction when the sulfur and carbonyl are syn. In the BDT-fluorinated 

polymers, the barrier to BDD-T rotation is lower, and the local anti-minima are <5 meV above the global 

minimum, demonstrating weaker S-O stabilisation. The lower rotation barrier and energetic similarity 

between the syn and anti-conformers in the BDT-fluorinated polymers will result in conformational and 

structural disorder in the polymer. This is consistent with the increased energetic disorder of the BDT-

fluorinated polymers as measured by APS and the less pronounced fibril structure in AFM images. It also 

highlights the impact of BDT-fluorination on weakening the S-O non-covalent interaction, corroborating 

our experimental evidence that BDT-fluorination affects the BDD carbonyl.

Sidechain-driven degradation has been demonstrated to be a key degradation pathway through both 

photooxidation(41) and photophysical processes such as homolytic fission of C-C bonds and H 

abstraction.(47) The likelihood of these photophysical processes occurring can be interrogated by 

calculating the Laplacian bond order (LBO) of the labile bonds, which we detail for our polymer series in 

Figure S20 and Figure S21.(47, 48) All polymers show similar LBOs for all the bonds considered, indicating 

that the differences in sidechain stability cannot account for the dramatic differences we observe in 

photostability. Considering photooxidation, XPS analysis has suggested that PBDB-T undergoes alkyl-

sidechain photooxidation.(41) However, the pronounced loss of conjugation observed in the absorption 

spectra and energetic degradation of the unstable BDT-fluorinated polymers, together with the C=C peak 

changes in the FTIR spectra, indicate that photooxidation is more probably occurring on the conjugated 

backbone.

Photooxidation can proceed via the photoinduced formation of reactive oxygen species, such as 

superoxide or singlet oxygen.(14) Superoxide can be formed following photoinduced electron transfer 

from the LUMO of an OSC to molecular oxygen. The single reduction potential of O2 is -4.11 eV,(49) 

meaning superoxide formation following electron transfer from the LUMO of any of the polymers is 

thermodynamically favourable and cannot be used to rationalise the observed stability trend. 
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Singlet oxygen formation occurs via energy transfer from triplet states in the OSC. Once formed, singlet 

oxygen acts as an electrophile, attacking the electron-rich conjugated backbone through cycloaddition 

reactions. A [2+2] cycloaddition of the BDT thiophene ring has been proposed as a degradation pathway 

in PBDB-T.(50) In the present case, however, fluorination is expected to deactivate the BDT thiophene 

towards such electrophilic attack. Beyond the substituted ring, fluorination impacts the electron 

distribution along the conjugated backbone and may influence the reactivity of other units towards 

singlet-oxygen attack. A previous study employing partial charge analysis reported that fluorination of the 

BDT unit accelerates singlet oxygen [2+4] cycloaddition of the thienothiophene co-monomer due to an 

increase in local electron density.(23) We performed an equivalent analysis of our polymer series using 

the ChelpG method introduced above (Figure S22). The analysis focused on the electro-negativity of the 

α-carbons on the BDT thiophene ring, the thiophene linker, and the thiophene of BDD unit, identified as 

potential sites for [2+4] cycloaddition.  In fluorinated polymers, the α-carbon closest to the fluorination 

site becomes more electron-rich; however, the impact on adjacent thiophene rings is less systematic, 

showing no clear correlation with the observed stability trend. These results indicate that the initial 

reactivity towards singlet oxygen alone cannot account for the differences in stability we observe. 

To shine further light on the degradation mechanism, we investigated the impact of the atmosphere on 

photodegradation. Here, polymer films were illuminated in an inert N2 atmosphere, and their absorption 

spectra were measured (Figure S23). After 24 hrs illumination, PBDB-T, PM6, and PT-2F absorption 

showed minimal changes, while PBDT-2F and PTBDT-4F demonstrated clear bleaching, albeit at a slower 

rate than photodegradation in air. This suggests that the instability of the BDT-fluorinated polymers is an 

intrinsic instability to illumination, which is accelerated by oxygen. Although this does not exclude the 

possibility of a singlet oxygen attack, it suggests an instability within the polymer itself. Based on this, we 

postulate that a photophysical change along the conjugated backbone is an important degradation 

mechanism. This change could be a photo-induced ring-opening,(51) a photoisomerisation,(52) or bond 

scission; we discuss these possibilities in more detail in Supplementary Note 1.  The S-O non-covalent 

interaction then provides a scaffolding for the molecular conformation and structure, either resisting 

initial photophysical changes or facilitating the reformation of the ground-state polymer structure without 

further reactions or conjugation loss.  When this interaction is weakened by competing S-F interactions, 

the initial photophysical change is more likely to be followed by further irreversible chemical changes, 

either through isomeric reorganisation or interactions with external species, resulting in new degradation 

products and a loss of backbone conjugation. 
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Conclusion

Our data suggests that BDT-fluorination severely compromises the photostability of PBDB-T polymers, 

which is critical for device photostability. Upon degradation BDT-fluorinated polymers exhibit an 

additional degradation mechanism centred on the carbonyl bonds in the BDD unit.  We have provided 

experimental evidence of a different C=O environment in BDT-fluorinated polymers. Through a 

combination of simulations, we assign this to the disruption of the intramolecular S-O non-covalent 

interaction between thiophene and BDD by competing S-F interactions between the thiophene and BDT 

in BDT-fluorinated polymers. Weakening the S-O interaction results in more backbone structural disorder 

and a propensity to conjugation loss upon illumination. We hypothesise that weakening the 

intramolecular S-O non-covalent interactions makes the polymer more prone to irreversible 

photophysical changes. Strong S-O interactions act as a structural scaffold, inhibiting photophysical 

changes such as isomerisation or facilitating reformation of the initial structure following, say, 

photoinduced ring-opening. Without this stabilising template, the ring-opening process leads to further 

irreversible reactions, such as isomerisation or reactions with environmental species.

In general, the role of these non-covalent interactions is challenging to decipher due to the lack of direct 

experimental techniques, the various computational methods available, and the inherent energetic and 

structural disorder in organic semiconducting polymers. Further work in this area is required to develop 

tools to characterise these non-covalent interactions and apply these to the applied challenges in organic 

semiconductors.

Our results highlight the impact of fluorination position on polymer photostability, challenging the general 

assumption that fluorination always enhances stability through improved packing and deeper energy 

levels. We demonstrate that the key non-covalent interactions in fluorinated PBDB-T polymers are not S-

F interactions but rather S-O interactions between the thiophene and BDD. Destabilising these S-O 

interactions can severely compromise photostability, highlighting a crucial molecular design rule when 

utilising the commonly employed BDD unit. More generally, the fluorination position should be chosen to 

avoid disrupting planarizing non-covalent interactions. Fluorination, therefore, is not a one-size-fits-all 

solution for improving polymer stability, as it can influence other intermolecular interactions along the 

polymer backbone. We do not want to discourage the use of fluorination to improve efficiency, but 

emphasise that new OPV materials, particularly fluorinated analogues, should be screened for 

photostability through basic photobleaching experiments.
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Data for this article, comprising all the data used to make the figures in the article and 
supporting information, as well as the Gaussian output files from simulations, are available at 
the Open Science Framework at https://osf.io/e9wjn/. The project will be made public upon 
acceptance for publication.
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