Diffusion of Selective Penetrants in Interfacially Modified Block Copolymers from

Molecular Dynamics Simulations

Youngmi Seo, Jonathan R. Brown, and Lisa M. Hall®

William G. Lowrie Department of Chemical and Biomolecular Engineering, The Ohio State University,

151 W. Woodruff Ave., Columbus, OH 43210

E-mail: hall.1004@osu.edu

ABSTRACT
To show the influence of the interface on structure and dynamics of microphase separated polymer
systems, we study interfacially modified AB block copolymers with small molecule penetrants. The
polymers have a random midblock or tapered midblock whose composition varies from pure A to pure B
(or from pure B to pure A for an inverse taper) between two pure blocks of A and B. We perform simple
coarse-grained molecular dynamics simulations of symmetric polymers that form lamellae. With normal
tapering, both polymer and penetrant diffusion parallel to the lamellae increases as taper length increases.
Inverse tapered polymers exist in different conformational states (e.g. stretched versus folded back and
forth across the interface) with different dynamic behavior, leading to non-monotonic trends in their
diffusion. However, the local mixing of monomers (rather than polymer conformation) appears to be the

most important factor in determining penetrant diffusion.



Nanostructured block copolymers have been used as a transport medium in applications such as lithium
ion batteries, fuel cells, and organic solar cells," in which ions or polarizable molecules anisotropically
diffuse through one microphase while the other provides mechanical strength. The interfaces of the
microphase separated domains significantly affect transport; in one recent battery electrolyte example,
Balsara and coworkers showed that conduction is hindered near interfaces.®” Tapered AB block polymers
(TBPs) have a size-tunable composition-gradient midblock. Thus, in addition to the overall fraction of A
(fa), Flory-Huggins interaction parameter (y45), and chain length (N), there are two more crucial
parameters: tapered midblock length (reported as a percentage or fraction, fr, of chain length) and its
composition. We consider a linear composition gradient, placed such that the A-rich side is connected to
the A block (normal taper) or in reverse (inverse taper). With certain f7, ion conduction can be increased

even though tapering widens the interface."

Tapering increases interfacial mixing, shortens domain spacing, decreases/widens the glass transition
temperature (T,), decreases the order-to-disorder transition temperature (Topr), and influences phase

behavior and morphology.''

Epps and coworkers showed that both normal and inverse tapers could
form the bicontinuous double gyroid phase, which can be difficult to access in some diblock systems.'
Self-consistent field theory (SCFT) work confirmed that normal tapering can widen the gyroid region of
the phase diagram,” and that inverse TBPs can stitch/fold back and forth across the interface (related
unique inverse TBP behavior had been illustrated experimentally).'® Recent work on salt-doped TBP
electrolytes showed normal (but not inverse) tapering enhanced conductivity.'” Our previous MD studies
examined normal TBPs and short inverse TBPs with and without sequence dispersity, reproducing the
shorter lamellar spacing, wider interface, and easier access to a network phase expected, and showing
effects of tapering on polymer diffusion and relaxation.””*® Sethuraman and Ganesan also studied TBPs

via MD, including a mobility difference between monomer types, and showed the interfacial mixing and

the mobility disparity have competing effects on the polymer dynamics.”

Here, we consider systems with added penetrants and systematically compare normal and inverse TBPs



with random midblock systems as a function of f7 (or fr for random midblock). We restrict our study to
symmetric (f; = 0.5) linear chains of N=40 in lamellac. We use a simple Kremer-Grest model nearly
identical to our prior work (except including the attractive portion of the Lennard-Jones (LJ) interaction
by changing the cutoff distance from 24 to 2.50) with a wide range offT/R: 0,0.3,0.5,0.6, 0.7, 1.0 for
normal TBPs, 0.15, 0.3, 0.4, 0.5, 0.6, 0.7 for inverse TBPs, and 0.15, 0.3, 0.4, 0.5 for random midblocks
(inverse TBPs at fr=0.5 are unstable and discussed only in the Supporting Information). We initialize in
lamellae following a procedure by Kremer and Grest,” except the less stable inverse TBPs with fr = 0.4-
0.85 were initialized based on fluids density functional theory (fDFT) results as described in our recent
article (but also including penetrants).26 Equal amounts of unbound penetrants C are initially distributed
equally in the four A lamellae with a fixed bead number ratio [C]/[A] = 0.06. Within the taper or random
midblock, each site is chosen to be A or B with a linearly varying (tapers) or 50% (random midblock)
probability as in Ref. 27, leading to different sequences (see Figure 1). We note that others have

compared different tapered/random compositions, including with nonlinear composition gradients and

variable sequence blockiness."*”"
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Figure 1. Example sequences for (a) diblock, (b/c) 70% normal/inverse tapers, and (d) 50% random midblock

systems.

The segment-segment LJ interaction parameters (¢€;;) are chosen to cause phase separation and selective

penetrant solvation; specifically, €45 = 0.43, €gc = 0.72, and €4 = 1.28. We make an analogy to how



strongly lithium salts dissolve in the microphase with higher dielectric constant in the typical system of
polystyrene-b-(polyethylene oxide); based on the discussion in Ref. 34 regarding Born solvation energy,
and to match the previous work of Ref. 9 and 35, the difference in interaction strengths of C with A and B,
i.e. Ay = xpc — Xac> of 8 is reasonable; the simple mapping as described in Ref. 30 which implies
mapping to y;; using y;; ~ 14.07(1 — €5/ E) yields this Ay for our chosen interaction parameters. As a
simple approach, we have chosen to drive this amount of selective solvation by applying the same size of
both favorable A-C and unfavorable B-C interactions. The overall amount of selective solvation
(difference in A-C and B-C interaction parameters) is also the same as the A-B segregation strength (note
a relatively high A-B segregation strength is required for microphase separation of long inverse TBPs).
We find similar results for two other choices of interaction strengths (see Supporting Information). While
we are motivated by ion containing systems, the current model is a very generic and simple case of
selective penetrants. The penetrants are not charged, however, we note that important advances are being
made by many in efficiently and accurately including ionic effects in these and related systems, and
charge-charge interactions can be crucial in understanding phase behavior and charge transport.”””’
Figure 2 shows snapshots and density profiles for diblock and long normal and inverse tapered systems.
The inverse tapered system shows an even wider interface and lower purity than the normal tapered
system. The density profiles also clearly show that penetrants are concentrated in the A phase, i.e. the
profile of penetrants generally follows that of A monomers, and they are somewhat more concentrated in

the center of the A lamellae for the more segregated diblock system.
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Figure 2. (a-c) Snapshots for fr 5,7, = 0 and 0.7 as labeled. A, B, and C beads are colored in red, blue, and gray,

respectively. (d-f) Averaged number density profiles of the corresponding systems as labeled.

To better quantify the difference in interfacial A-B mixing among systems, we analyze the interfacial
width relative to the lamellar spacing (see Figure 3a). The interfacial width (w) is obtained by fitting the
profiles of paic(2)/pa+p+c(z) to a + B tanh (—2(z — zg)/w) where a, B, and z, are adjustable
parameters (see the Supporting Information). We also plot the number of A-B bonds per chain (Nap)
averaged for all polymers. If the N g is large, the system is expected to have increased local interfacial
A-B mixing. Figure 3b shows that for the three considered midblock systems, the value of averaged N5
is generally in the order: random > inverse > normal; random midblocks statistically have more switches

between monomer type along the chain.
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Figure 3. (a) Interfacial width (as a fraction of lamellar spacing), (b) averaged number of A-B bonds per chain,
obtained from the simulated systems; these values are within +0.08 of the statistically expected values, (c) critical
xN from the RPA for normal and inverse TBPs and random midblocks as labeled. Note that the 50% inverse tapered

system is not stable thus no points are reported for this system.

For context, we also provide in Figure 3c the critical yN values obtained using the random phase
approximation (RPA) with the ideal tapered or random midblock composition profiles. This data is
created in the same way as in Ref. 23, which also reported the tapered results but did not include random
midblocks. Inverse tapers are slightly more miscible than random midblocks at low fr,g (both in terms of
the critical xN where they microphase separate and the amount of mixing, as quantified by interfacial
width, at constant ¢N). This indicates that the number of A-B bonds is not the only factor that determines
the interfacial A-B mixing, because random midblocks have more A-B bonds than inverse tapers. Of

course, as the taper or random midblock becomes the predominant part of the chain, the inverse and



normal tapered systems both look like gradient copolymers (which still can form lamellae at a reasonable

xN) while the random midblocks become increasingly difficult to phase separate.
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Figure 4. (a) Lamellar spacing, (b) polymers’ mean-squared end-to-end distance (filled symbols) and shape
anisotropy (empty symbols), and (c) standard deviation of the squared end-to-end distances, for normal and inverse

tapered systems and random midblocks as labeled.

As is evident in prior work and in the snapshots of Figure 2, the lamellar spacing (Lg) significantly
decreases for normal and inverse tapers versus diblocks. Figure 4a shows L, decreasing as fr/g increases,
and that Ly for normal tapers > L, for random midblocks > L, for inverse tapers. We expect that the Ly of
inverse TBPs would gradually increase for fr = 0.7 to rejoin the normal TBPs’ results at fr = 1 (where
normal and inverse tapers become identical). Figure 4b, ¢ shows measures of chain size and conformation,
specifically mean-squared end-to-end distance ({RZ%,)) and its standard deviation among polymers

(6 (R2.)), and polymers’ averaged shape anisotropy ({x?)). The shape anisotropy is obtained from the



eigenvalues of the moment of inertia tensor, A;, A,, and A5 using the formula k% =4 — 12(1;4, +
MAs + A343) /(A + A, + A3)?, and ranges from 0 for spheres to 1 for straight rods.***° All three of these

properties monotonically decrease as a function of f/5 for normal TBPs and random midblocks as does

their Ly. For inverse TBPs, these properties initially decrease then later increase after the taper or random
midblock takes up more than about half of the chain. These non-monotonic structural behaviors of inverse
TBPs and their relatively very short spacing compared to random midblocks (although the two systems
have a relatively similar overall interfacial A-B mixing) are related to the inverse TBPs’ unique and

complex chain conformations.

We now can analyze in detail the inverse TBP conformational types possible across the entire range of
inverse taper lengths. We classify chain conformations as folding, bridging, or stretching (across 1 or 2
layers), as shown by the examples at the top of Figure 5, by a simple algorithm based on the end-to-end
distance and relative positions of the centers of mass (COM) of the chain’s regions, 4, Bt, A%, and B,
which refer to the pure A block, the following half of the taper block (majority B for an inverse taper), the
other half of the taper block, and the pure B block, respectively. (The algorithmic details are given in the
Supporting Information.) By visual inspection, we determined that this classification leads to polymers
which appear similar to each other to be categorized together, and the examples shown in Figure 5 are
representative of what polymers in these categories generally look like at intermediate taper lengths. To
be able to categorize the diblocks and gradient copolymers analogously, we use a region near the
middle/ends as the “taper” or “pure block”; specifically, we calculate as though fr = 0.1 for diblocks and

0.9 for gradient copolymers.
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Figure 5. (Above) Snapshots of chain conformations for inverse TBPs; A and B monomers in red and blue,
respectively, with all chains but one transparent in the background. The selected chain is smoothed by averaging
each monomer’s location over 21 snapshots each 115t apart. The stretching-1 example has f = 0.3, others have f;

= (.7. (Below) Fraction of polymers that show these conformations for inverse TBP systems.

We find that short inverse TBPs can only stretch across 1 layer or fold, but at fr > 0.3, with longer
tapers as well as the resulting shortened lamellar spacing, taper halves can cross the lamellae and bridging
and stretching-2 conformations are seen. The bridging conformation is observed to be relatively unstable
(more frequently switches to different conformations than the other conformational types do) until fr =
0.6 — this was determined by roughly counting the number of contiguous snapshots in time for which

polymers keep the bridging conformations (see the Supporting Information).

As fr further increases, the chains can also fully stretch out; the fraction of stretching-2 conformations
becomes noticeable at f; = 0.6 and 0.7 where the (RZ%,) and (k?) are increasing as a function of f; though
Lo keeps decreasing, as intuitively expected from the nature of this conformation. For comparison, we
applied the aforementioned procedure to determine chain conformations of normal tapers and random
midblocks, and found that, for all considered f7 /g, more than 93% and 70% of polymers (respectively for
normal tapers and random midblocks) have the typical “stretching-1” conformation. To briefly probe
chain length effects, we simulated an analogous 40% inverse TBP system with twice longer chains (N =

9



80) at the same segregation strength; it showed very similar fractions of polymers by conformation (see

the Supporting Information).
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Figure 6. Anisotropic diffusion constants of (a) polymers’ COM and (b) penetrants in parallel (D) directions (with
respect to lamellar orientation) as a function of fr /R and (c) identical y-axis values as (b) but plotted against the

average number of A-B bonds per chain. Error bars show the standard deviation across three independent runs and

most are within the size of the points.

We calculate the anisotropic diffusion constants by fitting mean-squared displacements (MSD) data in
the diffusive regime (Figure 6). For normal tapers and random midblocks, both polymers and penetrants
generally diffuse faster in parallel directions as fr /g increases. Interestingly, polymers are only slightly
faster in random midblocks than in normal TBPs, but penetrants show noticeably faster diffusion in

random midblocks. Regardless of the midblock type, there is a monotonic increase of Dy as there are

10



more A-B bonds and interfaces become wider; the local A-B mixing boosts both polymers’ and
penetrants’ parallel diffusion. The inverse TBPs show non-monotonic dynamic behavior for both
polymers and penetrants. This is apparently the result of two competing factors: the local A-B mixing and
chain conformations. Figure 6a shows the polymers’ diffusion significantly drops at fr = 0.4 where

bridging conformations start to be significant.

To understand the impact of conformations, we report diffusion constants by conformation type. Each
polymer is categorized by the conformation that it kept for the majority of the analyzed snapshots. We
report the details including the number of polymers in each group and the frequency of their
conformations in the Supporting Information. Briefly, we find that the polymers’ D), is larger generally in
the order of stretching-1 > folding > bridging > stretching-2 conformations, e.g. for 30% inverse TBPs,

D||><103 = 0.70£0.02 for stretching-1 and 0.691+0.02 for folding, and for 60% inverse TBPs, 0.59+0.02

for folding, 0.5840.01 for bridging, and 0.4540.06 for stretching-2 (units are 62 /7). It is intuitive that
bridging and stretching-2 polymers are inherently slow because they are constrained by being linked at
separate points to more than one lamellar layer. With increasing fr > 0.4, the inverse TBPs show
increasing parallel diffusion, due to the competitive interplay of increasing interfacial A-B mixing (which

would ordinarily aid in diffusion) and sterically hindered chain conformations in these systems.

In Figure 6b, the penetrants’ parallel diffusion in inverse TBPs shows a trend apparently more governed
by the local A-B mixing effect rather than the conformation effect. Some long inverse tapers at f; = 0.6,
0.7 even show higher penetrant diffusion than corresponding normal tapers, although their error bars
overlap. This result is consistent with the comparison of parallel diffusion of polymers vs. penetrants in
normal tapers and random midblocks. To further understand the local mixing effect on penetrants
diffusion, we plotted the penetrant parallel diffusion constants against interfacial width and the number of
A-B bonds. Figure 6¢ shows the plot versus the A-B bond numbers where almost all penetrants’ diffusion
constant values in the three different systems collapse on a curve (plotting versus interfacial width does

not collapse the results — see the supporting information). This indicates that penetrants’ diffusions are

11



mostly governed by the local A-B mixing (represented by the number of A-B bonds) being less

influenced by the conformation effect.

To summarize, we simulated uncharged-penetrant-doped normal and inverse TBPs, along with random
midblock polymers. For normal tapers or random midblocks, polymers become less stretched and Lg
monotonically decreases with increasing fr,g. In these systems, the increased interfacial A-B mixing
leads to a monotonic increase of polymer and penetrant dynamics. However, the inverse tapered systems
have non-monotonic trends in both structural and dynamic properties. We find this closely relates to the
unique chain conformational behaviors (folding, bridging, or stretching across two lamella). Polymers of
the latter two conformations are found to have slower parallel diffusion. Meanwhile, penetrants’ parallel
diffusion is not as strongly impacted—penetrant diffusion is more influenced by the local A-B mixing

than the polymer conformations.
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Details of the simulation settings, additional data for structural and dynamic properties, and a comparison
among three different potential models. Figures S1-S13, Tables S1, S2. This material is available free of
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