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While organic electronic materials have potential as thin, lightweight, flexible, and crucially inexpensive devices,[1] they have
often shown evidence of instability in chemical, photo, and
thermal degradation.[2] Multijunction organic solar cells have
exceeded 10% efficiency at research level,[3] but to be commercially useful it is regularly stated that they must have lifetimes in excess of 10 years, making device stability a primary
concern.[4] A promising approach to addressing morphological
instabilities of thin film bulk heterojunction devices involves
photocrosslinking of the π-conjugated semiconducting donor
polymer component, which allows the phase morphology to
be ‘locked’ affording thermally stable blends, with suppressed
fullerene acceptor crystallization (Figure 1).
Polymer-based solar cells are particularly attractive as they
can be tailored to afford the required solubility and processability for high throughput printing in device fabrication,
typically through the use of alkyl side-chains extending from
the conducting polymer backbone,[5] while also being able to
achieve optimal phase separation and tunable light absorption.
High-performance devices are achieved in part by the optimization of device morphology to facilitate charge separation and
transport, incorporating the π–π stacking of planar polymer
backbones, the side-chain conformation, and miscibility of
the fullerene acceptor molecules with the donor polymer.[6–9]
However, such microstructures have a tendency for progressive
phase separation on thermal ageing, with domains growing
larger and therefore reducing excitonic charge separation as the
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effective interface area decreases. The presence of micron sized
aggregates can also disrupt the film, leading to device shunting.
Crosslinking has been used in the literature to covalently
bond polymer chains, “locking” the as-cast morphology and
thereby conferring long-term thermal stability to devices.[10,11]
Where this crosslinking occurs in the alkyl chain regions,[12] the
conjugated polymer backbone is ideally unperturbed and device
efficiency not just stabilized but also unimpaired.
Previously crosslinking strategies have largely focused on
functionalizing a fraction of alkyl side-chain termini affixed to
the polymer backbone with reactive groups. These functional
groups have included halogens, vinyls, oxetanes, and azides,
mainly exploiting radical, [2+2] cycloaddition and nitrene insertion reactions.[13] However, these approaches have significant
drawbacks including: (1) the lengthy preparation of specifically functionalized polymers, (2) the addition or generation
of potentially harmful species such as bromine radicals and
photoacids, and (3) the typically low probability of two reactive
groups occupying the required close proximity for reaction.
Recently, small molecule crosslinkers have attracted attention as they can be added to almost any polymer system, activated by UV (ultraviolet) light or thermal treatment.[14] Azides,
for example, have been traditionally used in photoresists to
produce nitrenes, inserting into C=C bonds in, for example,
isoprene resin, emitting only inert nitrogen gas. More recently,
sterically hindered fluorophenyl azides (sFPA’s) have also been
demonstrated to be directed to insert selectively into C–H
bonds in the alkyl side-chains of a conjugated polymer backbone.[12,15,16] In addition, small molecule additives have also
been previously demonstrated to boost the efficiency of organic
solar cells, providing a more optimal microstructure, typically
being alpha, omega-dihaloalkane or dithiol species.[17,18]
Here we simultaneously exploit both the small molecule
crosslinker and additive concepts, through the preparation of
an active bifunctional crosslinker which is structurally analogous to the α, ω alkane additives described earlier, utilizing the
known bis-azide 1,6-diazidohexane (DAZH). This molecule was
selected due to its facile synthesis from available starting materials, good shelf-life, and ease of characterization, arising from
distinct infrared (IR) absorption peaks. The crosslinker is photoinitiated in an UV light curing process to avoid thermal degradation of the photoactive layer, and on activation, highly reactive nitrenes are formed from the azides, with inert nitrogen
gas emitted as a side product.
DAZH was readily prepared in good yield and purity from the
precursory dibromo alkane and sodium azide (Figure 2). The
UV–vis absorption spectrum (dilute solution in chlorobenzene)
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chromatography–mass spectrometry (GCMS) for a model system (see Figure S4, Supporting Information), where an equimolar
mixture of bis-azide DAZH, aliphatic hexadecane and aromatic indenofluorene (a soluble,
pure, small molecule analogue of the conjugated polymer backbone) and fullerene was
irradiated and the products analysed. DAZH
was no longer detected after curing and several new peaks emerged. Moreover, the aroFigure 1. Crosslinking and thermal ageing: photocrosslinking should “lock” the as-cast mor- matic peak increases in intensity relative to
phology, conferring thermal stability, supressing formation of an electron-blocking polymer skin
the aliphatic, indicating that DAZH reacts
layer at the cathode, and fullerene crystals in the bulk.
preferentially with the aliphatic species in
such a thin film system, likely due to preferential partitioning in aliphatic regions of the film during the
shows no absorption above 400 nm, being significantly bluecasting process. The mitigation of aromatic C=C addition and
shifted relative to typical organic semiconducting polymer
C–H insertion reactions by the carbene is important, as these
absorption spectra maxima (Figure S1, Supporting Inforcould perturb the conjugation pathways, either by saturation of
mation). In the IR spectrum (Figure 3) the azide stretch was
the bonds or, for the polymer, inducing steric hindrance and
observable at ≈2100 cm−1. After ≈1 month of storage in the dark
torsional twisting about the backbone. Such disruption could
at room temperature, the IR spectrum was repeated with no
lead to reduced optical absorption and charge generation,
observable changes, indicating good shelf-life of the crosslinker.
accompanied by inhibition of charge transport. Additionally
The thermal stability of the bis-azide was further investigated
the addition of steric bulk may reduce ordering in the system,
by thermogravimetric analysis (TGA) which showed thermal
leading to reduced charge hopping between π-stacked polymers
degradation to begin at ≈100 °C (see Figure S2, Supporting
Information), allowing for room temperature processing.
for example. Such reduced charge generation and transport
To investigate the effect of crosslinking on thermal stability
would manifest as a reduced short-circuit current and power
in organic solar cells, the polymer polysilaindacenodithiopheneconversion efficiency in a photovoltaic cell. Additional gel perbenzothiadiazole (with N-octyl side-chains) and [6,6]-phenylmeation chromatography (GPC) experiments were performed
C71-butyric acid methyl ester (SiIDT-BT/PC[70]BM) were used, as
to detect changes in the molecular weight of the fullerene on
crosslinking (Figure S5, Supporting Information). Measuretogether these materials can give a PCE of over 5% while being
ments were done by redissolving spin-coated films of fullerene
amorphous as-cast.[19] The UV exposure wavelength used for phowith 10% bis-azide DAZH in hot chlorobenzene after curing,
tocrosslinking is an inherent property of the functional group,
in which extra peaks emerge, attributable to the formation of
being ≈254 nm for azides. The curing process was optimized as
higher molecular weight fullerene derivatives and oligomers,
part of device fabrication (see below) to 10 min exposure at 254
indicating that the fullerene may also react with DAZH in the
nm (photocrosslinking) followed by 10 min thermal annealing at
curing process.
70 °C (soft curing). The crosslinking reaction can be monitored
Bulk heterojunction thin film devices were prepared, using
by IR, with the azide stretch (≈2100 cm−1) disappearing almost
SiIDT-BT/PC[70]BM as the photoactive layer blend. Devices
entirely from the blend on curing (Figure 3). Moreover, differhad a conventional architecture, prepared and studied under an
ential scanning calorimetry implies that a crosslinked network
inert atmosphere. As aforementioned, preliminary experiments
forms in the system: where the solid polymer and its drop-cast
revealed a need for soft-curing after UV exposure to mitigate
film (SiIDT-BT) exhibit a discernible melt at ≈350 °C, on addielectrode delamination: while no such thermal preannealing
tion of bis-azide DAZH and thin film curing, the melt is greatly
lead to rapid degradation, 10 min at 70 °C afforded device stasuppressed, indicating encumbered movement in the system
bility with minimally reduced initial performance. Hence a sys(see Figure S3, Supporting Information).
tematic study of UV exposure time, crosslinker functionality
The UV–vis spectra of polymer thin films with and without
and amount was conducted, across an 85 °C inert atmosphere
crosslinker, both before and after curing, are largely the
thermal ageing regime, an industry standard for realistic solar
same, with the crosslinker only slightly enhancing aggregacell testing (Table S1, Supporting Information). For reproduction and reducing the bandgap (Figure 4). This implies that
ibility, the quoted values are an average of at least 10 devices.[20]
crosslinking does not disrupt the polymer π-electron conjugation on an observable scale. This was further confirmed by gas
The bis-azide DAZH exhibits a positive additive effect,
yielding a substantial increase in as-cast
device performance with the power conversion efficiency (PCE) increasing from
6.0% to 6.8% and 7.0%, for 5% and 10% wt
DAZH (with respect to polymer), respectively
(Figure 5). The increased as-cast PCE with
DAZH present is due to an improved fill
factor, which may result from a more optimal
morphology yielding increased charge
Figure 2. Synthesis of the bis-azide small molecule crosslinker 1,6-diazidohexane (DAZH).
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Figure 3. FTIR spectra of bis-azide DAZH and polymer (SiIDT-BT) and
their blend before and after curing (thin films drop cast from dichloromethane on KBr plates).

separation and improved transport. However, postcuring PCE
decreases proportionally to UV exposure time, akin to the reference device.
The reference device exhibited a 6.0% as-cast PCE, dropping
to 4% on exposure to 30 min 254 nm UV light. Overall this
implies that the crosslinkers perturb the nanomorphology of
intercalated transport pathways and/or conjugation pathways
themselves (Figure 6), accompanied by photochemical instability of the system to shorter wavelength higher energy UV
light.
Thermal stability of these devices was then tested by ageing
at 85 °C under an inert atmosphere. After identical curing
and ageing for 130 h, the devices containing bis-azide DAZH
exhibited better stability, affording up to >80% retention of PCE
(compared to <60% for the reference) (Figure 7). The highest
PCE after ageing was found for devices with 10% DAZH, with
10 min UV exposure time (PCE of 4.1%, >70% retention of
postcuring performance) (Table 1). The highest PCE after comparative ageing with 5% DAZH was 3.9%. Without additive, the
device performance dropped to 3.5% PCE after ageing.
The mechanism of stability of bulk heterojunction organic
photovoltaic devices is still under investigation, but morphology is known to play an important role, being highly

Figure 4. UV–vis spectra: polymer (SiIDT-BT) before and after UV curing,
with and without bis-azide DAZH.
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Figure 5. Current density–voltage curves for as-cast devices with varied
amounts of DAZH bis-azide crosslinker present.

sensitive to the exact properties of the constituent materials.[21,22] Recently, McGehee and co-workers showed that an
initial drop in PCE can be due to formation of a thin electron blocking polymer skin underneath the cathode.[23] When
ageing above the polymer’s glass transition temperature (Tg),
such movement of the polymer and fullerene species leads to
a drop in VOC and fill factor. In our case, a similar trend for
the reference cell with a rapid drop in PCE was observed compared to cured devices containing bis-azide DAZH. It can be
speculated that due to crosslinking, microstructure stability is
achieved through not only frustration of fullerene aggregation,
but also suppression of the diffusion that may lead to skin
formation, possibly due to an increased Tg for the system,[24]
thus providing the possibility of improved device stability and
reduced degradation.
To better understand the initial efficiency changes and basis
for thermal stability, the blend morphologies were investigated
(Figure 8). Optical microscopy images of a series of as cast and
aged thin film blends readily show the macroscale thermal
stability conferred by photocrosslinking. Addition of bis-azide
DAZH greatly suppresses fullerene crystallization, even with
omission of the UV curing step, attributable to thermal activation of the crosslinker. This is shown by the lack of fullerene
crystallization in these films as compared to the reference films.
Furthermore, the bulk heterojunction microstructure has more
of a fibrilar character as observed by atomic force microscopy
(AFM). This is reflected in the positive additive effect observed
for the DAZH-based devices, likely functioning in a similar
way to the established additive 1,8-diiodooctane[17] and alkanedithiols,[16] improving ordering and packing of the polymer
backbones.
Donor–acceptor phases of amorphous mixed and polymer
rich are both discernible and expected to be beneficial for
charge separation and transport.[25] The neat blend without
crosslinker additives exhibits no such fibril formation and suffers from macroscopic fullerene crystallization. Comprehensive
optical and AFM images may be found in the Supporting Information (Figures S6 and S7).
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agreement with previous studies on other aliphatic solvent additives.[17,26,27]
In conclusion, we have utilized the small
molecule crosslinker DAZH to confer
thermal stability to bulk heterojunction
organic photovoltaic devices which we speculate is as a result of frustrated fullerene
aggregation and suppressed polymer skin
formation at the cathode. This approach
allows versatility, as the additive exhibits sufFigure 6. The photocrosslinking mechanism: singlet nitrenes react to form strong N–C cova- ficient shelf-life and is readily activated by
lent bonds, often by addition or insertion reactions, as illustrated for the SiIDT-BT polymer
UV light in a scalable fashion, being solution
and a fullerene.
processed and applicable to almost any spontaneously demixing blend system. Moreover,
the DAZH additive affords an increase in ascast device efficiency (from 6% to 7% in this case), thus being a
Notably the photocrosslinking reaction is carried out in the
dual function additive.
solid state at room temperature. This means cooperative movement is slow and the location in which the crosslinking reaction occurs will be the location that the crosslinker has been
preferentially partitioned to during film formation from soluExperimental Section
tion. The aliphatic spacer may promote its solubility, and likely
General Experimental and Instrumental: NMR spectra were recorded
partitioning in, the alkyl side-chain regions of the photoactive
on a Bruker DPX0 400 MHz spectrometer using an internal deuterium
layer microstructure, a possible explanation for the fibril formalock at ambient probe temperatures. Chemical shifts (δ) are quoted in
tion observed in DAZH-based devices. It is difficult to deterppm relative to TMS, with peak multiplicity (t, triplet; m, multiplet),
mine the exact location of the crosslinking, but it is also likely
integration, and coupling constants (J) quoted in Hz (uncorrected) as
excluded from the highly ordered domains of the polymer and
appropriate. CDCl3 was used as the solvent for all spectra; the proton
solvent residual peak is taken as: 7.26 ppm and the carbon solvent
may partition into the disordered regions of the bulk heteroresidual peaks as: 77.16 ppm. Infrared spectra were recorded using a
junction, conferring improved thermal stability without signifisolid state PKI Spectrum Two ATR or Perkin Elmer FTIR spectrometer.
cantly impacting device performance.
UV–vis detection was performed using an UV-1601 Shimadzu UV–vis
As aforementioned, solvent additives such as diiodoctane
spectrometer. Thermal gravimetric analysis (TGA) plots were obtained
(DIO) and alkane dithiols have been shown to greatly enhance
with a Perkin Elmer Pyris 1 TGA, heating under inert nitrogen gas at a rate
[
17,26,27
]
device performance in a number of OPV blends.
Past
of 5 °C min−1 in the range 30–800 °C. Differential scanning calorimetry
(DSC) experiments were carried out on a TA Instruments DSC Tzero Q20
studies have also shown that DIO increases the intermixing of
instrument, heating under inert nitrogen gas at a rate of 20 °C min−1 in
fullerene derivatives with polymers and suggested that proximity
the range −30 to −350 °C (3 cycles). The neat polymer was placed in the
of the polymer to pure fullerene aggregates is important for effisample pan (2–4 mg); for the neat polymer thin film this was dissolved
cient charge separation and transport.[26,27] The DAZH acts not
to solution in the pan using minimal chloroform which was then allowed
only as a stabilizing cross-linker but also as an additive in a simto evaporate prior to measurement (thereby forming a thin film); in the
ilar mechanism to DIO and improves the OPV device perforcase of the polymer and DAZH bis-azide crosslinker, the polymer was
mance due to an improved fullerene/polymer blend morphology.
brought to solution using chloroform containing 10% wt DAZH with
respect to the polymer sample mass, then on formation of the thin film
A simple solubility test confirmed the preferential solubility of
cured in an identical fashion to the OPV cells. Gas chromatography-mass
PC[70]BM in DAZH (Figure S8, Supporting Information) in
spectrometry (GCMS) analysis was performed by the Imperial College
London Department of Chemistry Mass Spectrometry Service, using
positive electrospray ionization; thin films were prepared by drop-casting
on glass substrates (using a 1:1:1 molar ratio of compounds), curing in

Table 1. Device performance on fabrication and thermal ageing: organic
photovoltaic cell power conversion efficiency (PCE) data for with and
without the bis-azide DAZH.
DAZHa) UV exposureb)

PCE (%): As-cast, after curing, after ageing
as-cast

Figure 7. Photocrosslinking SiIDT-BT/PC[70]BM organic solar cells with
bis-azide DAZH, with 30 min UV curing time: the bis-azide exhibits
improved thermal stability after curing, compared to the as-cast reference with no crosslinker.
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cured

14 h

38 h

60 h

130 h

0%

–

6.0

–

3.9

3.9

3.6

3.5

5%

254 nm

6.8

5.4

4.4

4.1

3.8

3.7

10%

10 min

7.0

5.7

4.7

4.3

4.3

4.1

a)

Bis-azide crosslinker wt% added with respect to polymer. Devices had a conventional device architecture, see the Experimental Section for full details; b)The UV
exposure was followed by 10 min 70 °C thermal annealing (soft curing). Thermal
ageing is at 85 °C under a nitrogen atmosphere, unencapsulated.
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Figure 8. Crosslinking and thermal ageing morphology: small molecule additives confer macrostructure thermal stability, through suppressed fullerene crystallization (central optical microscopy images), with the bis-azide DAZH additionally enhancing the microstructure through fibril
formation (flanking AFM images). Such a “double” picture of morphology highlights the various donor–acceptor phases in bulk heterojunctions and the microstructure basis of stability.
an identical fashion to OPV cells, and then redissolving in chloroform for
analysis. Molecular weights: were recorded on an Agilent Technologies
1200 series gel permeation chromatography apparatus in chlorobenzene
at 80 °C, using two PL mixed B columns in series, calibrated against
narrow polydispersity polystyrene standards. Optical microscopy: images
of blends with DAZH are taken directly from the solar cell substrates.
Atomic force microscopy (AFM): was performed on an Agilent 5500
instrument in tapping mode directly on the solar cell substrates.
Computational models were produced using density functional theory
(DFT) in Gaussian 09 software at the B3LYP/6–31G* basis set theory
level with hydrogens typically omitted in visualizing results.
Organic Photovoltaic Cell Device Fabrication: All organic photovoltaic
devices have a conventional device architecture, glass/ITO/PEDOT:PSS/
photoactive layer/Ca/Al. The precoated ITO glass substrates were
cleaned with acetone and isopropyl alcohol under sonication, followed
by drying and oxygen plasma treatment during seven minutes. A
30 nm layer of PEDOT:PSS was spin-coated onto the plasma-treated
ITO substrate and baked at 150 °C for 20 min. The photoactive layer
was spin-coated (preliminary: 2000 rpm; reoptimized: 1500 rpm) from
a 1:3.5 blend of polymer:acceptor dissolved in o–dichlorobenzene.
Photocrosslinking was performed using a low intensity hand-held (8 W)
UV lamp, set to emit 254 nm light, the bulb positioned ≈1 cm from the
substrates, followed by thermal curing (preliminary: 140 °C; reoptimized:
70 °C; both 10 min) in the glove box. The cathode was finally deposited
by thermal evaporation under high vacuum (10−6 mbar) through a
shadow mask. The pixel size, defined by the spatial overlap of the ITO
anode and Ca/Al cathode, was 0.045 cm2. The device characteristics
were obtained using a xenon lamp at AM1.5 solar illumination (Oriel
Instruments). Ageing was performed in the glove box (inert nitrogen
atmosphere) at 85 °C in ambient light (devices not encapsulated).
Synthetic Procedures: Detailed experimental procedures are described
below. All solvents, reagents and other chemicals were used as received
from commercial sources at reagent or guaranteed reagent grade; all
reactions were performed in the absence of light throughout (glassware
wrapped in aluminum foil) using anhydrous chemicals under an argon
atmosphere.
DAZH: Caution: Take Care When Handling Azides: To a solution of
1,6-dibromohexane (4.76 g, 19.5 mmol) in 9:1 (v/v) DMF/H2O (total
100 mL) was added sodium azide (3.80 g, 58.5 mmol) and the mixture
stirred under air at 80 °C for 16 h. The mixture was allowed to cool to
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