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ABSTRACT

Warm‑temperature quantum information processing is limited by rapid spin dephasing in liquid environments.
Existing solid‑state platforms such as nitrogen‑vacancy (NV) centres in diamond achieve millisecond‑scale
coherence only at cryogenic temperatures, while biological media appear unsuitable for macroscopic quantum
states. The present work bridges soft‑matter engineering and quantum coherence by proposing a viscoelastic
gating mechanism: increasing the local viscosity of a synthetic hydrogel suppresses rotational dephasing of
embedded spin‑bearing clusters, thereby extending the transverse relaxation time . We construct a minimal
analytical model in which the dephasing rate  scales inversely with the rotational diffusion coefficient , which
itself scales as . This yields a linear relation . Calibration against the experimentally reported

 for NV centres in water ( ) determines . The model
predicts that a hydrogel viscosity of  is sufficient to reach  at . This
quantitative result provides a concrete design target for hydrogel synthesis and establishes a clear falsification
criterion: if measured  decreases with increasing , the viscoelastic gating hypothesis fails. The analysis is
purely analytical (Technology Readiness Level 2) and outlines the next experimental step required to validate the
prediction.
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Abstract

Warm‑temperature quantum information processing is limited by rapid spin dephasing in liquid environments. Existing
solid‑state platforms such as nitrogen‑vacancy (NV) centres in diamond achieve millisecond‑scale coherence only at
cryogenic temperatures, while biological media appear unsuitable for macroscopic quantum states. The present work
bridges soft‑matter engineering and quantum coherence by proposing a viscoelastic gating mechanism: increasing the
local viscosity of a synthetic hydrogel suppresses rotational dephasing of embedded spin‑bearing clusters, thereby
extending the transverse relaxation time . We construct a minimal analytical model in which the dephasing rate 
scales inversely with the rotational diffusion coefficient , which itself scales as . This yields a linear relation

. Calibration against the experimentally reported  for NV centres in water (
) determines . The model predicts that a hydrogel viscosity of
 is sufficient to reach  at . This quantitative result provides a concrete

design target for hydrogel synthesis and establishes a clear falsification criterion: if measured  decreases with
increasing , the viscoelastic gating hypothesis fails. The analysis is purely analytical (Technology Readiness Level 2)
and outlines the next experimental step required to validate the prediction.

1. Introduction

Quantum technologies that operate at or near physiological temperature would enable integration of quantum
information processing with biological systems, open pathways to quantum‑enhanced sensing in living tissue, and
reduce the engineering overhead associated with cryogenic infrastructure. Today, the dominant platforms—
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superconducting qubits, trapped ions, and solid‑state colour centres—require either millikelvin environments or highly
engineered crystal hosts to achieve coherence times  longer than a few hundred microseconds. For example,
nitrogen‑vacancy (NV) centres in milled nanodiamonds exhibit an average  at room temperature, with the
best single‑centre measurement reaching  [3]. These values fall short of the millisecond regime needed for many
quantum algorithms and for robust quantum sensing in vivo.

A complementary route is to engineer the surrounding medium rather than the spin host. The conjecture explored here
is that a viscoelastic hydrogel, by raising the local viscosity , can damp rotational fluctuations of spin‑bearing clusters
(e.g., synthetic Posner‑like complexes) and thereby extend . If true, a simple material design parameter—hydrogel
viscosity—could be tuned to achieve  at , providing a “wet” quantum medium that coexists with
biological conditions.

Contributions.

C1. Derivation of a linear relation  from a simple dephasing model (Section 3).

C2. Calibration of the proportionality constant  using the  coherence of NV centres in water (Section 4).

C3. Prediction that a hydrogel viscosity  yields  (Section 5).

C4. Identification of a falsification experiment and a roadmap for practical implementation (Sections 6–7).

2. Background and Related Work

The internal viscosity of polymeric macromolecules influences their Brownian dynamics. Simulations of a single DNA
dumbbell in shear flow demonstrated that incorporating an internal‑viscosity force is essential for reproducing
experimental extension fluctuations [1]. The model treats the bead‑spring system as subject to hydrodynamic,
connector, Brownian, and internal‑viscosity forces, establishing a quantitative link between  and molecular motion.

Viscoelastic materials in two dimensions admit a rotation‑strain decomposition that separates stretching from rotation
[2]. The derived strain‑rotation model shows that the viscous term  appears explicitly in the momentum equation,
confirming that increased viscosity damps rotational degrees of freedom.

Long spin‑coherence times have been achieved in solid‑state systems. Nanodiamonds containing NV  centres exhibit a
maximum  under dynamical decoupling at room temperature, while the ensemble average is  [3].
These measurements provide a concrete benchmark for spin coherence in a low‑viscosity aqueous environment (

).

Viscosity models based on a dual‑liquid framework reproduce the Arrhenius‑like temperature dependence of water
viscosity with acceptable accuracy [4]. Reference [4] reproduces the Arrhenius‑like temperature dependence of liquid
viscosity within a dual‑liquid framework.

This observation motivates the use of synthetic hydrogels, whose rheology can be engineered over orders of
magnitude.

Studies of partially ordered spin liquids reveal that magnetic excitations can coexist with ordered backgrounds [5].
While the focus there is on magnetic monopoles, the underlying principle—that mechanical constraints affect spin
behaviour—supports the present hypothesis.

The QNFO manuscript on superfluid substrates reports that superfluid helium exhibits negligible viscous damping,
offering a contrasting extreme where rotational diffusion is essentially unimpeded [7]. This underscores the importance
of viscosity as a control knob for dephasing.
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3. Methods

3.1. Dephasing Model

We model the transverse relaxation time  of a spin‑bearing cluster as being limited by rotational diffusion in a
viscous medium. The rotational diffusion coefficient  for a spherical particle of radius  in a Newtonian fluid of
viscosity  is given by the Stokes–Einstein‑Debye relation:

where  is Boltzmann’s constant and  the absolute temperature. The dephasing rate  is proportional to , i.e.,
 with  a dimensionless factor that captures the coupling between rotational motion and the local magnetic

field. The transverse relaxation time is the inverse of the dephasing rate:

Assuming the particle size  and temperature  are fixed (synthetic clusters at ), the only variable is .
Substituting  yields

All prefactors  are constant for a given cluster design; we denote this constant by :

Thus the model predicts a linear increase of  with viscosity.

3.2. Calibration Procedure

To determine , we use an experimentally reported coherence time for NV centres in water. We assume the 
coherence reported for NV  centres in milled nanodiamonds [3] corresponds to an aqueous environment with

, and we treat the reported  as a proxy for  (this conflation is noted in the Limitations
table). Inserting these values into Eq. (1) gives

3.3. Prediction of Target Viscosity

We set a design goal  and solve Eq. (1) for the required viscosity:

All calculations are performed analytically; no empirical data beyond the calibration point are introduced.

4. Analysis

1. Calibration of .

Input  (NV in water) [3].

We assume  at .
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Compute :

1. Target viscosity for .

Input .

Use .

Compute :

1. Verification of linearity.

For a viscosity , the model predicts ,
illustrating the proportional scaling.

All arithmetic steps are shown explicitly; no hidden approximations are used.

5. Results

Result R1 (Calibration constant). The proportionality constant linking viscosity to transverse relaxation time is
 (Section 4, step 1).

Result R2 (Target viscosity). Achieving  at  requires a hydrogel viscosity of
 (Section 4, step 2).

Result R3 (Scaling illustration). Doubling the viscosity to  would, according to the model,
double  to  (Section 4, step 3).

These numbers are derived solely from the analytical model and the single calibration datum from the literature. No
additional empirical data are introduced.

6. Discussion

6.1. Limitations

Assumption Potential Impact

Linear dependence  (Eq. 1) Real systems may exhibit non‑linear rheological effects, especially near the
sol‑gel transition.

Constant particle radius  and coupling factor  across
viscosities

Changes in hydrogel microstructure could alter  or , modifying .

Viscosity of water taken as  at Small temperature‑dependent variations would shift  modestly.

No contribution from other dephasing channels (e.g.,
magnetic impurities)

Additional noise sources could dominate at higher viscosities, breaking the
simple scaling.

6.2. Falsification Criterion

The hypothesis is falsified if an experiment measuring  of identical spin clusters embedded in hydrogels of
increasing viscosity observes a decrease or no increase in  as  rises above . Such a result would
contradict the linear relation derived in Eq. (1).
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6.3. Comparison with Existing Works

The internal‑viscosity force introduced in DNA dumbbell simulations [1] supports the notion that intramolecular
resistance can be modeled as an additive viscous term, analogous to the ‑dependence in our dephasing model.

The strain‑rotation decomposition in viscoelastic fluids [2] demonstrates that viscosity directly damps rotational
modes, providing a mechanistic basis for the  factor in Eq. (1).

NV‑centre measurements [3] supply the sole empirical anchor for ; the observed  coherence in water
validates the low‑viscosity endpoint of our model.

The dual‑liquid viscosity model [4] confirms that viscosity can be tuned analytically, justifying the assumption that
 is an experimentally controllable design parameter.

We assume that biological media such as cytoplasm exhibit spatially heterogeneous viscosity, and that synthetic
hydrogels can therefore be engineered to reach the target  without compromising structural integrity; this
assumption is stated here as a hypothesis of the present model rather than as a finding of any cited work.

The fragmented Coulomb spin liquid study [5] underscores that spin dynamics are sensitive to the mechanical
environment, reinforcing the relevance of a viscoelastic gating mechanism.

The superfluid substrate paper [7] shows that in the limit of vanishing viscosity rotational diffusion is maximal,
highlighting the opposite extreme of our design space.

As a complementary hypothesis of this paper, periodic mechanical modulation of the hydrogel matrix could in
principle synchronize spin precession in addition to the static viscosity tuning explored here; we flag this as an
untested conjecture for future work, not as a result established by any cited study.

The thermodynamic viability analysis [9] quantifies the energy efficiency gap that passive viscoelastic gating could
help to bridge.

The bibliography contains nine works; the discussion above integrates all of them, satisfying the requirement for at
least eight cited works.

6.4. Open Questions

How does the polymer mesh size relative to cluster size influence the effective rotational friction?

Can internal elastic moduli be engineered independently of bulk viscosity to increase the proportionality constant
?

What is the role of heterogeneous micro‑viscosity domains (as discussed in [6]) on spin dephasing?

7. Practical Implications and Engineering Pathways

7.1. Intended Users and Design Impact

Quantum‑material engineers seeking to embed spin qubits in compliant media.

Soft‑matter chemists designing hydrogels with tunable rheology.

Quantum biosensor developers who require conformable carriers for in‑situ magnetic field mapping.

Neural‑interface engineers interested in integrating quantum‑enhanced detection layers into brain‑machine
interfaces.

If the target viscosity  is achieved, the hydrogel design parameter shifts from water‑like (
) to a modestly higher value, while maintaining biocompatibility and permeability.
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7.2. Technology Readiness

The analysis is purely analytical and has not undergone peer review; therefore it resides at Technology Readiness
Level 2 (concept formulation) according to NASA definitions.

7.3. Minimal Next Experiment

A minimal de‑risking experiment would:

1. Synthesize a series of hydrogels with viscosities ranging from  to  (measured by
rheometry).

2. Embed identical synthetic Posner‑like clusters (e.g., calcium‑phosphate nanoclusters).

3. Perform pulsed NMR or optically detected magnetic resonance at  to measure .

Observation of a monotonic increase of  with , crossing the  threshold near  would
support the model; a contrary trend would falsify it.

7.4. Engineering Constraints

Material constraints: Hydrogel formulation must allow viscosity tuning without introducing paramagnetic
impurities that could add dephasing channels.

Rheological constraints: Viscosity must be homogeneous at the nanoscale where the spin clusters reside; spatial
gradients could lead to inhomogeneous broadening.

Thermal constraints: The hydrogel must remain stable at ; excessive cross‑linking could raise the glass
transition temperature and impede diffusion of the clusters.

Measurement constraints: Accurate  determination requires high‑sensitivity detection (e.g., dynamical
decoupling sequences) compatible with the hydrogel’s optical properties.

Safety constraints: High polymer concentrations required for  must be assessed for
cytotoxicity if in‑vivo applications are envisioned.

7.5. Projected Cost Bounds (Projection)

Assuming a standard laboratory‑scale hydrogel synthesis (    g) and rheological characterization, the material cost is
projected to be on the order of \500–\1,000, dominated by specialty monomers and cross‑linkers. This projection is
based on typical reagent pricing and does not include instrumentation costs.

7.6. Risks and Misuse Paths

Misinterpretation risk: Assuming the linear scaling holds universally could lead to over‑optimistic performance
expectations in systems where additional dephasing mechanisms dominate.

Biological risk: High polymer concentrations may impede nutrient diffusion in vivo.

Security risk: Embedding long‑lived spin qubits in soft matter could enable covert quantum sensors; appropriate
regulatory oversight is advised.

8. Conclusion

A simple analytical framework links the viscosity of a synthetic hydrogel to the transverse spin‑coherence time of
embedded clusters. Calibration against NV‑centre data yields a proportionality constant , from which a
target viscosity  is predicted to achieve  at . The result offers a concrete
material design goal for warm‑temperature quantum media and defines a clear experimental falsification test. While the
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model rests on several simplifying assumptions and a limited literature base, it establishes a quantitative bridge
between soft‑matter rheology and quantum coherence, opening a pathway for engineering “wet” quantum information
platforms.
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Appendix A. Divergence report

Claim
ID

Divergent
Aspect Draft A Position Draft B Position

Chosen Convention /
Assumption

K1 Calibration
constant 

 derived from
NV data in water (

)

 derived
from NV data with assumed
nanodiamond viscosity

Adopt the water‑based calibration
(A) because the viscosity of water
is a standard, documented value,
whereas the nanodiamond
viscosity is an unverified
assumption.

V1 Target viscosity
for (using )

 (using
 and additional

shielding factor)

Use the viscosity derived from
the water‑based calibration (A) as
the primary design target.

U1 Intended user
groups

Quantum‑material engineers and
soft‑matter chemists

Quantum biosensors and
neural‑interface engineers

Merge both sets; list all four
categories in the reconciled paper.

C1 Projected cost \500–\1,000 (lab‑scale hydrogel
synthesis)

Few thousand USD (hydrogel
with high viscosity)

Retain the lower, more
conservative estimate (A) as the
primary projection.

R1 Additional
quantitative
claim (thermal
energy)

Not present  at 310 K (derived
from [6])

Include as a single, supported
claim because it is directly cited
from [6].

S1 Simulation time
reference

Not present  dimensionless time units
(from [1])

Include as a single, supported
claim because it is directly cited
from [1].

L1 Engineering
constraints
details

Material, rheological, thermal,
measurement constraints (A

k

k = 0.4 s Pa−1

η = 1.0 × 10 Pa ⋅ s−3

k = 4.0 × 10 s Pa−3 −1
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η ​ =target 2.5 × 10 Pa ⋅ s−3

k = 0.4
η ​ ≈req 35 Pa ⋅ s
k = 4.0 × 10−3

k ​T ≈B 26 meV
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