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Abstract
Phosphorus-containing monomers and oligomers can alter the thermal decomposition, char formation, ion coordination, polarity and 
hydrolytic  behaviour  of  photocurable  networks.  These  effects  are  chemistry-specific:  phosphate,  phosphonate,  phosphinate  and 
phosphine-oxide motifs differ in oxidation state, hydrolysis susceptibility, acidity and interaction with radical cure. This review separates  
reactive phosphorus incorporation from additive flame retardants and from phosphorus used for ion-binding or surface functionality. It  
examines how UV-cure conversion, fire response, smoke and residue must be measured separately; why a reduction in one flammability  
metric cannot be promoted to a universal safety claim; and how water uptake, hydrolysis and leaching can reverse apparent benefits  
during service. The engineering outcome is a qualification architecture that links phosphorus identity to cure, thermal decomposition,  
chemical stability and the intended function of the printed or coated article.
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1. Scope: phosphorus is not one function
Phosphorus-bearing photocurable materials are often discussed under flame retardancy, but the same chemical families can also change  
polarity, adhesion, ion binding, dielectric response and water affinity. Reactive phosphorus-containing acrylates have been incorporated  
into unsaturated-polyester systems and, separately, UV-cured epoxy-acrylate systems, with formulation-specific changes in combustion 
behaviour.  [1,2]  Those  demonstrations  justify  phosphorus  as  a  design  variable,  not  the  inference  that  every  phosphorus-containing 
photopolymer is flame retardant or safer.

2. Chemical identity and oxidation state
Phosphate,  phosphonate,  phosphinate  and phosphine-oxide groups differ  in P-C and P-O bonding,  acidity,  hydrolysis  pathways and 
thermal  decomposition.  A  formulation  record  should  therefore  state  the  phosphorus-bearing  structure,  whether  it  is  covalently  
polymerisable, and whether phosphorus remains in the network or can migrate. Weight percent phosphorus alone is insufficient because 
chemical placement determines both cure compatibility and condensed-phase behaviour.

3. Reactive versus additive phosphorus
A reactive phosphorus monomer is incorporated into the network, whereas an additive flame retardant may remain physically dispersed.  
Reactive incorporation can reduce migration but may alter crosslink density, viscosity and conversion. Additives can give strong effects at  
modest formulation changes yet introduce phase separation or leaching. These routes require different extraction and ageing tests. The  
2013 studies on phosphorus-containing acrylates are useful because they explicitly link a defined reactive monomer to cured-network  
behaviour rather than treating phosphorus as an unidentified additive. Jiang et al. explicitly used ultraviolet curing for the epoxy-acrylate  
system; Bai et al. is cited here for reactive incorporation and combustion behaviour, not as evidence of a UV-curing route. [1,2]

Table 1. Phosphorus roles and evidence

Role Potential value Required evidence

Reactive flame-response modifier Char promotion or altered decomposition
Conversion,  declared  fire  test,  smoke/residue, 
mechanical state

Ion-binding functionality Cation coordination or uptake Capacity, selectivity, swelling, kinetics, regeneration

Polarity / adhesion modifier Interfacial interaction Surface chemistry, bond strength, ageing

Additive phosphorus phase High loading without comonomer synthesis Dispersion, migration/leaching, optical attenuation

4. Flame response must be decomposed into observables
Ignition, heat release, flame spread, smoke, toxic effluent, dripping and residue are separate observables. A change in limiting oxygen 
index or a small-scale vertical burn result does not establish performance at another test scale. Phosphorus may promote char, modify gas-
phase radical chemistry or alter melt behaviour depending on structure and matrix. Qualification therefore requires a declared test method 
and specimen state, with no transfer from one endpoint to another without evidence.

5. Cure kinetics and conversion
Phosphorus-bearing  groups  can  change  resin  polarity,  absorbance,  viscosity  and  radical  environment.  The  effect  on  cure  may  be  
beneficial, neutral or inhibitory depending on the chromophore and formulation. Conversion should be measured directly, preferably with  
a method that distinguishes polymerisable unsaturation from phosphorus chemistry. A flame-response improvement observed in an under-
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cured network is not a valid material comparison because crosslink density and residual monomer can independently alter decomposition  
and mechanical response.

6. Ion binding and electrochemical relevance
Phosphate and phosphonate groups can coordinate cations and increase local polarity, which can be useful in ion-conducting or adsorption 
systems. That function creates a different qualification problem from flame retardancy: ion capacity, selectivity, swelling, conductivity  
and regeneration become primary. The same binding that improves uptake can also increase water absorption or plasticisation. Function  
must therefore be measured under the ionic strength, pH and temperature of intended service.

7. Hydrolysis, water uptake and leaching
P-O-C containing motifs can be more hydrolysis-sensitive than P-C-rich structures, and hydrophilic phosphorus groups can increase water  
uptake. Long-term service should be tested by mass change, dimensional change, spectroscopy and leachate analysis rather than by dry-
state properties alone. Hydrolysis can simultaneously change mechanical properties and release acidic or ionic species, so a stable initial  
cure is not evidence of chemical stability.

8. Processing and VPP transfer
For  VPP,  phosphorus  chemistry  interacts  with  viscosity,  optical  attenuation,  inhibitor  level  and  photoinitiator  spectrum.  Filled 
intumescent systems may be particularly difficult to transfer because scattering and sedimentation alter exposure. Reactive molecular  
phosphorus routes  can avoid particulate settling but  still  modify cure depth.  Printer  qualification must  therefore include dose-depth  
response, dimensional coupons and post-cure state before fire or ion-binding performance is interpreted.

Table 2. Failure interpretation

Observation Possible causes Discriminating test

Lower heat release but brittle part Char-forming chemistry or lower conversion Conversion plus mechanical/thermal analysis

Property loss after water exposure Hydrolysis, plasticisation, leaching Mass change, spectroscopy, leachate analysis

Poor VPP cure depth Absorption/scattering or kinetic inhibition Spectral absorbance and dose-depth measurement

9. Failure diagnosis
A failed phosphorus-containing system can present as incomplete cure, brittle char-forming network, excessive swelling, leaching, haze,  
or  unstable  ion uptake.  These  failures  are  mechanistically  different.  The diagnostic  sequence  should  first  confirm composition  and  
conversion, then separate thermal decomposition from mass transport and water-driven change. Fire tests alone cannot diagnose cure 
defects, and water-uptake tests alone cannot establish phosphorus retention.

10. Qualification decision boundary
A phosphorus-containing  photopolymer  should  be  released  only  against  the  function  actually  demonstrated.  Flame-response  claims 
require declared fire-test evidence; ion-binding claims require equilibrium and kinetic measurements; hydrolytic stability requires ageing 
and  chemical  analysis.  A  single  phosphorus  concentration  cannot  serve  as  a  universal  acceptance  variable.  The  boundary  is  the  
intersection of cure state, chemical stability and the intended functional endpoint.

11. Evidence gaps
Much of the phosphorus UV-curing literature predates contemporary VPP workflows and focuses on coatings or bulk-cured resins, while 
broader  reviews confirm the distinction between reactive and additive phosphorus strategies.  [3,4]  Direct  studies  combining printer  
processability, conversion, fire response, smoke, hydrolysis and leaching remain limited. Evidence for ion-binding in printed phosphorus-
rich networks is even more fragmented. These gaps support cautious transfer of chemistry principles but not universal print-performance  
claims.

12. Research priorities
Useful work would compare matched reactive phosphorus motifs at equal network conversion, report phosphorus retention after ageing,  
and combine microcalorimetry or standardised fire tests with smoke and residue characterisation. For ion-binding materials, uptake and  
conductivity should be tested through repeated wet-dry cycles. For VPP, optical attenuation and working-curve shifts should be mapped 
as phosphorus chemistry is varied.

13. Measurement architecture for phosphorus networks
The  preferred  evidence  chain  starts  with  phosphorus  identity  and  retained  concentration,  then  measures  conversion,  thermal  
decomposition  and  functional  output  on  the  same  formulation  series.  Solid-state  or  solution  NMR,  elemental  analysis  or  mass 
spectrometry can confirm the phosphorus-bearing structure  where appropriate.  Photo-DSC or  FTIR establishes cure  behaviour.  Fire 
testing then needs a declared scale, specimen thickness and conditioning history, while water exposure and leachate analysis establish  
whether the functional chemistry remains in the network. No single technique closes the chain.

14. Coupled thermal-mechanical interpretation
A phosphorus chemistry that increases char yield can also change glass transition, crosslink density or brittleness. Those changes matter  
because a stiffer or more brittle article can fail mechanically before a fire-response benefit becomes relevant. Thermal analysis should  
therefore be paired with mechanical testing before and after ageing. If a formulation is intended for electrical or ion-binding use, the same  
thermal decomposition pathway can influence dielectric loss, conductivity or interfacial  stability and should be treated as a coupled  
material-state problem.
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15. Discriminating experiment set
A strong comparison uses a phosphorus-free control and at least two chemically distinct phosphorus-bearing formulations adjusted to 
similar initial conversion. Fire response, residue, smoke-related observables where available, water uptake and mechanical state are then  
measured after identical conditioning. For VPP transfer, working-curve and feature-fidelity data are added. This design allows a change in  
flame response to be separated from under-cure, filler scattering or a simple increase in network stiffness.

16. Engineering conclusion
Phosphorus can provide useful flame-response, ion-binding and interfacial functions in photocurable networks, but those functions arise  
from specific chemical motifs rather than from phosphorus concentration alone. Engineering qualification requires a declared reactive or  
additive route, controlled cure state, hydrolytic stability and an application-specific functional test. Claims should remain bounded to the  
measured endpoint and test scale; the phrase phosphorus-containing is a composition descriptor, not a performance certification.
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