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Abstract Polymer-based solar cells (PSC) represent a promising technology in the

field of photovoltaics, although they still suffer from poor environmental stability.

Poly(3-hexylthiophene) (P3HT) is one of the most commonly employed electron-

donor materials for the preparation of the photo-active layer of PSC and it is known

to undergo degradation when exposed to light. In this work, the degradation of

P3HT was studied by irradiating polymer films by means of simulated sunlight. The

results of this study highlighted a remarkable instability of P3HT. Substantial

modifications of the infrared as well as of the UV–Vis spectra of the polymer were

reported and a degradation pathway was suggested, in agreement with recent lit-

erature results. In order to stabilize the structure, two additives were evaluated

namely a standard Hindered Amine Light Stabilizer (HALS) and Multi-Walled

Carbon Nanotubes (MWCNT). The addition of MWCNT appeared to significantly

reduce the rate of degradation.

Keywords Poly(3-hexylthiophene) � Photovoltaic � Degradation �
Stabilization � Multiwall carbon nanotube

Introduction

Polymer-based solar cells (PSC) represent nowadays a possible alternative to more

traditional silicon-based photovoltaic technology [1]. Indeed, the light weight of the

materials used as well as the opportunity of employing flexible substrates for their

fabrication open up the possibility for new applications such as large-area non-

planar devices. However, PSC still show limited power conversion efficiencies and
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suffer of relatively poor environmental stability which limits their operational

lifetime compared to inorganic-based photovoltaic technology [2].

Although environmental stability of PSC still represents a challenge towards PSC

deployment on industrial scale, significant progresses in terms of manufacture and

demonstration have been recently made. In particular roll-to-roll manufacturing

processes based on all printing techniques have been employed to fabricate devices

on flexible substrates with inverted cell geometry [3, 4] and with ITO-free

fabrication steps [5, 6]. In addition, the relative stability towards degradation of

encapsulated large area PCS has been demonstrated through round robin and inter-

laboratory studies on devices fabricated on flexible substrates using full roll-to-roll

processing techniques [7]. Recently, field studies involving the fabrication of

flexible PSC modules in ambient conditions through full roll-to-roll processes have

also been presented [8] and the integration of PSC modules into commercial

products has been shown [9].

In the most efficient PSC prototypes [10], the photoactive layer is typically made

of a blend of an electron-acceptor and an electron-donor material, where the latter is

constituted by a semiconducting conjugated polymer. Among the most commonly

employed electron-donor materials, poly(3-hexylthiophene) (P3HT) is receiving a

great deal of attention, due to its good electrical and mechanical properties as well

as its ability to be easily processed in solution of common organic solvents [11].

Furthermore, P3HT appears to be more environmentally stable than other

semiconducting conjugated polymers, but also devices based on this material are

susceptible to chemical degradation. In particular, the interaction of oxygen, water

and light with the materials constituting the active polymer layer and the metallic

electrode leads to a decay of the photovoltaic performances over time [12, 13].

Nevertheless, the fabrication of air stable PSC has been reported on an inverted

device geometry where the active layer is constituted by a bulk heterojunction of

zinc oxide nanoparticles and poly-(3-carboxydithiophene) (P3CT) [14].

In addition to the stability in the complete PSC devices, the photo-degradation of

the active conjugated polymer still represents a challenge. Indeed, P3HT stability

towards light still appears to be poor and the mechanisms underlying its degradation

have to be fully clarified, especially in the solid state.

One of the first studies on the stability of P3HT towards light was carried out by

Abdou and Holdcroft [15]. In their work, P3HT in chloroform solution containing

dissolved molecular oxygen was irradiated by UV and visible light. Degradation of

the polymer was observed and two degradation pathways were proposed. The first

involved the photosensitized formation of singlet oxygen O2(1Dg) by the triplet state

of P3HT causing formation of endoperoxide species which would lead in turn to

reduction of p-conjugation and polymer photobleaching. The second involved free-

radical attack of photosensitized trace amounts of transition-metal salts to the lateral

alkyl chain leading to chain scission and formation of carbonyl and hydroxyl

adducts as well as crosslinking. Based on these observations, in a later work by the

same group [16] a mechanism accounting for the solid state behaviour of P3HT was

subsequently proposed. However, no suggestions were given on possible ways to

decrease the degradation rate.
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A similar free-radical mechanism was suggested for the thermo-oxidative

degradation of poly(3-octylthiophene) (P3OT) in the solid state [17] with formation

of a ketonic group in the a-carbon position of the alkyl side chain of the polymer.

The effect of stabilizers on the degradation of P3OT was also studied, by employing

different classes of stabilizers, namely primary antioxidants, secondary antioxidants,

antioxidants reacting with nonoxygenated radicals, metal deactivators, and light

stabilizers in the form of radical scavengers. However, no clear positive effects on

the degradation rate of P3OT were observed by FTIR and SEC analyses. This was

attributed to the high sensitivity of hydrogen abstraction from the a-carbon position

of P3OT which could lead to a radical site in every alkyl group of the polymer.

In the work by Caronna et al. [18] the photodegradation of poly(3-butylthioph-

ene) (P3BT) in the solid state was studied in different environmental conditions,

namely air, nitrogen and oxygen. No degradation was observed in nitrogen

atmosphere while two degradation products were isolated and identified after

irradiation in air. Their formation was attributed to the reaction of singlet oxygen

with the polymer conjugated chain, the former generated by energy transfer from

the excited state of the polymer to molecular oxygen. In addition two compounds

were found to decrease the rate of polymer oxidation, namely N-hexadecyl-

N-methylaniline and 1-phenyldodecan-1-one. Their stabilizing action was attributed

to their ability to act as light screen thereby protecting the polymer from photo-

oxidation.

The poly[2-methoxy-5-(30,70-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-

PPV) system in solid state was studied by Chambon et al. [19, 20] through photo- and

thermal-oxidation. Infrared spectroscopy allowed to monitor the formation of ester,

formate and carboxylic acid species and a degradation route was suggested involving

radical oxidation of the polymer. The study was extended to the blend constituted by

methano-fullerene[6,6]-phenyl C61-butyric acid methyl ester (PCBM) and MDMO-

PPV. It was found that the addition of PCBM to MDMO-PPV results in a decrease of

degradation rate of MDMO-PPV in blended film. This effect was attributed to radical

scavenging properties of PCBM.

In a recent work by Manceau et al. [21] the accelerated photo-oxidative

degradation of P3HT in the solid state was studied in the presence of air. On the

basis of infrared spectroscopy results and chemical derivatization treatments, a

degradation mechanism was proposed involving the radical oxidation of the hexyl

side-chain and the sulphur atom of thiophene ring. Based on a previous work by the

same group [22], it was also confirmed that singlet oxygen does not appear to be the

main intermediate in the degradation process of P3HT. On the other hand, no

suggestions were made on possible ways to decrease the degradation rate.

In the present work, a study was presented on the photo-oxidative degradation of

P3HT in the solid state under simulated sunlight. A degradation mechanism was

proposed confirming what reported in the literature for accelerated experiments

[21]. Furthermore, the addition of two compounds to P3HT was studied, namely a

Hindered Amine Light Stabilizer (HALS) and Multi-Walled Carbon Nanotubes

(MWCNT), and the effect of their addition to the stabilization of P3HT was

investigated.
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Experimental

Poly(3-hexylthiophene) (P3HT) was purchased from Rieke Metals Inc. (type 4002,

regioregularity 94%) and was used as received. Chloroform (Sigma–Aldrich) was

used as solvent in all tests. Multi-walled Carbon Nanotubes (MWCNT—average

diameter 9.5 nm, average length 1.5 lm, purity [95%) were purchased from

NanoCyl and used as received, without any further purification. The Hindered

Amine Light Stabilizer additive (TINUVIN�292) was purchased from CIBA and

used as received.

Infrared spectroscopy and UV–Vis spectroscopy were performed on thin film

samples (*200 nm) deposited on NaCl, KBr and glass substrates by spin coating

(WS-400B-NPP, Laurell Technologies Corp.). The thickness of the samples was

measured by profilometry. Infrared spectra were recorder in transmission mode on a

Nicolet 760–FTIR Spectrophotometer controlled by OMNIC software. Spectra were

obtained using 32 scans and a 4 cm-1 resolution. UV–Vis absorption spectra were

recorded in transmission mode on solid state samples deposited onto glass substrates

by means of a Jasco V-570 UV–Vis-NIR Spectrophotometer.

All samples were irradiated in air by means of a Class A solar simulator (Xenon

short arc lamp 150 W, Abet Technologies) with AM1.5G (ASTM 927-91) spectral

distribution and a power output of about 2,200 W/m2 (approximately 2 suns). The

solar simulator power output was monitored by means of a powermeter with

thermopile sensor (Ophir). Samples were collected at different irradiation times.

The molecular weight of the samples was determined through Gel Permeation

Chromatography (GPC—Waters 410) using THF as eluent and polystyrene

standards.
1H-NMR spectra were recorded on a Bruker AC 300 NMR Spectrometer. All

samples for 1H-NMR were dissolved in CDCl3.

DSC analyses were performed on solid state samples using a DSC/823e-Mettler

Toledo differential scanning calorimeter. Scan rate was 20 K/min.

Results and discussion

The molecular weights of the polymer samples were measured by gel permeation

chromatography in THF. At different irradiation times the molecular weight of the

polymer was determined in order to monitor modifications of the macromolecular

chain length occurring after exposure to light. The pristine polymer gave values of
�Mn ¼ 3:0� 104 and �Mw ¼ 7:0� 104; respectively. By increasing the exposure

time of the cast polymer films, no significant variation of �Mn and �Mw was observed

even after 200 h of exposure to simulated sunlight. On the other hand, a

progressively higher amount of insoluble material was formed with increasing

exposure time. This trend reflects the fact that the GPC analysis is limited to

soluble material as it is carried-out in solution. Insoluble moieties containing

degradation products, which were not found in the pristine polymer but only in

degraded samples, are filtered-out before elution of the sample into the GPC and

are thus excluded from the analysis.
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All polymer samples were also analyzed by solution 1H-NMR spectroscopy. As

far as the pristine polymer is concerned, one sharp band centred at d 6.98 was

observed in the 1H-NMR. This band is attributed to the thiophene proton and

denotes the HT–HT regioregular structure of the polymer [23]. This regioregular

structure was confirmed by the 1H-NMR spectrum in the a- and b-methylene proton

region, where only the signals corresponding to HT linkage were present (Fig. 1a).

As far as the spectra from irradiated samples are concerned, no modifications to

the P3HT 1H-NMR spectrum were observed even after 100 h of exposure (Fig. 1b).

The reason for that might be the fact that also in this case the analysis is carried out

on polymer solution, thus insoluble moieties formed during irradiation are excluded

from the analysis.

Calorimetric measurements were carried out through DSC on all polymer

samples in order to monitor the thermal transitions following irradiation. According

to what reported in the literature [24], an endothermic transition was observed from

a crystalline to a liquid crystalline state at a temperature of 220–240 �C (peak

maximum 237 �C) for the pristine polymer. By means of calorimetric experiments,

changes in the degree of crystallinity V = DH/DH0 at increasing exposure times

were also monitored, where DH is the actual enthalpy of fusion of the polymer and

DH0 is the enthalpy of fusion of the ideal crystal, taken as 99 J/g [25]. As it can be

seen from Table 1, a very small variation in the degree of crystallinity of the

polymer can be observed at increasing irradiation times.

The solid-state UV–Vis absorption spectrum of the pristine P3HT is shown in

Fig. 2, where also the spectrum of 24 h irradiated P3HT is reported. The pristine

polymer shows a maximum peak at 520 nm and two shoulders at 550 and 600 nm,

respectively. After irradiation, a progressive decrease of the absorption intensity of

the polymer was observed associated to a blue shift of the absorption band. These

Fig. 1 Expanded 1H-NMR spectra in the methylene region for pristine P3HT (a) and 100 h irradiated
P3HT (b). Aromatic region is also shown in the insets
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modifications can be attributed to the photobleaching of the polymer resulting from

a reduction of the conjugation length. These observations are consistent with what

reported in the literature [21] at longer exposure times.

Fourier-Transform infrared spectroscopy was used to monitor the kinetics of the

photooxidation process. After irradiation, significant modifications of the IR spectra

of the polymer were observed. In order to identify the changes occurring during

irradiation, the main IR absorption bands for the pristine polymer have been

identified and are reported in Table 2 [23].

A progressive decrease of absorption intensity was observed for various

functional groups. In particular, the intensity of the absorption bands related to

alkyl groups, aromatic C–H and thiophene ring rapidly decreased. As an example,

Fig. 3 shows the progressive disappearance of the characteristic bands assigned to

alkyl groups. As it can be noted, after approximately 50 h of exposure to simulated

sunlight, the intensity of the peaks is decreased down to less than 50% of the

original value.

In addition to the aforementioned trend, the simultaneous appearance of other

absorption bands was reported. Several features appeared in the carbonyl region, as

shown in Fig. 4, where different maxima can be distinguished upon irradiation. In

the same graph, the disappearance of the band assigned to the thiophene ring

stretching at 1,510 cm-1 (see Table 2) during exposure to simulated sunlight can be

observed.

According to what reported above, Fig. 5 shows the time-dependent evolution of

absorption intensity of different characteristic IR bands during irradiation. In order

to make comparisons easier, normalized absorption intensities are reported.

Table 1 Variation of degree of

crystallinity of P3HT during

exposure to simulated sunlight

Exposure time (h) V (%)

0 21.4

48 19.8

96 19.9

0.00

0.10

0.20

0.30

0.40

0.50

300 400 500 600 700 800 900 1000

Wavelength (nm)

A
bs

or
ba

nc
e

0 h

23 h

Fig. 2 UV–Vis absorption spectra of P3HT as a function of irradiation time (0 h, 24 h)
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As shown in the graph, a decrease of intensity for signals attributed to alkyl

groups and thiophene ring is observed accompanied by the appearance of new bands

which may be assigned to carbonyl species and thioesters [21].

Table 2 Frequencies and

assignments of main IR bands

for pristine P3HT

Wavenumber (cm-1) Assignment

3,055 C–H (aromatic) str

2,955 CH3 asym str

2,925 CH2 asym str

2,855 CH2 sym str

1,510}1,454

Thiophene ring str
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Fig. 3 Variation of FTIR spectra of P3HT spin-coated films in the aliphatic region as a function of
irradiation time (a: 0 h; b: 6 h; c: 24 h; d: 48 h; e: 72 h; f: 100 h)

-0.002

0.006

0.014

0.022

147015201570162016701720177018201870
Wavenumber (cm-1)

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e 

(%
)

a

b

c

d

e

f

Fig. 4 Variation of FTIR spectra of P3HT spin-coated films in the carbonyl region as a function of
irradiation time (a: 0 h; b: 6 h; c: 24 h; d: 48 h; e: 72 h; f: 100 h)
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After about 50 h of exposure to simulated sunlight, the original absorption

intensity is reduced by almost 50% for both alkyl groups and thiophene ring. At the

same time, signals assigned to C=O stretching of carbonyl species and S=O

stretching of thioesters progressively appear.

These trends may be attributed to modifications occurring to the macromolecular

structure caused by a two-fold mechanism. On one side (Scheme 1), oxidations on

the alkyl side-chain may occur resulting from the attack of oxygen to the carbon in

a-position to the thiophene ring, which may lead to the formation of carbonyl

species (1,715 cm-1) since it is recognized that the carbon atom of a methylene in

a-position to an unsaturated species is characterized by reduced C–H bond energy,

thus representing a preferential site for radical attack [26].

On the other side (Scheme 2), modifications of the polymer backbone may occur

leading to the opening of the thiophene ring. In particular bands assigned to

thioesters (620 cm-1), sulfoxides (1,050 cm-1), dialkyl sulphones (1,150 cm-1)

and sulphones (1,190 cm-1) were detected in the IR spectra of irradiated samples.

Considering what found so far, P3HT seems to show a remarkable instability

towards photo-oxidation under simulated sunlight. In order to reduce the degrada-

tion rate of the polymer, potential stabilizing additives were therefore employed in

this work. In particular two substances were chosen, one belonging to the class of

Hindered Amine Light Stabilizers (HALS) and the other being Multi-Walled

Carbon Nanotubes (MWCNT). The former was chosen because of its known ability

to act as a radical scavenger in plastics and coatings technology. The latter was

selected because it may act both as a radical scavenger [20] and quencher of excited

Scheme 1 Mechanism of photo-oxidation of lateral alkyl chain in P3HT
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Fig. 5 Variation of normalized absorption intensity of characteristic groups in P3HT as a function of
irradiation time: (filled diamond) alkyl groups in the range 3,000–2,800 cm-1; (filled triangle) thiophene
ring at 1,510 cm-1; (open square) carbonyl groups at 1,715 cm-1; (open circle) thioesters at 620 cm-1
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states, and moreover it can be an efficient electron-acceptor photovoltaic

component.

The HALS (5 wt%) was added to a solution of P3HT in chloroform (20 mg/mL),

dissolved by magnetic stirring and then spin coated onto NaCl, KBr and CaF2

substrates for FTIR analysis.

As far as the MWCNT system is concerned, a homogeneous dispersion of

MWCNT in chloroform was prepared by ultrasonication for 90 min. The desired

volume of the MWCNT dispersion was then added to a P3HT solution in

chloroform (20 mg/mL) and a further 60 min ultrasonication was performed. The

final concentration of the P3HT-MWCNT dispersion (20 mg/mL P3HT in

chloroform—1 wt% MWCNT) was prepared by distillation of chloroform under

vacuum and magnetic stirring. The dispersion was eventually spin coated onto

NaCl, KBr and CaF2 substrates for FTIR analysis.

The stabilizing effects of the two additives were monitored by means of FTIR.

Figure 6 shows the changes of normalized absorption intensity of IR bands in the

alkyl group region as a function of irradiation time The trend of neat P3HT is also

reported, for reference.

No significant effects on the degradation rate of P3HT were reported after the

addition of HALS to P3HT. On the other hand, a clear reduction in the degradation

rate was observed when MWCNT were added. In particular, after about 100 h of

exposure to simulated sunlight, a decrease of only 50% with respect to the original

absorption intensity is observed in the case of P3HT-MWCNT blends. The same

absorption intensity is reached after only 50 h of irradiation for neat P3HT and

P3HT-HALS system.

Scheme 2 Mechanism of photo-oxidation of polymer backbone in P3HT
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Fig. 6 Variation of normalized absorption intensity of the alkyl group IR signals as a function of
irradiation time: (filled diamond) pure P3HT; (open circle) P3HT-HALS system; (open square) P3HT-
MWCNT system
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The time-dependent variation of normalized absorption intensity of IR bands

related to carbonyl groups (1,715 cm-1) during irradiation is reported in Fig. 7.

In this case both the presence of HALS and MWCNT appear to slightly slow

down the degradation rate of P3HT. Moreover, the formation of carbonyl species

appears to be slower for the P3HT-MWCNT system than for the P3HT-HALS one,

according to the trend reported in Fig. 6. Similar trends were observed for the

disappearance of IR signal assigned to the thiophene ring (1,510 cm-1) and for the

formation of the band assigned to thioesters (620 cm-1).

The stabilizing effect of carbon nanotubes observed through FTIR in the P3HT-

MWCNT blend might be explained by the radical scavenging properties of MWCNT

which allow for a reduction of the degradation rate of P3HT. Similar results were

actually observed on another system, namely poly[2-methoxy-5-(30,70-dimethyloc-

tyloxy)-1,4-phenylenevinylene] (MDMO-PPV) blended with methano-fullerene

[6,6]-phenyl C61-butyric acid methyl ester ([60] PCBM), suggesting that also PCBM

can act as radical scavenger when mixed with P3HT and exposed to light [20].

The reduced stabilizing effect reported in the P3HT-HALS system could be

attributed to the induction time needed by HALS molecules to activate and act as

photo-stabilizers. Clearly, this induction time appears to be longer than the

degradation rate of the neat polymer.

Conclusions

The results obtained from this work underline a substantial instability of P3HT to

photooxidation following exposure to simulated sunlight. Modifications of the

chemical structure of the polymer are observed, which corroborate the hypothesis of

a degradation mechanism involving side-chain scission with formation of carbonyl

species and aperture of the thiophene ring with formation of thioesters [11].

As a way to reduce photo-degradation rate, two substances were added to P3HT,

namely a HALS and MWCNT, and the photo-chemical behaviour of these two new

blends was investigated through FTIR.
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Fig. 7 Variation of normalized absorption intensity of IR signals related to carbonyl group as a function
of irradiation time: (filled diamond) pure P3HT; (open circle) P3HT-HALS system; (open square) P3HT-
MWCNT system
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While no significant effects were observed in the P3HT-HALS system, the

addition of MWCNT to P3HT appeared to reduce significantly the degradation

kinetics of the polymer, due to a radical scavenging effect of MWCNT. As a result,

MWCNT might represent a good electron-acceptor candidate to improve photo-

stability of organic solar cells.
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