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Abstract

Lamellar block copolymers based on polymeric ionic liquids (PILs) show promise
as electrolytes in electrochemical devices. However, these systems often display
structural anisotropy that depresses the through-film ionic conductivity. This work
hypothesizes that structural anisotropy is a consequence of surface-induced order-
ing, where preferential adsorption of one block at the electrode drives a short-
range stacking of the lamellae. This point was examined with lamellar diblock
copolymers of polystyrene (PS) and poly(1-(2-acryloyloxyethyl)-3-butylimidazolium
bis(trifluoromethanesulfonyl)imide) (PIL). The bulk PS-PIL structure was comprised
of randomly-oriented lamellar grains. However, in thin PS-PIL films (100-400 nm), the
lamellae were stacked normal to the plane of the film, and islands/holes were observed
when the as-prepared film thickness was incommensurate with the natural lamellar pe-

riodicity. Both of these attributes are well-known consequences of preferential wetting



at surfaces. The ionic conductivity of thick PS-PIL films (50-100 um) was approxi-
mately 20 times higher in the in-plane direction than in the through-plane direction,
consistent with a mixed structure comprised of randomly-oriented lamellae throughout
the interior of the film and highly-oriented lamellae at the electrode surface. Therefore,
to fully optimize the performance of a block copolymer electrolyte, it is important to

consider the effects of surface interactions on ordering of domains.

Block copolymers of polymeric ionic liquids (PILs), which consist of a PIL linked to an
insulating polymer that provides mechanical stability, are a class of solid polymer electrolytes
that show promise in electrochemical energy applications.!™ The relationship between self
assembled morphology and ionic conductivity in these materials is often quantified by a

morphology factor f, defined as
f=o0/(éprLopL) (1)

where 0g and opyy, are the measured DC ionic conductivity of the block copolymer and PIL
homopolymer, respectively, and ¢pyy, is the volume fraction of the PIL block in the block
copolymer.® The theoretical or “ideal” morphology factors for cylindrical, lamellar, and gy-
roid phases are f = 1/3, 2/3, and 1, respectively.® The interpenetrating network of the
gyroid phase is desirable for three-dimensional ion transport, but this morphology is dif-
ficult to attain due to its narrow window of stability with respect to composition.!® The
lamellar morphology is often investigated because of its stability across a wide composition
range as compared to the gyroid phase. Moreover, if some of the ion-conducting lamellae
are continuous across grain boundaries, then randomly-oriented lamellar grains can enable
long-range ion transport. Morphology factors have been measured for lamellar block copoly-
mer electrolytes using electrochemical impedance spectroscopy in two- or four-point probe
configurations, where the electric field is oriented parallel to the plane of the film, and the
values are consistent with f = 2/3.8%1112 However, when morphology factors are measured
using a parallel plate geometry where the electric field is oriented perpendicular to the plane

of the film, the ionic conductivity and corresponding morphology factor are often reduced by



orders of magnitude. This reduction is problematic as many devices (i.e., batteries) require
through-film ion transport.

Several studies of block copolymer electrolytes have shown that anisotropy in the ionic
conductivity (and morphology factor) is correlated with anisotropy in the self-assembled
structure. *18 Specifically, the ionic conductivity is enhanced or suppressed when the lamel-
lar domains are oriented parallel or perpendicular to the electric field, respectively (Figure
la-b). Many studies have sought to enhance ionic conductivity by controlling the lamellar
domains orientations through processing techniques that include electric field alignment, '
shear alignment,!® magnetic field alignment,!®'” and topographic templates.'® However,
other studies have shown that a small fraction of the lamellar domains will orient paral-

.15 pbrocessing, even though these

lel to the plane of the film during thermal! or solution
techniques lack a strong structure-directing field. This spontaneous lamellar alignment might
be controlled by a thermodynamic process, such as surface-induced ordering that is driven by
selective adsorption of one block at a surface.!® In fact, in a recent study of gyroid-forming
block copolymer electrolytes, the authors proposed that preferential adsorption of an insu-
lating block at an electrode surface was responsible for a reduction of through-film ionic
conductivity after thermal annealing.?’

The role of surface interactions on block copolymer ordering is well documented in the
literature, although these effects have not been considered in the design of block copolymer
electrolytes. In general, one block is preferred over the other at a surface, and this preferen-
tial wetting can drive layering of domains through the thickness of a thin film (ca. 100 nm
- 1 um).2"23 If such a phenomenon occurs in lamellar PIL-containing block copolymer elec-
trolytes, then the highly-oriented layers at an electrode would produce an anisotropic ionic
conductivity. This point is illustrated using a simple model for ionic conductivity based on
an effective medium approximation.?* The oriented lamellar structure can be approximated

as a series of parallel layers of alternating conducting and insulating domains. If the electric

field is aligned parallel to the layers (in-plane conductivity, o/l.g), then the effective conduc-



tivity of the material can be estimated from the arithmetic mean of the conductivities of the
two blocks (Figure 1a).? However, if the conductivity is measured with the electric field per-
pendicular to the layers (through-plane conductivity, ot.g), then the effective conductivity
is best approximated by the geometric mean of the conductivities of the two blocks because

the insulating domain will dominate (Figure 1b).%
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Figure 1: A simple effective medium approximation is used to examine ionic conductivity
as a function of lamellar orientation relative to the direction of the applied electric field.
For alternating layers of material 1 and material 2, the effective conductivity is described by
an arithmetic mean (a) or geometric mean (b) depending on the relative orientation of the
electric field. Extending the same method to films that have layering at the interfaces and a
polygrain bulk structure (c,d) gives rise to significant anisotropy in the conductivity.

Block copolymer electrolytes are usually processed into thick films (ca. 10 to 100 pm), and
the influence of surface interactions on ordering will decay with distance into the film. For
lamellar block copolymers, this means that two distinct structures are anticipated: highly-
oriented lamellae at the interfaces and randomly-oriented lamellae in the bulk. The effective
conductivity of this morphology can be estimated by the same simple methods described in
Figure la-b, treating the highly-oriented lamellae at the interface as one distinct component

and the randomly-oriented lamellae in the bulk as another. The conductivity of the interfacial



regions in the in-plane and through-plane directions is then ol s and oo, respectively, where
the bulk conductivity is estimated by assuming a theoretical morphology factor of f =
2/3 for the randomly-oriented lamellae. This simple analysis predicts a highly anisotropic
conductivity, with the in-plane value of o/l being orders of magnitude higher than the through-
plane value of o+ (Figure 1c-d). Examples of these predictions are included in the Supporting
Information Figure S2.

The objective of this study is to demonstrate that PIL-containing block copolymers
will form highly-oriented layers at the interface with the electrode, a consequence of pref-
erential wetting by one block at the electrode surface, leading to significant anisotropy
in the ionic conductivity. The materials investigated are two lamellar diblock copoly-
mers of polystyrene (PS) and poly(1-(2-acryloyloxyethyl)-3-butylimidazolium bis(trifluoro-
methanesulfonyl)imide) (PIL) having different molecular weights, as well as a PIL ho-
mopolymer for comparison (Table 1). All materials were synthesized via reversible addition-
fragmentation chain transfer (RAFT) polymerization. Molecular weight dispersities were
determined by gel permeation chromatography (GPC) against polystyrene standards, and
were less than 1.3 for all samples. The molecular weights of the PS blocks were determined
by GPC and confirmed by nuclear magnetic resonance spectroscopy (NMR) using end group
analysis. The molecular weights of PIL blocks were determined as described in the Support-
ing Information. The volume fractions of PIL in the PS-PIL block copolymers, ¢prr,, were
calculated from the molecular weights of each block using a density of of 1.04 g/mL for PS
and 1.38 g/mL for PIL.!

The bulk self-assembled structure of the block copolymer samples was examined using
transmission small-angle x-ray scattering (SAXS). Samples were annealed at 120 °C for 24
hours. The azimuthally-integrated intensity for both block copolymer samples are shown
in Figure 2a. Sample PS6-PIL47 shows peaks at a q*:2q*:3q* ratio, where ¢* = 0.036 At
indicative of lamellae with a domain periodicity of dy=17.5 nm. The intensity of the 2q*

peak is reduced relative to the q* and 3q* peaks, which is expected as this position coincides



Table 1: Characteristics of Polymers and Copolymers.

Sample Name Mn,Psa (g/mol) Mn,PILb (g/mol) ¢P1Lb be Tg7psd (OC) Tg7P[Ld (OC)
PS 10,000 - 0.0 1.17 914 -

PIL - 14,900 1.0 1.27 — -10.4
PS4-PIL53 4000 6500 0.53 1.28 72.0 0.0
PS6-PIL4T 6000 7600 0.47 129 84.9 -3.7

2Determined by GPC and NMR; ®determined by NMR; “determined by GPC of the homopolymer
or block copolymer prior to quaternization; determined by differential scanning calorimetry
(DSC).

with a minimum in the form factor of equal-volume lamellae. PS4-PIL53 shows a single
sharp peak at *, which indicates a high degree of order, but the higher-order peaks are
not observed. It can be reasonably inferred from the PIL volume fraction that the sample
organizes into a lamellar structure with a domain periodicity of dy = 10.8 nm; the absence
of the 2q* peak is attributable to a minimum in the form factor, while the absence of the 3q*
peak is attributable to interface attenuation resulting from a weaker segregation strength due
to lower molecular weight. 2?27 The 2D scattering data (see Figures S9-S10 in the Supporting
Information) for both copolymer films show no indication of anisotropy, demonstrating that
the bulk structure adopted by both samples is randomly-oriented lamellae. The full width
at half maximum (fwhm) of the ¢* peak is 0.0029 A~! and 0.0027 A~ for PS6-PIL47 and
PS4-PIL53, respectively. Using the Scherrer equation,?® the bulk grain size (&~ 27 /fwhm) is

approximately 0.2 um in both materials.
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Figure 2: (a) Azimuthally-integrated SAXS data of bulk block copolymer samples. (b)
GISAXS data of PS6-PIL47 thin film (300 nm) flow coated on silicon, measured at an
incidence angle of 0.18°.

The effect of surfaces on lamellar self-assembly was probed through grazing-incidence
small-angle x-ray scattering (GISAXS), microscopy and contact angle goniometry from thin
films annealed at 120 °C for 24 hours. Representative GISAXS data for a 300 nm film of
PS6-PILAT on silicon are shown in Figure 2b as a function of in-plane (26) and out-of-plane
(ay) scattering angles. The scattering was concentrated into Bragg peaks along the out-
of-plane direction, which is a signature of lamellar layers through the film thickness. The
positions of the two Bragg peaks for each order of reflection (q*, 2q*, 3q*) were predicted for
a lamellar periodicity of 17 nm and incidence angle of 0.18°, following procedures described

elsewhere,? and are marked by the “x” and “0” symbols in Figure 2b. The predicted Bragg



peak positions for q* and 3q* agree with the experimental data. As with the SAXS data,
the peaks associated with the even reflection (2q*) are not observed.

Another signature of surface-induced layering of lamellar domains in thin films is island
and hole formation, which arises when the thickness of the as-cast film is incommensurate
with the thickness of each lamellar domain.?3 When both the air surface and substrate are
preferential to one block, the height of islands (and depth of holes) is equal to dy. Films of
PS4-PIL53 and PS6-PIL47 having thickness gradients were prepared by flow coating from
either THF or acetonitrile. The as-cast films showed a continuous transition in thickness
along the flow coating direction. However, after thermal annealing, the films separated into
regions of discrete thicknesses that were separated by islands and holes. Optical microscopy
data for PS6-PIL47 in Figure 3a shows the islands and holes between these regions of discrete
thicknesses. Atomic force microscopy data for the same sample in Figures 3b-c demonstrates
that the height of islands is equal to approximately 17 nm, consistent with measurements of

dy obtained from bulk SAXS and thin film GISAXS measurements.

(a)

Figure 3: Island and hole formation observed in thin film of PS6-PIL47 is observed by optical
microscopy (a) and AFM (b). The film was annealed at 120 °C for 24 h. The AFM tapping
mode height image is 20x20 um?. Cross-section of the AFM height image (c) shows island
height is approximately equal to dy = 17 nm.

To identify the block that is present at the air surface, water contact angles were recorded
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from thin films of each block copolymer, as well as from PS and PIL homopolymers. These
data are reported in Table 2. The average water contact angle for both block copolymer
films and for the PIL homopolymer was in the range of 74 to 77°, while the average water
contact angle on PS homopolymer was 91°. While no direct measurement could be made
of the wetting behavior at the silicon substrate, the more polar PIL block is likely preferred
over PS on the thin native oxide at this boundary. The interfacial structure that results
from preferential wetting at an air surface and silicon substrate is relevant to measurements

of the in-plane (Figure 1c) and through-plane (Figure 1d) ionic conductivity, respectively.

Table 2: Static water contact angles on thin films flow-coated on silicon. The average water
contact angle is calculated from three measurements per sample, and the uncertainty is
reported as +1 standard deviation.

Sample Name ‘ 6 (°)

PS 91.1+04
PIL 74.0£1.3
PS4-PIL53 74.8 + 1.8
PS6-PIL47 76.8£1.5

The SAXS measurements of bulk PS-PIL samples reveal randomly-oriented lamellae,
while thin film experiments reveal layers of lamellae between the air surface and silicon sub-
strate. It is reasonable to expect that a thick film of PS-PIL will have randomly-oriented
lamellae throughout most of the thickness, with highly-oriented lamellar layers at each sur-
face. This statement is supported by GISAXS measurements of a thick film on a silicon
substrate (ca. 100 pm), which show a mixture of highly-oriented and randomly-oriented
lamellar domains (see Supporting Information Figure S11). However, the films are thick and
the free surfaces are rough due to the solution-casting process. As a result, GISAXS cannot
quantify the depth-dependent distribution of domain orientations.

The ionic conductivity of these materials was measured using impedance spectroscopy
with two different electrode configurations. The in-plane ionic conductivity of both PS-
PIL block copolymer and PIL homopolymer samples was measured using a two-point probe

configuration, as illustrated in Figure 1c. The through-plane conductivity was measured



using a parallel plate configuration, which means the films are sandwiched between two
electrodes. Two types of electrodes were used for through-plane measurements, highly-
doped silicon and brass, and both yielded the same results. All films were 40-100 um thick
and annealed at 120 °C for 24 hours prior to impedance spectroscopy measurements at
room temperature (20 °C). Procedures for sample preparation and measurement using the
two-point and parallel plate configurations are detailed in the Supporting Information. The
results of the impedance measurements of both electrode geometries are summarized in Table
3. The measured ionic conductivity of the PIL homopolymer was similar along the in-plane
and through-plane directions. For both block copolymer samples, however, the in-plane ionic
conductivity was approximately 20 times greater than the through-plane ionic conductivity.

Table 3: Summary of conductivity data (S/cm) at 20 °C.

S)

Sample Name ‘ oacl®(S/em)  ogt(S/em)  fle fle d
PIL 1.0x 1076 7.7 x 1077 - — 1.3
PS4-PIL53 1.8x1077  81x107? 0.32 0.033 22
PS6-PIL47 3.0 x 1077 1.2 x 1078 0.62 0.024 26

¢In-plane DC conductivity, determined by impedance spectroscopy in two-point electrode
configuration; *through-plane DC conductivity, determined by impedance spectroscopy in parallel
plate electrode configuration; “morphology factors calculated via Equation 1; %ratio of oacll to

1
Ode™-

The morphology factors calculated from the in-plane ionic conductivities are consistent
with those reported for similar materials that were also characterized by in-plane impedance
spectroscopy measurements. "' PS6-PIL47 exhibited a morphology factor of 0.62, in good
agreement with the theoretical value of 2/3 for randomly oriented lamellae. Sample PS4-
PIL53 exhibited a lower morphology factor of 0.3, possibly resulting from broader interfacial
regions between domains due to reduced segregation strength. In contrast, the morphology
factors calculated from the through-plane data decrease by more than an order of magnitude
compared to their in-plane counterparts. This discrepancy between in-plane and through-
plane conductivity is consistent with highly-oriented lamellar layers at the interface with the

electrodes. Both in-plane and through-plane measurements of ionic conductivity are probing
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two distinct structures within the film: an interfacial region of highly-oriented lamellae and
a bulk region of randomly-oriented lamellae. Both structures contribute to ion transport in
the in-plane direction, whereas ion transport in the through-plane direction is impeded by
the presence of insulating PS layers at the interfaces.

In summary, these studies demonstrate that preferential interactions at an electrode or
air surface will drive alignment of lamellar PS-PIL domains parallel to the plane of a film. As
a result, the structure of PS-PIL thick films is comprised of randomly-oriented lamellae in the
bulk and highly-oriented lamellae at surfaces. A consequence of the two distinct structures
is a corresponding anisotropy in the DC ionic conductivity, with in-plane ionic conductivity
exhibiting a more than twenty-fold increase over the through-plane ionic conductivity, an
outcome that is consistent with simple models based on an effective medium approximation.
Anisotropy in the DC ionic conductivity has significant implications with respect to applica-
tions such as lithium ion batteries, as ion transport is generally required in the through-plane
direction. It is important to note that surface-induced ordering is likely encountered with
other types of block copolymer electrolytes, as there are few examples of chemically-distinct
polymers that are equally attracted to the same boundary.'® However, one could suppress
preferential interactions at a surface using methods that are already established for block
copolymer lithography, including surface-active additives or thin “neutral” coatings on the

electrodes. 3031
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