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Abstract

Photobase generators and other photolatent base systems are often evaluated through polymer conversion or a colourimetric response.
Those observations do not by themselves quantify how much base was generated, released into the matrix, survived neutralisation or
remained catalytically active. Optical absorption, cage cleavage, nominal base equivalents, pH, free-base concentration and reaction rate are
related but non-equivalent measurands.

This review defines a quantitative chain from incident and absorbed light through chemical base release, neutralisation and reaction-family
response. It requires direct or calibrated base-release evidence, matrix-matched controls, time-resolved cure measurement and explicit
treatment of acidity, water, solvent, counterions, temperature and post-exposure propagation. Separate metrological architectures are given
for base-catalysed step growth, polyaddition and anionic ring-opening polymerisation. The evidence supports system-specific response
maps; it does not establish a universal loading, dose, quantum yield, pH, neutralisation capacity, latency threshold or conversion target.
ER-082 retains generator-release chemistry, Michael-addition networks, ring-opening routes, anionic boundaries and latency qualification;
ER-220 is restricted to the calibrated quantitative separation of optical input, released base, matrix demand and reaction response.
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1. Significance and scope

A photolatent formulation contains a causal sequence rather than a single cure variable: light is absorbed, a precursor reacts, a base may be
liberated, the matrix may neutralise or bind part of it, and the surviving active fraction initiates or catalyses a reaction. Polymer conversion
integrates several of these events and therefore cannot identify base-release efficiency by itself.

ER-220 addresses quantitative metrology along that sequence. ER-082 already covers photobase-mediated and base-catalysed photocuring,
including generator release, Michael-addition networks, ring-opening routes, anionic boundaries and latency qualification. ER-220 does not
reclaim those chemistry or application subjects. Its distinct question is whether optical absorption, precursor transformation, chemically
released base, neutralised or bound base, surviving active base and reaction-family response can be measured on compatible, calibrated and
uncertainty-bearing bases.

1.1 Corpus boundary

ER-082 retains generator-release chemistry, Michael-addition networks, ring-opening routes, anionic boundaries and latency qualification.
ER-220 owns only the quantitative metrology that separates absorbed photons, precursor transformation, chemically released base,
neutralised or bound base, surviving active base and reaction-family response; it does not reclassify the chemistries or applications owned
by ER-082. ER-035 retains critical exposure and optical penetration-depth interpretation. ER-062 retains living and reactivatable radical
networks based on RAFT, photoiniferter and nitroxide-mediated post-print growth. ER-064 retains thiol-ene and thiol-yne stoichiometry,
oxygen response and network architecture. ER-065 retains cationic ring-opening photopolymerisation. ER-081 retains in-can cationic
latency and premature polymerisation. ER-095 retains photoinitiator migration and substitution. ER-205 retains broader spatial cure and
propagation questions. ER-214 retains chain-transfer-agent effects on molecular weight, stress relaxation, conversion and property
retention. ER-215 retains iodonium and sulfonium photoacid-generator architecture and hybrid radical—cationic initiation.

2. Define non-equivalent measurands

At least six quantities should be distinguished:
incident photons delivered to the specimen;
photons absorbed by the relevant precursor;
precursor molecules transformed or cages cleaved;

1

2

3

4 base molecules chemically released;

5  base remaining free or otherwise catalytically available after matrix interactions; and
6

monomer or functional groups converted.
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None is a default surrogate for the next. A chromophore can bleach without quantitative base release; a base can be released but protonated,;
a small active fraction can catalyse substantial conversion; and conversion can continue after illumination. Kiker, Ley and Chung and their
co-workers used complementary chromatographic, optical and mechanistic measurements that support this separation [1-3].

3. Establish the optical basis

Report source spectrum, irradiance, exposure time, beam and specimen geometry, optical path, precursor absorption and temperature.
Incident radiant exposure is not an absorbed-photon count when absorption changes with depth, conversion or photoproduct formation.

On an absorbed-light basis, an apparent release yield may be written
\[ \Phi{B,app}=\frac{n{B,measured} } {n_{h\nu,absorbed} } \]

where nB,measured is base assigned by a declared direct or calibrated method and nhv,absorbed is the number of photons absorbed over the
same interval. The term “apparent” is required unless stoichiometry, competing pathways, recovery and temporal sampling justify a
mechanistic quantum yield. Kiker and co-workers reported optical and uncaging measurements for coumarin photocages [1], while Chung
and co-workers quantified green-light-activated tetramethylguanidine release [3]. Their values are not transferable calibration constants.

4. Measure precursor transformation and base release independently

Chromatography or quantitative spectroscopy can measure precursor depletion and photoproduct formation. Base release requires either
direct chemical quantification or a calibrated response demonstrably selective under the matrix conditions. The relationship may be
expressed as

\[ n{B,released }=\nuB n{P,reacted }-n{side}-r_B\]

where VB is the verified stoichiometric release factor, nside accounts for assigned competing products and rB is an unresolved residual with
uncertainty. Precursor disappearance alone is insufficient if alternative photochemistry exists.

Ley and co-workers resolved photochemical processes in xanthone carboxylic salts and compared superbase generation mechanistically [2].
Kiker and Chung and their co-workers paired uncaging measurements with chemical and polymer response [1,3]. These studies support a
multi-method balance, not a universal assay.

5. Quantify neutralisation and matrix demand

The generated base can be consumed by acids, water-mediated equilibria, proton donors, inhibitors, surfaces or impurities. Ion pairing and
solvation can also change effective basicity and nucleophilicity without removing the analytical species. A useful interval balance is

\[ n{B,active }(t)=n{B,released}(t)-n{ B,neutralised }(t)-n{B,bound} (t)-n_{ B,other}(t) \]

with each term measured, modelled from calibrated controls or reported as unresolved. “Active” must be defined for the reaction family and
assay; it is not necessarily identical to free-base concentration.

Blank matrices, known base additions, dark controls and controlled acid additions are needed to estimate recovery and demand. Counterion,
water, solvent, temperature and ageing history must be recorded. The xanthone-carboxylate and latent-catalyst studies show that
photochemical structure and ion-pair environment matter [2,4]; they do not provide a common neutralisation factor.

6. Treat pH as a calibrated response, not a universal base assay

pH is defined most directly for aqueous activity and becomes method-dependent in low-water or nonaqueous resins. pH is not automatically
a quantitative free-base concentration in a resin matrix. Indicator colour, electrode response or apparent pH can still be useful if calibrated
in the actual matrix over the relevant range. The calibration must include the released base, photoproducts, ionic strength, solvent
composition and temperature.

Egger and co-workers combined pH-related response with rheology, infrared and thermal measurements in photolatent-base thioester
networks [8]. That architecture supports triangulation. It does not make pH numerically equivalent to free tetramethylguanidine
concentration in another formulation. A pH change without recovery and selectivity controls is evidence of an acid—base response, not a
complete base balance.

7. Separate release kinetics from polymer conversion

Base release and polymer reaction should be followed on compatible time axes. Conversion alone cannot quantify base release. At
minimum, sample before exposure, during or immediately after defined exposures, and through the relevant dark interval. Conversion may
continue after the source is removed because the generated base persists or propagation continues.

For a validated analytical band,
\[ \alphak(t)=1-\frac{ Ak(t)/A{ref}(t) {Ak(0)/A_{ref}(0)} \]

where subscript k identifies the reaction-family endpoint. Kiker and Chung and their co-workers combined uncaging or release evidence
with real-time conversion and material response [1,3]. Gjata and co-workers connected liberation of a phosphazene superbase with
oxa-Michael addition [5]. These correlations do not permit conversion to be back-calculated as released base without an independently
established model.
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8. Step-growth systems require stoichiometric state reporting

Base-catalysed thiol-ene or related step-growth responses depend on functional-group ratio, catalyst activity, side reactions and gelation.
Radical and base-catalysed channels may coexist. Kiker and co-workers examined the interplay of radical and organobase generation in
coumarin-caged systems and used real-time infrared analysis to distinguish reaction behaviour [1]. Chung and co-workers linked rapid base
release to soft-material synthesis and rheological evolution [3].

Report both functional-group conversions, stoichiometric ratio, gel or rheological endpoint, exposure history and independently measured
base release. A rapid modulus rise is not a base assay, and one system’s conversion time or release efficiency is not a general step-growth
threshold.

9. Polyaddition requires catalyst and reaction endpoints

In oxa-Michael and related additions, the base may act catalytically and its effective concentration can be altered by proton donors, ion
pairing and reversible equilibria. Gjata and co-workers studied a photo-liberated phosphazene superbase as an initiator for oxa-Michael
addition [5]. The work supports pairing liberation evidence with functional-group conversion under controlled composition.

For requalification, report cage and base identity, acid/base equivalents, nucleophile and acceptor identities, functional-group ratio, water
and solvent, temperature, optical history, released-base measurement and reaction endpoint. A result from one phosphazene/cage pair
cannot define the loading or neutralisation capacity of another.

10. Ring-opening polymerisation needs family-specific evidence

Anionic ring-opening polymerisation couples initiation, ion pairing, propagation, transfer and termination. Monomer structure and trace
proton sources can dominate the response. Zhang and co-workers investigated photo-induced anionic ring opening of cyclosiloxanes with a
latent catalyst, including cleavage-rate and loading effects and kinetic simulation [4]. Murphy and co-workers extended photobase-initiated
ring opening to amino-acid N-carboxyanhydrides and network formation [6].

These are distinct reaction families. Their conversion bands, molecular-growth mechanisms, network endpoints and sensitivity to water
cannot share one acceptance criterion. Report monomer identity, initiator or catalyst state, counterion, solvent, water, temperature,
conversion, molar-mass or network evidence where applicable, and base-release measurement or justified calibration.

11. Separate optical generation from spatial propagation

Reaction beyond the directly irradiated region can arise from light penetration, diffusion or migration of an active species, heat, or
continuing anionic propagation. Inoue and co-workers studied shadow curing of episulfide resins using a trans-o-coumaric-acid-derived
photobase generator and measured anionic polymerisation beyond direct exposure [7]. That result demonstrates the need to separate optical
and chemical spatial processes.

Spatial qualification should map incident and absorbed light, local base or a validated proxy, conversion versus position and time after
exposure. A shadow-cure distance is conditional on episulfide identity, initiator, solvent, temperature and geometry. It is not a universal
penetration depth, base-diffusion length or dose criterion.

12. Build a reaction-family response map

A defensible data structure relates four axes without collapsing them:

Axis Required quantity Typical control

Optical Incident and absorbed photons Dark, no-cage and spectral controls

Chemical release Precursor transformation and released base Authentic base, photoproduct and recovery controls
Matrix demand Neutralised, bound or inactive fraction Blank matrix and controlled acid/base additions
Reaction response Family-specific conversion and material state No-base, dark and direct-base comparators

The resulting map may show an exposure region in which release and reaction are reproducible for one formulation. It must not be
converted into a universal loading, dose, pH or latency threshold. Cross-family comparison is valid only on explicitly shared axes; equal
conversion does not imply equal base release or mechanism.

13. Minimum reporting set

Report precursor, cage, chromophore, released-base and counterion identities; formulation composition and functional-group ratios;
solvent, water and quantified acid or proton-donor content; source spectrum, irradiance, exposure, geometry, optical path, absorbance and
specimen temperature; absorbed-light calculation; precursor-depletion and photoproduct methods; direct or calibrated base-release method,
matrix calibration, recovery, detection limit and uncertainty; pH method if used; time-resolved base and conversion measurements; dark
interval; rheological, molar-mass or network endpoint; spatial sampling where relevant; replicates; and reaction-family-specific acceptance
criteria.

Every numerical source claim must retain wavelength, light basis, formulation, atmosphere, temperature, time and analytical method.
Incident dose, absorbed photons, cleavage yield, base release, pH, active-base fraction and conversion must remain separately labelled.
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14. Knowledge boundary

ER-220 does not duplicate ER-082. ER-082 retains generator-release chemistry, Michael-addition networks, ring-opening routes, anionic
boundaries and latency qualification. ER-220 neither reclassifies those routes nor supplies a competing application survey. It retains only
the quantitative measurement chain required to distinguish absorbed light, precursor transformation, chemically released base, matrix
neutralisation or binding, surviving catalytic availability and family-specific reaction response, with calibration, recovery and uncertainty
exposed at each link.

The primary evidence supports direct or calibrated release measurement in coumarin and xanthone systems [1-3]; correlation with
oxa-Michael polyaddition [5]; family-specific anionic ring opening in cyclosiloxane, N-carboxyanhydride and episulfide systems [4,6,7];
and multi-observable assessment of photolatent-base network dynamics [8]. It does not establish equivalence among pH, free base and
catalytic activity, or among step-growth, polyaddition and ring-opening endpoints.

15. Limitations

The evidence spans different cages, bases, solvents, wavelengths and reaction families. Some studies quantify photochemical
transformation more directly than active base in the final resin. Matrix acidity, water and ion pairing are not controlled identically across
sources. Spatial propagation and post-exposure reaction can be difficult to separate experimentally. No common interlaboratory reference
material or universal active-base assay is established by this corpus.

16. Conclusions

Quantitative photobase qualification requires more than conversion or pH. Incident and absorbed light, precursor transformation, released
base, neutralised or bound base, catalytically active fraction and reaction conversion are non-equivalent measurands. Direct or
matrix-calibrated base-release evidence is mandatory. Step growth, polyaddition and ring-opening polymerisation require distinct endpoints
and cannot share a universal threshold. Post-exposure and spatial propagation must be separated from optical generation. ER-220 therefore
provides a calibrated measurement architecture bounded against ER-082’s ownership of generator release, Michael-addition networks,
ring-opening routes, anionic boundaries and latency qualification, not a transferable formulation recipe.
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