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Abstract

Sequence-controlled and sequence-defined oligomers introduce a level of molecular specification that conventional photopolymer
formulations rarely possess. Two materials can share the same overall composition and molar mass yet differ in the position of
crosslinkable, polar, rigid or degradable units along the chain. That difference can change intramolecular folding, local reactivity, network
connectivity and ultimately printability. Precision photochemistry has enabled sequence-defined macromolecules, and recent two-photon
microprinting work directly demonstrates that the placement of crosslinkable units along short oligomers affects both printing behaviour
and final properties. [1,2] This review defines the evidence required to attribute a printed-network property to sequence rather than to
composition, dispersity, conversion or processing. It emphasises chain-identity analytics, matched-composition controls, reaction-site
conversion and network-state characterisation, and it identifies where current evidence remains confined to small precision oligomers and
microscale printing.
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1. Sequence, composition and architecture are different variables

A sequence-controlled oligomer specifies the order of repeat units, while a conventional copolymer description may give only average
composition. Even when two oligomers contain the same numbers of functional and non-functional units, block, alternating and clustered
placement can create different local functionality. The engineering claim 'sequence matters' is therefore valid only when total
composition, molar mass and end groups are controlled.

2. Identity of precision macromolecules

Sequence-defined synthesis requires stronger analytical evidence than ordinary formulation blending. High-resolution mass spectrometry,
NMR and chromatographic analysis are commonly used to confirm discrete oligomer identity. Protection-group-free A-orthogonal
photochemistry has been used to build sequence-defined macromolecules with selective wavelength-controlled reactions, demonstrating
that photochemistry itself can be part of precision synthesis. [1] For printing studies, the analytical identity of the feedstock should be
retained as a traceable lot attribute.

3. Placement of crosslinkable function

The position of crosslinkable groups determines how many network connections can form between chains and whether reactive sites
cluster locally. Catt et al. compared oligomers containing the same types of units in different sequences and showed that sequence
placement influenced printability and properties in two-photon microstructures. [2] This is direct evidence that composition alone can be
insufficient, but it does not establish a universal sequence rule across chemistries or printing scales.

Table 1. Evidence needed for a sequence-specific claim

Question Control Evidence

Is the oligomer sequence correct? Expected exact mass / NMR pattern MS, NMR, chromatography

Does sequence change printability? Same composition and functionality Dose/fidelity map with matched processing
Does sequence change network property? Matched conversion and geometry Mechanical/swelling test plus network analysis

4. Cure kinetics and intramolecular constraints

Reactive groups placed near each other can favor local cyclisation or rapid gelation, whereas distributed sites can promote different
network connectivity. Steric environment and chain conformation also affect apparent reaction rate. Conversion measurements should
therefore be paired with network or soluble-fraction analysis. A high conversion with extensive intramolecular reaction can still yield a
weak network.

5. Printability as a molecular-architecture outcome

In high-resolution photopolymerisation, threshold behaviour, diffusion and voxel growth interact with molecular size and functionality.
Precision oligomers can narrow compositional ambiguity but do not remove process dependence. Printability should be described through
feature fidelity, required dose, development stability and mechanical survival rather than merely successful image formation.
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6. Property attribution requires matched controls

To attribute modulus, toughness, swelling or degradation to sequence, the appropriate control is not an unrelated commercial resin. It is a
composition-matched oligomer with a different sequence but comparable molar mass, functionality and processing. Statistical replication
is needed because the expected sequence effect may be smaller than process variation.

7. Defects, dispersity and synthesis carryover

Sequence-defined synthesis can produce deletion products, incomplete coupling or end-group variants. Even small impurity fractions can
change network connectivity when the oligomer is short. The feedstock release record should therefore include purity and the distribution
of off-target species. Purification method and residual reagents can also affect photopolymerisation.

8. Scaling from microprinting to bulk VPP

Two-photon printing is a strong test of molecular precision but operates with different optical intensity, focal volume and transport from
layerwise VPP. Evidence from microstructures should therefore be treated as mechanism-relevant but process-specific. Transfer to
DLP/LCD requires new viscosity, dose-depth and dimensional evidence.

Table 2. Scale-transfer boundaries

Platform Dominant distinction Do not transfer without

Two-photon microprinting Highly localised nonlinear exposure DLP/LCD cure-depth and rheology evidence
Bulk/cast photocure Low spatial constraint Feature-fidelity evidence

Layerwise VPP Repeated exposure and recoating Layer-history and dimensional validation

9. Opportunities for programmed function

Sequence placement can in principle localise degradable bonds, ion-binding groups, chromophores or secondary crosslink sites. The
useful design question is whether placement creates a reproducible function that cannot be achieved by simpler composition control.
Precision synthesis is justified when it creates a measurable decision advantage, not by sequence complexity alone.

10. Qualification decision boundary

A sequence-controlled photopolymer claim is defensible only when macromolecular identity is verified and a matched-composition
control demonstrates a sequence-specific effect. If property differences can be explained by molar mass, conversion, impurity or process
history, the sequence claim remains unresolved. The printed article must also pass ordinary dimensional and mechanical qualification.

11. Evidence gaps

The strongest direct printing evidence remains concentrated in small oligomer systems and microfabrication, even though the broader
sequence-defined-polymer literature establishes a much larger design space for precision macromolecular function. [3] Manufacturing-
scale synthesis yield, cost, lot equivalence and long-term network stability are less developed. There is also limited evidence on how
sequence effects survive broad molar-mass distributions or scale-up mixing.

12. Research priorities

High-value studies should use designed sequence libraries with identical composition, report full analytical identity, measure conversion
and network topology, and test multiple printing platforms. Automated synthesis and machine-readable sequence descriptors could enable
systematic structure-property maps, but only if off-target products and batch variability are retained in the dataset.

13. Measurement architecture for precision oligomer inks

The feedstock release step should establish exact or narrowly defined molecular identity before any printing experiment. For discrete
oligomers, high-resolution mass spectrometry and NMR are natural primary methods; chromatography can quantify deletion or coupling
by-products. After printing, spectroscopic conversion, soluble fraction and mechanical response are connected to the same oligomer lot.
This prevents a sequence-specific property from being attributed to a batch that actually differs in purity or average molar mass.

14. Network topology versus primary sequence

Primary sequence is only one layer of structure. During photopolymerisation the oligomers form a network whose loops, dangling ends
and intermolecular crosslinks can erase or amplify the effect of monomer order. Network topology should therefore be treated as a
mediator between sequence and bulk property. Swelling, modulus and soluble-fraction measurements can provide indirect evidence, while
model systems or spectroscopy may be required when a strong mechanistic claim is made.

15. Discriminating experiment set

The strongest experiment uses at least three sequence isomers with identical numbers of reactive and non-reactive units, comparable end
groups and the same processing history. Dose threshold, feature fidelity, conversion, gel fraction and mechanical response are measured in
a blocked and randomised experimental order. A conventional oligomer of similar average composition can be included as an external
reference, but the sequence-isomer comparison remains the key attribution test.

16. Engineering conclusion

Sequence-controlled oligomers offer a route from average polymer composition toward explicit molecular architecture, and direct
microprinting evidence shows that placement of reactive groups can matter. The cost of that precision is a stricter evidence burden. A
sequence-specific claim is valid only when identity, purity, matched composition, conversion and network state are all controlled.
Precision chemistry should be used where it creates a reproducible function that simpler formulation control cannot achieve.
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