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The thermal behaviour of small-molecule/polymer mixtures is of crucial significance in relation to
the operational stability of organic photovoltaics, and the equilibration (or otherwise) of domain
compositions and interfaces is of key importance for guiding design. Here, model phase-separated
mixtures of fullerene and polystyrene are studied in detail in a thin-film bilayer, to robustly examine
whether such systems satisfy two key requirements of thermodynamic equilibrium; (i) the attainment of
a state (at a given temperature) that minimises the free energy, independent of the starting state of the
system, and (i) the reversibility of transitions between such equilibrium states. In an extensive study
using polystyrene molecular weights of 1.86, 4.73, and 278.2 kg mol~%, depth profiles are measured as a
function of temperature using in situ neutron reflectivity, with initial sample composition profiles
containing layers that are either pure components or blends. Following thermal annealing at sufficiently
high temperatures we reproducibly observe changes in layer compositions, layer thicknesses and
interfacial roughnesses during temperature cycling that are reversible, irrespective of the starting
composition profiles of the samples. This robust demonstration of equilibrium behaviour provides a
benchmark for the understanding of mixing in small-molecule/polymer thin-films, with particular
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Introduction

Organic photovoltaic (OPV) devices fabricated from mixtures
of polymers and small-molecules have achieved substantial
increases in efficiency over recent years.'> However, the stabi-
lity requirements for commercial viability remain a significant
challenge,® with the control of structure and morphology
within bulk heterojunctions (BHJs) being of key importance
(during both fabrication and operation).” The non-equilibrium
microstructure within BHJs is highly complex, containing, in
general, both amorphous and crystalline domains (potentially
of both components)®® in which the sizescale, connectivity and
degree of order contribute to the efficiency of charge separation
and transport."”'* Over recent years, it has been recognised
that the composition of mixed amorphous domains'* within
devices is also key, owing to the requirement for small-
molecule-acceptor pathways to percolate within the polymer-
rich domains and enable efficient charge transport.’* Recent
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relevance to the operation of organic photovoltaic devices.

attempts have been made to improve the design of BHJs using
frameworks based on component molecular mobility and com-
ponent miscibility within amorphous phases.”**® One focus
has been on the utilisation of equilibrium theory, such as
Flory-Huggins (FH) mean-field theory, to understand domain
composition, and directly relate this to device performance.*®
The establishment of a robust theoretical framework radically
enhances design capabilities, in terms of efficiency and
(morphological) stability; this is key in relation to the latter
given the potential evolution of non-equilibrated (but opti-
mised) domain compositions'” and morphology'® over time,
leading to device degradation. Of crucial importance when
implementing such theories is the ability to obtain predictive
capabilities from them, both in terms of structure/device-
performance relationships,*® and in terms of structural and
morphological design/control (via kinetics or thermo-
dynamics'®'®). The aim of the work we report herein is to
rigorously probe key aspects of the equilibrium thermo-
dynamics of model OPV-small-molecule/polymer mixtures.
In recent work, we investigated the capability of FH theory to
describe model amorphous-polymer/small-molecule systems,
consisting of narrow molecular-weight-distribution polystyrene
(PS) and two different fullerenes, phenyl-C60-butyric acid
methyl ester (PCBM) and bis-adduct phenyl-C60-butyric acid
methyl ester (bis-PCBM).>°>> We found that FH theory can
indeed be used to quantitatively predict co-existing phase
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composition as a function of polymer molecular weight (MW)
in these systems. In addition, self-consistent-field-theory
(SCFT) was used in a semi-quantitative way to interpret
increased interfacial width at low MW in PS/PCBM.?° Success-
ful application of equilibrium thermodynamics to thin-film
OPV materials is likely to be a key requirement for the ‘rational
optimisation’"® of OPV devices. However, to enable complete
confidence in predictions, a thorough test of the full range of
equilibrium behaviour is desirable. To this end we hereby
describe a series of experimental investigations into the equili-
bration of PS/bis-PCBM bilayers, with the specific aim of testing
the path-independence of states following extensive mixing,
and the reversibility of the transition from one such state to
another. These two requirements of equilibrium states are here
tested as a function of the starting structure of the films and the
temperature, during thermal annealing. In comparison to
BH]Js, bilayer architectures facilitate simplified compositional
analysis and enable investigations of equilibration and reversi-
bility in thin-film geometries. The results from such investiga-
tions are of direct relevance to the behaviour of domain
compositions within BHJs as, given sufficient molecular mobi-
lity, they move in the direction of thermodynamic equilibrium
during operation (under thermal cycling)."* In situ neutron
reflectometry (NR) is used to measure layer composition and
thickness within bilayers, and the buried interfacial width
(interfacial roughness) between the two layers, while annealing
at elevated temperature. This allows us to investigate any
temperature-dependent behaviour in detail, as it eliminates
any changes that might occur if the samples were quenched to
room temperature and then measured. The low propensity for
bis-PCBM to crystallise®® enables exploration of the liquid-
liquid equilibrium state at elevated temperature over extended
time periods, while the narrow molecular-weight-distribution
of PS enables discrimination between MW-dependent and
temperature-dependent phenomena. Firstly, we will demon-
strate that, following annealing to sufficiently high tempera-
tures, for a given MW and temperature, these systems do
indeed show convergence to a single equilibrium state from
different starting points in phase-space. Secondly, we will
demonstrate that these systems show significant changes in
the composition of the two co-existing phases as a function of
temperature, but that once the system is equilibrated, these
changes are reversible with temperature. During our investiga-
tions we also discovered that equilibrium layer thickness
changes will require theories beyond FH to fully understand
the measured phenomenon.

Experimental methods

Sample preparation

PS (Agilent, UK) and bis-PCBM (99.5% purity, Solenne, Netherlands)
solutions were prepared by dissolving in toluene and chloro-
benzene respectively. The PS weight-average molecular weights
(M,,) used in this study were 1.86, 4.73, and 278.2 kg mol ™", with
polydispersity indices (Mw/M,, where M, is the number-average
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molecular weight) of 1.04, 1.04, and 1.05 respectively. Henceforth
these will be referred to as 2k, 5k and 300k. PS/bis-PCBM blends
were prepared by first mixing the PS and bis-PCBM at a given
mass ratio, and then adding chlorobenzene. The solutions were
then left in the dark for several days. Single-side-polished silicon
wafers (two-inch diameter, 2.5 mm thickness, from Siltronix,
France) with a native oxide layer were sonicated in acetone and
then isopropanol (15 minutes each). This was followed by rinsing
in de-ionised water, and then drying (by rotating the wafers on a
spin-coater at approximately 2 x 10® revolutions per minute, for
one minute). Bis-PCBM solutions were then spin-coated onto the
silicon wafers. Top layers (PS and PS/bis-PCBM blends) were
prepared by spin-coating solutions onto sheets of freshly cleaved
mica (Goodfellow, UK) and then floating the layers onto the
surface of a bath of de-ionised water. This floating layer was then
deposited onto the silicon/bis-PCBM to make a bilayer sample.
The samples were left to dry in the dark, before being placed
under vacuum (at room temperature, in the dark) for 24 hours.
Further details regarding solution concentrations and spin speeds
are given in the ‘Sample list’ section in the ESI.f Two batches
of samples were fabricated; (i) batch 1 - fabricated and then
measured on the reflectometer D17,>* at the Institut Laue-
Langevin (ILL), Grenoble, France in 2021, and (ii) batch
2 - fabricated and then measured on D17 in 2019. The bulk
of the results presented in this paper are from batch 1; batch 1
contained nine samples (labelled A-I, with various PS MWs),
and batch 2 contained four samples (labelled 1-4, all with 300k
PS MW). Sample details are summarised in Table 1.

In situ neutron reflectivity (NR)

Samples were bolted onto the surface of a heater block within
a vacuum chamber, as shown in Fig. Sla (ESI{). Extensive
calibrations were performed both before and after each experi-
ment on D17, to establish the offset between the heater
set-point and the temperature at the surface of the silicon
wafers (see ESLT for details). Experiments on batch 1 were
performed using a turbo pump which achieved pressures of
approximately 10~ * mbar during thermal annealing. Experiments
on batch 2 were performed using a rotary pump, achieving
pressures in the range 2 x 10" to 2 x 10> mbar. After the
chamber was pumped down, the heater was set to either 80 °C

Table 1 Summary of the initial (starting) top layer compositions of the
samples used in batches 1 and 2. The bottom layer was pure bis-PCBM for
all samples

Batch 1 samples Initial top layer composition

Pure 300k PS
Bis-PCBM/300k PS blend (34 wt% bis-PCBM)

Samples A, B and C
Sample D and E

Sample F Pure 5k PS
Sample G Bis-PCBM/5k PS blend (33 wt% bis-PCBM)
Sample H and I Pure 2k PS

Batch 2 samples

Samples 1 and 2
Sample 3
Sample 4

Bis-PCBM/300k PS blend (35 wt% bis-PCBM)
Bis-PCBM/300k PS blend (27 wt% bis-PCBM)
Bis-PCBM/300k PS blend (14 wt% bis-PCBM)

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic representations of the convergent equilibration and thermal reversibility hypotheses tested in this study. (a) and (b) represent a bilayer
that initially consists of two pure layers. (c) and (d) represent a bilayer that initially has a PS/bis-PCBM blend top layer (with a composition in the two-phase
region of the phase diagram). (a) and (c) show the sample geometries/compositions before and after thermal annealing (with accompanying mass
transfer) for sufficiently high MW PS. (b) and (d) show the hypothesised behaviour in relation to the phase-diagram for a typical polymer/small-molecule
system; here, idealised as a system with a purely enthalpic FH interaction parameter, y, displaying an upper-critical-solution-temperature (UCST). In (b)
and (d) the red symbols correspond to co-existing compositions at different temperatures during thermal cycling, and the blue crosses correspond to the
starting compositions of the top and bottom layers. NB; as we report herein, the PS/bis-PCBM phase-diagrams do not always exhibit the kind of binodals
shown schematically in (b) and (d). In the case of sufficiently high MW PS, the change in bottom layer compositions (the right-hand bis-PCBM binodal
branches in (b) and (d)) are exaggerated, as these would remain close to pure bis-PCBM,2° and the left-hand binodal branches can exhibit qualitatively

different thermal behaviour, depending on MW.

(batch 1) or 100 °C (batch 2), and a ‘full’ NR measurement was
taken (with data acquired out to a momentum transfer, g, of
around 0.2 A™%). A full NR measurement consisted of acquisi-
tion using a white beam of neutrons in time-of-flight mode at
incident angles of 0.8° and 3°. By using a relatively relaxed
resolution, Ag/g, of around 2-4% at g = 0.008 A~* and around
8% at g = 0.15 A~", we were able to collect a full NR curve using
a total of 10 minutes acquisition time (2 and 8 minutes
acquisition for incident angles of 0.8° and 3° respectively).
The heater set-point temperature was then changed in a step-
wise fashion. After waiting for a sufficient time after each set-
point change for the sample surface temperature to stabilise
(during which, several NR measurements were taken at an
incident angle of 0.8°), a full NR measurement was taken.
A range of different heating protocols were used, involving
isothermal annealing, and stepwise temperature cycling; protocol
details are given in the Results and discussion and the ESL}

Throughout the main paper, unless stated otherwise, given
temperatures are the sample surface temperatures, rather than
heater set-point temperatures (for both batches).

Data reduction and analysis

All NR data was reduced using Cosmos, within the ILL’s data
manipulation software, Lamp.>” Further details are given in the

i Except for sample 3 in batch 2, which had a reduced sample area. For this
sample the beam footprint on the sample was reduced by a factor of two, and the
acquisition time was increased to 4 and 16 minutes for incident angles of 0.8° and
3° respectively.

This journal is © The Royal Society of Chemistry 2023

‘Data Reduction and Analysis’ section in the ESI.{ All NR curves
were fitted within refnx®® using two uniform scattering length
density (SLD) layers (refnx ‘slabs’) with adjustable thickness
and SLD. The sample surface roughness and buried interfacial
roughness (between the two layers) were also both adjustable
(NB: all roughness parameters are Gaussian,””*® and for the 5k
and 300k samples were small compared to the two layer
thicknesses). A fixed layer (SLD = 2.5 x 10~ ® A~2, thickness =
15 A, roughness = 2 A) representing the native oxide layer was
included in the model between the adjustable layers and the
semi-infinite silicon substrate. A fixed background of 10~” was
also included. The resolution from the data file (calculated in
Cosmos from the instrumental settings) was used in all fits. For
comparison purposes, a combination of Levenburg-Marquardt,
differential evolution and Markov-chain-Monte-Carlo (MCMC)
methods were used to fit the data.>® These all gave very similar
fit parameters. The error bars plotted in the NR curves repre-
sent standard deviations, calculated from the neutron counts.
The MCMC uncertainties approximate standard deviations.”®
Goodness-of-fit, y?, parameters® for the (Levenburg-
Marquardt/differential evolution) fits to the NR curves are given
in Table S5 (ESIt).

Fourier transform infra-red spectroscopy (FTIR)

Prior to annealing, FTIR measurements were carried out on bis-
PCBM films to assess whether oxidation of the fullerene was
likely to occur under our annealing protocols. Firstly, films of
bis-PCBM were made by drop-casting from chlorobenzene

J. Mater. Chem. C, 2023, 11, 2107-2119 | 2109
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solution onto a silicon substrate. The films were then dried and
measured using a PerkinElmer Spectrum Two spectrometer
equipped with a diamond crystal for measuring in attenuated
total reflection (ATR) mode. Annealing was then performed
under more harsh conditions than used in the in situ NR
experiments (at higher temperatures, for longer times and with
lower vacuum). As found previously during our studies on
PCBM,*° no evidence of characteristic fullerene oxidation®°
was observed (see Fig. S5, ESIT).

Results and discussion

Convergence from different starting points and thermal
reversibility

Our experimental methodology is summarised schematically in
Fig. 1. To probe the approach to equilibrium from different
starting points, two main categories of sample were fabricated
on silicon substrates; (i) those with a pure bis-PCBM bottom
layer and a pure PS top layer, and (ii) those with a pure bis-
PCBM bottom layer and a top layer that was a blend of PS and
bis-PCBM. Our aim was to heat the samples up to a sufficiently
high temperature, so that the components became mobile,

300k PS

2s]  PS/Bis-PCBM
binodal

0.1

SLD (x 10*A%)

0.01 o

0.001 5

View Article Online
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and the structure of the films evolved towards equilibrium.
In samples with pure PS top layers, mixing of fullerenes into
these layers occurs rapidly (within a few minutes),”**' once you
approach the reported glass transition temperature (7) of the
fullerene.*’ Using our previous knowledge of PS/bis-PCBM
systems,”**' we mostly chose top layer blend compositions
that were expected to be in the two-phase region of phase space.

The annealing protocol that was employed was dependent
on the category of sample and the batch. Batch 1 samples with
pure PS top layers were first heated to 80 °C, at which there is
little change in bilayer composition profile (layer thickness,
composition or interface/sample-surface roughness) in compar-
ison to room temperature,”>>" and then measured using NR.
They were then heated straight to the maximum temperature
used (tens of degrees above the reported T, of the fullerene),
and, after a suitable waiting time, a NR measurement was
taken. The temperature was then reduced in steps of approxi-
mately 10 °C to a minimum value, and back up to the maximum
temperature. The NR was measured at each temperature after a
suitable waiting time. Finally, the sample was slowly cooled
to 80 °C, at which another NR measurement was taken. For
batch 1 samples with PS/bis-PCBM blend top layers initially,
the heating protocol was adjusted by inserting an isothermal
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Fig. 2 Convergent equilibration; neutron reflectivity (NR) measurements (batch 1). NR data, fits and corresponding SLD profiles (insets) measured at
80 °C, before and 80 °C after thermal annealing (isothermal heating and temperature cycling) of bilayer samples. (a) A sample with an initially pure 300k
PS top layer (sample B). (b) A sample with an initially pure 5k PS top layer (sample F). (c) A sample with a top layer that was initially a 300k PS/bis-PCBM
blend (34 wt% bis-PCBM; sample D). (d) A sample with a top layer that was initially a 5k PS/bis-PCBM blend (33 wt% bis-PCBM; sample G). The insets plot

SLD versus distance from the sample surface.
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annealing step of several hours (at temperatures that enable
extensive mixing of the components), to allow the system a
longer time to evolve towards equilibrium. These ‘initially
blend top layer samples’ were then put through the same
temperature cycling protocol as the samples with initially pure
PS top layers.

The behaviour during thermal annealing in the two cate-
gories of sample is represented schematically in Fig. 1a and c;
there is mass transfer of bis-PCBM molecules into the top layer
for samples that initially had pure PS top layers, but out of the
top layer in samples that initially had blend top layers in the
two-phase region of the phase diagram. At equilibrium,
because of the difference in the molecular sizes between the
polymer and fullerene, the bottom layer composition will
remain close to pure bis-PCBM for sufficiently high MW
PS.2%3% Fig. 1b and d visualise equilibration from the two
different starting compositions, for samples that are heated
to sufficiently high temperatures.

Typical NR data, fits and model scattering length density
(SLD) profiles for the two categories of samples, measured at
80 °C before and after heating to higher temperatures, are
shown in Fig. 2. For all measurements we obtain very good fits
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190 4
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using bilayer composition profiles, that consist of two uniform
layers on top of a silicon substrate. Bilayer composition profiles
are parameterised by 6 adjustable fit parameters; a thickness
and SLD for each layer, a buried interfacial roughness, and a
sample surface roughness. The insets in Fig. 2 show that the
layer compositions and interfacial roughnesses following
annealing from very different starting profiles (blue curves),
appear to converge on similar values (red curves). In keeping
with expectations from FH theory, the 300k PS samples also
show no significant change in the measured bottom layer SLDs,
while the 5k PS samples have slightly lower SLDs following
annealing (in comparison to the measurements before anneal-
ing). In all four samples, the interfacial roughness, o;, also
increases following annealing.

We now examine the in situ annealing of an individual
sample. Fig. 3a shows the temperature cycling protocol for a
sample that initially had a 300k PS/bis-PCBM top layer (sample D),
showing the set-point and sample surface temperatures (see
Fig. S2 and S3 for temperature stabilisation and offset calibration
data, ESIT). The in situ NR data in Fig. 3b and ¢ show the excellent
quality of the bilayer fits, and the reversibility of the NR measure-
ments and fits (this reversibility can be most readily visualised

139°C

Set-point
temperature
® Measure full

123°C NR curve

T
0 250 300

0.01 b)
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In situ thermal cycling and neutron reflectivity (NR) measurements of an equilibrated sample (sample D; initially with a 34 wt% bis-PCBM/300k PS

blend top layer). (a) A typical cooling/heating protocol to test thermal reversibility following equilibration, showing the set-point temperatures (on the
y-axis) and the sample surface temperatures (as annotations). Full NR measurements took 10 minutes each, and followed a 6 minute wait after each
change in set-point temperature. The red symbols mark the time at the end of each NR measurement. (b) and (c) show NR measurements and fits during
the cooling and heating cycles respectively. The thermal cycling for this sample was preceded by isothermal annealing with a sample surface
temperature of 139 °C for approximately 250 minutes. The NR curves have been shifted vertically with respect to one another for clarity.
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directly in the NR data by looking at the changes in the intensity
of neighbouring fringes, on cooling/heating). This can be directly
seen by careful inspection of Fig. 3b and c, but is more clearly
illustrated by pairwise comparisons of NR curves and SLD profiles
on first and second heating. Fig. 4 shows such comparisons for
two further samples (B and E), in which we focus on the details of
the NR curves within a limited g range. For a sample fabricated
with a 300k PS/bis-PCBM blend top layer (sample E), that was
cooled from 173 °C to 114 °C and then heated back up to 181 °C,
Fig. 4c and d show that the fringe positions in the data and the fits
clearly shift between measurements at 173 °C and 131 °C, but
then reversibly change back on (re)heating. This reversibility and
repeatability is also illustrated in the SLD profile for this sample
(see insets to Fig. 4c and d). Although the pattern of fringes is
different, due to the different layer thicknesses, similarly rever-
sible behaviour in the reflectivity curve and the SLD profile is
shown in Fig. 4b, for a sample that was fabricated with a pure
300k PS top layer (sample B). Having established that thermal
reversibility is clearly apparent in the NR data and fits, we now
examine the behaviour of the extracted fit parameters across our
dataset (batch 1 and batch 2).

Fig. 5 summarises our findings with regard to convergence
from different top layer starting compositions. Fig. 5a shows
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the extracted fit parameters for seven samples from batch 1,
with samples measured at 80 °C before and after thermal
cycling (five 300k PS samples, and two 5k PS samples). It is
clear that the SLD of the top layer layers, p;.p, converges on a
value of around 1.8 x 107° A™2 for the three samples that
initially had pure 300k PS top layers and the two samples that
initially had 300k PS/bis-PCBM blend top layers, while the
bottom layer SLD in these five samples, ppottom, remains at
the pure bis-PCBM SLD of around 3.8 x 10~® A2 Similar
convergence in SLD on annealing is seen for the two 5k PS
samples, although here, greater miscibility at lower PS MW is
evidenced by the slightly higher values of ppotom and slightly
lower values of pip. Such a dependence on MW is expected
from the equilibrium thermodynamics of polymer/small mole-
cule mixtures®® and predicted/observed in PS/bis-PCBM.>°
Quantitatively, the current study offers a fuller characterisation
for 5k PS/bis-PCBM bilayers than our previous measurements,
as the samples here have been equilibrated by going to elevated
temperature before being cooled, and the samples also consist
of more complete bilayers, rather than the slightly truncated
bilayers shown in Hynes et al.>® For each MW, Fig. S9b (ESIt)
also shows similar values for the roughnesses of the buried
interface, o, and the sample surface, o5, in the two categories of
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Fig. 4 Reversibility of neutron reflectivity (NR) curves and scattering length density (SLD) profiles. (a) Schematic representation of the measurements of
samples B and E shown in this figure. (b) NR curves and fits for a bilayer that was fabricated with a pure 300k PS top layer initially (Sample B). This sample
underwent heating to 173 °C, then cooling to 131 °C, and then a second heating to 173 °C. The NR curves and fits in (b) show the two different
measurements at 173 °C with a fit at 131 °C as a reference in grey. (c) and (d) show NR curves and fits for a bilayer that was fabricated with a blend top layer
initially (Sample E —34 wt% bis-PCBM/300k PS). After isothermal heating at a sample surface temperature of 148 °C, this sample underwent heating to
173 °C, then stepwise cooling to 114 °C, and then a second heating to 181 °C. The NR curves and fits in (c) show the two different measurements at 173 °C
with a fit at 131 °C as a reference in grey, and the NR curves and fits in (d) show the two different measurements at 131 °C with a fit at 173 °C as a reference
in grey. The insets to (b)—(d) show the SLD profiles (SLD versus distance from the sample surface) corresponding to the fits.
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Fig. 5 Summary of convergent behaviour. (a) Scattering length densities (SLDs) of top and bottom layers for seven different 300k and 5k PS/bis-PCBM
samples, measured at 80 °C before (‘As cast’) and after thermal cycling. These samples were all made from a single batch of silicon blocks (batch 1) and
measured during the same experiment (D17;2021). (b) Scattering length density (SLD) as a function of time during in situ annealing, for four samples, all
starting with top layers that were initially 300k PS/bis-PCBM blends with various compositions. The data points shown at time zero in (b) represent
measurements taken at 99 °C (at which the composition profiles of the samples was essentially the same as at room temperature.?! Subsequent
measurements were taken at either 147 or 157 °C (see ESI, 1 for details). The lines in (b) are exponential fits with a single time constant (see ESI, for further
details). The measurements in (b) were all made on a second batch of silicon (batch 2) and measured during a different experiment (D17;2019) to the
batch 1 samples shown in Fig. 2—-4, 5a and 6-8. The layer thickness fit parameters that accompany (b) are shown in the ESIt (Fig. S10). (c) Schematic
phase-diagram showing the starting compositions in (b) in relation to the binodal (blue curves). (d) Initial top layer SLDs versus the initial composition of
the top layers for the four samples shown in (b) and three pure PS top layer samples from batch 2 (open circles). The red line in (d) is a linear fit to the SLD v
composition data, and the grey point on this line represents the infinite time asymptote of the 4 fits in (b).

samples (initially with a blend top layer, and initially with a
pure PS top layer), after annealing. Higher o, values are
observed here in the 5k PS samples, compared to the 300k
samples, as expected from equilibrium theory.>”*

While the focus of the current manuscript is not on the
kinetics of equilibration, to illustrate the generality of the
findings in Fig. 5a we show a single plot of the temporal
behaviour of a second batch (batch 2) of in situ annealed
bilayers in Fig. 5b. These samples have not been annealed
using a protocol similar to that set out in Fig. 3a, but have just
been heated from 99 °C (a temperature at which there is no
discernible mixing of constituents between layers)*' straight to
temperatures of approximately 150-160 °C. Fig. 5b shows that
the overall picture of composition convergence from different

This journal is © The Royal Society of Chemistry 2023

starting points is demonstrated in this batch of samples also;
here four samples with different blend ratios of PS and bis-
PCBM in the top layer initially (three samples in the two-phase
region, and one sample in the one-phase region) all evolve
towards a common top layer SLD of around 1.7-1.8 x 10 ¢ A~
in close proximity to the five equilibrated 300k PS samples in
batch 1 (Fig. 5a).

We now investigate the thermal behaviour of equilibrated
bilayers, focussing firstly on the five different 300k PS samples
after they have been equilibrated at high temperature. Fig. S11
(ESIT) shows the behaviour of the layer SLDs. While there
appears to be little systematic change in the SLD of the top
layer as a function of temperature between 114 and 173 °C (and
also no systematic change in the buried interfacial roughness
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or the sample surface roughness - see Fig. S11 inset, ESIT), all
five samples show a slight, but systematic, reduction in the
bottom layer SLD with temperature. This change is similar to
that observed for a single bis-PCBM layer (Fig. S12a, ESIY),
providing evidence that the bottom layer remains close in
composition to pure bis-PCBM. The fact that the SLD of the
PS-rich top layer changes much less with temperature than the
bis-PCBM bottom layer, is, however, in qualitative disagree-
ment with the expectations of FH theory for an enthalpic
interaction parameter, y.>> Fig. S11 (ESIt) also shows that
the changes in SLD, interface roughness and sample surface
roughness are all reversible in all samples.

The change in layer SLDs cannot be rationalised in terms of
simple thermal expansion of the sample, as the higher thermal
expansivity of PS (by a factor of approximately 2-4, in compar-
ison to bis-PCBM,; see Fig. 6 and ESIt) would predict that the
top layer should show an even larger decrease in SLD than the
bottom layer. This is further evidenced by inspection of
the layer thickness behaviour in Fig. 6a and b, which sets out
the fractional change in the thickness of each layer as a
function of temperature (dip and dyoom are the thicknesses
of the top and bottom layers respectively, and Fig. 6a and b plot
the ratio of these thicknesses to the values at 80 °C after
annealing). Fig. 6a shows that the change in thickness of the
top (PS-rich) layer is actually commensurate with (or slightly
larger than) the thermal expansivity of PS melts, and therefore
thermal expansion is likely to be a significant contributor
to this behaviour. However, the behaviour of the bottom (pure
bis-PCBM) layer thickness does not even correspond qualita-
tively to the thermal expansion of bis-PCBM. Instead, the
bottom layer in all five samples reduces in thickness with
increasing temperature, once the temperature is around
130-140 °C (approaching the reported T, of bis-PCBM*'). The
few points below 130 °C in Fig. 6b are actually commensu-
rate with the bis-PCBM thermal expansivity, likely due to the
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slowing of dynamics or even vitrification in the system and
consequent inhibition of mass-transfer between the layers,
below this temperature. Bottom layer thickness reduction is
most clearly seen in samples A-C, which initially had pure PS
top layers, and where the fractional bottom layer thickness
changes are larger, but is also evident in samples D and E,
which initially had PS/bis-PCBM blend top layers. The reprodu-
cibility and reversibility of changes in both layer thicknesses
with temperature is also apparent in Fig. 6a and b. The total
sample thickness increases with temperature, as would be anti-
cipated from first-order considerations based on the thermal
expansivity of the pure components alone. It is clear, however,
that to account for our findings, as the system expands with
increasing temperature there must be significant transfer of
bis-PCBM molecules into the top (PS-rich) layer. Such a change
in the composition of the co-existing phases (causing the SLD
of the top layer to remain approximately constant with tem-
perature, as its thickness increases) is indicative of UCST-like
behaviour over this temperature range. However, to fully under-
stand the thermal behaviour of the system requires an
approach beyond FH to account for volume changes in the
system. Recent work by Peng et al.** extending the temperature
dependence of the FH y parameter, based on theoretical
considerations of compressibility, has enabled the fitting of
binodal curves for polymer/small-molecule OPV mixtures that
exhibit both UCST and lower-critical-solution-temperature
(LCST) behaviour. However, to achieve predictive capabilities
with regard to all of the behaviour that we observe (both layer
composition and thickness as a function of temperature)
requires a more fundamental approach, such as the locally-
correlated-lattice (Icl) theory developed and implemented by
Lipson and co-workers.>>*® Such an approach involves careful
measurements of the thermal behaviour of the individual
components, fitting of a single datum relating to a mixture
and detailed theoretical analysis, and is beyond the scope of the
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Fig. 6 Reversible layer thickness changes during in situ thermal cycling of 5 different 300k PS/bis-PCBM bilayers following equilibration (samples A, B
and C had pure PS top layers initially, and samples D and E had PS/bis-PCBM blend top layers initially). The plots show layer thickness as the temperature
is cycled from high-to-low-to-high, and finally after cooling to 80 °C (marked by x). (a) Ratio of the thickness of the top (PS/bis-PCBM blend) layer during
annealing, to the thickness of the top layer after cooling to 80 °C, versus sample temperature. The orange line in (a) represents the thermal expansivity
of PS melt films from the literature (7.2 + 2 x 10~% K™%.37 (b) Ratio of the thickness of the bottom (pure bis-PCBM) layer to the thickness of the bottom
layer after cooling to 80 °C, versus sample temperature. The orange line in (b) represents the thermal expansivity of bis-PCBM films (approximately
2 x 1074 K~ see ESI, i for details).
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present manuscript. It is left for future workers to try to
understand and predict the exact nature of the equilibrium
states in these kinds of systems. Our focus here is on establishing
whether key criteria for equilibrium behaviour (convergence from
different starting points in phase space, and reversibility) are
satisfied or not.

MW-dependence

We now present the thermal behaviour of equilibrated systems
containing 5k PS. Fig. 7 shows the parameters extracted from
measurements on two different 5k PS samples after the samples
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have been equilibrated at high temperature. Fig. 7a, c and e
show layer thicknesses, layer SLDs and sample roughnesses for
a bilayer that initially had a pure 5k PS top layer, and Fig. 7b, d
and f show the same parameters for a bilayer that initially had a
5k PS/bis-PCBM blend top layer. The most visible aspects of
these measurements are (i) that again we see reversible beha-
viour with temperature in both samples (with a caveat that the
data points at the highest temperature immediately before final
cooling to 80 °C do not reproduce the fit parameters extracted
at the same temperatures on first heating, as well as occurs at
lower temperatures — see ESL T Section 5 for further details),
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Fig. 7 Reversibility during in situ temperature cycling of two different equilibrated 5k PS/bis-PCBM bilayers. The plots show the six bilayer fit parameters
obtained from each neutron reflectivity (NR) measurement, as the temperature is cycled from high-to-low-to-high, and finally after cooling to 80 °C.
(a). (c) and (e) set out the layer thicknesses, layer scattering length densities (SLDs) and surface/interfacial roughness of sample F which had a pure PS top
layer initially. (b), (d) and (f) set out the layer thicknesses, layer SLDs and surface/interfacial roughness of sample G that had a PS/bis-PCBM blend top layer
initially. In addition to the standard Levenberg—Marquardt/differential evolution (LM/DE) fitting procedure, the plots show some data points which
correspond to the MCMC?® fitting procedure.
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and (ii) that the behaviour of these two samples is remarkably
similar in all aspects. Both samples exhibit the same kind of
layer thickness behaviour found for the 300k PS samples, in
which the top layer thickness increases and the bottom layer
thickness reduces with temperature (and the total sample
thickness increases with temperature; again indicative of the
need to go beyond FH theory). The sample surface roughnesses
of these two samples is very similar to the 300k PS samples
across the temperature range, while the buried interface rough-
ness is larger in the 5k PS samples compared to the 300k PS
samples, as would be expected at equilibrium.?”***® There
is also some indication of a temperature-dependence to the
buried interfacial roughness in both 5k PS samples, with
evidence of broader interfaces with increasing temperature,
above around 140 °C (see Fig. 7e and f). The interfacial rough-
ness measured by NR is in general a combination of the
‘intrinsic’ interfacial width due to molecular mixing of the
components, and lateral roughness.”®*° In an equilibrated
liquid-liquid system the intrinsic width will depend on the
chemical compatibility of the interacting molecules (the FH y
parameter, in polymeric systems) and the MW of any polymeric
constituents,””**3%% while lateral roughness occurs due to
thermally-activated ~capillary-waves*' (whose mean-square
amplitude scales in inverse proportion to the interfacial tension
between the two phases®®*?). As far as we are aware, the
magnitude of these two contributions has not been quantita-
tively predicted in polymer/small-molecule systems. However,
in polymer/polymer systems, increases in both of these contribu-
tions to the total roughness go hand-in-hand with increases in
miscibility?”*® (for example as a function of temperature or MW).

View Article Online

Journal of Materials Chemistry C

Qualitatively, we would therefore expect that an increase in
interfacial roughness would be accompanied by bulk phase that
are closer together in composition. This is exactly what we observe
here, for both 5k PS samples. Fig. 7c and d show that as the
temperature increases, the SLDs of both layers become system-
atically closer together; the top layer SLD increasing and the
bottom layer SLD reducing. We note that a similar narrowing
miscibility gap, indicative of UCST-like behaviour is observed in a
related PS/fullerene system over this temperature range.**

To probe the behaviour of the system further we also
fabricated two bilayer samples using 2k PS (samples H and I,
both with pure PS top layers). These were annealed using a
similar protocol to the 5k and 300k PS samples, except that the
investigation was shifted to slightly lower temperatures (due to
evidence that the onset of mixing in these PS/fullerene systems
is influenced by the MW-dependent molecular-mobility of the
PS*"**). NR data, bilayer fits, SLD profiles and fit parameters
for these samples are shown in Fig. S13-S16 (ESIT). As for the
5k and 300k PS samples, changes in the fit parameters with
temperature for 2k PS are reversible (see Fig. S13 and S14, ESI¥)
and show repeatable behaviour as a function of temperature
(Fig. S14 and S16, ESIt), indicative of equilibration following
heating at sufficiently high temperature. Unfortunately,
however, the extent of mass transfer that occurred from the
bis-PCBM layer into the PS layer on annealing, resulted in the
bottom layer becoming thinner than in the 5k and 300k PS
samples. This led to some fitted SLD profiles having interfacial
roughnesses that were around half the thickness of the bottom
layers (see Fig. S14(a), (c) and S16(a), (c), ESIt), potentially
calling into question the use of a bilayer model (in which the
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interface roughness should be significantly smaller than the
thickness of the layers on either side). This necessitates a caveat
that some of the fit parameters extracted from the 2k PS bilayer
fits as a function of temperature may not be as reliable as for
the 5k and 300k PS samples. To assess the robustness of the
bilayer fits, we therefore also fitted some NR curves for 2k PS
samples using a free-form (spline function) SLD profile (see
Fig. S15, ESIT). These showed very similar SLD profiles to the
bilayer fits, allowing us to conclude that the bilayer fits do a
reasonable job in approximating the binodal compositions for
the 2k PS samples. However, we need to be careful with regard
to the thermal behaviour and are hesitant to rely on these
parameters to accurately quantify the temperature dependence
of the binodal compositions. This is because the rather subtle
changes observed in the binodal compositions with tempera-
ture for the higher MWs are potentially perturbed in the 2k PS
samples due to the absence of a truly uniform bottom layer of
sufficient thickness in comparison to the buried interface
roughness. For this reason the 2k PS data (plotted in grey in
Fig. 8) should only be used as an indication of the binodal
compositions, in comparison to the 5k and 300k PS samples,
with caution applied to the behaviour as a function of tem-
perature. It is though clear that the bilayer fits to the annealed
2k PS samples give layer compositions that are significantly
closer to one another than the 5k and 300k PS samples.

To summarise, the overall progression of co-existing com-
positions with MW, shown in Fig. 8, is qualitatively consistent
with the predictions of FH theory made for bis-PCBM/PS as a
function of PS MW, on the basis of high MW measurements (on
samples annealed ex situ and quenched to room temperature),>’
but understanding the temperature dependence (of both the
compositions and phase volumes) requires significant further
analysis, that is beyond the scope of the present study. The key
point, however, with regard to our study is that these thermal
annealing measurements robustly demonstrate behaviour that is
reproducible, reversible (with temperature) and shows conver-
gence to equilibrium states from different starting points in
phase-space.

Conclusions

We have performed an in-depth investigation into PS/bis-PCBM
bilayers, as a function of MW, temperature and initial layer
composition. We find that the composition profiles comply
with the expectations of equilibrium thermodynamics, in two
key aspects. Firstly, the state of the system at any given
temperature, following thermal annealing at sufficiently high
temperature, is independent of the path taken to reach that
state. Secondly, the temperature-dependent behaviour of the
system is reversible on heating/cooling. That these two aspects
of equilibrium behaviour are exhibited across a range of
MWs and temperatures in a thin-film geometry, is remarkable.
Given the potential for preferential segregation of constituent
molecules to the substrate, surface or buried interface, and the
potential for dewetting of thin-films, it is notable that these

This journal is © The Royal Society of Chemistry 2023
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systems form simple layered structures with uniform layer
compositions, enabling detailed characterisation of co-existing
compositions, and sub-nanometre characterisation of interfacial
roughness. The use of low-polydispersity PS enables us to clearly
separate out MW-dependent and temperature-dependent beha-
viour and investigate rather subtle changes in composition pro-
files with temperature. Behaviour such as interfacial segregation
of low-MW fractions®®** or fractionation by chain-length within
bulk phases*>*® will potentially be exhibited in addition to that
found in the present study in the polydisperse systems typical of
conjugated polymers. Given such potential complexity, we believe
there are significant benefits in establishing a solid framework
based on equilibrium thermodynamics, for understanding beha-
viour in model small-molecule/polymer OPV systems. Recent work
has applied understanding of component molecular mobility and
polymer/small-molecule thermodynamics to advance the ‘rational
design’ of a range of OPV systems.'>'* With this in mind, the
current study (on approximately spherical small-molecules and
low polydispersity amorphous polymers) is relevant as a bench-
mark in understanding behaviour within OPV blends. Of parti-
cular significance with-respect-to non-fullerene acceptor (NFA)
systems is the potential requirement for greater understanding
of volume changes on mixing, or as a result of temperature cycling
during operation. We anticipate that the large aspect-ratios typical
of these small-molecule acceptors and the varied molecular
structures (with planar or twisted architectures)>*’>° may lead
to a broad range of different mixing behaviours (as can occur for
small-molecule mixtures containing different isomers®") in com-
parison to the simpler fullerenes studied herein. Our discovery of
properly equilibrated bis-PCBM/PS phases, with a free-energy
minimum approached from different starting states and reversi-
ble transitions between equilibrium states at different tempera-
tures, is an important finding that enables the application of
equilibrium theory to thin-film blends, underpinning the basis
for theoretical understanding and robust predictions in OPV
mixtures.
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