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Abstract

Photopolymer oligomers are distributions rather than single molecules. A material sold under one chemical description can contain chains
of different length, branching and end-group state together with unreacted feedstocks, catalysts, stabilisers and synthesis-derived side
products. The analytical problem is therefore not solved by obtaining one average molar mass or one chromatogram. It requires a declared
measurand, a separation or observation mechanism, calibrated detector response, uncertainty and enough orthogonal information to
distinguish a genuine material difference from a method artefact.

This review defines a metrology architecture for the chemical identity of photopolymer oligomers. Size-exclusion chromatography,
multi-angle light scattering, differential refractive-index and viscosity detection, mass spectrometry, nuclear magnetic resonance
spectroscopy and targeted chromatographic assays are treated as complementary rather than interchangeable methods. Particular attention is
given to low-molar-mass material, non-constant detector response, functionality distributions, residual reactive species and the loss of
information caused by reporting only number- and mass-average molar mass. The review proposes a capability-based workflow in which
the intended engineering distinction is translated into measurands, reference materials, controls, uncertainty and discordance rules. It does
not define universal lot-acceptance limits. Those limits depend on formulation, process and product risk and belong to an
incoming-material qualification system. The aim is to make oligomer characterisation sufficiently explicit that such a system can use the
measurements without mistaking method output for chemical identity.
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1. Significance and scope

Oligomers establish much of a photocurable formulation's reactive-group density, viscosity, network architecture and impurity burden. Yet
an oligomer name normally describes a family: the synthesis creates a distribution of chain lengths and architectures, and the work-up
leaves a method-dependent residual fraction. Two samples may share a nominal backbone and average molar mass while differing in
low-molar-mass tails, branch frequency, unreacted functional groups or residual synthesis species. Conversely, the same sample may
appear different when analysed with columns, solvents or detectors having different selectivity and response.

The metrological task is to determine whether a stated difference is resolved by the measurement system. This requires more than analytical
sensitivity. Selectivity, calibration model, sample preparation, recovery, detector response, repeatability and uncertainty must match the
decision question.

1.1 Corpus boundary

ER-201 owns the analytical definition and combination of chemical-identity measurands for photopolymer oligomers. It does not own
incoming-material acceptance, lot equivalence or supplier disposition, which remain with ER-172. It does not replace ER-212 on the
structure—property design of oligomer architecture or ER-092 on the hazard significance of residual reactants. A result generated under
ER-201 can inform those reviews, but it does not itself establish fitness for use, safety or a universal specification.

2. Identity is a vector, not a scalar
A useful chemical-identity record can be written as a vector of method-bound observables:
\[ \mathbf{x}=\{Mn,Mw,D,w{LM},fn,fw,\rhob,c{r,1 \idots c{r,k},\mathbf{s}{ NMR},\mathbf{s {MS}\} \]

where Mn and Mw are number- and mass-average molar mass, P is dispersity, wLM is a defined low-molar-mass fraction, fn and fw are
number- and mass-weighted functionality measures, pb represents a declared branching observable, cr,i are targeted residual
concentrations, and SNMR and sMS are specified spectral descriptors. These compact prose names correspond to the subscripted symbols in
the equation. None is method-free. The solvent, temperature, column range, ionisation route, reference compound and integration model
form part of the result.

Reporting only Mn and Mw compresses distributions that may differ at chemically important tails. A low-abundance fraction can dominate
extractables, odour, toxicity or viscosity without strongly shifting a mass-weighted average. The identity vector should therefore be selected
from the failure mode being controlled, not from instrument availability.

3Dresyns Engineering Publications - ER-201 - 2026 - Page 1



3Dresyns Engineering Publications - ER-201

3. Size-exclusion chromatography as a separation model

Size-exclusion chromatography separates according to hydrodynamic volume under the chosen mobile phase and column conditions. A
calibration based on narrow polystyrene standards returns polystyrene-equivalent molar mass unless the analyte has the same relationship
between hydrodynamic size and molar mass. Branched, polar or associative oligomers can violate that assumption. Column interactions,
incomplete dissolution and shear degradation can further alter an apparent distribution.

The chromatogram remains valuable because it resolves population shape, shoulders and low-molar-mass material. Its interpretation should
state:

mobile phase, additives and temperature;

column chemistry, nominal separation range and calibration;

1

2

3 injection concentration and evidence of complete dissolution;
4 detector types, response factors and data-reduction rules;

5

integration limits and treatment of monomer, solvent and system peaks; and
6  recovery or mass-balance evidence when quantitative fractions are reported.

A result below the column's useful separation range is not improved by numerical precision. It should be reported as unresolved or by a
separately validated low-molar-mass method.

4. Absolute and detector-coupled molar mass

Multi-angle light scattering can reduce dependence on a conventional-column calibration by estimating molar mass from scattering
intensity, provided concentration and optical parameters are known. The concentration detector is therefore not a passive accessory.
Differential refractive-index detection normally requires the analyte's refractive-index increment, dn/dc, in the actual solvent. If dn/dc
varies across a chemically heterogeneous oligomer distribution, assigning one value can bias both mass fraction and molar mass.

NIST certification of a polymer reference material demonstrates a stronger model: a distribution is assigned with uncertainty by a traceable
measurement process, bottle homogeneity is examined and the certified object is more specific than a nominal average [1]. Striegel's
multi-detector study of styrene monomer and oligomers shows why the low-molar-mass region demands particular care when detector
response is not constant [2]. These principles transfer to photopolymer oligomers, but their numerical results do not.

Viscometry adds information about hydrodynamic conformation and branching. It is most useful when the Mark—Houwink relation or a
universal-calibration assumption is validated for the material family. A viscosity detector cannot by itself identify chemical functionality.

5. Mass spectrometry and the observable population

Mass spectrometry can reveal repeat-unit series, end groups, adducts and low-molar-mass side products. However, the observed spectrum is
filtered by desorption or ionisation efficiency, matrix choice, cationisation, mass range and detector response. Peak intensity is not
automatically proportional to mass fraction. A series absent from a MALDI spectrum may be poorly ionised rather than absent from the
sample.

Electrospray and MALDI measurements should therefore be used as structural evidence with controls, not as unqualified distribution
measurements. Useful controls include multiple matrices or adduct conditions, a dilution series, a known reference oligomer and
comparison with chromatographic fractions. When high-molar-mass material is not efficiently observed, the report should state the
observable window.

6. NMR and functionality

Nuclear magnetic resonance spectroscopy can identify backbone motifs, terminal groups, reactive-group conversion and certain residual
species. Quantitative NMR requires adequate relaxation delay, validated pulse conditions, stable baselines and a reference strategy. Overlap
is a measurement limitation, not a reason to assign an exact functionality from an unresolved envelope.

An end-group estimate of number-average functionality can be expressed as:
\[ fn=\frac{I{reactive}/n{reactive}}{{reference}/n_{reference} }\,k \]

where the integrals, contributing nuclei and stoichiometric factor k must be defined. The equation is only valid when the selected signals are
quantitative and representative. Broadening, exchange, incomplete dissolution and multiple end-group chemistries can make an apparent
functionality conditional on the analysis.

Mass-weighted and number-weighted functionality are not interchangeable. A small population of highly functional high-molar-mass
species can affect network formation while contributing little to an end-group count dominated by short chains. Chromatographic
fractionation followed by NMR or mass spectrometry may be required when functionality varies across the distribution.
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7. Residuals and low-molar-mass species

Residual monomers, reactive diluents, catalysts and synthesis by-products require analyte-specific separation and calibration. Headspace or
direct-injection gas chromatography is appropriate only for compounds compatible with the chosen inlet and thermal conditions. Liquid
chromatography may be required for non-volatile or thermally unstable species. ISO 13741-1 confirms an established direct-injection GC
route for residual monomers and organic components in plastics and rubber, but its existence does not validate a photopolymer-specific
analyte list or sample preparation [4].

Each quantitative assay should include identity confirmation, a matrix-matched or otherwise justified calibration, recovery, limit of
quantification and stability during preparation. A non-detect means “below the method's detection capability under these conditions,” not
“absent”. Unknown peaks should be tracked by a reproducible relative descriptor until identified; assigning them a named concentration
using an unrelated response factor creates false specificity.

8. Orthogonality as controlled disagreement

Methods are orthogonal when their contrast mechanisms differ enough that a shared artefact is unlikely. SEC resolves hydrodynamic size,
MALS responds to scattering, NMR to magnetic environments and mass spectrometry to ionisable mass-to-charge populations. Combining
them can expose contradictions hidden by one method. The recent poloxamer study is an instructive example: mixed-mode and
reversed-phase chromatography, SEC-MALS-RI, MALDI-TOF and proton NMR resolved different components of commercial
heterogeneity [3]. The material family differs from photocurable oligomers, so the study supports the analytical architecture rather than a
specification.

Disagreement should not be averaged automatically. It should trigger a diagnostic sequence: confirm sample identity, preparation, recovery
and instrument control; determine whether the methods address the same measurand; examine response-factor and calibration assumptions;
then decide whether the difference reflects chemistry or method selectivity.

9. Measurement capability

A measurement system is capable for a declared distinction when its combined uncertainty and resolution are small enough relative to that
distinction. For a measurand x, a simple difference test is:

\[

l XA-xB >k\sqrt{uAA2+uBA2}

\]

where uA and uB are standard uncertainties and k is a coverage factor chosen for the decision. Passing this inequality demonstrates a
resolved analytical difference, not a material-performance difference.

Capability evaluation should include repeatability, intermediate precision, preparation variance, calibration uncertainty, drift and, where
relevant, sampling within a container. The measured unit must also be declared: individual injection, prepared vial, bottle sample, container
composite or production lot.

10. Reference materials and controls

No single reference material will match every photocurable oligomer. A control hierarchy is more realistic:
1 instrument-performance standards for mass, wavelength, response or resolution;

2 separation controls bracketing the relevant range;

3 matrix or family controls with similar chemistry;

4 retained material used to monitor intermediate precision; and

5  orthogonal identity checks that are insensitive to the primary method's main bias.

A retained control is not a certified reference material. Its value lies in stability and historical data, provided storage and remeasurement are
controlled. Control-chart limits must not be confused with product specifications.

11. A tiered analytical workflow

The smallest defensible workflow begins with the engineering question. If the concern is residual reactive diluent, a targeted
chromatographic assay may be more informative than a full multi-detector SEC campaign. If the concern is oligomer architecture,
SEC-MALS, NMR and mass spectrometry may be required.

The recommended sequence is:

1 define the material unit and distinction to be resolved;
2 select measurands and methods by failure mode;

3 validate sample preparation and analyte recovery;

4 establish calibration, controls and uncertainty;
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5
6
7
8

12. Interpretation matrix

acquire a primary distribution and targeted residual data;
apply at least one orthogonal contrast to material identity;
investigate discordance before summarising; and

report a capability statement rather than an unsupported equivalence conclusion.

Observation

Supported interpretation

Unsupported leap

SEC trace shifts under unchanged validated conditions

Hydrodynamic-size distribution changed

Exact chemical identity changed in a specified way

MALS molar mass differs from conventional calibration

Calibration or conformation may bias the conventional
result

MALS result is automatically correct without valid
concentration and optical inputs

NMR end-group ratio changes

A method-defined end-group observable changed

Network functionality changed by the same proportion

Target residual exceeds its quantification limit

The analyte is quantified under the validated assay

The material is unsafe or unfit without an
application-specific assessment

Orthogonal methods disagree

Assumptions or observable populations require

The values may be averaged into one identity score

investigation

13. Minimum reporting set

Report the material identifier and sampling unit; storage and preparation; every operational measurand; instrument, separation and detector
conditions; calibration and reference materials; integration and peak-assignment rules; recovery and limits of detection or quantification;
repeatability and uncertainty; unresolved or unknown fractions; orthogonal checks; and the exact comparison or decision the method is
capable of supporting.

14. Knowledge boundary

The literature supports an orthogonal, uncertainty-aware approach, but it does not provide a universal panel or limit for all urethane
acrylates, epoxy acrylates, polyester acrylates or other photocurable oligomers. Ionisation and detector response remain chemistry-specific.
Certified polymer standards can validate parts of a measurement chain without becoming chemically matched controls for a commercial
oligomer.

15. Limitations

This review does not address proprietary synthesis routes, supplier-specific recipes, biological evaluation or the full qualification of
incoming lots. Several cited demonstrations use polymer families outside photopolymer production and are used only for transferable
measurement principles. Functionality distributions remain difficult to quantify without fractionation or validated model assumptions.

16. Conclusions

Chemical identity of a photopolymer oligomer is a set of method-bound distributions and descriptors. SEC alone cannot establish
composition; mass spectrometry alone cannot establish quantitative population fractions; NMR alone may not resolve architecture; and a
targeted residual assay does not describe the oligomer distribution. The defensible strategy is to define the intended distinction, select
complementary contrast mechanisms, quantify uncertainty and treat disagreement as information. Such evidence can support a separate
incoming-material decision, but it does not create universal lot-equivalence limits.
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