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Abstract

This paper appraises the thermal, photo- and photo-oxidative stability of poly(fullerene)-alt-
[bismethylbenzene)]s (PFBMBs) prepared by the atom transfer radical addition polymerisation
(ATRAP) with particular attention paid to their use as additives in organic photovoltaic devices.
PFBMBs are of interest due to their well-defined structures based on alternating, main-chain,
fullerene-methylene links. This work shows by way of a wide range of characterisation techniques
and a small library of PFBMBs with varying side-chains, however, that PFBMBs are relatively
unstable. Given that prior work has shown that other main-chain fullerene polymers, such as
poly(pyrrolidinofullerene)s, are inherently stable, we suggest a degradation mechanism specific to
the fullerene-methylene links of PFBMBs which explains their unusual behaviour. This work
suggests that polymers based on fullerene each have their own specific stabilities and qualities and
that PFBMBs might be of more use in purposes other than OPVs where in-situ delivery of fullerene
is required, for example, in medical applications.

Keywords: poly(fullerene); organic solar cell; organic photovoltaic; atom transfer radical addition
polymerisation (ATRAP)
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Fullerenes linked in a chain by single

methylene bonds are found to be thermally
unstable due to the low Cso-CH2 bond energy.
This property might be of use for in-situ
delivery of fullerene, such as in medical
applications, and is in stark contrast to other
main-chain poly(fullerene)s which for the
most part are extremely stable.




1 Introduction

The mechanisms involved in the photovoltaic effect in organic layers require both an optimised
crystallization of electron donor and acceptor materials and their good miscibility to form a third
mixed phase.! This promotes the dissociation of charges, formed from excitonic states, and their
subsequent transfer to the electrodes.? Device lifetimes and efficiencies are often problematic because
of the tendency of the two materials in the active-layer to phase-separate rather than form an ideal bi-
continuous inter-penetrating network.? In effect, the donor and acceptor materials are in an unstable
composite.* To some extent, this “like-likes-like” behaviour can be controlled by annealing
treatments® and processing additives,® however, the mixture will always remain sensitive to
environmental changes, and strategies to compatibilise and stabilise the donor and acceptor demixing
remain highly desirable.

The stability of organic photovoltaic (OPV) devices can now be resolved by using
encapsulation to slow the penetration of water and oxygen,”® such that commercial cells can attain
15 year lifetimes.” The sensitivity of the active components to photo-oxidation can also be reduced
by decreasing the lability of macromolecular hydrogens which are the most readily attacked sites.!°
Similarly, the careful pairing of acceptors and donors can influence susceptibilities to degradation.!!
However, it is difficult to control the heat that can impact on the morphologically of the active-layer
during device operation.

Studies on the thermal degradation of bulk-heterojunction OPVs have mainly dealt with the
donor-acceptor pair of poly(3-hexylthiophene) and [6,6]-phenylCsi butyric acid methyl ester
(P3HT:PCBM),'? but also with low-band gap donor polymers (LBGs) combined with either PCBM!3
or non-fullerene acceptors (NFAs).!* It remains important to improve the understanding of fullerenes’
behaviours given that the very highest efficiencies have been attained using both NFAs and
fullerenes.!> A key problem with PCBM is that the fullerene derivatives leach from and migrate
through the donor matrix to aggregate in clusters and crystals to reduce device efficiency.!®!® Several
techniques to arrest this process have come about, such as by varying the donor polymer side-chains, "’
or using additives, which limit the scale of the clusters through nucleation.?’ While additives are of
great use with the crystalline donor polymers, more amorphous LBG polymers pose several problems
in terms of restraining the movement of the Ceo-based acceptors during a so-called burn-in. This
process, mostly associated with fullerene-dimerisation, results in a drop in device efficiency in the
first few hours of operation.?! For PCBM-based OPVs at least, the use of poly(fullerene)s (PFs) has
reduced the impact of burn-in for both amorphous LBG polymers and the more crystalline LBG and
P3HT counterparts.?? PF-based block copolymers have shown even greater promise in improving

stabilities when used as additives.?3-24



PFs contain Ceo in the main-chain and are formed by pre-modification of Ceo and subsequent
polycondensation with functionalised comonomers,? or by direct reaction of comonomers with Cg.2
The latter is preferred due to its simplicity. To our knowledge six methodologies have been found
that can make main-chain PFs by direct reactions. All lead to alternating copolymers based on ¢Cgo-
comonomer), repeating units and each results in oligomers and polymers with particular properties
arising from the type of comonomer used and the way in which the Ceo is modified by the addition.
The first PF was made by thermally-assisted coupling of Cso and xylyene and was mostly an insoluble,
crosslinked material.?” The first easily accessible main-chain copolymer was made with Diels-Alder
chemistry between bis-1,2-quinodimethanes and Ceo and had up to around 80 Cesos, however, quite
large degrees of crosslinking were found.?® So-called amino-fishing, controlled by the use of large
cyclodextrins innovatively formed the first water-soluble chains.?” More recently, the first main-chain
polymers based on Cso derivatives such as PCBM,*° or at lower molecular weights, Ceo and dyes,?!
were made using so-called Prato chemistry in the sterically controlled azomethine ylide cycloaddition
polymerisation (SACAP). However, the polymers formed by this route are regio-irregular polymers
due to a variety of positional attacks on the Ceo sphere. In another route, oligomers with well-defined
additions to the Ceo, but as yet variable solubilities can be formed using azide chemistry.>? Finally,
while typically yielding oligomers, the atom transfer radical addition polymerisation (ATRAP) of Ceo
is of interest as it delivers PFs in reasonable yields with well-controlled structures.’® The ATRAP
reaction itself has been described in-depth elsewhere, and will not be detailed here, suffice to say that
comonomers add in pairs around a single Ceo phenylene ring by way of a controlled radical addition
mechanism. Steric exclusion created by the first pair of additions, coupled with a favourable ratio of
reagents, tends to limit the attack of more comonomers to the Cgo, making it possible to form linear
oligomers and polymers. Further details are given in reference 34.

Recent work employing the ATRAP route gave rise to main-chain PCBM-based oligomers,
and these materials were shown to well-stabilise both crystalline and amorphous low band gap
polymers for OPVs. We also calculated that analogous ATRAP-PFs based on Ceo i.e., with the
structure poly{(fullerene)-alt-[1,4-bis(methyl)-2,5-di(alkyloxy)benzene]} (PFBMB) would have
electronic properties similar to those of PCBM. Therefore, we prepared a small library of PFBMBs
to understand how variations in side-chains influence the formation of oligomers and polymers.** We
were interested to see if these new Ceo based PFBMBs would also stabilise devices. Furthermore, the
stability of this recently discovered class of materials is poorly understood; indeed, to our knowledge,
no study has looked at how variations in side-chains contribute to any class of PFs’ physico-chemical
properties. Thus, this work takes the same small library of PFBMBs formed by the ATRAP route,

tries to correlate their structures against the resulting variations in physical and organic photovoltaic



properties, and by studying one sample in detail tries to understand the particularities of PFs made
using the ATRAP route.

2 Results and Discussion

2.1  Materials

It was decided to study a small library of structures with varying side-chains to see if these impacted
on the polymer stabilities. Cyclic, branched and different linear alkyl groups were used so that the
impact of these variations could be compared. The use of a simple comonomer, 1,4-dialkoxy-2,5-
dimethylene-phenylene, also meant these lateral chains could be easily changed to yield the library
of PFBMBs shown in Table 1. The methylene links between the fullerene and the phenylene of the
comonomer differentiates these materials from other classes of PFs, which are often based on robust
cyclic bonds. The samples that were used in this study are the same as those characterised (GPC,
NMR, UV-visible, cyclic voltammetry etc.) in detail in reference 34, and accordingly the same code

for each structure is used.

label HSS-12 HSS-16 HSS-BS8 HSS-C8
M, (g mol')? b 16700 21000 13000 b
Evumo (eV)° -3.38 -3.38 -3.41 -3.39 -3.39

Table 1. Structures of the repeating units of the oligomeric and polymeric PFBMBs studied in this work. The
details given are summaries from reference 34. Notes: (a) as indicated by GPC and self-consistent calibration
against oligomers (THF, RI, 30 °C); (b) lower solubilities limited characterisation of M,, however, NMRs
indicated weights comparable to HSS-8; (c¢) cyclic voltammetry from solutions in 1,2-
dichlorobenzene/acetonitrile (4:1 v/v) with tetrabutylammonium hexafluorophosphate (0.1 M). Under the
same conditions, PCBM was found to have ELumo =-3.8 eV.

2.2 Impact of PFBMBs on Photovoltaic Device Efficiencies and Stabilities

The polymers were employed with poly(3-hexylthiophene) (P3HT) in inverted OPV devices with the
general architecture ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag. Complete details of the device
assembly are given in the Supporting Information (SI). The PFBMBs are used here in two different
roles, namely: as the sole electron acceptor material in the active-layer blend; and as additives to
P3HT:PCBM based devices with the expectation that they might stabilize the morphology of the
blend under thermal stress. In the initial stages of the work, HSS-12 was chosen as a probe as it had

a reasonably high molecular weight and was soluble enough in the solvents used e.g., THF, to give



consistent films. For reasons of industrial relevancy, chlorinated solvents were avoided where
possible.

In previous works it has been shown that the incorporation of oligomeric fullerenes as electron
acceptors directly in the bulk heterojunction imparted substantial enhancements in thermal stability
as compared to equivalent mono-fullerene devices, albeit with varying impact on initial device
efficiency.!>?? Here, the influence of increasing HSS-12 on the performance of P3HT:PCBM devices
ITO/ZnO/P3HT:PCBM:HSS-
12/PEDOT:PSS/Ag, in which PCBM was systematically substituted for HSS-12 while maintaining a

is investigated. Devices were made with the architecture:

constant ratio between fullerene content and P3HT. Figure 1 shows the typical J-V curves achieved

as a function of the fullerene mix employed.
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Figure 1. (a and b) J-V curves for OPV cells using high and low level loads of HSS-12 in blends with PCBM
and P3HT.

Binary P3HT:PCBM and ternary P3HT:PCBM:HSS-12 devices achieved power conversion
efficiencies (PCEs) of 1.85% and 1.8%, respectively (see Figures S1 & 2 for additional details). On
increasing amounts of HHS-12 from 0 to 10% in a P3HT:HSS-12:PCBM ternary system, as shown
in Figure 1b, the PCE started to decrease at amounts greater than 5% due to a drop in current density.
This can most likely be explained by a negative effect on the morphology of the mixture. HSS-12
itself does not participate in charge extraction due to a large offset in acceptor LUMO levels (0.4 eV)
hindering transfer of electrons from PCBM to HSS-12. However, there is no S-curve, which would
suggest that the active layers retain reasonably homogeneous structures at the interfaces.

It is known that SACAP-based PFs,!>3® and oligomers of PCBM formed from ATRAP
reactions,?? can provide a strong stabilising effect against thermal degradation when used at low
concentrations in OPV active-layers. Here, we similarly explore a simple Ceo-based PFBMB as a

stabilising additive.



Up to this point, HSS-12 has been used as a probe to survey the possible use of PFBMBs in
inverted OPV cells. With this data in hand, we looked at the full set of the five PFBMBs shown in
Table 1, each with a different lateral chain, to consider their impact on the nano-morphology of the
active-layer and see how PFBMBs might operate as stabilisers in OPV devices.

In this study, each of the PFBMB’s, reported above, were incorporated into P3HT:PCBM
active layer blends as an additive at a loading of 10wt%. This fraction, while relatively high, was

chosen to amplify the behaviour of PFBMB in the device thereby making characterisation more

facile.
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Figure 2. Variations in photovoltaic characteristics with different PFBMB additives, all at 10% w/w with
respect to PCBM: (a) PCE; (b) J; (¢) Voc; and (d) FF.

Figure 2 shows the initial device characteristics/performance for each of the five PFBMBs at
10wt%. Each PFBMB device achieved an average efficiency of between 1.7 and 2.0%. In contrast,
PCBM control devices achieved an initial PCE of ~2.4% due to a comparably higher observed Voc,
Jsc and FF. All devices were then subjected to 140 °C in an inert environment to determine the extent
of any stabilising effect of the PFBMBs on device performance under thermal stress. Figure 3 shows
the change in PCEs with time. After a short period of stable behaviour, the PCBM control devices
exhibit an initial steep decay followed by a relatively slower drop in performance up to 5 h. In

contrast, the PFBMB containing blends exhibit a very rapid drop in PCE within 15 minutes of



annealing followed by a much slower decay appearing to plateau at longer timescales. All drops in
PCEs are mainly driven by reductions in current extraction. Interestingly, unlike other PFs, here we
see no stabilising effect from the PFBMB acceptors. Indeed, the rapid onset of degradation at short
time scales is indicative of aggregation throughout the active layer. Notably though, it is apparent that
HSS-12 and HSS-16 are the least unstable of the PFs, and that their long side chains are enhancing

material stabilities. This might well be due to dissipation of vibrational (thermal) energy.
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Figure 3. Variations in photovoltaic characteristics with accelerated aging by annealing at 140 °C: (a) PCE;
(b) Jsc; (¢) Voc; and (d) FF.

To better understand the underlying processes, the thermal, photochemical and photo-
oxidation degradation of HSS-12 both alone and in blends was studied. As mentioned in the
introduction, thermal effects most easily introduce molecular migration and phase separation.
Photochemical degradation, however, can be considered as a reaction capable of changing both the
morphology and the chemical structure of p- and n-type materials.’® For example, it is known that
fullerene-derivatives are light-sensitive, and can undergo dimerization when irradiated with UV-

visible light.’® Finally, thermo- and photo-oxidation induce OPV-performance losses by changing the



electronic structures. As it has been shown that the products from thermo-oxidation are similar to

those issuing from photo-oxidation,” only the latter is studied here.

2.3 Thermal Degradation of PFBMBs Alone and in Blends with PSHT:PCBM

2.3.1 Thermal Degradation of PFBMB Alone

HSS-12 thin-films on ITO/glass substrates were prepared from o-xylene solutions using Doctor-
Blade techniques to be around 150-200 nm thick. The SI gives the experimental details of this process.
Films were then heated at either 85, 140 or 200 °C for 5 h under nitrogen. UV-visible spectroscopy
was used to follow the evolution of the absorption characteristics of each film. Figure 4a shows the
spectra of the initial solid state films of HSS-12 compared against the spectra of HSS-12 solutions in
toluene or THF:toluene (99.1 vol%), while Figures 4b-d show the evolution of the absorptions of the

films with time.
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Figure 4. UV-visible spectra of: (a) HSS-12 as a non-annealed thin film, and of solutions of HSS-12 in toluene
or in THF:toluene mixtures; and of HSS-12 thin films undergoing heating at: (b) 85 °C; (c¢) 140 °C and (d) 200
°C. Please note that: the pristine film is the same as the solid state film but with ITO and glass contributions
removed; films are normalised around 311 nm to remove differences arising from films thicknesses, hence the
use of arbitrary units (au); the solid state spectrum has been subtracted from the ITO/glass transitions; and the
small stars in (a) indicate a small peak arising from an auto-change in the equipment’s light source.

In Figure 4a one can see that the absorptions of HSS-12 in the solid state are very similar to
those arising from its solutions. In all cases, there are strong, broad-band absorptions at 450 nm
diagnostically associated with the dimethylene links to the fullerene sphere.?3#! Similarly, the bands
from around 300 to 420 nm, associated with internal transitions of the Cso moieties, are unchanged,
although slightly broadened in the solid state, perhaps due to slight distortions in the Ceo groups
caused by proximity and steric effects. Nevertheless, given the absence of a bathochromic shift, it is
possible to state that the dominant quality of the system is that HSS-12 behaves similarly in the solid
state and in solution. This inference is supported by the fact that there is no band over 600 nm,

indicative of an absence of aggregation.



Turning to Figures 4b-d, the evolution of the spectra is shown with respect to time and
different heating temperatures. Films heated at 85 °C and 140 °C show quite similar changes,
however, that heated at 200 °C exhibits a different profile. The bands around 350 nm associated with
the Cso moieties slightly broaden for the samples at 85 °C and 140 °C and greatly widens for the
sample heated at 200 °C. For the band at 450 nm there is a broadening in all cases that is hugely
enhanced at 200 °C. Indeed at 200 °C, there is a fast abrupt change. This and the aforementioned
broadening of the peak at 350 nm would tend to suggest that the system is undergoing some dynamic
crosslinking process involving the breaking and reformation of comonomer-fullerene bonds.

At the lower temperatures, over longer periods of time, and at 200 °C, within 30 min, we also
see the formation of a band between 500 and 700 nm which hints at the formation of conjugated by-
products and asymmetric modification of the Cso sphere, for example via the formation of tetramers
and seximers. Above 700 nm there is also a strong formation of wide, low intensity bands. This
process also occurs to some extent at lower temperatures, but is particularly pronounced between 700
and 1000 nm at 200 °C. This indicates the formation of small aggregates which are absorbing light
resonantly. As they increase in size though, the absorption intensity is overwhelmed by the light
scattering intensity, which is A* dependent. This would explain the broad absorption seen here and
would confirm the formation of large particles through a process of crosslinking via rupturing of the
fullerene-dimethylene bond, crystallisation and/or dimerisation of fullerenes, or etherification
through reactions with trace oxygen. A liberation of fullerene from the PFBMBs would also explain
the reduced Vocs of the devices by way of Cgo having a much lower LUMO (ca. -4.5 ¢V)* and with
its dimers, acting as electron traps to reduce the current flow.

The effect of absorption in the lower energy part of the spectrum is a non-resonant effect and
it has been effectively used by Tan et al.*’ to quantify the quality of carbon nanotube dispersions. We
propose here an adaptation of their method to analyse the aggregation of fullerenes. In their work, the
quality of the nanotube dispersion is dependent on how they disaggregate in a solution containing a
surfactant; this has a direct impact on the band-width of the non-resonant background and on the
band-width of the molecular resonant transitions. Their absorbance and scattering behaviour can thus

be summarised using:

Y AAndA

R — spectrum
Y, NRB(A,t)dA
spectrum eqn ( 1 )

in which RR is the resonance ratio, A(A,t) is the temporal dependence of the resonant bands of the
absorption spectra and NRB(A,t) is the temporal dependence of the non-resonant background of the

absorption spectra.
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For our system, we have fitted the UV spectrum of HSS-12 with six Gaussian functions. Three
of these fit the Ce¢o internal transitions at 312, 334 and 360 nm. The fourth, centred at 418 nm, is used
to fit the band associated with fullerene resonances arising from a dimethylene attack. The final two
are used to fit the non-resonant background. Figure S3 in the SI shows how these functions fold inside

the HSS-12 spectrum. Positing these ranges into eqn (1) gives us:

> A(A0)d A ‘

spectrum

D NRB(/l,t)dl‘t

spectrum

eqn (2)

The need of four Gaussian functions to fit the resonance bands can be determined by the
analysis of the spectrum using the 2™ and 4% derivatives. It is possible to readily identify the
difference between these two classes of Gaussian functions by way of their full width at half
maximum (FWHM). As observable in Figure S3, for the first four functions, an FWHM of the order
of 10-25 nm is reasonable, whereas for the latter two, it increases to greater than 100 nm.

In addition to the parameter RR, one can quantify the increase in the non-resonant scattering

background signal by simply comparing the integral density of absorbed photons @, i.e.:

o= [ 40— [ AAr=0)
spectrum spectrum eqn (3)

This is based on the assumption that the resonance bands are not influenced by any aggregation
process that may take place and the only difference in the time evolution of the spectrum is the
increase in scattered light. One has to pay close attention to the fact that RR and ® will behave in the
same way only if the observed changes are not electronic (shifts, decrease/increase of absorption
coefficient) but solely based on aggregation. In the case of RR, this is assured by using the Gaussian
curves parameters of the first four bands, which are resonant, as a constraint in the fit of the spectra
of time evolution. This leaves just two Gaussian functions to fit the non-resonant background.

The upshot of these calculations can be seen in Figure 5, which shows the changes in RR and
@ with temperature and time. Note, the inverse of RR is shown so that it is more easily comparable

with @.
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Figure 5. Evolution of RR and @ with time for films annealed at (a) 85 °C; (b) 140 °C and, (c) 200
°C. Note: RR is presented as RR™! to facilitate comparison with @. It can thus be interpreted such that
as it increases it indicates a decreasing degree of aggregation in the bulk. Lines are guides to the eye.

The curves in Figure 5 can be interpreted as follows. An increase in @ indicates an increase
in the summed photons with respect to that at # = 0, and this increase is directly related to an increase
in the non-resonant background resulting from aggregation effects. A decrease in RR, or rather an
increase in RR™!, indicates a decrease in the homogeneity of the fullerene dispersed within the sample.
With this in hand we can see that at 85 °C, there is a fast decrease in homogeneity within the first 300
min, but after this there is little change. A similar profile is observed at 140 °C, although some changes
continue after 300 min. At 200 “C, however, there is a much more considerable change in the fullerene
homogeneity that continues with time. This would again suggest that there is some underlying
chemistry involved at these temperatures which is impacting the structure of the material.

This data can be compared with that found through AFM characterisations. Figure 6
shows the effect of heating on the surface of the film and with the scales gives a visual indication of
the changes in the surface heights. After 4 h at 85 °C we see an increase in the number of aggregates,
and in the route mean square (RMS) roughness, to around 17 nm with respect to the pristine and
relatively smooth HSS-12. Not shown in the images, but interesting to note is that on continued
heating the RMS roughness increased to around 30 nm after 10 h, and then decreased to only a few
nm after 15 h. As to why this happens remains unclear. At 140 °C, the harder islets take on a more
crystalline form, suggesting the presence of fullerene. Also suggesting this formation of crystals, the
RMS roughness has also increased to around 80 nm. Still at 140 °C, but after a longer time (the images
g-i are after 5 h), these crystals seem to have disappeared, but the surface is now completely
disorganised, although the RMS roughness has little changed at around 70 nm. On moving to 200 °C,
over relatively short time periods (images j-1 were made after 1 h of heating), we can again see the
highly aggregative structure appearing, with a complete loss of lateral homogeneity, and an increase
in the RMS roughness to 120 nm. This value does not increase much more after ten hours.

To sum, these results closely corroborate those from the UV-visible characterisations; that

there is a time and temperature dependency of the formation of aggregates, and that a high

12



temperature drives this process. At lower temperatures i.e., around 85 °C the process is slower and

less catastrophic.

190 nm E212 mV

(2

1140 nm

)
Figure 6. From left to right, representative AFM height, amplitude and reconstructed 3D images of
HSS-12 films show the effect of thermal treatments under nitrogen, from top row to bottom row, at:
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(a,b) pristine films (d-f) 85 °C for 240 min; (g-1) 140 °C for 60 min; (j-1) 140 °C for 300 min; and (j-
1) 200 °C for 60 min. Please note that images d-f are are all 20 um wide, while all other images are
10 um wide.

X-ray photoelectron spectroscopy (XPS) was used to infer the chemical structural changes
induced by the thermal treatments. The same batch of HSS-12 films submitted to the prior
characterisations were characterised. The spectra indicated that there was 92.0% carbon and 5.8%
oxygen present (Figure S4 in the SI). This relative ratio implies a presence of oxygen which is three
times higher than would be expected from the structure of HSS-12. It is well understood that fullerene,
especially Ceo,* reacts readily with oxygen to form ethers,* and even short exposures to air during
the film formation and synthesis would explain this.

On annealing there is no major change in the Cls peak except for a broadening for increasing
annealing times and/or temperatures, as indicated in Figure S5. A slight change in the position and
intensity of shake up features might be visible in Figure S5, which could be due to a change of the
electronic structure (e.g. a variation of the HOMO-LUMO separation) or due to the presence of
additional oxidized carbon species contributing to the C1s photoelectron spectrum, which cannot be

completely ruled out, even if the annealing was carried out in nitrogen atmosphere.

2.3.2 Thermal Degradation of PFBMBs in Blends with P3SHT:PCBM
We now turn to the degradation of the probe PFBMB, HSS-12, in a blend with P3HT and PCBM.
Two blends were prepared, one of P3HT:PCBM in a 1:1 ratio, and another with P3HT:PCBM:HSS-
12, in the respective ratio 5:4:1 so that the HSS-12 made up 25% of the fullerene weight. Both were
prepared using Doctor-Blade techniques from o-xylene solutions, as detailed in the SI, and annealed
in the same manner as films of PFBMB alone.

Figure 7 shows the impact of thermal annealing on the absorption profiles of the blends with
and without HSS-12. Figure 7 ¢ also shows how the band at around 340 nm, associated with fullerene
electronic transitions, decreases more rapidly for the blend with the HSS-12. This would tend to

suggest a rapid phase segregation and consequent crystallization of PCBM molecules.
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(a) (b) (©)

Figure 7. Optical behaviour of blends with thermal annealing at 140 °C under nitrogen for: (a) P3HT:PCBM
blend alone; and (b) P3HT:PCBM:HSS-12 blend. The graph in (c) shows the evolution in the absorbance at
340 nm with respect to the steady absorbance at 514 nm for the same two samples.

This process can be observed in Figure 8 where one can see images for the pure P3HT:PCBM
blend (left) compared against those for the P3HT:PCBM:HSS-12 blend (right). At t =0, both samples
are quite similar, however, with annealing at 140 °C, they become increasingly different, with a rapid
and drastic formation of clusters in the case of the P3HT:PCBM:HSS-12 blend. This result is
confirmed by the changes in the RMS roughness in that for P3HT:PCBM it stays quite stable
(between 10 and 20 nm) while that of the blend with HSS-12 shows a sharp rise to ca 60 nm in the
first 30 min, and continues increasing with time (Figure S6 in the SI). So, in effect, the HSS-12 does
the opposite of what would be expected; it increases the speed of phase separation.

These results are confirmed by XPS analysis that was performed on the pristine and thermally
annealed blends. For the P3HT:PCBM blend, as would be expected from prior work,*® the PCBM
migrates vertically to the surface, as indicated by the decrease in the presence of sulfur due to P3HT
and the increase in the concentration of oxygen associated with PCBM. However, in the
P3HT:PCBM:HSS-12 blend, the concentration of sulfur remains relatively stable, while that of
oxygen shows a slight, if unsteady, increase. These results are further details in Figure S7 and Table
S1 in the SI. With the prior results, this would tend to suggest that the PCBM arising at the surface
in P3HT:PCBM:HSS-12 blends leaves domains of P3HT present, and therefore does so in large, deep

aggregates, much like icebergs, rather than taking on large areas of the surface.
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(h)

Figure 8. 3D AFM reconstructions showing the evolution of blend surfaces with annealing at 140 °C under
nitrogen. On the left, P3HT:PCBM (a, c, e, g), and on the right PRHT:PCBM:HSS-12 (b, d, f, h), respectively
recorded at t =0, 30, 1220 and 300 min.
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2.4  Photodegradation of PFBMBs Alone and in Blends with PSHT:PCBM

2.4.1 Photodegradation of PFBMB Alone

Again, HSS-12 was used as a probe to investigate and possible photo-degradative processes. Films
of HSS-12 (prepared as detailed in the SI) were submitted to AM1.5 conditions under a nitrogen
atmosphere. The evolution of the films was followed using UV-visible spectroscopy and XPS. The
UV-visible data, collected in Figure 9, shows both the spectra and the changes in the RR and @
parameters, as defined earlier in the text. With these results one can discern an initial phase, where t
<400 s, where the non-resonant background scattering decreases, and then rapidly increases to remain
more or less constant for the rest of the experiment. This might indicate the presence of two processes,
the first, possibly, where short range dimerisation occurs, and the second, where there is a formation

of large clusters.
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Figure 9. (a) Evolution with time of the UV-visible spectra of HSS-12 deposited on 1TO/glass illuminated
under AM1.5 conditions and under nitrogen. (b) Evolution with time of the RR and @ parameters, defined in
the main body of the text.

It is known that fullerene molecules tend to undergo dimerization with light irradiation under
vacuum via a photochemical [2+2] cycloaddition reaction and this converts two intramolecular sp?
double bonds in two intermolecular sp® single-bonds.*® This process tends to be reversible with
temperatures over 100 °C. Distler et al. have shown that this decreases electron mobility in the
fullerene phase,*” while Wong et al. showed that light exposure can limit morphological degradation
by way of PCBM’s capacity to photo-oligomerize.*® Whereas these structures only involve two
fullerene molecules, their concentration can increase in such way as to result in the formation of
islands of aggregated material. Therefore it might be hypothesized that similar 2 + 2 additions can

occur between fullerene’s in the chain. However, one can also reason that the polymeric structure of
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HSS-12 and the long alkyl chains should restrain such a process from taking place. Another
possibility is the unzipping of HSS-12 during the thermal degradation process leading to Ceo and,
subsequently, its dimers.

In an attempt to further explore this, XPS characterisation of Cls peaks with increasing
irradiation times under nitrogen atmospheres was performed. The increasing broadening of the peaks
that affect the position of the first shake-up, indicate that the homogeneity of the surface and its
electronic structure evolve with irradiation in an inert atmosphere. Comparing these values to the
ones found for evaporated Ceo (Gaussian width of 0.75 eV, first shake-up energy of 1.80 eV with a
total contribution to the curve’s components of 8.6%), one could say that the formation of something
similar to free fullerene is occurring. An increased intensity of the first shake-up may indicate an
increased number of sp? carbons, as discussed in reference 49. This could imply the formation of
additional free Cgo molecules. However, since oxidized carbon species are expected in the same
energy range, a quantitative analysis is impossible. However, the similar peak shape of the Cls core
level spectra as a function of the irradiation time in Figure S8 indicates the presence of fullerene-

related molecules in all cases.

2.4.2 Photodegradation of PFBMB in Blends with P3HT:PCBM
The effect of HSS-12 on the morphology under AM1.5 conditions in an inert atmosphere was studied.
Figure 10 shows the evolution of the UV-visible spectra for both systems for different exposure times,

measured at the same point of the sample.
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Figure 10. Evolution of UV-visible spectra with time for: (a) P3HT:PCBM (1:1 wt ratio) and; (b)
P3HT:PCBM:HSS-12 (5:4:1 respective weight ratio).

From these spectra, one can see that the most sensitive region of the spectra is the fullerene

absorption band around 340 nm, which initially decreases with time to regain its original position
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after 1440 minutes or so. Distler ef al.*’ identified increases of lower wavelength bands (320 nm and
lower) with dimerisation, and it could be supposed that this decrease at 340 nm is due to a process
from oligomers to dimers. The later increase is most likely due to the formation of crystalline states,
which would also explain the increased scattering at higher wavelengths.

These results are further corroborated by those from AFM characterisations of films of
P3HT:PCBM and P3HT:PCBM:HSS-12 that had been similarly illuminated under AM1.5 conditions
and N> for 120 h (Figure S9). Their RMS roughnesses changed from being initially very similar, at
11 and 13 nm, to differentiate at 14 and 23 nm, respectively. In effect, PSHT:PCBM:HSS-12 is more
sensitive to light irradiation than P3HT:PCBM alone. This was again confirmed by XPS analyses,
carried out on films before and after 96 h of photo-degradative treatment (Table S2 in the SI). In both
samples, the percentage of O increases, although much more in the sample with HSS-12, while the
level of S stays the same with HSS-12 but decreases in that without it. This indicates that there is a
migration of PCBM to the surface in both cases (carrying O), but that the P3HT, carrying S, is
maintained at the surface in the mixture with HSS-12. This would tend to confirm that any fullerene
that moves to the surface in the ternary mixture does so without occulting the polymer, i.e., it moves

to form large clumps.

2.5  Photo-oxidative Degradation of PFBMBs Alone and in Blends with P3SHT:PCBM

2.5.1 Photo-oxidation Degradation of PFBMB Alone

Films were exposed to AM1.5 irradiation under synthetic air using a Xe lamp, and their degradation
accompanied by UV-visible, XPS and FT-IT spectroscopies. In the UV-visible spectra, there are two
main bands that evolve with the process at around 340 and 430 nm associated with inner electronic
transitions of Ceso and characteristic transitions of Ceo resulting from asymmetries from the
polymerization attack, respectively. During the first 7 h of treatment, both bands decrease, after which
the band at 340 nm stabilizes while that at 430 nm increases. This would suggest a fast release of Ceo

in a process of depolymerisation, followed by a secondary process of dimerisation of Ceo through

t,SO 1

sigma-sigma bonds formation with light,>® reactions with oxygen,’! and/or some other additional
reaction with the products of the depolymerization. Figures S10 and S11 showing this are in the SI.
Cls and Ols XPS peaks were also acquired during the degradation. In the Cls spectrum we
find that the peak intensity around 288 eV increases (Figure S12), indicating, in contrast to the
photodegradation under N, atmosphere, now clearly in the presence of oxygenated species visible at
binding energies > 285 eV. The Ols broadens, indicating a formation of a wider variety of species
(Figure S13). From Figure S12 it is visible that first lower oxidized carbon species are formed

resulting in an increased intensity in the energy range between 285.5-287.5 eV, whereas higher
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oxidized species (binding energy > 287.5 eV) appear after longer (>7h) exposure times. This may
indicate that groups such as esters and carboxylic acids (high oxygen/carbon ratio and higher
oxidation state) are likely to be predominant in the later stages of the photo-oxidation process. The
early stages are likely to be dominated by the appearance of alcohols and formation of ether functions
(low oxygen/carbon ration and lower oxidation state).

The Ceo sphere and the comonomer will most likely not degrade at the same rates, and will
also give rise to different degradation products. The degradation processes were thus accompanied
by FTIR measurements, shown in Figure 11. These were performed by casting a film of HSS-12 on
a KBr window and subjecting it to the same AM1.5 conditions under synthetic air for 96 h. The HSS-
12 film gave rise to the characteristic bands of Ceo (527, 576, 1182 and 1428 cm’!),>0252:53 the -C-H
vibrations characteristic of the alkyl chains (2849 and 2920 cm™), benzyl ring vibration (740 cm!),
vibrations associated to the -CH,-CHa- and ether vibrations (1375-1530 cm™! and 1140-1240 cm’!
regions, respectively). Moreover, a wide ensemble of minor bands around 1015 cm™! were found that

might be associated with methylene link between the fullerene and the comonomer (Cgo-CHz-).

/ L

| | | | w7/ | | | I

0.12 4 _
0.10 t=0

— 1<t<72h

= 0.08- ——t=96h -

| —

[«B]

O

< 0.06 - .

(q¥)

0

S

v 0.04 —

e

[q¥) J
0.02 4 ﬁ, l ]
0.00 4 Wy L ’H;.A / . = /l'w

T I T
400 700 1000 1300 1600 3000 3300 3600 3900

wavenumber (cm™)
Figure 11. Evolution with time on the FTIR spectrum of HSS-12.

The evolution of these bands with respect to the initial state at t = 0 was followed. These were

then fitted with Lorentzian functions for the vanishing bands and with the minimum number of
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Gaussian functions for the rising bands. The collected rates of change for bands that underwent at

least +/- 10% changes are collected in Figure 12 (the differential spectra are in the SI in Figure S14).
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Figure 12. Photo-oxidation product formation: (a) decay rates for vanishing products; and (b) increasing rates
for those being produced.

There are three main regions in terms of the FTIR signals and their associated degradation
processes. The degradation of the Ceo moiety is observed through decreases of bands at 527, 576,
1182 and 1428 cm! (the latter two are not shown in Figure 12 for the sake of clarity). The degradation
of the comonomer ring can be followed through the evolution of the band at 739 cm’!, and that of the
lateral chains are indicated by changes in the bands at 2849 and 2920 cm. It is worth noting that the
latter two are coupled and arise from the same chemical group. Similarly, it is worth noting that for
times below 7 h, the comonomer benzyl ring has a band at 739 cm™! which decreases in intensity more
quickly than all others. This would suggest that if there is a depolymerisation reaction, then it is
occurring faster than photo-oxidations.

In the group of bands that rise, we find that there are: C=0 vibrations (associated with esters,
ketones, carboxylic acids, anhydrides and aromatic esters) appearing at 1785 and 1739 cm™!; C-O
vibrations associated with alcohols appearing at 1175 cm™! (tertiary) and 1060 cm™! (primary); other
bands assigned to C-O bonds appearing at 1358 and 1251 cm™'; and O-H bands associated with
alcohols and carboxylic acids at 3389, 3484 and 3797 cm™'. There are also bands appearing at 1595
cm! in the C-C neighbourhood from C-O or C=0 vibrations. For those bands appearing at 1785 and
1739 cm’l, it is most likely that they arise from the oxidation of Ceo, given their proximity to bands
found for Cso and PCBM photo-oxidation,*’ the agreement with prior work>* and the aforementioned
XPS data. The degradation of the lateral chains has been well characterised elsewhere and is based
on the radical abstraction of lateral hydrogen chains. 0333356

Returning to the fast degradation of the comonomer, we should note that it is very difficult to

separate by FTIR alone the contributions of photo-oxidation products coming from the attacked
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fullerene or the aromatic ring of the comonomer. Moreover, the band associated to the comonomer-
Ceo bond vibration (expected between 900-1100 cm!) should be altered if an underlying, concomitant
depolymerization process occurs. Such a process would be expected to affect the affinity of the

system to oxygen and might explain why the degradation process is generally fast.

2.5.2 Photo-oxidation of PFBMB in Blends with P3HT:PCBM

For the photo-oxidation studies of the P3HT:PCBM:HSS-12 blend, only the UV-visible technique
was used. This method was chosen as the identification of the photo-oxidation products of P3HT,
P3HT:PCBM and HSS-12 have already been performed. For the first two, the works of Chambon e?
al’7 Sai et al.,’>> Manceau et al.,”” and Hintz ef al.>®*® among others should be extensively considered.
Again, here, photo-oxidation experiments were performed under AM1.5 conditions in synthetic air,
using the same procedure as for the HSS-12 sample given above.

The UV-spectra for both systems, P3HT:PCBM and P3HT:PCBM:HSS-12, show no
significant differences in their absorptions; both decrease slowly with time over the 96 h of
characterisation (See Figures S15 and S16). This may simply be due to the radical scavenging
properties of the fullerenes that dominate the slowing of polymer degradation, regardless of whether

or not the fullerene is in a polymer chain.

2.6  Depolymerisation of PFBMB

The above results indicate that there are two processes; a rapid formation of small, highly
crystallisable molecules and then a subsequent, slower reaction forming new products. The first
process is faster than the photo-degradative and oxidation processes occurring at the fullerene. If the
polymeric structure of the PFBMB were preserved, one would expect a better stability against thermal
and light treatments.

Considering the literature, we find that several reports have indicated that the incorporation
of pristine Ceo to polymeric matrices has a retarding effect with respect the host polymer’s thermo-
oxidative degradation.®® This is not a surprise given that these processes are radically initiated and
Coo is a radical scavenger.®!®2 However, in the case of polymers joined to Ceo, such as in Ceo-polymer
stars where the polymer is polystyrene or polyisoprene,®* when covalently bonded, thermogravimetric
measurements (TGA) indicated that fullerene release could be detected at relatively low temperatures
and that the polymer-Ceo bond, especially when that of a methylene link, is rather weak.*%° In
particular, 6-star-polystyrene-1~fullerene and 6-star-polyisoprene--fullerene showed that a
continuous release of the lateral arms attached to the fullerene moiety could be detected in solution

at around 100 °C.%*7° Pantazis ef al. deduced that the bond cleavage-formation on the Ceo sphere is
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based on a dynamic equilibrium and the presented arguments that the rate of degradation depended
on purification processes, reducing the quantity of available comonomers, shifting the equilibrium
towards the reagents.%®

Thus in the light of the results and the consideration of the literature, a hypothesis for a
possible reaction is shown in Figure 13.

OR

OR

Figure 13. Scheme proposed for the depolymerization reaction and used for the calculation of energies.

In this process, a homolytic cleavage between the comonomer and the fullerene would lead
to the formation of two radical pairs, one localized on the fullerene sphere and the other located on
the CH: group of the comonomer. It is reasonable to expect that the delocalization of the benzyl-type
radicals on the aromatic cycle is straightforward and this would lead to the destabilization of the bond
in B position to the first cleavage. This having happened, both radicals are now in a closed-shell
configuration, thereby gaining overall stability. The resulting p-quinodimethane would be expected
to rapidly react, either with itself to form oligo(phenylene vinylene), with fullerene to form new
sigma-bonded species, or oxygen in accelerated (photo-)oxidative reactions. It would also be
expected that the fullerene goes on to dimerize. We now look more specifically at the thermal and

light assisted degradations of PFBMBs in the light of this hypothesis.

2.6.1 Thermally-induced Depolymerization of PFBMBs

23



We calculated the bond dissociation energies of the fullerene-comonomer link by different ground-
and excited-state molecular methodologies. For a B3LYP/6-31G** ground-state molecular geometry,
the coordinate reaction of the bond dissociation was scanned and the energy point evaluations along
their Morse-like potential fit curve are presented in Figure S17 in the SI.

This very low bond-dissociation energy range (20 to 50 kcal mol!, with an average energy of
39.65 kcal mol™!) for the fullerene-comonomer link is in agreement with experimental results obtained
for 2-, 4- and 6-arms (PS)sCeo materials, measured under TGA conditions (45.45 kcal mol™!).%> When
only the initial (bonded) and final (dissociated) states are calculated, a scan of the reaction coordinate
corroborates this value by giving 39.65 kcal mol!. This is only possible as no rearrangement reaction
can take place during the cleavage.

Mechanistically, the thermal energy induces a breaking of the fullerene-comonomer link
leaving behind two radicals each one found in one product. Considering the results found by Audouin
et al.%° the coupling of two radicals born by the Cq is unlikely because of the steric hindrance due to
the attached chains. It is also known that Ceo-Cso bonds are easily broken.”! The authors proposed
that on heating the radicals probably reacted with impurities. Unlike their system though, our system
is based on an intimate alternating copolymer of Cgo and comonomer, and therefore it is possible to
calculate the bond dissociation energy involved in the cleavage of the opposing opposite fullerene-
comonomer bond in the second step in Scheme 1.

This mechanism relies on the fact that, once formed, both radicals delocalize in the
surrounding molecules, and recombine readily with others formed nearby, thus leaving a closed-shell
configuration with an overall energy gain. The calculated bond dissociation energy for the Ist
cleavage is of the order of ~ 55 kcal mol! (Figure S18 gives more details). Once the first cleavage
has taken place, we calculate that the second requires an energy of around 14 kcal mol!. This
exceptionally low energy indicates that once the first bond is cleaved all other bonds should cleave
giving rise to the same mechanism, reducing the energetic barrier needed to start the degradation.
Interestingly this mechanism proposes that there is a facile a rapid formation of Cso and p-
quinodimethane products. The former would explain the formation of crystals in the studies above,
while the latter are known to be unstable and are typically considered as intermediates in the
formation of larger species, for example, poly(phenylene vinylene) and [2.2]-1,4-cyclophane, or with
Coo to form small molecular bridged species (their structures are shown in Figure S19).72

While explaining the results observed in the characterisations set out here, this process of
degradation may also explain why one cannot obtain high molecular weights with ATRAP. The
formation-cleavage of the fullerene-comonomer link should follow an equilibrium that is easily

shifted towards the reagents. Furthermore, it explains the surprising formation of crystalline structures
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seen in prior work with PFBMBs, which may have arisen from small molecularly modified Cso
(arising post-reaction as detailed below) or Ceo itself formed in-situ.”

In an attempt to gain more evidence for the mechanism, we performed NMR experiments on
a sample of HSS-12 heated at 100 °C in ds-toluene under nitrogen (Figures S20-22, SI). First, there
is no increase in groups, indicating no hydrogen abstraction by p-quinodimethane. Second, we see
that a large proportion of the starting material (HSS-12) remains. However, multiplets do form at
around 7.45, 7.25 ppm and a doublet forms at 6.55 ppm, indicating the presence of short aromatic
species. Also there is a range of peaks formed at around 3 to 4 ppm, but no observable change in
peaks around 5-6 ppm. These results would suggest that while oligo(phenylene vinylene)s might be
formed, they are definitely not a majority species; the presence of peaks between 3 and 4 ppm would
suggest the presence of alkyl groups in highly constrained positions, such as those on cyclophanes
and on Cso-adducts. Given the radical loving nature of Ceo, that the formed Ceo quenches reactive p-

quinodimethane to give such adducts would not seem far removed.

2.6.2 Light-induced Depolymerization of PFBMBs
Besides the thermally-induced bond cleavage of fullerene-comonomer bond, based on the results
provided from the photochemical degradation tests, one can also consider a light-induced mechanism
of bond cleavage. This hypothesis is also motivated by dissociation curves (Figure S17, SI) for which
the energy of dissociation on the first excited state is decreased by a factor of at least 2. To go deeper
in this hypothesis, we have optimized geometries of hydrogen-passivated comonomers in the ground
singlet (So), first excited singlet (S1) and first excited triplet (T1) states. The calculation was performed
within the B3LYP/6-31G**/RIJCOSX level of theory using UKS wave-functions.”

We found that the geometry of the T state is not aromatic and reproduces the vinylic structure
hypothesized to be a product of the degradation mechanism. This is in agreement with Baird’s rule.”
This said, one can describe the molecular orbital diagram for the involved electronic transition as in

Figure 14.

Sl ————
T 0.44 ¢V RQ ¢

......

3.71eV
RQ

S m—
OR

Figure 14. Molecular orbital diagram for the first photo-excitation of the comonomer depicted in the
inset.
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One should observe that the comonomer is aromatic in the So state and the first photo-
excitation takes place with a calculated photon-energy of ~ 3.7 eV (~ 335 nm). Once in the S; state,
the excited electron can relax thermally and by successive intersystem crossing (ISC) reach the T,
state, where it has an anti-aromatic structure. This is believed to be the origin of the destabilization
of the comonomer-fullerene bond. The bond lengths a, b and c are 1.51, 1.40 and 1.40 A, respectively,
for the molecules in the Sy state, and 1.50, 1.50 and 1.37 A, for d, e and f, respectively, for the
molecules in the T; state. These results indicate that the absorption of light by the comonomer leads,
in this case, to an anti-bonding-like structure where both fullerene and comonomers are not linked
any longer. Considering the error that may have been induced by TD-DFT calculations in the
determination of the S; state, one should estimate that wavelengths between 330 and 380 nm are

enough to break this bond.

3 Conclusions

This work has shown that PFBMBs are relatively unstable and that this is due to a weak methylene-
Ce0 bond. Their behaviour is in contrast to other PFs, such as those formed via the SACAP route
which have demonstrated exceptional stabilities. Interestingly, the behaviour seen for PFBMBs in
this work is also in contrast to analogous weakly linked methylene-Cgo polymers incorporating PCBM
into the main-chain, which have been shown to stabilise photovoltaic devices. This might simply be
due to an equilibrium process being maintained, or due to the PCBM carrying a larger number of
atoms and thus being able to act as a vibrator to liberate thermal energy away from the weak
methylene-fullerene bond.

However, to sum, when employing PFs, the nature of the link between the Ceo and the
comonomer should be chosen with care as it impacts greatly on the stability of the polymers. While
this may render PFBMBs in appropriate for photovoltaics, it might mean that they are more
appropriate for other applications, for example in medicine, where the in-situ liberation of Cso

molecules is required.
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