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Thermal Expansion Behavior of PM6 Studied Using In Situ

Wide-Angle X-Ray Scattering

Meike Kuhn, Xu Huang, Matthew Gebert, Lars Thomsen, Christopher R. McNeill,

and Eva M. Herzig*

In organic photovoltaics, even small morphological changes on the
sub-nanometer scale can significantly impact the device’s performance. Such
structural changes intrinsically occur due to the thermal response of a
material, making a fundamental understanding of these processes essential.
In this study, the thermal expansion of the high-performance donor material
PDBD-T-2F (PM6) is characterized using in situ transmission and grazing

1. Introduction

In recent years, interest in semiconduct-
ing polymer materials has significantly
increased due to their potential appli-
cation in organic solar cells (OSCs),
organic field effect transistors, organic
electrochemical transistors, and organic

incidence wide-angle X-ray scattering (WAXS and GIWAXS) over the
temperature range of 30-300 °C. By systematically increasing the complexity
of the sample, multiple influencing factors are deciphered. Significantly,
distinct structural differences and temperature expansion behavior is
observed for the face-on and edge-on crystallite fraction. In particular, the
initial lamellar stacking d-spacings differ for the two fractions and moreover,
the face-on fraction exhibits significantly lower thermal expansion in lamellar
direction compared to the edge-on fraction. In situ GIWAXS measurements
performed during solution coating show that these differences are formed
during film formation. Additionally, an impact of the thermal expansion
mismatch between the substrate and the sample is observed, limiting the
in-plane w—x stacking expansion. The results emphasize the interplay
between molecular packing, substrate interaction, and thermal response.
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thermoelectrics.'™  Advantages, such as
ease of processing, flexibility, and low
weight that can be realized for large-area
devices, make semiconducting polymers
a promising candidate for future develop-
ments. Since the discovery of non-fullerene
acceptors (NFAs), record efficiencies of
over 19% have been reached for polymer-
NFA Dblends in organic solar cells.5]
Among these, the combination of the
donor polymer PM6 (also known as PDBD-
T-2F) with the small-molecule acceptor Y6
has attracted significant attention. This
is due to their complementary absorp-
tion profile, which covers a broad range
of the solar spectrum(®?] as well as their
favorable charge transport properties.['*-12]
Semiconducting polymers are typically
classified into six structural categories:
amorphous, oriented amorphous, highly disordered, 2D semi-
paracrystalline, 3D semi-paracrystalline, and crystalline, based
on their melting behavior and degree of disorder.['*] Due to the
absence of a detectable melting point in conventional calorime-
try, PM6 has been classified as a highly disordered polymer.[*3]
However, recent studies using fast-scanning calorimetry have
reported a melting point above 400 °C, suggesting that PM6
is a semi-paracrystalline material, with paracrystallites coexist-
ing alongside disordered regions.['*! Furthermore, changes in
the melting point can be correlated with the microstructure of
the thin film."* These findings indicate that fundamental prop-
erties such as the melting point can be influenced by the mi-
crostructure of the sample. However, it remains unclear which
additional factors affect the thermal response of PM6, especially
within a thin film. In this study, we examine the film formation
and thermal behavior of PM6 thin films using in situ transmis-
sion and grazing incidence wide-angle X-ray scattering (WAXS
and GIWAXS). Scattering patterns were recorded as a function
of time during film formation and as a function of tempera-
ture during heating and cooling between 30 and 300 °C. We in-
vestigate the potential influence of the following factors on the
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Figure 1. WAXS of isotropic, free-standing PM6. a) Line cuts of the 2D
WAXS data. The change in peak position with temperature is indicated by
the dashed lines. The curves are shifted in intensity for clarity. b) and c)
show corresponding calculated d-spacing for the (100) lamellar stacking
(b) and the (010) z—z stacking (c). The solid lines indicate the fit to obtain
the thermal expansion coefficient.

thermal expansion behavior: 1) initial nanostructure within the
film, 2) the distinctly different expansion coefficients between
the substrate and thin film as well as 3) rearrangements on the
nanoscale during heating. To decipher the influence of these in-
dividual factors, we systematically investigate the temperature
behavior of the isotropic material with an increasing number of
constraints, to finally explain the behavior in thin films relevant
for future devices that regularly heat up during operation.

2. Results

2.1. Thermal Expansion Behavior of Isotropic, Free-Standing PM6

To understand the thermal expansion behavior of PM6 in thin
films, we initially examine the bulk behavior of PM6 as a func-
tion of temperature in a sample that is spatially isotropic and
free-standing (i.e., without a substrate). Therefore, a PM6 flake
as-synthesized and received from the commercial supplier was
chosen. To ensure that the observed changes solely result from
the thermal response of the PM6 and not from rearrangements
within the material during heating, an initial thermal treatment
up to 300 °C in vacuum was applied to structurally relax the
sample. The structurally relaxed sample was then heated from
30 to 300 °C and cooled back down to 40 °C during WAXS
measurements (see Figure S1, Supporting Information). In the
2D WAXS pattern and the corresponding extracted line cuts,
five peaks can be observed as indicated by the blue lines in
Figure 1a. The peaks at 0.31, 0.92 and 1.23 A~ are assigned to
the (100), (300), and (400) lamellar stacking, the peak at 0.67 A~
is assigned to the (001) backbone stacking and the peak at 1.75A~!
is assigned to the (010) z— stacking. The lamellar and z—z peaks
shift to smaller g-values during heating and higher g-values dur-

www.afm-journal.de

ing cooling, while no shift with temperature is observed in the
backbone direction. The g-values are linked with the d-spacing of
the respective scattering planes by d = 2 , therefore the shift is

associated with thermal expansion and contraction of the respec-
tive spacing during heating and cooling (see Figure 1b,c). We fit-
ted the d-spacing with a linear function d (T) = d, (1 + aT), to
extract a, the coefficient of the thermal expansion (CTE). d(T)
describes the linear growth of the lattice spacing, where d,, is the
lattice spacing at temperature T, which is set at 0 °C for this
analysis.['>"77] As shown in Figure 1b,c, the lamellar stacking as
well as the 7—rz-stacking show a symmetric expansion for heating
and cooling, with CTE values shown in Table 1. Although a lin-
ear fit describes the experimental data well, recent studies have
shown that the expansion might not be described by a single lin-
ear behavior.['] Therefore we tested splitting the data into two
temperature regimes and fitting them separately. This alternative
analysis is provided in the Supporting Information Section S1.
For the z—z stacking, the improvement in fit quality is marginal,
and the single linear CTE remains a good description. For the
lamellar stacking, a slightly improved fit is obtained when split-
ting at ~#200 °C. However, the change in R? is small, and thus the
linear fit remains an appropriate model.

2.2. Thermal Expansion Behavior of Anisotropic, Free-Standing
PMé6

Films deposited from solution are no longer isotropic but are
known to exhibit anisotropic distributions of ordered fractions
and, hence have an initial anisotropic nanoscale arrangement.”!
To investigate the consequence of these anisotropic nanostruc-
tures on the thermal expansion behavior, PM6 was dissolved in
chloroform and drop-cast to obtain a thick film. The resulting
film was scraped off the glass, coiled up, and then inserted into
a capillary to be measured in free-standing geometry to solely
examine the influence of this nanostructure. This sample was
further structurally relaxed by an initial heating to 300 °C in
a vacuum. Subsequently, the same temperature protocol as for
the isotropic sample was repeated during WAXS measurements.
The resulting 2D WAXS patterns exhibit an anisotropy of the
scattering rings (see Figure S4, Supporting Information). The
anisotropic WAXS measurements are examined along two per-
pendicular axes a and b through the relevant intensity maxima, as
shown in Figure S5 (Supporting Information). The correspond-
ing line cuts with the (100), (001), (300), and (010) peaks, are
shown in Figure 2. In a-direction, the four peaks are located
at room temperature at 0.31, 0.67, 0.93 A~', 1.74 A~', and in

Table 1. Coefficient of thermal expansion of free-standing PM6 for isotropic and anisotropic samples. The values for the anisotropic sample are given in

a- and b-axis direction (see Figure S5, Supporting Information).

Isotropic, free-standing PM6

Anisotropic, free-standing PM6

Thermal expansion coefficient
a (30-300 °C) x 107 K~!

Crystal plane
@ (300-40 °C) x 1074 K~!

Thermal expansion coefficient

Thermal expansion coefficient
a (30-300 °C) x 10~ K-

Thermal expansion coefficient
@ (300-40 °C) x 1074 K~!

Crystal plane

(100) 1.36 + 0.07 1.33 +0.05

(010) 1.45 + 0.03 1.35 +0.02

(100), 2.01+0.10 179+ 0.1
(100), 1.49 + 0.06 1.36 +0.06
(010), 1.68 + 0.06 1.56 + 0.04
(010), 1.61 + 0.05 1.47 +0.06
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Figure 2. WAXS of anisotropic, free-standing PM6. a,b) 1D line cuts of
the 2D WAXS data divided in the directions of the anisotropy along a- and
b-direction. The change in peak position with temperature is indicated by
the dashed lines. The curves are shifted in intensity for clarity. c,d) show
corresponding calculated d-spacing for the (100) lamellar stacking (c) and
the (010) z—= stacking (d). The solid lines indicate the fit to obtain the
thermal expansion coefficient. The errors in the d-spacing values are below
£2x 1072 A

b-direction at 0.30, 0.67, 0.92, 1.73 A~", with fit errors below +
2 x 107 A1, showing an anisotropy in the stacking distances
in the WAXS pattern of the free-standing, curled up sample. It
is worth noting that the anisotropic sample exhibits three lamel-
lar reflections, whereas the isotropic sample shows four, suggest-
ing less long-range order in the anisotropic sample. The lamellar
and the z—z stacking distances symmetrically expand and con-
tract during heating and cooling in both, a- and b-direction, each
returning to their initial value. Although there is an offset in the
d-spacing values for the a- and b-direction at low temperatures,
both directions reach a similar value at 300 °C for lamellar and
- stacking. The initial offset changes the slope and hence the
CTE value (see Table 1). Notably, the CTE in a- and b-direction
differ by a factor of »1.35 for lamellar expansion and ~1.04 for
- stacking expansion due to the pre-structured nature of the
sample.

2.3. Film Formation of PM6

To clarify the origin of the initial anisotropic nanoscale arrange-
ments in solvent-deposited samples, time-resolved GIWAXS
measurements were conducted during the blade-coating of PM6
thin films. Compared to other techniques like spin-coating,
the film formation process is typically slower during blade-
coating,['%] allowing for a more detailed analysis of the structural
evolution. After solution deposition, a broad peak at ~1.4 A~
appears (see Figure S6, Supporting Information), corresponding
to the scattering of the solution. As the solvent evaporates, the
solution peak gradually disappears, while the characteristic
peaks associated with the lamellar (100), backbone (001), and
- (010) stacking emerge. This corresponds to the development
of long-range order in the PM6 film during solvent evaporation.
The lamellar and z—r stacking peaks are observed along both g,
and g,, indicating two predominant orientations within the film,
corresponding to edge-on and face-on fractions. The vertical
(h00) and horizontal (0k0) peaks are associated with edge-on
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crystallites, while the horizontal (h00) and vertical (0k0) peaks
result from face-on crystallites. The (001) backbone peak, ob-
served in horizontal direction, results from both, face-on and
edge-on crystallites.

To analyze the evolution of these two crystallite fractions in
detail, cake cuts were performed along g, and g, and the (100)
lamellar and solution peaks were fitted. Figure 3a displays the
temporal evolution of the intensity of the solution peak (gray) and
the intensity of the lamellar peaks (black = face-on, red = edge-
on). Shortly after solution deposition, the solution peak intensity
decreases, while the intensity of the lamellar peaks increases. Af-
ter 5.6 s, the solution peak is no longer detectable, while the in-
tensity of the lamellar peaks levels off, indicating that the film for-
mation process is finalizing once the solvent is fully evaporated.
This is furthermore supported by the evolution of the lamellar
d-spacing values, shown in Figure 3b. After solvent removal, in-
dicated by the gray line, the d-spacing stabilizes. The edge-on ori-
ented and face-on oriented crystallites exhibit distinct formation
mechanisms: While the edge-on stacking contracts during sol-
vent evaporation, which is the typically observed behavior,2%2!]
the face-on stacking expands and behaves differently with the
slope as a function of time for the face-on fraction being steeper
than for the edge-on fraction. The evolution of the coherence
lengths of both stacking directions, shown in Figure 3c, exhibits
qualitatively comparable behavior but has a different final value.
During the evaporation of the solvent, the coherence length in-
creases until it becomes relatively stable upon full evaporation
of the solvent. The kinetics of formation of edge-on and face-on
fractions hence differ and the differences in initial anisotropic
nanoscale arrangements arise during solution deposition.

2.4. Thermal Expansion Behavior of PM6 on a Solid Substrate

To examine PM6 thin film on a solid substrate with initial
anisotropic nanoscale arrangements and the effect of local re-
arrangements during heating, PM6 films were spin-cast onto Si
wafers, dried, and subsequently analyzed with in situ GIWAXS
using the same temperature protocol as before. The resulting
GIWAXS cake cuts are shown in Figure 4a,b. For the as-cast
film, three different peaks at 0.32, 0.95, and 1.70 A~! are iden-
tified in the vertical direction (along g,), corresponding to the
first and third order of lamellar stacking (100), (300) of the edge-
on crystallites and the z—z stacking (010) of the face-on crystal-
lites. In the horizontal direction (along g,), peaks at 0.29, 0.60 and

b
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Figure 3. Time-resolved GIWAXS of PM6 film formation. a) Normalized
intensity of solution peak in comparison with lamellar edge-on and face-on
peak. Calculated b) d-spacing values and c) coherence lengths for the two
lamellar stacking directions. The gray line indicates the time of complete
solvent evaporation.
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Figure 4. GIWAXS of PM6 on a solid substrate. 1D line cuts for the a) out-
of-plane and b) in-plane directions showing the shift of the (h00), (00l),
and (0kO) peaks in out-of-plane direction as indicated by the lines. The
face-on peaks are indicated by black and the edge-on peaks by red. In con-
trast, no shift of the (h00) peaks is detected in the in-plane direction. The
(0071) peak resulting from the edge-on and face-on crystallite is indicated
by green. The curves are shifted in intensity for clarity. ¢,d) show corre-
sponding calculated d-spacing for the (100) lamellar stacking (c) and the
(010) z— stacking (d). The solid lines indicate the fit to obtain the thermal
expansion coefficient.

1.69 A" are detected. These peaks correspond to the face-on
lamellar (100), backbone (001), and edge-on 7—x (010) stacking
reflections, respectively. We note that the absence of higher or-
ders of lamellar stacking is a sign of less ordered crystallites prior
to heating.['*] Note that the (100) d-spacing of the face-on crystal-
lites (=21.6 A) is distinctly larger than that of the edge-on crystal-
lites (~19.9 A)

The increase and addition of new peaks (see Figure S7 and
Table S2, Supporting Information) observed in the GIWAXS
measurements during heating and cooling reveal that ordering
takes place in the spin-coated film on the silicon substrate, as ex-
pected. Thus, after the completed experiment, the lamellar stack-
ing (h00) with h =1, 2, 3, 4 occurs in the vertical direction for the
edge-on crystallites and with h =1, 3, 4 in the horizontal direction
for the face-on crystallites. Furthermore, orientational preference
is increased during the temperature cycle.

Overall, several expansion and contraction signatures are
now present when the film is experiencing the temperature
protocol while on a substrate and the origin of these needs to be
deciphered.

A systematic peak shift of the edge-on lamellar peak and the
edge-on and face-on z-z peaks can be detected (deviation from
the vertical dashed lines) in Figure 4a,b during heating and cool-
ing. In contrast, minimal changes in g-positions are detected for
the face-on lamellar stacking parallel to the substrate. At the high-
est temperature, the lamellar stacking for both, the face-on and
edge-on contributions, reach a similar maximum stacking dis-
tance (see Figure 4c,d). The initial lamellar d-spacing differs for
edge-on versus face-on and returns to a comparable value upon
cooling, respectively. The described behavior so far is analogous
to that of the anisotropic, free-standing film. However, for the 7—
« stacking, the d-spacing of the edge-on fraction remains smaller
than that of the face-on fraction at the maximum temperature.

Adv. Funct. Mater. 2025, 35, 2509532 2509532 (4 Of7)
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Furthermore, while a symmetric behavior is observed for the
face-on fraction, a reduced contraction arises during the cool-
ing for the z—r stacking of the edge-on fraction. Here, the fi-
nal d-spacing value differs by a factor of 1.02 compared to the
initial value, reducing the CTE value during cooling (see Table
2). We point out that the d-spacing is corrected for refraction
effects, as described in Section S2 and Figure S8 (Supporting
Information).

For the edge-on lamellar stacking and both z-z stackings,
the CTE values are within the range of the values for the
free-standing samples and reported for P3HT, PBTTT, and
P(NDI20D-T2),11617221 while the CTE for the face-on lamellar
stacking is significantly lower. To examine the origin for the re-
duction in CTE for the edge-on z-z stacking and the face-on
lamellar stacking, the measurement is repeated at several differ-
ent incident x-ray angles below (0.76°, 0.081°) and above (0.096°,
0.106°) the critical angle (0.091°), as shown in Figure S9 (Support-
ing Information). For the edge-on z—z stacking, a constant ini-
tial d-spacing is observed for both surface-sensitive (below critical
angle) and bulk-sensitive measurements (above critical angle).
However, the maximum d-spacing at 300 °C is larger at the sur-
face than in the bulk and consequently makes the observed CTE
decrease within the bulk of the sample. For the face-on lamellar
stacking, the CTE behavior at surface versus bulk is similar, but
the overall situation is significantly different. Here, already the
initial d-spacing is lower on the surface of the sample than in the
bulk and also the maximum d-spacing at 300 °C follows this be-
havior. Consequently, this also results in an increased CTE below
the critical angle, and a reduced CTE for bulk measurements, but
due to the initial stacking configuration.

For OSC devices that heat up and cool during standard usage,
the behavior of PM6 with temperature is particularly relevant in
blends with acceptor materials. To investigate the thermal expan-
sion behavior of PM6 in a blend, we performed the same heat-
ing protocol on a PM6:Y6 thin film. In this case, we analyze the
thermal expansion behavior of the (300) lamellar stacking peak
instead of the (100) peak, since diffraction peaks from Y6 over-
lap with the (100) peak of PM6. Figure S10 (Supporting Infor-
mation) shows the comparison of the neat and blend data from
the (300) lamellar stacking peak for both samples. In the PM6:Y6
blend, no edge-on fraction is observed, while the face-on lamel-
lar stacking exhibits similar d-spacing values and CTEs as in the
neat PM6.

2.5. Thermal Influence on Coherence Length

For polymeric materials, the peak width cannot directly be linked
with the crystallite size, since the peak width also has contribu-
tions due to the para-crystalline nature of the material. This typi-
cally leads to an underestimation of the actual crystallite size.l?’]
Multiple higher orders are not observed for all stacking directions
and measurement conditions, therefore other analysis methods
to determine the crystallite size, such as the Williamson—Hall
and Warren—-Averbach methods, are not suitable.['] We there-
fore use the Debye-Scherrer equation to estimate FFWHM is
the full width at half maximum of the peak. The extracted val-
ues of the coherence length of the (100) signal are shown in
Figure 5a as a function of temperature. The coherence length
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Figure 5. Calculated a) coherence length L, and b) number of repeat units
n of the lamellar (100) peak for PM6 on a solid substrate. The solid lines
indicate the fit to obtain the crystallite growth coefficient.

increases during heating and slightly decreases during cooling
for both crystallite fractions within the film. In more detail, both
lamellar stackings start at roughly the same value ~50 A, how-
ever the coherence length of the face-on stacking grows up to
190 A while the coherence length in the edge-on direction grows
only to 118 A. Interestingly, the growth of the coherence length
L(T) during the heating process shows an exponential charac-
ter, that can be fitted with L (T) = L, (1 + )" + ¢, where L(T)
and L, is the coherence length at T and T, (T, = 0 °C) respec-
tively, g is the growth rate and c is a constant offset (see Table 2).
Since the coherence length increases with an exponential char-
acteristic, the values cannot be compared with literature values
where a linear increase of the coherence length has been reported
instead.[1617]

As the growth of the coherence length L(T) is a combina-
tion of the thermal expansion of the polymer and the increase
of the correlation length of repeating units, the number of re-
peat units is analyzed as well. We estimate it as the ratio of
the coherence length L(T) and the lattice spacing d(T), i.e., n =
% . Similar to the coherence length, n(T) exhibits exponential
growth during the heating procedure and remains relatively sta-
ble during the cooling process for both lamellar directions, as
shown in Figure 5b. Initially, n(T) has similar values for both
lamellar directions, however, after the thermal treatment, there
are 1.37 times the number of repeat units in face-on lamellar
stacking compared to the edge-on lamellar stacking. This ra-
tio is similar to the coherence length, showing that the growth
behavior of the crystallites is dominated by the increase in co-
herence length in comparison to the thermal expansion of the
d-spacing.

Due to the low intensity and amorphous background of the
- stacking peaks, the width of the z—r stacking is not quanti-
tatively analyzed.

www.afm-journal.de

2.6. Orientation Behavior

The thermal response of the crystallite orientation within the
bulk of the film is analyzed by examining the intensity of the
(100) peak as a function of the polar angle. The intensity is cor-
rected regarding the polar angle with I _,....s = Lcasurea X SIP{(X)
to compensate for the sample symmetry and to obtain signal
intensities comparable to the amount of material for a particu-
lar orientation. The contributions were initially constant, but are
now corrected using a sine-shaped, isotropic background, along
with edge-on and face-on fractions. In the corrected data crystal-
lites that scatter to polar angles below 45° are defined as edge-
on, while those that scatter to above 45° are defined as face-on,
as shown in Figure S11 (Supporting Information). The resulting
bar chart shown in Figure 6a shows that the thin film exhibits a
more isotropic characteristic before the heating procedure with
a slight preference for edge-on orientation. During the heating
procedure, the ratio of face-on-oriented fractions increases while
the edge-on and isotropic contributions decrease. The orientation
remains unchanged during cooling.

It was previously reported that differences in the growth mech-
anism during the sample deposition can result in different orien-
tations for the surface and the bulk of a sample.l?*! Therefore,
GIWAXS is measured with an angle below (f,) the critical angle
(B.) to probe the surface layers of the film. The same analysis as

a) b

( )o\e bulk ® ® as-cast annealed
= 100 <
5 g
B 75 B
® o
. 50 I face-on -
= edge-on =
= 2 ; g i
2 isotropic 2
a >
o (@)

100 175 225 275 250 150 40
Temperature / °C

(c

<
—

o
=

B as-cast - fg: 5 annealed
o 3 s | ® 37
> — | 3
£ 21 9° | £ 21
%) i)
= f=
g 14 814 -
£ o top-most surface layer = 0 top-most surface layer
T T T T
280 300 320 34 280 300 320 340

Energy / eV

Figure 6. GIWAXS of PM6 on a solid substrate. a) Evaluated bulk ori-
entation of the thin film. b) Comparison of orientation of surface layers
(hatched) and bulk orientation (filled) of as-cast (left) and annealed (right)
sample. c,d) NEXAFS spectra of the as-cast (c) and annealed (d) sample
at five different angles.

Energy / eV

Table 2. Thermal expansion values in PM6 in the horizontal and vertical direction for the (100) lamellar, (010) z—z, and (001) backbone stacking direction.
The thermal expansion coefficient is defined by the change of the d-spacing with temperature and the growth rate is defined by the growth of the coherence

length during heating.

Crystal plane Direction Thermal expansion coefficient a Thermal expansion coefficient a Growth rate f (30-300 °C) x 1073
(30-300 °C) x 10~ K- (300-40 °C) x 10~ K- K-
face-on (100) - 0.34 + 0.09 0.47 +0.07 11.6 £ 0.5
(010) 1 2.18 £0.10 221+0.12 N/A
edge-on (100) 1 3.27 +0.20 2.43+0.13 83+ 1.9
(010) © 1.57 + 0.07 0.79 + 0.05 N/A
both (001 o 0.29 +0.07 0.15 + 0.05 N/A
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carried out for , results in Figure 6b and Figure S12 (Supporting
Information). Before the heating procedure, the distribution of
orientations is comparable in the bulk (#,) and surface layers (8,).
In contrast, after the thermal treatment, the face-on orientation
within the surface layers is reduced in comparison to the bulk.
An increased edge-on oriented fraction is identified. As GIWAXS
at an incident angle below the critical angle still probes ~10 nm
into the sample,1?®! the orientation of the top-most surface layer
(< 3nm)!?8] was analyzed using near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy, as shown in Figure 6¢,d. The
analysis shows that before heating, an overall preference for edge-
on orientation is found at the surface, with an average tilt angle of
the conjugated backbone of (a) = 58 + 1°. The heating procedure
increases the edge-on orientation of the surface since the average
tilt of the backbone increases to (a) = 64 + 1°. These results are
in line with the GIWAXS data collected in the surface-sensitive
measurements. Furthermore, the reported values for the back-
bone tilt are similar to previously reported values for PM6.°]

3. Discussion

The most striking observation from this study is the distinct ther-
mal expansion behavior of face-on and edge-on fractions in PM6
thin films, with the face-on fraction exhibiting a much smaller
expansion coefficient of the (100) peak (0.34 x 10~* K~!) com-
pared to the edge-on fraction (3.27 x 10~* K™'). These different
para-crystalline populations (i.e., face-on and edge-on) also ex-
hibit other distinct characteristics, namely their kinetic forma-
tion and consequently different initial (100) d-spacings (~21.7 A
for face-on and ~19.6 A for edge-on). In particular, from the in
situ coating experiments, the face-on fraction exhibits an increase
in d-spacing during film drying while the edge-on fraction ex-
hibits a decrease in d-spacing as the film dries (Figure 3b). These
observations suggest that face-on and edge-on fractions in PM6
films have different formation mechanisms and possess different
molecular packing, though the precise details of these packing
differences remain unclear. Compared to the free-standing sam-
ples, the edge-on fraction in the film has similar (100) d-spacing
and CTE, suggesting the face-on fraction might represent a “thin-
film phase” of PM6. Additional differences in the observed ther-
mal behavior of face-on and edge-on fraction included the re-
duced expansion and symmetry breaking during cooling that oc-
curs for the z—z stacking in substrate direction, i.e., for the edge-
on z—r stacking, in the bulk of the film. The depth-dependence of
this behavior, with higher thermal expansion at the surface, sug-
gests a secondary influence of the substrate, with silicon exhibit-
ing a 100-fold lower CTE compared to PM6. Note that the effect
of the substrate is not likely to explain the low CTE of the (100)
of face-on fraction as this fraction already has a large d-spacing
when formed from solution and the changes in CTE cannot be
explained by a depth dependence of the initial and maximum d-
spacing value. To establish relevance to solar cell devices that em-
ploy a blend of PM6 with an NFA, a film of PM6 blended with Y6
was also studied. While in the PM6:Y6 blend only face-on crystal-
lites were observed, they exhibited the same behavior, namely a
larger initial d-spacing (compared to edge-on crystallites in neat
PM6) and low thermal expansion co-efficient. Consequently, the
characteristics of the face-on crystallites observed in neat films
are not altered by the presence of Y6.

Adv. Funct. Mater. 2025, 35, 2509532 2509532 (6 Of7)

www.afm-journal.de

4. Conclusion

Through the application of in situ WAXS and GIWAXS, we have
characterized the thermal expansion behavior of PM6 in a step-
wise manner, by incrementally increasing the sample complex-
ity. The intrinsic expansion behavior could be revealed by ana-
lyzing a free-standing isotropic sample, resulting in a symmet-
ric increase and decrease of the d-spacing for both the lamellar
and 7—r stacking. In thin films, however, altered thermal expan-
sion behavior is observed, with the (100) CTE reduced by an or-
der of magnitude between face-on and edge-on fractions. This
difference is attributed to different packings of face-on and edge-
on fractions that form during coating, supported by in situ GI-
WAXS measurements of film formation. In addition, an asym-
metric expansion and contraction for the edge-on z-r stacking
is observed. By comparing the expansion in the bulk and at the
surface of the sample, the edge-on z—r stacking behavior is at-
tributed to a mismatch between the thermal expansion of the
substrate and the sample, resulting in a decreased thermal ex-
pansion in the bulk. These findings emphasize the complex rela-
tionship between substrate interaction, material pre-structuring,
and thermal behavior, which must be considered for future
devices.

5. Experimental Section

Material and Sample Preparation: All measurements were done on
PBDB-T-2F (PM6) with a molecular weight of 108 kDa and a dispersity
of 2.9, which was purchased from Ossila. For the isotropic, free-standing
sample, the material was used as received and measured in a capillary.
For the anisotropic, free-standing sample, PM6 was dissolved in chloro-
form and drop-cast on a watch glass. The resulting thick film was scraped
off, coiled, and measured in a capillary. For the in situ blade-coating, PM6
was dissolved in chloroform (7.3 mg mL™") and blade-coated with a ve-
locity of 10 mm s~'. The PM6 thin films, used for temperature-resolved
GIWAXS, were spin-cast from a chloroform solution (4 mg mL~") on bare
silicon substrates with a coating speed of 3000 rpm for 60 s. Before spin-
coating, the Si substrates were cleaned in an ultrasonic bath using soap
water (Hellmanex), water, acetone, isopropanol, followed by an oxygen
plasma treated for 10 min.

Methods—WAXS: The WAXS measurements were performed on a
laboratory system at the University of Bayreuth (Xeuss 3.0, Xenocs SAS,
Grenoble, France) with a Cu Ka source (4 = 1.54 A) with a HFSX350 tem.-
perature stage (Linkam, UK). The scattering patterns were recorded with
a Dectris EIGER 2R 1 m detector, with 1028 x 1062 pixels and a pixel size
of 75 um X 75 um, and a sample-to-detector distance of 52 mm. The beam
size was adjusted to 0.5 mm x 0.5 mm. A heating rate of 10 °C min~! and
each temperature step was held for 15 min.

Methods—GIWAXS: The in situ blade-coating and heating GIWAXS
measurements were performed with an energy of 15 keV (A = 0.827 A)
at the SAXS/WAXS beamline at the Australian Synchrotron.[?® A Dec-
tris Pilatus3-2 m (in-vacuum) detector with a pixel size of 0.172 mm X
0.172 mm was used.

For the time-resolved blade-coating measurements a sample-detector
distance of 689 mm was used and the measurements were performed in
air using a custom-made setup. The obtained in situ d-spacing values are
uncorrected.

The temperature-resolved measurements were performed with a
sample-detector distance of 704 mm. The measurements were performed
in a vacuum using a Linkam HFSX350 temperature stage. The tempera-
ture was increased and decreased at a rate of 5 °C min~! to the desired
temperature during the heating and cooling process. At each temperature
step, the temperature was held for 5 min to reach the equilibrium temper-
ature before alignment and measurement. The alignment was redone at

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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every temperature to eliminate the effects of the thermal expansion of the
stage and the substrate. The sample was moved to a new position for each
measurement to minimize beam damage.

The GIWAXS data were processed using NIKAB in Igor Pro and by
Python scripts.

Methods—NEXAFS Spectroscopy: The NEXAFS measurements were
performed ex situ at the soft X-ray spectroscopy beamline at the Australian
Synchrotron.[*"] The “annealed” sample underwent all the temperature
steps used for the GIWAXS measurements, with each temperature being
held for 10 min before the NEXAFS measurements were performed. The
K-edge of the PM6 was measured at different angles to identify the average
tilt angle of all polymer backbones within the examined sample volume.
The measured spectra are fitted, and by the intensity of the z*-orbital, the
average tilt angle of the z-conjugated backbone was calculated.[?] The
data were analyzed using the QANT software.[3?]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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