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Abstract

Nucleic acids exhibit structured electromagnetic features shaped by classical electronega-
tivity (EN) patterns. Mapping Pauling EN values across DNA and RNA reveals a largely
invariant, high-EN phosphodiester backbone that provides a consistent electrostatic scaf-
fold, while nucleobases introduce sequence-specific electron density shifts that generate
tunable recognition fields. Together, these features create a dual-system framework in
which a stable electrostatic background supports sequence-dependent informational cues.
Within this environment, short-timescale vibronic interactions may arise from patterned
vibrational and electronic behavior, producing modest “quantum overlay” effects com-
patible with known decoherence constraints. These structured, anisotropic electrostatic
features may help explain differences in stability between DNA and RNA, the functional
outcomes of nucleoside modifications such as N!-methylpseudouridine (m!¥), and the sen-
sitivity of translational fidelity to small architectural perturbations. The framework yields
experimentally testable predictions involving vibrational relaxation, dipole reorientation,
and charge-transfer behavior, offering a classical-to-quantum interpretive bridge that may
inform the design of next-generation therapeutic mRNAs.

Keywords: Pauling electronegativity; quantum biology; nucleic acids; vibronic coupling;
structured bath; anisotropic amplification; N'-methylpseudouridine (m!¥); mRNA stability;
nucleotide

1. Introduction

Electromagnetic force is one of the drivers of molecular recognition and stability
at the biomolecular scale, where its effects arise from the unequal sharing of electron
density. Linus Pauling’s electronegativity (EN) scale provides a quantitative measure
of this asymmetry (Table 1) [1]. In nucleic acids, EN patterns generate a reproducible
electrostatic architecture: a highly polarized, high-EN phosphodiester backbone contrasted
with the sequence-specific electron density distributions of the nucleobases.

Although EN is fundamentally an empirical, atom-centered descriptor rather than
a literal spatial field, this Perspective applies Pauling values at atomic resolution across
DNA and RNA to examine how these patterns may contribute to structured, anisotropic
electrostatic environments. Classical EN gradients and backbone anisotropy are considered
to have potential influences on vibrational dynamics, including short-timescale quantum
effects such as non-adiabatic vibronic coupling. Extending this framework to chemical
modifications such as N!-methylpseudouridine (m!¥) provides a physical basis for under-
standing how targeted perturbations in electron distribution may influence mRNA stability
and ribosomal decoding fidelity [2].
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Table 1. Pauling electronegativity (EN) values for atoms and groups in nucleic acids *.

Atom/Group Pauling EN Location(s)

Phosphodiester (non-bridging and
Oxygen (O) 3.44 bridging), sugar ring oxygen,
carbonyls in bases

Nucleobase rings, exocyclic amino

Nitrogen (N) 3.04 groups
Phosphorus (P) 2.19 Phosphate backbone
Carbon (C) 2.55 Sugar carbons, base rings
Hydrogen (H) 2.20 C-H, N-H, O-H bonds
Methyl carbon (in m!¥) 2.55 N1-methyl modification

* Note: Values from Pauling (1932) [1].

The broader literature informs the study of nucleic acid dynamics beyond electroneg-
ativity alone. Experimental and theoretical investigations have examined vibrational
coupling in nucleobases [3,4], charge-transport mechanisms [5-8], hydration-shell structur-
ing and counterion effects [9,10], and backbone-mediated conformational dynamics [11].
Collectively, these studies reveal that nucleic acids exhibit rich, multiscale behavior shaped
by both classical electrostatics and ultrafast quantum-influenced interactions. The present
work builds on this foundation by highlighting electronegativity as a complementary,
atom-resolved descriptor within this broader landscape.

Hypothesis: DNA and RNA encode a conserved electromagnetic blueprint in which Pauling EN
patterns may translate atomic-scale forces into higher-order biophysical behaviors. This conceptual
framework may help explain the structural longevity of DNA, the transient adaptability of mRNA,
and the functional outcomes of nucleoside modifications. It may also illuminate how viral genomes
exploit electrostatic structure and how synthetic mRNA can be engineered for improved stability
and fidelity. This Perspective aligns with emerging views on molecular anisotropy as a determinant
of vaccine immunogenicity and fidelity [12].

2. The Phosphodiester (PO4) Backbone as a Consistent Electrostatic Scaffold

The phosphodiester backbone provides the primary structural and electrostatic frame-
work of nucleic acids. Each repeating unit contains a phosphate group linked to the 3’ and
5’ carbons of neighboring sugars, forming a continuous covalent chain. Oxygen atoms
(Pauling EN 3.44) dominate the local electronegativity landscape, drawing electron density
away from phosphorus (EN 2.19) and maintaining the phosphate group’s stable nega-
tive charge at physiological pH [1]. Collectively, these features create a largely uniform,
high-EN “electrostatic backbone” that extends the length of the polymer, providing a
relatively consistent electrostatic background that is largely independent of nucleobase
sequence (Figure 1).

It is important to emphasize that Pauling electronegativity is an empirical, atom-
centered scale derived from bond energies rather than a literal spatial field descriptor [13].
In this Perspective, electronegativity is used heuristically, as a coarse mapping of electron-
withdrawing tendencies across the nucleic acid architecture, rather than as a quantitative
electrostatic potential. The high-EN backbone concept therefore refers to a conceptual
electrostatic scaffold arising from the consistent contribution of phosphate-associated
oxygen atoms, not to a continuous physical field. While EN cannot serve as a substitute for
full electrostatic calculations, it provides a simple, chemically intuitive organizing principle
that highlights stable versus variable features of nucleic acid structure. More rigorous
electrostatic descriptors, such as electrostatic-potential (ESP) maps, polarizable force fields,

https://doi.org/10.3390/ quantum8030064


https://doi.org/10.3390/quantum8030064

Quantum Rep. 2026, 8, 64

30f13

and QM/MM charge distributions, would be required for quantitative modeling [14].
The present framework is intended as a qualitative, hypothesis-generating interpretation
consistent with the scope of a Perspective, integrating classical EN patterns with known
structural and dynamical features of nucleic acids.
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Figure 1. Electronegativity in the sugar—phosphate backbone. Color-coded Pauling values highlight

the invariant high-electronegativity oxygen scaffold that dominates the electrostatic profile relative
to the less electronegative core atoms: oxygen (3.44) > nitrogen (3.04) > carbon (2.55) > hydrogen
(2.20) > phosphate (2.19) [1]. This periodic distribution may be consistent with the structured-
bath interpretation proposed in this framework (Section 4) [14]. Model rendered on MolView v2.4.
Geometry shown for illustration.

Quantum-chemical and simulation studies consistently show that the sugar-phosphate
backbone plays a central role in the structural and dynamic behavior of DNA and RNA,
influencing conformation, flexibility, hydration, and counterion organization in ways that
extend beyond simple charge considerations [14]. In DNA, the absence of a 2’-OH group
restricts backbone flexibility, favoring the extended B-form helix and supporting more uni-
form directional coherence. In RNA, the presence of 2’-OH introduces a polar feature that
shifts local electron density, alters hydration shells, and biases the helix toward the more
compact A form. Although each phosphate carries approximately the same —1 charge in
both molecules, these sugar-based differences subtly modulate how the backbone functions
as a directional electrostatic system.

Processive enzymes, polymerases, helicases, ribosomes, and repair complexes tend
to remain closely associated with the phosphate groups as they move along the strand.
The high-EN backbone provides a stable negative potential that enzymes follow with
notable fidelity, sensing upcoming bases or codons through localized field variations. From
this perspective, the backbone acts as a sequence-independent electrostatic guide, while
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the bases contribute the sequence-dependent informational cues. This complementary
arrangement supports the remarkable accuracy and efficiency observed in replication,
transcription, and translation.

3. Electron Density Rearrangements upon N-Glycosidic Linkage
3.1. Classical vs. Electromagnetic Descriptions of Decoding

Classical descriptions of ribosomal decoding often rely on a lock-and-key analogy,
with the mRNA codon serving as the lock and the tRNA anticodon as the matching key.
Although this captures the elegance of Watson—Crick pairing, it leaves the underlying
physical forces that guide navigation and support fidelity only lightly addressed.

3.2. Base Attachment and Local Electron Density Shifts

The electromagnetic blueprint proposed here offers a complementary layer of explana-
tion through a dual-system model:

1. The largely invariant POy electrostatic scaffold provides a dependable track for molec-
ular addressing;

2. The nucleobases contribute tunable, sequence-specific electrostatic fields that shape
recognition.

Each nucleobase attaches to the C1’ carbon of the sugar through an N-glycosidic bond.
The bases contain high-EN atoms, namely nitrogen (3.04) within the heterocycles and
oxygen (3.44) in carbonyl groups, that act as localized electron-withdrawing centers. Upon
attachment, these atoms introduce inductive and resonance effects that extend into the
deoxyribose or ribose ring and, to a lesser degree, into neighboring phosphodiester groups.
Electron density shifts subtly toward the base without altering intrinsic Pauling EN values,
thereby gently modifying the nucleotide’s dipole moment, hydrogen-bonding tendencies,
and base-stacking interactions.

3.3. Sequence-Specific Electromagnetic Signatures

The result is a sequence-specific electromagnetic signature layered atop the constant
electrostatic backbone scaffold. Each base (A, U/T, G, C) produces its own characteristic
perturbation pattern, one that enzymes, particularly the ribosomal decoding center, may
sense through groove interactions while remaining anchored to the PO4 backbone.

3.4. Distinct Perturbation Profiles of the Four Bases

This dual electromagnetic system may offer a complementary physical perspective
on the long-recognized specificity of genetic decoding and illustrates how classical atomic
forces can be organized into functional information processing at the molecular scale.

The framework presented here does not treat all nucleobases as equivalent; rather,
it assumes that each base contributes a distinct pattern of electron density distribution
and local field perturbation. Differences in heteroatom composition, hydrogen-bonding
capacity (two bonds for A-U/T versus three for G-C), intrinsic dipole moments, and
ring-current effects all influence the magnitude and orientation of local electrostatic gradi-
ents. These features, together with variations in glycosidic bond geometry and stacking
interactions, generate base-specific perturbation profiles that are superimposed on the
invariant phosphate-backbone scaffold [10,15-17]. Thus, the model inherently incorporates
the differing numbers and types of atomic connections present in each nucleobase.

3.5. Relationship with Existing Models of Nucleic Acid Dynamics

These structured, sequence-dependent perturbations, superimposed on the invariant
high-EN scaffold, create a patterned electrostatic environment that may influence not only
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classical interactions but also short-timescale quantum-biophysical processes. Section 4
develops this possibility by examining how electronegativity gradients, vibrational modes,
and weak vibronic coupling may interact to produce “quantum overlays” and anisotropic
amplification effects relevant to decoding fidelity and mRNA behavior.

This Perspective focuses on electronegativity-driven electrostatic structure as one
possible contributor to nucleic acid dynamics, but it is not the only framework proposed
for structured media in DNA and RNA. Alternative models include polaron-based de-
scriptions of charge transport [6,7], excitonic coupling frameworks for base-stack inter-
actions [4], hydration-shell and counterion-condensation models that emphasize solvent
structure [9,10], and non-Markovian bath formulations used in open-quantum-systems
treatments of biomolecules [11,18]. In polaron-based charge-transport models, electronic
motion couples to local lattice distortions, producing quasiparticle-like behavior that prop-
agates along the nucleic acid stack. While the present EN-based framework does not
model lattice deformation explicitly, both approaches emphasize how local structural and
electrostatic environments modulate charge mobility. In this sense, the EN-driven pertur-
bation landscape may be viewed as complementary to polaronic descriptions, offering an
atom-resolved classical scaffold that could bias or interact with polaron formation and
migration. The present EN-based approach is intended to complement rather than replace
these models by highlighting a classical, atom-resolved pattern that may interact with
or bias the mechanisms described in these other frameworks. A more comprehensive
integration of these perspectives represents an important direction for future work.

4. Quantum Overlays, Vibronic Coupling, and Anisotropic Amplification
4.1. Defining Quantum Overlays in a Modest Sense

The term ‘quantum overlay’ is used here in a deliberately modest sense. No claim is
made that nucleic acids sustain long-lived quantum coherence or non-classical information
processing. Instead, the concept refers to short-timescale vibronic interactions, in the
order of hundreds of femtoseconds to a few picoseconds, documented in ultrafast 2D IR
spectroscopy of nucleobases [3,4]. These interactions occur well within the decoherence
window at physiological temperature and are fully compatible with an open-quantum-
systems description in which environmental noise rapidly suppresses coherence [18].

In this Perspective, electronegativity patterns are proposed only as potential biases
on these ultrafast relaxation pathways, not as generators of coherent quantum states. This
framing aligns with established work on non-adiabatic coupling, anharmonic vibrational
mixing, and structured-bath effects [10,11,18], and is intended as a hypothesis-generating
interpretation rather than a claim of quantum advantage or long-range coherence.

4.2. Vibronic Interactions on Ultrafast Timescales

Anharmonic coupling and partially delocalized vibrational modes in nucleic acid
bases, as revealed by 2D IR spectroscopy, demonstrate that patterned electron distributions
can support collective vibrational responses on ultrafast timescales. These short-lived,
non-adiabatic interactions constitute the type of vibronic mixing that motivates the modest
quantum overlay concept proposed here [3]. The question is not whether coherence persists,
but whether structured electrostatic environments can bias relaxation pathways during the
brief interval in which vibronic coupling is active.

In DNA'’s B form, the deoxyribose scaffold tends to support more uniform directional
coherence, whereas in RNA’s A form, 2’-OH introduces a polar feature that softens specific
vibrational modes and generates a more anisotropic energy landscape. Against this polar-
ized backbone environment, each nucleobase contributes its own intrinsic dipole moment,
which varies in both magnitude and orientation. Uridine and N'-methylpseudouridine
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illustrate this contrast clearly. The altered heteroatom placement and C-glycosidic link-
age in N'-methylpseudouridine reorient the dominant base dipole relative to the ribose,
changing how the base couples to the backbone’s electrostatic field. These base-specific
differences do not replace the backbone contribution but modulate it, producing distinct
local perturbation profiles that may influence stacking and hydration, and could plausibly
contribute to decoding behavior.

4.3. Backbone Dipole Asymmetry and the Anisotropic Scaffold

A useful starting point is the geometry of the phosphate group. A free PO4>~ ion
exhibits tetrahedral symmetry, causing its four P-O bond dipoles to cancel (Figure 2A).
In nucleic acids, however, phosphodiester formation breaks this symmetry: two oxygens
form ester linkages to the ribose, while the remaining non-bridging oxygens retain higher
electronegativity. This asymmetry prevents full dipole cancelation and produces a net
dipole moment for each phosphate (Figure 2B; see caption for details). The repeating
orientation of these phosphate dipoles forms a polarized electrostatic “scaffold” along the
backbone, establishing the anisotropic environment in which vibronic interactions occur.
This may provide a complementary perspective on possible functional implications [19].

4.4. Vibronic Coupling and the System-Bath Framework

From an open-quantum-systems perspective, the PO4 backbone can be viewed not
as a featureless thermal bath but as a structured electrostatic environment. The periodic
electronegativity gradient across the backbone creates a quasi-regular potential landscape
that may impart subtle directionality or anisotropy to vibrational relaxation. From this point
of view, the backbone provides a stable electrostatic scaffold, while nucleobase-specific
electron density rearrangements introduce tunable local perturbations.

To formalize this idea, a minimal system-bath Hamiltonian can be written as:

H= Hsystem + Hpah + Hint

where

Hgystem describes local vibrational modes of nucleobases, typically modeled as anharmonic
oscillators with frequencies observed in ultrafast 2D IR studies [3,4];

Hy 4, represents the structured electrostatic environment generated by the sugar-phosphate
backbone, which can be approximated as a non-Markovian bath with correlation times
determined by backbone dynamics and hydration [10,11,14,18];

H;,,; captures vibronic coupling and is proportional to the local electric-field gradient, which
reflects the distribution of electronegative atoms.

This framework does not assert a dominant quantum contribution; rather, it provides
a tractable way to evaluate whether EN-driven electrostatic structure can measurably bias
pathways. While intentionally qualitative, it establishes a physically consistent scaffold
that could be expanded using polarizable force fields, QM /MM approaches, or explicit
solvent models [9,10].

Consequently, the degree of anisotropic amplification may scale proportionally with the
local electronegativity gradient, consistent with the dependence of the vibronic coupling term:

Hint X VE

Pauling electronegativity is used here only as a qualitative, atom-resolved heuristic to
highlight patterns in electron-withdrawing tendency, not as a literal spatial electrostatic field.
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Residual net dipole due to asymmetric 5> 3’ environment
(B)

Figure 2. (A) Dipole cancelation in a symmetric phosphate ion. A free PO43— ion adopts an
approximately tetrahedral geometry in which all four P-O bond dipoles are equal in magnitude and
symmetrically oriented; the bond dipoles cancel, yielding no net dipole moment. This symmetric
reference state provides the baseline for understanding how phosphodiester formation disrupts
dipole cancellation in nucleic acids. Pauling electronegativity values are shown in parentheses for
reference. (B) Symmetry breaking in a phosphodiester linkage and resulting residual backbone dipole.
The near-tetrahedral symmetry of the free phosphate ion (PO,3~) is perturbed by its asymmetric
esterification to the 5 and 3’ ribose oxygens; unequal P-O bond dipoles and higher charge density
on the non-bridging oxygens (5~) produce a net dipole oriented along the 5'—3’ backbone (contrast
with the symmetric PO43~ in (A)).

4.5. Dipole Reorientation and Local Electrostatic Effects

The overall dipole moments of uridine monophosphate (UMP) and N'-methyl
pseudouridine monophosphate (m'¥-MP) may be influenced by the highly polarized
phosphate group. However, the two nucleotides differ in how the base contributes to
the total molecular polarity. In UMP, the uracil ring’s intrinsic dipole, arising primarily
from the C2=0 and C4=0 carbonyls, aligns in a relatively canonical orientation relative
to the ribose-phosphate axis. In m!¥-MP, the C-glycosidic linkage and the N1-methyl
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substituent reorient this base dipole and redistribute electron density within the ring. As
a result, the magnitude of the total dipole is expected to remain phosphate-dominated,
while the direction of the base-contributed dipole vector is expected to shift in a way that is
computationally and experimentally detectable. A qualitative comparison of these dipole
vectors is shown in Figure 3 [2].

HO

HO

Uridine N'-methylpseudouridine
o) o
™~ )L
’ NH 7 7%
/g I\/g
N o : ©
(5 | s & |
°
O o
% OH S —

Figure 3. Comparison of base-dipole orientations in uridine and N'-methylpseudouridine. Uridine
and N'-methylpseudouridine differ in both the magnitude and direction of their intrinsic base dipole
moments. These differences arise from changes in heteroatom placement and the C-glycosidic linkage
in N'-methylpseudouridine, which reorient the dominant dipole vector relative to the ribose. As a
result, each base interacts differently with the polarized phosphodiester environment described in
Figure 2. The structures shown here illustrate how base-specific electronic features can influence local
electrostatic behavior in RNA. Created on MolView v2.4.

This reorientation modifies the local electrostatic field, perturbs the preferred orienta-
tion of nearby water molecules, and may subtly influence base-stacking interactions and
hydration patterns in larger RNA contexts. These mechanistic effects are consistent with the
functional outcomes reported by Rozman et al. (2026) and Ho et al. (2024) [20,21]. A quali-
tative comparison of the dipole vectors (Figure 3) illustrates how this small architectural
change can produce anisotropic effects even though the global polarity remains phosphate-
dominated. Such dipole reorientation provides a plausible mechanism by which m!¥
can influence interactions with the ribosomal decoding center and surrounding solvent,
contributing to the observed changes in translational fidelity [2,12].

Experimental observations of charge transport along short, base-stacked single-
stranded RNA molecules support the view that nucleic acids can sustain localized or
directional electronic effects on short length scales [5]. Related behavior is established in
DNA, where long-distance hopping mechanisms have been characterized extensively [6].
These findings suggest that small perturbations may follow “softer”, directionally biased
energetic pathways rather than dissipating uniformly across the structure.

4.6. The Magic Methyl Effect

Although m'¥ adds only approximately 14 Da per substitution, the incorporation
of a methyl group is well known in medicinal chemistry to produce disproportionately
large functional effects, known as the “magic methyl” phenomenon [22-25]. This principle
is consistent with reports of altered local electronic structure and translation dynamics
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following m!'Y incorporation; these observations motivate the hypothesis that methylation-
driven dipole reorientation may contribute to changes in ribosomal processivity [2,12,20,21].

The decisive variable is not the added mass but the location and electronic character
of the modification. N!-methylpseudouridine (m!¥) introduces a C-methyl substituent and
a C-glycosidic linkage that redistribute electron density within the base, reorient the domi-
nant dipole, and alter stacking interactions [26]. Its ~40% reduced absorbance at 260 nm
relative to uridine reflects differences in the molar extinction coefficient and 7-stacking
behavior, which are strongly sequence-dependent and require specialized correction (e.g.,
mRNACalc) for accurate quantification [27].

These architectural changes could shift vibrational frequencies and energetic thresh-
olds that might be relevant to ribosomal stepping, potentially contributing to outcomes
such as increased +1 frameshifting [2,28]. In this sense, m!'yY exemplifies how small,
localized modifications can produce anisotropic perturbations within RNA'’s polarized
electrostatic environment.

4.7. Viral Frameshifting and Synthetic mRNA Parallels

Viral phenotypes may often reflect interactions among sequence, structure, and physic-
ochemical features, including those extending beyond simple replication [29]. Programmed
ribosomal frameshifting is a common strategy used by many viruses to expand coding
capacity from compact genomes, and its efficiency is highly sensitive to local RNA structure
and sequence context [30].

Because the same phosphodiester backbone principles and electronegativity gradients
govern both natural viral RNAs and synthetic mRNA constructs, localized modifications
such as m'¥ may generate analogous anisotropic perturbations in designed systems. This
raises testable questions regarding translational fidelity and proteomic outcomes in mRNA
platforms, as outlined in Table 2 [28].

Table 2. Falsifiable predictions of the electronegativity-quantum overlay framework.

Specific Testable Expected Result If
Phenomenon Outcome Method Hypothesis Holds Null Result
Measurable shifts in
1w . S.e que.nce—depende.znt Ultrafast 2D IR T]. /T; estimate: 10-50% No reproducible sequence
m™Y incorporation vibrational relaxation in select contexts that
spectroscopy dependence

shifts

correlate with frameshift
frequency [28]

Local EN perturbation

Modulation of ribosomal
pausing/processivity

Single-molecule optical
tweezers/ profiling with
site-specific modifications

Stronger EN gradients —
larger kinetic changes

Kinetic changes explained
solely by steric/bulk

Anisotropic amplification

Directional dependence of
electrostatic field gradient

DFT/QM/MM
calculations paired with
electrostatic force
microscopy

Anisotropy proportional
to local EN gradient

Uniform dissipation

Backbone directionality

Directional bias in
charge/vibrational
transport

Nanopore conductance or
nanowire assays

Enhanced transport along
high-EN scaffold

No directional preference

By contrast, DNA’s more rigid scaffold may dampen such amplification, helping
preserve its long-range stability. This distinction highlights how RNA’s more flexible,
polarized architecture can amplify small perturbations in ways DNA does not.

5. Experimentation and Future Directions

Several experimentally accessible strategies may help evaluate the electromagnetic
blueprint proposed here and the potential quantum overlays associated with it. Density
functional theory (DFT) simulations could quantify how Pauling-scale EN patterns influ-
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ence orbital overlaps, partial charges, and vibronic features. Comparative DFT analyses
of unmodified and m!¥-substituted sequences may clarify how N!-methylation redis-
tributes electron density, alters dipole moments, and adjusts activation barriers relevant to
vibrational relaxation and charge-transfer pathways.

5.1. Spectroscopy and Single-Molecule Approaches

Two-dimensional infrared (2D IR) spectroscopy provides a promising avenue. By
tracking changes in anharmonic coupling, coherence lifetimes, and delocalized vibrational
modes, this technique can directly probe the anisotropic vibrational landscapes predicted
for DNA and modified mRINA helices. Because the relevant vibrational modes fall within
the femtosecond—picosecond decoherence window, 2D IR is well suited to test whether
structured electrostatic environments bias relaxation pathways in a manner consistent with
the quantum overlay framework.

At the mesoscale, single-molecule approaches, such as electrostatic force microscopy,
nanopore conductance assays, or DNA/RNA nanowire measurements, could assess
field perturbations and charge-transfer behavior along the backbone. Likewise, single-
molecule fluorescence or optical-tweezer studies of ribosomes translating native versus
m!Y-containing mRNAs may reveal differences in pausing kinetics or frameshift tendencies
that relate to anisotropic amplification.

5.2. Computational and Informational Applications

Future work may also explore synthetic nucleic acids designed with tailored EN
profiles, including halogenated or methylated bases, to more directly test the functional
roles of the dual-system framework and to gauge the extent of any quantum overlay
contributions. Such experiments would help distinguish classical electrostatic effects
from potential vibronic or structured-bath influences and could guide the rational design
of therapeutic mRNAs that maintain natural dynamical behavior while achieving the
desired stability.

Beyond experimental validation, the electronegativity-based framework may offer
new opportunities in computational biology and information science. Because EN patterns
generate reproducible, atom-resolved electrostatic signatures, they could be incorporated
into bioinformatic pipelines for sequence classification, secondary-structure prediction, or
the identification of regions with atypical electronic environments. EN-derived descriptors
may also complement emerging machine-learning approaches that integrate quantum-
mechanical or geometric features into nucleic acid modeling [31,32]. Recent advances in
neural-network-based prediction of DNA electron densities further illustrate how physico-
chemical descriptors can be embedded into data-driven architectures [33,34]. In principle,
the structured and sequence-dependent EN landscape could, in principle, support ap-
plications in DNA or RNA cryptography, where tunable electrostatic patterns provide
an additional encoding layer beyond canonical base identity [35]. These possibilities re-
main speculative but illustrate how the proposed framework may intersect with emerging
computational and information-theoretic approaches.

6. Discussion and Conclusions

This Perspective has outlined an electromagnetic framework for nucleic acid behavior
grounded in classical Pauling electronegativity patterns. The analysis reveals a coherent
architectural logic: a largely invariant, high-EN phosphodiester backbone that serves as a
stable electrostatic scaffold, overlaid with sequence-specific electron density perturbations
from the nucleobases that create tunable recognition fields.
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A central implication of this framework is the concept of anisotropic amplification.
Within RNA’s inherently polarized electrostatic environment, even small architectural
modifications, such as the ~14 Da increment introduced by N!-methylpseudouridine, may
produce measurable effects on dipole orientation, vibrational relaxation, and ribosomal
processivity. These outcomes arise less from changes in bulk mass than from how localized
perturbations interact with the anisotropic energy landscape of the backbone.

The proposed framework is deliberately modest in scope. It does not claim long-
lived quantum coherence or non-classical information processing. Instead, it suggests
that short-timescale vibronic interactions, occurring within the femtosecond-to-picosecond
decoherence window, may be subtly and potentially biased by structured electrostatic
environments. This interpretation remains fully compatible with open-quantum-systems
descriptions and known physical constraints, and aligns with broader integrative, non-
reductive frameworks in biophysics [36].

Several limitations should be acknowledged. Pauling electronegativity is a static,
empirical scale derived from simple molecules. In the dynamic, aqueous, and ion-rich
cellular environment, effective electrostatic and vibrational behaviors are further shaped by
molecular polarizability, solvent screening, counterion condensation, and conformational
fluctuations. More advanced computational approaches, including polarizable force fields,
QM /MM hybrids, and explicit-solvent models, will be needed to capture these dynamic
contributions quantitatively.

Looking ahead, the proposed framework points toward several experimentally testable
directions. These include ultrafast 2D IR spectroscopy to probe sequence-dependent
vibrational relaxation, single-molecule studies of ribosomal kinetics on modified versus
unmodified mRNAs, and computational modeling of how EN gradients influence vibronic
coupling. Such work may help illuminate factors contributing to the differing stabilities
of DNA and RNA, the functional consequences of nucleoside modifications, and design
principles relevant to next-generation therapeutic nucleic acids.

In summary, this Perspective highlights an under-explored electromagnetic dimension
of nucleic acid architecture. By integrating classical electronegativity patterns with short-
timescale quantum-influenced dynamics, it offers a complementary lens through which to
examine both natural and synthetic nucleic acid systems.
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