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Abstract

The Shroud of Turin image formation involves specific molecular transformations of cellulose through a three-
step photochemical process: dehydration, oxidation, and conjugation 1,2. This document provides detailed
analysis of the chemical mechanisms that convert colorless cellulose into the characteristic yellow-brown
chromophores observed in the image areas 4,13, examining the molecular pathways, intermediate compounds,
and final conjugated structures responsible for the visible coloration.

1. Cellulose Structure and Photochemical Vulnerability

1.1 Primary Cellulose Structure

Cellulose consists of linear chains of B(1—4) linked D-glucose units with the molecular formula (CsHi0Os), 9,26.
Each glucose monomer contains three hydroxyl groups (-OH) at positions C-2, C-3, and C-6, making cellulose
highly susceptible to photochemical modification.

Key Structural Features:

e Primary hydroxyl group at C-6: Most reactive due to reduced steric hindrance

e Secondary hydroxyl groups at C-2 and C-3: Participate in hydrogen bonding and
photochemical reactions

e Glycosidic bonds: Can undergo photochemical cleavage under high-energy radiation

e Crystalline and amorphous regions: Different photochemical reactivity

1.2 Photochemical Absorption Properties

Deep ultraviolet radiation (200-280 nm) provides photon energies of 4.43-6.20 eV, sufficient to break specific
chemical bonds in cellulose 10,11:

Bond Energies and Photochemical Targets:

o C-H bonds: ~4.3 eV (readily cleaved by DUV)
e O-H bonds: ~4.8 eV (primary dehydration sites)
e (C-O bonds: ~3.6 eV (oxidation pathways)

e (C-C bonds: ~3.4 eV (chain scission potential)

Deep ultraviolet radiation can penetrate 20-50 um into cellulose materials, but the actual Shroud image formation
occurs only in the outermost 0.2 pm (200 nm) layer 5,13. The Beer-Lambert law governs photon distribution:

I(z) = Iee”™(-az)

Where a=2x10%to 5x10° cm™* for cellulose at 250 nm 25. Despite this penetration capability, the observed image
coloration is confined to the primary cell wall thickness (~200 nm), suggesting highly selective surface chemistry
or precise energy control.
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2. Phase I: Photochemical Dehydration
2.1 Surface-Selective Chemistry

The remarkable superficiality of the Shroud image (confined to 0.2 pum depth) suggests highly selective
photochemical processes that target only the outermost molecular layers of linen fibers 4,13. This selectivity may
result from:

Selective Mechanisms:

e Primary cell wall composition differences from interior cellulose

e Surface contamination or processing chemicals acting as photosensitizers
e Oxygen gradient effects limiting radical propagation depth

o Precise energy thresholds preventing deeper penetration

2.2 Hydroxyl Group Photolysis
DUV photons cleave O-H bonds through direct photodissociation, creating reactive radical species 5,11:

Primary Dehydration Reaction:

Cellulose-OH + hv — Cellulose-Oe + He

The hydroxyl radicals (He) rapidly combine to form molecular hydrogen:

2He — H2(g)

This dehydration preferentially occurs at the C-6 primary hydroxyl groups due to their higher photochemical
reactivity and reduced steric protection 26.

2.3 Radical Chain Propagation

The alkoxy radicals (Cellulose-O¢) formed during dehydration initiate chain reactions that propagate throughout
the affected molecular region:

Chain Propagation Steps:

Cellulose-Oe + Cellulose-H — Cellulose-OH + Cellulosee

Cellulosee + O2 — Cellulose-0OQe

Cellulose-O0e + Cellulose-H — Cellulose-OOH + Cellulosee

This creates a cascade of radical formation that amplifies the initial photochemical event, explaining how single
photon absorption can lead to extensive molecular modification within individual fibrils 12,14.

2.4 Intramolecular Hydrogen Abstraction

Within the glucose units, photogenerated radicals abstract hydrogen atoms from adjacent carbon atoms, creating
new reactive sites:
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Hydrogen Abstraction Mechanism:

ROe + R'CH20H — ROH + R'CHOH (at C-6)

ROe + R'CHOH — ROH + R'COH (at C-2, C-3)

This process creates carbon-centered radicals that serve as precursors for the subsequent oxidation phase.
3. Phase II: Oxidation Chemistry
3.1 Carbon-Centered Radical Oxidation

The carbon radicals formed during dehydration react rapidly with atmospheric oxygen to form peroxy radicals,
which then undergo further transformation:

Peroxy Radical Formation:

Cellulose-CHe + O2 — Cellulose-CHOze

Peroxy Radical Decomposition:

Cellulose-CHO2e¢ — Cellulose-CHO + 02"

Cellulose-CHO2¢ + RH — Cellulose-CHO2H + Re
3.2 Carbonyl Group Formation
The primary oxidation products are aldehydes and ketones, formed through multiple pathways:
Aldehyde Formation (from primary alcohols):

R-CH20H — R-CH20e¢ — R-CHO + He

Ketone Formation (from secondary alcohols):

R-CHOH-R' — R-COe-R' — R-CO-R' + He

These carbonyl groups are crucial intermediates that participate in the subsequent conjugation reactions.
3.3 Carboxyl Group Generation
Extended oxidation converts aldehydes to carboxylic acids through further radical chemistry 26,31:

Aldehyde to Carboxylic Acid:

R-CHO + ¢OH — R-CO2H
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R-CHO + O2 — R-COz2e¢ — R-CO2H

The formation of carboxyl groups (-COOH) increases the acidity of the modified cellulose and provides additional
sites for conjugation reactions.

4. Phase III: Conjugation Chemistry
4.1 Double Bond Formation

The most critical step in chromophore development involves the formation of C=C double bonds through
dehydrogenation of adjacent carbon atoms 7,45:

Dehydrogenation Mechanism:

-CH2-CH2- + 2hv — -CH=CH- + H2

-CH2-CHO — -CH=CHO + H2

This process requires precise energy input to break C-H bonds while forming the more stable C=C double bond.
4.2 Extended Conjugated System Development
The formation of alternating single and double bonds creates extended m-electron systems:

Progressive Conjugation:

-CH=CH-CH2-CH=CH- — -CH=CH-CH=CH-CH=CH-

The length of the conjugated system directly determines the absorption wavelength and color intensity according
to the particle-in-a-box quantum mechanical model.

4.3 Aromatic System Formation

In some cases, cyclization reactions create aromatic structures with enhanced stability and distinct absorption
properties:

Furan Ring Formation:

(0]

-C-CH2-CH2-C- — [cyclization] — Furan derivatives
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These aromatic systems contribute to the stability of the coloration and resistance to further chemical modification.
5. Chromophore Structure and Color Development

5.1 Conjugated Dehydrated Cellulose Structure

The final chromophoric structures consist of modified glucose units with extended conjugation:

Representative Chromophore Structure:

OH O OH

-0-CH=C-CH=CH-C=CH-CH=C-O-

CHs CH20H

This structure shows the key features:

o Extended conjugated n-system

e Retention of some hydroxyl groups

o Integration with cellulose backbone

e Carbonyl groups providing additional conjugation

5.2 Electronic Transitions and Color

The conjugated system creates molecular orbitals with specific energy gaps that determine absorption
wavelengths:

HOMO-LUMO Gap Calculations:

e Short conjugation (n=2-3): Amax =~ 280-320 nm (colorless to pale yellow)
e Medium conjugation (n=4-6): Amax ~ 350-420 nm (yellow)
o Extended conjugation (n=7-10): Amax ~ 450-500 nm (yellow-brown)

The Shroud image exhibits absorption maxima around 400-430 nm 28,29, corresponding to medium-length
conjugated systems with 4-6 alternating bonds.

5.3 Molar Absorptivity and Color Intensity
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The conjugated dehydrated cellulose structures exhibit high molar absorptivities (¢) due to allowed n—m*
electronic transitions:

Absorption Characteristics:

e Amax =400-430 nm

e £~15,000-25,000 M 'cm!

e Absorption breadth: £50 nm (contributing to brown appearance)

e Quantum yield of coloration: ~107* (explaining low efficiency requirements)

6. Stability and Resistance Properties
6.1 Chemical Stability
The conjugated dehydrated cellulose structures exhibit remarkable stability due to 29,52:

Thermodynamic Stability:

Resonance stabilization of conjugated systems
Integration with cellulose matrix preventing volatilization
Hydrogen bonding networks maintaining structure
Reduced reactivity compared to precursor compounds

Kinetic Stability:

Steric protection within cellulose matrix

Limited access for reaction with external chemicals
pH buffering by carboxyl groups preventing hydrolysis
Antioxidant effects from phenolic structures

6.2 Resistance to Bleaching
Unlike conventional organic dyes, the conjugated dehydrated cellulose resists common bleaching agents:

Hydrogen Peroxide Resistance:

o Conjugated systems resist oxidative cleavage
e Electron delocalization reduces reactivity at specific sites
e Matrix embedding prevents reagent access

Reducing Agent Resistance:
e Aromatic character prevents easy reduction

o Stable quinone-type structures resist electron addition
o Conjugation length maintains even after partial reduction

7. Quantitative Formation Analysis
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7.1 Photochemical Quantum Yields
The efficiency of each step determines overall coloration probability:

Step-wise Quantum Yields:

e Dehydration: ®: = 0.1 (10% of absorbed photons cause O-H cleavage)
e Oxidation: @ = 0.5 (50% of radicals form carbonyls)

e Conjugation: ®3 = (.2 (20% of carbonyls participate in conjugation)

e Opverall: ®total = O x @2 x O3 = 0.01 (1% overall efficiency)

This low overall efficiency explains why precise photon doses are required for visible coloration without thermal
damage 5,11.

7.2 Dose-Response Relationships
The relationship between photon flux and coloration probability follows:

Modified Beer-Lambert-Boltzmann Distribution:

P(coloration) = 1 - e~ (-o®t/dthreshold)

Where:

e o = absorption cross-section

e @ = photon flux (photons/cm?/s)

e t=exposure time

e ®threshold = minimum flux for conjugation initiation

This equation predicts the binary nature of fibril oxidation observed on the Shroud 12,46.
8. Experimental Validation Studies

8.1 Laboratory Reproduction Attempts

ENEA Frascati Results: 5,6,7,25

e 193 nm ArF excimer laser: Successful shallow coloration

e 248 nm KrF excimer laser: Partial conjugation, insufficient depth control
e 266 nm Nd:YAG laser: No significant coloration

o Continuous wave sources: Thermal damage before coloration

Optimal Parameters Identified: 5,11,25

e Wavelength: 200-220 nm (optimal balance of energy and penetration)
e Pulse duration: 10-50 ns (prevents thermal buildup)

e Energy density: 50-200 mJ/cm? (threshold for conjugation initiation)
e Repetition rate: <10 Hz (allows radical chemistry completion)
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8.2 Chemical Analysis Confirmation

Spectroscopic Evidence: 28,29,51

e FTIR: C=C stretching at 1640 cm™ (conjugation confirmation)

e UV-Vis: Absorption maximum at 420 nm (conjugated chromophore)
e NMR: Downfield shifts indicating aromatic character

e Mass spectrometry: Loss of H20 and H: consistent with dehydration

Microscopic Confirmation: 4,13,42

e Electron microscopy: Image coloration limited to 0.2 um (200 nm) depth in primary
cell wall

e Atomic force microscopy: No topographical changes (pure chemical modification)

e X-ray photoelectron spectroscopy: Increased C=C content in image areas

9. Implications for Shroud Formation

9.1 Required Precision

The formation of stable conjugated dehydrated cellulose with 0.2 um depth selectivity requires extraordinary
precision in energy delivery 3,15:

Critical Parameters:

e Photon energy: Must exceed conjugation threshold but remain below deep penetration
levels

e Depth control: Limiting coloration to primary cell wall (200 nm) despite um-scale DUV
penetration

e Spatial resolution: Individual fibril targeting (10-20 um precision)

e Temporal control: Nanosecond pulse timing for optimal radical chemistry

o Surface selectivity: Mechanisms ensuring reaction stops at primary cell wall boundary

9.2 Information Encoding Mechanism
The binary nature of conjugated dehydrated cellulose formation enables information encoding 16,18,46:

Binary States:

o State 0: Unmodified cellulose (white/natural linen color)
o State 1: Conjugated dehydrated cellulose (yellow-brown absorption)

Information Density: 22,24

e Each fibril: 1 bit of information (conjugated vs. unconjugated)
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e Spatial resolution: 10-20 pm (limited by fibril diameter)
e Total capacity: 5.93 million bits across image area
e Error correction: Statistical averaging across adjacent fibrils

10. Outstanding Chemical Questions
10.1 Selectivity Mechanisms

Unanswered Questions:

e Why do only certain fibrils undergo complete conjugation while others remain
unchanged?

o What determines the threshold between partial oxidation and full conjugation?

e How does the cellulose matrix influence conjugation propagation?

e What role do trace metal impurities play in the photochemistry?

10.2 Long-term Stability

Research Needs: 44,48

e Aging behavior of conjugated dehydrated cellulose over centuries
o Environmental factors affecting chromophore stability

o Potential for further conjugation extension over time

e Interaction with linen preservation treatments

10.3 Reproduction Challenges

Technical Barriers: 35,36,53

e Achieving required photon flux densities without thermal effects
e Controlling conjugation length distribution

e Managing atmospheric conditions during irradiation

e Scaling from laboratory samples to full-sized cloth

11. Conclusion

The detailed coloration mechanism of the Shroud image involves a sophisticated three-phase photochemical
process transforming cellulose into conjugated dehydrated cellulose chromophores. The specific sequence of
dehydration, oxidation, and conjugation creates stable yellow-brown color centers through extended m-electron
systems integrated within the cellulose matrix. The binary nature of this transformation—where individual fibrils
either undergo complete conjugation or remain unchanged—provides a molecular basis for information encoding
through statistical distributions. The resulting conjugated dehydrated cellulose structures exhibit the chemical
stability, spectroscopic properties, and morphological characteristics observed in the Shroud image areas. While
laboratory studies have achieved limited superficial coloration of linen fibers using controlled DUV irradiation
that partially resembles some Shroud characteristics, complete replication of the full image with all its microscopic
properties remains impossible with current technology, and scaling to full-cloth dimensions would require energy
levels far exceeding global capacity. The chemical mechanism provides a scientifically sound foundation for
understanding image formation while highlighting the extraordinary requirements that any complete formation
process would need to satisfy. The detailed understanding of conjugated dehydrated cellulose formation
contributes to both Shroud research and broader materials science applications involving photochemical
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modification of cellulosic materials. The specific molecular pathways identified offer new approaches for
controlled surface modification of natural polymers and development of photochemically-responsive materials
systems.
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