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Abstract

Counterion-deficient liquid states are formulated within a solvent-general framework for charge-selective
forcing under rapid electrostatic relaxation. When the Maxwell relaxation time is short relative to the
forcing or chemical timescale, persistent bulk space charge is not an admissible long-lived description:
the liquid interior relaxes toward near electroneutrality, finite residual charge localizes predominantly
at the interface, and the compensating opposite charge need not be stored as an ordinary dissolved
counterion in the same phase. On that basis, two complementary forcing branches are developed. In the
negative branch, low-entry-energy electron delivery reduces dissolved cations or plates neutral material
by populating the lowest accessible acceptor manifold, leaving anion-rich dissolved states. In the positive
branch, low-entry-energy noble-gas dications act as formally universal two-electron scavengers that
remove electrons from the highest available occupied density, including solvated-electron populations,
lone-pair-rich molecular donors, and halide anions. A solvent-general admissibility window is derived
in terms of entry kinetic energy, Maxwell relaxation, interfacial field, Rayleigh stability, leakage time,
and heat-removal capacity. From these constraints, explicit operating-current bounds are obtained,
and an illustrative aqueous benchmark shows how Rayleigh, dielectric, and thermal limits separate
in practice. Water, electron-solvating media such as calcium in tetrahydrofuran, and halide-containing
liquids such as LiCl in tetrahydrofuran serve as representative realizations. The framework therefore
yields predictive bookkeeping relations, dimensionless admissibility parameters, a noble-gas dication
energy ladder, operational current ceilings, and experimentally falsifiable signatures that distinguish
counterion-deficient chemistry from ordinary dissolved countercharge compensation.

Keywords: physical chemistry theory; counterion deficiency; Maxwell relaxation; noble-gas dications;
liquid-state electrostatics; charge-selective forcing

1. Introduction

Conventional liquid-state chemistry is usually written in terms of dissolved ionic countercharge.
The present paper examines a narrower regime in which one charge-bearing population is generated,
removed, or retained selectively while the compensating opposite charge is not co-stored as an
ordinary dissolved partner in the same liquid phase. The resulting state is counterion-deficient in a
chemical sense without violating global charge conservation. The question is therefore not whether
electroneutrality applies, but how it is realized in a forced liquid state. [1,2]

Two features motivate a solvent-general treatment. First, the same bookkeeping problem appears
in chemically different media. In water, excess positive and negative charge is carried by hydrated
protonic and hydroxidic defects rather than vacuum-like bare ions. [3-5] In electron-solvating liquids,
solvated electrons can coexist with metal-derived cations. [6-8] In salt solutions, one may force either
cation removal or anion oxidation, again changing which charge-bearing species remain in solution.
Second, the physical constraints that determine whether such states are admissible are not water-specific
or THF-specific. They are set by the same electrostatic and transport laws: charge continuity, Maxwell
relaxation, interfacial localization of finite net charge, dielectric admissibility, and capillary stability.
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The present work therefore develops the theory from a physics-constrained starting point rather
than from chemistry alone. The physical argument is simple but powerful. If the Maxwell relaxation time

€

™ = - )

is short compared with the characteristic chemical forcing time, then persistent macroscopic bulk space
charge is not an admissible steady-state description of the liquid interior. Instead, the bulk approaches
near neutrality while any finite residual charge is carried predominantly at the boundary. Counterion
deficiency must then be interpreted chemically: it concerns which dissolved species remain in the
liquid, not whether the liquid stores unlimited bulk charge.

A second organizing idea is the separation of entry energy from reaction energy. In the present
paper, Eentry is defined as the kinetic energy of the incoming forcing particles at the point of entry into the
liquid. A positive forcing carrier such as Ng?* may therefore enter a liquid with very low kinetic energy
and yet still release a very large neutralization energy after charge transfer. The noble-gas family is
useful as a formally uniform set of two-electron sinks whose principal distinction is thermodynamic
scale rather than stoichiometric structure. This perspective makes it possible to discuss He2+, Ne2+,
Ar¥*, Kr?*, and Xe?* within one common framework.

The present regime also sits adjacent to, but is not identical with, several familiar physical-chemistry
descriptions. It is not a restatement of ordinary dissolved-counterion bookkeeping, because the compensating
opposite charge need not be co-stored as an ordinary dissolved species in the same phase. It is not a standard
double-layer or electrospray analysis alone, because the central reduction is imposed by rapid bulk relaxation
together with chemically selective forcing and leakage-limited charge storage rather than by interfacial
structure alone. It is likewise broader than any single solvent-specific plasma-liquid or reactive-droplet
scenario because the same admissibility logic can be written across donor classes and geometries. [1,10,11]

The paper is organized as follows. Section 2 presents the theoretical methods and general formal-
ism. Section 3 develops the universal positive and negative branches and discusses molecular liquids,
electron-solvating liquids, and halide-containing liquids as representative classes. Section 4 converts the
admissibility conditions into operational bounds and benchmark estimates. Section 5 then states hard
falsifiers and explicit limits of the framework. The aim is to establish a predictive physical-chemistry theory
that turns charge-selective forcing into calculable current, field, and thermal bounds across solvent classes.

Physical admissibility first
™ = e/r < fchem
bulk p — 0, finite Q at boundary

\ Positive forcing

low-entry-energy Ng?t delivery

Negative forcing ) two-electron scavenging
low-entry-energy ™ delivery from dense occupied regions
cation reduction / plating cation-rich or proton-rich dissolved state

anion-rich dissolved state

Unified claim

global charge conservation remains exact, but the compensating opposite charge
need not appear as an ordinary dissolved counterion in the same liquid phase

Y

( R
Representative realizations
water: HY/OH™ defects electron-solvating media: M?#" and sol-
vated e~ halide solutions: cation plating or halogen evolution
. J

Figure 1. Paper logic. The framework is organized so that electrostatics and transport define the admissible liquid
state first; positive and negative forcing chemistries are then written within that state.
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2. Theoretical Methods and General Formal Development
2.1. General Liquid Reservoir and Charge Continuity

Consider a liquid containing one or more mobile charge-bearing populations i with concentrations
ci(r, t) and signed valences z;. The local charge density is

p(r,t) =F)Y zjci(rt), )
i
and charge continuity requires
9 _
T V-J=0. 3)

For each carrier, a reaction-transport form of the Nernst-Planck equation is written as

ac;

ETtl =-V- Ji + Ri, Jz' = fDchz- — z,-ul-FcZ-VCD + Civ, (4)
where D; is a diffusion coefficient, u; is the mobility, ® is the electric potential, v is any convective
velocity, and R; collects local reaction source and sink terms. Equations 2—4 are deliberately general and
apply whether the charge carrier is a hydrated protonic defect, hydroxidic defect, solvated electron,

metal cation, halide anion, or any other dissolved charged species.

2.2. Maxwell Relaxation and Boundary Localization

The electric field obeys Poisson’s equation,

V2P — —g, E= Vo, )
with e = ¢,¢¢. In a conducting liquid with linear-response current J = ¢'E, Egs. 3 and 5 yield exponential
bulk-charge decay,

9o __7 —t/m ——
o S0 p(t) xe , ™= (6)

Accordingly, when Ty < tehem OF fobs, sustained bulk space charge is not the natural long-lived state
of the liquid interior. The remaining nontrivial electrostatic solution is then boundary-controlled rather
than bulk-controlled.

For a spherical liquid body of radius R carrying finite net charge Q after bulk relaxation,

Q Q

= P(R) = = 47meR. 7
4rrer?’ (R) 4eR’ C = dne @

E(r)

The corresponding surface charge density is 0; = Q/(47tR?). Equation 7 is not used because all
systems are spherical, but because it provides a compact geometry benchmark. The same logic extends
to other shapes with modified capacitance and field prefactors.
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I environment / boundary !
| compensating charge :
|

bulk liquid
Poulk = 0

finite charge may flow out
to the surroundings

~

Figure 2. Minimal electrostatic picture for a forced counterion-deficient liquid. The bulk relaxes toward elec-
troneutrality, any finite net charge is localized predominantly at the boundary, and compensating opposite charge
is realized in the surrounding environment rather than as dissolved counterions inside the same phase.

2.3. Leakage-Limited Charge Storage and Dimensionless Admissibility Parameters

The net liquid charge is not assumed to equal the full integrated Faradaic throughput. Instead, it
obeys the leading-order leakage law

dQ Q

— = Iforce = —— Qss = Iforce Tieak- Tieak = RenvC. 8)

dt Tleak
This distinguishes two operational limits. In a bounded-storage regime, finite interfacial charge is
maintained. In a throughflow regime, excess charge is passed rapidly to the surroundings and only
modest |Q)| is stored. Both limits can remain chemically counterion-deficient.

A compact solvent-general admissibility set is obtained from

A= g T ©)
64712eyR3

Ap=ER) (10)
Ecrit
E

Ak = 2, (1)
Eweakest

Ay =M, (12)
tchem

Ap EkBT
Ap = —, Ap = | —- 13
D= g D=4/ T2 (13)

A practically admissible regime requires
AR <1, Ap <1, Ax <01, Ay <1, (14)
with Ap providing a useful indicator of how local screening compares with system size.

2.4. Operational Current Bounds from the Admissibility Set

Equations 8-14 can be rearranged into operating-current ceilings for any chosen geometry and
leakage time. Using the Rayleigh expression

Qr = \/6472eyR3, (15)

the bounded-storage condition Qss < Qr with Qss = Iforce Tieak gives the Rayleigh-limited current

Or \/6472eyR3 (16)

Itorce < IR = =
Tleak Teak

ceiling
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Likewise, combining Eq. 7 with Ap < 1 yields
4776 R*Eqyi
liore < Ig = ———%. 17)
Teak
The admissible current in the bounded regime is therefore
Ttorce < min(IR, IB) (18)

For the positive branch, the thermal inequality in Eq. 37 can also be written directly in current form
because g2t = Itorce/ (2F):

— ZF Qremove

Iforce < Iheat = Tt (19)
neu

Equations 16-19 sharpen the framework from a qualitative admissibility statement into a predictive
one: geometry, leakage, and heat-removal capacity map directly onto the current window within
which counterion-deficient operation remains admissible.

2.5. Entry-Energy Criterion and Separation from Reaction Enthalpy

The forcing carrier must enter the liquid as a selective charge-transfer agent rather than as a source
of indiscriminate fragmentation. Here Eentry refers specifically to the kinetic energy of the incoming
particle at the liquid interface, not to the later neutralization enthalpy or the total energy released by
the overall chemical branch. The entry criterion is therefore written in solvent-general form as

Eentry < Ejon(solvent), Eentry < 0.1 Eyeakest- (20)

For water, taking an O-H bond energy of approximately 5.15eV gives the conservative bound Eentry <
0.515eV. For THF, taking the weakest relevant bond to lie near 4.0eV to 4.25eV gives Eentry <
0.4eV.[12,13] These entry limits are conceptually distinct from the much larger thermodynamic energy
released by a carrier after electron transfer.

2.6. Generalized Positive and Negative Forcing Chemistry

The framework is built around two classes of forcing events.

Positive branch.

A positive carrier removes electrons from the liquid without co-storing the opposite charge in the
same phase. For a noble-gas dication,

Ng?t +2e~ — Ng. 1)

The identity of the electron donor depends on the medium. It may be a solvated electron population, a
lone-pair-rich solvent donor, or an anion such as a halide.

Negative branch.

A negative carrier injects electrons that reduce cations, plate neutral material, or otherwise remove
positive charge from the dissolved phase. The generic step is

leg) Fme” —C, (22)

with C remaining in the liquid or separating as a neutral condensed phase.

These two relations are formal duals. Positive forcing removes electron density and favors cation-
rich or proton-rich retained states. Negative forcing removes cationic charge and favors anion-rich
retained states.
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2.7. Representative Stoichiometric Realizations

Table 1 lists a representative set of channels that instantiate the framework in chemically different
liquids without altering the basic bookkeeping.

Table 1. Representative charge-selective forcing channels in different liquid classes. The examples are illustrative
rather than exhaustive.

Case Representative stoichiometric relation Retained dissolved charge character
Water, positive | Ng?* + HpO(l) — Ng + 2 Hag™ + % O2(g) proton-rich aqueous charge

branch

Water,  negative | 2e” +2Hy0(l) — 20H, + Ha(g) hydroxide-rich aqueous charge
branch

Electron-solvating | M(s) — M) +Z€(ly) latent paired charge reservoir

liquid, source step

Electron-solvating | Ng?* +2 €solv) — Ng cation-rich dissolved state

liquid, positive

branch

Electron-solvating M%;olv) +zem — M electron-rich or anion-rich dissolved
liquid, negative state

branch

Halide-containing | Ng?* +2 Xisolyy — Ng + X2 cation-rich retained state after anion
liquid, positive oxidation

branch

Salt solution, nega- M(solv)+ +e” — M anion-rich retained state after cation
tive branch removal

2.8. Noble-Gas Dication Thermodynamic Scale

The noble-gas family is especially useful because the formal positive branch is the same for every
nonradioactive noble gas, while the leading neutralization energy varies strongly. Table 2 lists the first
and second ionization energies from the NIST Atomic Spectra Database and their sums. [14]

Table 2. Noble-gas dication ladder. The sum I; + I, sets the leading neutralization scale for the idealized gas-phase
reference step Ng?* +2e~ — Ng.

Gas | I; (eV) | I, (eV) | Total (eV) | Total (k] mol 1)
He | 24.587 | 54.418 79.005 7622.8
Ne | 21.565 | 40.963 62.528 6033.0
Ar | 15.760 | 27.630 43.389 4186.4
Kr | 13.999 | 24.360 38.359 3701.1
Xe 12.130 | 20.975 33.105 3194.1

The table makes three points clear. First, any of the common nonradioactive noble gases can in
principle be discussed within the same two-electron bookkeeping. Second, the family spans a broad
neutralization range, from roughly 3.2 x 10° kJmol ! for xenon to 7.6 x 10° kJmol ! for helium. Third,
Ar?* is a particularly natural practical benchmark because it is formally identical to He?" in electron
count while substantially reducing the neutralization heat load. Heavier noble gases remain chemically
valid members of the family, but fluoride-rich environments introduce a separate caution because
krypton and especially xenon can engage in competing fluoride chemistry, making them less clean
exemplars in those media. [15,16]

3. Results and Discussion
3.1. Universal Positive Branch: Electron Removal from the Highest Available Occupied Density

The positive branch is not tied to one special donor type. What matters is the availability of
electronically dense occupied states from which two electrons can be removed. Figure 3 summarizes
three representative classes.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Universal positive sink
Ng?>* + 2¢° — Ng
molecular liquid electron-solvating liquid anion-rich liquid
lone pairs on solvated e~ population halide lone pairs
heteroatoms metal-ammonia, or other anions
water, ethers, amides metal-organic media salts in aprotic media

Figure 3. The positive branch is unified by the sink, not by the microscopic identity of the donor. Different liquids
supply the two electrons from different occupied manifolds.

3.1.1. Molecular Liquids and Lone-Pair Donors

In a lone-pair-rich molecular liquid, the most natural positive-branch entrance site is the highest
localized occupied electron density available on heteroatoms or anions. Water is the clearest example
because oxygen-centered lone pairs are coupled chemically to proton generation and oxygen evolution,

1
Ng?t + HoO(1) — Ng+2H(aq ™ + 5 0a(8)- (23)

The same idea extends more broadly to other molecular liquids whose highest occupied localized
density is likewise associated with lone pairs. The exact stoichiometric coproducts differ by solvent
chemistry, but the mechanistic pattern does not: low-entry-energy dicationic forcing removes electron
density, and the retained dissolved state is left deficient in ordinary dissolved negative countercharge.

highest localized
occupied elec- Ng2*
tron density

lone pair lone pair

Figure 4. Interpretive lone-pair donor picture in generalized form. Oxygen lone-pair regions are shown as a
representative example of high localized occupied electron density, illustrating why lone-pair-rich molecular
liquids provide a natural entrance site for low-kinetic-energy noble-gas dication forcing.

3.1.2. Electron-Solvating Liquids

In an electron-solvating liquid, the donor population is explicit:

M(s) — Migyy) +2e o) (24)
For the common divalent case,
Ng2* +2e[y,) — Ng, (25)

so the solution becomes cation-rich in the chemically relevant sense. Calcium in THF is a compact
example because the source dissolution is easily written as

Ca(s) — Ca%;glv) +2e(01)- (26)

The earlier THF-specific framework can therefore be recovered as a direct specialization of the present
solvent-general picture.
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positive forcing negative forcing
electron removal electron delive

extracts electrons from
highest occu-
pied density

fills lowest available
acceptor density

most electron-rich donor most electron-poor
manifold acceptor manifold

Figure 5. Density-selective forcing principle. Noble-gas dications remove electrons from the highest available
occupied density, whereas incoming electrons populate the lowest available acceptor density, that is, the most
electron-poor or least electron-dense chemically accessible region.

3.1.3. Halide-Containing Liquids

In a halide-containing liquid, the positive branch can be written as direct anion oxidation by the
dicationic sink,
Ng*" +2X ;) — Ng + Xa. 27)

(solv

For LiCl dissolved in THF,
Ng** +2Cl ;) — Ng+Ch, (28)

so the retained dissolved state is relatively enriched in Li*. This relation is chemically distinct from the
electron-solvating case because the donor is now the halide rather than a solvated-electron population.
Yet the same formal positive-branch logic still applies: the dication removes two electrons and the
opposite dissolved countercharge is not reintroduced locally.

3.2. Universal Negative Branch: Electron Delivery Removes Dissolved Positive Charge

The negative branch is the formal dual of the positive branch. Electron delivery is also density-
selective: the injected electron is accepted first by the lowest available acceptor manifold, that is, by the
most electron-poor or least electron-dense chemically accessible region of the liquid. Electron delivery
therefore removes dissolved positive charge by reduction,

Cgoﬁv) +me” — C, (29)

leaving the liquid relatively enriched in the accompanying negative charge. Three representative
examples show the generality.

Water.

The negative aqueous benchmark is
2e” +2H0(l) — 20H ) + Hy(g). (30)

The retained negative aqueous charge is carried by hydroxidic defects rather than by bare gas-phase-
like OH™. [3,4]

Electron-solvating media.
For a metal-derived cation,
MG +2ze7 — M, (31)

with the remaining solution retaining the negative dissolved population. In orbital language, the added
electrons populate the lowest available acceptor density rather than an arbitrary location in the liquid.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Salt solutions.

For LiCl in THE,
Li(solv)+ +e” — L, (32)

so removal of Li* leaves a chloride-rich retained state. The negative branch therefore complements
Eq. 28: electron delivery drives cation removal, whereas dicationic forcing drives anion oxidation.

Positive forcing
- 2+
carrier: low-entry-energy Ng
dominant chemistry: electron
scavenging / anion oxidation
retained dissolved state: cation-rich or proton-rich

/\

Common physical envelope
bulk relaxation by iy = ¢/0, leakage-limited storage Qss = ITjeqk,
interfacial field E(R), Rayleigh limit Qg, and dielectric threshold Eyit

Negative forcing
carrier: low-entry-energy e~
dominant chemistry: cation reduction or plating
retained dissolved state: anion-rich

Figure 6. Dual-control picture. Positive and negative forcing produce opposite retained dissolved charge
characters, but both operate inside the same electrostatic envelope.

3.3. Solvent Classes and Carrier Manifolds

The theory is intentionally broader than the benchmark examples. A useful way to classify
candidate liquids is by the identity of their dominant donor or acceptor manifold:

1.  Protic molecular liquids: donor density is strongly coupled to proton-transfer chemistry and
hydrogen-bonded defect transport.

2. Aprotic lone-pair-rich molecular liquids: donor density resides predominantly on heteroatom
lone pairs and solvated anions.

3.  Electron-solvating liquids: donor density includes long-lived or metastable solvated-electron
populations.

4.  Salt-containing liquids: carrier balance may be shifted by selective cation reduction or anion
oxidation even when the neat solvent is not itself electron-rich.

The same formalism can therefore be applied to a neat liquid with no added solute, to a liquid with
dissolved salts, or to a liquid containing reactive metals, provided the solvent-specific admissibility
inequalities remain satisfied and the local chemistry is written honestly for that medium.

3.4. Noble-Gas Selection as a Control Parameter

Figure 7 shows the neutralization ladder associated with the idealized gas-phase reference step
Ng?* +2e~ — Ng. The physically important point is not that the liquid reproduces this reference
enthalpy exactly, but that the dication family naturally spans a large energy window while preserving
formal two-electron stoichiometry.

This ladder suggests a natural interpretation. He?" is an upper-energy reference that stress-tests
the framework under extreme positive-branch heat release. Ar’** is a lower-heat benchmark that often
gives a cleaner balance between formal simplicity and thermal manageability. Kr** and Xe?* remain
formally valid, but fluoride-rich media introduce competing chemistry that makes them less ideal if
one seeks a chemically clean realization of the general mechanism.

3.5. Entry Energy and Reaction Energy Are Independent Design Axes

A key conceptual result of the present work is the strict separation of the entry condition from the
neutralization scale. Figure 8 illustrates this point schematically. All members of the noble-gas family
can, in principle, be brought into the same low-entry-energy admissibility window, even though their
subsequent reaction enthalpies differ by several thousand kjmol 1.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Reference neutralization scale for the noble-gas dication family. Ar?* retains the same two-electron role
as He?* while substantially lowering the heat load.
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Figure 8. Schematic kinetic-energy map for carriers entering the liquid. The threshold applies to the kinetic energy
of the incoming particle at the interface; different carriers may enter with different admissible kinetic energies
relative to the conservative solvent bounds.

4. Thermal, Mechanical, and Leakage Constraints

The admissibility parameters become most useful when they are read as coupled design bounds
rather than as independent inequalities. The positive branch can release large energies on a molar
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basis, while the leakage and capillary constraints convert stored charge directly into current ceilings. If
a forcing flux processes 71y o2t moles per second, the leading heat-release rate is

Qheat ~ ﬁNg2+ AHpeut, (33)

where AHpeyt is represented at first pass by the noble-gas dication ladder in Table 2. This observation
is not a minor engineering footnote. Large heat release directly feeds back into solvent temperature,
gas evolution, conductivity, viscosity, dielectric strength, and geometry, and therefore into nearly every
admissibility condition already introduced.

At minimum, the following coupled constraints must remain satisfied during sustained operation:

|Qss| < Qr, (34)
E(R) < Eqit, (35)

™ < fchem, (36)
Qheat < Qremove, (37)

where Qremove is the system-scale heat-removal capacity. If the heat load raises the temperature enough
to change o, 7, or Et appreciably, then the electrostatic and mechanical admissibility window can
contract during operation. This is one reason why Ar?" is often a more balanced theoretical benchmark
than He?": the formal chemistry is unchanged while the leading thermal burden is much smaller.

Figure 10 collects the couplings schematically. The positive branch loads the thermal axis most
strongly, the negative branch generally loads it less strongly, and both branches remain subordinate to
the same leakage and stability envelope.

4.1. llustrative Aqueous Benchmark

To make the framework operational, consider an illustrative room-temperature water benchmark
using a spherical droplet of radius R = 100 um in the bounded-storage regime. Representative values
are taken as ¢, = 78.3 for liquid water, [17] 7 = 71.97mNm ™}, [18] ¢ = 5.5 x 107°Sm ™! for high-
purity water at 25 °C, Tjeqx = 10ms, tchem = 0.10s, and Eqpi = 1 X 108 Vm ™! as a conservative water-
breakdown benchmark for short-pulse, small-gap operation. [19] Table 3 collects the corresponding
scales.

Table 3. Illustrative room-temperature aqueous benchmark used to convert the general admissibility set into
explicit scales. The conductivity is chosen as a representative high-purity-water value at 25°C.

Quantity Value Role

Droplet radius R 100 pm geometry  bench-
mark

Relative permittivity e, 78.3 electrostatic scale

Surface tension 7y 71.97 mNm ! Rayleigh limit

Conductivity o 55x107°Sm! Maxwell relaxation

Leakage time Tjeax 10ms bounded storage

Characteristic chemical time | 0.10s forcing timescale

fchem

Breakdown benchmark Eit 1x108Vm ! dielectric ceiling

lustrative forcing current Ity | 10nA sample operating
point

With these values, 7y = ¢/0 = 1.26 x 107*s so that Ay; ~ 1.3 x 1073. The Rayleigh charge
for the droplet is Qr = 1.78 x 1010 C, whereas the chosen operating point gives Qss = Irorce Teak =
1.00 x 1071°C and therefore Ag = (Qss/Qgr)? ~ 0.32. The corresponding interfacial field is E(R) =
Qss/ (47eR?) = 1.15 x 10° Vm !, which gives Ap ~ 1.1 x 10~2. Under these representative conditions
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the droplet is therefore Rayleigh-limited before it is dielectric-limited, while Maxwell relaxation
remains much faster than the forcing time.

The current ceilings make the same point more transparently. Equation 16 gives Ir = 17.8nA,
while Eq. 17 gives Iz = 0.871 nA for the same geometry and leakage time. The Rayleigh limit therefore
controls the admissible operating window for this benchmark. For the positive branch, the associated
heat load at 10nA is also modest but explicit: using Table 2, Oheat =~ 2.17 x 1077 W for Ar** and
3.95 x 10~ W for He?*. The thermal margin is thus comfortable at this microscale operating point, but
the linear scaling of Eq. 19 makes clear that the positive branch can become heat-limited first in larger
or less efficiently cooled systems even when the charge-storage inequalities are still satisfied.

1074 T T T T 7 T T T

—_— IR for Tjeax = 10ms

T T T 11T

D — Ip for Teax = 10ms
10-5 @ illustrative operating point

T T T 1T

Ll

10-°

T T TTTTT]

Lol

1077

T T T 1T

Lol

10-8

Current ceiling (A)

T T T 11T

Lol

10~°

T T T 1117

Lol

10710

Lol

10 100 1000

10~ 11
1
Droplet radius R (um)

Figure 9. Representative current ceilings for the aqueous benchmark. For the parameter set in Table 3, the Rayleigh
ceiling Iz « R3/2 lies below the dielectric ceiling Iz o R? across the plotted range, so capillary instability controls
the admissible current before dielectric failure does.

4.2. What This Benchmark Predicts Experimentally

The benchmark sharpens the theory into several immediate predictions. First, raising Iz at
fixed Tjeqi should drive the system toward the Rayleigh threshold before it approaches the dielectric
threshold for the parameter set above. Second, lengthening T, tightens the admissible current
window linearly because both Ig and Ig scale as 1/ Tjeqk. Third, changing the noble gas at fixed Ity ce
leaves the charge-storage inequalities unchanged while changing the heat burden through AHpeyt.
This is precisely why Ar?* functions as the cleaner benchmark for the positive branch: it preserves the
same formal two-electron sink while relaxing the thermal penalty relative to He?".
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Charge-selective forcing Immediate consequences Feedback on admissibility
positive: NgZ* electron transfer, gas evo- o(T), Y(T), Eait(T),
negative: e~ lution, heat release Qpeat leakage, geometry

/ N

Practical implication
thermal management and leakage control are intrinsic theoretical constraints because they al-
ter the same parameters that determine whether the forced liquid state remains admissible

Figure 10. Why heat removal belongs in the theory. Reaction enthalpy changes transport, electrostatics, and
geometry through temperature-dependent solvent properties and therefore cannot be separated from admissibility.

5. Predictions, Falsifiers, and Limits

Because the present study is theoretical, its value depends on observations that could support it,
sharpen it, or reject it outright.

5.1. Chemical Falsifiers
The first predictions are chemical rather than purely electrical.

1. In the positive branch of water, positive forcing should correlate with proton-equivalent aqueous
charge and with neutral coproducts Ng and O;.

2. Inthe positive branch of halide-containing liquids, positive forcing should correlate with halogen
evolution and retention of the corresponding cation-rich dissolved state.

3. In the negative branch of salt solutions, electron delivery should correlate with cation reduction
or plating and retention of an anion-rich dissolved state.

A persistent wrong-sign coproduct family relative to the forcing branch would falsify the bookkeeping
chemistry as written.

5.2. Electrostatic Falsifier

The second prediction follows directly from Maxwell relaxation. If Ty remains much shorter than
the forcing timescale, then the theory requires

Pbuk — 0, Q localized predominantly at the interface. (38)

Accordingly, observation of a central liquid volume that sustains bulk field or bulk space charge on
timescales long compared with 7y would falsify the rapid-relaxation reduction used throughout the
theory.

5.3. Mechanical and Current-Limit Falsifiers

The Rayleigh condition remains a direct stability discriminator. If
Q% = 64%eyR3, (39)

then reproducible operation above Qr should not remain stably stored under the assumptions of the
present theory. Instead, discharge, emission, or electrohydrodynamic restructuring should reduce the
interfacial charge back toward the admissible regime. Likewise, if the measured onset of instability
does not track the current ceilings in Eqs. 16 and 17 as geometry or leakage time is varied, then the
leading-order storage model in Eq. 8 is incomplete.
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Ng?t + H,0 — Ng+2H" + 10,
2¢” +2H,O — 20H™ + H,

same chemistry
M, Qr, and E(R) change with geome-
try

the counterion-deficient state remains
admis-

sible across scale if the same inequalities
continue to hold

Figure 11. Scale and Rayleigh picture in generalized form. Left: qualitative charge evolution in the bounded regime. The interfacial charge may transiently cross the Rayleigh threshold Qg, after
which excess charge leaks or discharges until the interface returns below the admissible limit. Right: scale-general interpretation from laboratory to pilot to ton scale.
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5.4. Scaling and Thermal Falsifiers

Geometry should change observable quantities such as E(R), ®(R), C, Qr, and the leakage time
without changing the underlying chemical bookkeeping. The same forcing logic should therefore
remain admissible from laboratory droplets to larger reactors provided the dimensionless conditions
of Eq. 14 continue to hold. For the positive branch, the thermal bound introduces a second binary
test: at fixed chemistry, the maximum sustainable current should scale inversely with AHpeyt if heat
removal is the active bottleneck. Failure of that scaling would indicate missing dissipative physics.

5.5. Explicit Limits of the Present Reduction

The present framework is intentionally narrow in one important sense: it is built for the regime
in which rapid relaxation and selective forcing permit a reduced description. Several boundaries of
applicability are therefore clear.

1.  If oy ~ tchem OF larger, the bulk-charge-free interior is no longer guaranteed and a full space-
charge treatment is required.

2. If strong ion pairing, complexation, or specific adsorption dominates the carrier inventory, the
phrase “counterion-deficient” can become chemically ambiguous because charge may be hidden
in associated species rather than absent from the dissolved population.

3. If electrohydrodynamic circulation, vigorous gas evolution, or strong convection sets the leakage
path, the single-time-constant storage law in Eq. 8 should be regarded as a first approximation
rather than a closure.

4.  If the forcing carrier engages in competing chemistry before selective charge transfer—for example
heavier noble gases in fluoride-rich environments—the clean donor/sink bookkeeping must be
replaced by medium-specific reaction networks. [15,16]

These limits do not weaken the central argument; they define the regime in which its predictions
should be tested most directly.

6. Conclusions

A solvent-general theoretical framework has been developed for counterion-deficient states in
liquids under charge-selective forcing. The central conclusion is that such states are not restricted
to one special solvent, one special reagent pair, or one special dissolved carrier family. Instead, they
arise whenever four ingredients coexist: exact local charge conservation at the chemical event, rapid
bulk relaxation compared with the forcing timescale, finite residual charge carried predominantly at
the boundary rather than in the bulk, and chemistry that selectively removes one dissolved charge
population without reintroducing the opposite population locally.

Within that framework, positive and negative forcing are natural duals. Negative forcing injects
electrons and removes cationic dissolved charge by reduction or plating, leaving anion-rich retained
states. Positive forcing injects a formally universal two-electron sink, Ng?*, that removes electron
density from the highest available occupied manifold in the liquid, leaving cation-rich or proton-
rich retained states. The noble-gas family is especially useful because it preserves the same formal
two-electron chemistry while spanning a large thermodynamic range in neutralization energy. He*"
therefore acts as an upper-energy reference, whereas Ar** provides a more moderate and often more
practical benchmark.

The present revision sharpens that conceptual picture into a predictive one. The admissibility
set now yields explicit operating-current ceilings through Egs. 16-19, and the illustrative aqueous
benchmark shows how Rayleigh, dielectric, Maxwell-relaxation, and thermal constraints separate
quantitatively in a representative case. For the benchmark chosen here, capillary instability limits
admissible current before dielectric failure does, while noble-gas identity primarily loads the thermal
axis rather than the entry-energy axis.

The framework is deliberately broader than the illustrative examples. Water, calcium-THEF,
and LiCl-THF are best understood as representative realizations that expose three different donor
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manifolds: protonic/hydroxidic defects, solvated-electron populations, and halide lone pairs. The
same mathematical structure extends to other liquids with or without dissolved species so long as the
solvent-specific entry, leakage, dielectric, thermal, and capillary constraints remain satisfied.

Finally, the paper now states hard falsifiers rather than only qualitative expectations. Persistent
bulk space charge for t > Ty, wrong-sign coproduct families, failure of the current ceilings to scale
with geometry and leakage, or breakdown of the thermal scaling with AHpeut would each signal that
the present reduction is incomplete. The contribution of this work is therefore not merely a unifying
vocabulary. It is a physically explicit theory that yields equations, benchmarks, and experimental
failure criteria by which counterion-deficient charge-selective forcing can be tested, refined, or rejected.

negative forcing positive forcing
e~ input Ng?" input

™M < tchem, charge at boundary
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