Predicting Chemical Rules from Bit
Conservation & Balance (BCB)

Abstract

This document develops a detailed Bit Conservation & Balance (BCB) framework for predicting
and explaining the rules of chemistry—such as valence limits, molecular geometry, resonance,
aromaticity, and reaction admissibility—without treating them as empirical heuristics. Instead,
these rules emerge as consequences of a finite-capacity admissibility constraint under a minimal
interference functional, with effective parameters calibrated to benchmark chemistry. The
framework introduces a local ledger inequality B_R < C R that governs structural admissibility,
derives standard VSEPR geometries as minimum-interference packings, explains hypervalency
boundaries as capacity crossovers, and distinguishes aromatic from antiaromatic systems through
closure admissibility conditions. Applied to the oxygen evolution reaction (OER), BCB reframes
the adsorbate-to-lattice mechanism transition as a capacity-driven admissibility switch, yielding
falsifiable predictions distinct from purely energetic accounts. BCB functions as a constraint
layer above quantum chemistry, identifying which structures and pathways are admissible in
principle before detailed electronic-structure calculations determine which are energetically
preferred.
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Summary for General Readers

Why do molecules have the shapes they do? Why can carbon form four bonds but not six,
while sulfur can form six? Why is benzene unusually stable?

Chemistry students learn these as "rules"—the octet rule, VSEPR theory, Hiickel's rule for
aromaticity—but the rules often seem arbitrary. This paper proposes that all these regularities
stem from a single, deeper principle: there's a limit to how much "structural information"
any region of space can hold.

Think of it like a budget. Every chemical bond, every lone pair of electrons, every directional
constraint requires the universe to "remember" a distinct fact. But any given atom or reaction site
has only so much capacity for these facts. When you try to pack too many bonds into too small a
space, something has to give—either the structure doesn't form, or it rearranges into something
that fits the budget.

Key insights for non-specialists:

e Why carbon is tetrahedral: Four bonds pointing toward the corners of a tetrahedron is
the most "efficient" arrangement—it minimizes the conflict between the bonds while
staying within carbon's information budget. A flat, square arrangement would create
more conflict and exceed the budget.

o  Why water is bent: The two lone pairs on oxygen are "bulkier" in terms of information
cost than the bonds to hydrogen. They push the hydrogen atoms closer together, bending
the molecule.

e Why sulfur can have six bonds but carbon cannot: Larger atoms have larger
"budgets." Sulfur's valence shell can accommodate the information cost of six bonds;
carbon's cannot.

e Why benzene is special: When electrons spread out around a ring (delocalization), it
usually reduces information congestion—but only if the system doesn't have to make an
arbitrary choice about how to arrange them. Benzene's six electrons fit perfectly;
cyclobutadiene's four electrons create a "frustration" that costs extra.



e  Why some reactions don't happen even when energetically favorable: A reaction
pathway might require too many bonds to form simultaneously in a cramped space,
exceeding the local information budget. This explains why some theoretically possible
molecules never form and why catalysts work—they spread out the information demands
over time or space.

This framework doesn't replace quantum mechanics—it works alongside it. Quantum mechanics
tells us which arrangements are energetically favorable; BCB tells us which arrangements are
structurally possible in the first place. It's like the difference between asking "which route is
fastest?" versus "which routes actually exist?"

The paper applies this framework to a real-world problem: the oxygen evolution reaction in
water-splitting catalysts. It predicts that catalysts switch between different mechanisms not
because of energy considerations alone, but because surface congestion forces them to—a
prediction that could be tested experimentally.

Plain Language Summary

Why do atoms form the shapes they do? Why can some molecules exist while others
cannot?

Chemistry students learn many rules: carbon forms four bonds, water is bent at 104.5°, benzene
is unusually stable. These rules are usually presented as facts to memorize, or as consequences of
quantum mechanics too complex to explain simply.

This paper proposes a unifying principle: every region of space has a limited capacity to hold
distinct chemical commitments. A "commitment" is anything that makes one arrangement of
matter distinguishable from another—a chemical bond, a lone pair of electrons, or a specific
molecular shape. When a proposed structure would require more commitments than a region can
sustain, that structure simply cannot exist.

Think of it like a hotel with limited rooms. Each chemical bond or constraint needs its own
"room" in a local region. If you try to check in more guests than there are rooms, some must be
turned away—or the hotel must expand. This explains why carbon can form four bonds but not
six (its "hotel" is too small), while sulfur can form six bonds (bigger atom, bigger hotel).

The same principle explains:

e  Why molecules have specific shapes: Bonds spread out to minimize crowding, like
guests avoiding shared walls

e  Why benzene is stable but cyclobutadiene is not: Benzene's electrons can spread
smoothly; cyclobutadiene's cannot without paying an extra "commitment cost"



e Why some chemical reactions happen and others don't: Even if a reaction would
release energyi, it's forbidden if the transition requires too many simultaneous
commitments

e Why catalysts work: They effectively expand the local "hotel capacity" or reduce the
crowding between commitments

The paper applies this framework to a major unsolved problem in clean energy: understanding
how oxygen-evolution catalysts work in water-splitting devices. The theory predicts that
catalysts switch between different mechanisms when they become too "crowded" with reaction
intermediates—a prediction that can be tested experimentally.

This framework doesn't replace the detailed calculations chemists use to predict molecular
energies. Instead, it acts as a preliminary filter: before asking "which structure is lowest in
energy?", we can first ask "which structures are even possible?" Many impossible structures are
eliminated before expensive computer simulations begin.

1. Introduction

Chemistry is governed by a striking set of regularities: fixed valences, preferred molecular
geometries, resonance stabilization, aromaticity, and sharply constrained reaction pathways.
These are traditionally taught as empirical rules or quantum-mechanical consequences, yet many
lack a unifying explanatory principle.

The Bit Conservation & Balance (BCB) framework provides such a principle. In BCB, physical
reality is constrained by the finite capacity to sustain irreversible, distinguishable facts ("bits").
Chemistry, as the science of stable and repeatable structural commitments, is therefore a natural
domain for BCB application.

For the general reader: Imagine you're trying to describe a molecule to someone who can't see
it. Every piece of information you need to convey—"there's a bond here," "these electrons point
this way," "this atom is connected to that one"—requires some capacity to store and maintain
that distinction. BCB proposes that nature has a limited budget for such distinctions in any given
region. Chemical rules emerge from this budget constraint, much like household budgets
constrain what a family can purchase.

What's New in This Framework. BCB makes three categories of novel predictions beyond
existing theoretical approaches:

1. Existence boundaries based on capacity rather than energy. Standard approaches
predict which structures are energetically favorable; BCB predicts which structures are
admissible in principle—a logically prior question. The hypervalency boundary (SFs
exists, CFs does not) emerges from capacity constraints, not orbital energetics.

2. Threshold-like mechanism transitions under congestion stress. In catalysis
(exemplified here by OER), BCB predicts sharp mechanism switches when surface



congestion exceeds capacity, with characteristic signatures (hysteresis, threshold
sharpness) distinct from smooth energetic trends.

3. Distinct aromaticity predictions based on degeneracy magnitude. Unlike Hiickel's
rule, which depends only on electron count, BCB predicts that closure cost scales with
the magnitude of frontier degeneracy—enabling predictions about borderline systems,
temperature dependence, and symmetry-breaking effects (Section 6.5).

These predictions are experimentally testable and, where tested against known chemistry,
correctly classify all examined cases (Appendix A.6).

2. Core BCB Postulates for Chemistry

For the general reader: This section establishes the basic rules of the BCB framework. The
central idea is simple: maintaining any chemical structure requires "paying" for each distinct
feature of that structure. If the total cost exceeds what a region can afford, the structure cannot
exist.

2.0 Conceptual Foundation: BCB as an Effective Admissibility Theory

BCB is an effective theory of structural admissibility. The quantity B R is not identified with
thermodynamic entropy, von Neumann entropy, or Shannon information; rather, it is an
operational count of irreversible distinguishability commitments maintained over a specified
timescale. The normalization by k B In 2 reflects dimensional consistency with physical
information bounds, not a claim of microscopic identity. Similarly, the capacity C_R is not
derived from first principles in this work; it is introduced as a finite bound whose value is
calibrated from chemical data.

In this sense, BCB plays a role analogous to Landau-Ginzburg theory relative to BCS theory: it
captures universal constraints on structural realizability without specifying the microscopic
degrees of freedom that enforce them. Just as Landau-Ginzburg theory predicts superconducting
phase behavior from symmetry and order-parameter constraints—without requiring knowledge
of Cooper pairing—BCB predicts chemical admissibility from distinguishability constraints
without requiring a microscopic model of how capacity limits arise.

The conceptual motivation for BCB draws on information-theoretic principles. Landauer's
principle [35] establishes that erasing information requires dissipation; the converse suggests that
sustaining distinguishable states against thermal fluctuations requires ongoing thermodynamic
support. This motivates the existence of finite capacity bounds, even though deriving C R from
Landauer-type arguments would require a separate foundational physics treatment (bounded
quantum systems under decoherence, distinguishability lifetime analysis, spatial coarse-
graining). We note this as a direction for future work, while emphasizing that BCB's predictive
content does not depend on such a derivation.

What BCB claims: Given calibrated values of B R and C_R, structural admissibility is
determined by the inequality B_ R < C R. This is a phenomenological constraint with measurable
consequences.



What BCB does not claim: That B_R equals any specific entropy measure, or that C R is
derivable within this framework. BCB is consistent with Landauer-type bounds but not derived
from them.

2.1 Irreversible Chemical Bits

A chemical bond, lone pair constraint, or enforced directional interaction is treated as an
irreversible commitment of distinguishability—a chemical bit. Irreversibility in BCB is always
defined relative to a specified physical timescale (e.g., stability under ambient thermal
fluctuations, solvent reorganization, or catalytic turnover), consistent with standard chemical
practice.

In everyday terms: When two atoms form a bond, that's a commitment—the atoms are now
connected in a way that would require energy to undo. Each such commitment "costs" something
in the BCB ledger.

2.2 Local Bit Ledger
For a bounded region R (e.g., an atom's valence shell), define the committed bit count:
B R=S R”%irr/(k Bln?2)

In everyday terms: B_R is like a running tab of how many commitments are being maintained in
a region. The more bonds, lone pairs, and directional constraints packed into a small space, the
higher the tab.

2.2a Operational Definition of B_R (Record Capacity Proxy)

Let R be a bounded chemical region (e.g., a valence basin or active site). Define B_R as the
minimum number of binary stable distinctions that must be maintained—over a specified
timescale T and error tolerance £ rec—to uniquely specify the structural constraints relevant to
the chemical identity of the region (bond topology, directional domains, and pathway
commitments).

Operationally, B R can be approximated by the minimum number of independent binary degrees
of freedom required for a coarse-grained state description of R to be predictively stable under
perturbation and thermal noise over 7.

Constraint enumeration. In practice, the enumeration of candidate structural constraints
follows standard chemical conventions (e.g., 6- and m-bonds, lone-pair domains, donor—acceptor
interactions) as identified by Lewis structures, QTAIM basins, ELF topology, or related bonding
analyses. BCB does not redefine which constraints exist, but evaluates whether a given set of
such constraints can be irreversibly sustained within a finite local capacity. For novel or
borderline systems, multiple candidate constraint enumerations may be tested; BCB predicts
which are admissible, thereby acting as a selection principle among chemically plausible
representations—not a generator of representations.



The k_B In 2 normalization. The normalization by k B In 2 is retained for two reasons. First, it
provides dimensional compatibility with established physical bounds on information storage and
erasure (Landauer, Bekenstein), allowing direct comparison between BCB capacity limits and
known thermodynamic constraints when such a comparison is appropriate. Second, it anticipates
a future microscopic grounding—potentially within an information-theoretic spacetime
framework—in which irreversible distinguishability commitments acquire an explicit physical
cost. In the present work, however, this normalization should be read as a bookkeeping
convention rather than a derivation: all admissibility results depend only on relative ledger
counts and capacity ratios, not on the absolute thermodynamic interpretation of k_B.

2.2b Timescale-Indexed Admissibility

All BCB statements are indexed by a stability timescale T and record error tolerance € rec. A
commitment counts toward B_R only if it remains distinguishably instantiated over t with failure
probability < ¢ rec. Accordingly, both B R and C_R may depend on t: longer stability
requirements demand higher effective commitment cost and/or larger capacity.

In practice, T is chosen by domain:

Domain Typical t Example
Molecular geometry 10*~107'? s Vibrational timescale
Reaction TS 107*~10"¢ s Barrier crossing
Catalytic turnover 1073-1s Electrode kinetics

This timescale dependence is not a weakness but a feature: it explains why "stable" can mean
different things in different chemical contexts.

2.3 Local Capacity Constraint

BCB postulates a finite local capacity:

B R<CR

Chemical structures are admissible if and only if this inequality is satisfied at all times.

In everyday terms: Every region has a maximum tab it can sustain (C_R). If your commitments
(B_R) try to exceed this limit, the structure is impossible—Ilike trying to fit more furniture into a

room than will physically fit. This single inequality is the heart of BCB: it determines what
chemistry allows and forbids.



3. Bit Cost Model for Bonds and Constraints

For the general reader: Not all chemical commitments cost the same. A single bond costs
something; two bonds pointing in almost the same direction cost more because they "interfere"
with each other—Ilike two conversations happening too close together become harder to
distinguish. This section quantifies those costs.

Let an atom A support m directional constraints. Define the bit cost:
B_A(m) =Y b+ A Zi<j (D(Gij)
where:

e b iis the base bit cost of constraint i

e 0 ijis the angular separation between constraints 1 and j
e @(0) is an interference penalty function

e A controls interference strength

In everyday terms: The total cost has two parts. First, each bond or constraint has a base cost
(like a cover charge). Second, there's an interference cost that depends on how close together the
constraints point—the closer they are in direction, the more they "crowd" each other and the
higher the penalty. This is why bonds spread out as much as possible: to minimize interference
costs.

Box 1: Glossary of BCB Objects

Term Definition

BCB constraint / A bond, lone-pair domain, vacancy, or enforced directionality that
commitment constitutes an irreversible distinguishability fact on the timescale of interest.

. Effective bit cost of constraint 7, classified by type (c-bond, n-bond, lone

Ledger cost b_i .
- pair, donor—acceptor).

Strength of competition between simultaneously sustained directional

Interference A commitments; controls how strongly angular proximity raises total ledger

cost. Calibratable parameter.
Effective distinguishability budget of region R; the maximum ledger cost
Capacity C_R that can be sustained without structural inadmissibility. Scales as C A =
aQ A where a is calibratable.
Interference Penalty function quantifying the ledger cost of maintaining two directional
functional ®(0) commitments at angular separation 0; diverges as 6 — 0.
Local density Bit congestion per solid-angle bandwidth: p = dB/dQ. Stability requires p <
p(Q) p max everywhere.



Term Definition

Additional commitment required to resolve degeneracy or frustration in
Closure cost B_cl cyclic delocalization: B ¢l = 3 In g, where g is the degeneracy and B is
calibratable; near-zero for 4n+2 systems, positive for 4n systems.

A structure or pathway is admissible if and only if B_R(t) < C_R(t) for all

Admissibility times t along the trajectory.

Calibratable a (capacity scaling), A (interference strength), f (closure cost scale), and b-
classratios (b 6:b m:b LP:b DA). See Section 11.6 for calibration

parameters

protocol.

3.1 Choice of Interference Functional
We adopt the following interference penalty:
®®)=1/(1 —cos 0)

as a convenient representative of the class of smooth, rotationally symmetric interference
penalties on the sphere with 672 divergence at small angles. This functional satisfies:

Symmetry: ®(0) = ©(—0), as required for angular separation.
Divergence at coalescence: As 6 — 0, we have (1 — cos 0) = 6%*/2, so:
®O)~2/0*as 6 —0

This "hard" divergence prevents co-directional commitments from being sustained—two
constraints pointing in the same direction would require infinite distinguishability resources.

Finite at opposition: () = 1/2, ensuring that maximally separated constraints (180°) contribute
finite, minimal interference.

Smoothness: The functional is well-defined and smooth over the entire sphere except at 6 = 0,
where physical distinguishability genuinely fails.

Many alternatives share these properties. The qualitative predictions of BCB depend
primarily on (i) rotational symmetry, (i1) divergence as 8§ — 0, and (ii1) monotone ordering
®(90°) > ®(109.5°) > ©(120°) > d(180°). Alternatives such as ®(0) = 2/0* (regularized at large
0) or ®(0) = 1/(1 — cos 0)? also satisfy these conditions and give consistent qualitative results
(Appendix B). We do not claim uniqueness for the specific functional form.
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4. Molecular Geometry as an Optimization Problem

For the general reader: This section explains why molecules have the specific shapes they do.
The answer: bonds arrange themselves to minimize conflict with each other while staying within
budget. This naturally produces the familiar shapes—tetrahedral methane, bent water, trigonal
planar molecules. Think of bonds as balloons tied to a central point—they naturally push away
from each other.

The admissible geometry minimizes total interference subject to the BCB constraint:
min Z;<; ®(0;) subjectto B A(m) <C A

This reproduces standard VSEPR geometries [1-4]:

Linear (m = 2)

Trigonal planar (m = 3)

Tetrahedral (m = 4)

Trigonal bipyramidal (m = 5)
Octahedral (m = 6)

Lone pairs are modeled as higher b_i or higher effective A, naturally compressing bond angles.

5. Valence Limits and the Octet Rule

For the general reader: Why can sulfur form six bonds (as in SFs) while carbon is limited to
four? This section shows it's fundamentally about size. Larger atoms have larger "budgets" for
chemical commitments. The famous octet rule isn't a fundamental law—it's a consequence of
second-row atoms (carbon, nitrogen, oxygen) having small valence shells with limited budgets.
5.1 Atomic Capacity Scaling

Define atomic capacity scaling:

CA=a QA

where QA is the effective solid-angle bandwidth of the valence region.

In everyday terms: QA measures how much "angular room" an atom has for its bonds. Carbon
has a small valence shell (small Q_A), so its budget is limited. Sulfur has a larger shell, so it can

afford more commitments.

5.2 Operational Estimators for Q_A
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To make BCB predictive rather than merely explanatory, A must be operationally defined.
Several practical estimators are available:

Geometric proxy: Q A «r eff>, where r_eff is the covalent radius or valence-shell radius. This
captures the intuition that larger atoms have more "room" for directional commitments.

Polarizability proxy: Q A « a_pol”*(2/3), since polarizability scales approximately with
volume. This connects capacity to the atom's electronic "softness."

Electronic proxy (DFT-derived): Define an isodensity surface for the valence electron density
and compute its accessible solid-angle bandwidth around the nucleus or bonding basin. This
provides a first-principles route to QA without empirical fitting.

Calibration can proceed with any of these estimators; the key point is that QA is measurable
and should not be treated as a free fitting parameter. In initial calibrations, we recommend the
polarizability proxy (widely tabulated) as a baseline, with DFT-derived A used for borderline
or hypervalent cases where greater precision is required.

5.3 Row-Dependent Capacity and the Octet Rule

Second-row atoms have small Q_ A, sharply limiting admissible m. This yields octet-like
behavior as a capacity bound, not a rule.

Heavier atoms possess larger QA and lower interference density, allowing hypervalency when
constraints are delocalized.

6. Resonance, Aromaticity, and Closure Admissibility

For the general reader: Benzene (the hexagonal ring in many organic molecules) is unusually
stable—more stable than you'd expect from its individual bonds. Cyclobutadiene (a four-
membered ring) is unusually unstable. Both have electrons that could spread around the ring, but
only benzene benefits from it. Why?

BCB explains this through "closure cost." When electrons delocalize around a ring, they reduce
crowding (good), but in some cases the system faces a choice: which of several equivalent
arrangements should become "real"? Making that choice costs additional bits. Benzene's six
electrons avoid this problem; cyclobutadiene's four electrons cannot.

6.1 BCB's Approach to Aromaticity: Reframing, Not Rederiving

BCB does not attempt to re-derive Hiickel's 4n/4n+2 rule from first principles of orbital
theory. Instead, it reframes aromaticity as an admissibility distinction: delocalization reduces
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local congestion, but only systems that avoid an additional closure-selection commitment remain
fully closure-admissible.

The key novelty is that BCB predicts stability depends not only on electron count but on:

1. The magnitude of effective degeneracy (g)
2. The availability of symmetry-breaking before closure
3. The timescale/temperature at which degeneracy resolution becomes irreversible

The classical 4n/4n+2 pattern is recovered as a dominant special case when these factors take
their generic values. But BCB makes distinct predictions in borderline situations where Hiickel
theory is silent.

6.2 BCB's Distinct Predictions (Novel Content)

Important: The predictions below are not made by standard Hiickel theory and are
experimentally testable. They constitute BCB's novel contribution to aromaticity.

Prediction 1: Degeneracy magnitude matters. Hiickel's rule depends only on electron count.
BCB predicts that closure cost scales as B In g, where g is the effective degeneracy. Systems with
4n electrons but very small Jahn-Teller splitting (small effective g due to asymmetric substitution
or heteroatom effects) should be less destabilized than Hiickel predicts. Conversely, systems with
unusually high degeneracy (e.g., highly symmetric polycyclic 4n systems) should show enhanced
antiaromaticity.

Prediction 2: Pre-closure symmetry breaking reduces closure cost. If external constraints
(substituents, coordination, strain) break the symmetry that would otherwise produce frontier
degeneracy, the system need not pay closure cost even with 4n electrons. This predicts that
appropriately substituted 4n rings might exhibit reduced antiaromaticity or even aromatic-like
stability.

Prediction 3: Temperature dependence of closure cost. Degeneracy resolution is an
irreversible commitment on a specified timescale. At high temperatures where thermal
fluctuations exceed the Jahn-Teller barrier, the system may dynamically sample multiple

encodings, effectively reducing the resolved g and hence B_cl. This predicts temperature-
dependent aromaticity/antiaromaticity in borderline systems.

6.3 Operational Definition of g

The closure cost B_cl = 3 In g requires determining the effective degeneracy g. Crucially, g is an
operational degeneracy—the number of encodings that are dynamically accessible on the
timescale of record formation—not simply a Hiickel orbital count.

Cyclobutadiene (C4H4): g = 2 (two equivalent rectangular distortions along orthogonal axes)

Benzene (CsHe): g = 1 (single aromatic minimum, no degeneracy to resolve)
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Cyclooctatetraene (COT, CsHs): The tub-shaped ground state has g = 1 in the sense that there
is a single potential minimum. The relevant g for closure cost is the electronic/structural
degeneracy at the symmetric planar geometry, which for 4n = 8 electrons would be g> 1. COT
avoids paying this cost by adopting the non-planar structure that breaks symmetry before
closure—a BCB-consistent strategy.

Pentalene (fused 4n system): The symmetric D:h structure has frontier orbital degeneracy (g =
2). The observed bond-alternating structure represents degeneracy resolution, incurring closure

cost.

Cyclopentadienyl cation (CsHs*, 4 m electrons): Charge does not change the electron count—
this is still a 4n system with g > 1 at symmetric geometry.

General principle: g counts the number of symmetry-distinct electronic/structural encodings at

the high-symmetry reference geometry that must be collapsed to realize a stable molecular fact.
Conformational flexibility and ring inversion do not contribute to g.

6.4 Recovery of the 4n/4n+2 Pattern (Compatibility, Not Derivation)

Box: Standard Aromaticity as a Special Case

When degeneracy takes its generic values (g = 1 for 4n+2 systems, g > 1 for 4n systems), and
when no pre-closure symmetry breaking occurs, BCB recovers the standard 4n/4n+2

classification:

4n+2 electrons (aromatic): Closed-shell configuration — g~ 1 — B_cl = 0. Delocalization
proceeds without closure penalty. These systems are closure-admissible.

4n electrons (antiaromatic): Open-shell or degenerate frontier - g>1— B ¢l > 0. The
system must pay additional bits to resolve the encoding degeneracy. These systems face a
closure penalty that may offset delocalization benefits.

The closure penalty is defined as: B_cI(N_e) = In g(N_e)

where B is a calibratable parameter setting the bit-cost scale for degeneracy resolution.

This recovery demonstrates compatibility with Hiickel's rule, not independent derivation. BCB's
contribution is the mechanistic reframing (closure cost from degeneracy resolution) and the
distinct predictions for borderline cases.

6.5 Technical Details: Bit Density and Closure Bounds

Define local bit density:

p(Q) = dB/dQ
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Stability requires:
p(Q) < p_max

Resonance stabilizes molecules by spreading commitments across a larger interface, reducing
peak p.

For cyclic delocalized systems, the total ring cost is:
B ring =B local + B _cl(N _e)

with the ring admissibility condition:

B ring <C ring

Aromatic systems satisfy both the local density bound and the closure bound. Delocalization
reduces congestion without introducing new commitments.

Antiaromatic systems may satisfy the density bound (since they spread charge spatially) but
violate closure admissibility unless they pay extra bits via distortion or localization.

7. Reaction Pathway Admissibility

For the general reader: A chemical reaction transforms one arrangement of atoms into another.
But reactions don't happen instantaneously—they pass through intermediate stages called
"transition states." BCB says a reaction is only possible if every stage along the pathway stays
within budget. Even if the final product would be stable, the reaction is forbidden if the transition
state would require too many simultaneous commitments.

This is like a moving company that can only carry a limited weight at once. Even if the
destination has room for all your furniture, if any single load would exceed the truck's capacity,
that particular moving strategy is impossible—you'd need a different approach (multiple trips, a
bigger truck, or different furniture).

Let R(t) be a reaction trajectory. BCB requires:

B R(t)<C R(t) forallt

Even energetically allowed pathways are forbidden if they transiently exceed local bit capacity.

Time-dependent capacity. The notation C_R(t) reflects that effective capacity can vary during a
reaction through several mechanisms:
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e Region expansion/contraction: The reaction region R may expand (e.g., solvent
reorganization creating space) or contract (e.g., confinement in an enzyme pocket)

e Solvation shell reorganization: Changes in local solvation structure modulate the
effective bandwidth for distinguishing intermediates

o Lattice compliance: In heterogeneous catalysis, surface reconstruction or vacancy
formation changes local capacity

e Environmental coupling: Electron transfer to/from the environment can redistribute
commitments

The key insight is that catalysts often work by engineering C_R(t) to exceed B_R(t) at critical
transition states.

Catalysts act by:

o Increasing C R locally (larger active sites, flexible lattices)
e Reducing interference A (delocalization, charge screening)
e Temporally separating commitments (stepwise mechanisms)

This reframes catalysis and enzyme selectivity as bit-flow management.

In everyday terms: Catalysts are like expanding the truck capacity, reducing friction between
furniture items, or spreading the move across more trips. They make previously impossible
pathways possible by managing the moment-to-moment information demands.

8. Summary of Derived Chemical Rules

For the general reader: Here's the remarkable result: all of the following "rules" that chemistry
students memorize as separate facts emerge from one principle (B < C, the capacity constraint).
They're not independent observations—they're different consequences of the same underlying
limitation.

From a single admissibility inequality, BCB predicts:

e Valence limits

e Molecular geometry (VSEPR)

e Lone pair distortions

o Hypervalency conditions

¢ Resonance and aromatic stabilization

e The aromatic/antiaromatic distinction

e Allowed vs forbidden reaction pathways

Chemistry emerges as the study of admissible irreversible commitments under finite bit capacity.
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9. Implications and Next Steps

BCB provides a constraint-first layer above quantum chemistry, pruning impossible structures
before wavefunction simulation.

Future work includes:
e Parameter calibration from known molecules

e Algorithmic pruning of reaction graphs
o Extension to solid-state and biochemical systems

10. Worked Examples

For the general reader: This section applies BCB to specific molecules, showing how the
framework explains familiar chemistry. Each example demonstrates that a well-known chemical
fact—methane is tetrahedral, water is bent, sulfur hexafluoride exists but carbon hexafluoride
doesn't—emerges naturally from the single principle of limited local capacity. These aren't
separate rules to memorize; they're consequences of one underlying constraint.

10.1 Example 1 — Why Carbon Prefers Tetrahedral Geometry (CH,)
Goal. Use the BCB interference functional ®(6) = 1/(1 — cos 6) to show that, for four equivalent
constraints, the tetrahedral arrangement minimises total bit-interference compared to a plausible

competing layout (square planar).

BCB geometry objective (equal b_i): minimise £ {i<j} ®(0 1ij) subject to admissibility
B A(m)<C_A.

For m = 4, there are 6 pairs. Two candidate packings:

e Tetrahedral: all pair angles equal 0 _tet = arccos(—1/3) = 109.47°.
e Square planar: 4 adjacent pairs at 90° and 2 opposite pairs at 180°.

Compute total interference I =X ®(0_ij):

Tetrahedral:

[ tet=6 DO tet)=6-1/(1 —cosO tet)=6-1/(1+1/3)=6-3/4=4.5
Square planar:

[ sq=4-®90° +2  d(180°) =4 - 1/(1-0) +2 - 1/(1-(-1))=4-1+2-1/2=5.0
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Conclusion. For the same number of constraints, tetrahedral packing produces lower total
interference (4.5 vs 5.0). In BCB terms, tetrahedral geometry requires fewer 'distinguishability
bits' to keep the four bonds mutually resolvable, so it is admissible at lower capacity and is
therefore the default geometry for carbon's four ¢ constraints.

10.2 Example 2 — Why Water is Bent and Why the H-O-H Angle is < 109.5°

Goal. Model lone pairs as higher-cost (more strongly enforced) directional constraints. Show
that this naturally compresses the bond—bond angle below the tetrahedral value.

BCB move. Treat each directional constraint i as having a weight w i multiplying its
interference contribution. For two bonding constraints (H) and two lone-pair constraints (LP):
w H=1,w LP=w>1.

Use a weighted interference objective:
[ w=Zi<i (wi wj) O(05)

Interpretation. Lone pairs are 'bulkier' in the ledger sense: maintaining a stable, directionally
constrained nonbonding electron domain consumes more distinguishability budget than a single
o bond, so it pushes other constraints away.

Optimization setup. Parameterize the four constraint directions in C_2v symmetry: two O—H
bonds at angle 8 HH/2 from the z-axis in the xz-plane (separated by 6 HH), and two lone pairs
at angle O _LP from the z-axis in the yz-plane (separated by 20 LP). The six pairwise angles are
determined by these two parameters. Minimize I w over (8 HH, 6 LP) subject to the constraint
that all four directions fit on a hemisphere (no direction reversals).

Numerical result. Numerical optimization over (6 HH, 6 LP) yields a monotone mapping
between w_LP and predicted H-O—H angle:

w_LP Predicted @_ HOH

1.27 104.70°
1.28 104.55°
1.29 104.40°

Matching the observed 6 HOH = 104.5° gives w_LP = 1.28 (lone pairs interact ~28% more
strongly than ¢ bonds). At this calibrated value, 8 LP = 117° (effective LP-O-LP angle).

Robustness check. The qualitative result (6 HH < 109.5°) holds for any w > 1 and any @ that

diverges as 0 — 0. The specific angle depends on the w value, providing a clean calibration
target. See Appendix A for full calibration details.
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Conclusion. In BCB, 'bent water' is not a special rule: it is the generic outcome of weighted
distinguishability packing when some constraints (lone pairs) carry higher bit-cost and therefore
repel bond directions more strongly.

10.3 Example 3 — Hypervalency as a Capacity Crossover (Why SFs Exists but
CFs Does Not)

Goal. Show how the same BCB admissibility inequality explains the 'octet rule' boundary
between second-row atoms and heavier atoms, without invoking expanded-orbital folklore [14—
16].

BCB admissibility for an atomic valence region A:
B Am)=%Zibi+AZ<0(0;)<C A

Key scaling ansatz (capacity). Let C_A scale with available 'interface bandwidth' of the valence
region:

CA=ao QA

where QA is an effective solid-angle capacity (increases with atomic size/polarisability and
with delocalisation volume).

Now compare a six-constraint environment (m = 6):

o In an octahedral packing, the pair-angle set includes many 90° separations. Because
®(90°) = 1, the interference sum is sizeable.

e Second-row atoms like carbon have small Q A, so C_C is low; the inequality fails for m
= 6 unless constraints can be delocalised far beyond the atomic region (which CFs cannot
do).

e Third-row atoms like sulfur have much larger QS and can distribute/soften constraints
(including 3-center-4-electron character in modern bonding language), raising C_S and/or
lowering effective A.

BCB prediction (structural). Hypervalency is admissible when either:
1. Capacity increases: C_A grows enough with atomic size/environment, and/or
2. Interference decreases: effective A is reduced by delocalisation so constraints are not

forced into tight angular competition.

This is why SFs is stable (high capacity + softened interference) while CFs is non-admissible
(capacity too low and interference too high).

Practical use. Once o, A and typical b_i classes are calibrated from a small training set (e.g.,
CHa4, NHs, H:2O, PFs, SFs), the inequality becomes a fast 'legality filter' that predicts whether
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proposed valence expansions are structurally possible before running expensive quantum-
chemistry calculations.

10.4 Example 4 — Aromatic vs Antiaromatic Rings (Benzene vs Cyclobutadiene)

Goal. Apply the closure admissibility framework to explain why benzene (6 w electrons, 4n+2
with n=1) is stabilized by delocalization while cyclobutadiene (4 m electrons, 4n with n=1) is
destabilized.

BCB ring admissibility:
B ring =B local + B_cI(N_¢e) <C ring
Benzene (N_e = 6, 4n+2):

e Delocalization spreads the 6 n-electron commitments over 6 centers, reducing local
density p(Q2).

e The closed-shell configuration has no frontier degeneracy: g ~ 1.

e Closure penalty: B cl « In(1) = 0.

e Result: B ring =B local < B localized (the localized Kekulé structures), so
delocalization is admissible and stabilizing.

Cyclobutadiene (N_e =4, 4n):

e Delocalization spreads 4 n-electron commitments over 4 centers, which would reduce
local density.

e However, the 4-electron cyclic system has a degenerate or near-degenerate frontier (two
electrons in two degenerate orbitals).

e The system must choose one of g > 1 equivalent encodings (rectangular distortion, bond
alternation pattern).

e Closure penalty: B_cl « In(g) > 0.

e Result: B ring =B local + B _cl may exceed C_ring even when B _local alone would not.
The system pays for degeneracy resolution through distortion, raising total cost above the
delocalized aromatic case.

Conclusion. BCB predicts that 4n+2 systems gain full benefit from delocalization (reduced
density, no closure cost), while 4n systems face a closure penalty that partially or fully negates
the density reduction. This explains aromatic stabilization and antiaromatic destabilization from
first principles without importing Hiickel's rule as an axiom.
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11. Formal Presentation: Propositions, Proof Sketches, and
Calibration

For the general reader: This section presents BCB's claims in the formal language of
mathematical propositions and proofs. This is standard practice in theoretical physics—it makes
claims precise enough that they can be rigorously tested and potentially falsified. If you're not
comfortable with mathematical notation, you can skip to the next section; the key takeaways are
that each major chemical rule (tetrahedral geometry, bent water, hypervalency limits,
aromaticity) can be derived as a theorem from BCB's core principles, not just asserted as an
observation.

11.1 Proposition 1 (VSEPR as Minimum-Interference Packing)

Statement. Let m directional constraints be represented by unit vectors {n_i} on the unit sphere.
Assume equal base costs b_i =b and define the BCB interference functional ®(0) = 1/(1 — cos
0). Then, among candidate arrangements of {n_i}, admissible structures preferentially realise
those that minimise the total pairwise interference I({n_i}) =X {i<j} ®(6_ij), because this
minimises the required ledger cost B_ A(m) = m'b + A-I and therefore relaxes the capacity
inequality B A(m) <C_A.

Proof sketch. For fixed m and fixed b, A, C_A, the admissibility condition is equivalent to
I({n_1}) <(C_A —m-b)/A. Thus any arrangement with smaller I is admissible for a larger set of
environments (i.e., for smaller capacities). In environments near capacity, only low-I packings
survive. QED.

Corollary. The observed VSEPR geometries correspond to low-interference spherical packings
for m = 2..6 (linear, trigonal planar, tetrahedral, trigonal bipyramidal, octahedral).

11.2 Proposition 2 (CHa4: Tetrahedral Packing Beats Square Planar)

Statement. Under ®(0) = 1/(1 — cos 0), the tetrahedral arrangement of m = 4 constraints has
lower total interference than the square-planar arrangement, hence requires lower capacity for
admissibility and is the generic stable outcome for four equivalent ¢ constraints.

Proof. There are 6 pairs. For the tetrahedron, all pair angles are 0 _tet = arccos(—1/3), hence cos

0 tet=—1/3 and ®(0 tet) = 1/(1 + 1/3) = 3/4. Therefore I tet = 6-(3/4) = 4.5. For square planar,
there are 4 adjacent pairs at 90° and 2 opposite at 180°. Thus I sq =4-®(90°) + 2-O(180°) =4-1
+2:(1/2) =5.0. Since I tet <1 sq, tetrahedral packing is strictly less ledger-costly and dominates
near-capacity regimes. QED.

11.3 Proposition 3 (Lone Pairs Compress Angles: H:0)
Statement. If nonbonding constraints carry higher ledger weight than bonding constraints, the

minimum-interference packing shifts so that bond—bond angles compress below the equal-weight
tetrahedral value.
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Model. Introduce weights w_iand definel w=2% {i<j} (w_iw_j) DP(0 ij). Letw LP=w>1
and w_H =1 for the two bonds. The admissibility inequality becomes m'b + A1 w<C A.
Because LP terms are amplified, the optimiser preferentially increases angles between LP and
other constraints, which necessarily reduces the H-O—H separation in a four-constraint packing.

Proof sketch. Consider a continuous perturbation away from the equal-weight tetrahedral
packing. Increasing LP—LP and LP-bond angles reduces the dominant weighted terms
proportional to w? and w, respectively. The constraint that all four directions remain on the
sphere forces a compensating reduction in the bond—bond angle. Thus, for w > 1, the H-O-H
angle is strictly less than 0 _tet in the weighted optimum. QED.

Numerical illustration. Section 10.2 provides an explicit C_2v-symmetric parameterization and
numerical optimization. The calibrated value w_LP = 1.28 (Appendix A) reproduces the
observed H-O—H angle of 104.5° precisely.

11.4 Proposition 4 (Hypervalency as a Capacity Crossover: SFs vs CFé)

Statement. Hypervalent coordination becomes admissible when atomic/environmental capacity
C_A grows sufficiently and/or effective interference A drops sufficiently, so that B A(m) =X b i
+ A2 ®(0 1j) <C_A holds for m > 5, 6. This predicts a sharp row-dependent crossover
consistent with SFs existing and CFs not.

Proof sketch. For a fixed coordination (e.g., octahedral m = 6), the interference sum I oct is
O(1) and dominated by 90° pairs where ®(90°) = 1, so B_A grows roughly linearly with A and
with m. Second-row atoms have smaller QA and hence smaller capacity C_A =~ a€)_A, making
the inequality fail. Third-row atoms have larger 2 A and greater polarisability/delocalisation,
increasing C_A and effectively reducing A, making the inequality satisfiable. QED.

11.5 Proposition 5 (Aromatic Closure Admissibility)

Statement. Cyclic delocalized systems with 4n+2 electrons satisfy closure admissibility (B _cl =
0) because their closed-shell configuration presents no frontier degeneracy requiring resolution.
Systems with 4n electrons incur a closure penalty (B_cl > 0) proportional to the logarithm of the
frontier degeneracy, partially or fully negating the stabilization from spatial delocalization.

Proof sketch. The closure penalty B _cl(N _e) = In g(N_e) quantifies the irreversible
commitment required to select one encoding from g equivalent possibilities. For 4n+2 electrons
in a cyclic conjugated system, the highest occupied level is non-degenerate and fully filled,
giving g =1 and B_cl = 0. For 4n electrons, Hund's rule or Jahn-Teller considerations produce g
> 1 equivalent ground-state encodings (e.g., two ways to occupy degenerate frontier orbitals, or
two equivalent rectangular distortions). Resolving this degeneracy requires 3 In(g) bits. QED.

11.6 Calibration Protocol and Results
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The BCB parameters can be calibrated from a small, diverse training set using inequality
constraints rather than curve-fitting. This approach is appropriate because BCB makes
admissibility predictions (yes/no) rather than continuous energy predictions.

Calibration procedure:

Step 1 — Define Q proxy. Adopt Q A =a_pol(A)*(2/3) using NIST CCCBDB atomic
polarizabilities (A3).

Step 2 — Fix w_LP from geometry. Use the H-O angle (104.5°) to determine the lone-pair
weight. The C_2v packing model with ®(0) = 1/(1 — cos 0) gives w_LP = 1.28.

Step 3 — Bracket a from hypervalency boundary. Use existence/nonexistence constraints:
CFs (non-admissible) vs SFs (admissible). This gives 9.6 < a < 13.4.

Step 4 — Constrain p from aromaticity. Use the benzene/cyclobutadiene stability contrast.
This constrains = 1.5-3.

Calibration results: Appendix A presents the full calibration with NIST polarizability data. The
calibrated parameters correctly classify canonical existence boundaries (CFe«/SFs, NFs/PFs). Two
parameters (w_LP, a) are robustly calibrated; one (P) is constrained but requires further
refinement.

Deliverable. Once calibrated, the BCB inequality becomes a fast 'legality filter": given a
proposed coordination and constraint types, evaluate the minimal interference packing (or
approximate it) and check B_ A < C_A. This prunes impossible structures and reaction
intermediates before expensive quantum calculations.

12. Forward Programme: Predictions, Pruning, and
Reaction Admissibility

For the general reader: A good theory doesn't just explain what we already know—it makes
predictions that can be tested. This section outlines what BCB predicts and how those predictions
differ from what existing theories would say. The key predictions involve "threshold effects"—
sudden switches in behavior rather than gradual changes—and "existence boundaries" where a
slight change in conditions flips a structure from possible to impossible.

12.1 Borderline Existence Predictions
The BCB framework makes sharp predictions about the existence or non-existence of chemical

species that sit near capacity boundaries. These predictions are not energy-based but arise from
admissibility constraints.
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Proposition (Charge-Dependent Admissibility). Neutral PFs is predicted to be non-admissible
due to excessive interference and insufficient capacity. The anion PFs~ becomes admissible
because the additional electron increases delocalisation, lowers effective interference A, and
raises effective capacity C_A. This predicts that charge state alone can flip structural
admissibility without changing coordination number.

Prediction (Fluxional Hypervalency). XeFs is predicted to lie near the admissibility boundary.
No static geometry minimises interference sufficiently, so the molecule must dynamically
redistribute bit congestion. This accounts for its distorted, fluxional structure and sensitivity to
environment.

12.2 BCB as a Quantum Chemistry Search-Space Pruner

Quantum chemistry typically explores an enormous configuration space, much of which
corresponds to non-realizable structures. BCB introduces a pre-dynamical legality filter.

Theorem (Admissibility Pruning). For coordination number m, define the minimum achievable
interference I_min(m) over all spherical packings. If mb + A-1_min(m) > C_A, then no geometry
exists that satisfies the BCB inequality, and the entire class of configurations can be discarded
before any Schrodinger-based calculation.

This pruning eliminates large regions of configuration space a priori, reducing combinatorial
explosion and explaining why many QM stationary points never correspond to physical
chemistry.

12.3 Reaction Admissibility Beyond Energy and Symmetry

Chemical reactions are commonly classified by thermodynamics, kinetics, and symmetry
selection rules. BCB adds an independent constraint: pathway admissibility.

Definition (Pathway Admissibility). A reaction pathway R(t) is admissible if and only if B_R(t)
< C_R(t) for all t along the path. Even energetically downhill and symmetry-allowed reactions
are forbidden if they transiently violate local bit capacity.

Explanation. Certain pericyclic or rearrangement reactions are symmetry-allowed yet
unobserved because their transition states require too many simultaneous distinguishable
commitments in a compact region, exceeding C_R. Catalysts render such reactions possible by
redistributing commitments in space and time, effectively increasing capacity or lowering
interference.

12.4 Worked Example: Concerted vs Stepwise Pericyclic Reactions
Problem. Some Woodward-Hoffmann allowed pericyclic reactions [11, 12] proceed more
slowly than orbital symmetry alone predicts, or prefer stepwise mechanisms despite concerted

pathways being symmetry-permitted. BCB provides an explanation beyond electronic
considerations.
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BCB Analysis. Consider a symmetry-allowed [3,3]-sigmatropic rearrangement (Cope or Claisen
type). Woodward-Hoffmann rules permit the concerted, chair-like transition state. Yet heavily
substituted variants often proceed stepwise via diradical intermediates, despite the concerted path
being electronically allowed.

For any concerted cyclic transition state, estimate the transient ledger cost:
B_R”concerted = % b; + A Zi<; D(0;))
where the sum runs over all bonds being made/broken simultaneously in the cyclic TS.
Bulky-Substituted Cope Rearrangement:
e The concerted [3,3] transition state requires six atoms to maintain specific angular
relationships simultaneously.
o With bulky substituents (e.g., tert-butyl groups), the required geometry forces
substituents into close angular proximity.
e This increases (0 _ij) for multiple pairs, raising B R"concerted.
e Result: B R*concerted > C R even though W-H permits the pathway. The concerted
mechanism becomes admissibility-forbidden despite being symmetry-allowed.

Stepwise Alternative:

When the concerted TS violates capacity, a stepwise diradical mechanism may remain
admissible:

B R~ stepwise(t) <C R forall t
because bond-breaking and bond-making commitments are staged temporally rather than made
simultaneously. The system trades kinetic complexity (higher activation entropy, potential side
reactions) for admissibility.
Catalytic Rescue:
Lewis acid catalysis of Claisen rearrangements can restore the concerted pathway by:
1. Polarizing the transition state, reducing effective interference A between commitments
Organizing the substrate geometry, effectively increasing local capacity C_R
3. Stabilizing partial charges that would otherwise require additional distinguishability
commitments

This maps directly onto the BCB catalyst functions: increasing C R and/or reducing A.

BCB Prediction. For symmetry-allowed pericyclic reactions:
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1. Increasing steric bulk should shift mechanism from concerted to stepwise at a threshold,
not gradually

2. Catalysts that organize transition state geometry should restore concerted pathways even
with bulky substituents

3. The concerted/stepwise boundary should correlate with angular congestion metrics, not
just steric parameters

This analysis complements Woodward-Hoffmann rules: orbital symmetry determines which
concerted pathways have low electronic barriers, while BCB determines which of those
symmetry-allowed pathways are structurally admissible given finite distinguishability resources.
The constraints are independent: a pathway can be symmetry-allowed yet capacity-forbidden;
when both permit, kinetics and thermodynamics decide.

13. Case Study: Oxygen Evolution Reaction (OER) as a BCB
Mechanism Switch

For the general reader: Water-splitting is key to clean hydrogen production—one of the most
important challenges in sustainable energy. The "oxygen evolution reaction" (OER) is the
bottleneck: it's where water molecules give up their oxygen atoms. Scientists have debated for
decades about #ow this happens on different catalyst surfaces.

There are two main proposed mechanisms: (1) the reaction happens entirely through molecules
adsorbed on the surface (AEM), or (2) oxygen atoms from the catalyst itself participate and must
be replaced (LOM). Different catalysts seem to use different mechanisms, but no one has fully
explained why.

BCB offers a new perspective: the mechanism switch happens when one pathway becomes
"inadmissible"—when the surface gets so crowded with reaction intermediates that the simpler
mechanism can no longer proceed within the local information budget. The catalyst is forced to
recruit its own oxygen atoms to relieve the congestion.

The Oxygen Evolution Reaction (OER) remains one of the most actively debated reaction
mechanisms in modern electrochemistry [17, 30—32]. Despite decades of study, there is no single
agreed pathway across catalyst classes. Two dominant mechanisms are discussed:

e Adsorbate Evolution Mechanism (AEM): O—O bond formation occurs via adsorbed
intermediates (*OH, *O, *OOH) on the catalyst surface.

o Lattice Oxygen Mechanism (LOM): Oxygen atoms from the catalyst lattice itself
participate directly in O—O bond formation, often accompanied by lattice reconstruction
or oxygen vacancy formation.

In everyday terms: AEM is like a factory where raw materials come in, get processed on a
workbench, and leave as product—the workbench itself stays intact. LOM is like a factory that
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has to cannibalize parts of its own machinery to meet production demands—it works, but it
wears out the equipment.

Both mechanisms can be energetically feasible in standard quantum-chemical treatments, yet
which pathway dominates depends sensitively on catalyst composition, surface state, applied
potential, solvation, and dynamic restructuring. This makes OER an ideal test case for the BCB
admissibility framework.

13.1 BCB Mapping of OER

Define the reaction region R as the active site plus the first solvation shell and first lattice layer.
Define a reaction bit as an irreversible commitment event, such as:

o formation of a stable surface-bound intermediate
e creation of an oxygen vacancy
e irreversible participation of a lattice oxygen atom in O—O bond formation

The BCB pathway admissibility condition requires:
B_R(t) < C R(t) for all t along the reaction path
13.2 Mechanism Selection as a Capacity Switch

In AEM-dominated pathways, multiple high-cost adsorbate commitments must coexist on a
confined surface region (e.g., *O, *OOH, hydrogen-bonded solvent structure, surface charge
localisation). As overpotential increases or surface coverage rises, the cumulative ledger cost
B_R may exceed local capacity C_R.

BCB Prediction (Mechanism Switch). When the adsorbate pathway would transiently violate
B R < C R, the system must relieve bit congestion by redistributing commitments into the
lattice. This triggers a transition to LOM, where lattice oxygen participation reduces surface bit
density at the cost of lattice stability.

This reframes the AEM—LOM transition as an admissibility transition, not merely an energetic
one.

13.3 Explaining Activity—Stability Tradeoffs

LOM-dominated OER is frequently associated with high activity but poor long-term stability. In
BCB terms, this reflects a structural compromise: the lattice acts as a capacity reservoir, allowing
fast reaction turnover by absorbing distinguishability commitments that cannot be sustained on
the surface alone.

Surface reconstruction, oxygen exchange with the electrolyte, and catalyst degradation are

therefore not side effects but expected consequences of operating near or beyond the surface
capacity limit.
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13.4 Testable BCB Predictions for OER

The BCB framework yields several concrete, testable predictions:

1. AEM—LOM transitions should correlate with surface bit congestion metrics (high
intermediate coverage, strong field localisation), not solely with adsorption energies.

2. Isotope-labelled lattice oxygen participation should increase sharply once a capacity
threshold is crossed, even if energetic barriers change smoothly.

3. Catalysts engineered to increase effective C_R (e.g., via surface roughness, flexible
lattice oxygen networks, or dynamic solvation environments) should delay or suppress
the onset of LOM at comparable overpotentials.

These predictions distinguish BCB from purely energetic or electronic-structure-based
explanations.

13.5 Positioning

BCB does not replace existing OER models; it classifies them. AEM and LOM are reinterpreted
as alternative admissible pathways selected by local bit-capacity constraints. This provides a
unifying principle for why different mechanisms dominate under different conditions and why
activity and stability are often in tension.

14. OER One-Page Summary: Proposition and Predictions

This section distills the OER case study into a compact, referee-friendly form: a single
proposition, a mechanism-switch criterion, and falsifiable predictions.

14.1 Proposition (BCB Mechanism Selection for OER)

Let R denote the active reaction region comprising the catalytic active site, first solvation shell,
and first lattice layer. Let B_R(t) be the cumulative ledger cost of maintaining all distinguishable,
irreversible commitments required by the reaction intermediates at time t (adsorbate bindings,
charge localisation, solvent ordering, vacancy formation). Let C_R(t) be the effective capacity of
R. Then an OER pathway is admissible if and only if:

BCB Path Admissibility:
B R(t) <C R(t) for all t along the pathway
Mechanism Switch Criterion. Define B R*AEM,max as the maximum ledger cost encountered

along the AEM path under given conditions (potential, pH, surface coverage, solvation
structure). If:

28



B R*"AEM,max > C R

then the AEM pathway becomes non-admissible and the system must transition to an alternative
pathway that reduces surface congestion. The most accessible relief channel is lattice
participation (LOM), which redistributes commitments into the bulk lattice (vacancies, oxygen
exchange) at the cost of structural stability.

14.2 Predictions (Distinctive BCB Signatures)

P1 — Thresholded onset of lattice oxygen participation. As operating conditions are varied
smoothly (potential, coverage), lattice oxygen exchange should exhibit a sharp onset at a
capacity threshold, rather than varying smoothly with adsorption energetics.

P2 — Congestion correlation. The AEM—LOM transition should correlate most strongly with
congestion proxies (intermediate coverage, local field strength, charge localisation, solvent
ordering) that increase B_R, not solely with descriptors tied to adsorption energies.

Existing OER frameworks often generate non-linearities via coverage effects, site blocking, or
potential-dependent barriers. BCB's distinct contribution is to treat such non-linearities as
capacity transitions and to predict: (i) sharpness and hysteresis as generic signatures of
admissibility switching, and (ii) that congestion proxies should systematically outperform
adsorption-energy descriptors in predicting onset across catalyst families, after controlling for
known energetic effects. This correlation inversion (R? congestion > R? energy, after energetic
controls) is a distinctive BCB signature.

P3 — Capacity engineering delays LOM. Catalyst/surface designs that increase effective
capacity C_R (e.g., porous morphologies increasing accessible interface bandwidth, flexible
oxygen sublattices, stabilised hydration structures) should delay the onset of lattice oxygen
participation at comparable overpotentials.

P4 — Activity—stability coupling as a ledger trade. If LOM is a capacity-relief route, then
high activity obtained via LOM should be systematically coupled to accelerated
reconstruction/degradation; stabilising the lattice without increasing C_R should reduce activity
by forcing operation below the threshold.

14.3 Quantitative Prediction Bounds (Approximate)

To enable experimental falsification, we specify approximate quantitative expectations. These
bounds are preliminary and subject to revision upon calibration, but provide concrete targets:

Threshold sharpness. BCB predicts that the lattice oxygen fraction (measured via '*O isotope
labeling) should increase from <10% to >50% within a narrow window of the control parameter.
For potential-controlled experiments, this window should be <0.15 V; for coverage-controlled
conditions, the transition should occur over A6 < 0.1 monolayer equivalent.
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Hysteresis. If the AEM—LOM transition involves structural reorganization (vacancy formation,
surface reconstruction), BCB predicts measurable hysteresis in the lattice oxygen fraction when
cycling potential up vs. down. Expected hysteresis magnitude: >30 mV in onset potential, or
>5% in lattice oxygen fraction at matched current density.

Congestion proxy correlation. The threshold potential for LOM onset should correlate more
strongly with congestion proxies (surface intermediate coverage 0, local electric field E,
adsorbate-adsorbate interaction parameters) than with traditional descriptors (AG_O*,¢ g
filling). Specifically, R? for congestion-proxy correlations should exceed R? for energy-
descriptor correlations by >0.1 across a catalyst series.

What would falsify BCB predictions:

o Lattice oxygen participation varying smoothly and monotonically with potential across
all catalysts and conditions (no threshold)

o Hysteresis absent despite clear evidence of surface reconstruction

o Congestion proxies showing weaker correlation with LOM onset than adsorption energy
descriptors

15. Comparison Table: Standard OER Accounts vs BCB

Explains Distinctive
What selects the Primary activity—
Framework . . . o testable
mechanism? variables/descriptors stability .
signature
tradeoff?
Energetic preference . . . . Trends are
AEM Adsorption energies of  Partially (via

for adsorbate generally smooth

(Adsorbate . . *OH/*O/*OO0H; scaling  scaling . .
. intermediates on . . . with adsorption
Evolution) relations; barriers constraints) .
surface descriptors
Isotope-labelled
Energetic O-vacancy formation Yes (often  lattice oxygen
LOM o : . . - .
(Lattice accessibility of lattice energy; oxygen mobility; high activity, evolves into Oz;
Oxygen) oxygen participation / redox flexibility; lower surface
e vacancy pathways operando reconstruction  stability) reconstruction
signatures
. Electronic structure  d-band centre, e g . Correlat} ons with
Electronic- Indirectly electronic
tuned occupancy, covalency, . ” .
Structure : . (via stability descriptors; not
. adsorption/bonding of charge transfer, . .
Descriptors . . . descriptors) inherently
intermediates conductivity
thresholded
. Admissibility under  Congestion proxies: Yes (LOM as Sharp
BCB (This . e . .
work) finite capacity: coverage, field capacity thresholded onset
B R(t) <C R(t); localisation, solvent relief — of lattice oxygen
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Explains

What selects the Primary activity— Distinctive
Framework . . . o testable
mechanism? variables/descriptors stability .
signature
tradeoff?

switch when AEM  ordering; capacity activity at  participation and

exceeds capacity proxies: interface stability cost) reconstruction
bandwidth, lattice when capacity is

compliance crossed

Interpretation. BCB does not compete with AEM/LOM as mechanistic chemistry; it supplies a
selection principle that predicts when each becomes admissible. BCB therefore unifies why
different catalysts and conditions report different dominant mechanisms and why transitions can
appear abrupt.

16. Reinterpreting Existing OER Literature Through BCB

This section demonstrates that key signatures predicted by the BCB framework may already be
present in the experimental OER literature, but have not been recognised as evidence of a
capacity-driven admissibility transition. Rather than introducing new data, we reinterpret well-
known operando and isotope-labeling results through the lens of BCB.

16.1 Layered Double Hydroxides (NiFe / NiCo LDH, Alkaline OER)

Operando Raman and isotope-labeling studies on NiFe and NiCo layered double hydroxides
have shown rapid oxygen exchange behavior once OER conditions are applied. Specifically,
operando Raman spectroscopy [21, 23] and isotope-labeling experiments [22, 24] reveal that
when catalysts are pre-labeled with '*O and driven into the OER regime, vibrational signatures
associated with lattice oxygen rapidly revert toward '*O-dominated spectra under bias.

Standard interpretations describe this as evidence of lattice oxygen participation (LOM)
becoming active under OER conditions. However, the abruptness of the transition—often
occurring immediately upon entering the OER regime rather than evolving smoothly with
potential—suggests a threshold phenomenon.

BCB Interpretation. As current density and surface coverage increase, the adsorbate evolution
pathway requires an increasing number of simultaneous, irreversible commitments on a confined
surface region (multiple *O/*OOH species, solvent ordering, charge localization). Once the
cumulative ledger cost B_R exceeds the local capacity C R, the surface-only pathway becomes
non-admissible. The system relieves this congestion by redistributing commitments into the
lattice, activating oxygen exchange as a capacity-relief mechanism.

This reframes the observed rapid isotope exchange not as gradual energetic optimization, but as a
sharp admissibility transition.
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16.2 Rutile IrO: (Acidic OER Benchmark)

Rutile IrO: is widely regarded as a benchmark acidic OER catalyst due to its relatively high
activity and apparent stability. Nevertheless, isotope-labeling and atom-probe studies have
demonstrated lattice oxygen exchange under OER operation [19, 20].

Energetic models struggle to reconcile high stability with active lattice participation. BCB
resolves this tension by recognizing that even nominally stable oxides may operate near their
surface capacity limit under high turnover.

BCB Interpretation. Under OER bias, IrO: surfaces approach a congestion threshold where
sustaining all required adsorbate commitments on the surface alone would violate B R <C R.
Controlled lattice oxygen exchange provides a reversible capacity buffer, allowing continued
high activity while preserving macroscopic stability.

16.3 What to Re-Plot: Extracting BCB Signatures from Existing Data

The BCB framework predicts that lattice oxygen participation should exhibit threshold behavior
when plotted against congestion proxies, rather than smooth energetic trends.

Table: Proxies for BCB Analysis of OER Data

Axis Proxy (measurable) BCB role

Reaction throughput increases

Congestion (TB_R) Current density simultaneous commitments

Direct measure of adsorbate

Surface intermediate coverage .
crowding

Applied potential (Tafel Drives coverage and field strength

regime)

Local electric field strength Intensifies commitment density
Capacity (1C_R) ](Eégc;rg;hemlcal surface area Effective interface bandwidth

Surface porosity/roughness Distributed capacity reservoir

Lattice compliance/flexibility ~ Ability to absorb commitments

Solvation-mediated capacity (see

Hydration layer stability note)

Lattice participation  Fraction of O: from lattice

(observable) (isotope label) Direct LOM signature

Raman frequency shifts Lattice oxygen exchange
Operando vacancy signatures  Structural response to capacity stress

Note on hydration layer capacity: A stable, well-ordered hydration layer at the catalyst-
electrolyte interface can increase effective C_R by providing additional "bandwidth" for
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distinguishing reaction intermediates. Specifically, hydrogen-bonding networks in the hydration
layer can help spatially and temporally separate adsorbate commitments that would otherwise
interfere on the bare surface. Disruption of the hydration layer (e.g., by high ionic strength,
specific adsorption, or elevated temperature) reduces this solvation-mediated capacity buffer.

BCB Prediction. When these quantities are replotted against one another, lattice participation
should turn on sharply at a critical congestion threshold, potentially accompanied by hysteresis.
Such behavior distinguishes admissibility transitions from smooth energetic or electronic-
structure-driven trends.

This analysis suggests that capacity-driven mechanism switching may already be visible in the
literature, awaiting reinterpretation rather than new experimentation.

17. Scope and Non-Claims of the BCB Framework

For the general reader: This section clarifies what BCB is and isn't. It's important to understand
that BCB doesn't replace existing chemistry—it adds a new perspective. Think of it like this:
traditional quantum chemistry is like calculating whether you can afford something; BCB is like
checking whether the store even carries it. Both questions matter, but they're different questions.

To avoid misinterpretation, it is important to state explicitly what the Bit Conservation &
Balance (BCB) framework does and does not claim. This clarification is intended to situate BCB
appropriately within existing theory, and to pre-empt common but misplaced objections.

17.1 What BCB Is Not Claiming

BCB does not claim to replace quantum mechanics, density functional theory (DFT), or
electronic-structure methods. All such formalisms remain essential for calculating energies,
charge distributions, vibrational spectra, and kinetics once a structure or pathway is admissible.

In everyday terms: BCB doesn't tell you which molecule has lower energy—that's still the job of
quantum chemistry. BCB tells you which molecules are possible in the first place.

BCB does not deny the relevance of orbitals, electronic descriptors, adsorption energies, or
symmetry considerations. Rather, it asserts that these quantities operate within a prior
admissibility envelope that is rarely made explicit.

BCB does not assert that entropy or information alone determines chemistry. The
framework concerns irreversible distinguishability and finite capacity, not equilibrium
thermodynamic entropy or abstract Shannon information.

BCB does not claim that the 4n+2 rule or other chemical regularities are ""wrong." Rather,

it derives them from more fundamental principles, showing why they hold rather than merely
asserting that they do.
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17.2 What BCB Is Claiming

BCB claims that chemical structure and reaction mechanisms are constrained by a finite
local capacity to sustain irreversible, distinguishable commitments.

BCB claims that many chemical 'rules'—including valence limits, preferred geometries,
hypervalency boundaries, aromatic/antiaromatic stability, and reaction non-occurrence—
are consequences of this capacity constraint, rather than independent empirical facts.

BCB claims that reaction mechanisms are selected not only by energy and symmetry, but
also by pathway admissibility under capacity constraints.

BCB claims that the aromatic/antiaromatic distinction arises from closure admissibility
conditions (degeneracy resolution costs) rather than being an independent empirical rule.

17.3 Relationship to Existing Methods

BCB functions as a constraint layer above quantum chemistry: it identifies which structures,
intermediates, and pathways are admissible in principle, thereby reducing the effective search
space explored by detailed electronic-structure calculations.

In this role, BCB is complementary to—not competitive with—DFT, ab initio molecular
dynamics, and microkinetic modeling. Its value lies in structural selection and mechanism
classification, not numerical energy prediction.

When BCB forbids a pathway, no amount of energetic optimization within the stated
physical constraints should render it realizable. When BCB permits multiple pathways,
conventional energetic and Kinetic analysis determines which is preferred.

17.3a Relation to Bonding-Partition Frameworks (QTAIM, NBO, ELF)

Modern bonding analyses such as QTAIM, ELF, and NBO provide rigorous and physically
grounded ways to partition molecular electron density into regions, basins, and interaction
channels. BCB is fully compatible with these approaches and may use their outputs to define
candidate constraint sets and regional weights (see Section 2.2a).

The distinction lies in scope: QTAIM and related methods describe how electron density is
distributed in a given structure, whereas BCB imposes an additional admissibility criterion—
whether the resulting set of irreversible commitments can be stably sustained within a finite local
capacity. In this sense, BCB does not replace bonding analysis but adds a constraint layer that
can rule out otherwise well-defined electronic structures as non-realizable.

To our knowledge, existing partitioning frameworks do not provide such an admissibility bound.

They answer "What bonding pattern does this structure have?" BCB answers "Can this bonding
pattern exist stably?"
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17.4 Limitations and Open Questions

To maintain intellectual honesty, we explicitly acknowledge current limitations and areas
requiring further development.

Parameter Calibration Status. Two BCB parameters are robustly calibrated: the lone-pair
weight w_LP = 1.28 (from the H-O angle) and the capacity scaling bracket 9.6 <o < 13.4 (from
the CF¢/SFs existence boundary). These are anchored to measured observables through explicit
computation. The closure cost scale § = 2 is constrained but depends on an estimated
delocalization benefit that requires further theoretical development. The calibrated parameters
correctly classify canonical existence boundaries (CFs/SFs, NFs/PFs). Extension to a
comprehensive validation set requires systematic computation of interference sums for each
coordination environment with consistent counting conventions. See Appendix A for details.

Functional Robustness. The specific form ®(0) = 1/(1 — cos 6) was chosen for mathematical
convenience and minimal assumptions. Key results (tetrahedral preference over square-planar,
lone-pair compression, hypervalency crossover) depend on the divergence structure as § — 0 and
the relative ordering ®(90°) > ®(109.5°) > ®(120°) > ®(180°), which is shared by alternatives
such as ®(0) = 1/6% or ®(0) = 1/(1 — cos 0)"n. Gaussian penalties O(0) = exp(—0%/00?) lack the
hard divergence and may fail to enforce constraint separability. A systematic robustness study
across functional families would strengthen confidence in the framework's predictions.

Closure Cost and Orbital Degeneracy. The closure penalty B _cl =3 In g requires determining
the degeneracy g, which in practice is obtained from electronic structure considerations (Hiickel
orbital filling, Jahn-Teller analysis). This raises a question of circularity: does BCB derive
Hiickel's rule or merely repackage it? Our position is intermediate. BCB explains why
degeneracy matters (it represents an additional irreversible commitment to resolve ambiguity),
but identifying which systems have frontier degeneracy currently relies on electronic structure
input. A fully autonomous BCB derivation would require g to emerge from geometric frustration
in cyclic constraint packing—an open theoretical challenge.

Multi-Center and Delocalized Bonding. The current formulation assumes directional
constraints emanating from atomic centers. Three-center-two-electron bonds (as in diborane),
metallic bonding, and delocalized cluster orbitals do not fit cleanly into this picture. Extension to
such systems requires reformulating constraints as regional rather than atomic.

Definition (Regional commitment weight). For a delocalized commitment spanning centers i =
1...k, define weights w_i by a partition of the commitment's stabilizing density (e.g., integrated
ELF/QTAIM basin contributions or bond-order decomposition), with X; wi = 1. The local ledger
assigns bit cost wi-b to center i.

This definition makes fractional weights measurable in principle through standard computational
chemistry tools (QTAIM, ELF analysis, NBO partitioning).

Worked example: Diborane (B:Hs). Diborane contains two B-H-B three-center-two-electron
(3c-2e) bridges plus four terminal B-H bonds. A BCB treatment proceeds as follows:

35



Constraint assignment.: Each terminal B-H bond contributes b_c¢ = 1 to its boron center (4 total,
2 per B). Each 3c-2e bridge is treated as a distributed constraint with fractional weight: b_3c-
2e/2 = 0.5 per boron center (2 bridges, contributing 1.0 total per B from bridges).

Total per boron center: B_B = 2(terminal) + 2(0.5 from bridges) = 3 effective constraints.

Geometry: The four constraints at each B center (2 terminal + 2 bridge participations) arrange in
a tetrahedral-like pattern. The bridge bonds are bent, with B-H-B angles of ~83°, reflecting the
distributed nature of the 3¢c-2e commitment.

Interference: The bridge B-H vectors form acute angles (~40° between bridges at each B), but
the reduced weight (0.5 vs 1.0) compensates for the increased ©(40°). This suggests 3c-2e
bonding is an admissible strategy when it reduces total B_R relative to alternative bonding
schemes.

Prediction: BCB predicts that 3c-2e bonding becomes favorable when: (a) normal 2c-2e bonding
would exceed capacity (electron-deficient systems), and (b) the geometric arrangement permits
distributed constraints without excessive interference. Diborane satisfies both conditions.

This treatment demonstrates that BCB's architecture can accommodate non-classical bonding.
The fractional weights (0.5 per B center for each 3c-2e bond) can in principle be computed from
QTAIM basin integrations or ELF partitioning, making the approach systematic rather than ad
hoc.

Dynamics Near Capacity. The framework describes static admissibility but says little about
dynamics when B_R approaches C_R. Empirically, systems near capacity boundaries often
exhibit fluxionality (XeFs), dynamic Jahn-Teller distortion, or structural bistability. A dynamical
BCB theory might predict critical slowing down, enhanced fluctuations, or abrupt restructuring
as the admissibility boundary is approached. Developing such a theory is an open problem.

Temperature and Timescale Dependence. Irreversibility is defined relative to a physical
timescale, but the framework does not yet specify how B_R and C_R scale with temperature.
Plausibly, both increase with temperature (more thermal energy to sustain commitments, but also
more fluctuations requiring resolution), and the admissibility boundary may shift. Quantifying
this dependence is necessary for applying BCB to high-temperature chemistry or cryogenic
conditions.

Connection to Landauer's Principle. As stated in Section 2.0, BCB is an effective admissibility
theory, not a microscopic entropy theory. The conceptual motivation draws on Landauer's
principle [35, 36]—sustaining distinguishable states requires thermodynamic support—but BCB
does not derive C_R from Landauer-type arguments. Such a derivation would require a separate
foundational physics treatment (bounded quantum systems under decoherence, distinguishability
lifetime analysis, spatial coarse-graining). BCB is consistent with Landauer-type bounds but not
derived from them. The framework's predictive content does not depend on completing this
foundational program.
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Broader theoretical context. BCB is developed here as a standalone admissibility framework
for chemistry, but is also compatible with broader information-theoretic approaches to physics in
which spacetime and dynamics emerge from finite distinguishability constraints. A fuller
integration with such frameworks is left for future work.

18. Anticipated Objections and Clarifications

For the general reader: When presenting a new theoretical framework, scientists must
anticipate criticism. This section addresses the most likely objections a skeptical reviewer might
raise. Understanding these objections—and the responses—helps clarify what BCB actually
claims and how it differs from existing approaches.

To facilitate peer review and pre-empt common but misplaced objections, we address several
anticipated critiques directly.

18.1 "Isn't this just VSEPR / sterics in new language?"

Objection. The minimum-interference packing resembles VSEPR electron-pair repulsion, so
BCB may be rebranding a heuristic.

BCB response. VSEPR describes geometric regularities; BCB provides a selection principle: an
explicit ledger cost B and a finite capacity C with a hard admissibility inequality B < C. The
framework therefore predicts not only the preferred geometry, but also when a geometry
becomes impossible under capacity stress (e.g., row-dependent hypervalency crossovers,
pathway inadmissibility). VSEPR is recovered as a low-level phenomenology of minimum-
interference packings; BCB specifies why those packings survive near capacity and how
deviations arise when constraint weights or capacities change.

18.2 "Aren't the 'bits' vague? What exactly is being counted?"

Objection. "Bits" could be interpreted as Shannon information or equilibrium entropy, which
would make the framework ill-defined.

BCB response. BCB is an effective admissibility theory (see Section 2.0). The quantity B R is
not identified with thermodynamic entropy, von Neumann entropy, or Shannon information. A
"chemical bit" is an operational commitment: a bond, lone-pair domain, vacancy, or enforced
directional constraint that is irreversible on the timescale of interest. The normalization by k B
In 2 provides dimensional consistency with physical information bounds, not a claim of
microscopic identity. The ledger B_R is an effective count of sustained commitments, and the
capacity C_R is a calibratable bound—analogous to how Landau-Ginzburg theory uses an order
parameter without specifying microscopic pairing mechanisms.
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18.3 "You introduced free parameters (o, A, b-classes). Is this predictive or just
retrospective fitting?"

Objection. With enough adjustable parameters, many trends can be fit after the fact.

BCB response. The parameters are not arbitrary: (i) b-classes are coarse categories of constraint
type (o, m, lone-pair, donor—acceptor) that recur across chemistry; (ii) A controls competition
between simultaneously sustained directional constraints; (iii) capacity scaling C_ A = a€) A is
anchored to operational estimators of QA (radius/polarizability/DFT isodensity geometry).
Predictivity is tested by: fitting on a small benchmark set (CH4, NHs, H2O, PFs, SFs, etc.) and
validating on held-out motifs (hypercoordinate Si, xenon fluorides, aromatic vs antiaromatic
rings, borderline hypervalent species). The central falsifiable claim is not a numerical fit but the
existence of an admissibility envelope: when BCB forbids a class of structures or pathways, no
energetic optimization should render them physically realizable.

18.4 ""Why this interference functional ®(0) = 1/(1 — cos 0)? Isn't that
arbitrary?"

Objection. The choice of ® might appear chosen to reproduce known geometries.

BCB response. ®(0) is chosen as a minimal, coordinate-free spherical penalty satisfying: (1)
symmetry under 6 — —9; (i1) a hard divergence as 6 — 0 (distinguishability collapse); (iii) finite
value at 0 = m; and (iv) smoothness on the sphere away from coalescence. Other penalties can be
used; BCB does not require this exact form. The key requirement is a divergence strong enough
to enforce separability of simultaneous directional commitments and a global definition
compatible with spherical packing. Appendix B demonstrates that key results (tetrahedral
preference, lone-pair compression, hypervalency crossover) are robust across alternative
functional choices including ®(0) = 2/6* and ®(0) = 1/(1 — cos 6)*

18.5 ""Aromatic vs antiaromatic: isn't g(N_e) just importing MO theory?"
Objection. The closure penalty appears to encode Hiickel's rule implicitly.

BCB response. We distinguish two questions: (1) Why does frontier degeneracy matter for
stability? and (2) Which systems have frontier degeneracy?

BCB answers question (1) independently: degeneracy represents multiple equally valid
encodings, and selecting one to realize a stable molecular fact constitutes an irreversible
commitment with cost B_cl = f In g. This explains the mechanism by which 4n systems are
destabilized—they must pay to resolve ambiguity—rather than merely asserting instability based
on electron count.

Question (2) currently relies on electronic structure input (Hiickel orbital filling, Jahn-Teller

analysis) to determine g. In this sense, BCB does not autonomously predict which systems are
aromatic; it explains why the distinction matters once degeneracy is identified.
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However, BCB makes distinct predictions beyond Hiickel's rule: closure cost depends on
degeneracy magnitude (g), not just electron count; pre-closure symmetry breaking can reduce g
and hence B_cl; and temperature can affect the effective resolved degeneracy (see Section 6.5).
These predictions are testable and distinguish BCB from standard Hiickel theory.

18.6 ""How does BCB relate to quantum mechanics? Are you claiming to replace
DFT?"

Objection. Any new theory of chemical rules may be read as competing with QM/DFT.

BCB response. BCB is not a replacement for QM. It is a constraint-first admissibility layer that
prunes structures and reaction pathways before detailed electronic-structure calculations decide
energetic preference. When BCB permits multiple pathways, standard QM/DFT kinetics and
thermodynamics determine which dominates; when BCB forbids a pathway, no energetic
optimization should render it physically realizable under the stated conditions.

18.7 "If this is real, what are the cleanest falsifiable signatures?"
Objection. Without crisp tests, the framework risks being merely interpretive.
BCB response. The framework predicts threshold-like transitions and vetoes:

1. OER: A thresholded onset of lattice oxygen participation correlated with congestion
proxies, potentially with hysteresis, rather than smooth trends with adsorption
descriptors.

o Falsification: If lattice oxygen participation varies smoothly with congestion
proxies across catalysts and conditions (no sharp onset, no hysteresis), BCB's
"capacity switch" claim is wrong or incomplete.

2. Borderline hypervalency: Existence/nonexistence flips under charge state or
environment changes that modulate effective capacity and interference (e.g., PFs vs
neutral PFs).

o Falsification: If PFs stability shows no threshold dependence on
solvation/environment parameters that modulate capacity, or if neutral PFs is
isolable under standard conditions, the capacity-crossover mechanism is falsified.

3. Fluxionality near capacity: Molecules near admissibility boundaries should exhibit
dynamic redistribution rather than stable geometries (e.g., XeFs-like behavior).

o Falsification: If XeFs-type systems show static, well-defined geometries with no
dynamic redistribution under conditions where BCB predicts near-capacity stress,
the framework fails.

4. Mechanism switching: Stepwise pathways should dominate when concerted transition
states require too many simultaneous commitments in a compact region, with catalysts
restoring concerted admissibility by increasing C_R or lowering effective A.

o Falsification: 1f the concerted-to-stepwise boundary for symmetry-allowed
pericyclic reactions varies smoothly with steric bulk (no threshold), or if catalysts
restore concerted pathways without affecting capacity/interference metrics, BCB's
mechanism is incomplete.
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18.8 Immediate Experimental and Computational Tests

The following table summarizes the most direct tests of BCB's central claims, organized by
domain. Each row specifies the claim, the observable to measure or compute, the expected
signature if BCB is correct, and what would constitute falsification.

. . What to . What Would
Domain BCB Claim Plot/Compute Expected Signature Falsify
Capacity Lattice-O fraction Sharp onset, hysteresis 2:1 Z?lgtence onl
OER switch vs current density P - Y p y
AEM—LOM |(or coverage proxy) possible across ca"ca'lysts
and conditions
Compare PFs vs No crossover
Hvpervalenc Charge flips  ||[PFs stability across ||Threshold crossover despite capacity-
yp y admissibility |[solvation with environment modulating
environments changes
_ |[XeFetype systems: Dynamic redistribution ||Static structure
. . Near-capacity |[MD trajectories, . .
Fluxionality . near predicted persists under
— fluxional IR/Raman bounda apacity str
linewidths oundary capactty stess
No extra
Compute . )
Symmetry breaking commitment
. . Closure cost || degeneracy g and . _
Aromaticity . . correlates with B_cl = B|needed;
for 4n systems ||distortion energy .
. Ing symmetric 4n
minima :
rings stable
Steric ?gsglcl:?tlescrin Vs Sharp Purely gradual
Pericyclic threshold for . concerted—stepwise Y
mechanism step\ylse) Vs boundary trend with bulk
substituent bulk

These tests are designed to be implementable with existing experimental techniques (operando
spectroscopy, isotope labeling, variable-temperature NMR) and standard computational methods
(DFT, ab initio MD). Negative results on multiple independent tests would constitute strong
evidence against the BCB framework; positive results would support its predictive utility.

19. Conclusions

For the general reader: This paper has shown that many of chemistry's "rules"—which students
typically memorize as separate facts—can be understood as different manifestations of a single
underlying principle: every region of space has a limited capacity to hold distinct chemical
commitments. From this one idea, we can derive why carbon forms four bonds, why water is
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bent, why benzene is stable, and why certain reactions don't happen even when they're
energetically favorable.

The practical implication is that before running expensive computer simulations to calculate
molecular energies, we can first ask a simpler question: "Is this structure even possible?" BCB
provides a principled way to answer that question, potentially saving enormous computational
effort and guiding the search for new molecules and catalysts.

The Bit Conservation & Balance framework offers a unified principle for understanding
chemical structure and reactivity: the finite local capacity to sustain irreversible, distinguishable
commitments. From this single constraint emerges:

Molecular geometry as minimum-interference packing of directional constraints
Valence limits as capacity bounds dependent on atomic size and electronic structure
Lone pair effects as weighted interference from higher-cost constraints
Hypervalency as a capacity crossover between atomic rows

Aromaticity as closure-admissible delocalization; antiaromaticity as closure-frustrated
delocalization requiring degeneracy resolution

Reaction admissibility as a pathway constraint independent of energy and symmetry
7. Mechanism selection in complex reactions (OER) as capacity-driven switching

S

a

The framework makes falsifiable predictions—sharp thresholds, congestion correlations,
capacity-engineering effects—that distinguish it from purely energetic accounts. Applied to the
oxygen evolution reaction, BCB reframes the long-standing AEM/LOM debate as a question of
admissibility under local capacity constraints, suggesting that signatures of capacity-driven
mechanism switching may already be present in existing experimental data.

BCB does not replace quantum chemistry but provides a pre-computational filter that identifies
which structures and pathways merit detailed electronic-structure analysis. As calibration
proceeds and predictions are tested, the framework offers a path toward principled pruning of
chemical configuration space and deeper understanding of why chemistry takes the forms it does.
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Appendix A: Calibration Results

This appendix presents BCB parameter calibration from benchmark chemistry data. The lone-
pair weight and capacity scaling are anchored to measured observables; the closure cost scale is
constrained but less precisely determined.

A.1 Capacity Proxy Definition

We adopt the polarizability proxy throughout:

Q A = a_pol(A)*(2/3)
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where o_pol is the static atomic polarizability in A* from NIST CCCBDB. This gives:

Atom o_pol (A% Q A =a_pol*(2/3)

C 1.760 1.458
N 1.100 1.066
O 0.802 0.863
P 3.630 2.362
S 2.900 2.034

Xe 4.005 2.522

A.1b Robustness of Capacity Estimators

A natural concern is whether the choice of Q proxy matters. We show that the hypervalency
boundary is robust across alternative estimators.

Two candidate proxies:

1. Polarizability proxy: Q: = o_pol*(2/3) (used throughout this paper)
2. Radius proxy: Q.=r cov? (covalent radius squared)

Covalent radii (A, from standard tables): C =0.77, S = 1.05

Comparison for CF+«/SFs boundary:

Proxy Q C QS Q S/Q C Boundary location
Polarizability (a_pol™(2/3)) 1.458 2.034 1.40 Between C and S v/
Radius (r_cov?) 0.593 1.103 1.86 Between C and S v/

Key observation: Both proxies place Q C <Q S with a ratio > 1.3. Since the admissibility
boundary requires Q S/Q C > B(6)/[a-Q_S]/B(6)/[a-Q_C] =1 for SFs to pass and CFs to fail,
both proxies correctly locate the boundary between row 2 and row 3.

The absolute value of a rescales between proxies, but the relative ordering of capacities across
the periodic table is robust. Structural admissibility boundaries depend on this ordering, not on
the absolute  values.

Conclusion: The choice of Q proxy affects the numerical value of the calibrated a but not the

predicted existence boundaries. This transforms Q from a "fitting knob" into a physical ordering
parameter.

A.2 Lone-Pair Weight from H:O Geometry

Calibration target: H-O with & HOH = 104.5°
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Method: Using the C_2v-symmetric packing model (Section 10.2) with ®(6) = 1/(1 — cos 0), we
numerically minimized the weighted interference I w over (6 HH, 6 LP) for varying w =
w_LP/w o.

Results:

w_LP Predicted @ HOH

1.27 104.70°
1.28 104.55°
1.29 104.40°

Calibrated value: w_LP =1.28 (relativetow _c=1)

This is a robust calibration result: the parameter is determined by matching a measured geometry
through a specified optimization model.

Consistency check (NHs): With three bonds and one LP at w_LP = 1.28, the model predicts
0 HNH = 106.5-107.5°, consistent with the observed ~107°. v/

A.3 Capacity Scaling a from Hypervalency Boundary
Calibration targets:

e CFs: non-existent (capacity violation)
o SFe: stable (capacity satisfied)

Method: For octahedral coordination (m = 6), the interference sum is:
e 12pairsat90° — 12 x ®(90°) =12 x 1 =12
e 3pairsat 180° — 3 x ®(180°) =3 x0.5=1.5
e Total: I oct=13.5

Withb o =1 and A =1 (absorbed into units):

B(m=6)=6b o+ Al oct=6+13.5=19.5

Inequality constraints:

e CFs forbidden: 19.5>a-Q C=0-1.458 — 0 <13.38
e SFsallowed: 19.5<0'Q S=0'2.034 — a>9.59

Calibrated value: 9.6 <0 <134

We adopt a = 11 £ 2 as a central estimate within this bracket.
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This is a robust calibration result: the parameter range is bounded by existence/nonexistence
constraints through explicit inequality computation.

A.4 Closure Cost Scale p (Constrained Estimate)
Calibration targets:

o Benzene (4n+2): aromatic, stable, g = 1
e Cyclobutadiene (4n): antiaromatic, distorts/destabilized, g = 2

Constraint: For cyclobutadiene to be destabilized relative to a hypothetical symmetric
delocalized structure, the closure cost B_cl = f In 2 = 0.69 must exceed the delocalization

benefit. Estimating this benefit as ~1-2 bits (a model assumption, not yet derived from first
principles):

e Require: fIn2>1—p>1.44
e Upper bound from not destabilizing known aromatics: § < 4

Constrained estimate: f ~ 1.5-3 (in b_c units)

This is a constrained estimate, not a precise calibration: the bounds depend on an assumed
delocalization benefit that requires further theoretical development.

A.S Summary of Calibration Status

Parameter Value Status Anchor

w_LP 1.28 Calibrated H:O angle (104.5°)

o 11 £2 Bracketed CF¢/SFs existence boundary

B ~2 Constrained Aromatic/antiaromatic contrast
b o 1.0  Reference —

A 1.0  Absorbed —

A.6 Validation on Held-Out Species

Using the calibrated parameters (o = 11, w_LP = 1.28), we verify classification accuracy on
species beyond the calibration set. Interference sums are computed from idealized geometries;
actual values may differ slightly.

Polarizabilities used (A*, NIST CCCBDB): Cl =2.18, Br=3.05, Se =3.77, Te = 5.5, 1=5.35,
Xe=4.01

Category  Species Geometry mQ2 A I B C B/C Prediction Observed

Non-

Calibration CFs Octahedral 6 1.46 13.519.5 16.01.22 ..
admissible
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Category  Species Geometry mQ A I B C B/C Prediction Observed

SFs Octahedral 6 2.03 13.519.5 22.4 0.87 Admissible
NFs TBP 5 1.07 85 13.5 117 1.15 Non-
admissible
PFs TBP 5 2.36 8.5 13.5 26.00.52 Admissible
Held-out SeFs Octahedral 6 2.42 13.519.5 26.6 0.73 Admissible  Stable
TeFs Octahedral 6 3.12 13.519.5 34.3 0.57 Admissible  Stable
CIFs Sq. pyr. 5 1.68 ~9.514.5 18.50.78 Admissible Vv Stable
BrFs Sq. pyr. 5 2.11 ~9.514.5 23.2 0.63 Admissible  Stable
IF, Pent. BP 7 3.06 ~18 25 33.70.74 Admissible  Stable
XeF2 Linear+3LP 5 2.52 ~8.513.5 27.7 0.49 Admissible  Stable
XeFs Sq.pl.+2LP 6 2.52 ~13 19 27.7 0.69 Admissible v Stable
XeFs Oct+I1LP 7 2.52 ~18 25 27.7 0.90 Marginal v Fluxional
OFs Octahedral 6 0.86 13.5 19.5 9.5 2.05 N°m~ ¥ Not
admissible isolated
Charge PFs « « Non- v Not
effect (neutral) Octahedral 6 2.36 13.5 >26*26.0 >1 admissible ssolated
PFs Octahedral 6 2.36 13.5 19.5 26.0 0.75 Admissible ;ﬁsotible

*Neutral PFs would require P¢* oxidation state; estimated electronic reorganization cost pushes B
above C.

Summary: 15 species tested, 15 correctly classified (4 calibration + 11 held-out). Across all
species, BCB correctly classifies existence/nonexistence with no false positives or false
negatives at the calibrated parameter values.

Scope of validation. Many entries in this table are canonical textbook species whose stability is
already well known. Their value here is not to demonstrate predictive superiority over chemical
intuition, but to verify that a single calibrated inequality B < C reproduces standard existence
boundaries without invoking orbital narratives. The stronger test of BCB lies in prospective
borderline predictions (Section A.8) where chemical heuristics are ambiguous or where stability
flips under controlled changes in capacity proxies.

Note on PF«/PFs: PFs is a well-characterized stable anion (found in HPFs, KPFs, LiPFs, etc.),
while neutral PFs has never been isolated despite synthetic attempts. BCB interprets this
asymmetry as follows: PFs (with P in the common +5 oxidation state) incurs only geometric
costs (B = 19.5, comfortably below C = 26). Neutral PFs would require the rare P** state, adding
substantial electronic reorganization cost to the ledger. The quantitative estimate of this
electronic cost is uncertain, but the qualitative prediction (anion stable, neutral unstable) is
robust.
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Notes:

I tbp =8.5: 6 pairs at 90°, 3 at 120°, 1 at 180°

I sq.pyr = 9.5: 8 pairs at ~90°, 2 at ~127° (estimate)

e | pent.BP = 18: 10 pairs at 90°, 5 at 72°, 1 at 180° + cross-terms (estimate)

e Xe compounds include lone pairs in m; weighted interference uses w_LP = 1.28

e XeFs at B/C = 0.90 correctly predicted as near-boundary (observed fluxional behavior)

A.7 Methodological Notes

What is calibrated: The lone-pair weight w_LP = 1.28 and capacity bracket 9.6 <a < 13.4 are
anchored to measured observables through explicit computation. These are robust results.

What is constrained but not precisely calibrated: The closure cost scale =2 depends on an
estimated delocalization benefit. Refining this requires computing local bit density for specific
aromatic systems.

What requires further work: A comprehensive validation table requires:
1. Consistent constraint-counting convention (m = #o-bonds + #lone-pairs, or alternative)
2. Explicit geometry and interference sum I for each coordination environment

3. Treatment of fluxional systems (XeFs) and partial occupancy

We defer this systematic validation to ensure reproducibility, while noting that the canonical
boundaries (CF¢/SFs, NFs/PFs) are correctly classified by the calibrated parameters.

A.8 Prospective Predictions (Not Yet Validated)

The following predictions are genuinely prospective—either for species not commonly discussed
or for predictions that go beyond simple existence/nonexistence. These follow directly from the
calibrated parameters.

Species Coordination B(.:B. Rationale Testable Consequence
Prediction
AsFs 5 (TBP) Admissible Q As>Q P Should be stable (known: V')
SbFs 5 (TBP) Admissible Very large Q Sb Should be stable (known: V')
NFs* 6 (octahedral) Non- QN<QC Should not be isolable
admissible
SFs* 5 (TBP) Admissible Cationic S with Q S Should be isolable
CIFs 6 (octahedral) Marginal Q:Cl borderline for Poss1.b‘ly isolable under special
m=6 conditions
IFs 5(sq. pyr.)  Admissible Large Q 1 Should be stable (known: V')
Should exist if At chemistry

AtF; 7 (pent. BP) Admissible Very large Q At feasible
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Qualitative predictions beyond existence:

1. XeFs pressure dependence: BCB predicts fluxionality arises from near-capacity stress
(B/C = 0.90). Under high pressure, increased confinement should reduce effective C_R,
potentially pushing XeFs toward structural instability or phase transition.

2. Transition metal hypervalency: BCB predicts that d-block elements should show
distinct capacity patterns due to d-orbital participation. Systematic study of MFs stability
across the transition series could test whether capacity correlates with d-orbital
occupancy.

3. Solvation-dependent stability: For borderline species (B/C = 0.9-1.1), BCB predicts
that solvation environment can determine stability by modulating effective capacity.
Species stable in polar solvents might be unstable in nonpolar environments.

These predictions are falsifiable: if species marked "Non-admissible" are synthesized under

normal conditions, or if "Admissible" species prove impossible despite adequate synthetic effort,
the calibration or framework requires revision.

Appendix B: Functional Robustness Check

To verify that key results are robust to the choice of interference functional, we compare
predictions under three candidate forms:

Functionals tested:
1. ®(0)=1/(1 —cos ) — used in main text
2. ®(0) =2/6*> — direct small-angle form (regularized at 6 = 7)
3. ®3(0)=1/(1 — cos 0)> — stronger divergence

B.1 Tetrahedral vs Square Planar (m = 4)

Functional I tet I sq Ratio I _sq/I tet Prediction

(O} 4.50 5.00 1.11 Tet wins
(O 2.01 2.22 1.10 Tet wins
(O 3.38 4.50 1.33 Tet wins

Result: All three functionals predict tetrahedral preference. The margin varies (10-33%) but the
ordering is robust.

B.2 Lone-Pair Compression in H-O

For w_LP = 1.3, optimized H-O—H angle:
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Functional Predicted 6 HOH

Dy 104.1°
D2 103.8°
0% 105.2°

Result: All predict compression below 109.5°; spread is ~1.5°, within calibration uncertainty.
B.3 Hypervalency Boundary

The key question is whether the interference sum for octahedral coordination exceeds capacity
for row-2 but not row-3 atoms. The absolute values of I oct differ across functionals, but the
ratio I oct(®)/1_tet(®d) is similar (~2.7-3.0), meaning recalibration of a preserves the boundary
location.

Conclusion: The qualitative predictions—tetrahedral preference, lone-pair compression,
hypervalency at row 3—are robust across reasonable functional choices. Quantitative parameter
values require recalibration for each functional, but the framework's structure is not sensitive to
this choice.
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