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Abstract

We study a salt-doped polarizable symmetric diblock copolymer using a recently-
developed field theory that self-consistently embeds dielectric response, ion solvation
energies and van der Waals (vdW) attractions via the incorporation of segment polar-
izabilities and/or fixed dipoles. This field theory is amenable to direct simulation via
the complex Langevin sampling technique, and thus requires no approximations be-
yond the phenomenology of the underlying molecular model. We measure the shift in
the order-disorder transition (ODT) of a diblock copolymer with salt-loading in field-
theoretic simulations and observe rich behavior in which solvation, dilution and charge
screening effects compete to determine whether the ordered or disordered phase is sta-
bilized. At low salt concentrations, the salt behaves as a selective solvent, localizing
into the high-dielectric domains and stabilizing the ordered phase. At high salt con-
centrations, however, the salt localization vanishes due to charge screening effects and
the salt behaves as a non-selective solvent that screens vdW attractions and stabilizes

the disordered phase.



Salt-doped block copolymers containing a salt-dissolving block have attracted signifi-
cant interest in recent decades, primarily for their applications as solvent-free electrolytes
in high-performance lithium-based energy devices.? The addition of salt tends to stabilize
ordered phases and swell the salt-dissolving domains, even in some block copolymers that
are otherwise disordered at all temperatures when neat.® This influence of added salt on
the structure of the block copolymer is desirable if the resulting ordered phase contains per-
colating ion-conducting domains alongside inert domains that provide structural stability, !
since an effective polymer electrolyte must be capable of resisting the formation of lithium
dendrites while maintaining high ionic conductivity. Thus, there has been a considerable

3715 and theoretically, %2 to understand the effect of salt-doping

effort, both experimentally
on the thermodynamics and structure of these systems.

In the early experimental investigations of salt-doped block copolymers, a dramatic in-
crease in the order-disorder transition temperature Topr with increasing salt-loading was
observed.3* It was proposed that salt-doping caused an increase in the effective y param-
eter between the two blocks, which was first explained theoretically by Wang!® and co-

1719 a5 originating from an ion’s preference to be solvated by the higher-dielectric

workers
polymer component. In these theories, a model for the block copolymer free energy was
supplemented with a Born solvation description of the ion chemical potential, assuming a
linear constitutive relation between the dielectric constant and the polymer composition. A
linear increase in y with salt-loading was predicted ™'Y of the form x = xo + mr. Here r
is the molar ratio of salt cation to the monomeric species that solvates the ions, and m is a
slope that was shown to increase with decreasing ionic radius a, a trend that has also been

observed experimentally. 17

k781415 has suggested, however, that y increases linearly

More recent experimental wor
only when r is small, and that it saturates (or in some cases decreases?”) for larger r. Al-
though it has been demonstrated that such a saturation effect could be explained by incom-

plete salt dissociation,!” the experimental evidence of sufficient ion pairing at the relevant



salt concentrations is lacking.?* The absence of a satisfactory explanation for these higher
salt-concentration effects highlights the possible need to consider theoretical treatments that
incorporate the relevant charge physics of salt-doping in a more sophisticated manner, e.g., by
moving beyond descriptions of the polymeric medium as a dielectric continuum. A recently-
introduced polarizable field theory framework? enables the construction and simulation of
field-theoretic models for complex fluids in which the dielectric properties of the constituent
fluid elements (beads) are incorporated by attaching classical Drude oscillators or, alterna-
tively, freely-rotating fixed dipoles to their centers of mass. In addition to granting dielectric
response, this incorporation of the polar or polarizable nature of fluid elements embeds
dipole-dipole, or van der Waals (vdW), interactions, as well as ion-dipole interactions that
generate solvation energies and affect the spatial distribution of ions in systems with dielec-
tric inhomogeneity. Thus, in this framework the charge physics necessary to describe salt
localization emerges self-consistently as a consequence of the bead dipoles and /or polarizabil-
ities, rather than being imposed ad hoc or via uncontrolled approximations. Although such
statistical field-theoretic treatments of polar and polarizable charged fluids are not new, 26-29
our version does not rely on simplifying (e.g. mean field) approximations and is amenable to
direct simulation via the complex Langevin field-theoretic simulation (CL-FTS) approach.
This is crucial, since much of the charge physics described above vanishes in the absence
of electrostatic field fluctuations, rendering the mean-field approximation to the polarizable
field theory inappropriate or of limited applicability for most problems of interest.

In this Letter, we construct a model for salt-doped polymers out of segments/beads
that can each have an embedded classical Drude oscillator, a freely-rotating fixed dipole,
or a monopole charge (see Figure 1), based on the prescription outlined in Ref. [25]. The
density and charge density of a particular bead is Gaussian-distributed ** according to I';(r) =
(2ma?) 32 exp (=12 /2a?), where a; describes the ‘size’ of beads of species [. Beads of the

Drude oscillator or fixed dipole type may be characterized by their polarizability®' o =

(69)®
K

or dipole moment u = ddq, respectively, where dq is the magnitude of the partial



charges, K is a spring constant for the oscillator, and d is the length of the dipole rigid
link. For simplicity, we consider a generalized model in which the salt is unpolarizable
and any specific interactions such as polymer-salt complexation are neglected. Although
these chemistry-specific details can be important for the most widely-studied systems, e.g.,
polymers having lithium-coordinating groups® such as polyethylene oxide (PEO), here we
focus on the universal aspects of the phase behavior of salt-doped polymers (the effects that
will be present for all such systems independent of any specific interactions). Our system
has volume V and contains n, symmetric AB diblock copolymers, modeled as continuous
Gaussian chains with degree of polymerization (number of beads) N = 100, and n; = n_
small molecule cations and anions with valency z. The average density of the system is thus
po = (nyN +ny +n_)V~!. The polarizabilities or dipole moments for A and B monomers

are chosen to achieve the desired dielectric constants in A-rich and B-rich domains.
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Figure 1: A schematic representation of a symmetric polarizable diblock copolymer doped

]
4B
B cation anion

with a simple small molecule salt. The dielectric properties of the polymer, as indicated in
the schematic, are incorporated via the attachment of either classical Drude oscillators or
freely-rotating fixed dipoles to the monomeric beads. We consider cases where monomeric
species A can be either of the Drude oscillator type (non-polar) or fixed dipole type (polar).
Monomer species B is strictly of the Drude oscillator type.

In our model, all charges in the system interact via the bare Coulomb interaction. We
include a bare Flory interaction parameter x( acting between monomeric species A and B,
which models the contribution to x from packing entropy differences (recall that the enthalpic
contribution to y, due to vdW interactions, is automatically generated in our approach). In

addition we include a Helfand compressibility constraint, characterized by the parameter



C. Together these interactions contribute the interaction energy SU;,, = 2% [dr(p(r) —
L f v [ de P 4 X0 e (1) (x), where f(x) = fa(r) +pa(r) + i (1) + (1)
is the total microscopic density, p.(r) is the microscopic charge density (which includes
contributions from the partial charges) and lg)) is the vacuum Bjerrum length. In this work,
we allow for distinct bead sizes a, and as for the polymer and salt species, respectively;
this effectively enables us to explore the effects of changing the bare (or unsolvated) ion
radius by adjusting as. The canonical partition function for this model may be converted
from an integral over particle configurations to an integral over field configurations, using
standard techniques3? based on the Hubbard-Stratonovich transformation. The resulting
field-theoretic partition function is described in detail in the Supporting Information.

In a recent work?? we used an analytical one-loop approximation to estimate the contri-
bution to the effective interaction parameter, denoted x (where the total x = xo + X), due
to dispersion (vdW) interactions in nonpolar systems with polarizability contrast. We also
confirmed the one-loop result by measuring x directly in field-theoretic simulations. Follow-
ing the procedure described in that work, the effect of salt-doping can be straightforwardly
traced through the one-loop derivation of y. In the interest of brevity we do not describe
the derivation here, but we simply note that the resulting xy parameter is given by

o0 kST (k
X = pffz(aA—OéB)Q/ dk - p(ZA ’ (1)
8meg 0 (k2 + /2(k))" (k)

where I'y(k) = e %°9/2 is the Fourier transform of the Gaussian distribution function T';(r)

for species [, é(k) is the dielectric function for the homogeneous system, and (k) is a charge

screening function due to the salt. These screening functions may be estimated by mean-
: - P 2 ~2 8mpslly) 212 (k)

field expressions as é(k) = 1+ (aaf + ap(l — f)) I, (k) and #*(k) = — gy, Where p,

and p, are the average monomer and salt densities, and f is the block fraction of monomeric

species A.34

Although eq 1 only estimates the value of x that will be observed in our simulations,



we present it here in order to highlight the sensitivity of x to electrostatic screening effects,
encoded by its dependence on é(k) and #(k). The implication is that as salt is added to the
system, the vdW interactions are screened and y decreases. Although eq 1 applies strictly to
the induced dipole-induced dipole (dispersion) interactions, the permanent dipole-permanent
dipole and permanent dipole-induced dipole interactions will both exhibit a similar sensitivity
to screening effects. This suggests that although the preferential solvation of salt into the
higher-dielectric domains should favor ordering of the block copolymer, this effect must
compete not only with any dilution effects but also with the charge screening of y, both of
which favor disordering. We will see below, in the simulations of the unapproximated field
theory, that the observed phase behavior can be understood in terms of these three effects
(preferential solvation, charge screening and dilution).

The complex Langevin field-theoretic simulation (CL-FTS) technique allows us to sam-
ple thermodynamic observables without making approximations to the field theory, while
avoiding the so-called sign problem that plagues the efficiency of more conventional sam-
pling methods (e.g. Monte Carlo) for field theories having complex-valued Hamiltonians. In
the interest of brevity, we refer the reader to the literature3*3544 for more information on the
technical details of this approach, and to the Supporting Information for details of our im-
plementation and numerical parameters. Here we have conducted field-theoretic simulations

of the model described above and characterized how the order-disorder transition (ODT) is

= m — Ps
[A] ppf

affected as we vary the salt loading r and the parameter as which controls the
bare ion radius. The degree of order is characterized using a global orientational persistence
order parameter, which is non-zero in the presence of quasi-long-range order. 334445 We con-
sider a dense, weakly compressible melt with average density py = 7.35b~3, compressibility
parameter ¢ = 1, and vacuum Bjerrum length lg) = 32.5b, where b is the statistical segment
length. Throughout, we consider monovalent (z = 1) salt, and monomeric species B is mod-
eled as the Drude oscillator type (non-polar) with polarizability volume 6 P = 0.0118%,

giving €z ~ 2. For monomeric species A, we consider four cases:*”



I: Drude oscillator type (non-polar), oM = 0.116%, €4 ~ 10,
II: Drude oscillator type (non-polar), ot = 0.043b%, €4 ~ 5,
I[II: Drude oscillator type (non-polar), otV = 0.0110%, €4 ~ 2,

IV: Fixed dipole type (polar), pa = 0.1be (e is the fundamental charge), e4 ~ 10.
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Figure 2: Shift in yoN at the ODT A(xoN)opr, relative to the neat diblock copolymer, as a
function of salt loading r for case I (red, open), case II (purple), case III (blue) and case IV
(red, closed), all with a; = a, = 0.1R,. Solvation and screening regimes can be identified for
small r and large r, respectively, by comparison with case III which exhibits only dilution
effects. In the inset we plot the ODT shift for case I at fixed » = 0.0101, as a function of a,.

The shifts in the ODT as a function of salt loading r from CL-FTS for these four cases are
plotted in Figure 2.4 Case III provides a useful reference case because when ooy = o both
the preferential solvation effect as well as the vdW-generated x necessarily vanish, leaving
dilution as the only remaining effect of salt-doping in that case. By contrasting the other
cases with case I1I, we can disentangle the electrostatic effects of salt-doping from the simple
monotonic effects of dilution.

The comparison of ODT shifts for cases I, IT and IV with case III reveals two regimes,

in which the electrostatic (non-dilution) effects of salt-doping in the presence of dielectric
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contrast favor either ordering or disordering of the block copolymer at small or large r,
respectively, with a crossover occurring in the range r. ~ 0.05 — 0.1. For r < r., the
electrostatic effects favor ordering due to the preferential solvation of salt into high-e¢ domains,
consistent with the canonical picture of salt-doped block copolymers; we refer to this as the
solvation regime. For r > r., however, the salt favors disordering, to a degree that cannot be
accounted for by dilution alone. The additional driving force for disorder in this regime is a
result of charge-screening effects; thus we refer to this as the screening regime. The dielectric
contrast clearly affects the magnitude of the electrostatic effects as well as the location of
the crossover r..

As we mentioned earlier, an important effect that competes with the solvation effect is
the charge screening of the vdW-generated x. In the inset of Figure 2, we plot the ODT shift
as a function of ag, at fixed r = 0.0101 for case I. Even for such small r, the resulting ODT
shift can be positive or negative depending on a,, determined by a competition between the
ion solvation effect, which dominates when a, is small and causes a negative ODT shift,
and the charge screening of y, which dominates when a, is large and causes a positive ODT
shift. This indicates that the crossover r. between the solvation and screening regimes also
depends on a.

The charge screening of x for cases I and II can be estimated using eq 1. For example, in
the neat system (r = 0) eq 1 gives (YN); ~ 3.2 and (YN);; =~ 0.78, but at high salt-loading
(r =0.25) gives (YN); ~ 0.1 and (YN);; =~ 0.01. Thus, x is almost entirely screened by the
added salt for large r. Indeed, cases I and II in Figure 2 at » = 0.25 exhibit ODT shifts
that are larger by A(xoN); ~ 2.78 and A(xoN )1 =~ 0.62, respectively, than that caused by
dilution alone. These values are roughly consistent with (albeit slightly smaller than) our
estimates using eq 1, which implies that the competing solvation effect is becoming negligible,
or equivalently that the salt behaves as a non-selective solvent, at high salt-loading. We find
in our simulations that the salt’s preference for the A domains is indeed vanishing as r

increases. Snapshots of the thermally averaged cation densities from such simulations of



case | are provided for selected values of r in Figure 3; note that the anion and cation
behaviors are identical due to the charge symmetry. We see that the salt is localizing into
the A domains when r is small, but the localization weakens as r increases and is barely
detectable at r = 0.25. The effect is quantified in the histograms of cation density which are
also provided in Figure 3 for each cation density snapshot.

r = 0.0101 p+/ps T =0.0309

1.0

p+lps 1T =0.0526

1.0

p+lps T = 0.17111 p+/ps 1T =0.25 p+/Ps

1.0 1.0 1.0

YoN = 16.5 YoN =21

YoN = 13.5 YoN = 13.5

Figure 3: Representative snapshots of the thermally averaged, normalized cation density
p+(r)/ps, in the lamellar phase, for case I and various r. Each simulation is ran above the
ODT in a stable lamellar phase, at the indicated value of x(/V. The histogram corresponding
to each density snapshot is shown to its immediate right (presented as a violin plot, error
bars are the extrema of the distribution). All referenced simulations set a; = a, = 0.1R,.

The vanishing of salt localization, which we see here at large r, is also a charge screening
effect. At finite r, an ion’s self-energy is screened not only by the dielectric medium but also
by the surrounding ion cloud. This effect, which is ignored in theories that assume dilute
salt conditions, weakens the salt’s preference for higher-dielectric domains. To illustrate
this, we consider the ion chemical potential in a salt-doped dielectric fluid. In the one-loop
approximation, the electrostatic contribution to the excess chemical potential for an ion in

such a medium is given by

BT 1 2ymenas TP T o T (KRR R2A(K))E(R) |
) 2 oo r -1
where ey = [ dkLZ(k) (fo dkFg(k:)/&(k:)) can be thought of as the average dielectric
constant experienced by an ion.?® The first term in eq 2 is the infinite-dilution Born energy
contribution which has the well-known effect of driving ions to localize into the higher e

(A-rich) regions. However, as the salt concentration increases, the second term (a finite-



concentration charge-screening contribution) “washes out” the preference for the higher e
domains as the screening of an ion’s self-energy becomes dominated by that due to the

surrounding ion cloud. As p, — oo, this latter term cancels the former identically. In
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Figure 4: Excess electrostatic chemical potential 5u; of ions versus salt loading r in a mixture
of small molecule salt and polarizable homopolymer with € ~ 10 (red) and € ~ 2 (blue), from
CL-FTS (points) and the one-loop approximation (lines, eq 2). Here a, = a; = 0.1R,, and
all other parameters are the same as in Figure 2.

Figure 4, we plot the electrostatic excess chemical potential Su;, from CL-FTS, of ions in
a mixture of small molecule salt and polarizable (Drude oscillator type) homopolymer, and
compare it with eq 2 for the cases where the homopolymer has € ~ 10 (red) and € &~ 2 (blue).
Indeed, the difference between pu; for the two cases of high- and low-e¢ homopolymer, which
is significant at small  and indicates the preference of the salt to be solvated by the higher-¢
species, is clearly vanishing as r increases in a manner that is reasonably well-captured by
eq 2.

Our explanation of the main effects of salt-doping does not depend strongly on whether
the dielectric properties are embedded using Drude oscillators (non-polar) or fixed dipoles
(polar), as indicated by the comparison of cases I and IV in Figure 2. These two cases,

which have the same dielectric constants but differ in the polarity of species A nevertheless
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exhibit very similar ODT shift behavior. This is despite the fact that there are important
differences in the nature of correlations for non-polar and polar fluids, at least some of which
have been explored in our previous work. 4’ Since such correlation effects are captured by the
field-theoretic simulations, evidently they affect the results only quantitatively, at least for
the parameters we have considered.

In conclusion, we have studied the phase behavior of a salt-doped polarizable diblock
copolymer using a field theory in which the ion solvation physics is embedded self-consistently
via the incorporation of monomer polarizabilities and/or fixed dipoles. We have shown that
the effect of salt-doping on the phase behavior of the block copolymer is not only determined
by the ion solvation energies, but is complicated by dilution effects as well as by electrostatic
screening effects due to the ion cloud. The salt behaves as a selective solvent at low salt-
loading where it stabilizes the ordered phase as expected (the solvation regime). However,
at high salt-loading the salt behaves as a mon-selective solvent due to charge screening
effects, stabilizing the disordered phase (the screening regime). The crossover r. between
the solvation and screening regimes will be sensitive to the details of the specific system,
such as the dielectric contrast, ion identity (size, polarizability, etc.) or the presence of
any specific interactions (which have been ignored here). It is also possible that the onset
of the screening regime will occur for r. greater than the solubility limit in many systems;
nevertheless, even in the solvation regime the effects of charge screening can lead to strong
non-linear behavior as seen in Figure 2.

It has been noted in the literature?>3° that ion-ion interactions cause the ion solvation
energy to deviate from the classic Born energy form; despite this, theories for salt-doped
polymers have typically ignored the screening influence of the ion cloud. This work thus
raises questions regarding the conditions under which it is appropriate to ignore the charge
screening effects for this class of problems. In particular, the fact that the salt screens
vdW interactions, reducing y, has not been previously anticipated, despite at least one

experimental instance® where the enthalpic contribution yg (corresponding to our y) was

11



seen to reduce dramatically upon salt-doping. Whether or not these screening effects might
play a role in the observed non-linearities in y at higher salt-loading remains as an open

question to be explored.
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