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Effect of Materials Parameters on the Shape of Face-On
Lamellae in Semi-Conducting Polymers: Insights From

Qualitative Theory

Kostas Ch. Daoulas* and Anastasia A. Markina

Polymer semiconductors frequently form crystals or mesophases with
lamellae, that comprise alternating layers of stacked backbones and side
chains. Controlling lamellar orientation in films is essential for obtaining
efficient charge carrier transport. Herein, lamellar orientation is investigated
in an application-relevant setup: lamellae assembled on a substrate that
strongly favors face-on orientation, but exposed to a film surface that
promotes orientation along an “easy” direction, other than face on. It is
assumed that the face-on order propagates from the substrate, but the
lamellae bend to reduce their surface energy. A qualitative free-energy model
is developed. The deformation is investigated as a function of film thickness,
effective Young modulus, anchoring coefficient, and easy direction at the free
surface. The calculations highlight the importance of elastic constants —
lamellae can substantially deform already when Young moduli are only an
order of magnitude smaller than the values that are reported for crystals.
Softer Young moduli are expected when lamellar assembly occurs in a
non-solidified mesophase that can be an equilibrium or (more speculatively) a
transient state prior to crystallization. The alternative scenario of a two-layered
film is also evaluated, where edge-on and face-on grains form, respectively, at

special lamellar order: layers of cofacially
stacked backbones alternating with layers
of side chains. Near an interface, such as a
polymer-substrate boundary or a free film
surface, there are two basic modes!!® of
lamellar orientation: edge-on and face-on.
As illustrated in Figure 1, in the former,
the stacking direction is parallel to the in-
terface, whereas in the latter it is orthogo-
nal. Because intermolecular charge trans-
port is most efficient along the stacking
direction, edge-on lamellae are beneficial
for devices requiring charge transport in
the plane of the active layer, such as field-
effect transistors.['1112) In contrast, face-on
orientation supports vertical charge trans-
port and can be advantageous for devices
where the active layer is sandwiched be-
tween two electrodes, such as organic pho-
tovoltaic cells.[t13-1]

Generally, the orientation of lamellae
is influenced by various factors such as

the free surface and substrate.

1. Introduction

Soluble semiconducting polymers present significant interest!!=!
as materials for fabricating film-like active layers of electronic
devices using cost-effective and scalable techniques based on
solution processing. These polymers typically comprise an
electrically-active conjugated backbone with flexible, electrically-
inert, side chains that provide solubility. As a consequence, their
(semi)crystalline phases, and many mesophases,®! exhibit’-]
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details of molecular architecture,!10-11:16-18]
polymer-substrate interactions!!*?}l and
choice of processing protocols. Typical
examples are adjustment of solvent evaporation rate,!!!1¢]
annealing,!**] control of aggregation by combining solvents,!*]
application of strain,1?®?’ and mechanical rubbing.[1*2%2°] How-
ever, there seems to be a consensus that weakly interacting sub-
strates, 202130 guch as silicon wafers,[1%-1216] thermodynamically
favor edge-on lamellae whereas substrates with strong = — #
interactions!?3! — graphenel!$21-233132] ig an important exam-
ple — promote face-on orientation. Furthermore, it is believed
that edge-on order is thermodynamically favored at free surfaces
of films of conjugated polymers such as poly(3-hexylthiophene)
(P3HT).[*}] For P3HT, this experimental observation is consistent
with all-atom simulations of free-standing molten films.[34
Currently, there is only limited understanding of how com-
peting boundary conditions — a substrate favoring face-on or-
der and a free-surface favoring edge-on order — affect lamel-
lae. Most of the studies, relevant for this question, concern
P3HT films deposited on graphene. They report(?1223135] mixed
face-on and edge-on crystallites, even for thin films.?!l So far,
the microstructure of these films has been interpreted only
from the perspective of kinetics of crystallization. Early studies
hypothesized!??] that graphene seeds face-on lamellae (heteroge-
neous nucleation). Recently!’®! it was argued that mixed orien-
tations are actually caused by competition between prefreezing
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Figure 1. Cartoon illustrating the a) edge-on and b) face-on modes of lamellar orientation with respect to a substrate. The board-like shape marks the

average plane of orientation of the conjugated polymer.

at the graphenel'®l and surface freezing at the free surface.l'333!
Intriguingly, these experiments found that bromination of side
chains leads!*®! to sole face-on orientation in thin films. This be-
havior was attributed!'® to suppression of surface freezing by the
chemical modification.

Whereas the kinetics of crystallization is certainly crucial, there
might be additional mechanisms causing mixed lamellar orien-
tation. For example, let us consider a case where face-on order
propagates from the substrate through the entire thickness of the
film. Still, near the free surface, polymers are subjected to local
enthalpic and entropic effects that favor edge-on orientation. As-
suming that there is sufficient molecular mobility, during struc-
ture formation, it is plausible that the face-on lamellae will bend
to reduce the thermodynamic cost of an unfavorable orientation
at the top of the film. Strong deformations will lead to appreciable
changes of lamellar orientation through the film.

Although we are not aware of any experiments directly re-
porting this scenario, we speculate that it could be implic-
itly present in situations where gradual build-up of lamel-
lar order occurs. One candidate are partially-ordered poly-
mer semiconductors, known to preserve dynamical disorder.®!
Here, particularly relevant are liquid-crystalline (LC) sanidic
mesophases,3¢38] reported to have liquid-like rheology.*! Ex-
periments suggest that these mesophases are relevant for con-
jugated polymers such as poly(2,5-bis(3-quaterdecylthiophene-
2-yl)-thieno[3,2-b]thiophene) (pBTTT).*”) In some experiments,
phenomenologies corresponding to sanidic LC mesophases
have been reported even for short P3HT chains at elevated
temperatures.[*] Another case, where this scenario could ap-
pear are thermal protocols involving prefreezing.['®! Finally, one
should also take into account that even for “classical” polymer
crystallization, there are theories(*!! arguing that the attachment
of polymer chains to growing crystals proceeds via a transient,
mobile, mesomorphic layer.

Here, we assume systems where the scenario of gradual lamel-
lar deformation holds and develop a simple analytical model to
qualitatively describe this deformation. Our approach constitutes
a rudimentary free-energy description of elasticity of a lamellar
phase of a conjugated polymer confined between a bottom sub-
strate that strongly favors face-on orientation and an interface at
the top that promotes orientations other than face-on. Interest-
ingly, our model, in its final form, bears an analogy to free-energy
descriptions of deformed nematics sandwiched between walls
that tend to orient mesogenes along different directions; hybrid
aligned nematic films (HAN).[*2%6] We investigate the strength
of lamella deformation as a function of properties such as effec-
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tive Young modulus, preferred direction and anchoring strength
at the upper surface, and film thickness. Our estimations predict
that in certain regions of parameter space, the deformation of
lamellae can be significant.

2. Simple Free-Energy Model

To develop the free energy model, we approximate each lamella
by a continuum elastic “beam”, as illustrated in Figure 2. The
length of the beam, when undeformed, equals the thickness of
the film H. We require that the position of the end of the beam
at z = 0 is fixed, whereas the opposite end at z = H can be hori-
zontally displaced parallel to the direction of lamella periodicity;
in our case, this is the x-direction (see Figure 2). The thickness
of the beam equals the lamella spacing dy,,,. We assign to the
beam a single Young modulus E, neglecting that lamellae are
anisotropic objects and their elastic constants actually are ten-
sors. Essentially, E is an effective Young modulus introduced for
order-of-magnitude estimates only.

We obtain the free energy of the film per unit area F as a sum
of two terms:

F=F.+F, (1)

The first term F, accounts for the free-energy cost of deforma-
tion (per unit area) and vanishes when lamellae maintain uni-
form face-on order through the film. The second term F, is the
surface free energy (per unit area) that vanishes when the lamel-
lae orient at the top surface of the film along the direction favored
by this surface (this direction differs from face on). Because of
strong interactions favoring face-on order at the substrate, we as-
sume that the orientation of the lamellae at the very bottom of
the film is strictly face on always. Therefore, there is no surface
free-energy associated with variations of order at the substrate.
The equilibrium shape of the lamellae (minimum of F) results
from a balance between 7, and F,.

Assuming that the midline of the deformed beam is also its
neutral axis, the deformation can be described via the function
%(2) that defines the shape of the midline. However, to account
for the “twisting” boundary condition at the top of the film, it is
more convenient to construct the free energy as a functional of
0(z). This quantity is defined as the angle between the tangent to
the midline of the beam at distance z and the film normal (i.e.
the Z axis, see Figure 2).

To derive F., we use an approach inspired by stan-

e’

dard theories!*’! of deformed beams in the limit of small
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Figure 2. Cartoon explaining the main scenario of lamella deformation investigated in our study. The semiconducting polymers are oriented with their
long molecular axis orthogonal to the page, so that the blue rectangles are side views of their conjugated backbones with aromatic rings. The layers of
the = — 7 stacked backbones are separated by layers of side chains, indicated by blue thin lines. There is some irregularity in the position and orientation
of rectangles, and side chains are drawn wiggling, to indicate partial order as well as molecular mobility, i.e. the structure is not solidified. The inset
on the right clarifies the graphical representation of the conjugated polymers and explains their orientation with respect to the laboratory coordinate
frame. The lamellae are assembled on a substrate strongly favoring face-on orientation, which propagates into the film. However, the free surface of
the film promotes orientation along an “easy” direction, other than face on. Hence, the face-on lamellae can bend to reduce their surface energy at
the free surface at some expense of elastic energy. The orientation of lamellae at distance z from the substrate is quantified via the angle 6(z) between
the tangent to their midline and the film normal (the Z axis). Accordingly, 8 is the equilibrium orientation of lamellae at the free surface. Because the
equilibrium shape of lamellae stems from a balance between elastic and surface energy, 0,,, in general, deviates from the easy direction 8, (not shown
here, see main text for details). The period of lamellae and film thickness are, respectively, d,,,, and H. The remaining elements of the figure are used
when constructing the elastic part of the free energy and are defined in the main text.

deformations; this corresponds to x'2 <« 1, where x' = dx/dz. We define F, by:
Then, the radius of curvature of the midline at z is!*] r(z) = (1
+ x'?)%2|x" =~ 1/x" (see Figure 2). Here x” = d’x/dz*. Let AB and
CD be the cross-sections of the beam that are orthogonal to the
midline at points with coordinates z and z + dz. The length of

the midline between these two points is Al,. The extrapolations

F, = % sin® (6(H) - 6y) “)

of AB and CD intersect at angle a(z). Defining a local axis E ori-
ented along AB, the local strain at distance & from the midline is
€ =[(r(2) + &)a(z) — r(z)a(2)]/r(z)a(z) = éx". Neglecting changes
of volume during deformation, the strain energy stored in a slice
with volume dV = déAl L is dU= (E/2)e’dV; here, L is the width
of the beam (the dimension orthogonal to the drawing plane of
Figure 2). Considering that Aly = dzV'1 + x> = dz, the total elas-
tic energy equals:

EL, i H EL d> rH
U= [ e / (e dz = - Tam / Mz @)
2 Jo " g 2 12 J,

Taking into account that x’ = tan 0(2) ~ 0(2) and L,d,,,, is the
area of the beam cross-section, Equation (2) straightforwardly
leads to:

K [ [do@E)\’ E
7:‘ = — h K = — 2
e =3 /0 < . dz, where 5 o (3)

Macromol. Rapid Commun. 2024, 45,2300437 2300437 (3 of 11)

This choice is inspired by free energies used to describe sur-
face anchoring of mesogenes in nematic films.[*?! The angle
indicates the direction of anchoring preferred at the upper sur-
face, named also/*! “easy direction”. For example, for surfaces
favoring perfect edge-on orientation @, = /2. The thermody-
namic cost of deviations of the lamella orientation at the top of
the film from the easy direction, i.e. the deviation of §(H) from
8y, is controlled by the anchoring coefficient W.

The mathematical structure of 7, obtained after substitution
of F, and F, into Equation (1), is identical to simple free-energy
models“>*% of hybrid nematic films. However, the ingredients
of the free energies have different physical meaning. In the ne-
matic free energy, 0(z) is the angle between the nematic direc-
tor and the film normal. Furthermore, the elasticity term is the
Frank-Oseen elastic energy under the assumption that all Frank
constants equal K. Keeping in mind these conceptual differences,
we can, nevertheless, benefit from the mathematical equivalence
of the models and directly use some of the results that have been
obtained**>% for nematics.
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42,50].

The profile 6(z) that minimizes F is a linear function!

z

02) = by

)
The constant 6, specifies the equilibrium value of 8(H) and
fulfils*>>°l the boundary condition:

H . ~ - K
0 — 2(0; — 6 =0, h L== 6
H+2Lsm((H H)) where W (6)

The characteristic length L is analogous to the anchoring ex-
trapolation length in nematics.[*] In the following, we determine
0y, by solving the transcendental Equation (6) numerically, using
a standard bracketing scheme.!]

One can obtain the shape of the midline by substituting 6(z) in
Equation (5) by »" and integrating with the boundary condition
x(0) = 0. It turns out to be a simple parabolic function:

0y ,
x(z) = SHZ )

Since our theoretical description is only valid for small defor-
mations, it is important to perform a consistency check. Based
on Equation (7), we find that the maximum value of x'? is 67,.

Hence, the relative error of the approximation V1 + x'? ~ 1 is
on the order of 6}, /2. For 8 = x/9 (equivalently 20°) this esti-
mate corresponds to about 6% of error. Therefore, as a rule of the
thumb, we can assume that our theory is applicable to deforma-
tions where 6(z) < 7 /9.

For the following discussion, we will also need the free energy
of the film. After substituting Equation (5) into ¥, and F,, it is
straightforward to show that:

KO W .
F:Eﬁ+751n2(9H—GH) (8)
Here 6, fulfils Equation (6). For solutions with 6,; > 0 F de-
scribes the free energy of the deformed state, Fy;, whereas for
0y = 0 it reduces to the free energy of the undeformed state,
Fu = 5 sin’(6)-

u

3. Results and Discussion

3.1. Deformation: Generic Properties

Because 6(z) increases monotonously with z, Equation (5), the
maximum deformation occurs at z = H and is quantified by 6
calculated via Equation (6). Equation (6) demonstrates that the de-
formation is determined by two generic parameters: the easy an-
gle O;; and the ratio of film thickness to the extrapolation length,
H/L. This point has been extensively discussed in the framework
of a mathematically equivalent description of nematic films.[*>%2]
For the special case 8;; = 7 /2 the lamellae remain undeformed
when H < I, i.e. Equation (6) has only one trivial solution, 6y,
= 0 (cf. with analysis in nematic films(*>%2]). The absence of a
second solution 8; > 0 follows straightforwardly by demonstrat-
ing that the LHS of Equation (6) has a positive derivative. For
;; = /2 the deformed state appears, Equation (6) has a second,
non-trivial, solution, only when H > L. The deformed state has

Macromol. Rapid Commun. 2024, 45, 2300437 2300437 (4 Of'l'l)
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a lower free energy than the undeformed state and is favored
thermodynamically. This conclusion follows!*?! by demonstrat-
ing that for H > L the solution 8,; = 0 is unstable. It corresponds

2
ZG—Z lg,—0 > O.

When 0,; < /2, the deformed state exists (and is favored
thermodynamically) even for H < L. We illustrate this point in
Figure 3a, by presenting 6, obtained from the numerical solu-
tion of Equation (6) as a function of the generic parameter H/L
for a few representative values 8, = 20°, 45°, 60°, and 89° (for
convenience, hereafter all angles are given in degrees). For refer-
ence, in Figure 3a we also present the plot of the deformation for
Oy, = 90° (red dashed line). Interestingly, we observe that in the
region H/L < 1 the magnitude of deformation depends on 8y,
non-monotonously. That is, at given H/L the deformation first
increases as a function of §; and then decreases again to vanish
at 8; = 90°. This behavior is illustrated in Figure 3b, where we
present the deformation @y, as a function of the easy angle 8, for
three representative choices of H/L (all smaller than unity). The
non-monotonic behavior is evident in all plots. The value of the
easy angle at which the deformation is maximized (the peak of
the plots) shifts toward 8,; = 90° as H/L approaches unity.

In summary, from the generic plots in Figure 3 we can already
conclude that in films, where H < L, the deformation of lamellae
is maximized for free surfaces that favor easy angles with inter-
mediate values and not perfect edge-on orientation (8;; = 90°).

to a maximum of F, where

3.2. Deformation: Solid-State Scenario for Young Modulus

To connect to actual materials, we must recast the predictions of
the simple theory in a way that explicitly resolves the effect of the
different material-specific parameters. To this end, we consider
two film thicknesses H = 10 and 50 nm, which are representative
of the thicknesses encountered in actual active layers. To specify
L we need to estimate K and W (see definition in Equation (6)).
The estimation of K (see Equation (3)) requires as an input real-
istic values for lamella spacing and effective Young modulus. In
many conjugated polymers the lamella spacing lies between 1.5
and 3 nm; for example, this is a typical range of values that has
been reported in poly(alkyl thiophenes) with different lengths of
side chains.[**3] For our calculations, without loss of generality,
we setd,,,, = 1.5 nm. For example, considering d,, , = 3 nm would
only increase K by a factor of four without qualitatively affecting
our calculations (cf. Equation (3)). The choice of the order of mag-
nitude of E plays a central role in our study and is discussed in
the following paragraphs.

Because typical anchoring strengths for conjugated polymers
at the free surface are unknown, we treat W as a free parameter.
We assume that 107° < W £ 1073 ] m~2, which is a typical range
for nematic LC.>% It is instructive to compare this range of values
with the thermal energy, k, T (where k; is the Boltzmann constant
and T the temperature). For example, for T= 500K, W =102 |
m~2 is about 0.14 k; Tnm™2, demonstrating that the surface en-
ergy F, is small.

An indirect indication that our assumptions for the orders of
magnitude of W at the free surface are plausible, stems from a
back-of-the-envelope estimation of the energy difference AE be-
tween face-on and edge-on orientations of P3HT on graphene.
Because the preference for face-on orientation on graphene is

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 3. a) Deformation of lamellae at the top of the film, quantified by the angle 8, (cf. Figure 2), presented as a function of the generic parameter H/L,
where H is the film thickness and L the extrapolation length (for definition see main text). Several representative easy angles 0y, at the free surface are
considered, as indicated by the labels. The plot for 8,; = 90° is singled out by a red dashed line, because in this special case lamellae remain undeformed
when H/L < 1. b) Dependence of deformation of lamellae at the top of the film, 6}, on the easy angle 8}, for selected cases of H/L, all smaller than

unity.

strong,[1821-233132] one anticipates that AE provides an upper

boundary estimate, i.e. W should be clearly smaller than AE.
In quantum chemistry calculations®?! the difference of binding
energies between a face-on and edge-on orientation, per P3HT
monomer, was found to be AE = 1.19eV. A rough estimate of
the corresponding difference in energy per unit area is given by
AE = pAEAh, where p is the number density of monomers and
Ah the characteristic thickness of the interfacial monomer layer.
Substituting p ~ 4 monomers nm=3 (this is, approximately, the
monomer number densityl”*”5* in P3HT) and Ah ~ 0.1 - 1nm
leads to AE = 0.076 —0.76 ] m~2.

At a first glance, it is reasonable to consider a Young modulus
on the order of E = 1 GPa. This magnitude has been reported,
for example, in experimental studies of P3HT in solid state,
i.e. semicrystalline samples®! or nanofibers®®! around room
temperature. Experiments that have explicitly resolved®®! the
anisotropy of Young modulus along the direction of z-conjugated
backbone (the Y axis in Figure 2) and lamellar periodicity (the X
axis in Figure 2) found this magnitude for the largest component
that corresponded to the lamellar periodicity.

In the semi-log graph of Figure 4a we present L (black circles)
as a function of W for E = 1 GPa. For all W, L significantly ex-
ceeds the largest film thickness H = 50 nm considered in our
study (red dashed line in Figure 4a), e.g. for the largest anchor-
ing coefficient, W = 10~* ] m~ we have L ~ 187 nm, which ap-
proximately corresponds to H/L ~ 0.25 in the generic plots of
Figure 3. Therefore, when the easy angle is 8; = 90°, we con-
clude that, for E= 1 GPa, face-on order of lamellae will propagate
through the film without any deformation even for H = 50 nm,
let alone H = 10 nm.

As has been discussed in Section 3.1, in the most general case
Ay, < 90° deformation takes place even when H < L. In Figure 4D,
we consider the same values of 8 as in the generic plots of
Figure 3a. For these easy angles, we present 8, calculated nu-
merically for E =1 GPa as a function of W, for films with H =

Macromol. Rapid Commun. 2024, 45,2300437 2300437 (5 of 11)

10nm (solid symbols) and 50nm (open symbols). Even for the
case of the strongest anchoring, W = 10~ ] m~? the maximum
deformations for H = 10 and H = 50 nm are, respectively, about
0y ~ 2° and 8° only.

Based on Figure 4b, we conclude that for the scenario of
“solid-state-like” elasticity, where the extrapolation length sub-
stantially exceeds the typical film thicknesses, the deforma-
tions of lamellae in response to competing boundary conditions
are very small and can be neglected in practice. Interestingly,
quantum chemistry calculations for oligomers of P3HT!®] and
poly(3,4-ethylenedioxythiophene) (PEDOT)P®®! suggest that the
Young modulus along the direction of the backbone is actually the
highest, in contrast to the aforementioned experiment,[*®! with
an order of magnitude ~10 — 100 GPa. This difference does not
affect our qualitative conclusions regarding the smallness of de-
formations for “solid-state-like” elasticity.

3.3. Deformation: Mesophase Scenario for Young Modulus

However, in this work we are considering a pathway that assumes
sufficient molecular mobility during the build-up of lamellae.
We believe that within this assumption, E = 1 GPa overesti-
mates the Young modulus. Because the molecular mobility is not
quenched during ordering, the film should be seen rather as a
highly ordered mesophase. Representative molecular-level illus-
trations of the structure of such highly ordered mesophases in
conjugated polymers are availablel>”>-!] from mesoscopic sim-
ulations. Highly ordered liquid crystals, such as smectics, have
smaller elastic constants than crystals and behave as!®2%3] “weak
solids”. For example, in some smectics the layer-compression
modulus (the Young modulus along the periodic direction) was
found'® to be on the order of 0.01 GPa. Therefore, in this sec-
tion we estimate the deformation of lamellae for E = 0.1 GPa
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Figure 4. a) Extrapolation length L as a function of the anchoring strength W for the three effective Young moduli considered in our study. The horizontal
blue and red dashed lines, mark, respectively, the two representative film thicknesses H = 10 and 50 nm. b) Deformation of lamellae at the top of the
film, quantified by the angle 6, calculated as a function of W, assuming a solid-state-like Young modulus E = 1 GPa. Several representative easy angles
0y, at the free surface are considered, as indicated by the labels. Here, we do not plot 8, for the case 8, = 90° (cf. Figure 3) because, for all W, the film
thicknesses H addressed in our work are smaller than the extrapolation length L. Therefore the lamellae do not deform.

(a Young modulus that is only one order of magnitude smaller
than in the solid-like case) and E = 0.01 GPa.

First, in Figure 4a we demonstrate L calculated as a function
of W for these two values of E (red squares and blue rhombi re-
spectively). We observe that for E= 0.1 GPa there is a region of W
for which L is smaller than our largest film thickness H = 50nm
(dashed red line). Based on Section 3.1, strong deformations are
expected in this case. Furthermore, for E = 0.01 GPa there is a
region of W where L drops below even H = 10nm (dashed blue
line).

Next, in Figure 5a,b we present 8}, calculated for E = 0.1 GPa
and 0.01 GPa, respectively. Each of the two figures presents plots
for H = 10nm (solid symbols) and H = 50nm (open symbols),
and for the same values of ;; as in Figures 3a, 4b. For refer-
ence, in Figure 5a we also present the deformation for H=50nm
and 0, = 90° (dashed red line), where we see a clear transi-
tion from the undeformed to the deformed state. For the “softer”
mesophase E = 0.01 GPa this transition occurs even in thin H =
10nm films (blue dashed line). Overall, we observe that reduc-
ing E just by one or two orders of magnitude, comparing to the
Young modulus expected in a solid state, increases substantially
the deformation of lamellae. Especially, in the softer mesophase
6, starts to converge to the easy direction ;; as W approaches its
largest values.

Certainly, in a large part of parameter space the deformations
shown in Figure 5 exceed 20° — the qualitative threshold value for
which our theory is formally valid (cf. Section 2). Large deforma-
tions may be relaxed by morphological changes not captured by
the simple free-energy model, such as defects in lamella order.

Macromol. Rapid Commun. 2024, 45,2300437 2300437 (6 of 11)

Still such rearrangements will destroy perfect face-on lamellae.
Hence, we do not expect that the limitations of our theory affect
our main conclusion that for “mesophase-like” elasticity compet-
ing boundary conditions can significantly modify lamellar order.

3.4. Two-Layered Structure

There is, however, one possible rearrangement of morphology
that incorporates bending deformation and can be also inves-
tigated using the simple free-energy model. As illustrated in
Figure 6, in this rearrangement, the face-on lamellae do not grow
continuously until the free surface. They disrupt, at some dis-
tance H, < H from the substrate, to create an upper layer of
lamellae with = — x stacks parallel to the easy direction ;. Thus,
the surface energy of the upper layer is fully optimized. For the
sake of a qualitative discussion, here we assume that §;; = 90°.
We will indicate the upper layer as “layer A” whereas the under-
lying layer with the face-on lamellae will be denoted as “layer
B”. Of course, the layers A and B are composed of one type of
molecules, but, due to the discontinuity in orientation, they are
two distinct grains. There are two basic questions: i) Can the two-
layered morphology be more favorable thermodynamically than a
single layer of face-on lamellae, either deformed or undeformed,
spanning the entire film ? and ii) Where is the grain boundary,
or, what is the value of H, ?

To address these questions, we notice that the grain bound-
ary acts as an effective upper surface for the layer B of face-on
lamellae. We approximate the surface free energy y of the grain

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 5. Same as in Figure 4b but assuming a “softer” Young modulus: a) £ =0.1 GPa and b) E=0.01 GPa. In contrast to E =1 GPa (cf. Figure 4b), for
these E there is a region of anchoring strengths W for which the extrapolation length L exceeds one or both representative film thicknesses considered
in our study. Therefore, the lamellae can deform even for 8, = 90°. For E = 0.1 GPa, in panel a), deformation is possible for H = 50 nm and is shown
with a red dashed line. For E = 0.01 GPa, in panel b), deformations are possible for H = 10 and H = 50 nm and are shown with blue and red dashed

lines, respectively.

boundary by the expression used for F;, Equation (4), but with
an easy angle §, and an anchoring coefficient W,. The most fa-
vorable thermodynamically configuration for the relative orien-
tation of two grains is the situation where they are identically
oriented, that is, they “merge” and erase the interface. For in-
stance, such fusion of parallel grains has been observed in Molec-
ular Dynamics (MD) all-atom simulations of a small-molecule or-
ganic semiconductor at room temperature.*! Hence, §, = 90°.
Accordingly, the anchoring coefficient W, determines the ther-

modynamic penalty for the orientational nfismatch of two grains.

We are not aware of any experiments or molecular-based sim-
ulations quantifying the surface tension between grains of lamel-
lae in conjugated polymers, but can make an order-of-magnitude
estimate. Let | be the width of the grain boundary. Then y/! is
the density of the free-energy cost stored in the interface. Be-
cause grain boundaries are spontaneously formed during crys-
tallization — including grains with strong orientational mismatch
— it is reasonable to assume that y/I is at most on the order of
the density of the thermal energy of monomers. If the num-
ber density of monomers is p, we obtain y < Ipk, T. Requiring
that W, ~ v, and substituting typical values | ~ 0.1nm and p ~
4monomers nm~> (the monomer number density in P3HT) we
estimate W, < 0.4 k; Tnm ™. Recalling that the largest anchoring
coefficients W are also on the order of 0.1 k; Tnm=2, our simple
calculation demonstrates that both possibilities should be con-
sidered: W, > Wand W, < W.

The free energy of the two-layered film, F®@ is estimated as fol-
lows. Because the stacks of the lamellae in layer A are oriented
parallel to the free surface, one can assume, to a first approxima-

Macromol. Rapid Commun. 2024, 45,2300437 2300437 (7 of 11)

tion, that the layer A is always undeformed. Hence, F is entirely
determined by the free energy of layer B:

02
K Yg g . yd
o_ K 2(g _ 7
=yt on (93 2) ©)

Here 0, fulfils an equation similar to Equation (6), where the
relevant parameters are 0, = z/2, Hy, and L, = K/W,; the latter
is the extrapolation length of the grain boundary.

Let us first consider situations where W, > W, equivalently
L, < L, and distinguish three cases. They are demonstrated in the
upper row of Figure 7. In the first case H < L, < L (see Figure 7a).
The layer B is undeformed for any possible H,, so that 7 re-

duces to the free energy of the undeformed state Ftﬁ) = W,/2.
In our main scenario, the face-on lamellae are also undeformed,
so that F = F,qy = W/2. Since f’lﬁ) > F,q the formation of a two-
layered film is not favored thermodynamically.

In the second case L, < H < L (see Figure 7b). Here, we have
only to consider L, < H, < H, because the free energy of a de-
formed layer B Fﬁ) will be always smaller than Flfi) (obtained
when H, < L,). Furthermore:

@) 2
dary g do, o e - K07
= — g+Tsm 2 Hg__ ——2 (10)
dH, H,dH 21, 2 2H?
< _

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAII8.D 3(edl|dde ayy Aq peusenob ke sapiie YO 8SN Jo Sa|nJ Joj Akeid18UIIUO AB|IM UO (SUORIPUOD-PUR-SLLIBI WD A8 | 1M ARe.d 1 jBul[UO//SdNLf) SUORIPUOD Pue SIS | &) 88S *[7202/T0/S2] Uo Ariqiauliuo A8|IM ‘Yoressay JewA|od SSE IdIN AQ ZE500£202 04eW/Z00T OT/I0p/W00" A3 1M Aselq 1 pul|uo//Sciy Wwo.j pepeojumod ‘T ‘7202 ‘L268T2ST


http://www.advancedsciencenews.com
http://www.mrc-journal.de

ADVANCED
SCIENCE NEWS

{M}gggjldr

Ropid Communications

www.advancedsciencenews.com

J
1l
1]

Ny,

LAYER A

i
i
i

Grain boundary

s/

T
Q
LAYER B

Figure 6. Illustration of a scenario, alternative to the simple bending of
face-on lamellae (cf. Figure 2). The face-on lamellae do not grow continu-
ously until the free surface but disrupt, at some distance Hg < H from the
substrate. An upper layer (grain) appears, where the = — x stacks of the
lamellae are parallel to the easy direction 8,;. In the lower layer, the face-on
lamellae might still bend to optimize the surface energy at the grain bound-
ary (located at z = H,). The upper and the lower grains are indicated as
“layer A” and “layer B”, respectively.

Because Fﬁ) is a monotone decreasing function of H,, the
grain boundary must be as close as possible to H. Thatis, H, = H
— dy,,,, O, approximately, H ~ H. Therefore, we must compare

the free energies Fé? L% g + 2 gin (0 - —) and Fy = W/2.
We substitute H, = H 1nto ? and notice that it is a monotone
increasing function of W,;:

dr® _ K 46 We .
=2 flg 4L 2(9 -
aw, ~Haw, | 2, sin (2(0,

g
N )

NN
N—
SN—
[
+
N[~
2]
4.
B
N
S
>
aQ
|
NN
~—

~~

(11)

Mathematically, ,,q = W/2 is a special case (i.e., if W= W)
of ) considered in Equation (11). Because W, > W, it follows

that f’c(é) > F,q- The formation of a two-layered film is again un-
favorable.
In the last case, L, < L < H (see Figure 7c). Now it is neces-

sary to compare the free energy of a deformed layer B, Fc(é) =

92
%Eg + % sin2(19g — %), (recall that H, ~ H) with the free en-

ergy of deformed face-on lamellae in our main scenario, Fdf =

12( ; +5 Y sin’(0;; — 3)- As before, based on Equation (11), w

conclude that Fdf > Fy4 and the two-layered morphology is un-
favorable thermodynamically.
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We now consider situations where W, < W, equivalently L, >
I, and distinguish three cases. They are demonstrated in the bot-
tom row of Figure 7. In the first case, H < L < L, (see Figure 7d).
Since the layer B in the two-layered structure and the face-on
lamellae in our main scenario are undeformed, we compare
T’lﬁ) = W,/2 and F,,y = W/2. Obviously, Pl(lzd) < F,q and the two-
layered structure is now favorable. Furthermore, because F‘i)
does not depend on H,, the grain boundary can be anywhere,
i.e. the thickness of layer A is arbitrary.

Next, we consider L < H < L, (see Figure 7e). Because the
face-on lamellae in our main scenario deform but the layer B
in the two-layered structure is undeformed, we compare Fy =

f%“ + L sin’ (6, — Z) with 7] =
that Tﬁ) and F, are, mathematically, special cases of F. Because
F is a monotone increasing function of W (similarly to Equa-
tion (11)) and W, < W, we conclude that T‘lﬁ) < Fy. Again, a
two-layered structure is favored thermodynamically and the grain
boundary can be anywhere in the film.

In thelast case, L < L, < H (see Figure 7f). The face-on lamel-
lae in our main scenario and layer B in the two-layered film are

deformed. Since in this situation H, ~ H, we compare Fyr =
912_1 3
44 Yin (0 - E)

- th?’(2=Kg+ sin (6’ — 7). Since
W, < W we conclude that a two- 1ayered film'is favored thermody-
namically also in this case. Because now the layer B deforms, the
grain boundary approaches the free surface of the film as close
as possible, that is, essentially the layer A is a monolayer.

In summary, when W, > W a two-layered film will not form,
at least as an equilibrium structure. Intuitively, this conclusion is
expected: one cannot reduce the free-energy cost by “replacing”
one interface, the free film surface, by another, the grain bound-
ary, that has a higher thermodynamic penalty for mismatch be-
tween the lamella orientation and the easy direction. In contrast,
a two-layered film is favored thermodynamically when W, < W.
For the location of the grain boundary, the relationship between
I:g and H is crucial: when H < ig the grain boundary can be any-
where, whereas for H > I:g the grain boundary is as close as pos-
sible to the free surface.

W, / 2. As previously, we argue

K

3.5. Anticipated Effects of Elastic Anisotropy

We conclude the presentation of results by commenting upon
how our simplified description of elasticity might affect the the-
oretical predictions.

The free-energy cost of deformation F,, Equation (3), is con-
structed by drawing an intuitive analogy between the bending
of lamellae and the deformation of a continuum beam. This ap-
proach is not explicitly considering the picture of the deformation
of the anisotropic, generally 3D, “lattice-like” lamellar structure.
Free-energy models based on such more detailed analysis will be
more complex functionals of quantifiers of strain than our 7. In
general, their minimization is expected to predict deformations
that differ from the linear profile of Equation (5) (or its equivalent
Equation (7)).

This point is well illustrated in the simpler example of HAN,
where influences of elastic anisotropy have been theoretically
explored!*2% by allowing bending and splay constants to be dif-
ferent. Indeed, in this case, the equilibrium profile of the nematic

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 7. The six panels illustrate the cases considered during the comparison of the free energies of a film with a single layer of face-on lamellae (left
columns) and of a film with two grains (right columns). For the panels shown in the upper row W, > W and the three characteristic length scales compare

as follows:a) H < L, < L, b) L, < H < L,and ¢) L, < L < H. For the panels shown in the bottom row W, < W and the three characteristic length scales

compare as follows:d) H <L < L, ) L< H< Ly, and f) L < L; < H.

director field has!**®l a more complicated dependence on height
z than linear. The shift of the critical film thickness (at which the
transition from the non-deformed to the deformed state occurs)
to values other than H = L is another effect of elastic anisotropy
found HAN. Hence, most likely, the location and details of the
transition, predicted by more complex models of lamellar defor-
mation, will change as well.

However, we expect that employing more complex theories will
not affect the magnitude predicted for the deformations of lamel-
lae, especially as a function of the order of magnitude of elastic
constants — one of the central messages of our study.

4. Conclusion

We investigated the shape of lamellae of conjugated polymers
in films where the solid substrate strongly favors face-on orien-
tation, whereas the free surface promotes orientation along an
“easy” direction, other than face on. Our study focused on a sce-
nario where molecular mobility allows the face-on lamellae to
bend in order to reduce the thermodynamic cost of an unfavor-
able orientation at the top of the film. We predicted the shape of

Macromol. Rapid Commun. 2024, 45,2300437 2300437 (9 of 11)

deformed lamellae by numerical minimization of a simple free-
energy model, analogous to descriptions!**~ of HAN films.
Similarly to HAN, the deformation of lamellae depends on two
generic parameters: i) the easy angle ,, at the free surface and ii)
the ratio H/L, of the film thickness H to the extrapolation length
L. The latter is defined as L = K/W, where K is an elastic con-
stant proportional to an effective Young modulus E of the lamel-
lar structure. W is the anchoring strength that penalizes devia-
tions of lamella orientation from @, at the top of the film. When
Lis substantially larger than H, for example, H/L ~ 0.25, the de-
formation of lamellae is weak; in the special case 8,, = z/2 equi-
librium deformations are even impossible (when H/L < 1). In
contrast, lamellae bend substantially when L is smaller than H.
To cast the generic predictions in terms of actual materials
the effect of parameters E, W, 8,;, and H must be explicitly con-
sidered. For conjugated polymers there are no estimates avail-
able for W, but, as a first approximation, one can employ values
typical for liquid crystals:[*?] 107 < W < 10 ] m~2. For this
range of W, the shape of lamellae crucially depends on elastic
constants. For E > 1 GPa, which is typical for solid, crystalline,
lamellae,>>%%] [ is significantly larger than the practically-relevant
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85U8017 SUOWWIOD BAII8.D 3(edl|dde ayy Aq peusenob ke sapiie YO 8SN Jo Sa|nJ Joj Akeid18UIIUO AB|IM UO (SUORIPUOD-PUR-SLLIBI WD A8 | 1M ARe.d 1 jBul[UO//SdNLf) SUORIPUOD Pue SIS | &) 88S *[7202/T0/S2] Uo Ariqiauliuo A8|IM ‘Yoressay JewA|od SSE IdIN AQ ZE500£202 04eW/Z00T OT/I0p/W00" A3 1M Aselq 1 pul|uo//Sciy Wwo.j pepeojumod ‘T ‘7202 ‘L268T2ST


http://www.advancedsciencenews.com
http://www.mrc-journal.de

ADVANCED
SCIENCE NEWS

{M}glgc%br

Rapid Communications

www.advancedsciencenews.com

range of film thicknesses H < 50 nm. Therefore, deformations
are negligible. For “softer” Young moduli E ~ 0.1 — 0.01 GPa, ex-
pected in non-solidified mesophases, L becomes comparable to,
or smaller than, H. In this case, lamellae deform considerably.

We have also considered a scenario where lamellae, instead
of simple bending, rearrange into two grains. The first grain
presents a group of lamellar layers that are parallel to the free
film surface. The second grain occupies the lower part of the film
and contains face-on lamellae. We found that a two-layered film
is favored thermodynamically only when the anchoring strength
associated with the grain boundary is smaller than the anchoring
strength at the free surface.

Overall, our qualitative estimates demonstrate the need for
further experimental and molecular simulation-based studies
of conjugated polymers targeting the elastic properties of their
partially-ordered mesophases and thermodynamic parameters of
polymer orientation at free surfaces and grain boundaries. In this
respect, it might be helpful to consider rod-like oligomers com-
prising a z-conjugated core with terminal alkyl chains. Liquid-
vapor or liquid-solid interfaces mediate their assembly into large
2D crystals!®~%%l: sheets with stacks of conjugated cores sand-
wiched between two layers of terminal chains. In such 2D lamel-
lae, the field of molecular orientations is more easily accessible
than in films and, possibly, one could impose competing bound-
ary conditions on opposite edges of the sheet, for example, by
proper choice of radiator substrates during assembly by isochoric
cooling.[¢7]
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