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The use of novel photoinitiators (PIs) for free-radical polymerization has attracted significant attention from the scientific

community. Quantum PIs, quantum-confined nanoscale crystals with semiconductor properties, have received interest for

use in photopolymerization, due to their precisely tunable properties as a function of structural and surface engineering.
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1. Introduction

Current advancements in synthetic procedures have led to the development of a variety of quantum PIs with characteristic

photoinitiating properties . The surface moieties introduced in the course of nanocrystal synthesis facilitate

control over skeletal arrangements, dispersibility, and reactivity at the molecular level . Postsynthetic

surface modifications enable the dispersal and stabilization of nanocrystals PIs in formulations for many applications 

.

Several classes of quantum PIs have been developed and evaluated for polymerization, with various absorption and

excitation wavelength windows . The mode of action of most of the quantum PIs is generally similar to

type I radical initiators, with highly conjugated aromatic moieties; others mimic the activity of type II initiators .

Loir et al. indicated that two pathways exist for initiation in quantum PIs, which involve surface mediated hole transfer

(Figure 1) . Typical quantum PIs can be classified as semiconductor nanoparticles (NPs), such as TiO , ZnO, and CdS

NPs ; hybrid photoinitiators, including composites of metal nanoparticles

(MNPs)/silanized metal (organic PIs, MNPs), fluorescent dyes, oligomeric silsesquioxane, and parent PIs, 

semiconductor NPs (metal/graphene oxide) , and organometallic nanoparticles; panchromatic

photoinitiators, namely upconverting nanoparticles (UCNPs)  and plasmonic nanoparticle

composites (e.g., Ag@SiO @UC@BFO–Au core@triple-shell); near-infrared photoinitiators, such as luminescent

lanthanides (e.g., Ln , Yb , Er , and Ho ) and doped nanomaterials in a crystalline host lattice (NaYF );  magnetic

nanoparticles, such as Fe O ; and metal core-shell nanoparticles (e.g., Ag@AgCl nanocubes) . Figure 2 describes

the polymerization of acrylic acid sodium (AAS) using the Ag@SiO @UC@BFO-Au photoinitiator.

Figure 1. Insights into the mechanism. (a) FTIR spectra of the polymerization process of hydroxyethyl acrylate (HEA)

using CdS-S  in the presence of water. The C=C doublet at 1619 cm  and 1637 cm  disappears with illumination time.

(b) Proposed Mechanism 1: the initiation is carried out by hole transfer from the semiconductor to the monomers via

surface coating mediation. (c) Proposed Mechanism 2: the double bond is coordinated by the cation, followed by a hole

transfer from the anion-localized state .
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Figure 2. (a) Pictures of acrylic acid sodium (AAS) aqueous solution without NP photo-initiator (left), after polymerization

reaction before (middle), and after (right) removal of Ag@SiO @UC@BFO-Au initiator. Conversion of AAS using different

NPs as initiators under white light (b) and near infrared (NIR) light (c) (the lines are to guide the eyes). (d) Repeated runs

for the polymerization using Ag@SiO @UC@BFO-Au under VIS light .

2. Categories of Quantum Photoinitiators

2.1. Semiconductor QPIs

Quantum photoinitiators based on semiconductor nanocrystals are considered a viable alternative to traditional organic

photoinitiators with low molecular weights. Semiconductor nanocrystals have attracted attention due to their capacity to

function as photocatalysts for many types of chemical reactions; these materials offer unique advantages, such as

efficient light-harvesting activity, tunable properties, and large surface area-to-volume ratios . These nanocrystals exhibit

quantum confinement effects; the properties of these materials may be modified by synthetic control over nanocrystal

size, shape, and composition .

Semiconductor quantum dots (QD) are solution-dispersible nanocrystals, which have found use as photocatalysts for

light-induced polymerization. QDs exhibit strong absorption in the UV-visible range, with large extinction coefficients (ε >

10  M  cm ) , large specific surface area values that allow for the interaction with multiple substrates, and higher

photostability than organic-based photocatalysts and transition metal complexes , Semiconductor suspensions were

first used for photopolymerization by Kuriacose et al.; ZnO powders were used for photopolymerization of methyl

methacrylate (MMA) in water . The effect of the oxygen level on polymerization was investigated; higher amounts of

oxygen were associated with a lower molecular weight and a larger number of chains. On the other hand, too much

oxygen in the solution suppressed the propagation step; this phenomenon was reported to be a common limitation for

polymerization initiated by oxidative anionic species-releasing photoinitiators.

2.2. Carbon-Based QPIs

Various efforts have been made to obtain carbon dots (CDs) from naturally occurring materials . Owing to their

straightforward preparation, capability for preparation from sustainable raw materials, and ultrastable photoluminescence,

photoluminescent CDs have been utilized in bioimaging, optoelectronics, photocatalysis, and photopolymerization .

For example, Kiskan et al. used mesoporous graphitic carbon nitride (mpg-C N ) alongside tertiary amine co-initiators for

visible-light-induced free radical polymerization via a hybrid type II initiator approach . This approach involved

generating radical initiators by scavenging holes using amines and hydrogen abstraction. The surface area of the carbon

nitride powder and the type of amines were shown to affect the photoinitiation efficiency associated with this approach

(e.g., more basic amines enhance the efficiency of the approach).

2.3. Graphene-Based QPIs

Graphene sheets are known to exhibit extraordinary electronic transport properties, thermal conductivity, mechanical

stiffness, and fracture strength . Graphene was physically dispersed into polymer precursors; polymerization of this

material was performed under UV illumination. Rapid transformation of a liquid monomer into a solid film with tailored

mechanical properties and physical–chemical properties was demonstrated . Recent studies on graphene derivatives

have demonstrated the ability of graphene oxide (GO) to initiate radical polymerization of acrylic monomers on thermal or
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photochemical reduction . The findings have opened new routes to produce polymer-GO hybrid composites

with pH-responsive behavior, high electrical conductivity, improved thermal stability, and exceptional absorbency.

Polymers such as polyvinylpyrrolidone or polyvinyl acetate grafted with graphene oxide exhibit good solubility in organic

solvents and may be utilized for this approach .

Andryushina et al. investigated the photopolymerization using UV-visible light of acrylamide in aqueous solutions that

included colloidal graphene oxide . Graphene oxide was first observed as a water-soluble photoinitiator for

polymerizing acrylamide. It was observed that the efficiency of polymerization was associated with the activity of

photoexcited oxygen functionalities of GO; the higher the density of these groups, the greater the growth of the polymer.

Feng et al. demonstrated the fabrication of superhydrophobic surfaces from a formulation containing the I-907 free-radical

photoinitiator, thiol-coupled graphene nanosheets, ethoxylated bisphenol A diacrylate, and 2-(perfluorooctyl) ethyl acrylate,

which were prepared via a photopolymerization process . Light-induced cross-linking between the reactive graphene

nanosheets and the reactive monomers led to the formation of a robust self-wrinkling surface morphology, due to a UV

curing process-generated inner tension within the composite (Figure 3). The presence of residual fluorine groups enabled

strong cohesive forces, leading to the growth of surfaces with oleophobicity, as well as superhydrophobicity. Using this

approach, a coating with a nonstick appearance was obtained. The superhydrophobic character of the material was

maintained at extreme pH conditions (1–12); the material was able to withstand a prolonged UV-irradiation time of 120 h.

This approach may enable the large-scale fabrication of surfaces with superhydrophobic properties .

Figure 3. GO surface-initialized polymerization of N-vinylpyrrolidone .

2.4. UCNPs and Hybrid QPIs

Upconverting nanoparticles (UCNPs) are luminescent materials that are capable of emitting higher energy, lower

wavelength photons on absorption of lower energy, higher wavelength incident light . This

photophysical phenomenon, which is referred to as photon upconversion, is based on an anti-Stokes process and

involves sequential absorption of two or more low-energy photons, which enables the population of real, intermediate

excited electronic states, followed by emission of a single high-energy photon. The commonly studied UCNPs are based

on a NaYF  crystalline host matrix, which includes activator (e.g., Er  and Tm ) lanthanide ions, as well as an

upconversion sensitizer (e.g., Yb ). The UCNPs showed anti-Stokes shifted visible, as well as ultraviolet, emission with a

minimal autofluorescence background after excitation of the UCNPs by near-infrared (NIR) continuous wave laser light 

. Recently, a number of reports have suggested these UCNPs possess low quantum yields, and

enhancement in up conversion luminescence can be effectively achieved by doping with plasmonic semiconductor

nanocrystals (Figure 4). Liu et al. reviewed several strategies to increase up conversion luminescence efficiency, such as

energy transfer modulation, surface passivation, host lattice manipulation, photonic crystal engineering, broadband
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sensitization, and surface plasmonic coupling. Rationally designed nanohybrids of UCNPs with enhanced photocatalytic

activity behave as effective panchromatic radical photoinitiators .

Figure 4. Energy scheme of Yb , Er  co-doped NaYF4; ET: energy transfer, ETU: energy transfer upconversion, CR:

cross relaxation, and BET: back energy transfer. The Yb  ground state absorption (GSA) processes do not generally

occur at the same Yb  ion or at neighboring Yb  ions, yet the absorbed energy migrates from the absorption site to Yb

ions adjacent to Er  upconverting centers. Thus, the Yb energy level diagram represents Yb  in the NaYF  lattice,

whereas the Er energy level diagram represents a single Er  ion. Right, top panels: P-dependence of the photon

upconversion luminescence of DSPE-stabilized UCNPs in water and D O. Exemplarily shown are spectrally corrected

emission spectra of DSPE-capped UCNPs in water (black lines) and D O (red lines) at low P of ca. 16 W cm  .

2.5. Polymer–Hybrid QPIs

Generally, organic compounds are used as Type I and II photoinitiators in UV–Vis curing technology for the fabrication of

functional polymeric materials, including inks, coatings, and adhesives. Type I photoinitiators are known to undergo α-

cleavage and decompose into two radical species under UV–Vis light irradiation  and type II photoinitiators form

radicals via a multi-step reaction process in the presence of co-initiators. Amines are commonly used as a co-initiator; an

electron is transferred to the triplet state in the type II initiator, resulting in proton release to form radicals. Commercially

available type II initiators with broad wavelength absorption over UV-Vis wavelengths include thioxanthone (TX) and its

derivatives, benzophenone (BP) and camphorquinone (CQ). However, these compounds are relatively small in size and

can enter the polymer matrix while cross linking. Thus, the small molecular type I photoinitiators are often attached to

polymeric nanoparticles to produce efficient photoinitiator systems .

Du et al. demonstrated an strategy involving the combination of a type I photoinitiator and the nanoparticles of a

functionalized block copolymer through reversible addition–fragmentation chain transfer (RAFT)-mediated polymerization-

induced self-assembly (PISA) in an aqueous medium; the choice of the block copolymer nanoparticle affects the

properties of the hydrogel that is prepared (Figure 5). Using this approach, hydrogels with embedded nanoparticles may

be prepared using block copolymer nanoparticle-based heterogeneous photoinitiators .
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Figure 5. Surface-initiated PET-RAFT polymerization of DMA monomers from SiO -PDP nanoparticles in acetonitrile with

prior deoxygenation at 25 °C under blue LED light irradiation (4.8 W, λ max ¼ 465 nm, 1.0 mW cm ). (a) XPS wide-scan

spectra of SiO -PDP, SiO @PDMA-1, and SiO @PDMA  nanoparticles; (b) plot of ln[M]0/[M]t versus exposure time t at

three different Ru(bpy) Cl  concentrations with reference to monomer concentration; (c) temporal control over

polymerization upon on/off switching of light; and (d) evolution of Mn,NMR, Mn,GPC, and Đ versus monomer conversion.

TEM images of (e) SiO @PDMA-1, (f) SiO @PDMA-2, and (g) SiO @PDMA-3 nanoparticles. All scale bars are 100 nm

.

Li et al. described polymer brush growth from the surface of silica nanomaterials via the PET–RAFT approach .

Through spatiotemporal control over light regulation, silica nanocomposites that were coated by polymer brushes with

narrow molecular weight dispersities and high grafting densities were prepared; for example, surface-initiated

polymerization of DMA monomers from SiO -PDP nanoparticles under blue LED light irradiation using the PET–RAFT

approach was demonstrated (Figure 6) .

Figure 6. Surface-initiated PET–RAFT polymerization of DMA monomers from SiO -PDP nanoparticles in acetonitrile,

with prior deoxygenation at 25 °C under blue LED light irradiation .
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