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Abstract

This specification provides detailed synthesis pathways and characterization methods for
single-wall (SWCNT) and multi-wall (MWCNT) carbon nanotubes, informed by Paradox
Engine (PE) framework principles via Bridge v1.1 (mechanical lattices) and Bridge-Quantum
v1.0 (quantum systems). PE framework provides qualitative guidance on chirality selection,
defect formation patterns, and phonon spectrum control—critical foundations for macro-scale
nanotube architectures. Numerical synthesis parameters are sourced from peer-reviewed
literature and experimental validation. This document serves as the bridge between 2D
graphene systems and 1D/macro-scale nanotube applications.

Critical Distinction: PE framework identifies stable chirality attractors and phonon
mode structures but does NOT derive specific synthesis temperatures, catalyst compositions,
or growth rates. Quantitative predictions require conventional materials science validation.

Status: Tier 2 application document, grounded in Tier 1.5 bridges

Falsifiable: Yes—predictions about chirality distributions, defect patterns, and phonon
spectra are testable
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1.1 Carbon Nanotubes: From 2D to 1D
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Carbon nanotubes (CNTs) are cylindrical nanostructures formed by rolling graphene sheets into

seamless tubes. They represent the transition from 2D graphene systems to 1D quantum wires
and serve as the fundamental building blocks for macro-scale nanotube architectures.

Key structural parameters:

properties

Length: pm to cm scale (synthesis-dependent)

1.2 PE Framework Role

Via Bridge v1.1 (mechanical) and Bridge-Quantum v1.0 (quantum systems), PE framework

provides:
What PE Framework CAN Provide:

e Chirality (n,m) as attractors in synthesis parameter space

e Phonon mode structure and stability conditions

e Qualitative electronic structure via Bridge-Quantum v1.0

What PE Framework CANNOT Provide:

e Specific synthesis temperatures, pressures, or catalyst formulations

Diameter: 0.4-1004+ nm (SWCNT: 0.4-3 nm; MWCNT: 5-100+ nm)

Wall count: Single-wall (SWCNT) vs multi-wall (MWCNT)

Defect formation and propagation patterns along tube axis

Topological stability of tube closure (caps, junctions)

Chirality (n,m): Defines how graphene sheet is rolled, determines electronic/mechanical



e Exact growth rates or yield predictions

e Numerical band structures or conductivity values

e Chemical reaction kinetics or catalyst particle dynamics
e Quantitative defect formation energies

All numerical parameters sourced from literature with PE framework providing qualitative
guidance on stability patterns and parameter space exploration.

1.3 Document Structure & Purpose

This document provides:
1. Synthesis methods (CVD, arc discharge, laser ablation)
2. SWCNT vs MWCNT properties and selection criteria
3. Characterization techniques (Raman, TEM, electrical)
4. PE correspondence for chirality, defects, phonons
5. Foundation for macro-scale nanotube architectures
Relationship to Materials Trilogy:
e Graphene v2.0: 2D foundation, synthesis methods, defect control
e CNT v1.0 (this document): 1D structures, chirality control, phonon foundations

e Macronanotubes (forthcoming): Macro-scale architectures, energy storage, phonon
murder

2 PE Framework Correspondences for CNT's

Bridge documents are internal reference files that both map the PE framework to established
sciences, and also serve to inform quality and accuracy of derived claims. Table 1 summarizes how
PE framework maps to CNT properties via Bridge v1.1 and Bridge-Quantum v1.0.

2.1 Chirality as Attractor State

PE Correspondence (Bridge v1.1 + Quantum v1.0): Chirality vector Ch = ndy + mas
defines tube rolling direction. Certain (n,m) values correspond to attractor states in synthesis
parameter space where growth naturally stabilizes.

Key chiralities:

e Armchair (n,n): Metallic, symmetric, stable attractor
e Zigzag (n,0): Semiconducting (unless n divisible by 3), stable attractor

e Chiral (n,m): Most general, stability depends on specific (n,m)



CNT Property PE Correspondence Bridge Notes

Chirality (n,m) Attractor states in vl.l + Quan- Certain chiralities more
synthesis parameter space tum stable

Phonon spectrum Recurrence operator vl.1 Foundation for
eigenvalues macrotube stability

Defect propagation Topological instability vl.1 Axial vs circumferential

along tube axis

Electronic structure Band topology, metallic Quantum v1.0 Qualitative, not
vs semiconducting numerical

Cap closure Topological constraint vl.1 Required for tube
(5-7 ring defects) termination

Bundle formation Multi-tube attractor vl.l Van der Waals interaction
configurations patterns

Table 1: PE framework correspondences for carbon nanotubes

Literature Observation: Armchair and zigzag chiralities appear more frequently in synthesis
despite being minority of possible configurations.

PE Interpretation: These represent deep attractors in parameter space. Growth dynamics
naturally converge toward symmetric configurations. System ”prefers” high-symmetry states.
Testable Prediction: Chirality distribution should show peaks at armchair/zigzag rather than
uniform distribution across all (n,m).

Falsification: If chirality distribution is purely random with no preference for symmetric
configurations, attractor interpretation is challenged.

2.2 Phonon Spectrum & Stability

PE Correspondence (Bridge v1.1): Phonon modes map to recurrence operator eigenvalues.
Spectrum must satisfy w? > 0 (all real frequencies) for mechanical stability.
Critical modes:

¢ Radial breathing mode (RBM): Diameter-dependent, wrpas o 1/d
e G-band: Tangential modes, C-C stretching
e D-band: Disorder-induced, indicates defects
PE Insight (Foundation for Macronanotubes):
e Negative modes (w? < 0): Buckling instability, tube collapse
e Zero modes (w = 0): Silent energy channels, no oscillatory leakage
e Positive modes (w? > 0): Normal phonons, energy propagation

Connection to Future Work: Macronanotube stability requires controlling phonon spectrum
to eliminate negative modes while preserving zero modes. This document establishes the baseline
spectrum that will be manipulated via doping (see Macronanotube specification).

Testable Prediction: Small-diameter tubes (d < 1 nm) should show enhanced sensitivity to
defect-induced negative modes due to high curvature.



2.3 Defect Propagation Topology

PE Correspondence (Bridge v1.1): Defects propagate along topological instability directions.
For CNTs, axial direction is topologically distinct from circumferential.
Prediction:

e Axial defects (along tube): Propagate easily, low energy barrier
e Circumferential defects (around tube): Constrained by periodic boundary, higher barrier
e Stone-Wales defects: 5-7 ring pairs, topologically stable once formed
Falsification: If defect propagation shows no directional preference, topological interpretation
via Bridge v1.1 is challenged.
2.4 Electronic Structure (Bridge-Quantum v1.0)

PE Correspondence: Metallic vs semiconducting behavior maps to band topology attractors in
Hilbert space.
Rule (from graphene):

e Armchair (n,n): Always metallic (attractor at Dirac point)
e Zigzag/chiral: Metallic if (n —m)/3 is integer, else semiconducting

PE Interpretation: Certain chiralities place system in metallic attractor basin (Fermi level
crosses bands), others in semiconducting basin (band gap opens).

Limitation: PE framework identifies qualitative attractor structure but cannot compute band
gap magnitude or carrier mobility numerically.

3 Synthesis Methods

3.1 Chemical Vapor Deposition (CVD)

PE Framework Insight: CVD process navigates parameter space toward chirality attractors.
Temperature, pressure, and catalyst determine which attractor basin is accessible.

3.1.1 Equipment Required
e CVD furnace (900-1100°C capable, < 1076 Torr base pressure)

Catalyst: Fe, Ni, Co nanoparticles (1-5 nm) on substrate (Si/SiO2, Al;O3, quartz)

Carbon source: CHy, CoHy, CO, ethanol vapor

Reducing gas: Ho, Ar

e Mass flow controllers



3.1.2 Process Steps

Step 1: Catalyst Preparation
Method A: Solution Deposition

1. Dissolve Fe(NO3)3 or Co(NO3)2 in ethanol (0.01-0.1 M)

2. Drop-cast or spin-coat onto substrate

3. Dry at 100°C, 10 minutes

4. Anneal in air 400°C, 30 minutes (forms oxide nanoparticles)
Method B: Thin Film Deposition

1. E-beam evaporate Fe, Ni, or Co (0.5-2 nm thickness)

2. Anneal in Hy/Ar (900°C, 10 minutes)

3. Film dewets into nanoparticles (1-10 nm diameter)

PE Note: Catalyst particle size determines accessible tube diameter range. Smaller particles —
smaller diameter tubes (attractor basin correlation).

Step 2: CNT Growth
Process Parameters (Literature-Validated):

e Temperature: 700-1100°C (higher — cleaner tubes, lower — higher yield)
e Pressure: 1-10 Torr (atmospheric CVD) or 0.1-1 Torr (low pressure CVD)
e Carbon source flow:

— CHy: 50-500 scem
— CoHy: 10-100 scem
— CO: 100-1000 sccm (HiPco process, high pressure)

Hy flow: 50-500 sccm (etches amorphous carbon)

Growth time: 5-60 minutes (length control)

Literature Source: Kong et al., Nature 395, 878 (1998); Dai, Surface Science 500, 218 (2002)
PE Note: Temperature-pressure parameter space contains chirality attractor regions. Specific
(T,P) combinations preferentially access certain (n,m) values. Systematic exploration
recommended to map attractor basins.

Step 3: Cooling & Harvesting

1. Turn off carbon source

2. Cool at 50-100°C/min under Hy/Ar

3. Fast cooling prevents graphitic encapsulation
4. For aligned arrays: Tubes remain on substrate

5. For bulk production: Sonicate in solvent to disperse



3.1.3 Expected Outcome
SWCNT:

e Diameter: 0.8-3 nm (catalyst size-dependent)

e Length: 1-100+ pm

e Chirality distribution: Mixed, with preference for armchair/zigzag

e Purity: 60-90% (amorphous carbon contamination common)
MWCNT:

e Diameter: 5-50 nm (outer), 2-10 nm (inner)

o Wall count: 2-50 layers

e Length: 1-50 pm

e Purity: 80-95%

3.2 Arc Discharge

PE Framework Note: Arc discharge accesses high-temperature attractor regions not reachable
via CVD. Different chirality distribution expected.

3.2.1 Equipment Required

e Vacuum chamber (j 1 Torr base pressure)

e Graphite electrodes (6-13 mm diameter, ultra-high purity)
e DC power supply (50-100 A, 20-40 V)

e He or Ar atmosphere (100-500 Torr during discharge)

e Catalyst (for SWCNT): Fe, Ni, Co mixed into anode

3.2.2 Process Steps

Step 1: Electrode Preparation
For SWCNT:

1. Drill hole in graphite anode (3—6 mm diameter)
2. Pack with graphite powder + metal catalyst (Fe/Ni/Co, 1-5 at%)
3. Compress at high pressure (;100 MPa)
For MWCNT:
e Use pure graphite electrodes (no catalyst)

Step 2: Arc Discharge



1. Position electrodes with 1-2 mm gap

2. Fill chamber with He or Ar (300-500 Torr)

3. Apply 50-100 A DC current

4. Arc temperature: 3000-4000°C (localized)

5. Maintain gap by advancing anode as it consumes (1-5 mm/min)

6. Run time: 10-30 minutes

PE Note: Extreme temperature accesses different attractor basins than CVD. Expect different
chirality preference and defect patterns.
Step 3: Product Collection

e Cathode deposit: ”Collar” containing SWCNT (if catalyst used)
e Chamber walls: Web-like soot containing MWCNT

e Purification required: Oxidation (air, 350°C) + acid treatment (HCIl, HNOs3)

3.2.3 Expected Outcome
SWCNT:

e Diameter: 1.2-1.4 nm (narrow distribution)

e Bundle formation common

e High crystallinity, few defects

e Yield: 20-30% of carbon in product
MWCNT:

e Diameter: 2-20 nm (outer)

e High aspect ratio (L/d > 1000)

e Very high crystallinity

e Yield: 60-80%

Literature Source: lijima, Nature 354, 56 (1991); Journet et al., Nature 388, 756 (1997)

3.3 Laser Ablation

PE Framework Note: Pulsed high-temperature process. Short timescale may favor kinetic vs
thermodynamic attractor selection.



3.3.1 Equipment Required

Nd:YAG or CO3 laser (500-2000 W)

Quartz tube furnace (1000-1200°C)

Graphite target with metal catalyst (Co/Ni, 1-5 at%)

Ar or He flow (100-500 sccm)

Water-cooled collector

3.3.2 Process Steps

1.

2.

6.

Literature Source: Guo et al., Chemical Physics Letters 243, 49 (1995)

Load catalyst-doped graphite target into furnace

Heat to 1200°C under Ar/He flow

. Focus laser on target (2-10 mm spot)

. Nanotubes condense on water-cooled collector

Run time: 10-60 minutes

3.3.3 Expected Outcome

Primarily SWCNT

Diameter: 1.0-1.4 nm

Very high purity (;70% as-produced)
Long tubes (L > 10 pm)

Chirality: Narrow distribution, attractor-selected

. Ablate carbon: vapor plume forms, swept downstream by gas flow

3.4 Method Comparison & Selection
Method Yield Quality Scalability Cost
CVD High Good Excellent Low
Arc Discharge Medium Excellent Medium Medium
Laser Ablation  Low Excellent Poor High

Table 2: CNT synthesis method comparison

Selection Criteria:

e Research/characterization: Arc discharge or laser ablation (high quality, narrow

chirality)
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e Industrial production: CVD (scalable, cost-effective)
e Aligned arrays: CVD only
e Specific chirality: Laser ablation 4+ post-synthesis sorting

PE Note: Different methods access different attractor basins. CVD: broad exploration. Arc
discharge: high-temperature equilibrium attractors. Laser ablation: kinetic attractors.

4 Characterization Methods

4.1 Raman Spectroscopy

Primary characterization tool for CNTs. Non-destructive, quick, provides structural
and electronic information.

4.1.1 Key Features
Radial Breathing Mode (RBM): 100-400 cm ™!

e Diameter: d (nm) ~ 248/wrpy (cm™1)
e SWCNT signature—each peak corresponds to specific diameter
e Splitting indicates bundle formation
G-band: ~1580 cm~!
e Tangential C-C stretching mode
e Metallic tubes: Asymmetric Breit-Wigner-Fano lineshape
e Semiconducting tubes: Lorentzian lineshape
D-band: ~1350 cm™!
e Disorder-induced mode
e D/G ratio indicates defect density
e D/G < 0.1: High quality
e D/G > 0.5: Significant defects
G’-band (2D): ~2700 cm™*
e Second-order mode
e Shape/intensity depends on electronic structure

PE Note: RBM splitting patterns can reveal attractor-selected chirality distributions. Expect
non-uniform diameter distribution with peaks at preferred values.

11



4.1.2 Quality Metrics

Accept:
e Clear RBM peaks (SWCNT)
e D/G <02
e Sharp G-band
Reject:
e No RBM (suggests MWCNT or bundles)
e D/G>05

e Broad, featureless spectrum

4.2 Transmission Electron Microscopy (TEM)

Purpose: Direct visualization of atomic structure, wall count, defects, chirality determination.

4.2.1 Key Measurements

Diameter measurement:
e SWCNT: 0.4-3 nm (measure from wall-to-wall)
e MWCNT: Measure inner and outer diameter, count walls
Defect identification:
o Stone-Wales defects (5-7 ring pairs)
e Vacancies (missing atoms)
e Kinks, bends (indicate local defect clusters)
Cap structure:
e Hemispherical: 6 pentagons (required for closure)
e Cone-shaped: Additional pentagons
Chirality determination:
e Measure chiral angle from lattice fringes
e Electron diffraction pattern analysis
e Requires high-resolution TEM (HRTEM), j 0.2 nm resolution

PE Falsification Test: If chirality distribution from TEM shows no preference for
armchair /zigzag, attractor interpretation is challenged.

12



4.3 Atomic Force Microscopy (AFM)

Purpose: Height measurement, bundle characterization, substrate interactions.
Key measurements:

e Height profile: SWCNT ~1 nm, MWCNT 5-50 nm
e Bundle size: Count individual tubes in bundle via height steps

e Surface roughness: | 0.5 nm for clean substrate

4.4 Electrical Characterization
4.4.1 Device Fabrication

Field-Effect Transistor (FET) Geometry:
1. Disperse CNTs onto SiO3/Si substrate (300 nm oxide)
2. Locate individual tubes via AFM or SEM
3. Pattern source-drain contacts (Ti/Au, 5/50 nm) via e-beam lithography

4. Channel length: 1-10 pm

4.4.2 Measurements

I-V Characteristics:

e Metallic tube: Linear I-V, no gate dependence

e Semiconducting tube: Non-linear I-V, strong gate modulation
Transfer Curve (Ipg vs Vg):

e On/off ratio: 103-10° (semiconducting)

e Carrier mobility: 103-10° cm?/V-s (typical)

e Threshold voltage: -5 to +5 V (depends on doping)

PE Note (Bridge-Quantum v1.0): Metallic vs semiconducting behavior confirms attractor
basin selection during synthesis. Ratio of metallic:semiconducting tubes should deviate from
random 1:2 ratio if attractor selection is strong.

4.5 Thermogravimetric Analysis (TGA)

Purpose: Purity assessment, catalyst content, thermal stability.
Procedure:

1. Heat CNT sample in air or Og
2. Ramp: 25-800°C at 5-10°C/min

3. Monitor mass loss

13



Interpretation:
e 100-300°C: Adsorbed water, organic contaminants
e 400-600°C: Amorphous carbon oxidation
e 500-700°C: CNT oxidation (SWCNT lower, MWCNT higher)
e ;/700°C: Catalyst residue (non-combustible)
Quality Metrics:
e Purity: (mass loss 500-700°C) / (total initial mass)
e High quality: ;80% purity

e Catalyst content: | 10% (residue at 800°C)

5 Properties & Applications

5.1 Mechanical Properties

Experimental Values (Literature):
e Young’s modulus: 1-1.5 TPa (SWCNT), 0.3-1 TPa (MWCNT)
e Tensile strength: 50-200 GPa
e Strain to failure: 10-30%

Literature Source: Yu et al., Science 287, 637 (2000)
PE Note (Bridge v1.1): Mechanical failure corresponds to phonon spectrum collapse (w? — 0)
at critical strain. Defects lower failure threshold by introducing local negative modes.

5.2 Electrical Properties
Metallic CNTs:

e Conductivity: 10°-10” S/m

e Current capacity: 10° A/cm? (ballistic transport)

e Mean free path: 100+ nm at room temperature
Semiconducting CNTs:

e Band gap: 0.5-2 eV (diameter-dependent: E, o< 1/d)

e Carrier mobility: 10*-10° cm?/V's

e On/off ratio in FETs: 105+

PE Note (Bridge-Quantum v1.0): Metallic/semiconducting distinction corresponds to
Hilbert-space attractor basin. Band gap scaling E, o< 1/d reflects quantum confinement in
operator space.
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5.3 Thermal Properties
e Thermal conductivity: 3000-6000 W/m-K (along axis)

e Thermal stability: ;600°C in inert atmosphere, ;400°C in air

e Coefficient of thermal expansion: Negative along axis (!)

Applications: Thermal interface materials, heat spreaders, composites.

5.4 Application Domains

Electronics:
e Transistors (semiconducting CNTs)
e Interconnects (metallic CNTs, replacing Cu)
e Transparent conductors (thin films)
Energy Storage:
e Supercapacitor electrodes (high surface area)
e Battery anodes (Li-ion)
e Fuel cell catalysts (support material)
Structural Materials:
e Polymer composites (mechanical reinforcement)
e Fibers and yarns (spun CNTSs)
e Foundation for macronanotube architectures
Sensors:
e Gas sensors (conductivity change with adsorption)
e Biosensors (functionalized CNTs)

e Strain sensors (piezoresistive)

6 Purification & Functionalization

6.1 Purification Methods

Challenge: As-synthesized CNTs contain amorphous carbon, catalyst particles, graphitic
impurities.

15



6.1.1 Oxidation + Acid Treatment
Procedure:

1. Oxidation in air: 350-450°C, 30-60 minutes (burns amorphous carbon)
2. Acid reflux: HCI (6 M) or HNO3 (3 M), 100°C, 2-12 hours
3. Rinse with DI water until pH neutral

4. Dry at 80°C
Result:

e Removes catalyst particles
e Burns off amorphous carbon

e Can damage CNT sidewalls (creates defects)

Purity: 90-98%

6.1.2 Filtration 4+ Chromatography
e Size exclusion: Separate by length
e Density gradient ultracentrifugation: Separate by diameter and chirality
e Jon exchange: Separate metallic vs semiconducting

Result: High purity, preserves structure, but low throughput.

6.2 Functionalization

Purpose: Improve dispersibility, add reactive sites, tune properties.

6.2.1 Covalent Functionalization

Methods:
e Oxidation (HNO3/H2SO04): Adds -COOH, -OH groups
e Amidation: React -COOH with amines
e Fluorination: Fg gas treatment

Trade-off: Improves solubility but disrupts sp? network, degrades electrical /mechanical
properties.
6.2.2 Non-Covalent Functionalization
Methods:
e Surfactant wrapping: SDS, SDBS, Triton-X
e Polymer wrapping: PVP, DNA
e -7 stacking: Pyrene derivatives

Advantage: Preserves CNT structure, maintains properties.
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7 Troubleshooting

7.1 CVD Issues
7.1.1 Problem: No CNT growth

Causes:

e Catalyst particles too large (;20 nm)
e Temperature too low

e Carbon source insufficient
Solutions:

e Reduce catalyst film thickness (j 1 nm)
e Increase temperature by 50-100°C

e Increase carbon source flow by 50%

7.1.2 Problem: Only amorphous carbon

Causes:

e Temperature too low
e Hj flow insufficient (no etching of amorphous carbon)

e Catalyst poisoned
Solutions:

e Increase temperature to ;800°C
e Increase Hy flow

e Use fresh catalyst precursor

PE Interpretation: System stuck in amorphous carbon attractor (low T) instead of reaching
CNT attractor (high T + catalyst).
7.1.3 Problem: MWCNT instead of SWCNT

Causes:

e Catalyst particles too large
e Temperature too high

e Carbon source concentration too high
Solutions:
e Reduce catalyst thickness (aim for j 0.5 nm)

e Lower temperature by 50-100°C

e Dilute carbon source with Hy/Ar

PE Interpretation: Large particles access MWCNT attractor basin (multiple walls stable).
Small particles access SWCNT basin.

17



7.2 Arc Discharge Issues
7.2.1 Problem: Low SWCNT yield in cathode deposit
Causes:
e Insufficient catalyst in anode
e Wrong gas pressure
e Arc instability
Solutions:
e Increase catalyst content (3-5 at%)
e Adjust He pressure (optimal: 300-500 Torr)

e Stabilize power supply, maintain constant gap

7.3 Characterization Issues
7.3.1 Problem: No RBM in Raman spectrum
Causes:

e Sample is MWCNT (no RBM for multi-wall)

e SWCNTs in tight bundles (RBM suppressed)

e Laser wavelength not resonant with any tubes present
Solutions:

e Confirm wall count via TEM

e Improve dispersion (sonication + surfactant)

e Try different laser wavelengths (514 nm, 633 nm, 785 nm)

7.3.2 Problem: High D/G ratio (> 0.5)
Causes:

e Poor synthesis quality

e Over-oxidation during purification

e Defects introduced by sonication
Solutions:
e Optimize synthesis parameters
e Reduce acid treatment time/temperature
e Use gentler dispersion methods
PE Note: High defect density indicates system not reaching pristine CNT attractor. Review

synthesis conditions for parameter space exploration.
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8 Safety & Handling
8.1 Health Hazards
Inhalation Risk:
e CNTs are respirable particles (j 10 pm length, | 100 nm diameter for aerosols)
e Potential lung irritation, fibrosis (similar to asbestos concerns)
e No conclusive human toxicity data yet, but precautionary principle applies
Mitigation:
e Always work in fume hood or glove box
e Use HEPA filters for vacuum systems

e Wet processing preferred over dry powder handling

Wear N95 or better respirator for dry CNT handling

8.2 Chemical Hazards
Synthesis:

e CHy4, CoHy, CO: Flammable, toxic (CO)

e H,: Explosive mixture with air

e Metal catalysts: Ni, Co carcinogenic
Purification:

e HNOj3, HySOy4: Corrosive, oxidizers

e HCI: Corrosive, fumes
PPE Required:

e Lab coat, gloves (nitrile for acids), safety glasses

e Fume hood for all chemical handling

e Respirator for dry CNT powder

8.3 Disposal

e CNT waste: Collect in sealed containers, label as nanomaterial waste
e Acid waste: Neutralize before disposal

e Catalyst-contaminated materials: Heavy metal waste protocol
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9 Foundation for Macronanotube Architectures

9.1 Why This Document Matters

This specification establishes:
1. Synthesis Control:

e Methods for producing CNTs with specific diameter, chirality, purity

e Foundation for scaled production needed for macro-architectures
2. Property Understanding:

e Mechanical limits (strain to failure, buckling)
e Electronic behavior (metallic vs semiconducting)

e Thermal stability
3. Phonon Spectrum Baseline:

e Pristine CN'T phonon modes established
e Sets up phonon control via doping (next document)

e Foundation for understanding negative/zero/positive mode manipulation
4. Characterization Framework:

e Tools for validating macro-scale assemblies
e Quality control metrics

e Defect detection methods

9.2 Bridge to Macronanotubes
What This Document Provides:
e Individual CNT building blocks

e Baseline properties

e Synthesis/characterization methods
What Macronanotube Document Will Add:

e Phonon murder (eliminating negative modes via B/N doping)
e Zero-mode preservation (silent energy channels)

e Bundle/rope/yarn architectures

e Energy storage via geometric strain

e Macro-scale structural design
PE Framework Connection:

e CNTs: Individual tube attractors

e Macronanotubes: Multi-tube collective attractors with controlled phonon spectrum
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10 Falsification Summary

This specification makes testable PE framework predictions:

10.1 Chirality Distribution

Prediction: Synthesis produces non-uniform chirality distribution with peaks at armchair (n,n)
and zigzag (n,0) configurations.

Test: High-throughput TEM + electron diffraction of 10004 tubes.

Falsification: If distribution is uniform across all (n,m) with no preference for symmetric
chiralities.

10.2 Defect Propagation Anisotropy

Prediction: Defects propagate preferentially along tube axis vs circumferentially.
Test: Create controlled defects, monitor propagation via TEM /Raman.
Falsification: If propagation shows no directional preference.

10.3 Phonon Spectrum Stability

Prediction: Small-diameter tubes (d < 1 nm) more susceptible to defect-induced negative
phonon modes.

Test: Raman spectroscopy + mechanical testing of size-selected samples.

Falsification: If diameter shows no correlation with mechanical instability.

10.4 Metallic:Semiconducting Ratio

Prediction: Ratio deviates from random 1:2 if attractor selection is strong during synthesis.
Test: Electrical characterization of statistically significant sample.
Falsification: If ratio is consistently 1:2 across all synthesis methods.

11 Conclusion
This specification provides:

e Literature-validated synthesis for SWCNT and MWCNT

e PE framework correspondence via Bridge v1.1 and Bridge-Quantum v1.0

Comprehensive characterization methods

Foundation for macro-scale nanotube architectures

Falsification criteria for PE predictions
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11.1 For Researchers

Use

these protocols for:

e Producing high-quality CNTs for research

e Exploring chirality attractor basins systematically

e Understanding phonon spectrum as foundation for control

e Building toward macro-scale applications

11.2 Key Contributions

1

2

3
4

. Honest PE grounding: What framework can/cannot predict
. Chirality as attractor: New interpretation of synthesis selectivity
. Phonon foundation: Sets up macronanotube phonon control

. Bridge between 2D and macro: Graphene — CNT — Macronanotube progression

11.3 Next Steps

1.
2.
3.
4.
d.

Implement synthesis protocols

Test chirality distribution predictions

Characterize phonon spectrum systematically
Prepare for macronanotube architecture development

Explore B/N doping for phonon control (next document)

Success validates PE correspondence. Failure refines framework. Both advance science.
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