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In all-polymer solar cells, high performance is attributed to the fine-grained morphology of the film
in the active layer. However, the mechanism by which this fine-grained morphology is achieved
remains unknown. Polymeric non-fullerene acceptors have the potential to restrict the self-aggregation,
typical of non-fullerene small molecule acceptors. Here we employed a blend of the polymeric
acceptor PF5-Y5 and the donor polymer PBDB-T to investigate the balance between molecular
interactions in solution. Temperature-dependent absorption spectra show evidence of temperature-
induced disaggregation of both donor and acceptor polymers, where the donor polymer disaggregation
depends on the solvent polarity. Concentration-dependent fluorescence spectra of blend solutions
display blue-shifted acceptor emission upon dilution, similar to that observed in acceptor solutions, and
a decreased tendency for charge transfer from donor to acceptor upon dilution. Excitation spectra of
dilute blend solutions contain an increased contribution to the long-wavelength acceptor emission, as
compared to pure acceptor solutions, from a chromophore that absorbs in a region where the donor
does not absorb. These observations can be explained by donor—acceptor complexation in dilute blend
solutions, that is stabilized in more polar solvents. Moreover, the near IR-region of the absorption
spectrum could be matched with the calculated electronic excitations of donor—acceptor complexes of
PBDB-T and PF5-Y5 oligomers. The results corroborate that the interaction between segments of
the donor and acceptor polymer chains favours the formation of donor—acceptor charge transfer
complexes, stabilized by hybridization of the molecular orbitals, which reduces the electronic energy.
The proposed donor—acceptor complex formation competes with the donor and acceptor self-aggregation
and is influenced by the solvent environment. These pre-formed donor—acceptor complexes in
low-concentration solutions can be expected to have important consequences on the film morphology of
all-polymer blends. The results from this joint experimental-theoretical spectroscopy study provide insights
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that can guide the design of compatible donor and acceptor polymers for future high-performance organic

rsc.li/materials-c solar cells.

Introduction

The development of non-fullerene electron acceptors (NFA) has
significantly increased the power conversion efficiencies (PCE)
of organic solar cells, with record values above 18%." Their broader
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absorption spectra, tuneable energy levels, and higher photo-
chemical stability compared to the fullerene-based electron
acceptors, have promoted organic photovoltaics to a convincing,
high efficiency, and scalable technology. NFA-based solar cells
with PCEs exceeding 20% can be foreseen in the near future.”
It is furthermore worth noting that blends of NFAs with electron
donor polymers tend to form bulk heterojunction films with very
fine-structured morphologies, which is believed to be key to
their superior photovoltaic performance, along with their broad
absorption spectra and their low voltage loss. How this fine
morphology is formed is, however, not well understood.

The morphologies of polymer:fullerene and polymer:
polymer blend films have been studied extensively in the field

This journal is © The Royal Society of Chemistry 2023
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of organic photovoltaics. While the formation of donor-rich
and acceptor-rich domains by liquid-liquid phase separation
during solvent extraction and film drying is well understood
for amorphous polymers blends, this knowledge cannot be
translated easily to blends with NFAs. Their planar shape and
tendency to aggregate requires a new approach. Aggregation is
known to compete with liquid-liquid phase separation, and
hence hinder the formation of excessively large domains.’
When aggregates or crystallites are formed of one of the blend
components, the remaining blend ratio changes, which can
hinder the mixture from reaching the two-phase region in the
phase diagram, as was demonstrated for polymer:fullerene
blends in solvents with low fullerene solubility* This may
appear beneficial, but the growth of the aggregates can be hard
to control. Too strong self-aggregation leads to large aggregates
that limit charge generation, and are detrimental for device
performance. Most NFAs are small molecules with fused rings,
which have strong tendencies to crystallize through n-r stacking,
leading to poor miscibility with the polymer donor,” as well as
poor morphological stability.® Also the donor polymer PBDB-T is
known to aggregate, as observed from the evolution of its
absorption spectrum during film formation.””®

To achieve the highest cell performances for NFA-based solar
cells, complex processing conditions, such as high-temperature
coating, have been used to suppress the tendency of small
molecule acceptors to develop large crystals.” The addition of
nucleating agents and the use of ternary mixtures containing two
co-crystallizing small-molecule NFAs is one successful approach
to maintain a fine-grained morphology with good thermal
stability.® Solvent additives is an alternative method to control
aggregate formation and film morphology. The presence of
solvent additives affects the absorption spectrum of the donor
polymer PBDB-T in solution and in blade-coated films, as was
shown by in situ spectroscopy during film drying."*

An alternative way to avoid excessive aggregation, while
keeping the high extinction coefficient and broad absorption
spectra of small molecule acceptors, has been the synthesis of
polymeric electron-acceptors’> One strategy, explored in the
literature, to achieve acceptor polymers with a good miscibility
with electron-donating polymers is the incorporation of moi-
eties in the acceptor copolymer backbone, that are structurally
similar to moieties in the donor polymer, together with a high-
performance small molecule acceptor unit.’ The polymer
acceptor PF5-Y5, based on thienyl-benzodithiophene (BDT-T)
and small molecule acceptor (Y5), has proven to be an efficient
electron-acceptor, reaching PCE of 14.5% in all-polymer solar
cells with donor polymer PBDB-T."> Good results have also
been reported for similar polymeric acceptors with PBDB-T as
donor."* For the PF5-Y5, the self-aggregation, observed in
blends with the Y5, could be limited. The molecular compat-
ibility of the PF5-Y5 acceptor and the PBDB-T donor polymer
architectures make them structurally favourable to interact.
Additionally, polymeric non-fullerene acceptors have a high
thermal stability® and superior mechanical flexibility, advan-
tages that make them promising for large-area and flexible
devices.">"®
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Nevertheless, such polymers, donors as well as acceptors,
can be aggregated in solution at room temperature due to
strong m-n stacking and disaggregate at high temperatures.
Temperature dependent aggregation in solution has been
reported for several kinds of organic semiconductors and
conjugated polymers.'” Some examples are donor polymers
PBDB-T,'®'° PBDTBDD,?° PffBT4T-20D and their derivatives,
PTzBi,*" as well as the acceptor polymer P(NDI2OD-T2), also
called N2200.>>** The effect of temperature on the absorption
spectra of polymer solutions visualizes the transition from
aggregated to dissolved single polymer chains clearly by a
blue-shift of the absorption maximum with increasing tem-
perature, which can be accompanied by changes in the spectral
shape. This temperature-induced disaggregation has been used
to control the disorder-order transition of the polymer during
solution processing. Coating the photoactive layers from hot
solutions or on heated substrates was found to have impact on
the film morphology, and even the molecular ordering or
stacking type could be controlled.®?* This technique has pro-
ven particularly beneficial for the fabrication of thicker active
layers with favourable morphologies and solar cells with PCEs
above 10%.° Heating/cooling cycles of the solutions were found
to affect the device performance of PBDBDD/fullerene solar
cells.?® Moreover, it has been shown that this temperature-
controlled morphology engineering applied to blends of donor
polymers with NFAs can yield solar cells with low voltage
losses.’ Even in the case of PBDB-T:PF5-Y5, hot solution coating
was needed to achieve all-polymer solar cells with high power
conversion efficiencies.”

The motivation of this work is to explain the mechanism
that limits the donor or acceptor self-aggregation, leading to
the fine morphology observed in spin-coated active layers of
polymeric NFA-based solar cells. We find that D-A complexes
are formed in dilute solutions that can be observed by absorp-
tion and emission spectroscopies in the UV-vis-NIR range.

Possible driving forces for donor-acceptor complex formation
in dilute solutions, e.g., structural similarity of units in donor
and acceptor polymers and electrostatic interactions between
the donor and acceptor chains, are discussed. The presence of
structurally identical or similar units, e.g.,, the BDT unit,
between the donor copolymer and the acceptor copolymer,
has been suggested by others®>® as the main driving force for
donor-acceptor interaction. Structural similarity is, however,
not a necessary criterion for the donor-acceptor complex
formation that we observe. Indeed, we show here that the
polymer architecture and distribution of charges in the chains
make it more favourable for donor and acceptor chains to
interact with each other than to self-aggregate. The donor
and acceptor chains come close to one another, leading to
electronic coupling that lowers the free energy and favours the
complex formation. Our calculations show that this favourable
interaction is the main reason why complexes between donor
and acceptor polymers are formed and the HOMO can, as a
consequence of that, be delocalized across the donor-acceptor
complex, stabilizing it. Further, we show that these donor-
acceptor complexes can be directly excited and contribute to
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the absorption onset of the blend, even in solution. It is
reasonable to expect that both the morphology and the optical
properties of solid films prepared from more concentrated
solutions of this donor-acceptor blend will be influenced by
the behaviour of these donor-acceptor complexes. Hence, we
expect that a contribution to the charge generation in an all-
polymer solar cell will originate from the long-wavelength light
absorbed by the complex.

Experimental
Materials

The molecular structures of the donor and acceptor polymers
are shown in Fig. 1. The donor polymer PBDB-T (also referred
to as PCE12) was purchased from Ossila, UK. The M, is
142700 g mol ' and the polydispersity index PDI = 2.37.
The acceptor polymer PF5-Y5 was synthesized at Chalmers
University of Technology, Sweden, as described elsewhere."
The M, is 13600 g mol ' and the PDI = 1.95. The degree of
polymerisation is approximately 120 for PBDB-T and 6-7 for
PF5-Y5. The solvents chlorobenzene (CB, 99.9%), ortho-dichloro-
benzene (0-DCB, 99%), cyclohexane (c-Hex, 99%), all three from
Sigma-Aldrich, ortho-xylene (0-Xyl, 99%), from Alfa Aesar, and
methylcyclohexane (Met-c-Hex, 99%), from Acros, were used as
received.

Stock solutions (3 mg ml™') of PBDB-T and PF5-Y5 were
prepared in amber glass vials. To ensure complete dissolution,
the stock solutions were gently heated, well below the boiling
point of the actual solvent, and stirred overnight. Solutions for
measurements on the unblended polymers were prepared by
dilution of the relevant stock solution with the appropriate
solvent to the desired concentration. Blend solutions of the two
polymers were prepared by mixing the stock solutions with the
PBDB-T: PF5-Y5 ratio equal to 4:3 w/w and diluting to the
desired concentration by adding the appropriate solvent. Both
single component and blend solutions were gently heated
and stirred overnight, equal to the stock solution treatment,
to ensure homogeneous solutions. All spectra were measured
within one day after preparation.

Solutions of unblended polymers and blend solutions were
prepared in the concentration range from 0.512 to 40 pg ml ™",

Rs NC
Ry
R4 = 2-ethylhexyl
R, = undecyl
R3 = hexyl
R PF5-Y5
Rs

Fig. 1 Molecular structures of PF5-Y5 and PBDB-T.
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Methods

The absorption spectroscopy measurements were carried out
on an Agilent Cary 5000 UV/Vis-NIR spectrophotometer, pur-
chased from GammabData, Sweden. The temperature was con-
trolled by a dual cell Peltier accessory. For measurements
at 25 °C, 5 x 5 mm quartz cuvettes were used, while 1 x 1 cm
quartz cuvettes were used for the temperature dependent
spectroscopy experiments. In these measurements, spectra
were recorded between 25 °C and 90 °C. All measurements
were performed in double beam mode with background correc-
tion and a bandwidth of 2 nm with reduced slit height, which
decreases the light intensity by a factor 4, and therefore reduces
the S/N by /2.

The emission and excitation spectroscopy measurements
were carried out on a Horiba Duetta combined absorption
and fluorescence spectrometer, purchased from GammaData,
Sweden. Quartz cuvettes of 5 x 5 mm were used for the
measurements. All measurements were carried out at 20 °C
(ambient temperature) with both the excitation and the emis-
sion band pass set to 5 nm and with an integration time of
0.05 s. All cuvettes were cleaned by rinsing with the appropriate
solvent, followed by rinsing two times with acetone.

Computational methods

To provide the theoretical assessment for the optical properties
of the copolymers discussed in this study, we build-up oligo-
meric models containing two repetitions units (2-mers) of
PBDB-T and PF5-Y5. Two different conformations were consid-
ered for the PBDB-T oligomer models (Fig. SI-1, ESI{) and three
different conformations for the PF5-Y5 (Fig. SI-2, ESIf). The
oligomer models were constructed in a symmetric fashion in
order to avoid spurious end-chain effects due to the finite
length of the structures.?® This procedure is often used and
has shown to be a reasonable way to model polymeric materials
as oligomers, reproducing quite well experimental data.>”*®
We also assembled dimer models consisting in two oligomeric
chains of PBDB-T (D-D dimers, Fig. SI-1, ESIT) and PF5-Y5 (A-A
dimers, Fig. SI-2, ESIt), as well as donor-acceptor complexes
(D-A complexes), aiming to provide a first assessment regarding
the aggregation of such materials and its impact on the materials’

This journal is © The Royal Society of Chemistry 2023
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absorption spectrum. For the PF5-Y5 dimer, two different con-
formations regarding the chain’s alignment were considered
and shown in Fig. SI-2 (ESIf): one crossed, where the two
chains interact through one intersection and a n-stacked dimer,
where the two chains are parallel to each order in a face-to-face
conformation. For the PBDB-T only the m-stacked dimer was
considered. For the D-A complexes three configurations were
assembled and shown in Fig. SI-3 (ESI{): the crossed one, the
n-stacked one, and an intermediate twisted configuration,
in which the PBDB-T and PF5-Y5 oligomers are entangled.
All the structures are shown in Fig. SI-1-SI-3 in the ESI} file.
The structures were optimized before calculating the properties of
interest.

All the first-principles calculations were performed within
the density functional theory (DFT) framework employing the
M06°°7! as exchange-correlation functional, the Grimme D3
method to include dispersive interactions and 6-31G* as basis-
set.>>** The electronic transition in the visible range were
calculated using Time-Dependent DFT (TD-DFT). For the single
chains the first 60 singlet electronic transitions were calculated
and for the dimers and complexes the 10 first singlet electronic
transitions were computed. Furthermore, the electronic transi-
tion calculations were performed using the Poisson-Boltzmann
(PBF) implicit solvation models and chlorobenzene as solvent.
All the calculations were performed using the Jaguar version 11
software.*®*> The total and partial density of states were
obtained using the fragment orbital framework as implemented
in the AOMix code.’**” For this analysis the DFT calculation
were performed using the software Gaussian09 and M06/6-31G*®
theory level.

Results and discussion

The normalized absorption spectra of PBDB-T solutions, PF5-Y5
solutions, and PBDB-T:PF5-Y5 (4:3) blend solutions in CB at
a concentration of 40.0 pg ml~', measured at temperatures 25,
50, 70, and 90 °C, are shown in Fig. 2. The corresponding
unnormalized spectra are found in Fig. SI-4 (ESIt).

The PBDB-T solution spectrum at room temperature shows
the typical double peak at long wavelengths, which has been
assigned to 0-0 and 0-1 transitions.? As seen in Fig. 2(a), the
absorption maximum of PBDB-T in CB blue-shifts by 42 nm
from 609 nm at 25 °C to 567 nm at 90 °C. Moreover, a change in
the shape of the main absorption band is also observed with
increasing temperature; the double peak seen at lower tem-
perature turns gradually into a single peak by lowering the
contribution of the bathochromic peak. The thermally induced
colour change of the solution is visible by the eye and reversible
(Fig. SI-5, ESIf). This observed blue-shift of the absorption
maximum and the change of the shape of the main absorption
peak with increasing temperature are in line with earlier
reports and are indicative of the temperature-induced disag-
gregation of PBDB-T aggregates in solution.'®*® We note that
another weaker absorption band is found at 350 nm, which is
less affected by temperature, as best seen in the unnormalized

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Normalized absorption spectra for (a) PBDB-T, (b) PF5-Y5,
(c) PBDB-T:PF5-Y5 (4:3) blend solutions in CB at a concentration of
40.0 pg ml™* at temperatures 25, 50, 70, and 90 °C.

spectra in Fig. SI-4 and SI-6 (ESIt). Furthermore, the level of the
hypsochromic shift of the main absorption band is solvent
dependent. As shown in Fig. SI-6 (ESIf), the shift of the main
absorption peak of PBDB-T in 0-DCB of 60 nm, from 609 nm at
25 °C to 549 nm at 90 °C, is slightly larger than that in CB, while
a smaller shift of 31 nm from 612 nm at 25 °C to 581 nm at
90 °C is observed in o0-Xyl. In c-Hex and Met-c-Hex hardly any
shift is observed, nor a change in peak shape. These observa-
tions can be correlated to the polarity of the solvents: 0-DCB has
a dipole moment of 2.14 D, while that of CB is 1.54 D and that
of 0-Xyl is 0.45 D.** The two hexane solvents are both comple-
tely apolar. Such a correlation between solvent polarity and
peak shifts is expected for intermolecular electrostatic inter-
actions. Hence, the observed hypsochromic shift with increas-
ing temperature on the one hand and its correlation with

J. Mater. Chem. C, 2023, 11, 9316-9326 | 9319
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solvent polarity on the other hand are indicative of the presence
of PDBD-T aggregates in solution that dissociate at elevated
temperatures.

TD-DFT calculations were performed aiming to gain insight
in the nature of the electronic transitions that compose the
absorption spectrum. The calculated electronic transitions for a
PDBD-T oligomer are shown in Fig. SI-7 (ESI}). For the single
chain oligomer, the lowest-energy transition is found at 573 nm
(conformation 1) and at 533 nm (conformation 2). The electro-
nic transitions for the separate single chain conformations and
the spatial distribution of their orbitals can be seen in Fig. SI-7
(ESIT). Additionally, we have calculated the electronic transi-
tions of a n-stacked dimer of the PBDB-T oligomer. This model
displays additional transitions at longer wavelength region
covering better of the measured absorption spectrum in CB
(see Fig. SI-7, ESIt). Here, the lowest-energy transition was
found at around 630 nm. It should be pointed out that such
better agreement between theory and experimental outcomes
does not necessarily support the solution aggregation of the
PBDB-T polymer. First, the calculated low-energy electronic
transitions have very low oscillator strengths. Second, transitions
at this spectral region could also be obtained by including
thermal-induced dynamical effects, which may display even
higher oscillator strengths. To assess those effects, much more
time-consuming molecular dynamics simulations would need to
be carried out, which is beyond the scope of the current study.

The absorption spectrum of the electron-acceptor polymer
PF5-Y5 in CB shows an absorption maximum at approximately
750 nm and a broad and rather high absorption tail throughout
the entire visible range, as seen in Fig. 2(b). With increasing
temperature, the absorption onset blue-shifts and the main
absorption peak becomes narrower from the long wavelength
side, leading to a blue-shift of the absorption maximum from
746 nm at 25 °C to 735 nm at 90 °C. This shift by 11 nm is
significantly smaller than that observed in PBDB-T in CB
(42 nm). Unlike the donor polymer, the acceptor polymer does
not exhibit any significant solvent dependence of the absorp-
tion spectrum. The temperature-driven blue-shift, seen in
Fig. SI-8 (ESIT), is comparable in CB, 0-Xyl, and 0-DCB. Hence,
the absorption spectra of the electron acceptor polymer show
signs of aggregation of PF5-Y5 in solution at room temperature,
aggregates that gradually break up at elevated temperatures.

Once again, the calculated electronic transitions for a
PF5-Y5 oligomeric dimers display some contribution to the
long wavelength part of the spectrum, as shown in Fig. SI-9
(ESIt). Three different conformations of the single chain
PF5-Y5 oligomer were calculated (Fig. SI-2, ESIT). Their separate
contributions to the absorption spectrum, as well as the spatial
distributions of the orbitals corresponding with the first singlet
electronic transitions are shown in Fig. SI-9 (ESIf). The lowest-
energy transitions for these three conformations of the single
chain PF5-Y5 oligomer are found at 683 nm, 706 nm, and
766 nm. Hence, the single chain contributions on their own
seem not to be sufficient to reproduce the broad absorption
band, between 700 and 800 nm, of the experimental spectrum
of PF5-Y5. Consequently, the electronic transitions for two

9320 | J Mater. Chem. C, 2023, 11, 9316-9326
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different dimers of the PF5-Y5 oligomer were also calculated,
i.e., the m-stacked and the crossed (X) dimer conformations
(Fig. SI-2, ESIt). Their lowest-energy transitions were found
at 743 nm and 822 nm, respectively (Fig. SI-9, ESIt). Although
the electronic transitions of the dimers contribute to the low-
energy part of the PF5-Y5 absorption spectrum, one should
again keep in mind the other possible contributions as men-
tioned above. In Fig. SI-9 (ESIt) the Natural Transition Orbitals
are also depicted. This is an illustrative way to represent the
electronic transition density matrix that brings information
about the spatial distribution of the excited electron (as well
as the hole distribution).*” It can be seen that, for the PF5-Y5
oligomer, the electron and hole have a separated spatial
distribution, which is the signature of internal charge transfer
(ICT), typically between electron-rich and electron-deficient
units in a donor-acceptor copolymer. This is also one of the
most widely used design strategies to obtain low-energy-gap
polymers.** Clearly this is not the case for PBDB-T, where the
electronic transitions always present a considerable overlap of
the electron and hole distributions, as shown in Fig. SI-7 (ESIf).
Upon the PF5-Y5 dimer formation, the hole distribution is
prone to delocalize over the BDT units of neighbouring chains
(Fig. SI-9, ESIt). This change in the electronic structure
strengthens the ICT character, reducing the energy gap. In this
regard, a similar behaviour can be observed for PBDB-T, that
means, for PBDB-T the delocalization of electron and hole over
the two oligomers is observed but the electron and hole display
an overlapping spatial distribution over two neighbouring
oligomers.

Turning now to the absorption spectra of the PBDB-T:PF5-Y5
blend in CB at temperatures 25, 50, 70, and 90 °C, shown in
Fig. 2(c), clearly distinct and complementary absorption bands
of the donor polymer (at about 610 nm) and the acceptor
polymer (at approx. 740 nm) can be seen. The peak at 610 nm
contains contributions from both donor and acceptor absorp-
tion. Upon heating the blend solution, the absorption maxima
of both absorption bands show a weak, but clear blue-shift,
more pronounced in solvents with higher dipole moment. Just
like in the pure acceptor solutions, the low-energy side of the
main acceptor peak shows a weak blue-shift with increasing
temperature. As most clearly seen in the blend spectra normal-
ised to the acceptor peak (Fig. SI-8, ESIT bottom row) this shift
is about equally strong compared to that seen for the pure
acceptor solutions (second row). It is also about equally strong
in all solvents, as was the case for the pure acceptor solutions.
The absorption peak at 610 nm undergoes a change in shape
with increasing temperature, apart from the blue-shift of the
maximum, most clearly seen in the spectra normalised to the
donor absorption peak (Fig. SI-8, ESI{ third row). This is less
obvious in 0-Xyl, but in CB, and even more developed in 0-DCB,
where the peak around 610 nm develops a stronger absorption
shoulder at about 550 nm with increasing temperature.

Interestingly, the absorption spectra of the PBDB-T:PF5-Y5
blend recorded at different temperatures, show two isosbestic
points, at 540 nm and 700 nm in 0-DCB, CB, and 0-Xyl (Fig. SI-4
and SI-8, ESIT). The position of the isosbestic points is about

This journal is © The Royal Society of Chemistry 2023
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the same for all three solvents. Isosbestic points are an indication
for a ground-state equilibrium reaction. In the present study, this
allows us to view the donor aggregates and donor-acceptor
complexes as rather flexible entities, continuously exchanging
polymer molecules. This, in turn, points to the fact that the blend
solution will host unaggregated polymers, as well as donor-donor
and acceptor-acceptor aggregates, beside the proposed donor-
acceptor complexes.

The electronic transitions for the donor-acceptor complexes
formed by the PBDB-T oligomer and the PF5-Y5 oligomer were
calculated and match the measured absorption spectrum of the
blend solution well (Fig. SI-10, ESIt). In particular, the red part
of the blend spectrum can be matched well by considering
contributions from the calculated donor-acceptor complexes.
The lowest-energy transitions for three different conformations
of this complex are shown in Fig. SI-3 and SI-10 (ESIT). Several
of the low-energy transitions of the complex show a charge
transfer character. Just like in the case of the dimers mentioned
earlier, we cannot unambiguously assign the low energy transi-
tions to the complex formation, because the limitation of the
model concerning the treatment of the dielectric environment
and the absence of chain dynamics due to thermal effects
should be kept in mind. However, it is worth to mention that
the higher intensity of oscillator strength for the complex, when
compared to dimers, might be an indication that the hybridiza-
tion of electronic states is impacting on the optical properties.

This charge transfer character is a strong indication for the
presence of D-A complexes in solution, even at low concentra-
tions. Direct excitation of the complex can result in separated
charges as the electrons will be localized at the electron-
withdrawing moiety (viz. the Y5) of the acceptor copolymers
whilst the hole can be fully delocalized over the donor copoly-
mer in a hybrid orbital formed by overlapping the orbital of the
PBDB-T and the electron-rich moiety of the PF5-Y5 (i.e., BDT
unit) (see Fig. SI-10, ESIt). These separated charges that are
mutually attracted by Coulomb interaction consist in what is
called a CT state. The solution will of course also contain single
acceptor and donor chains, as well as possibly aggregates of
those (contributions seen in Fig. 2(a) and (b)). However, the
absorption onset and long wavelength region above 750 nm is
the region where the donor-acceptor complex contributes to
the absorption. Moreover, from the modelling point of view the
assessment of the formation energy of the complexes is the
main indication for the formation of D:A structures, as will be
discussed later.

Turning to the fluorescence spectra, we note that the shape
of the donor PBDB-T’s emission is rather insensitive to the
concentration, as well as the position of the emission maxi-
mum (Fig. 3(a)). This might seem contradictory, as we expect
less aggregate formation at lower concentrations than at higher
concentrations. This can be understood, however, if the donor-
donor aggregates form an excimer upon excitation and this
excimer either self-quenches, i.e., does not show any emission
at all, or emits at a wavelength out of the range of the spectro-
meter. If so, the emission recorded in the fluorescence
spectra emanates from unaggregated donor polymers only,

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Concentration dependent fluorescence spectra of (a) PBDB-T
solutions, (b) PF5-Y5 solutions, and (c) PBDB-T: PF5-Y5 4: 3 blend solu-
tions in CB at 25 °C. Concentrations are given in the figure legend.
All PBDB-T and PBDB-T:PF5-Y5 (4:3) blend solutions were excited at
610 nm. PF5-Y5 solutions were excited at 730 nm.

and no dependence on concentration is expected for the shape
of the spectra.

For the emission intensity, however, a clear dependence on
the concentration is expected. A careful inspection of the
unnormalized fluorescence spectra recorded at different con-
centrations (Fig. SI-11, ESIt), corrected for the absorption at
the excitation wavelength, reveal that the recorded emission
intensity is conditional to a strong inner filter effect at higher
concentrations, independent of whether it is the donor, the
acceptor, or a donor:acceptor blend that is studied. This is
expected for the higher concentrations, where the high absorp-
tion yields an obvious inner filter effect on the emission
intensity. Diluting the solutions decreases this inner filter effect,
as can be seen in Fig. SI-11 (ESIt) and for all solvents used.
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Instead, the dilution causes the intensity to increase, most
obviously in the case of CB as solvent. This observation
is further support for the hypothesis that the emission stems
from unaggregated PBDB-T polymers. Upon dilution, the degree
of aggregation will decrease and, consequently, the amount of
emitting, unaggregated, and excited PBDB-T chromophores will
increase, yielding an increased emission intensity upon dilution.
At the very lowest concentrations, the dissociation rate seems to
level off, as can be expected.

For the fluorescence spectra of acceptor PF5-Y5 (Fig. 3(b)),
in contrast to the observations of PDBD-T, the emission clearly
shows a hypsochromic shift upon dilution, in favour of the
conclusion that this polymer forms aggregates in solution.
As the hypsochromic shift is about equal for 0-DCB, CB, and
0-Xyl, (Fig. SI-11 and SI-12, ESI¥) it is not possible from these
observations only to conclude that the aggregate is of charge
transfer kind. One should remember, though, that the PF5-Y5
monomer carries both donor and acceptor units, allowing the
hypothesis that the aggregate to some extent forms a charge
transfer state upon excitation.

The fluorescence spectra of the PBDB-T:PF5-Y5 (4:3)
blends, presented in Fig. 3(c), further strengthen the hypothesis
that this donor-acceptor pair forms complexes in solution.
We observe two emission peaks when the blend solution is
excited at 610 nm, one at 700 nm and another one at approxi-
mately 800 nm. The former emanates from the unaggregated
donor polymers in solution, while the latter has its origin in the
donor-acceptor complexes of charge transfer kind, together
with contributions from acceptor and acceptor-acceptor aggre-
gates. The unaggregated donor polymers will not transfer their
excited electron to the acceptor, as they are too far away from
the acceptor, thus not leading to a complete quenching of the
donor emission.

Upon dilution, some of the formed donor-acceptor com-
plexes will dissociate and the relative contribution from the
donor emission (I79/Ig00) increases, e.g., from 0.22 at the high-
est concentration to 0.40 at the lowest concentration when CB
is the solvent. While the ratio is relatively constant at about
0.2 at the highest concentration for o-DCB, CB, and o0-Xyl,
(Fig. SI-11 and SI-12, ESIf) there is a clear correlation between
the solvent dipole moment and the intensity ratio at the lowest
concentration: 0.61 in 0-DCB and 0.30 in 0-Xyl. This underpins
the ability of the donor-acceptor complexes to form charge
transfer states and that the formation of these complexes is an
equilibrium process.

From the excitation spectra, shown in Fig. 4, more support
for this hypothesis is obtained. The PBDB-T excitation spectra
in CB (Fig. 4(a)), recorded at the emission wavelengths 690 nm
and 750 nm, respectively, resemble the shape of the absorption
spectra, judging by the peak positions. The short wavelength
peak, i.e., the high energy transition, at 350-360 nm is found at
an almost identical position to the corresponding peak in the
absorption spectrum. The longer wavelength peak, however,
does not show the same perfect matching with the absorption
process. The low energy peaks of the excitation spectra, centred
around 550 nm, show a hypsochromic shift and a broadening
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compared to the absorption spectrum. The reasons for this can
be coupled to the hypothesis that charge transfer complexes are
formed in an equilibrium process. The absorption spectra show
the part of the process when an electron is excited from its
ground state to its excited state, while the excitation spectra
show the relaxation of the excited electron from the state
reached after the charge transfer state is formed. This latter
process will also influence the conformation of the donor
polymer, resulting in a slightly shorter wavelength and a clear
broadening of the peak. One important difference to the absorp-
tion is that the strongest relative contribution to the emission, at
both emission wavelengths, stems from the absorption at
approximately 350 nm. This absorption is indicative for singlet
excited state formation.

The excitation spectrum of the acceptor PF5-Y5 in CB
(Fig. 4(b)), recorded at 810 nm, is, comparable to what was
seen for PBDB-T, in the same way similar in shape with the
corresponding absorption spectrum. Again, the peaks of the
excitation spectrum match the peaks of the absorption spec-
trum very well. As was the case for the donor PBDB-T, the
strongest relative contribution to the emission comes from
absorption at 350 nm, in contrast to what was found for the
absorption process. The picture that evolves, taken the infor-
mation from absorption and fluorescence spectroscopy into
account — and supported by atomic scale modelling - is that
PF5-Y5 creates a singlet locally excited state upon excitation
that relaxes to an internal charge transfer state. It is also clear
from the excitation spectrum that this is not the only process at
hand, as we also see contributions to the emission from
excitation of acceptor-acceptor aggregates.

Turning to the excitation spectrum of the PBDB-T: PF5-Y5
(4:3) blend, finally, very interesting excitation patterns were
obtained when recorded at 690 nm and 810 nm, respectively
(Fig. 4(c)). The emission at 690 nm evidently stems solely from
excited donors, as the excitation spectrum does not show any
features of the acceptor. The emission at 810 nm, on the other
hand, is emanating from the acceptor only - the excitation
spectrum is similar to that of the acceptor solution. There is
one important difference, though, and that is the change in
relative contributions at different wavelengths for the blend, as
compared to the pure acceptor solutions in different solvents
(Fig. SI-13 and SI-14, ESIT). In Fig. SI-13 (ESIT), the emission
measured at about 690 nm, one sees that the contribution from
the broad peak centred at around 550 nm has a higher maxi-
mum intensity compared to the peak at 350 nm, even though
the difference is much less pronounced than what is seen in the
absorption spectrum. This holds for all three solvents: o0-Xyl,
CB, and 0-DCB. When examining the spectrum measured at
about 810 nm, however, the relative contributions from the two
peaks, at about 350 nm and 740 nm, are shifted. Furthermore,
when comparing these spectra with the corresponding spectra
for the acceptor PF5-Y5, one finds that the relative contribution
from the 740 nm peak is always more distinct in the blend
compared to the acceptor. We suggest that a part of the
observed increase from the bathochromic absorption comes
from excited donor-acceptor complexes that transfer their

This journal is © The Royal Society of Chemistry 2023
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spectra are indicated by vertical lines in the fluorescence spectra.

energy to an emitting chromophore. This increase is more pro-
nounced in more polar solvents, again pointing to a complex of
charge transfer character.

Aiming to gain insight on the thermodynamics of the D-A
complex formation we have conducted an assessment of the
formation energy by evaluating the difference in total energy of
the complex (oligomers’ distance ~3 A) and the separated
(~30 A) PBDB-T and PF5-Y5 oligomers (Fig. 5). We find that
the complex formation energy (Er) is —1.48 eV, indicating that
the complex formation is energetically more favourable than
separated (solvated) chains. As depicted in Fig. SI-15 (ESIt)
the two materials have a distinct charge distribution, as can be
seen from the electrostatic potential surfaces of the separated
oligomers. For the PBDB-T the electron-rich units, formed by
thiophene-benzodithiophene-thiophene (T-BDT-T), are larger

This journal is © The Royal Society of Chemistry 2023

than the electron withdrawing (electron-poor) moiety, in this
case benzo[1,2-c:4,5-¢'|dithiophene-4,8-dione (BDD). While for
the PF5-Y5 the electron-withdrawing unit (Y5) is larger than the
electron-rich moiety (BDT). This difference in charge distribu-
tions can be a reason why those two molecules are prone to
come close to one another. Moreover, what is clear from the
calculation is that this lowering in energy that stabilized the
complex comes from the molecular orbital overlap that gives
rise to a new set of hybrid orbitals for the complex delocalizing
the electrons over the donor backbone and the BDT units of the
acceptor. This can be seen from the calculated partial density of
states (DOS) of the complex, depicted in Fig. 6. Here, the partial
DOS is obtained by spatially projecting the total DOS on the
PF5-Y5 and PBDB-T oligomers. Thus, the contribution of each
of these moieties to the electronic structure can be assessed.
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Fig. 5 Schematic representation of the complex formation. Structures of separated (~30 A) donor oligomer of PBDB-T and acceptor oligomer of
PF5-Y5 (left) and structure of donor and acceptor oligomers in close proximity of one another (~ 3 A) forming the donor:acceptor complex. The top view
section shows a zoom-in on the interaction area. The formation energy was obtained from DFT calculations at M06/6-311G** theory level.
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Fig. 6 Total and partial DOS for the donor:acceptor complex.

The occupied frontier orbitals (from HOMO—4 until HOMO)
clearly display an intermixed nature further corroborating with
the electronic delocalization picture, which in turn contributes
to the stabilization of the D: A complex.

Conclusions

We have investigated dilute solutions of the polymers PBDB-T
and PF5-Y5, an effective donor-acceptor pair for all-polymer
solar cells, and their blends in a selection of solvents, by a

9324 | J Mater. Chem. C, 2023, 11, 9316-9326

combination of absorption, fluorescence, and excitation spectro-
scopy. The aim is to get insights in the molecular interactions
leading to self-aggregation, disaggregation, and donor/acceptor
mixing, processes that are relevant in coating solutions and
determine the resulting bulk heterojunction morphology in such
solar cells.

The evolution of absorption spectra recorded at different
temperatures of PBDB-T and PF5-Y5 in solution confirm the
presence of both donor and acceptor aggregates at room
temperature that are broken up at elevated temperatures, a
process that is facilitated in polar solvents. The presence of
donor and acceptor aggregates in single-component solutions
is further confirmed by calculated low-energy electronic excita-
tions for PBDB-T dimers and PF5-Y5 dimers.

From the good agreement between the absorption spectra
of the PBDB-T:PF5-Y5 blend solutions and the calculated
electronic transitions of donor-acceptor oligomer complexes
we conclude that a PBDB-T:PF5-F5 complex is present in dilute
solutions. It is likely that this donor-acceptor complex con-
tributes to the near-IR region of the absorption spectra of
PBDB-T:PF5-Y5 blend solutions. The presence of isosbestic
points in these spectra at different temperatures, allows us to
view the donor-acceptor complexes as rather flexible entities,
continuously exchanging polymers with the solution bulk. This,
in turn, points to the fact that the blend solution hosts solitary
polymers, as well as donor-donor and acceptor-acceptor aggre-
gates, beside the donor-acceptor complexes. The solitary donor
polymers dominate the donor fluorescence and are in an
equilibrium with non-emitting donor aggregates. The acceptor
fluorescence, on the other hand, undergoes a blue-shift
upon dilution, indicating that the disaggregation of acceptor

This journal is © The Royal Society of Chemistry 2023
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aggregates occurs even at room temperature, in acceptor
solutions, as well as in blends. Interestingly, the evolution of
fluorescence spectra of PBDB-T:PF5-Y5 blend solutions upon
dilution suggest that energy transfer occurs from an absorbing
chromophore to an emitting acceptor, which further proves
the proximity of donor and acceptor chains. Moreover, the
excitation spectra of the blend solution show an increased
contribution to the acceptor emission (at about 810 nm), from
a chromophore that absorbs at around 750 nm, compared to
that of the pure acceptor solution with the same concentration.
We propose that this chromophore is a donor-acceptor
complex that is formed in dilute blend solutions.

From the structures of the calculated complexes, we conclude
that the driving force initiating the donor-acceptor complex
formation in PBDB-T:PF5-Y5 is the local distribution of charges
over the donor and the acceptor polymer chains. Attractive
interactions between the partially negatively charged Y5 unit
of the acceptor polymer and the partially positively charged
T-BDT-T unit of the donor polymer brings these moieties closer
to each other. When the distance is close enough and the
complex is formed, our model predicts that a delocalization of
the HOMO takes place over the donor-acceptor complex. The
new molecular orbitals favour charge delocalization, which in
turn lowers the free energy. This charge delocalization advances
therefore as the true driving force for the stabilization of
the donor-acceptor complexes in blend solutions. The lowest-
energy electronic transitions of this complex are red-shifted
and the donor-acceptor complexes contribute, hence, to the
absorption in the IR-region of the blend solution. This implies
that donor-acceptor complex formation is not necessarily
driven by structurally identical units in donor and acceptor,
but rather by polymer segments that can make electrostatic
interactions favourable.
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