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Strong synthetic and engineering efforts have taken the efficiency of non-fullerene acceptor (NFA)
based organic solar cells above 18% in a few years. Nonetheless, a deep understanding of the
fundamental properties of this class of molecules is still missing. Here, we systematically investigated the
morphological properties of two high efficient indacenodithienothiophene-based NFAs — namely ITIC
and ITIC-4F — in order to correlate the hydrogen/fluorination substitutions with the materials structural
and stability properties. We confirm that each NFA structurally evolves with increasing temperature into
several polymorphs, identifying through spectroscopy their corresponding narrow temperature ranges.
We demonstrate that the materials’ response to accelerated stress tests (ASTs) is both substitution and
polymorph dependent. ASTs underlined that the most vulnerable molecular segment corresponds to the
thienothiophene C=—C bond along the central backbone, together with the C=C linkage between the
electron-rich donor and the electron-deficient acceptor moieties, with a degradation process triggered
by oxygen and light. ITIC-4F showed lower oxidation capability and a higher bond strength retaining
effect compared to ITIC. Lastly, the AST approach employed here allowed for the extrapolation of
morphological and stability-related features within a high-throughput framework, and can be considered
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Introduction

Last decade has witnessed the potential of organic photo-
voltaics (OPV) as an efficient, lightweight, flexible, and semi-
transparent solar technology fabricated through a series of low-
cost processes'™ - like deposition from solution by printing
and/or coating techniques — which could replace standard and
costly vacuum-based fabrication processes. These advantages
come from the unique characteristics of the organic semi-
conductors used as the photoactive layer (PAL), typically being
a conjugated electron-donor polymer or small molecule, in
combination with a molecule based either on fullerene acceptors
(FAs) or non-fullerene acceptors (NFAs). The latter, showing a
broader solar absorption spectrum and the possibility to finely
tune their energy levels, have allowed to break the 18%
power conversion efficiency (PCE) benchmark for an OPV in
ternary configuration.* Morphology is a key parameter strongly
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influencing the OPV performance and stability, and due to the
huge variety of existing NFAs, rather differing conclusions are
being drawn at present, in terms of its impact on the device
efficiency. In addition, record efficiencies of NFA-based OPV
and an in-depth understanding of the basic properties related
to such high-efficiency materials, barely go hand in hand. As an
example, Ye et al.’ demonstrated that solvent additives like
1,8-diiodooctane (DIO), together with thermal treatments,
would improve the NFA-based blend multilength scale mor-
phology and induce a higher degree of molecular ordering and
crystallinity, with a resultant high-efficiency OPV. Nevertheless,
as a lesson learned from the fullerene-based OPV world, it is
now well known that DIO leads to an accelerated device
degradation.®’” Therefore, an in-depth understanding of the
basic morphological properties related to such novel highly
efficient acceptors, and how these can ultimately impact the
device efficiency and stability, seems essential.

Among the most high-efficiency NFAs, indacenodithieno-
thiophene (IDTT)-based ITIC (2,2-[[6,6,12,12-tetrakis(4-hexyl-
phenyl)-6,12-dihydrodithieno[2,3-d:2’,3’-d']-s-indaceno[1,2-b:
5,6-b']dithiophene-2,8-diyl]-bis[methylidyne(3-oxo-1H-indene-
2,1(3H)-diylidene)]]bis[propanedinitrile]) was first synthesized in
2015,° and since then many ITIC derivatives were designed,
achieving PCEs steadily growing over time.’”'" ITIC acceptor
belongs to the family of acceptor-donor-acceptor (A-D-A)-type

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Characterization of as-cast NFAs. Absorption (filled symbols) and PL (unfilled symbols) spectra of ITIC (square) and ITIC-4F (circle) (a). Normalized
experimental as-cast (solid lines) and DFT-calculated (dotted lines) ITIC (top 2) and ITIC-4F (bottom 2) spectra (b). Peaks and main vibrational modes
assignments are discussed in the main text, and are guided by DFT simulations as well as comparison with the literature. GIWAXS 2D patterns and 1D
in-plane and out-of-plane profiles for as-cast ITIC (c and d) and ITIC-4F (e and f).

small molecules, in which a donor core, comprising aromatic
fused rings with extended conjugation, is connected to the sides
to electron-deficient end groups, which favor the intermolecular
n-1t overlap and enhance the carrier mobility (Fig. 1b, inset).
One of the most remarkable ITIC derivatives is the tetra-
fluorinated ITIC-4F, in which the end-group 2-(3-oxo-2,3-
dihydro-1H-inden-1-ylidene) malononitrile (INCN) is symmetri-
cally fluorine-substituted (Fig. 1b inset, X=F). By enhancing
the fluorination density, both the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) levels are pulled down simultaneously. While fluorina-
tion decreases the open-circuit voltage (Voc), it also induces an
enhancement in the short-circuit current (Jsc) by contracting
the NFA optical bandgap, therefore compensating for the Voc
loss."™** Fluorine addition also showed to improve the acceptor’s
inter- and intra-molecular interactions. As well, inclusion of
new moieties at the ITIC end-groups can significantly change
its temperature-dependent morphology and crystallinity.'®

This journal is © The Royal Society of Chemistry 2020

Since thermal treatments are some of the essential processes
related to OPV fabrication, a proper knowledge of the relation-
ship between ITIC fluorination and its temperature-dependent
structural and optical properties becomes crucial.

While new NFA materials are constantly being designed,'®"”
the majority of research groups is mostly focused on the search
for the best achievable efficiencies. Top performing but unsui-
table (i.e. unstable) materials would, however, not make for a
good “real” solar device. In this respect, whereas the scientific
problem related to the stability and degradation of standard
(fullerene-based) OPV has opened up specific research path-
ways and is being steadily tackled,’®>' the same debate is
starting to arise only now around NFA-based OPV. Interestingly,
some disagreement is emerging on whether NFA-based OPVs
show worse or better stability compared to their fullerene-based
counterparts, and on which is the most relevant factor triggering
instability. (Part of such discrepancy could likely come from the
quite different testing conditions applied by each research group.)

Mater. Adv., 2020, 1, 2846-2861 | 2847
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Zhao et al.>” reported joint superior efficiency and thermal stability
for OPVs based on PBDB-T poly[(2,6-(4,8-bis(5-(2-ethylhexyl)-
thiophen-2-yl)-benzo[1,2-b:4,5-b"]dithiophene))-alt-(5,5-(1',3'-di-
2-thienyl-5',7'-bis(2-ethylhexyl)benzo[1’,2'-c:4’,5'-¢]dithiophene-
4,8-dione)] donor and ITIC acceptor, compared to the PBDB-T:
PCBM-based counterpart. In contrast, Brabec’s group>® showed
only similar photoconversion efficiency (PCE) aging trends for
PCBM- and for two specific ITIC derivatives- (i.e. fluorine and
thiophene substituted ITIC) based cells, owing to the lack of
conjugation breaking of the latter upon light soaking. These
authors explained the poorer photostability results of the other
ITIC derivative-based OPVs tested (ITIC, ITIC-M) in view of the
increased number of energetic traps generated upon the NFA
reorientation. In parallel, also Nutifafa et al.>* demonstrated
the higher photostability of PCBM-based devices over the
ITIC-based ones. Nevertheless, they discarded a trap-assisted
recombination as the main reason behind the observed photo-
degradation, instead a mobility loss upon light exposure was
identified as the main contributor to the difference in the OPV
photodegradation. In any case, the NFA blending with a donor
polymer seems to slow-down/alter the degradation pathway of
the bare NFA. ITIC-based OPV instability under light soaking
was additionally verified by Park and Son,?” but in this case the
NFA/zinc oxide interface was identified as the most chemically
vulnerable cell’s portion, and the need for stable aromatic
structures was underlined in order to achieve an acceptable
device stability. In the same spirit, Guo et al>® proved that
introducing stabilizers, like nickel chelate S6, would improve the
photo-oxidation stability of many NFAs. Whereas the environ-
mental molecules interaction with NFAs can be mitigated with
the introduction of anti-oxidants, Kim’s group®’ investigated
how the molecular structure of two different NFAs, i.e. o-IDTBR
and IDFBR, could influence their photostability in air. They
found a three-phase process for which light and ambient
contact triggered an initial conformational change, followed
by fragmentation and chromophore disruption, lastly closed
by a complete photo-bleaching. Interestingly, the less planar
IDFBR showed worse degradation rate with respect to the more
crystalline o-IDTBR.

From the literature results presented above it is apparent
that there is a lack of general understanding of the stability at
the material and device level. A more fundamental under-
standing of the interaction between the bare NFA morphology
and its chemical structure (specific for each NFA family)
with its stability under light and/or air, would surely help to
disentangle the different instability sources at the device level.
Therefore, in here we report a study on thin films of two NFAs,
namely ITIC and ITIC-4F, investigated using photolumines-
cence (PL), absorption and Raman scattering. First we evaluate
the annealing temperature effect on the structural and optical
properties of the two materials, comparing the influence of
fluorination on the type of polymorph as well as on the phase
transition temperatures. Moreover, we discuss how the specific
end-group substitution affects stability of the NFA polymorphic
states, in response to conditions of accelerated stress tests (ASTSs).
We find that the photostability of ITIC is markedly dependent on
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the specific polymorphic phase and the fluorine decoration.
Fluorination is able to slow down the molecule degradation
induced via AST, likely due to a stronger chemical stability
inducing a retaining effect. Finally, we point out that this study
has been carried out by introducing annealing temperature
gradients within the very same samples, thus we assess the
NFA morphological characteristics — as well as the AST effects on
them - in a high-throughput screening fashion. The advantage
of this approach in stability studies is two-fold, as it allows for a
significant saving of lab time and material use.'>?*°

Experimental section
Materials

ITIC and ITIC-4F acceptors were purchased from 1-Material,
ZnO nanoparticles dispersion was acquired from Avantama,
while indium tin oxide (ITO)-covered substrates were purchased
from Ossila.

Samples preparation

In order to produce an as realistic as possible PV interphase,
a uniform ZnO layer was blade coated on the ITO-substrate,
before the NFA deposition. ZnO blade coating was performed in
air, using an automatic Zehntner ZAA 2300 with an aluminum
applicator Zehntner ZUA 2000.>° After the deposition, samples
were annealed in ambient conditions at 105 °C for 30 minutes.
Both acceptors were dissolved in chlorobenzene (CB) in a
concentration of ~13 mg mL™'. After an overnight stirring at
80 °C and 1000 rpm, the acceptor materials were blade coated
inside a nitrogen-filled and dry glove box, using a second blade
coater equipment of similar brand and model, kept at 80 °C.
According to the selected conditions of speed (70 mm s~ ') and
blade gap (200 pm), we obtained films roughly 70 nm thick.
After deposition, NFA-covered samples were thermally annealed
inside the same glove box for 30 minutes within the range
(90-250 °C), using a calibrated Kofler bench (Wagner & Munz).
This type of hot stage produces a controlled temperature gradient
which is then transferred to the sample, enabling the production
of films with a lateral thermal annealing gradient.”®

Characterization

UV-vis absorption spectra were recorded using a Hitachi U-3000
spectrophotometer. Optical microscopy images were obtained
using an OPTIKA B-600 MET microscope in crossed polarizer
configuration. Raman scattering and PL signals were acquired
using a WITec alpha 300 RA+ confocal Raman setup, coupled
to an Olympus objective with 10x magnification. 488 nm and
633 nm centered lasers were employed for Raman and PL
measurements, respectively. For The 488 nm-based AST on
annealed samples, several measurements at different powers
were performed on nominally similar samples, in order to plot
the Raman features evolution against the dose. The laser
powers used were 0.25 mW, 0.50 mW, 0.75 mW, 1 mW, and
1.5 mW. For 633 nm-based PL measurements, we fixed the
power to 0.25 mW. All raw data were collected and treated using

This journal is © The Royal Society of Chemistry 2020
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WITec Project FIVE and the Origin 2019 pieces of software,
respectively. In order to make a rough estimation of the power
density impinging on the samples during ASTs, we considered
to have a laser spot with an approx. 20 um radius. Remembering
the power density definition (W m™?), for a 0.25 mW power we
calculate a power density of ~1.2 x 10> W m™?, while for the
maximum 1.5 mW power used, we get ~1.2 x 10°W m ™. GIWAXS
experiments were conducted at the BL11 NCD-SWEET beamline at
ALBA Synchrotron Radiation Facility (Spain). The thin films were
typically exposed for 1-5 s to an X-ray beam with a wavelength of
0.998 A at an incidence angle 0.12° to ensure surface sensitivity. 2D
scattering patterns were collected by employing a WAXS LX255-HS
detector from Rayonix (pixel size = 44 x 44 pm?). DFT calculations
were performed using the ORCA ab initio DFT and semi-empirical
self- consistent-field molecular orbital theory package.”® Both geo-
metry and Raman calculations were run using the long-range
separated ®B97X-D3 DFT functional together with Ahlrichs’
triple-split-valence basis set augmented by polarization functions
(TZVP) along an auxiliary def2-TZVP basis set. Fully optimized and
equilibrium geometries were validated via force constant calcula-
tions (no imaginary frequencies were found).

Results and discussion

Characterization of as-cast ITICs

Thin films of NFAs were deposited by blade coating on ZnO/ITO
substrates (see experimental section for details). The as-cast
films were first characterized by UV-visible optical absorption,
PL and Raman spectroscopy techniques, and representative
spectra of both ITIC and ITIC-4F are shown in Fig. 1. UV-vis
spectra (Fig. 1a) of both ITICs exhibit a stronger 0-0 transition
at higher wavelengths and a less intense 0-1 transition at
shorter wavelengths. Fluorine substitution in the INCN end
group enhances the electron push-pull effect, and is the origin
of the slightly red-shifted UV-vis absorption and PL emission
onsets compared to the non-fluorinated ITIC (Fig. 1a). On the other
hand, experimental Raman spectra (Fig. 1b) of both ITIC types
show a general match in their main vibrational modes. In fact, the
fluorine substitution in the ITIC end group - which should
correspond to a C-F Raman spectral feature falling between
500 cm ™" and 800 cm ™" - could be detected only by using laser
powers of ~200 mW, ie. at least two order of magnitude higher
than the maximum one employed in this work.**> We used DFT
simulations (Fig. 1b, dashed) to assign the six strongest vibration
modes falling between 1300 cm™' and 1700 cm™ ' at different
molecular sites. For detailed assignment see Table 1.

Two-dimensional Grazing Incidence Wide Angle X-ray Scat-
tering (2D GIWAXS) patterns for both as-cast ITICs (Fig. 1c—f)
show poor molecular order, suggesting largely low-crystalline
structures. Narrow peaks near Q = 20 nm ' come from the
silicon substrate scattering.

AST on as-cast ITICs

Having realized the initial characterization of both fluorinated
and non-fluorinated ITICs in terms of their main structural,

This journal is © The Royal Society of Chemistry 2020
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Table 1 Assignment of main in the

1300-1700 cm™*

ITICs Raman peaks range

Raman shift (em™") Assignment (main vibration)

~1345 (0)
~1440 (B)

C-C & C-H (INCN group)
C=C (thiophene)
C=—C (alkenes)
C-H linkage (IDTT and INCN)
~1490 (y) C-H central ring

)

~1550 (8 C=—C (IDTT central benzene)
~1600 (&) C=—C (phenyl INCN)
~1705 (§) C=N linkage (INCN)

optical and vibrational features, we wanted to understand how
fluorination would influence the NFA stability. For this, we first
performed in situ photodegradation of as-cast ITICs thin-films,
using the lasers’ excitations as a way to accelerate the degrada-
tion process. The experimental setup we used allowed us to
collect real-time Raman and PL signals as a function of the
laser irradiation time.””

We used a monochromatic 488 nm (Raman) and 633 nm (PL)
lasers to perform AST with power densities between two and
three orders of magnitude higher than the standard AM1.5G
(details in Experimental section). Fig. 2a depicts the integrated
PL intensity dependence of as-cast ITICs upon degradation time.
In the inset, the spectral evolution of normalized PL spectra
selected at specific degradation points, is represented.

Both materials show heavy PL quenching over time, with
ITIC-4F displaying a slight red-shift over the annealing time
(from 785 nm to 793 nm). With increasing illumination time,
the main peaks Raman intensity signal decreases (Fig. 2b,
taken at 0.5 mW), suggesting a chromophore loss during the
photo-oxidation process.

The PL quenching intensity has a direct relationship with
the density of quenching sites®® and for samples measured
in ambient, air photo-oxidation is known to induce a rapid
increase of such density.’>* In fact, active radicals can be often
formed as a result of photosensitization in the presence of
oxygen, metal catalysts (ITO/ZnO) and other residues®>*>3°
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Fig. 2 AST on as-cast ITICs. In situ integrated PL intensity decay of
as-cast ITIC (square) and ITIC-4F (circle) upon 633 nm laser excitation.
Inset: Normalized PL spectra taken at different degradation times, for
as-cast ITIC (upper panel) and ITIC-4F (lower panel) (a). In situ Raman
spectra of as-cast ITIC (upper panel) and ITIC-4F (lower panel), corres-
ponding to different degradation times upon 488 nm excitation (b).
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Also other mechanisms can trigger photochemical bleaching,
even in the absence of oxygen.>® In our study, the higher PL
intensity signal retained by ITIC-4F at the end of the experi-
ment compared to ITIC, is an indication of a higher stability to
photo-oxidation. This can be due to the fluorine-substituted
end groups favoring F-S and F-H interactions. This hypothesis
seems aligned with fluorine substituent being capable of forming
electrostatically driven and stabilizing F-n noncovalent interactions
with aromatic molecular species, in donor:acceptor blends.”*®

Alternatively, the slight different energy levels could also be
playing a role. In particular, the LUMO of ITIC-4F is —4.07 eV,**
compared to —3.92 eV for ITIC.*° The former is farther from the
electron affinity of molecular oxygen (—3.75 eV), thus it is
expected to result in a more stable material, as it was very
recently shown for other NFA based blends.*! In situ Raman-
based AST were realized under several powers/exposure time
conditions, with the intention of establishing a relationship
between degrading trend of relevant peaks and dose intake
(defined as power density x exposure time). For each laser
power used, a degradation time-dependent Raman spectrum
was first produced. Subsequently, in order to perform a more
in-depth spectral analysis, time-dependent integrated intensi-
ties for peaks i, ii, iii and iv were computed. Fig. 3a and b shows
combined data representing the degrading trends for peaks i,
ii and iii, against the dose intake. Each panel is a collection of
measurement points realized at different powers (0.25 mW -
0.50 mW - 0.75 mW - 1.0 mW - 1.5 mW).

Plots represented in Fig. 3a and b and related to peaks i, ii
and iii were best fitted with a biphasic Hill equation, while peak
iv was best fitted by using a dose-response curve. Despite
certain scattering in the data points - which we ascribe to
possible local non-linear heat-related effects — general tenden-
cies can still be inferred the increasing dose intake. Raman
measurements confirm that ITIC-4F related peaks double the
times taken by ITIC to reach half of their maximum intensity
under constant 488 nm laser illumination, also in line with PL
results showing a more stable ITIC-4F under 633 nm laser
degradation.

In principle, ITICs molecules offer various potentially weak
chemical points, like the alkene- and the cyclopentadiene-
chain-based units, just to name a few. Our experimental results
(Fig. 3), together with DFT-based peak identification, allow us
spot out which - out of the many possible reaction sites — are
actually the most likely degrading candidates. Indeed, the main
vibronic Raman modes suffering intensity drop correspond to
the double C bond on the thienothiophene along the central
backbone, together with the C—=C linkage between the electron-
rich donor and the electron-deficient acceptor moieties,
(labeled i); the C—=C stretching of the benzene central ring
(together with the double C bond on the thiophene) (ii), the
double C of the end-group fused phenyl ring (iii).

Out of the three peaks monitored, peak i shows the fastest
decay curve, followed right after by peak iii, and eventually peak ii.
Therefore, ASTs seem to identify the weakest molecular site in
correspondence with the C—C linkage at the thiophene bonds,
while the benzene central ring (C—C stretching mode of the

2850 | Mater. Adv., 2020, 1, 2846-2861
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central ring) appears as the most stable NFA site. Under our
experimental settings, a photochemically induced autoxidation
yielding to the formation of carbonyl compounds, seems the
most likely pathway for the NFAs degradation and the conse-
quent bonds intensity loss, rather than a chain break due to
direct photon impact. In fact, the UV light component of the
experimental conditions is practically absent. Second, the
acceptors’ absorption in that region is almost absent, and
cannot be the trigger of any significant chromophores
break.*” In this framework, we suggest the autoxidation cycle
as the main NFAs degrading process, via the formation of free
radicals.*” This process can be initiated by heat, radiation and
oxygen presence, as well as any metal catalyst residues coming,
for example, from the synthesis process of the material, or from
the conductive substrate itself.*>** Therefore, during the in situ
AST oxygen, light and metal catalyst residues (if any) will all
contribute to trigger the formation of free NFA radicals (R®)
through a charge transfer complex between the electron rich
donor sites (alkene and cyclopentadiene based units) and O,.
Such radical cations (R®) are, in turn, highly reactive and short-
lived species which may rapidly react with triplet ground state
oxygen, to create new oxygen-centered reactive species, including
peroxy radicals and hydroperoxides (02 + R® — ROO®* + RH —
ROOH + R°®) as well as other fragment species (H,O, H,, H,0,).
The hydroperoxides (ROOH), being highly reactive themselves,
can also create new free radical species, such as hydroxy and
alkoxy radicals (ROOH — °*OH + RO®). Since the radicals can
keep reacting with alkenes to generate other radical species, the
radical cation chain reaction will continue.** We claim that under
the specific experimental conditions of light and oxygen exposure
employed in this study, the radical cation chain reaction can
easily initiate, as the high HOMO level of alkenes can facilitate
the electron transfer from alkenes to oxygen. Other mechanisms
involving the presence of photosensitized production of singlet
oxygen may also contribute to degradation of organic photo-
voltaic materials, as recently reported by Turkovic et al.*> On the
other side, fluorine substitution in the end-group of the ITIC
molecule increases the non-covalent interactions with the
consequent introduction of a favored cell packing.*® Moreover,
fluorination lowers the HOMO/LUMO levels, increases the
electron affinity’” and enhances the molecular electron-pulling
effect, with the result of a more efficient delocalization of the
electron cloud over the electron-withdrawing site, and a reduced
oxidative effect. Similar results on fullerene- and non-fullerene
based blends have inversely correlated the higher polymer
photobleaching of the photo active layers, with smaller electron
affinity.**® Moreover, the oxidative cleavage of alkenes to
carbonyl compounds has been already reported,*® even in
the presence of sole molecular oxygen.**>°

An in-depth analysis of the collected Raman spectra readily
reflects our claim, not only by revealing the C—=C bond break
under the in situ degradation conditions (Fig. 3, i), but also
with the raise of a new broad vibrational mode in the (1700-
1850 cm™ ') range (Fig. 3, iv and Fig. S7, ESI} for Raman spectra
showing the raise of new vibrational feature), commonly
assigned to the carbonyl stretching mode.*** The integrated

This journal is © The Royal Society of Chemistry 2020
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peak area of this new feature increases almost twice as much
for ITIC than for ITIC-4F, confirming the higher oxidation
capability of the former under the same degrading conditions.
Also, ITIC-4F starts reacting/oxidizing after receiving a slightly
higher dose intake, compared to non-fluorinated ITIC, and the
overall growth process appears much faster for ITIC than for
ITIC-4F. Due to the same mechanism, we also explain the
almost doubled times for the ITIC-4F Raman modes to reach
the same degradation level upon similar dose amounts received,
with respect to ITIC (Fig. 3a and b, i-iii).

This journal is © The Royal Society of Chemistry 2020

It has been recently shown®® that, when ITIC is put in a basic
environment, OH ™ anions can react as nucleophiles and attack
the linkage between D and A moieties of the NFA, with the direct
consequence of a conjugation break and the alteration of the
charge transfer properties of the chain. These results provide
extra proof of the ITIC molecule weakness mostly localized in the
C=C linkage between D and A groups. In the same work,
Zhu et al. also verified that while the photovoltaic performances
of OH  added ITIC devices hugely dropped compared to the
OH™ free reference - with short circuit current (Jsc) and
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efficiency (PCE) only retaining 5% and 2% of their reference
values - OH -added ITIC-4F based solar cells held almost 50%
and 15% of their original Jsc and PCE.

Previous experiments have already shown that NFAs are
responsible for the largest fraction of the active layer degrada-
tion in NFA-based OPV devices.?® Indeed, we confirm that
under degradation conditions similar to those reported in this
work, the typical donor polymer PBDB-T degrades more than
twice as slow as ITIC (see Fig. S10, ESIt). Therefore, in this work
we narrow our focus on the NFAs stability.

Exploring ITICs phases to understand stability

As already discussed, fluorination results in changes in the
energy levels, and thus in the single molecule chemical stability,
as well as in the solid state packing. Which of these two effects
dominates? The NFA morphology evolves upon heating, which is
a common condition during solar cell fabrication and actual
operation.”>> Therefore, we believe that understanding ITIC
thermal evolution upon annealing is a valuable way to infer on
its structural stability, as well as to better interpret the differ-
ences highlighted by the AST protocols (Fig. 3). It is important to
stress here that, throughout this work, all measurements were
realized at room temperature (RT), once the materials underwent
thermal annealing and subsequent cool-down in inert atmo-
sphere. We consider this experimental condition especially
meaningful in order to correlate to typical processing conditions
in OPVs. Moreover, it has been recently pointed out that the
resulting ITIC film structure of annealed samples compares well
with in situ temperature measurements.*

Annealing temperature (7,)-dependent UV-vis absorption
and PL emission contour maps of both ITICs (Fig. 4a and b)
highlight the presence of four main regions with different solid-
state microstructures, according to the scanned temperature
range. Each region is clearly material-dependent. Starting from
literature results’® relative to the determination of the two main
ITIC’s polymorphic states — below and above its glass transition
temperature (T, ~ 180 °C) - we were able to further break-down
and distinguish such temperature-related phases of the materials.
Indeed, within the T range corresponding to the low-temperature
polymorph (i.e. polymorph I* and I**), the UV-vis main absorption
peak (4¢-o, Fig. 4a) shows an intensity increase up to T, ~ 100 °C.
After 100 °C, A, experiences a drop until 150 °C. For T, ~ 150 °C,
the Ay, intensity sharply increases again and reaches its
maximum. While the A4,, peak position does
substantial shift in such T range (Fig. 5a), its FWHM
(Fig. S1, ESIt) broadens and decreases between 100 °C and
160 °C, before reaching a relative minimum for 7, ~ 180 °C.
This suggests that within the temperature region of poly-
morph I, the material passes through a region of looser
(I*, Fig. 4a) and one of stronger (I**, Fig. 4a) molecular order,
with ~150 °C as the temperature turning point. Together
with optical microscopy data (Fig. S2, ESIt), our results match
especially well with Muller’s group finding about ITIC capability
to start a diffusion-limited crystallization process, once annealed
at temperatures ~ 145 °C and well below its T, (Fig. S2b, ESIT).
As well, the Ay_¢/Ao-; ratio trend seen in Fig. 5b (and inset)

no show a
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endorses this explanation, as a lower (higher) level of inter-
chain coupling would correspond to a less (more) ordered
crystalline structure, resulting in a higher (lower) Ay o/A¢1
value.>” %8

Annealing both ITICs at T > T, produces further conforma-
tional changes, reflected by the appearance of specific absorp-
tion features, as revealed in Fig. 4a, b and 5a, b. In more detail,
when ITIC is annealed at temperatures between 180 °C and
230 °C, the 4,_, peak intensity increases (Fig. 4a) most probably
due to the formation of a different polymorph (phase II). The
further raise of the temperature (to 230-250 °C) results in the
quick drop of the A,_, peak intensity, due to a further transition
into a phase III polymorph. On the other side, the 4, peak
shift (Fig. 5a) undergoes a marked blue-shift (~20 nm) in the
phase II temperature region, followed by a back red-shift for
phase III. Therefore, ITIC passes through an intermediate
phase (polymorph I1*) in which the combination of 4,_, blue
shift together with its increased A,-¢/A¢-; ratio, indicates that
the crystallization process evolves through a temporary shorter
conjugation-length. Such conjugation seems to be recovered
for T > 230 °C. Indeed, it has been reported that for ideal
H(J)-aggregates, increasing disorder (180-230 °C region in our
experiments) leads to an increase (decrease) in the vibronic
Aop_o/Ag_4 intensity ratio.*

Nevertheless, in a molecular n-stack a competition always
exists between interchain (H-like) and intrachain (J-like) inter-
actions, and some crossover from H- to J-aggregate behavior
can easily show up.®® Unlike ITIC, ITIC-4F A,_, peak shows a
strong red-shift when crossing its T, (~170 °C), an indication
that the small molecule might be acquiring stronger conjuga-
tion along the backbone with increased temperature. A closer
look at the ITIC-4F A,_o/A¢-1 peak ratio reveals that such phase
change is accompanied by a transitory increased disorder,
briefly showing up between 180 °C and 200 °C. GIWAXS
measurements for materials annealed at 200 °C show more in-
plane crystallinity features for ITIC-4F, than ITIC (Fig. 6 and 7e, f).
The ITIC-4F phase transformation seems to happen in a much
smaller temperature window, compared to ITIC. T,-dependent
PL contour plots (Fig. 4c) and PL peak shifts (Fig. 5¢) confirm
the presence of distinct polymorphic phases, while GIWAXS
patterns (Fig. 6 and Fig. 7a, c, e) and scattering profiles
(Fig. 6 and 7b, d, f) reveal the different level of crystallinity
associated to them. Note that the use of temperature dependent
PL measurements has been successfully used to probe the
signatures of thermal transitions in conjugated polymers.*°

To further understand the effect of fluorine substitution on
the ITIC temperature-dependent molecular order, we measured
Raman spectra under 488 nm excitation. Fig. 4e and f show the
complete normalized Raman spectra of ITIC and ITIC-4F at
different T,, while in Fig. 5e and f the detail of the four main
vibrational modes, in the range 1300 cm '-1700 cm ', is
reported. Since - in very broad terms - the Raman signal is
based on the interaction between the material’s electronic
cloud and the external electric field induced by the measure-
ment laser light,*®* a general look at Fig. 5e and f already
suggests that ITIC-4F may retain its structural features through

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 UV-vis, PL and Raman evolution upon materials annealing. Phase-dependent ITIC (left column) and ITIC-4F (right column) UV-vis absorption
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temperature. Four regions are identified in the contour maps for each NFA, according to their polymorphic phase. All measurements were realized at
room temperature, after the materials underwent annealing and subsequent cool-down in inert atmosphere.

a wider annealing temperature range, as compared to ITIC.
Indeed, the ITIC-4F C-C intraring (in-plane skeleton) stretch
modes (~1340 cm ', 1) position and intensity seem more
unaffected by the specific phase than those of ITIC. On the
other hand, the peak at ~1600 cm ' (4) assigned to the end-
group fused phenyl ring,** shows a higher variability for ITIC
than for ITIC-4F. NFA end-groups have been identified as the
ones responsible to create charge transport channels via end-
group interactions between different molecules.®* *° Therefore,
depending on their planarity and n-n stacking, they could
either facilitate — or hinder - such intermolecular interactions
and the charge transport across neighboring molecules.®” n-n
stacking values of ~3.5 A and 3.35 A have been recently
reported for ITIC®” and ITIF-4F," respectively. Therefore, these

This journal is © The Royal Society of Chemistry 2020

results seem to suggest that fluorination, favoring a higher
molecular planarization and closer packing - likely via the
formation of the intramolecular noncovalent interactions®®*” -
could grant higher molecular stiffness toward annealing tem-
perature, with respect to ITIC. While peaks 2 and 3 (Fig. 5e and f)
are commonly associated to collective C—C bond stretching
modes of the conjugated molecule backbone, based on DFT
calculation and literature reports®®’° we could distinguish and
assign the ~1450 cm™" vibrations (2) mostly to the thiophene-
related C=C stretching mode, while the ~1550 cm ™" (3) to
the C=C central ring stretching mode. The biggest shape
change registered for ITIC happens at the C—C stretch peak
(~1450 cm™') for T > 200 °C, when a well pronounced
shoulder at ~1420 cm ™" appears, whose presence has been

Mater. Adv., 2020, 1, 2846-2861 | 2853
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evolution of Raman peaks (1: ~1350 cm™; 2: ~1450 cm™%; 3: ~1550 cm™%; 4: ~1600 cm™) for ITIC (e) and ITIC-4F (f).

reportedly associated to a more ordered phase of the molecular
species.”’ This matches GIWAXS results for ITIC annealed at
200 °C, where the material shows its highest crystalline phase
(truncated rods), compared to patterns annealed at 100 °C and
150 °C (Fig. 6e and f).

Also ITIC-4F Raman shape and intensity exhibit the most
striking change for >200 °C, mostly in correspondence with
~1550 cm ™~ (peaks become sharper and split, FWHM drops),
with the GIWAXS patterns showing as well the highest crystal-
line phase for T, = 200 °C (Fig. 7e and f). GIWAXS measure-
ments generally show a higher ITIC-4F conjugation over ITIC,
possibly confirming the stabilizing effect on the structure,
coming from the multiple intermolecular non-covalent inter-
actions occurring in the fluorinated acceptor.’”””*> Nevertheless,
until the 200 °C annealing temperature is reached, other
structural changes highlighted by GIWAXS for ITIC-4F
annealed at T < 200 °C, do not seem to be detectable by the

2854 | Mater. Adv., 2020, 1, 2846-2861

Raman signal (Fig. 7b and d), maybe suggesting a larger Raman
scattering cross section for the disordered phase of ITIC-4F,
compared to the ordered phase.

Table 2 briefly summarizes the main annealing temperature-
dependent phases identified, with their associated crystallinity
features. Through this characterization, we have shown that
both ITIC and ITIC-4F exhibit three well-marked structural
phases, clearly dependent on the annealing temperature
applied. Interestingly, within polymorph I - delimited within
the RT-T, range - our detailed temperature mapping allowed
us to unveil two sub-phases (I* and I**) for each NFA. Moreover,
Raman analysis showed that for each NFA, the processing tem-
perature leads to phase-specific vibrational modes evolution.

Phase-dependent ITICs stability

Having established a relationship between T, and the structural
features of fluorinated vs. non fluorinated ITIC - ie. their

This journal is © The Royal Society of Chemistry 2020
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thermal transition temperatures and how these may affect their
molecular bonding - we next study the NFA stability in
thermally annealed materials. In fact, thermal treatments are
among the most fundamental fabrication steps of a solar cell
throughout the entire production process. For this, investiga-
ting not just the as cast-, but also the polymorphic phase-
dependent ITICs stability becomes especially relevant in order
to simultaneously achieve efficient and durable solar devices.
Therefore, we screened the different polymorphic ITICs phases
under similar accelerated degrading conditions. Fig. 8a and b
report the log-log integrated PL decay of the 4 ITICs structural
phases as a function of the degrading time; Fig. 8c and d show
the semi-log degrading trends of Raman peak i, against the
dose intake (peaks ii and iii displayed in Fig. S3, ESIt). First, we
notice that PL and Raman measurements coherently verify that
stability depends on the specific NFA investigated. In detail,
ITIC shows its least stable regimes below T, while its most
stable polymorph appears for 7, > 200 °C (phases II and III).

This journal is © The Royal Society of Chemistry 2020

From the Raman measurements, we also determine that among
phases II and III, the longest lasting integrated Raman peak i
signal comes from phase III, when - in agreement with results
from Martin’s group™ - the material reaches its lowest free
energy, and presumably its highest thermodynamical stability.
The relative stability of ITIC-4F polymorphs instead, does not
seem to correlate directly with the order of the material’s
crystallization phases. In fact, unlike ITIC, the highest annealing
temperature (~230 °C, phase III) for ITIC-4F does not bring the
material to the most stable phase, but rather the opposite.

It is worth noting that the integrated [630-650 nm] absorp-
tion range plotted against T, (Fig. S4, ESIt) proves that the
observed stability variation between phases is not an artifact
associated to different phases having different absorption
coefficients, which would in turn vary the total absorbed
633 nm laser power. ITIC-4F Raman peak i signal for phases I
and III show the quickest intensity drops. Yet, slight differences
in the degradation time scales between PL and Raman might be

Mater. Adv., 2020, 1, 2846-2861 | 2855
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Table 2 Main ITICs crystallinity features according to the applied annealing temperatures

Phase T range (°C) Crystallinity features (aggregate type)

ITIC * RT to ~140 Loose crystallinity (HJ-type)
I** ~140 to ~180 Beginning of crystallization process (towards more J-type)
I ~180 to ~230 Conjugation loss (more H-type)
111 ~230 to ~250 More ordered phase (more J-type)

ITIC-4F I* RT to ~130 Loose crystallinity (HJ-type)
I** ~130 to ~170 Beginning of crystallization process (towards more J-type)
1I ~170 to ~220 A large crystallinity is acquired (strong J-like character)
i ~220 to ~250 Crystallinity reduces

due to the different illumination laser wavelengths used to
perform the AST and collect the signals.

In order to further prove the oxidative cleavage of the
alkenes-based units as the major trigger for the degradation
process of ITIC-based NFAs - as well as to check whether
different phases would differently respond to the AST - we
repeated similar in situ degradation experiments on annealed

2856 | Mater. Adv., 2020, 1, 2846-2861

and encapsulated samples. Fig. 8e and f show Raman peak i
results relative to ITIC (Fig. 8e) and ITIC-4F (Fig. 8f) annealed at
200 °C (Raman peak ii and iii results for samples annealed at
200 °C, as well as Raman peaks i-iii results for samples
annealed at 150 °C reported in Fig. S5 and S6, ESIf). Our
results make clear that in the absence of oxygen (and water),
the degradation process of both NFAs experiences a huge delay.

This journal is © The Royal Society of Chemistry 2020
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It is also clear that the formation of free radicals, responsible
for initiating the autoxidation cycle, is jointly triggered by light.
But while ITIC starts to drop in intensity for a dose intake of
ca. 80 mW s, ITIC-4F peak i intensity does not show signs of
decrease even after a dose intake as high as 110 mW s.

Lastly, PL intensity profiles of T,-dependent ITICs degraded
under 633 nm laser could be accurately fitted using decreasing
exponential functions (Fig. S8 and S9, ESIt for fitting equations).
The identified trends point at the presence of two main radiative
recombination channels in the materials, with the first one
(kq, cross +) being preeminent over the second one (k,, tilted
cross x) (Fig. 9). Yet, a closer look at Fig. 9 reveals that, whilst for
ITIC-4F (Fig. 9b) k; and k, follow the same profile throughout the
temperature range — with zones of higher and lower decay rates

This journal is © The Royal Society of Chemistry 2020

dependent on the T, in accordance with the material’s response to
AST (Fig. 8b) - for ITIC this is not the case. Indeed, while the &;
decay rate shows a drop in the (125-155 °C) annealing region, the
second radiative channel k, shows an increase, even though
slight, as if in this region the material underwent a structural
transition which could temporarily open up local recombination
pathways.

Such structural rearrangements in the T, range 130-150 °C
was also detected by Yu et al.,”® using FSC analysis on annealed
ITIC. According to the extrapolated decay rate coefficients of
Fig. 9, we see that in the temperature region below T, each
material shows a decay rate minimum, associated to a highly
stable phase. The degradation rate upturn shown right before
each Ty instead, seems to be likely due to a local amorphization

Mater. Adv., 2020, 1, 2846-2861 | 2857
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Fig. 9 Decay rates ki and k; extrapolated from the bi-exponential fitting
of ITIC (a) and ITIC-4F (b) PL quenching profiles upon 633 nm laser
irradiation, for different annealing temperatures of the materials.

process taking place in the structure.’® For annealing tempera-
tures well above Ty, the two behaviors markedly differ, as ITIC
enters a region of high stability while ITIC-4F evolves toward a
region of fewer crystallinity, which in turns affects its stability
response. Interestingly, as different isomers of ITIC molecular
family may result in different molecular arrangement,”® our
polymorph dependent stability suggest that there might be also
an isomer-dependent stability, which will be the topic of future
investigations.

Conclusions

ITIC and ITIC-4F NFAs were blade-coated and subsequently
annealed in the temperature range (90-250 °C). By using several
spectroscopic techniques we were able to identify distinct
phases with different polymorphs and varying degree of crystal-
linity, depending on the annealing temperature and the
fluorine presence. With the help of DFT calculations, we could
infer a relationship between the main NFA molecular bonds,
and their T, dependent morphological evolution.

ASTs were realized with two different monochromatic lasers
in order to assess the materials’ chemical stability. While C—=C
of alkene and thiophene based groups showed to be the
weakest chemical points for both ITICs, fluorine-substituted
NFA displayed a slower the degradation process, likely due to
its more favorable energy levels together with its higher degree
of order.

Annealed materials were also degraded under 488 nm and
633 mn lasers. For ITIC, we verified that in the temperature
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region T < Ty, the highest stability to dose intake takes place
for T, ~ 150 °C, consistently with literature.”® Still, phases 1I
and I for T, > T, show the highest stability. For ITIC-4F
instead, in the T < T, range temperatures as low as ~120 °C
produced the most stable phase against degradation. When
passing T,, the material undergoes a structural evolution
marking a phase of high stability (phase II) and a subsequent
pretty amorphous one (phase IIT). While the more stable phases
obtained could be associated to higher degree of crystallinity in
the NFA materials, this happened at the expense of higher
processing temperatures. This may need to be taken into
serious consideration, especially when fabricating OPV on
flexible substrates. Indeed, usual flexible OPV processing tem-
peratures have to be kept below 150 °C.”* Therefore, our
findings could serve as an indication of the optimal processing
temperature to be used in such ITIC-based solar cells. We will
obviously need to verify our hypotheses in a complete OPV
device. Degrading annealed and encapsulated samples proved
that oxygen is the major trigger of the autoxidation cycle, and
that ITIC-4F performs better (i.e. degrades less) for both T,
tested (150 °C and 200 °C). Having identified the alkene-
and the thiophene-related C—C bonds as the most sensitive
molecular portion, we verify that in the fluorine-substituted
ITIC, the vinyl moieties are less exposed to oxygen attack and
that - depending on the applied annealing temperatures - such
bonds may adjust in orientations more or less favorable to
external stimuli.

Considering our findings, specific materials and applications
could best suit particular processing temperature conditions and
fabrication techniques. In this frame, ITIC-based OPVs might be
a good choice for delivering high efficiencies, even though
their capability of dose intake could be more limited than that
of ITIC-4F based ones. On the other hand, ITIC-4F based devices
could grant longer-lasting performance. In addition, designing
molecules with larger electron affinities, as well as introducing
antioxidants that suppress the autoxidation cycle via the for-
mation of stable radicals, could be both considered as strategies
to make the NFA more robust to radicals’ attack. This may result
in more intrinsically stable devices. Such accomplishment may
loosen, in turn, the present requirements on encapsulation, based
on the need to block outer oxygen/moisture percolation.>®*%7>
As a last remark, we note that since OSC performance and stability
depend jointly on the NFA morphology and fluorination, the
photo-active layer composition (e.g. in ternaries blends) and the
annealing temperature should be both adjusted, in order to
achieve a stable energy output.
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