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The composition profiles of a series of model polystyrene/fullerene bilayers are measured, before,
during and after thermal annealing, using in situ neutron reflectometry. In combination with grazing-
incidence X-ray diffraction measurements, these experiments, which quantify layer compositions as a
function of molecular weight using changes in both scattering length density and layer thickness, extend
and corroborate recent measurements on ex situ annealed samples and demonstrate that the
composition profiles rapidly formed in these systems correspond to two co-existing liquid—liquid phases
in thermodynamic equilibrium. The measurements also demonstrate a clear and systematic onset
temperature for diffusion of the fullerenes into the PS layer that correlates with the known glass-transition
temperatures of both the polymer (as a function of molecular weight) and the fullerene, revealing that the
molecular mobility of the fullerenes in these systems is controlled by the intrinsic mobility of the fullerenes
themselves and the ability of the polymer to plasticise the fullerenes at the interface. Over the temperature

range investigated (up to 145 °C), measurements of equilibrated composition profiles as a function of
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temperature (during gradual cooling) reveal no significant changes in composition profile, other than those
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Introduction

The mixed amorphous phases'™ that are typically found within
solution-processed organic photovoltaics (OPVs) can have an
important influence on the efficiency and stability of these
devices.>*® OPVs made from polymer/small-molecule blends
can now achieve power-conversion efficiencies (PCEs) of over
12% in binary®*® and ternary'” devices, and 17% in tandem
solar cells*® (including over 10% PCE for binary OPVs
fabricated in air'®). This corresponds to a substantial rise in
OPV performance over the last twenty years or so, that has
mainly resulted from the synthesis of new materials'* and the
characterisation/optimisation of OPV devices.'® Considerable
effort has been focussed on characterising the morphology and
domain composition of the bulk heterojunctions that make up
the active layer of working devices,'>? as these two factors can
both have a large impact on charge generation and transport
within devices.”**”®* In recent years, several investigations on
model systems have also been performed, in parallel with
device optimisation studies, to probe fundamental aspects of
polymer/small-molecule mixtures; these have included studies
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associated with the known thermal expansion/contraction of polystyrene thin-films.

and
28—34).

of simplified architectures (most notably bilayers>*>2*">7)

model material systems (e.g. polystyrene (PS)/fullerenes
The aim of much of the PS/fullerene work was to systematically
investigate both the kinetics and the equilibrium behaviour in
relation to mixing/de-mixing, fullerene aggregation/crystallisation
and film formation pathways in a range of well-controlled,
low polydispersity, model amorphous-polymer/small-molecule
systems; the motivation was to produce fundamental knowl-
edge of thin-film and solution behaviour that can provide a
framework for the understanding of aspects of OPV device
behaviour during and immediately following fabrication, and
also under operating conditions.

Ye et al.® recently discovered a strong correlation between
fundamental parameters characterising the miscibility in equi-
librium polymer/small-molecule systems and OPV performance;
Flory-Huggins theory was used to model phase compositions in
bilayers and quantitatively link the interaction parameter, 7,* to
the fill-factor, for an amorphous-polymer/fullerene and a range of
polymer/small-molecule OPVs. As well as enabling the extraction
of y, the study of equilibrated systems is also important in
terms of device stability, as non-equilibrium morphologies and
domain compositions, that have been carefully optimised during
fabrication, may evolve towards equilibrium under operation,
if the components can attain sufficient mobility.>®”

Given the importance of understanding equilibrium in mixed
amorphous polymer/small-molecule systems, we recently performed
an in-depth examination of the hypothesis that polymer/fullerene
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thinfilm systems can form composition profiles consisting of
two co-existing phases in liquid-liquid equilibrium.** We inves-
tigated model bilayer systems consisting of (initially pure) PS
layers on top of two different fullerene layers; phenyl-C60-butyric
acid methyl ester (PCBM) and bis-adduct phenyl-C60-butyric
acid methyl ester (bis-PCBM). This investigation was carried
out via neutron reflectometry experiments as a function of
polymer molecular weight (Mw), annealing temperature, annealing
time and layer thickness, using samples that were ex situ annealed
and then measured using neutrons. Theoretical predictions of
the effect of Mw on layer composition and interface width, based
on composition measurement in the high Mw limit, were found
to be in very good agreement with experiments for both PCBM/
PS and bis-PCBM/PS. In both systems, a significant increase in
interfacial width upon decreasing Mw occurred. In the PCBM/PS
system little change in layer composition was found with
decreasing Mw, whereas in bis-PCBM/PS a much more signifi-
cant systematic change in layer composition was found on
decreasing Mw, indicative of increased mixing. These findings
were rationalised (quantitatively) using Flory-Huggins theory.
In this paper we present in situ annealing and neutron
reflectivity (NR) measurements on PCBM/PS and bis-PCBM/PS
bilayers. These experiments were performed for three reasons;
(i) to investigate the effect of polymer Mw and fullerene
chemistry on the onset of mass transfer, in relation to the
molecular mobilities (glass transition temperatures, T,) of
the component materials, (ii) to probe for any temperature
dependent behaviour at elevated temperature (as a function
of temperature, during gradual cooling) in the equilibrated
systems and (iii) to corroborate (or otherwise) measurements
on ex situ annealed samples that we have performed previously
(in which samples were annealed and then quenched to room
temperature before measuring). As in situ annealing involves
the measurement of the composition profile before and after
annealing each sample, it not only enables the volume fractions
of the components in the co-existing phases to be determined
directly from the layer compositions (as for ex situ measurements),
but also allows layer volume fractions to be determined from
changes in the layer thicknesses on annealing. In situ measure-
ments enable us to examine the time-scales and temperatures
required for equilibration, and to also discern whether there
is any temperature-dependent behaviour (which cannot be
definitively determined using ex situ annealing because of the
potential for changes to the samples on cooling). Measurement
of the onset temperatures for fullerene diffusion is particularly
important in relation to the morphological stability of polymer/
small-molecule OPVs in operation.”**?” The molecular mobility
of the polymer, as a function of Mw,*® is likely to be of key
significance here. This is because of the potential for preferential
segregation of low-Mw fractions to interfaces®**® within devices,
given the typically broad Mw-distributions of conjugated poly-
mers. Measurements using model PS/fullerene systems with
narrow Mw-distribution PS allow us to examine this behaviour
in well-controlled polymer/small-molecule thin-film systems.
The particular Mws studied herein were chosen for two reasons.
Firstly, they encompass the range of PS Mws over which
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equilibrium thermodynamic theory suggests one is most likely
to observe significant changes in the interfacial width as a
function of Mw.***1*? Secondly, they reflect the range of Mws
over which the segmental relaxation times of the PS, as a
function of temperature exhibit considerable Mw-dependence.®®

Experimental

Materials

PCBM and bis-PCBM with a purity of 99.5% were purchased
from Solenne, Netherlands. PS batches were purchased from
Agilent Technologies, UK. The nominal Mws of these were
2, 3, 5, 20 and 100 kg mol '. The weight average molecular
weights (M,,) of these batches were 1.86, 2.93, 4.73, 18.5 and
111.4 kg mol ' respectively, with polydispersity indices
(M,,/My,, where M, is the number average molecular weight)
of 1.04, 1.04, 1.04, 1.03 and 1.03 respectively. These batches are
referred to as 2Kk, 3k, etc. throughout this manuscript. Silicon
substrates of orientation 100 (with a native oxide layer), with a
diameter of 2 inches and a thickness of 1150 microns were
purchased from Siltronix, France. Mica sheets of size 65 mm x
65 mm and thickness 0.15 mm were purchased from Good-
fellow, UK. Toluene, chlorobenzene, acetone and isopropanol
(all of purity 99.9%) were all purchased from Sigma Aldrich, UK.

Sample fabrication

Fullerenes were dissolved in chlorobenzene and then spin-
coated onto silicon substrates that had been sonicated in
acetone and isopropanol (for 15 minutes each) and then rinsed
in de-ionised water. The PS layers were spin-coated from
toluene solutions onto freshly-cleaved mica substrates, and
then floated on top of the silicon/fullerene in a bath of
de-ionised water (further details can be found in Mén et al.**
and Hynes*®). Table S1 in the ESIt shows the spin-coating
speeds and solution concentrations used to fabricate each of
the layers. The samples were then placed under vacuum at
room temperature (and in the dark) for at least 2 hours.

Sample annealing

In situ annealing was performed under vacuum in the neutron
beam at the reflectometer D17,** at the Institut Laue Langevin
(ILL), Grenoble, France. There is an offset between the set-point
temperature and the sample (surface) temperature of a few °C.
Details of the sample temperature calibration during heating
and cooling are given in the ESL

NR

The time-of-flight (TOF) methodology in which a broad range of
wavelengths is incident on the sample was used for all NR
measurements. Incident angles of 0.8° and 3.2° were used to
obtain the full reflectivity measurements before and after
annealing, with measurement times of 15 and 80 minutes
respectively. In the full reflectivity measurements the percen-
tage instrumental resolution (dg./g, x 100, where dg, is the
instrumental resolution at momentum transfer g,) varied from

This journal is © The Royal Society of Chemistry 2020
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1.7% to 5.8% across the g, range of approximately 0.007-0.2 A~*.
Kinetic measurements were performed using 30 s time slices, at an
incident angle of 0.87° and an instrumental resolution of between
3% and 7.3%, over the g, range of approximately 0.008-0.09 A™".
To calculate the specular reflectivity from the raw data obtained
from the incident and reflected neutron beams, we used the
COSMOS data reduction program.”” In the data analysis a fixed
resolution of 4% was used when fitting the full reflectivity curves
and 5% when fitting the kinetic data for all samples. These values
reflect a combination of the instrumental resolution (set by the slit
geometry and chopper settings of the instrument) and any effective
resolution effects that may occur due to the samples themselves,
such as slight layer thickness variation across the samples which
will tend to reduce the resolution of the sharpest minima in the
reflectivity curve.

Reflectivity curves were fitted using motofit*® with bilayer
models that were parameterised by Gaussian roughness at the
buried fullerene/PS-rich interface and the sample surface.
Bilayer fits of the NR data involved six adjustable parameters;
the SLD and thickness of each layer, the interfacial roughness,
and the sample surface roughness. The model composition
profiles also included a silicon oxide layer, which was fixed for all
samples (thickness = 12 A, SLD = 3 x 10~® A~2, roughness = 3 A).
The layer thicknesses, layer SLDs and surface/interface rough-
nesses were not constrained during fitting of the full reflectivity
curves. Since the Gaussian roughness represents the width of an
error function SLD profile at the sample surface and buried
interface, it was also necessary to check that surface and interface
roughness parameters returned by the fits remained small in
comparison to the layer thicknesses within the sample. In all
measurements (full reflectivity curves and kinetic measurements)
the bottom layer thickness was a factor of at least 3 times larger
than the Gaussian roughness of the buried interface. The robust-
ness of the full reflectivity measurements and the extracted fit
parameters from these bilayers has been investigated previously in
a number of ways, including performing repeat measurements,
assessing the quality of the samples using real space (imaging)
methods and carefully examining the robustness of the fitting
procedures.>*** However, given the restricted ¢, range, lower
resolution and shorter counting times we were careful in the
current study to pay particular attention to the robustness of the
fits to the kinetic measurements. Of key importance here is
the assessment of the robustness of the four main fit parameters
that are known to evolve during annealing, given the existence of
six fit parameters overall. Details of these assessments, that involve
comparison of 30 s and two min time slices, and comparison of
fits with six adjustable parameters and fits with only four or five,
are given in the ESI.} The outcome of these assessments is that the
overall behaviour of the bilayer fits during annealing is robust, but
that there is sometimes the potential for what looks like over-
parameterisation when using six adjustable parameters. This may
be the cause of the slight offsets of some fit parameters (interfacial
roughness and top layer SLD) between the full reflectivity curves,
and the kinetic fits at neighbouring timesteps (e.g:; as seen in
Fig. 3e at the end of annealing). The potential for too many
adjustable parameters in the kinetic fits is most evident in the
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20k-PS/PCBM sample (see ESIt), in which two local minima in
the goodness of fit parameter, 3>, with slightly different layer
thicknesses are seen, with consequent non-physical behaviour in
the kinetic fits as a function of time. For this reason the kinetic fits
for this sample, shown in Fig. 3j-1, have only five adjustable
parameters, with the bottom layer SLD fixed at 4.65 x 107° A~2
(unlike the other samples in Fig. 3 which all have six adjustable
parameters). To further test robustness, fits were performed using
both Genetic and Levenburg-Marquardt algorithms,”” with kinetic
fits carried out using the Levenburg-Marquardt algorithm in two
ways; (i) by starting the fit at each time point from the fit to the
preceding time point, and (ii) starting from a different location in
parameter space.

GIXD

Measurements were performed at Sheffield University using a
Xeuss 2.0 (Xenocs France) SAXS/WAXS laboratory beamline,
with a liquid Gallium MetalJet X-ray source (Excillum Sweden)
which has an X-ray energy of 9.2 keV and a corresponding
wavelength of 1.34 A. The instrument was calibrated using
Silver Behenate (Alfa Aeser). The sample chamber and flight
tubes were all evacuated to reduce air scatter. The X-rays were
detected using a Pilatus3R 1 M detector.

Statistics

The error bars in the NR plots represent the standard deviation
(calculated from the neutron counts).

Results and discussion

In situ annealing was carried out in discrete temperature
steps, an example of which is shown in Fig. 1a. At the end of
annealing the heater was turned off and the sample was
allowed to cool gradually (under vacuum). High-resolution NR
measurements were made before annealing, and again after the
samples had cooled to 80 °C (a temperature below which no
significant changes in reflectivity were seen). During annealing,
lower-resolution ‘kinetic’ measurements were taken, enabling a
higher neutron flux. Combined with the collection of data over
a restricted, g, range, this allowed us to obtain usable data in
much shorter times (on the order of a minute) than is possible
when collecting full high-resolution measurements. Our interest
in these experiments is to investigate the composition profile in
bilayers. However, annealing these systems at elevated tempera-
tures for extended periods opens up the potential for the
formation of lateral inhomogeneities in the samples, for example
caused by dewetting of one or other of the two liquid layers or
by extensive aggregation or crystallisation of the fullerenes.>® Our
annealing methodology is therefore a compromise between
temperature-resolution during heating (with many smaller tem-
perature steps, allowing us to more accurately pin-down the onset
of diffusion between the layers) and the preservation of bilayer-like
samples into the later stages of the experiment (for which fewer,
larger steps, and therefore a lower overall annealing time, would
be preferable); preservation of bilayer structures until the end of
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Fig.1 NR measurements and fits, before, during and after in situ thermal annealing; (a) plot showing a typical annealing protocol, (b) PCBM/2k-PS,
(c) PCBM/3k-PS, (d) PCBM/5k-PS, (e) PCBM/20k-PS, (f) bis-PCBM/100k-PS. The kinetic data shows measurements and fits for 30 s slices.

the experiments allows us to compare composition profiles on
the same samples before and after annealing, and extract layer
composition information from measurements of the changes
in layer thicknesses on annealing. These can then be compared
with layer composition measurements extracted from the layer
SLDs. The examination of behaviour during and after gradual
cooling also allows us to compare our results with previous
measurements on samples that were ex situ annealed and then
rapidly quenched.**

A summary of the in situ NR data is shown in Fig. 1b-f. Four
PCBM/PS bilayers were investigated, with PS M,,s of 1.86, 2.93,
4.73 and 18.5 kg mol " (referred to throughout this manuscript
as 2k, 3k, 5k and 20k respectively). One bis-PCBM/PS bilayer,
with M,, of 111.4 kg mol™" (referred to as 100k) was also
measured. All samples were fabricated by first spin-coating a
pure fullerene layer onto a silicon substrate. Pure PS layers were
then placed on top of this to make bilayers. Significant changes
in the NR curves are seen in all samples following annealing.
The kinetic data was collected in 30 s time slices, and fits to the
NR from these slices are shown in Fig. 1, alongside fits to the
NR curves before and after annealing. Kinetic data was also
fitted after combining sets of four consecutive 30 s slices into
two minute time slices. The fits shown throughout this paper
(before, during and after annealing) correspond to bilayers,

3730 | Soft Matter, 2020, 16, 3727-3739

where composition profiles are modelled as two layers of uniform
scattering length density (SLD) with Gaussian roughness*'*®*°
at both the buried interface and the sample surface. In all of the
fits shown in Fig. 1, all six parameters that characterise the bilayers
(two SLDs, two layer thicknesses and two roughnesses) are
adjustable.

Plots of the SLD profiles, corresponding to the fits before
and after annealing, are shown in Fig. 2. Significant and
consistent changes occur in all five cases. These changes arise
due to diffusion of the fullerenes into the PS layers. No signi-
ficant diffusion of the PS into the fullerene layers is observed in
any of these samples. Fullerene diffusion raises the SLD and
thickness of the top layer and reduces the thickness of the
bottom layer. Given the fully adjustable layer thicknesses and
SLDs, there is no constraint on the total sample thickness or
the mass per unit area before or after annealing, during fitting.
However changes in both of these is at the level of a few percent
following annealing; the total sample thickness reduces by
between 0.1% and 2.4% following annealing, and the integrated
scattering length per unit area changes by between —5% and +4%
following annealing. The interfacial roughness also increases
significantly in all cases. In previous measurements on ex situ
annealed and then measured PCBM/PS samples, we found top-
layer (PS-rich) SLDs between approximately 1.5 and 1.7 x 107° A™2

This journal is © The Royal Society of Chemistry 2020
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(see Hynes et al.,** Fig. 3b), for an extensive sample set (covering a
range of annealing times and temperatures), with no systematic
Mw dependence. These findings are confirmed here; the SLDs of
the top layers in the PCBM/PS bilayers shown in Fig. 2 are all
within this range (2k, 1.64 x 107° A™% 3k, 1.64 x 107° A%
5k, 1.62 x 107° A=% 20k, 1.60 x 10~° A~2). The thickness changes
and broadening of the interfaces on annealing also qualitatively
confirm the findings from ex situ annealed samples. However,
quantitative comparison of the interfacial roughness as a function
of PS Mw, reveals some differences with-respect-to the ex situ
annealed samples.

The most significant difference with-respect-to samples that
have been ex situ annealed (for 1-10 min at various temperatures**)
is seen in the PCBM/2k-PS sample. Fig. 1b shows that the fit for this
sample after annealing, does not reproduce some of the fringes
seen in the data well. This is particularly evident for the high
frequency fringes that sit on top of the lower frequency fringe
between g, of approximately 0.04 and 0.08 A™*. Similar damping
of fringes has been seen in some 2k-PS samples that were ex situ
annealed, with those annealed at higher temperatures or longer
times particularly susceptible.*®> Optical microscopy on these
samples revealed extensive development of lateral inhomo-
geneities, that roughen the sample surface,” and this also
occurs here on the PCBM/2k-PS sample (see Fig. S16¢c, ESIT).
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Atomic force microscopy (AFM) reveals that these inhomogenei-
ties consist of protrusions through the bilayer sample surface
(up to a few hundred nanometers in height in the PCBM/2k-PS
sample; i.e. significantly larger than the bilayer thickness itself)
that sometimes display clear anisotropic features, indicative of
small needle-like PCBM crystals.”>?*** Grazing-incident X-ray
diffraction (GIXD) measurements were performed on this
sample after annealing, to assess whether any significant fullerene
crystallisation had occurred within the sample. PS molecular
mobility in these systems has been previously shown to strongly
influence fullerene crystal growth rates,” and therefore (for a given
annealing protocol) the higher-mobility 2k-PS sample®® represents
the sample likely to have the highest crystal content. PCBM crystals
in thin films (blends, bilayers and single layers) produce a very
specific GIXD pattern.”*”**' However, the GIXD detector map
shown in Fig. 2a shows only an amorphous ring, with no evidence
of any significant fullerene crystallisation. This leads us to
conclude that (i) the fullerenes in these samples remain largely
amorphous and (ii) the lateral inhomogeneities shown in
Fig. S16c (ESIt) are either fullerene ‘aggregates’ that do not
give rise to crystalline diffraction, or they contain a very small
volume fraction of crystals, diffraction from which is domi-
nated by the amorphous PCBM in the sample. The key impact
that the lateral inhomogeneities appear to have on the fit to this

5x10° b
4x10° . :
6 — Before annealing
3x10 —— After annealing
2x10°
1x10® 4
% PCBM/2k-PS

0+

SLD (R?)

0 200 400 600 800
Distance from sample surface (,&)

d

o -6 ;

o 4X1071  —— Before annealing

! 3x10°{ | —— After annealing

@ 2x10°
-6

1x10 PCBM/5k-PS
0- T T - : .
0 200 400 600 800

Distance from sample surface (A)

4x10° f
g.: 3x10{ — Before annealing
5’ —— After annealing
o 2x10°
w [ /
1x10°®
0 Bis-PCBM/100k-PS
0 200 400 600 800

Distance from sample surface (A)

Fig. 2 GIXD image after in situ annealing and SLD profiles before and after in situ annealing; (a) GIXD image from the in situ annealed PCBM/2k-PS
sample at an incident angle of 0.16°, (b) PCBM/2k-PS SLD profiles, (c) PCBM/3k-PS SLD profiles, (d) PCBM/5k-PS SLD profiles, (e) PCBM/20k-PS SLD
profiles (f) bis-PCBM/100k-PS SLD profiles. Q,, and Q in (a) are the in-plane (horizontal) and out-of-plane (vertical) components of the momentum

transfer respectively.>?

This journal is © The Royal Society of Chemistry 2020

Soft Matter, 2020, 16, 3727-3739 | 3731


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9sm02337b

Open Access Article. Published on 31 March 2020. Downloaded on 1/20/2026 4:35:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

sample after annealing, concerns the interfacial roughness
parameter. The (Gaussian) roughness of this sample after
annealing is 38 A which is above the range of 28-35 A found
for ex situ annealed samples (across a range of annealing
temperatures and times).>* Smaller-sized lateral inhomogene-
ities also occur on the 3k, 5k and 20k-PS/PCBM bilayers, and on
the 100k-PS/bis-PCBM bilayer (see Fig. S16d-f and S17, ESIf).
In these samples, however, the interfacial roughness para-
meters (25 A, 22 A and 19 A for 3k, 5k and 20k-PS/PCBM
bilayers and 27 A for the 100k-PS/bis-PCBM bilayer respectively)
are all within the ranges found for ex situ annealed samples
(that are annealed for much shorter times);>* NB - for the
100k-PS/bis-PCBM in situ annealed bilayer this comparison is
with 20k-PS/bis-PCBM ex situ bilayers, with the justification
that these samples are of sufficiently high Mw that the compo-
sition profiles are essentially independent of Mw. For compar-
ison, Fig. S16a and b (ESIt) show two ex situ annealed 5k PS
samples with very different levels of lateral inhomogeneity, that
have very similar reflectivity curves, fits and SLD profiles.****
Given the agreement in SLD profiles (in particular the inter-
facial roughness) between the two ex situ samples shown in
Fig. S16a and b (ESIf), and between the 3k-100k PS in situ
samples (shown in Fig. S16d-f, ESIT) and the corresponding
ex situ 3-100k PS samples in Hynes et al.,** it is clear that the
level of lateral inhomogeneities on these samples is sufficiently
low that the NR is dominated by the reflections from the bilayer
regions of the sample that are in-between the inhomogeneities.
Only for the 2k-PS/PCBM in situ annealed bilayer (in Fig. S16c,
ESIt) is the level of lateral inhomogeneity high enough to
significantly influence the NR and the fitted interfacial rough-
ness parameter. It also seems likely that the increased fullerene
layer SLD after annealing in this sample shown in Fig. 2b
(a value of 4.93, which is at the extreme end of all of the values
measured in ex sitw** and in situ annealed samples) is an
artefact of the relatively poor fit for this NR curve, as a result
of the lateral inhomogeneities. However, even for this sample
the layer thickness parameters and the top layer SLD are
reliably determined, enabling investigation of the fullerene
diffusion process.

Although the bilayer models contain six adjustable para-
meters, two of these are of low significance; (i) there is no
significant reduction in the bottom layer SLD on annealing
(Fig. 2b-f), and this layer therefore remains pure fullerene after
annealing, and (ii) the fits are much less sensitive to the sample
surface roughness than to the interfacial roughness (see Fig. S4,
ESIt). We therefore now focus on the four key parameters of top
layer thickness, bottom layer thickness, top layer SLD and
interfacial roughness, before, during and after annealing.
These parameters are shown in Fig. 3 for the four PCBM/PS
bilayers, with the parameters during annealing representing
two-minute time slices. Some plots of parameters versus time
using 30 s slices (corresponding to the kinetic fits shown in
Fig. 1) are also shown in the ESL T Fig. S8 and S9. The behaviour
of the parameters with time for the 30 s and two-minute slices
is very similar in all cases. All samples shown in Fig. 3 show the
same characteristic behaviour, in which there is a rapid change
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in the layer thicknesses, top layer SLD and interfacial rough-
ness following a step in the set-point temperature. The mean
sample temperature (the temperature measured at the surface
of the silicon/fullerene/polymer sample) is of order 5 °C lower
than the set-point, and there is a typical overshoot of the
set-point by around 2 °C for a 20 °C temperature step (see ESL,
Fig. S5 and S6 and Table S2). Depending on the Mw, the next
temperature step may also produce significant changes in the
four key parameters. Fig. S5 (ESIt), which shows the bottom
layer thickness as a function of time overlaid with the sample
temperature plot for this annealing protocol for one of the
samples, more closely examines the kinetics at play here. In this
(3k-PS/PCBM) sample it is clear that the nature of the tempera-
ture overshoot on increasing the set-point to 100 °C, combined
with the relatively low molecular mobility in the system (by
definition) near to the temperatures where the components
first becomes mobile at all, means that the diffusion process is
not able to conclude before the temperature drops down to its
steady state value after the temperature step. Depending on the
temperature at which the (fullerene in the) system becomes
mobile in comparison to the temperatures of the steps and the
overshoot, fullerene diffusion may begin, then slow down and
only resume following a further temperature step. As is shown
in Fig. S5 (ESIT), mass transfer is then complete with relatively
few changes occurring after any further temperature steps.

In general the diffusivity of nanoparticles within polymer
melts decreases with Mw, as a result of the increasing
melt viscosity.>>>* The exact nature of the behaviour (and in
particular its correspondence to the predictions of the Stokes—
Einstein relation) depends on a number of factors, including
the relative sizes of the nanoparticles and the polymer melt
tube diameter (in entangled melts),> and the occurrence of
polymer adsorption (to larger nanoparticles).”®> However, the
nature of our measurements does not allow us to resolve
isothermal fullerene diffusion processes themselves, and our
focus is instead on the onset temperatures for diffusion and
the equilibration of the bilayer composition profiles. The four
PS/PCBM samples show a systematic dependence on the PS Mw
for the onset of fullerene diffusion. Fig. 3a and j show that
fullerene diffusion begins once the set-point of the 2k-PS/PCBM
is raised to 100 °C, but only once the set-point of the 20k-PS/
PCBM sample is raised to 120 °C. The 3k and 5k samples show
intermediate behaviour. The thickness changes represent of
order 10-15% of the thickness of the PS layer and 20-40% of
the thickness of the PCBM layer (NB: over this temperature
range the thickness change due to thermal expansion of PS is of
order 1%, and there is no systematic expansion of PCBM - see
ESL T Fig. S1-S3). These changes are quantified in Fig. 4. For
each layer, this shows the ratio of the magnitude of the change
in thickness between 80 °C and 100 °C, to the magnitude of the
change in thickness between 80 °C and 120 °C. The monotonic
dependence on Mw is clear, and this behaviour clearly correlates
with the known reduction in the Ty of PS as the Mw is lowered.’®

Significant differences in composition profile with-respect-to
PCBM/PS are found when the fullerene chemistry is modified
by the addition of a second side-chain to the C60 cage, to make
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bis-PCBM. The additional side-chain inhibits crystallisation of
this fullerene® and also changes the miscibility with solvents

This journal is © The Royal Society of Chemistry 2020

and polymers.

26,56,57

Qualitatively similar fullerene diffusion

behaviour is seen for bis-PCBM/PS bilayers on annealing, but
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the layer compositions and interfacial roughness are significantly
different, with higher fullerene content in the PS-rich (top) layer
and broader interfaces, compared to PCBM/PS bilayers.** The
diffusion onset temperature is also found to be dependent on
fullerene chemistry. Fig. 5 shows the changes in the four key
fit parameters for a 100k-PS/bis-PCBM bilayer, before, during
and after annealing. This shows a very small change in layer
thicknesses as the set-point is raised to 120 °C, with the main
thickness changes, and changes in the interfacial roughness and
top layer SLD occurring at a set-point of 140 °C. The T, of 100k-
PS (100 °C)*® is only a few degrees higher than for 20k-PS, and is
well below the sample temperature that occurs at a set-point of
120 °C. It therefore appears that the delayed diffusion onset in
bis-PCBM/PS bilayers, in comparison to PCBM/PS, is a conse-
quence of the lower mobility of the fullerene; PCBM has a
reported T, of between 117 and 131 °C,****°® while bis-PCBM
has a reported T, of 145 °C.*° Overall it is therefore clear from
these results that the mobility of the fullerene at the polymer/
fullerene interface is dependent on both the innate mobility of
the fullerene itself, and also the mobility of the PS; i.e. the lower
T, polymer on the other side of the initially sharp interface,
effectively plasticises the higher T, fullerene. This is consistent
with the behaviour of polymer/fullerene blends, in which a
single T,, intermediate between that of the pure components,
is reported.’>® It is also consistent with differential scanning
calorimetry measurements and ellipsometry experiments on
PCBM/polymer and bis-PCBM/polymer bilayers,?® that show full-
erene diffusion beginning below the reported bulk T, of the
fullerenes. The results reported herein are the second example of
this behaviour that we have found in these amorphous polymer/
fullerene systems. In the current study the increase in the
mobility of the fullerene with decreasing PS Mw occurs as a
result of the Mw-dependent mobility of the PS, while in previous
work we discovered that the film-thickness dependent mobility
of PS has a strong influence on fullerene crystallisation kinetics
within PCBM/PS bilayers.>® Both of these factors have important
implications for morphological stability in polymer/small-molecule
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OPVs under operation, due to the thin-film nature of these
devices (and also the nanoscale dimensions of the polymer-rich
domains within the active layer®") and the broad Mw distributions
in conjugated polymer systems; the Mw-dependent plasticisation
of the fullerene reported herein, is of particular significance owing
to the potential for preferential segregation of low-Mw polymer
fractions to interfaces,***® and the potential evolution of domain
composition and morphology®®”* as a result. The implications
for OPV performance are clear. The evolution of morphology
or domain composition within carefully optimised devices®”
under operating conditions, can result in efficiency reductions.
In addition, component migration in polymer/fullerene blends
following annealing below the bulk T, of the fullerene® or the
bulk T, of both the fullerene and polymer,*® can also be accom-
panied by significant decreases in OPV efficiency. In the former
case Sachs-Quintana et al.®* see preferential interfacial segrega-
tion of the polymer at one of the device electrodes, while Li et al.*®
observe fullerene diffusion and crystallite growth in amorphous
polymer/PCBM blends. In contrast, in other (amorphous-polymer/
fullerene) systems, annealing below the bulk T, of both compo-
nents can lead to device efficiency gains, that are attributed, at
least in part, to local fullerene diffusion.®® In addition to the
knowledge that the T, of conjugated polymers can deviate from
bulk values,®* the Mw-dependent plasticisation of fullerenes by
amorphous polymers reported herein, illustrates the importance
of understanding how component Mw, Mw distributions and
confinement to nanoscale dimensions may combine to influence
component mobility within polymer-based OPVs under operation.

We now examine the layer compositions quantitatively.
Ex situ and in situ measurements are complementary here;
ex situ measurements allow more controlled heating over shorter
periods of time and rapid cooling, while in situ measurements
allow us to directly probe structure at elevated temperature. Ex situ
measurements enable us to calculate the polymer volume
fraction in the (top) PS-rich layer, ¢ps, using layer composition
information, while in situ measurements allow such calculations,
but also enable the determination of volume fractions from
changes in the thicknesses of the top and bottom layers on
annealing. The details of the methodology for calculating full-
erene/polymer volume fractions from layer compositions (SLDs)
are given in Hynes et al. (supplementary information),** while the
second method simply measures ¢ps as the ratio of the change in
the bottom (fullerene) layer thickness on annealing, to the final
thickness of the top (PS-rich) layer. The former method relies on
estimates of the SLDs of pure PS, for which we take two different
values, 1.31 x 10~° A~2 (our mean measured value for the SLD of
pure PS in unannealed samples) and 1.4 x 10~° A~ (a value from
the literature®®), thus enabling an assessment of the uncertainty
in the volume fraction calculations (as similarly performed in our
previous ex situ study®*). Fig. 6 compares ¢ps as a function of Mw,
calculated from top layer compositions and also from changes in
layer thickness for the four in situ annealed PCBM/PS bilayers, to
estimates from previous ex situ measurements and theoretical
predictions (using Flory-Huggins theory in which the interaction
parameter, 7, is extracted using measurements at high Mw’*).
As can be seen in Fig. 6 reasonable agreement for ¢pg is found
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between the values determined from the in situ measurements theoretical predictions. In addition, for the 100k-PS/bis-PCBM
in situ sample the calculated values for ¢ps using, (i) the measured

top layer SLD combined with setting the SLD of pure PS equal to

(from both layer composition measurements and changes in
layer thicknesses) and both the ex situ measurements and the
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1.31 x 107° A™2, (ii) the measured top layer SLD combined with
setting the SLD of pure PS equal to 1.4 x 107° A~ and (iii) the
changes in layer thickness on annealing, are 0.83, 0.86 and
0.86 respectively, while the 20k-PS/bis-PCBM ex situ samples™*
have ¢ps equal to 0.81 and 0.84 for pure PS SLDs equal to
1.31 x 10" A2 and 1.4 x 10~° A2 respectively, again showing
reasonable agreement. This close agreement between the in situ
and ex situ annealed samples demonstrates that the measure-
ments are robust, in that the heating and cooling protocols
used in these experiments (rapid quenching or slow cooling)
do not significantly affect the measured composition profiles
or the calculated values of ¢ps. Our findings from the in situ
measurements therefore corroborate the conclusions from the
ex situ results that these polymer/fullerene bilayers rapidly form
a liquid-liquid equilibrium.

The measurements in Fig. 3 and 5 also allow us to investi-
gate any potential changes in the composition profiles during
cooling. The clearest systematic trend seen in all five samples
on cooling is a gradual reduction in the thickness of the top
layer. This behaviour (and also the minimal changes in PCBM
thickness on cooling) is entirely commensurate with the thermal
contraction seen in pure PS during in situ measurements that we
performed on single layer samples (see ESLi Fig. S1 and S2).
These single layer measurements are entirely consistent with
reported thermal expansion measurements on PS thin-films in
the literature® (see ESI, Fig. S3). Given our cooling time/sample
temperature calibration (see ESIL, Fig. S6¢), we are able to convert
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the time axes in Fig. 3 and 5 into sample temperatures and plot
the top layer thicknesses changes (as a percentage of the layer
thickness at a reference temperature of 125 °C) in the five
bilayers as a function of temperature in Fig. 7. Overlaid on the
data is a (solid black) line representing the mean thermal
expansivity of PS films in the melt, and lines representing the
reported uncertainty in the expansivity®” (the two dashed lines).
It is clear that the thickness changes in the bilayers, over the
temperature range investigated, are well described by simple
thermal contraction of the PS melt. In pure PS, this gradient
would persist down to a temperature close to Ty, at which point a
gradual transition to a lower thermal expansivity would be
expected. Pure PS layers (of sufficient thickness to exhibit bulk
behaviour, typically greater than around 40 nm®®) would have Ty
of 48, 66, 78, 95 and 100 °C respectively for the 2k, 3k, 5k, 20k,
and 100k samples used in our study (using eqn (2) in Santangelo
and Roland®®). Although the data in Fig. 7 is somewhat noisy,
there is some indication of a change in gradient in the 20k-PS/
PCBM and 100k-PS/bis-PCBM samples (in which the top layers
contain around 90% and 80-85% PS respectively). With this in
mind we have also plotted the reported expansivity of a 40 nm PS
film in the glassy state® in Fig. 7 (green solid line) with a T, of
95 °C (occurring at the intersection of the mean glass and melt
expansivity lines); this is equal to the PS T, of the 20k sample
(PS M,, = 18.5 kg mol ").*® Given that there are no adjustable
parameters in this plot it is clear that it represents the behaviour
of the top layer thickness of the 20k-PS/PCBM sample
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Fig. 7 Percentage change in the thickness of the top (PS-rich) layer in PS/fullerene bilayers, as a function of sample temperature, during cooling.
The changes are calculated with-respect-to the thickness of the top layer at a reference temperature of 125 °C. A line representing the mean expansivity,
mett, O @ PS melt film (7.2 + 2 x 10™* K1 %) is plotted along with upper and lower estimates of ame. The expansivity of a 40 nm glassy PS film (extracted

from the fit shown in Fig. 4 in Keddie et al.®°)

20k-PS38).
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remarkably well. For the 100k-PS/bis-PCBM sample, the top
(PS-rich) layer thickness is also well described by the thermal
expansion/contraction of PS; although here the gradient of the
slope above 100 °C in Fig. 7 is closer to the lower estimate of
the melt expansivity (5.2 x 10~* K™'), rather than the mean
(7.2 x 107* K™"), with a change in slope in Fig. 7 apparent at
around 100 °C. Overall, the picture is clear; over the tempera-
ture range investigated, the changes in composition profile are
accounted for well by the known thermal expansivity of PS
and PCBM, with no evidence for any other changes to the
equilibrium composition profile of the bilayers.

Conclusions

In this investigation, we have carried out a series of in situ
annealing experiments on PCBM/PS and bis-PCBM/PS bilayers,
in which composition profiles before, during and after annealing
have been determined. Measurements of the compositions of
the (top) PS-rich layers as a function of Mw, based on both SLD
measurements and changes in layer thicknesses on annealing,
were found to be in agreement with measurements of bilayer
samples that were ex situ annealed for a range of different times
at a range of temperatures. This amounts to further corrobora-
tion of the evidence that the composition profiles rapidly formed
in these systems following thermal annealing, correspond to two
co-existing liquid-liquid phases in thermodynamic equilibrium.
These measurements also demonstrate a clear and systematic
onset temperature for diffusion of the fullerenes into the PS layer
that correlates with both the Mw-dependent molecular mobility
(T) of the polymer and also the T, of the fullerene, revealing that
the molecular mobility of the fullerenes in these systems is
controlled by the intrinsic mobility of the fullerenes themselves
and the ability of the polymer to plasticise the fullerenes at the
interface. This has important implications for OPV stability,
especially in relation to the control of Mw and Mw-distribution,
given the potential for segregation of shorter polymer chains to
interfaces in polydisperse systems. Measuring composition profiles
at elevated temperatures has allowed us to examine evidence for any
changes as a function of temperature; over the temperature ranges
examined, we do not see any significant changes in composition
profile, other than those associated with the known thermal
expansivity of PS films.

While our focus here has been on measurements of equili-
brated systems, in principle, it would be possible to probe
the kinetics of the fullerene diffusion process using NR
measurements, by performing isothermal experiments closer
to the onset temperature for fullerene mobility within the
samples, and thereby tuning the diffusion rates to NR measure-
ment timescales. However, this would require very careful tempera-
ture control and probably also careful control over the (thermal)
history of the individual layers used to fabricate the bilayers, to
ensure the repeatability of nominally duplicate samples that are
annealed closer to the point where the system vitrifies.

Finally, we note that the in situ neutron reflectometry protocol
used herein may complement measurements of the slow dynamics

This journal is © The Royal Society of Chemistry 2020
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(such as T, as a function of cooling/heating rate) in thin polymer
films, which are typically measured by ellipsometry®® or flash
differential scanning calorimetry,’” and enable novel investiga-
tions using the strength of isotope labelling to access buried
layers®® in a range of different materials systems.
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