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Resins in inks, coatings, and adhesives in food packaging are increasingly cured
by UV radiation of photo-initiators (PI’s) with minimal energy requirements and without
environmentally unfriendly solvents. When exposed to UV light, PI’s produce free
radicals that catalyze polymerization of reactive monomers and pre-polymers into resins.
PI’s and their photolytic decomposition products do not polymerize during curing but
remain as residuals that can migrate into foods stored therein, becoming unintentional
food additives. As interest in additive toxicity has increased, food safety organizations
worldwide have developed regulations to monitor migration of these substances from
food packaging. While intact PI’s have been investigated, research on formation and
migration of PI photolytic decomposition products is sparse.
This research characterized and quantified decomposition products of twenty-four
PI’s commonly used in food packaging. UV-photoinitiators were applied as films onto
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aluminum foil disks, UV-irradiated using an energy level representing the upper limit
typically used in commercial production (125-150 millijoules), and extracted from the
foil. Structure and contents of migrating compounds were determined by gas
chromatography-mass spectrometry (GC-MS) and direct mass spectrometry,
and tentative mechanisms of formation were proposed. Non-irradiated photoinitiator
standards were analyzed as controls.
In total, 107 photolytic decomposition products were identified, 93 of which have
not been previously reported as photolytic decomposition products of UVphotoinitiators. This compilation of PI decomposition products will aid industry in the
tracing of the sources of compounds identified in migration testing of food packaging
materials.
To assess the frequency and extent of migration of PI’s and photolytic
decomposition products in actual products, migration data from 258 UV-cure food
packaging samples analyzed in previous studies were re-examined. Migration of PI’s or
their photolytic decomposition products was detected in all samples tested. Most
commonly observed PI’s: Darocur 1173 (139/258 samples, max 1557 ng/cm 2) and
benzophenone (88/258 samples, max 948 ng/cm2). Most commonly observed
decomposition products: 2,4,6-trimethylbenzaldehyde from (2,4,6-trimethylbenzoyl)phosphine oxide (TPO) (130/258 samples, max 1938 ng/cm 2) and 1-phenyl-2-butanone
from Irgacure 369 (83/258 samples, max 441 ng/cm2).
These results show the importance of tracking PI photodecomposition products
migrating from food packaging and provide a base for developing analytical libraries to
identify them.
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1. INTRODUCTION
Food packaging is ubiquitous in modern society. Nearly all food products sold in
stores come pre-packaged in multi-functional packages designed to protect product from
damage, to act as a barrier to the environment, and to prevent the sorption and desorption
of moisture to inhibit oxidation. Food packages also often are heavily printed with
graphics to attract attention from potential customers and to convey information about the
product enclosed therein. Food packaging systems are made from a wide variety of
materials including metals, glass, plastics, and paper. Each material has its own set of
benefits and drawbacks, dictating which packaging material should be used for different
food products.
While one of the primary purposes of food packaging is to protect the food product
from contamination, chemical components of food packaging materials can migrate from
the packaging into the food and then, in turn, be ingested by consumers (Pocas & Hogg,
2007). Control and monitoring of this migration phenomenon is of the utmost
importance in food safety.
There have been numerous instances of food safety issues involving migration of
toxic or otherwise dangerous chemical compounds from food packaging materials into
foods, and many of these cases have led to food products being recalled (Lago et al,
2015). Migration can arise from all components of food packaging systems, including
polymers, inks, coatings, and adhesives.
Food packages are often adorned with colorful graphics that serve to attract potential
customers to a product on grocery store shelves and also to convey important information
about the product, including its nutrition facts, ingredients, and allergen warnings.
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Coatings are often used to add gloss or matte finish to a package, to give inks abrasion
resistance, or to increase the package’s resistance to moisture or gas permeation
(Andersson, 2015). Adhesives are used to seal food packages in order to prevent
tampering with or contamination of the contents, to affix labels to the package, to glue
cap liners to closures, as well as being used between plies of multi-layer laminated food
packaging materials.
Many modern food packaging ink, coating, and adhesive systems employ UV-cure
technology in which the system is cured onto a substrate through a free-radical
polymerization reaction induced by the absorption of ultraviolet light by a light sensitive
chemical called a photoinitiator (Vesley, 1986). In addition to the photoinitiator, these
systems also consist of reactive monomers, oligomers, and pre-polymers, usually of
acrylates, as well as additives such as pigments, plasticizers, surfactants, and stabilizers.
While UV-cure resins are generally considered to be more environmentally friendly
than comparable conventional systems, there are several drawbacks to the use of UV-cure
systems (Lago et al, 2015). Unreacted and residual components of UV-cure systems
such as photoinitiators and acrylate monomers often remain in the food packaging after
processing. Many of these chemical compounds are small molecules that are capable of
migrating from the food packaging into the food system. Food packaging migrants such
as these are considered non-intentionally added substances (NIAS) by FDA and other
food safety organizations, and these compounds, if present in excess, may render a food
product to be considered adulterated. “Non-intentionally added substances include
impurities, reaction products, or degradation products that originate from the
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manufacturing or extraction process of substances used in the manufacture of plastic
materials or food contact articles” (Intertek, 2018).
Due to the nature of the free radical reactions that take place during the UV-curing
process, UV-photoinitiators may undergo photolytic decomposition, rearrangement, and
recombination reactions during the curing of a resin. Novel molecules may be formed in
the food packaging system from the decomposition of the UV-photoinitiators, and these
may also migrate into the food product, becoming NIAS. The identification and
quantification of these compounds are therefore very important in insuring the safety of
food products. As well over twenty different photoinitiators are used in various types of
food packaging materials, the number of potential breakdown products that can form is
very large. A single photoinitiator may produce as many as twelve photolytic breakdown
products (Green, 2010).
While regulations currently exist which limit and control the migration of intact UVphotoinitiators and other native components of food packaging systems, there are
presently no regulations or listings regarding the chemical products that are likely to be
formed from the photolytic decomposition of UV-photoinitiators that are used in food
packaging. This is problematic for several reasons. First, food packaging migration
testing of packaging materials featuring UV-cure resins frequently detects chemical
compounds that were not intentionally used as components of the packaging or coating
system. The mass spectra of these compounds are often unknown, leaving researchers
unable to identify them and confirm their source. As the photolytic decomposition of UVphotoinitiators has been scarcely investigated, the creation of a reference table of possible
products formed from their decomposition would aid researchers in correctly identifying

4
and explaining the source of these compounds when they are found in migration testing
data.
Second, chemical components used in food contact materials must be cleared for safe
use by relevant toxicological testing. Because the photolytic decomposition products of
UV-photoinitiators are not purposefully added to food packaging systems, many of these
compounds have not been subjected to testing to ensure their safety when consumed by
humans. An accurate and comprehensive database of possible decomposition products
produced from UV-photoinitiators would provide regulators and researchers a list of
chemical compounds of high interest to be examined for safety.
The goal of the current research is to develop such a database.
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2. LITERATURE REVIEW
2.1 Industrial Usefulness of UV-Cure Technology
There are many benefits to UV-cure resin systems over conventional solvent-based
systems. UV-cure systems cure nearly instantaneously upon exposure to ultraviolet light,
allowing much faster production line speeds than conventional systems, which require
several minutes to produce a fully cured resin. This allows for significantly increased
line speeds compared to those possible with solvent-based printing systems. UV-cure
equipment uses significantly less energy than conventional cure systems, which require
large ovens with relatively high heat to evaporate solvents in order to cure the coating.
The evaporation of solvents in conventional converting systems also may contribute to
environmental pollution, and emission control systems such as exhaust gas scrubbers or
catalytic converters are required to minimize the release of VOC’s into the environment.
UV-cure systems do not use organic solvents in this manner, eliminating the need for
costly emission control systems (Green, 2010).
A primary cause of the boom in the popularity of UV-cure technology in recent years
was the passing of the 1966 Los Angeles Pollution Act, which aimed to reduce the
emissions of volatile organic solvents into the atmosphere (Aparicio & Elizalde, 2014).
Paint baking, i.e. the evaporation of organic solvents in paints and inks using heat, was
the most common application that this Act aimed to eliminate (Krenz et al, 1968).
Many converting companies have adopted UV-cure technologies because systems
designed to retrofit onto existing conventional converting lines have become available.
While the material costs for UV-photoinitiators, reactive monomers, and other associated
chemicals are higher than those used for conventional printing, the increased line speeds
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and large reduction in energy requirements have made the changeover to UV-cure
technologies cost-effective for many manufacturers.
2.2 The Nature of UV-Cure Printing Systems
Ultraviolet energy-curable inks, coatings, and adhesives are a commonplace yet
innovative technology in which an applied ink or coating on a substrate is polymerized
and cured using energy from ultraviolet light. The use of a photoinitiator to generate free
radicals or protonic acids via a UV source of energy is the essence of the UV curing
process. Due to low energy requirements and the lack of toxic solvents, UV-cure
technology has taken over a large portion of the market share of ink and coating
formulations in recent years. As UV-cure technology is now commonplace in industries
ranging from food packaging to 3D printing, substantial research has been conducted
demonstrating the safety of products manufactured using the technology (Green, 2010).
2.2.1 UV-Cure System Formulations
UV-curable ink, coating, and adhesive systems typically consist of three primary
components: reactive monomers and oligomers, photoinitiators, and other additives
(Green, 2010).
2.2.1.1 Reactive Monomers and Oligomers
In most typical food packaging systems, reactive monomers of the ink or coating
formulation consist of various acrylate resins. Acrylates, esters of acrylic acid, contain a
double bond which provides a site for addition reactions to occur. Acrylates are
especially effective monomers due to the high reactivity of double bond adjacent to the
carbonyl group. Through a free radical addition reaction initiated by photoinitiators in
the formulation, acrylate monomers oligomerize and polymerize, forming a cured
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polymeric matrix (Lago et al, 2015). Although many other compounds such as vinyl
esters, olefins, and styrenics undergo these reactions, acrylates have the advantage of
very fast reaction rates and a high degree of optical clarity in the resulting resin.
2.2.1.2 Additives in UV-Cure Systems
Additives in UV-cure systems may include, but are not limited to, pigments,
plasticizers, surfactants, and slip additives (Hans et al, 2013). Further in depth discussion
of additives used in UV-cure formulations is beyond the scope of this investigation.
2.2.1.3 UV-Photoinitiators
UV-Photoinitiators are chemical compounds that absorb energy from UV light
and, as a result, produce free radicals either on their own or through interaction with a coinitiator. Broadly, photoinitiators can be divided into two classes: free radical
photoinitiators and cationic photoinitiators (Lago et al, 2015). The present research will
focus on only free radical photoinitiators. Free radical photoinitiators can be further
divided into two types.
2.2.1.4 Type I Photoinitiators
When incident UV light is absorbed by the type I photoinitiators, a homolytic
cleavage process starts once the molecules reach the excited or triplet state. This
cleavage creates free radicals, regularly from Norrish type I reactions, which can induce
the polymerization process (Lago et al, 2015). Homolytic cleavage most easily occurs at
the position alpha to the carbonyl C=O bond (Reactions 1 and 2) (Gotro, 2016).
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(1)

(2)

Type I photoinitiators include chemical classes such as hydroxyacetophenones, benzyl
ketals, benzoins, α-aminoalkylacetophenones, and phosphine oxides (Vesley, 1986).
Each class of compound has its own specific properties regarding required wavelength,
cure speeds, and yellowing of the coating.
2.2.1.5 Type II Photoinitiators
In contrast to type I UV-photoinitiators, type II photoinitiators cannot generate
free radicals on their own. Rather, type II photoinitiators generate excited states by
absorption of light, either UV or visible. Packaging applications require UV initiators. 1
In one class of type II UV-photoinitiators, CO-aryl bond energies are too high to be
broken by UV-energy, so the presence of a co-initiator is necessary (Lago et al, 2015).
Co-initiators function as hydrogen donors in which the photoinitiator abstracts a
hydrogen atom from the co-initiator, creating a free radical from the co-initiator, which is
then able to initiate polymerization (Reaction 3) (Gotro, 2016).
1

The Type II UV photosensitizers in use here must be differentiated from the most familiar Type II
photosensitizers which absorb visible light and are bumped into excited state that pass the energy to oxygen
to form singlet oxygen (1O2). 1O2 then adds directly to double bonds to form hydroperoxides.
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(3)

Donor molecules usually contain heteroatoms with active hydrogens in the α-position
(Schnabel, 1986). Tertiary amines are among the most commonly used co-initiators.
Type II photoinitiators include benzophenones, thioxanthones, and anthraquinones.
2.2.2 Free Radical Polymerization Process
The process of curing a UV-curable ink, coating, or adhesive system consists of
five steps: radical formation, initiation, propagation, chain transfer, and termination
(Reaction 4) (Arceneaux, 2015).
(4)

Initiation comprises the process of absorption of UV energy by the photoinitiator,
the formation of radicals, and the reaction of a radical with an acrylate species to create a
reactive alkyl monomer radical (Vesley, 1986). The reactive monomer formed becomes
the root or anchor from which the polymer chain grows.
In the propagation step, interaction of multiple reactive monomers continues the
formation of a long, continuously growing polymer chain.
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Chain transfer involves the reaction of the growing polymer radical with a
hydrogen donor that transfers a hydrogen atom to the polymer chain, stopping its growth
(Vesley, 1986). This hydrogen transfer creates a new free radical site on the hydrogen
donor molecule, providing a new substrate to build another polymer chain. This
mechanism prevents polymer chains from growing too large. The average chain length
when chain transfer occurs in largely dependent on the concentration of hydrogen donor
present in the formulation. Higher hydrogen donor concentration can reduce the average
molecular weight of polymeric chains (Green, 2010).
Termination involves the interaction of two radical polymer chains, producing a
nonreactive neutral species and stopping the chain growth reaction.
The end product of the photoinitiation process is a polymeric resin that serves to
hold printed pigments in place to form graphics, to provide abrasion resistance to the
coating, and to provide high quality gloss or matte finishes to the product. Another less
common use of UV-cure resins is to form adhesives that are used to affix labels to
products or in the manufacture of laminate materials.
2.2.3 Formation of Photolytic Decomposition Products of Photoinitiators
Typical UV-cure ink systems employ a large excess of free radicals to improve
cure speed and to counter oxygen inhibition. These excess radicals may become involved
in various scission, rearrangement, and combination reactions to produce a variety of new
products (Kirschmayr et al, 1982). The majority of photoproducts produced are low
molecular weight species, which can potentially migrate into food when used in food
packaging systems. Little research has been done to date characterizing the photolytic
breakdown products of photoinitiators. W. Arthur Green (2010) compiled data on
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photoproducts formed from various type I photoinitiators in his extensive review entitled
“Industrial Photoinitiators: A Technical Guide”. The information presented in the
following paragraphs presented in Green’s review, but was originally published by
Kirschmayr et al in 1982 in the German journal Farbe Lack.
Darocur 1173, trade name for 2,2-dimethyl-2-hydroxyacetophenone, forms a
benzoyl and an alkyl radical that are both able to initiate polymerization (Figure 1). The
benzoyl radical produces benzaldehyde in the presence of a hydrogen donor.
Benzaldehyde can be oxidized to form benzoic acid. Formation of benzil is possible
from the combination of two benzoyl radicals. Varying alkyl radicals can produce a
broad range of products upon recombination with other species, producing colored or
odorous compounds.
Irgacure 651, trade name for benzildimethyl ketal, forms a benzoyl radical and a
benzyl radical (Figure 2). The benzoyl radical reacts much the same as in Darocur 1173.
The primary product formed from the benzyl radical is methyl benzoate, although other
products are also produced. A minor product of the initiation process, a methyl radical, is
also highly reactive and produces several photolytic breakdown products.
Irgacure 907, trade name for 2-methyl-4’-(methylthio)-2morpholinopropiophenone, forms unique photolytic breakdown products as a result of
increased occurrence of β-scission in addition to α-cleavage during the initiation step
(Figure 3). Radicals formed through α-cleavage produce methylthiobenzaldehyde, and
enamines. The presence of water can then lead to the formation of acetone and
morpholine. Radical from β-scission can result in the production of amides.
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Figure 1. Photolytic breakdown scheme for Darocur 1173 (Green, 2010).
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Figure 2. Photolytic breakdown scheme for Irgacure 651 (Green, 2010).
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Figure 3. Photolytic breakdown scheme for Irgacure 907 (Green, 2010).

Irgacure 369, trade name for 2-benzyl-2-(dimethylamino)-4’-morpholino1phenyl-2-butanone, photolytically decomposes to form 4-morpholinobenzaldehyde. A
minor dimethylamino radical can abstract a hydrogen atom to form dimethylamine or can
combine with the benzoyl radical to produce p-(morpholino)-N,N-dimethylbenzamide.
Irgacure 379 reportedly breaks down in a similar fashion to this.
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Irgacure 184, trade name for 1-hydroxycyclohexyl phenyl ketone, produces
cyclohexanone as the major photolytic breakdown product. Other products are produced
in trace amounts, including cyclohexanol, 2-hydroxycyclohexanone, 2-hydroxy-1phenylethanone, 1,1-dimethoxycyclohexane, methyl benzoate, 2-diphenylethanone,
benzaldehyde, benzoic acid, benzil, and O-benzoylbenzoin.
Phosphine oxide photoinitiators such as 2,4,6-trimethylbenzoyldiphenylphosphine
oxide (TPO Solid), ethyl 2,4,6-trimethylbenzoylphenylphosphinate (TPO Liquid), and
[Bis(2,4,6-trimethylbenzoyl)-phenylphosphine oxide] (Irgacure 819) produce a 2,4,6trimethylbenzoyl radical and a phosphinyl radical. An example reaction of the
fragmentation of TPO Solid is given (Reaction 5). Few stable products form from the
interaction of the 2,4,6-trimethylbenzoyl and phosphinyl radicals, but 2,4,6trimethylbenzaldehyde can be found as a result of hydrogen abstraction.

(5)

Green’s review (2010) also compiled data on the photolytic decomposition of
various type II photoinitiators from Kirschmayr et al’s 1982 study. Generally, type II
photoinitiators show fewer photolytic breakdown products than type I photoinitiators due
to the larger energy requirement for the formation of free radicals in type II
photoinitiators.
Benzophenone produces several photolytic degradation products in the presence
of a tertiary amine co-initiator (Figure 4). The ketyl radical from benzophenone is
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relatively nonreactive, whereas the alkylamino radical from the amine is highly reactive.
A pinacol dimer is formed from the ketyl radical. The alkylamino radical reacts in the
presence of oxygen to form a peroxy radical, which, through a series of reactions, can
form a hydroperoxide.

Figure 4. Photolytic breakdown scheme for benzophenone with
methyldiethanolamine co-initiator (Green, 2010).

17
In the photoinitiated crosslinking of polyethylene using benzophenone, the main
photolytic breakdown product of benzophenone was observed to be benzpinacol and its
isomers. Alpha-alkylbenzhydrols were observed additionally as a minor product
(Yunhua et al, 1996).
Isopropylthioxanthone (ITX), when combined with co-initiator Speedcure EDB,
reacts similarly to benzophenone. The ketyl radical formed from the photoinitiator
(Figure 5) has relatively low reactivity, and the alkylamino radical from the co-initiator
(Figure 5) is highly reactive. Due to steric effects, reactions of the ketyl radical are not
common, and only trace levels of products are formed from them.
Lago and Ackerman (2016) used nontargeted GC-MS, UHPLC-MS, and DART
(direct analysis in real time)-MS to identify diphenylmethanol, biphenyl, 1-phenyl-2butanone, 4-(methylthio)benzaldehyde, methyl 2,2-dimethyl-3-hydroxypropionate, 4(methylthio)benzoic acid, 2,4,5-trimethylbenzaldehyde, 4-morpholin-4-yl-benzaldehyde,
and 3-phenyl-2-benzofuran-1(3H)-one as photolytic decomposition products of
photoinitiators. The specific photoinitiators from which each of these compounds were
formed were not clearly stated.
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Figure 5. Photolytic breakdown scheme for ITX with Speedcure EDB co-initiator
(Green, 2010).
2.3 Migration of Photoinitiators in Food Packaging Systems
The phenomenon of migration of food packaging system components from the
package into the food has been widely documented and thoroughly researched (Pocas &
Hogg, 2007). Chemicals used in food packaging materials, including photoinitiators and
their photolytic decomposition products are capable of migrating into food products
through the mechanisms of setoff (offset), permeation, and volatile transfer.
Setoff migration occurs when food packaging materials are stacked, reeled and
unreeled, or nested inside one another during manufacture, shipping, and storage
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(Aparicio & Elizalde, 2015). Under these conditions, the printed surface of one food
package comes into contact with the unprinted surface of another for a given period of
time. This often occurs in the production of printed paperboards for milk and juice carton
applications. Before forming, printed flat sheets are stacked and palletized for storage
and shipping to the assembly facility. Printed films and laminates are often loaded onto
large reels both during the manufacturing process and for storage and shipping. Multiple
reeling and unreeling processes during manufacture, such as in the manufacturing of
laminate structures, create several instances wherein setoff migration can occur. Printed
cups and containers are often nested inside one another during storage and shipment; this
condition allows for setoff migration to occur between units. Under special conditions,
such as in paper-wrapped ice cream cones, setoff migration can occur from the printed
paper directly to the food product.
Permeation migration occurs when chemical compounds travel from the printed
surface of a food packaging material through the substrate to come into contact with the
food contained inside the package (Aparicio & Elizalde, 2015). Polymers used in food
packaging materials have different degrees of resistance to permeation migration,
referred to as their barrier properties. The barrier properties of a polymer are dependent
on density, morphology, cross-link density, and concentration of polymer additives
(Feldman, 2001). Polyolefins such as polyethylene and polypropylene are considered
low-barrier polymers, and these do not provide effective barriers to migration when used
alone. On the other hand, polyesters such as polyethylene terephthalate are high-barrier
polymers, and they are effective at limiting permeation migration.
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Cellulosic food packaging materials such as paperboard are highly porous and do
not provide effective barriers to permeation migrations. Printing ink or coating
formulations can be wicked down into the paperboard by capillary action, which is then
unable to fully cure when the material is UV-exposed due to poor penetration of UVenergy. The resulting pool of uncured resin remains in the paper and can lead to
exacerbated permeation migration. In food packaging applications such as paper
beverage cartons, thin layers of polyethylene, polyethylene terephthalate, or Nylon 6 are
often extrusion-coated to the food-contact side of the carton in order to provide additional
resistance to permeation migration. Various other laminate structures are used in food
packaging, many of which use thin layers of aluminum, a total barrier to migration,
within the laminate to provide exceptional resistance to permeation migration.
A third mechanism of migration that can occur is known as volatile transfer. In
our own experience in dealing with migration testing, it has often been observed that
volatile ink or coating constituents from food packaging materials can migrate from the
printed surface through a vapor phase transfer within a shipping container. For example,
uncapped PET beverage bottles with UV-printed labels shipped to our facility for
migration testing have been observed to contain significant levels of UV-ink constituents
inside the bottles despite PET being a high barrier polymer. The mechanism for this
migration is postulated to be the result of elevated temperature during shipment causing
volatile compounds on the surface of the printed label to enter the gas phase and
condense on the surface of unprinted samples. In a manufacturing environment, bottles
are typically filled and capped prior to printing, so this phenomenon does not usually
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occur. Exceptions, however, do occur in cases such as aluminum cans for soft drink and
alcoholic beverages, in which the cans are printed prior to filling.
2.3.1 Factors Affecting Migration of Photoinitiators in Food Packaging
The degree of migration of photoinitiators and their photolytic breakdown
products depends on several factors, including the type of photoinitiator used in the
formulation, the nature of the foodstuff, the type of packaging, the ratio of printed area to
the weight of food packaged, the cross-link density of the packaging polymer, the quality
of the UV-cure process, and heat or pressure conditions during storage of the product
(Studer, 2008).
2.3.2 Instances of Food Contamination Due to Photoinitiator Migration
The Rapid Alert System for Food and Feed (RASFF) was established in 1979 as a
tool to communicate food safety issues and concerns in the European Union. Between
2000 and 2011, 143 notifications were issued by RASFF regarding the migration of
photoinitiators from food packaging into foodstuffs (Aparicio & Elizalde, 2015). These
notifications were primarily reports of intact photoinitiators migrating into foods at high
levels and did not include photolytic breakdown products of photoinitiators.
In September 2005, an Italian RASFF notification reported observed migration of
isopropylthioxanthone (ITX) photoinitiator at 250 g/l into packaged infant formula,
leading to the recall of over 30 million liters of infant formula throughout Europe
(Aparicio & Elizalde, 2015).
A similar RASFF notification in 2005 revealed levels ranging from 5-249 g/l of
ITX in fruit juices (Sagratini et al, 2008). Between 2000 and 2011, 119 of the 143
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RASFF notifications regarding photoinitiator migration involved the migration of ITX
(Aparicio & Elizalde, 2015).
In 2009, ten RASFF notifications were issued regarding the migration of
benzophenone and 4-methylbenzophenone photoinitiators (Aparicio & Elizalde, 2015).
These notifications led to the recall of several batches of breakfast cereals and nearly 7
tons of milk across Europe.
2.4 Regulation of Photoinitiators in Food Packaging Systems
Stimulated by the increasing instances of noted contamination from
photoinitiators into food, several organizations have issued regulations regarding
allowable migration levels of photoinitiators in food packaging systems. Several of
these regulations list specific migration limits (SML) for photoinitiators. SML are
allowable levels of migration into a food product that do not pose a health or safety risk
to consumers (Pocas & Hogg, 2007).
2.4.1 Swiss Ordinance
In March 2008, the Swiss Federal Department of Home Affairs adopted an
amendment to the Ordinance of Foodstuffs and Utility Articles of 2005 which detailed
regulations for ink components in food packaging systems (Aparicio & Elizalde, 2015).
The ordinance lists SML for 24 evaluated photoinitiators (Table 1).
2.4.2 EuPIA Suitability List
In 2013, the European Printing Ink Association (EuPIA) compiled a list of
photoinitiators suitable for low-migration UV printing inks and varnishes (EuPIA,
2013). Table 2 shows this list of suitable low-migration UV photoinitiators.
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Table 1. Specific migration limits (SML) set for selected
photoinitiators (Swiss Ordinance, 2009).
Designation

CAS Number

272460-97-6

SML
(mg/kg)
0.6
0.6
0.6
0.6
0.05
0.05

Benzophenone
Benzophenone, 2-methyl
Benzophenone, 3-methyl
Benzophenone, 4-methyl
Benzoylbenzoate, esters with branched polyols
1-(4-[(4-benzoyphenyl)thio]-2-methyl-2-[(4methylphenyl)sulfonyl]-1-propan-1-one
2-benzyl-2-dimethylamino-4-morpholino1phenyl-2-butanone
Di-ester of carboxymethoxybenzophenone and
polytetramethylene glycol 250
Di-ester of carboxymethoxybenzophenone and
polytetramethylene glycol 200
(Dimethylamino)benzoate, esters with branched
polyols
Ethyl-4-(dimethylamino)benzoate
2-ethylhexyl-4-dimethylamino benzoate
2-hydroxy-1-(4-(4-(2-hydroxy-2methylpropionyl)benzyl)phenyl)-2-methyl-2propanone
2-isopropylthioxanthone
4-isopropylthioxanthone
Methyl 2-benzoylbenzoate
(methylamino)diethane-1,2-diyl-bis(4dimethylamino)benzoate
2-(4-methylbenzyl)-2-dimethylamino-1-(4morpholinophenyl-1-butanone
Oligo-[2-hydroxy-2-methyl-1-(4-(1methylvinyl)phenyl)]propanone
9-oxo-9H-thioxanthene-carboxylate, esters with
branched polyols
Phenyl bis(2,4,6-trimethylbenzoyl)phosphine
oxide
Poly(oxy-1,4-butanediyl),α-[2-[(9-oxo-9Hthioxanthenyl)oxy]acetyl]-ω-[[2-[(9-oxo-9Hthioxanthenyl)oxy]acetyl]oxy]Poly(oxy-1,2-ethanediyl)-α-(4(dimethylamino)benzoyl)-ω-((4(dimethylamino)benzoyl)oxy)-(9Cl)
Poly[oxy(methyl-1,2-ethanediyl)]-α-[4(dimethylamino)benzoyl-ω-butoxy

119-61-9
131-58-8
643-65-2
134-84-9

119313-12-1

0.15

515136-48-8

0.05

515136-49-9

0.05
0.05

10287-53-3
21245-02-3
474510-57-1

0.05
5
0.05

5495-84-1
83846-86-0
606-28-0

0.05
0.05
0.05
0.05

119344-86-4

0.05

163702-01-0

0.05
0.05

162881-26-7

3.3

813452-37-8

0.05

71512-90-8

0.05

223463-45-4

0.05
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Table 2. EuPIA photoinitiator suitability list for low migration UV printing inks and
varnishes (EuPIA, 2013).
Description
CAS Number SML
(mg/kg)
Benzoylbenzoate, esters with branched polyols

0.05

1-(4-[(4-benzoylphenyl)thio]phenyl)-2-methyl2-[(4-methylphenyl)sulfonyl]-1-propan-1-one
2-benzyl-2-dimethylamino-4-morpholino1phenyl-2-butanone
Di-ester of carboxymethoxybenzophenone and
polytetramethylene glycol 250
Di-ester of carboxymethoxybenzophenone and
polytetramethylene glycol 200
(Dimethylamino)benzoate, esters with branched
polyols

272460-97-6

0.05

119313-12-1

0.15

515136-48-8

0.6

515136-49-9

0.6

2-ethylhexyl-4-dimethylamino benzoate

21245-02-3

2.4

2-hydroxy-1-(4-(4-(2-hydroxy-2methylpropionyl)benzyl)phenyl)-2-methyl-2propanone

474510-57-1

0.05

(methylamino)diethane-1,2-diyl-bis(4dimethylamino)benzoate
2-(4-methylbenzyl)-2-dimethylamino-1-(4morpholinophenyl-1-butanone
Oligo-[2-hydroxy-2-methyl-1-(4-(1methylvinyl)phenyl)]propanone
9-oxo-9H-thioxanthene-carboxylate, esters with
branched polyols
Phenyl bis(2,4,6-trimethylbenzoyl)phosphine
oxide
Poly(oxy-1,4-butanediyl),α-[2-[(9-oxo-9Hthioxanthenyl)oxy]acetyl]-ω-[[2-[(9-oxo-9Hthioxanthenyl)oxy]acetyl]oxy]-

0.05

0.05
11934-86-4

0.05

163702-01-0

0.05
0.05

162881-26-7

3.3

813452-37-8

0.05

Poly(oxy-1,2-ethanediyl)-α-(4(dimethylamino)benzoyl)-ω-((4(dimethylamino)benzoyl)oxy)-(9Cl)

71812-90-8

0.05

Poly[oxy(methyl-1,2-ethanediyl)]-α-[4(dimethylamino)benzoyl-ω-butoxy

223463-45-4

0.05
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2.4.3 The Nestle List
Nestle, a large food manufacturing company, issued a guidance note on packaging
inks for manufacturers of packaging for their food products. This guidance document
included an exclusion list specifying photoinitiators not allowable in their products on the
basis of uncertain or adverse toxicity, perceived risk by consumers, media, nongovernmental organizations, etc., demonstrated migration potential, and negative sensory
impact on foods (Nestle Company, 2012). UV-photoinitiators prohibited from use in
Nestle products are listed in Table 3.
2.4.4 Regulations Regarding Photolytic Decomposition Products of Photoinitiators
Little legislation exists for regulation of levels of photolytic breakdown products
of photoinitiators migrating into food products from packaging materials, and this lack of
regulation is likely a result of the lack of sufficient research compiling the breakdown
products of photoinitiators used in food packaging materials. The Swiss Ordinance is
proposed as a basis for future regulation, but to date, no information about possible
photolytic breakdown products is included in the ordinance (Lago et al, 2015).
Photolytic breakdown products fall into the category of non-intentionally added
substances (NIAS) given in EU Commission Regulation No. 10/2011 (European
Commission, 2011). The EFSA-ESCO WG on non-plastic food contact materials
expresses a need to evaluate NIAS resulting from printing inks and coatings (EFSA,
2012).
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Table 3. Nestle exclusion list of photoinitiators (Nestle, 2012).
Photoinitiator Name

CAS
Number

2-hydroxy-2methylpropiophenone

7473-98-5

2-(dimethylamino)ethyl
benzoate
Benzophenone

2208-05-1

Swiss
Ordinance1
B
B

119-61-9
A

2-methylbenzophenone

4-methylbenzophenone

2,4,6-trimethylbenzopheone

1

131-58-8

2,2-dimethoxy-2phenylacetophenone

24650-42-8

2-methyl-4'-(methylthio)-2morpholinopropiophenone

71868-10-5

4-isopropyl-9H-thioxanthen9-one

83846-86-0

2-isopropyl-9H-thioxanthen9-one
2,4-diethyl-9H-thioxanthen9-one
diphenyl (2,4,6trimethylbenzoyl)phosphine
oxide

5495-84-1

A

Sensory impact/
migration/ contamination
potential

B

Sensory impact/
migration/ contamination
potential

B

B

82799-44-8

Migration/ contamination
potential
Sensory impact/
migration/ contamination
potential

A

954-16-5

947-19-3

Sensory impact/
migration/ contamination
potential

Sensory impact/
migration/ contamination
potential

134-84-9

1-hydroxycyclohexylphenyl
ketone

Reason to Exclude

B
A
A
B

75980-60-8
A

Sensory impact/
migration/ contamination
potential
Sensory impact/
migration/ contamination
potential
Sensory impact
Doubtful toxicology/
perceived issue
Doubtful toxicology/
Perceived issue
Doubtful toxicology
Doubtful toxicology/
perceived issue

Substances labeled “A” indicate evaluated substances in the Swiss Ordinance with given SML.
Substances labeled “B” indicate non-evaluated substances for which no SML is given.
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2.5 Analytical Methods for Identifying Photoinitiators and their Photolytic
Decomposition Products
Literature shows that several analytical methods can be used to identify and
measure photoinitiators in food packaging systems. Most methods extract the
photoinitiator from packaging material using a food simulating solvent, then separate and
identify products via gas chromatography-mass spectrometry (GC-MS) or high
performance liquid chromatography (HPLC-MS) (Lago et al, 2015). The photolytic
breakdown products of photoinitiators usually contain similar chemical features to the
parent photoinitiator, so can be identified by the same procedures.
2.5.1 Gas Chromatography-Mass Spectrometry
GC-MS has been applied extensively to identify and quantitate photoinitiators
migrating from food packaging. One GC-MS study in selected ion monitoring (SIM)
mode showed a limit of detection as low as 0.2 g/l and a limit of quantification as low as
1.0 g/l for benzophenone, and isopropylthioxanthone photoinitiators (Sagratini et al,
2008).
Liu et al (2016) isolated photoinitiators migrated into milk by Solid Phase
Microextraction (SPME), then identified and quantified the components by GC-MS.
Limits of detection ranged from 0.05 g/l to 4.4 g/l for various photoinitiators in milk
samples of varying fat content. The lowest limit of detection observed was for
benzophenone in skim milk.
Migration of photoinitiators (benzophenone, Irgacure 184, benzil dimethyl ketal,
Quantacure EHA, Irgacure 907, and ITX) and acrylate monomers from food packaging
was studied in food packaging samples specifically manufactured with known amounts of
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the photoinitiators (Papilloud and Baudraz, 2002). Photoinitiators were extracted from
the food-contact side of the package with water, 3% acetic acid, 95% ethanol, and isooctane to extract substances capable of migrating through the packaging material and to
measure the recovery of the photoinitiators. Recovery of photoinitiators ranged from
70% to 100%, depending on the food simulant used inside the package.
Photoinitiators and related compounds migrating from multilayer printed films
were collected by dichloromethane extraction at room temperature and then analyzed by
the three analytical techniques -- GC-MS, UHPLC-HRMS, DART-MS (Lago and
Ackerman, 2016). Due to exhaustive extraction of packaging-borne compounds in this
study, the levels of apparent migration reported were exaggerated compared to what
would be expected in real food systems or when approved food simulants are used.
Targeted analyses identified photoinitiators benzophenone, methyl 2-benzoylbenzoate,
Irgacure 184, 4-phenylbenzophenone, ITX, Irgacure 907, TPO Solid, Irgacure 2959,
Irgacure 369, and Irgacure 379. Nontargeted analyses identified 9 photolytic
decomposition products of photoinitiators, as mentioned previously in 2.1.3. The
photoinitiators specifically responsible for each photolytic decomposition product,
however, were not specified.
2.5.2 High Performance Liquid Chromatography- Mass Spectrometry
Gallart-Ayala et al (2011) employed fast liquid chromatography at sub-ambient
temperature coupled to mass spectrometry to analyze eleven photoinitiators in food
packaging samples. Food packaging materials were extracted using the QuEChERS
(quick, easy, cheap, effective, rugged, and safe) method, and photoinitiators were
detected in the ng/kg range.
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2.5.3 Other Analytical Methods
Zhang et al (2016) employed supercritical fluid chromatography combined with
photodiode array and mass spectrometric detectors to evaluate the migration of
photoinitiators that were spiked into from polyethylene food packaging during
manufacture. Limits of detection calculated with this method ranged from 0.02-2.16 g/l
for 13 photoinitiators.
2.6 Information Gaps
There is a scarcity in previously published literature of discussion of the
photolytic decomposition products of UV-photoinitiators and their migration in food
packaging materials. The present research aims to isolate and identify the photolytic
decomposition products formed from UV-photoinitiators under typically used industrial
conditions. This research will serve as a database of the photolytic decomposition
products formed from many photoinitiators that are commonly used in food packaging
materials.
Additionally, this research aims to measure the frequencies of occurrence of
photoinitiators and their photolytic decomposition products in food packaging material
migration data. Previously published experiments which sought to measure
photoinitiator migration used several different non-standardized migration testing
protocols, producing highly variable data. The present research will use standardized
migration test protocols aligned with protocols issued by the Food and Drug
Administration to measure the frequencies of occurrence and the concentration range of
both photoinitiators and their decomposition products.
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3. HYPOTHESIS
UV-photoinitiators, when exposed to UV-irradiation at energy levels typical of
commercial processes, form photolytic decomposition products that can migrate through
or from inks and packaging into food materials. These photolysis products can be
identified and quantified by GC-MS and direct electrospray ionization mass spectrometry
(ESI-MS) analysis, and the data can be compiled into a comprehensive database which
can be used to determine the frequency of occurrence and migratory concentration range
of these compounds in commercial and/or developmental food packaging systems.

4. OBJECTIVES
This study had two objectives to test the proposed hypothesis.
The first objective was to analyze by GC-MS and ESI-MS the photolytic
decomposition products formed from commonly used UV-photoinitiators, and then
integrate the results into a comprehensive database of compounds that may be found in
manufacturing and printing of food packaging materials
The second objective was to apply this database to examine previously recorded data
from experimental, commercial, and developmental food packaging materials that were
manufactured with UV-cure inks, coatings, and adhesives in order to determine the
frequency of occurrence and migration of intact UV-photoinitiators and their respective
photolytic decomposition products.
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5. EXPERIMENTAL METHODS
5.1 Experimental Design Overview
Twenty-four UV-photoinitiators that are commonly used in food packaging
systems were exposed to UV-energy at the maximum energy level typically used in
industrial settings in order to provide a worst case scenario leading the maximum
formation of photolytic decomposition products. Solutions of these UV-exposed
photoinitiators along with non-UV-exposed reference standards were analyzed using gas
chromatography-mass spectrometry (GC-MS) and direct electrospray ionizationspectrometry (ESI-MS) in order to identify and quantify the chemical products formed
upon UV-exposure of the UV-photoinitiators.
Chemical structures of the compounds found using these analytical methods were
compared to the chemical structures of the original UV-photoinitiator, and mechanisms
were postulated to explain the formation of each photolytic decomposition product.
Following the mapping of photolytic decomposition of the UV-photoinitiators, data from
previously analyzed commercial, developmental, and experimental food packaging
materials printed with UV-cure inks, coatings, and adhesives were examined to measure
the frequency of occurrence and migration of intact UV-photoinitiators and their
respective photolytic decomposition products. These food packaging samples had been
analyzed in-house as part of routine food packaging migration analyses commonly
undertaken by our laboratory. Results were expected to provide useful information
regarding how food packaging systems containing UV-cured materials behave under real
world conditions.
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5.1.1 Choice of Inert Support
In order to effectively design the experiment, several parameters had to be
considered. These included the choice of inert support for UV-exposure of photoinitiator
samples, the nature and intensity of UV-energy used in photolyzing the samples, and the
solvent used for extraction of the UV-exposed photoinitiators from the substrate.
Aluminum foil was chosen as the inert support for UV-exposure of the UVphotoinitiator samples due to its low cost, excellent barrier properties, non-reactivity
toward ultraviolet energy, non-porous nature, reflectivity, and relative lack of organic
contaminants. The aluminum foil was pre-rinsed with methylene chloride in order to
remove any possible organic contamination prior to sample preparation, then affixed to a
thin paperboard disk to provide rigidity and ease of handling of the samples in the UV
curing system conveyor. Additional details will be provided in Section 5.2.4.
5.1.2 UV-Energy Used to Expose Samples
UV-photoinitiators were exposed to the maximum level of ultraviolet energy that
would typically be used in an industrial setting. This would theoretically maximize the
production of photolytic decomposition products, giving worst-case-scenario conditions.
Exact parameters of the UV-curing system are given in Section 5.2.7.
5.1.3 Choice of Extraction Solvent
An organic solvent was required to extract the UV-exposed photoinitiators from
the aluminum foil support so that the samples could be concentrated and analyzed.
Methylene chloride was chosen as the extraction solvent because all the photoinitiators
analyzed were soluble in it, it was readily available in our lab, and it did not produce any
corrosion or other reaction with the aluminum foil support.
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5.2 Materials & Methods
5.2.1 Test Samples
Reference standards of 24 UV-photoinitiators were kindly and generously
provided Dr. Greg Pace at Sun Chemical Corp. (Carlstadt, NJ) and Nan Zhang at Actega
Wit (Cinnaminson, NJ). The UV-photoinitiator common names, full chemical names,
and CAS numbers are listed in Table 4. The UV-photoinitiators chosen are all commonly
used in inks, coatings, and adhesives used to print food contact materials. Of the 24 UVphotoinitiators used, 13 compounds were type I photoinitiators, and 11 were type II
photoinitiators.
5.2.2 Reagents, Materials, and Devices
Methylene chloride (Optima Grade) (CAS No. 75-09-2) and acetonitrile (HPLC
Grade) (CAS No. 75-05-8) were obtained from Fisher Scientific, San Jose, CA, USA.
Formic acid (Reagent grade) (CAS No. 64-18-6) was obtained from Sigma-Aldrich
Chemical Co., St. Louis, MO, USA. Helium for use as GC carrier gas was of analytical
grade and was purchased from Airgas, Radnor, PA, USA. Nitrogen gas for HPLC-MS
sheath gas was provided by an onsite nitrogen generator (Parker Balston, Lancaster, NY,
USA).
Disposable 100 mm x 15 mm polystyrene petri dishes were purchased from
VWR, Radnor, PA, USA. Aluminum foil (generic, food grade) was purchased from a
local supermarket. Disposable borosilicate glass pipets were purchased from Fisher
Scientific, San Jose, CA, USA.

34
Table 4. UV-photoinitiator compounds included in study
Common Name
Irgacure 379

IUPAC Name
2-dimethylamino-2-(4-methyl-benzyl)-1-(4morpholin-4-yl-phenyl)-butan-1-one

CAS Number
119344-86-4

Irgacure 651 (benzil
dimethyl ketal)
Irgacure 819

2,2-dimethoxy-2-phenylacetophenone

24650-42-8

phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide

162881-26-7

2-Methyl-1-[4-(methylthio)phenyl]-2-(4morpholinyl)-1-propanone
2,4,6-trimethylbenzoyldiphenyl phosphine
oxide
ethyl-2, 4, 6
trimethylbenzoylphenylphosphinate
difunctional oligomeric alpha-OH ketone
2-benzyl-2-(dimethylamino)-1-[4(morpholinylphenyl)]-1-butanone

718-68-10-5

Irgacure 907
TPO Solid
TPO Liquid
Esacure ONE
Irgacure 369
Michler's Ethyl
Ketone
Irgacure 2959
Darocur 1173
Irgacure 184
KIP 150
Irgacure 127
Quantacure EPD
Quantacure BMS
Genocure DETX
Genocure ITX
Omnirad EHA
Esacure TZT
Benzophenone
4-methyl
benzophenone
4-phenyl
benzophenone
2-methylbenzoyl
benzoate

75980-60-8
84434-11-7
117-85-2
136797-29-0

4,4'-bis(diethylamino)benzophenone

90-93-7

2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]2-methyl-1-propanone
2-hydroxy-2-methylpropiophenone
1-hydroxycyclohexyl-1-phenyl methanone
oligo[2-hydroxy-2-methyl-1-[4-(1methylvinyl)phenyl]propanone]
1,1'-(methylene-di-4,1-phenylene)bis[2hydroxy-2-methyl-1-propanone]

106797-53-9
7473-98-5
947-19-3
163702-01-0
474510-57-1

ethyl 4-dimethylamino benzoate
4-benzoyl-4-methyldiphenyl sulfide
2,4-diethylthioxanthone
2-isopropylthioxanthone
2-ethylhexyl-4-dimethylamino benzoate
2,4,6-trimethylbenzophenone
benzophenone
4-methylbenzophenone

10287-53-3
83846-85-9
82799-44-8
83846-86-0
21245-02-3
954-16-5
119-61-9
134-84-9

4-phenylbenzophenone

2128-93-0

2-methylbenzoyl benzoate

606-28-0
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Volatile products were analyzed on a Finnigan Trace-GC Ultra 8000 gas
chromatograph (Thermo Fisher Scientific, San Jose, CA, USA) equipped with an Equity5 gas chromatography capillary column (30 m x 0.25 mm ID x 0.25 um film thickness,
Supelco, Bellefonte, PA, USA) and interfaced to a Fisons MD800 mass spectrometer
(Waters Corporation, Milford, MA, USA). Non-volatile products were analyzed with a
Finnigan Surveyor high performance liquid chromatography MS-grade quaternary pump
(Thermo Fisher Scientific, San Jose, CA), configured with an inline 5 microliter loop
injector, and interfaced to a Thermo LCQ mass spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA). Samples were UV-cured with a UVEXS Model LCU750D pilotscale UV-curing system (UVEXS Incorporated, Sunnyvale, CA, USA).
5.2.3 Preparation of UV-Photoinitiator Standard Solutions
Standard solutions of the UV-photoinitiator compounds to be tested were made up
in methylene chloride at a concentration of 10 mg/ml w/v (10000 ppm w/v) by weighing
approximately 100 mg of UV-photoinitiator into a pre-cleaned glass vial with a Teflonlined screw cap using a Mettler AE240 analytical balance (Mettler Toledo, Columbus,
OH, USA). The appropriate volume of methylene chloride was added to the vials to
bring the concentration to 10 mg/ml w/v, and the solutions were shaken and vortexed to
promote complete dissolution. These solutions were diluted tenfold by adding 1.0 ml of
solution to 9.0 ml of methylene chloride in a fresh vial. The 1.0 mg/ml dilutions were
saved for analysis as controls, and the 10 mg/ml solutions were used to prepare samples
for UV-exposure.
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5.2.4 Preparation of Samples for UV-Exposure
Disks of paperboard with diameter of 80 mm were cut to fit into 100 mm diameter
disposable polystyrene petri dishes. The paperboard disks were wrapped tightly with
aluminum foil which was precleaned by rinsing with methylene chloride. This assembly
(Figure 6) provided an inert support for UV-exposure of the UV-photoinitiator samples.
Samples were stored in the Petri dishes for protection during transportation, then the foilcoated disks were removed from the Petri dishes prior to UV-exposure.

Figure 6. Aluminum foil support assembly for UV-exposure of photoinitiator
standards.
5.2.5 Application of UV-Photoinitiator Solutions to Support
1.0 ml of each 10 mg/ml UV-photoinitiator solution was pipetted onto an
aluminum foil disk using a disposable borosilicate glass pipette, and the solvent was
evaporated with mild heat, leaving dried UV-photoinitiator as residue on the foil. The
foil disks with sample applied were placed in individual petri dishes, placed in a
dessicator, and protected from light until the UV-exposure process.

37
5.2.6 UV-Exposure of Photoinitiator Samples
Dr. Mikhail Laksin and Dr. Bhalendra Patel at Ideon, LLC generously offered their
facility to UV-expose the photoinitiator samples in this study.
The UVEXS Model LCU750D (UVEXS Incorporated, Sunnyvale, CA) was
equipped with a 300 watt/inch medium pressure mercury lamp, and the conveyor belt was
run at 25% of its maximum speed, which according to product literature, provides 125150 mJ of UV-energy to each sample. Aluminum foil disks coated with UVphotoinitiators were placed on the instrument’s conveyor belt and passed under the UV
lamp once each, then returned to their original petri dishes and stored away from light.
5.2.7 Extraction of UV-Exposed Photoinitiators from Foil
After UV-exposure, the samples were returned to our lab for further sample
preparation. The aluminum foil was carefully removed from the paperboard support.
The side of the foil coated with photoinitiator residue was rinsed with 5-10 ml methylene
chloride in a small beaker to extract the residue. The foil was rinsed several times to
ensure full extraction. The methylene chloride extracts were transferred to 5 ml glass
conical-bottom Reacti-Vials (Thermo Fisher Scientific, San Jose, CA, USA), and the
extracts were concentrated under a gentle stream of nitrogen to 1.0 ml for GC-MS
analysis.
5.2.8 GC-MS Analysis of UV-Photoinitiator Samples
Non-UV-exposed UV-photoinitiator standards were analyzed by GC-MS to serve
as controls so that manufacturing impurities present in the UV-photoinitiator standards
could be excluded from data analysis. Controls were analyzed with a single injection at a
prepared concentration of 1.0 mg/ml in methylene chloride.
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UV-exposed samples were analyzed using the same method as the controls, but
the samples were analyzed in triplicate. A method blank was run in between triplicate
sets of each sample to prevent possible carry-over and cross-contamination in between
runs.
5.2.8.1 Gas Chromatograph Conditions
The GC capillary column used was an Equity-5 (Supelco, Bellefonte, PA, USA)
with dimensions of 30 m x 0.25 mm ID x 0.25 um film thickness. Helium was used as
carrier gas at a constant pressure of 20 psi. The injector temperature was 300ºC, and the
heated transfer line connecting to the mass spectrometer was maintained at 300ºC. 1.0 ul
injections were made by an autosampler. The injections were splitless, and the GC split
vent was opened at a ratio of 100:1 one minute after injection. Injections were made with
the GC oven at 50ºC, and this temperature was held for 3 minutes. After 3 minutes, the
temperature was ramped to 320ºC at a rate of 10ºC/minute. The overall run time was 35
minutes.
5.2.8.2 Mass Spectrometer Conditions
In GC-MS analyses, the mass spectrometer was operated in positive ion electron
impact (EI) ionization mode. The mass range was scanned from 35 amu to 750 amu once
per second. Electron energy was 70 eV, and the filament emission current was 180 uA.
The ion source was maintained at 220ºC. The mass spectrometer was signaled to start 4
minutes after the GC injection was made so the solvent peak from methylene chloride
would not be detected.
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5.2.9 Direct ESI-MS Analysis of UV-Photoinitiator Samples
After GC-MS analysis, extracts in methylene chloride were evaporated to dryness
under a gentle stream of nitrogen and then redissolved in HPLC-grade acetonitrile with
0.1% formic acid for direct ESI-MS analysis of non-volatile products using an HPLC
pump for sample delivery. UV-exposed photoinitiator samples were analyzed in
triplicate by loop injection from an HPLC pump connected directly to the MS without a
column between.
5.2.9.1 HPLC Conditions for sample delivery to MS
To identify the presence of non-volatile dimers and higher oligomers of parent
photoinitiator compounds and decomposition products, samples were delivered directly
to the MS detector via an HPLC pump and injector without column. Loop injections
were made directly into the inlet of the mass spectrometer using a 5ul stainless steel
sampling loop. Flow was isocratic (100% acetonitrile, 0.1% in formic acid solvent) at a
flow rate of 150 l/min. Runs were 6 minutes long, and triplicate loop injections were
made at 1, 3, and 5 minutes during the run.
5.2.9.2 Mass Spectrometer Conditions
For direct ESI-MS analyses, the mass spectrometer was operated in both positive
and negative ion electrospray ionization (ESI) mode scanning the mass range 100 amu to
1500 amu. Sheath gas flow rate was 60 arbitrary units. Auxiliary gas flow rate was 0
arbitrary units. Spray voltage was 5.1 kV. Capillary temperature was maintained at 220
ºC, and capillary voltage was 39 V.
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5.3 Data Analysis
GC-EI-MS provided ample fragmentation in the mass spectra such that
compounds could be identified by comparison to reference spectra in the NIST MS
Search 2.3 mass spectral database or by manual mass spectral interpretation. GC-MS
data was compiled into spreadsheets and all peaks were analyzed and tentatively
identified by both manual mass spectral interpretation methods and cross-referencing to
the NIST database. The Kovats retention index calculation was also applied to provide
additional identification confirmation of the compounds.
Loop injection ESI-MS data for each photolyzed UV-photoinitiator sample were
used to identify the presence of dimers and higher oligomers of parent photoinitiator
compounds and decomposition products. ESI-MS provided pseudo-molecular ions
(M+H)+ or (M+Na)+ in positive ion mode or (M-H)- in negative ion mode which allowed
identification of photoinitiators and their oligomers by scanning the spectra for predicted
ions. Ions of interest were predicted by calculating the masses of oligomers of the
photoinitiators and adding 1 for the protonated adducts or 23 for the sodiated adducts
(positive ion mode) or subtracting 1 for the deprotonated adducts (negative ion mode).
5.3.1 Determination of Structures for Photolytic Decomposition Products of UVPhotoinitiators
The mass spectrum of each peak in a GC-MS chromatogram was subjected to a
library search using the NIST 2017 mass spectral database. If a match was found for a
given peak, its Kovats retention index was calculated as described in Section 5.3.1 based
on a mixture of n-paraffin standards run on the GC-MS under conditions identical to the
experimental samples. The calculated Kovats retention index was compared to literature
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values and used as additional confirmation for interpretation of the given peak.
Compounds for which a library match and retention indices consistent with literature
were found were assigned positive structural identifications.
If library searching returned no reasonable matches, spectra were subjected to
manual interpretation to attempt to deduce the structure of the compound. The
compounds identified by these means were given tentative structural identifications
where possible and are noted in the Tables. Kovats retention indices were also calculated
for these compounds and compared to literature when possible.
5.3.2 Kovats Retention Index Calculation
There exists a mathematical formula (Reaction 6) which converts gas
chromatography retention time into a simple system-independent constant in temperature
programmed gas chromatography (Kovats, 1958).
(6)

To calculate the retention index I of a compound, its GC retention time (R) is normalized
to the retention times (t) of a series of n-alkane reference standards (n is the number of
carbon atoms in the smaller alkane). Kovats retention indices are column-specific so
were calculated using the same column that was used to run experimental samples.
Retention index data can be compared to known values to provide additional
confirmation of the identity of an unknown compound.
5.4 Migration Testing of UV-printed Food Packaging Materials
A series of 258 data points was collected from previously analyzed commercial,
experimental, and developmental food packaging material samples manufactured using
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UV-cure inks, coatings, and adhesives. This data set was subjected to a data mining
procedure in order to calculate the frequencies of occurrence and migration of intact UVphotoinitiators and their subsequent photolytic decomposition products. The frequencies
of occurrence for each UV-photoinitiator and photolytic decomposition product can be
found in Table 6.
The analyzed data was collected between 2005 and 2018 and was available from
internal records in our facility. Our facility operates as a contract-based industrial
outreach facility specializing in food packaging migration testing for regulatory
compliance for packaging manufacturers around the world. Samples included in this data
set were compiled from data from over one hundred companies located in the United
States, Canada, Mexico, the European Union, Africa, and Asia. The UV-cure
formulations used in the production of the samples were equally varied and represent the
broad range of UV-photoinitiators commonly used in the production of food contact
materials.
Sample substrates included food-grade paperboards, polyethylene films,
polyethylene terephthalate, polystyrene, and various laminate structures. Samples were
in the form of reeled films, stacked and palletized paperboards, laminated pouches, and
preformed cups and containers. For all samples, only food-contact side migration testing
data was considered. This data therefore presents chemical compounds in concentrations
at which they may be present in an actual foodstuff ingested by humans.
Samples examined were sorted by extraction method and conditions. Of the 258
samples examined, 115 were food packaging materials intended for aqueous or acidic
food products (10% ethanol food simulant used), and 143 were materials intended for
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packaging of fatty food products (95% ethanol food simulant used). Of the food
packaging samples examined, 116 were paperboards, 65 were plastic films, 55 were
laminate structures, 12 were beverage cups, 5 were printed plastic beverage bottles, and 5
were packages with UV-cure adhesive labels.
The concentration ranges of UV-photoinitiators and their photolytic
decomposition products were measured and recorded for each extraction method in the
unit nanograms per square centimeter of packaging material or label (ng/cm 2) in order to
show the maximum observed levels of migration of the compounds.
Packaging materials were subjected to food-contact side migration testing to
measure the migration of intact UV-photoinitiators and their photolytic decomposition
products. The methodology for migration testing varied depending on the nature of the
sample. Food simulants used were 10% ethanol in water (corresponding to FDA
regulations for aqueous and acidic food products) and 95% ethanol in water
(corresponding to FDA regulations for fatty food products where the use of food oil as a
food simulant is not possible) (FDA, 2007). Incubation temperature conditions matched
the intended use of the food package in accordance with FDA regulations (FDA, 2007).
Conditions of use A through H plus microwave conditions were used in this study (Table
5). Stainless steel migration cells with PTFE gaskets (Figure 7) were used to test flat
packaging materials such as paperboards, films, laminates, and wall sections of
containers and cups (when temperatures above 66ºC were to be used). In most cases, a
volume to surface area ratio of 1.57 ml/cm2 (10 ml/in2) was used, in accordance with
FDA recommendations (FDA, 2007). Retort pouch samples were cut and fit inside
migration cells and tested using a volume to surface area ratio of 0.78 ml/cm 2 (5.0
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ml/in2), which is representative of the actual conditions inside a retort pouch. Samples
which consisted of wall material of containers or cups were prepared using a volume to
surface area ratio identical to that of the original container. In film samples produced or
stored on rolls and paperboard samples that are palletized and stacked during
manufacture, shipping, or storage prior to filling, samples to be tested were taken from
the middle of the roll or stack in order to account for migration occurring through offset
from other pieces of material in contact with the sample.

Table 5. FDA Conditions of Use Recommendations for Food Packaging
Migration Testing (FDA, 2007)
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Figure 7. Extraction cell apparatus.

Migration tests for containers and cups at temperatures below 66ºC were
conducted directly in the container. In cup or container products that are nested during
manufacture, shipping, or storage prior to filling, the test sample was taken from the
middle of the stack in order to detect migration occurring through nesting offset from
adjacent containers.
5.4.1 Migration Test Sample Preparation for GC-MS Analysis
After incubation, extraction cells and containers were drained into borosilicate
glass test tubes or glass media bottles. Methylene chloride was used as a solvent to backextract the compound of interest from the food simulants in order to prevent evaporative
loss of volatile constituents during concentration of the extracts. All UV-photoinitiators
examined in this study are preferentially soluble in methylene chloride compared to
aqueous solvents. For 10% ethanol extracts, an aliquot of 40 ml was taken and matrixspiked with 100 parts-per-billion weight to volume (ppb w/v) of anthracene-d 10 internal
standard. Methylene chloride (5.0 ml) was added, and the sample was vigorously
extracted and centrifuged at 2500 rpm for 30 minutes to promote complete phase

46
separation. For 95% ethanol extracts, 10 ml aliquots were taken and spiked with 1000
ppb w/v anthracene-d10. These extracts were diluted to 10% ethanol in water prior to the
addition of 5.0 ml of methylene chloride, extraction, and centrifugation. Following
centrifugation, the lower methylene chloride layer was separated using a Pasteur pipet
and transferred to a 5.0 ml tapered-bottom glass Reacti-Vial and concentrated to
approximately 0.1 ml under a gentle stream of nitrogen. Concentrated extracts were then
analyzed by GC-MS.
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6. RESULTS
6.1 Reporting of Results
Compounds were quantified by calculating the percentage of the total peak area of
the total ion current (TIC) GC-MS chromatogram occupied by each peak in the
chromatogram. In the following GC-MS total ion chromatograms (TIC) (Figures 8-31
for intact photoinitiators and 32-55 for photo products), the X-axis of the chromatogram
represents mass spectrometer scan number, which can be equated to GC retention time.
The Y-axis represents relative abundance, given as a percentage. The peaks
corresponding to the parent UV-photoinitiator or identified impurities are numbered in
the chromatograms.
6.2 Analysis of Non-irradiated UV-Photoinitiator Reference Standards
Reference standards of non-irradiated UV-photoinitiators were analyzed using
GC-MS under conditions stated in 5.2.9 to assess both manufacturing impurities in the
standards and photolytic decomposition products formed prior to these experiments as a
result of exposure to ambient light during storage. EI-mass spectra for intact UVphotoinitiators, where applicable, are given in Appendix I.
Each TIC-GC-MS chromatogram in Figures 8-31 includes a list identifying each
numbered peak, with its peak number, IUPAC name and common name (where
applicable, in parentheses), Chemical Abstract Registry number, and the peak area
percent calculated from the TIC.
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Peak
#
1
2
3
1

IUPAC Name

CAS #

Area %

α,α-dimethylbenzyl alcohol
2-hydroxy-2-methylpropiophenone
(Darocur 1173)
Dimer of Darocur 11731

617-94-7
7473-98-5

0.49
98.15

N/A

1.36

Exact structure not determined.

Figure 8. TIC-GC-MS chromatogram of non-irradiated Darocur 1173 reference
standard with x6 zoom.

Peak
#
1

IUPAC Name

CAS #

Area %

1-hydroxycyclohexyl-1-phenylmethanone
(Irgacure 184)

947-19-3

100.00

Figure 9. TIC-GC-MS chromatogram of non-irradiated Irgacure 184 reference
standard with x4 zoom.
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Peak
#
1

IUPAC Name

CAS #

Area %

2-hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2methyl-1-propanone
(Irgacure 2959)

106797-53-9

100.00

Figure 10. TIC-GC-MS chromatogram of non-irradiated Irgacure 2959 reference
standard with x4 zoom.

Peak
#
1

IUPAC Name

CAS #

Area %

1,1'-(methylene-di-4,1-phenylene)bis[2-hydroxy- 474510-57-1
100.00
2-methyl-1-propanone]
(Irgacure 127)
Figure 11. TIC-GC-MS chromatogram of non-irradiated Irgacure 127 reference
standard with x4 zoom.
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Peak
#
1
2
3
4
5

IUPAC Name

CAS #

Area %

p-diisopropenylbenzene1
α,α-dimethylbenzyl hydroperoxide2
Carry-over from previous run.
Isomer of oligo[2-hydroxy-2-methyl-1-[4-(1methylvinyl)phenyl]propanone]
(KIP 150 Isomer)3
Isomer of oligo[2-hydroxy-2-methyl-1-[4-(1methylvinyl)phenyl]propanone]
(KIP 150 Isomer)3

1605-18-1
80-15-9
N/A
163702-01-0

0.09
0.91
N/A
70.06

163702-01-0

28.94

1

Cross-linker included in formulation due to oligomeric nature of KIP 150.
Co-initiator included in formulation to assist in free radical formation.
3
KIP 150 consists of a mixture of isomers.
2

Figure 12. TIC-GC-MS chromatogram of non-irradiated KIP 150 reference
standard with x10 zoom.

Peak
#
1
2
1

IUPAC Name

CAS #

Area %

Isomer of Esacure ONE1
Isomer of Esacure ONE1

117-85-2
117-85-2

71.56
28.44

Esacure ONE consists of a mixture of isomers.

Figure 13. TIC-GC-MS chromatogram of non-irradiated Esacure ONE reference
standard.
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Peak
#
1

IUPAC Name

CAS #

Area %

2-Methyl-1-[4-(methylthio)phenyl]-2-(4morpholinyl)-1-propanone
(Irgacure 907)

718-68-10-5

100.00

Figure 14. TIC-GC-MS chromatogram of non-irradiated Irgacure 907 reference
standard.

Peak
#
1
2
3
*
1

IUPAC Name

CAS #

Area %

Cis-2-phenyl-2-butene
4-phenylmorpholine
2-benzyl-2-(dimethylamino)-1-[4(morpholinylphenyl)]-1-butanone
(Irgacure 369)1
Carryover from previous sample and silicone
bleed from GC column or septum.

767-99-7
92-53-5
136797-29-0

0.06
0.04
99.90

N/A

N/A

Parent PI peak is saturated and broadened significantly.

Figure 15. TIC-GC-MS chromatogram of non-irradiated Irgacure 369 reference
standard.
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Peak
#
1
2
3

IUPAC Name

CAS #

Area %

p-xylene
2-methyl-1-phenyl-1-butene
4-phenylmorpholine

106-42-3
56253-64-6
92-53-5

5.77
0.02
0.09

4

1,1’- (1,2-ethanediyl)bis(4-methyl)benzene (4,4’dimethylbibenzyl)
2-dimethylamino-2-(4-methyl-benzyl)-1-(4morpholin-4-yl-phenyl)-butan-1-one1
Carryover from previous sample and silicone
bleed from GC column or septum.

538-39-6

0.37

119344-86-4

93.75

N/A

N/A

5
*
1

Parent PI peak is saturated and broadened significantly.

Figure 16. TIC-GC-MS chromatogram of non-irradiated Irgacure 379 reference
standard with x2 zoom.

Peak
#
1

IUPAC Name

CAS #

Area %

2,2-dimethoxy-2-phenylacetophenone
(benzil dimethyl ketal, Irgacure 651)

24650-42-8

100.00

Figure 17. TIC-GC-MS chromatogram of non-irradiated benzil dimethyl ketal
reference standard.
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Peak
#
1
2
3
4
*
1

IUPAC Name

CAS #

Area %

2,4,6-trimethylbenzaldehyde
2,4,6-trimethylbenzoic acid
2,4,6-trimethylbenzoyldiphenyl phosphine oxide
(TPO Solid)
Dimer of TPO Solid1
Silicone bleed from GC column or septum.

487-68-3
480-63-7
75980-60-8

0.004
0.578
86.061

N/A
N/A

13.357
N/A

Exact structure not determined.

Figure 18. TIC-GC-MS chromatogram of non-irradiated TPO Solid reference
standard.

Peak
#
1
2
3

IUPAC Name

CAS #

Area %

1,3,5-trimethylbenzene
2,5-dimethylbenzaldehyde
2,4,6-trimethylphenol

108-67-8
5779-94-2
527-60-6

6.18
0.04
0.36

4
5
6

2-(2,4,6-trimethylphenyl)ethanol
2,4,6-trimethylbenzaldehyde
Methyl 2,4,6-trimethylbenzoate

6950-92-1
487-68-3
2282-84-0

0.18
0.35
0.08

7
2,4,6-trimethylbenzoic acid
480-63-7
92.81
Figure 19. TIC-GC-MS chromatogram of non-irradiated Irgacure 819 reference
standard with x6 zoom.
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Peak
#
1
2
3

IUPAC Name

CAS #

Area %

1,3,5-trimethylbenzene
2,4,6-trimethylbenzaldehyde
Methyl 2,4,6-trimethylbenzoate

108-67-8
487-68-3
2282-84-0

0.16
0.48
0.02

4
5
6
7
8
9
10

Ethyl phenylphosphinate
Major fragment of TPO Liquid1
2,4,6-trimethylbenzoic acid
Diethyl phenylphosphonate
Dimer of methyl 2,4,6-trimethylbenzoate1
Major fragment of TPO Liquid1
Minor fragment of TPO Liquid1

2511-09-3
N/A
480-63-7
1754-49-0
N/A
N/A
N/A

2.90
37.66
1.15
0.16
0.03
57.40
0.05

1

Exact structure not determined.

Figure 20. TIC-GC-MS chromatogram of non-irradiated TPO Liquid reference
standard with x6 zoom.

Peak
#
1
2
3

IUPAC Name

CAS #

Area %

benzophenone
2-chlorobenzophenone
3-chlorobenzophenone

119-61-9
5162-03-8
1016-78-0

99.95
0.03
0.01

4
4-chlorobenzophenone
134-85-0
0.01
Figure 21. TIC-GC-MS chromatogram of non-irradiated benzophenone reference
standard with x54 zoom.
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Peak
#
1
2
3

IUPAC Name

CAS #

Area %

2-methylbenzophenone
4-methylbenzophenone
2,4,6-trimethylbenzophenone

131-58-8
134-84-9
954-16-5

0.01
14.83
85.12

N/A
N/A
N/A

0.02
0.01
0.01

4
Isomer of trimethylbenzophenone1
5
Isomer of trimethylbenzophenone1
6
Isomer of trimethylbenzophenone1
1
Exact structure not determined.

Figure 22. TIC-GC-MS chromatogram of non-irradiated Esacure TZT reference
standard with x82 zoom.

Peak IUPAC Name
#
1
Isomer of 4-phenylbenzophenone1
2
4-phenylbenzophenone
1
Exact structure not determined.

CAS #

Area %

N/A
2128-93-0

0.03
99.97

Figure 23. TIC-GC-MS chromatogram of non-irradiated 4-phenylbenzophenone
reference standard with x82 zoom.
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Peak
#
1
2

IUPAC Name

CAS #

Area %

2-methylbenzophenone
4-methylbenzophenone

131-58-8
134-84-9

0.03
99.97

Figure 24. TIC-GC-MS chromatogram of non-irradiated 4-methylbenzophenone
reference standard with x16 zoom.

Peak
#
1
2
3
1

IUPAC Name

CAS #

Area %

Bis(4-methylphenyl)disulfide
Isomer of Quantacure BMS1
4-benzoyl-4-methyldiphenyl sulfide
(Quantacure BMS)

103-19-5
N/A
83846-85-9

0.01
0.02
99.97

Exact structure not determined.

Figure 25. TIC-GC-MS chromatogram of non-irradiated Quantacure BMS
reference standard with x24 zoom.
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Peak
#
1
2

IUPAC Name

CAS #

Area %

Methyl 2-benzoylbenzoate
Methyl 2-(4-methylbenzoyl)benzoate

606-28-0
6424-25-5

99.997
0.003

Figure 26. TIC-GC-MS chromatogram of non-irradiated methyl 2-benzoylbenzoate
reference standard with x24 zoom.

Peak
#
1
2

IUPAC Name

CAS #

Area %

2-isopropylthioxanthone
4-isopropylthioxanthone

5495-84-1
83846-86-0

99.86
0.14

Figure 27. TIC-GC-MS chromatogram of non-irradiated Isopropylthioxanthone
reference standard with x6 zoom.

Peak
#
1

IUPAC Name

CAS #

Area %

2,4-diethylthioxanthone
(Genocure DETX)

82799-44-8

100.00

Figure 28. TIC-GC-MS chromatogram of non-irradiated Genocure DETX reference
standard.
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Peak
#
1

IUPAC Name

CAS #

Area %

4,4'-bis(diethylamino)benzophenone
(Michler’s Ethyl Ketone)

90-93-7

100.00

Figure 29. TIC-GC-MS chromatogram of non-irradiated Michler’s Ethyl Ketone
reference standard.

Peak
#
1

IUPAC Name

CAS #

Area %

2-ethylhexyl-4-dimethylamino benzoate
(Omnirad EHA)

21245-02-3

100.00

Figure 30. TIC-GC-MS chromatogram of non-irradiated Omnirad EHA reference
standard.
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Peak
#
1
2
3
4
5
1

IUPAC Name

CAS #

Area %

4-aminobenzoic acid
Ethyl 4-(methylamino)benzoate
Ethyl 4-dimethylamino benzoate
(Quantacure EPD)
Isopropyl 4-(N,N-dimethylamino)benzoate
Isomer of Quantacure EPD1

150-13-0
10541-82-9
10287-53-3

0.008
0.250
98.762

95543-55-8
N/A

0.379
0.601

Exact structure not determined.

Figure 31. TIC-GC-MS chromatogram of non-irradiated Quantacure EPD
reference standard with x36 zoom.

6.3 UV-Exposure of Photoinitiator Samples: Photolytic Decomposition Products
Identified by GC-MS Analysis
Extracts of UV-exposed photoinitiator standards were analyzed by GC-MS to
identify and comparatively quantify decomposition products produced upon exposure to
ultraviolet energy. Figures 32-55 show the photolytic decomposition products of each
UV-photoinitiator standard. Area percent calculations are based on the total integrated
peak area of the parent UV-photoinitiator and the photolytic decomposition products. RI
refers to calculated Kovats retention indices used to provide further confirmation of
molecular structure of the compounds. Kovats retention indices are column-specific and
were calculated using the same capillary column used to run the experimental samples.
Figures consist of GC-MS total ion current chromatograms with peaks from photolytic
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decomposition products labeled with corresponding tables presenting IUPAC names,
CAS number, molecular weight, calculated TIC area percentage, and calculated Kovats
retention index for each compound. Chromatograms are presented with high zoom
because most photolytic decomposition product peaks are very small in comparison to
parent UV-photoinitiator peaks and other impurities and artifacts. Compounds identified
by direct MS are included in the tables and are noted as such. A total of 107 compounds
were identified as photolytic decomposition products of UV-photoinitiators. EI-mass
spectra for all compounds identified as photolytic decomposition products of
photoinitiators are presented in Appendix II.
6.3.1 GC-MS Analyses of UV-exposed Type I Photoinitiator Samples
Photolytic decomposition products from Type I photoinitiators are detailed in
Figures 32-44. The majority of compounds identified as photolytic decomposition
products share general structural features and characteristics with the parent
photoinitiators. Several products bear little structural resemblance to the parent
photoinitiators, however, and were likely formed as a result of complex photolysis
reactions.
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Peak
#
1
2
3
4
5
6
7
8
9
10
a

Peak Identification
benzaldehyde
acetophenone
methyl benzoate
benzoyl methyl ketone
benzoic acid
α,α-dimethylbenzyl alcohol
c
Darocur 1173
diphenylethanedione
d
dimer of Darocur 1173
d
dimer of Darocur 1173
4-methyl-2-(1-phenylethyl)phenyl benzoate

CAS #
100-52-7
98-86-2
93-58-3
579-07-7
65-85-0
617-94-7
7473-98-5
134-81-6
N/A
N/A
18062-71-0

Molecular Area %a
Weight
106.04
0.186
120.06
0.123
136.05
0.013
148.05
0.021
122.04
0.732
136.09
0.249
164.20
96.423
210.07
0.488
N/A
0.158
N/A
1.531
316.15
0.077

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator
Exact structure of not determined

d

Figure 32. TIC-MS chromatogram of photolyzed Darocur 1173 with x4 zoom.

RI

b

966
1080
1103
1178
1226
1282
1305
1857
2021
2219
2617
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Peak
#
1
2
3
4
5
6
7
8
9
10
a

Peak Identification
cyclohexanol
cyclohexanone
benzaldehyde
2-hydroxycyclohexanone
benzoic acid
diphenyl ether
cyclopentyl phenyl ketone
cyclohexyl phenyl ketone
2-phenoxyphenol
c
Irgacure 184
diphenylethanedione

CAS #
108-93-0
108-94-1
100-52-7
533-60-8
65-85-0
101-84-8
5422-88-8
712-50-5
2417-10-9
947-19-3
134-81-6

Molecular Area %a
Weight
100.09 0.004
98.07 0.458
106.04 0.264
114.07 0.069
122.04 0.107
170.07 0.005
174.10 0.016
188.12 0.006
186.07 0.010
204.12 98.941
210.07 0.121

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes
Parent UV-photoinitiator

c

Figure 33. TIC-MS chromatogram of photolyzed Irgacure 184 with x6 zoom.

RI

b

894
898
965
1003
1195
1411
1574
1620
1681
1756
1860
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Peak
#
1
2
3
4
a

Peak Identification

CAS #
d

2-hydroxy-2,4'-dimethylpropiophenone
3-(4-methoxyphenyl)-1-propanol
4-hydroxybenzaldehyde
d
4'-(2-hydroxyethoxy)-2-methylpropiophenone
c
Irgacure 2959

N/A
5406-18-8
123-08-0
N/A
106797-53-9

Molecular Area %a
Weight
178.10
0.013
166.10
0.567
122.04
0.027
208.26
0.692
224.10 98.701

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator
Tentative structural identification based on mass spectral interpretation

d

Figure 34. TIC-MS chromatogram of photolyzed Irgacure 2959 with x4 zoom.

RI

b

1112
1604
1674
1858
1952
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Peak
#
1
2
3
4
5
6
7

a

Peak Identification
benzaldehyde
g
p-diisopropenylbenzene
4-isopropylbenzaldehyde
f
unknown structure, likely 146mw
4'-isopropenylacetophenone
f
unknown structure, likely 162mw
2,2-dimethyl-1,3-diphenyl-1,3-propanedione
c,d
KIP 150, 2 repeating units
c,e
KIP 150, 3 repeating units
c,e
KIP 150, 4 repeating units
c,e
KIP 150, 5 repeating units

CAS #
100-52-7
1605-18-1
123-03-2
N/A
5359-04-6
N/A
41169-42-0
163702-01-0
N/A
N/A
N/A

Molecular
Weight
106.04
158.11
148.09
146.00
160.21
N/A
252.12
408.40
612.47
815.97
1019.78

Area %

a

Area % calculated from GC-MS total ion current
Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator
Identified by both GC-MS and HPLC-MS

e

Identified by HPLC-MS only

f

Exact structure not determined

g

b

0.006 968
0.164 1181
0.001 1252
1.220 1295
0.005 1334
0.223 1633
0.001 2021
98.380 3020
N/A
N/A
N/A
N/A
N/A
N/A

b

d

RI

Present in formulation as functional additives

Figure 35. TIC-MS chromatogram of photolyzed KIP 150 photoinitiator with x6
zoom.
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Peak Peak Identification
#
d
1
unknown structure, 150mw
c
Irgacure 127
dimer of Irgacure 127e
a

CAS #
N/A
474510-57-1
N/A

b
Molecular Area %a
RI
Weight
150.00
0.006 1580
340.41 99.994 2859
680.56 N/A
N/A

Area % calculated from GC-MS total ion current
Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

b
c

Parent UV-photoinitiator
Exact structure not determined
Identified by HPLC-MS only

d
e

Figure 36. TIC-MS chromatogram of photolyzed Irgacure 127 with x10
zoom.
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Peak Peak Identification
#
1
Darocur 1173
c
Esacure One Isomer
c
Esacure One Isomer
d
dimer of Esacure One
d
trimer of Esacure One
a

CAS #
7473-98-5
117-85-2
117-85-2
N/A
N/A

Molecular Area %a
Weight
164.20
0.057
408.24 99.531
408.24
0.412
816.51 N/A
1224.74 N/A

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes
Parent UV-photoinitiator

c

Figure 37. TIC-MS chromatogram of photolyzed Esacure ONE with x4 zoom.

RI

b

1295
2993
3020
N/A
N/A
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Peak
#
1
2
3
4
5
6
7
8
9
10
11
a

Peak Identification
methyl phenyl sulfide
2-methoxythiazole
benzothiazole
4-acetylmorpholine
4-methoxybenzenethiol
4-(methylthio)-benzaldehyde
4-(methylthio)-acetophenone
4-(methylthio)-benzoic acid
d
1-(methylthio)-4-(2-methyl-3-hydroxy-2-propene)-yl-benzene
d
N-hydroxy-2-methoxy-N-methylbenzenecarbothioamide
c
Irgacure 907
N-benzyl-N-hydroxy-2-methoxybenzenecarbothioamide

CAS #
100-68-5
14542-13-3
95-16-9
1696-20-4
696-63-9
3446-89-7
1778-09-2
13205-48-9
N/A
95096-17-6
718-68-10-5
93979-07-8

Molecular Area %a
Weight
124.03
0.014
115.01
0.063
135.01
0.003
129.08
0.038
140.03
0.027
152.21
1.440
166.05
0.025
168.02
0.353
194.00
0.350
273.08
0.111
279.40 97.565
273.08
0.010

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator
d
Tentative structural identification based on mass spectral interpretation

Figure 38. TIC-MS chromatogram of photolyzed Irgacure 907 with x6 zoom.

RI

b

1092
1188
1243
1259
1405
1442
1547
1620
1675
1878
2323
2481
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Peak
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
a

Peak Identification
benzaldehyde
N,N-dimethylpropanamide
N-methylpropanamide
(E)-2-phenyl-2-butene
(E)-1-phenyl-1-butene
1-phenyl-2-butanone
2-methyl-1-phenyl-1-butanone
3-methyl-1-phenyl-3-buten-2-one
1-phenyl-1-penten-3-one
6-methyl-1,2,3,4-tetrahydroquinoline
4-phenylmorpholine
N,N-dimethylbenzeneacetamide
N,N-dimethylphenethylamine
1,2-diphenylethane
4-morpholinobenzaldehyde
c
Irgacure 369

CAS #
100-52-7
758-96-3
1187-58-2
768-00-3
1005-64-7
1007-32-5
938-87-4
55956-30-4
3152-68-9
91-61-2
92-53-5
18925-69-4
1126-71-2
103-29-7
1204-86-0
136797-29-0

Molecular Area %a
Weight
106.04
0.033
101.08
0.056
87.07
0.019
132.09
0.032
132.09
0.007
148.09
1.050
162.10
0.010
160.09
0.004
160.09
0.011
147.10
0.008
163.10
0.094
163.10
0.019
149.12
0.036
182.11
0.498
191.09
1.093
366.50 97.031

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes
Parent UV-photoinitiator

c

Figure 39. TIC-MS chromatogram of photolyzed Irgacure 369 with x2 zoom.

RI

b

965
973
1026
1063
1132
1230
1286
1318
1322
1382
1439
1498
1500
1539
1910
3012
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Peak
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14

a

Peak Identification
p-xylene
N,N-dimethylpropanamide
N-methylpropanamide
2-methyl-1-phenyl-1-butene
3-phenyl-2-propenamide
d
unknown structure, 146mw
d
unknown structure, 146mw
2-methyl-1-phenyl-1,3-butanedione
4-phenylmorpholine
N,N-dimethyl-3-methoxypropylamine
d
2-(3-methylphenoxy)pyridine
1,2-di(4-methylphenyl)ethane
p-morpholinoacetophenone
4-morpholinylaniline
c
Irgacure 379
e
trimer of Irgacure 379

b
Molecular Area %a
RI
Weight
106-42-3
106.08
0.159 872
758-96-3
101.08
0.029 970
1187-58-2
87.07
0.010 1022
56253-64-6
146.11
0.034 1170
621-79-4
147.07
0.000 1178
N/A
146.23
0.002 1189
N/A
146.23
0.003 1239
6668-24-2
176.08
0.001 1340
92-53-5
163.10
0.146 1439
20650-07-1
117.12
0.023 1592
1793003-62-9
185.23
0.001 1694
538-39-6
210.32
0.897 1800
39910-98-0
205.11
0.020 1990
2524-67-6
178.11
0.001 2032
119344-86-4
380.52 98.674 3077
N/A
1140.95 N/A
N/A

CAS #

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator

d
e

Tentative structural identification based on mass spectral interpretation
Identified by HPLC-MS only

Figure 40. TIC-MS chromatogram of photolyzed Irgacure 379 with x2 zoom.
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Peak
#
1
2
3
4
5
6
7
8
9
10
11
12
13
a

Peak Identification
benzaldehyde
acetophenone
methyl benzoate
benzaldehyde dimethyl acetal
methyl phenyl carbonate
benzoic acid
diphenyl ether
diphenylethanedione
c
Irgacure 651, benzil dimethyl ketal
d
unknown, related to (trimethoxymethyl)-benzene
d
unknown, related to (trimethoxymethyl)-benzene
d
unknown, related to (trimethoxymethyl)-benzene
e
dimer of BDK
e
trimer of BDK

CAS #
100-52-7
98-86-2
93-58-3
1122-88-8
13509-27-8
65-85-0
101-84-8
134-81-6
24650-42-8
N/A
N/A
N/A
N/A
N/A

Molecular Area %a
Weight
106.04
0.105
120.06
0.012
136.05
1.248
152.08
0.039
152.05
0.024
122.04
0.269
170.07
0.001
210.07
0.297
256.11 97.383
302.00
0.025
330.00
0.076
344.00
0.090
512.21
0.395
768.27
0.036

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator

d
e

Exact structure of not determined
Identified by both GC-MS and HPLC-MS

Figure 41. TIC-MS chromatogram of photolyzed Irgacure 651 (benzil dimethyl
ketal) with x4 zoom.

RI

b

966
1078
1100
1118
1155
1192
1413
1858
1918
2803
2832
2903
2941
3272
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Peak
#
1
2
3
4
5
6
7
8
9
10
a

Peak Identification
1,3,5-trimethylbenzene
2,4,6-trimethylphenol
2,4,6-trimethylbenzaldehyde
methyl-2,4,6-trimethylbenzoate
2,4,6-trimethylbenzoic acid
ethyl 2,4,6-trimethylbenzoate
d
ethyl diphenylphosphinate
methyldiphenylphosphine oxide
e
unknown, phosphorus containing
c
TPO Solid
dimer of TPO Solid

CAS #
108-67-8
527-60-6
487-68-3
2282-84-0
480-63-7
1754-55-8
1733-55-7
2129-89-7
N/A
75980-60-8
N/A

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator

d
e

Tentative structural identification based on mass spectral interpretation
Exact structure of not determined

Figure 42. TIC-MS chromatogram of photolyzed TPO Solid.

Molecular Area %a
Weight
120.10
0.319
136.09
0.015
148.09
0.113
178.10
0.001
164.08
5.351
192.12
0.018
246.25
0.200
216.07
0.019
296.00
0.002
348.37 85.065
696.71
8.898

RI

b

971
1216
1314
1355
1467
1829
1988
2028
2409
2899
3212
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Peak
#
1
2
3
4
5
6
7
8
9
10
11
12
a

Peak Identification
1,3,5-trimethylbenzene
triethyl phosphate
2,4,6-trimethylphenol
c
2-ethoxy-1,3,5-trimethylbenzene
2,4,6-trimethylbenzaldehyde
methyl-2,4,6-trimethylbenzoate
2,4,6-trimethylbenzoic acid
c
ethylphenylphosphinate
diethylphenylphosphonate
diphenylphosphine
methyl diphenylphosphinate
ethyl diphenylphosphinate
d
dimer of TPO Liquid

CAS #
108-67-8
78-40-0
527-60-6
61248-63-3
487-68-3
2282-84-0
480-63-7
2511-09-3
1754-49-0
829-85-6
1706-90-7
1733-55-7
N/A

b
Molecular Area %a
RI
Weight
120.10
4.832 971
182.07
0.271 1160
136.09
0.399 1211
164.12
0.176 1249
148.09 10.050 1312
178.10
0.868 1354
164.08
1.390 1455
170.15 64.819 1418
214.08 16.592 1514
186.06
0.035 1585
232.07
0.122 1951
246.25
0.445 1990
632.00 N/A
N/A

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Tentative structural identification based on mass spectral interpretation
d
Identified by HPLC-MS only

Figure 43. TIC-MS chromatogram of photolyzed TPO Liquid with x2 zoom.
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Peak
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
a

Peak Identification
phenylphosphine
1,3,5-trimethylbenzene
2,4,6-trimethylphenol
d
2-(2,4,6-trimethylphenyl)ethanol
2,4,6-trimethylbenzaldehyde
methyl 2,4,6-trimethylbenzoate
2,4,6-trimethylbenzoic acid
diphenylphosphinic acid
e
dimer of 2,4,6-trimethylbenzaldehyde
e
dimer of 2,4,6-trimethylphenol
e
dimer of 2,4,6-trimethylacetophenone
e
dimer of 2,4,6-trimethylacetophenone
e
dimer of 2,4,6-trimethylbenzaldehyde
c
Irgacure 819

CAS #
638-21-1
108-67-8
527-60-6
6950-92-1
487-68-3
2282-84-0
480-63-7
1707-03-5
N/A
N/A
N/A
N/A
N/A
N/A

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator

d
e

Tentative structural identification based on mass spectral interpretation
Exact structure of not determined

Figure 44. TIC-MS chromatogram of photolyzed Irgacure 819.

Molecular Area %a
Weight
110.03
0.069
120.10
4.526
136.09
0.128
164.12
0.029
148.09
0.996
178.10
0.010
164.08 44.523
218.05
0.007
296.25
5.168
272.18
0.039
324.20
0.038
324.20
0.152
296.25
4.930
418.50 39.384

RI

b

917
971
1216
1246
1312
1354
1471
1897
2063
2192
2201
2258
2331
3066
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6.3.2 GC-MS Analyses of UV-exposed Type II Photoinitiator Samples
Photolytic decomposition products from Type II photoinitiators are detailed in
Figures 45-55. The majority of compounds identified as photolytic decomposition
products share general structural features and characteristics with the parent
photoinitiators. Several products bear little structural resemblance to the parent
photoinitiators, however, and were likely formed as a result of complex photolysis
reactions.

77

Peak
#
1
2
3
4
a

Peak Identification
biphenyl
diphenyl ether
diphenylmethane
c
benzophenone
1,1,2,2-tetraphenyl-1,2-ethanediol

CAS #
92-52-4
101-84-8
101-81-5
119-61-9
464-72-2

Molecular Area %a
Weight
154.08
0.010
170.07
0.005
168.10
0.011
182.07 99.963
366.16
0.012

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator

Figure 45. TIC-MS chromatogram of photolyzed benzophenone with x24 zoom.

RI

b

1393
1415
1448
1657
2189
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Peak
#
1
2
3
4
5
6

7
8
9
10
11
a

Peak Identification
1,3,5-trimethylbenzene
2,4,6-trimethylphenol
diphenyl ether
ethyl-2,4,6-trimethylbenzoate
2,2'-dimethylbiphenyl
d
2,2'-dimethyldiphenylmethane
c
2-methylbenzophenone
c
4-methylbenzophenone
c
2,4,6-trimethylbenzophenone
d
diphenylpropanetrione
d
2,4,6-trimethylphenyl benzoate
e
dimer of benzopheone type compounds
e
dimer of benzopheone type compounds
e
dimer of benzopheone type compounds
f
dimer of TZT

CAS #
108-67-8
527-60-6
101-84-8
1754-55-8
605-39-0
1634-74-8
131-58-8
134-84-9
954-16-5
643-75-4
N/A
N/A
N/A
N/A
N/A

Molecular Area %a
Weight
120.10
0.002
136.09
0.002
170.07
0.000
192.12
0.009
182.11
0.004
196.13
0.007
196.09
0.209
196.09 21.924
224.12 76.658
238.24
0.365
282.38
0.043
404.00
0.477
430.00
0.238
504.00
0.061
328.00 N/A

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator

d

Tentative structural identification based on mass spectral interpretation

e

Exact structure of not determined
Identified by HPLC-MS only

f

Figure 46. TIC-MS chromatogram of photolyzed Esacure TZT with x10 zoom.

RI

b

974
1216
1417
1442
1524
1632
1682
1825
1865
2041
2104
3220
3263
3268
N/A
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Peak Peak Identification
#
1
biphenyl
c
4-phenylbenzophenone
d
dimer of 4-phenylbenzophenone
a

CAS #
92-52-4
2128-93-0
N/A

b
Molecular Area %a
RI
Weight
154.08
0.006 1393
258.10 99.994 2516
516.00 N/A
N/A

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator
Identified by HPLC-MS only

d

Figure 47. TIC-MS chromatogram of photolyzed 4-phenylbenzophenone with x1.6
zoom.
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Peak Peak Identification
#
1
1-methoxyethyl benzoate
2
diphenyl ether
c
2-methylbenzophenone
c
4-methylbenzophenone
d
3
partial dimer of benzophenone
d
4
partial dimer of benzophenone
e
trimer of 4-methylbenzophenone
e
tetramer of 4-methylbenzophenone
e
pentamer of 4-methylbenzophenone
a

CAS #
51835-44-0
101-84-8
131-58-8
134-84-9
N/A
N/A
N/A
N/A
N/A

Molecular
Weight
180.08
170.07
196.09
196.09
552.00
552.00
588.41
784.34
980.38

Area %

a

RI

0.002 1295
0.001 1411
0.563 1682
98.876 1831
0.228 3277
0.330 3297
N/A
N/A
N/A
N/A
N/A
N/A

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator

d
e

b

Exact structure of not determined
Identified by HPLC-MS only

Figure 48. TIC-MS chromatogram of photolyzed 4-methylbenzophenone with x36
zoom.
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Peak
#
1
2
3

a

Peak Identification
4-methylbenzenethiol
benzophenone
bis(4-methylphenyl)disulfide
c
Quantacure BMS
d
trimer of Quantacure BMS

CAS #
106-45-6
119-61-9
103-19-5
83846-85-9
N/A

b
Molecular Area %a
RI
Weight
124.03
0.002 1075
182.07
0.001 1644
246.05
0.102 2082
304.09 99.894 2859
912.25 N/A
N/A

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator
d
Identified by HPLC-MS only

Figure 49. TIC-MS chromatogram of photolyzed Quantacure BMS with x54 zoom.
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Peak Peak Identification
#
c
methyl 2-benzoylbenzoate
1
o-dibenzoylbenzene
d
dimer of methyl 2-benzoylbenzoate
d
trimer of methyl 2-benzoylbenzoate
a

CAS #
606-28-0
1159-86-0
N/A
N/A

b
Molecular Area %a
RI
Weight
240.08 99.985 1973
286.10
0.014 2516
480.18 N/A
N/A
720.41 N/A
N/A

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator
d
Identified by HPLC-MS only

Figure 50. TIC-MS chromatogram of photolyzed methyl 2-benzoylbenzoate with
x82 zoom.
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Peak
#
1
2
3

a

Peak Identification
3H-1,2-benzodithiol-3-one
4-hydroxychalcone
thioxanthone
c
2-isopropylthioxanthone
d
trimer of 2-isopropylthioxanthone
d
tetramer of 2-isopropylthioxanthone

CAS #
1677-27-6
2657-25-2
492-22-8
5495-84-1
N/A
N/A

b
Molecular Area %a
RI
Weight
167.97
0.009 1568
224.08
0.001 1857
212.03
0.010 2129
254.08 99.981 2441
762.42 N/A
N/A
1015.36 N/A
N/A

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator
Identified by HPLC-MS only

d

Figure 51. TIC-MS chromatogram of photolyzed ITX with x82 zoom.
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Peak Peak Identification
#
1
1,3-diethylbenzene
2
3-methyl-1,8,9-anthracenetriol
c
2,4-diethylthioxanthone
d
trimer of 2,4-diethylthioxanthone
d
tetramer of 2,4-diethylthioxanthone
d
pentamer of 2,4-diethylthioxanthone
a

CAS #
141-93-5
491-59-8
82799-44-8
N/A
N/A
N/A

Molecular
Weight
134.11
240.08
268.40
804.47
1094.48
1362.55

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator
Identified by HPLC-MS only

d

Figure 52. TIC-MS chromatogram of photolyzed DETX with x36 zoom.

Area %

a

RI

b

0.003 1054
0.028 2361
99.969 2591
N/A
N/A
N/A
N/A
N/A
N/A
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Peak
#
1
2
3
4
5
6

a

Peak Identification
N,N-diethylaniline
d
methyl 4-(diethylamino) benzoate
4-(diethylamino) benzoic acid
N,N'-diethyl-N,N'-diphenylurea
d
N-ethyl-2-(ethylphenylamino)-N-phenylacetamide
c
Michler's Ethyl Ketone
d
1-[(4-diethylamino)phenyl]-1-[(4-diethylamino-3-methylamino)phenyl] methanone
e
dimer of Michler's ethyl ketone
e
trimer of Michler's ethyl ketone

CAS #
91-66-7
91563-80-3
5429-28-7
85-98-3
N/A
90-93-7
N/A
N/A
N/A

b
Molecular Area %a
RI
Weight
149.12
0.004 1232
207.27
0.008 1833
193.11
0.006 1854
268.16
0.006 1914
282.17
0.002 1978
324.22 99.948 3093
353.25
0.026 3231
648.70 N/A
N/A
972.76 N/A
N/A

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator

d
e

Tentative structural identification based on mass spectral interpretation
Identified by HPLC-MS only

Figure 53. TIC-MS chromatogram of photolyzed Michler’s ethyl ketone with x24
zoom.
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Peak
#
1
2
3
4
5
6

a

Peak Identification
N,N-dimethylaniline
2-ethylhexyl 2-ethylhexanoate
methyl 4-(dimethylamino)benzoate
2-ethylhexyl benzoate
4-(dimethylamino)benzoic acid
c
EHA
d
unknown, nitrogen containing
e
dimer of EHA
e
trimer of EHA
e
tetramer of EHA

CAS #
121-69-7
7425-14-1
1202-25-1
5444-75-7
619-84-1
21245-02-3
N/A
N/A
N/A
N/A

Molecular
Weight
121.09
256.24
179.09
234.16
165.08
277.40
291.00
554.70
831.57
1109.04

Area % calculated from GC-MS total ion current

b

Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

c

Parent UV-photoinitiator

d
e

Exact structure of not determined
Identified by HPLC-MS only

Figure 54. TIC-MS chromatogram of photolyzed EHA with x54 zoom.

Area %

a

RI

b

0.002 1098
0.008 1608
0.001 1651
0.001 1746
0.002 2131
99.911 2309
0.075 2396
N/A
N/A
N/A
N/A
N/A
N/A
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Peak Peak Identification
#
1
4-aminobenzoic acid
Quantacure EPDc

CAS #
150-13-0
10287-53-3

Molecular Area %a
Weight
137.05
0.001
193.11 99.999

a

Area % calculated from GC-MS total ion current
Kovats Retention Index on DB-5 (5% phenyl,95% methyl) calculated from n-alkanes

b
c

Parent UV-photoinitiator

Figure 55. TIC-MS chromatogram of photolyzed EPD with x280 zoom.

RIb
1594
1790
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6.3.3 Breakdown Schemes for Photoinitiators
Diagrams showing the chemical structures of each identified photolytic
decomposition product of the photoinitiators are presented in Figures 56-79.
These Figures show the structural similarities between the parent photoinitiator
and the photolytic decomposition products formed from it; it can be seen in many
cases that decomposition products are formed via direct fragmentation of the
photoinitiator along various chemical bonds.

Figure 56. Breakdown scheme for Darocur 1173.
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Figure 57. Breakdown scheme for Irgacure 184.

Figure 58. Breakdown scheme for Irgacure 2959. *Assigned structure is tentative
based on mass spectral interpretation.
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Figure 59. Breakdown scheme for KIP 150.

Figure 60. Breakdown scheme for Irgacure 127.
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Figure 61. Breakdown scheme for Esacure ONE.

Figure 62. Breakdown scheme for Irgacure 907. *Assigned structure is tentative
based on mass spectral interpretation.
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Figure 63. Breakdown scheme for Irgacure 369.

Figure 64. Breakdown scheme for Irgacure 379. *Assigned structure is tentative
based on mass spectral interpretation.
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Figure 65. Breakdown scheme for benzil dimethyl ketal.

Figure 66. Breakdown scheme for TPO Solid. *Assigned structure is tentative based
on mass spectral interpretation.
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Figure 67. Breakdown scheme for TPO Liquid. *Assigned structure is tentative
based on mass spectral interpretation.

Figure 68. Breakdown scheme for Irgacure 819. *Assigned structure is tentative
based on mass spectral interpretation.
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Figure 69. Breakdown scheme for benzophenone.

Figure 70. Breakdown scheme for Esacure TZT (eutectic mixture of 2,4,6trimethylbenzophenone and 2-methylbenzophenone). *Assigned structure is
tentative based on mass spectral interpretation.
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Figure 71. Breakdown scheme for 4-phenylbenzophenone.

Figure 72. Breakdown scheme for 4-methylbenzophenone.

Figure 73. Breakdown scheme for Quantacure BMS.
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Figure 74. Breakdown scheme of methyl 2-benzoylbenzoate.

Figure 75. Breakdown scheme for isopropylthioxanthone (ITX).

Figure 76. Breakdown scheme for diethylthioxanthone (DETX).
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Figure 77. Breakdown scheme for Michler’s ethyl ketone. *Assigned structure is
tentative based on mass spectral interpretation.

Figure 78. Breakdown scheme for Omnirad EHA.
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Figure 79. Breakdown scheme for Quantacure EPD.

6.4 Frequencies of Occurrence of Photolytic Decomposition Products of UVPhotoinitiators
Data collected from the data mining of food packaging migration test samples is
presented in Table 6 which shows the calculated frequency of occurrence out of 258
samples for each of 18 photoinitiators and 22 photolytic decomposition products, as well
as concentration ranges for each compound separated by both food simulant and FDA
condition of use (time and temperature at which testing was conducted).
The most commonly observed photolytic decomposition products observed in the
migration tests were 2,4,6-trimethylbenzaldehyde, occurring in 130 of 258 samples, 1phenyl-2-butanone, occurring in 83 of 258 samples, 4-methylthiobenzaldehyde, occurring
in 81 of 258 samples, and benzaldehyde, occurring in 78 of 258 samples. 2,4,6trimethylbenzaldehyde is a decomposition product of TPO Solid, TPO Liquid, and
Irgacure 819. Experimental data shows that 2,4,6-trimethylbenzaldehyde is formed as a
photolytic decomposition product in these UV-photoinitiators in relatively high
concentrations. 2,4,6-trimethylbenzaldehyde comprised 10.05% of the total peak area in
GC-MS analysis of photolyzed TPO Liquid and 0.996% of the total peak area in GC-MS
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analysis of photolyzed Irgacure 819. Migration data shows that this compound is highly
migratory at a range of concentration of up to 1938 ng/cm 2.
1-Phenyl-2-butanone is a photolytic decomposition product of Irgacure 369. It is
formed in high concentration during UV-exposure; experimental data shows that 1phenyl-2-butanone comprised 1.05% of the total peak area in GC-MS analysis of
photolyzed Irgacure 369. Migration data shows that 1-phenyl-2-butanone is highly
migratory at concentrations up 440 ng/cm2.
4-Methylthiobenzaldehyde is a photolytic decomposition product of Irgacure 907.
The peak for 4-methylthiobenzaldehyde comprised 1.44% of the total peak area in the
photolyzed Irgacure 907 sample. Migration data shows that 4-methylthiobenzaldehyde is
a highly migratory compound at concentrations up to 267 ng/cm 2.
Benzaldehyde is a very frequently occurring compound, and it is a photolytic
decomposition product of Darocur 1173, Irgacure 184, KIP 150, Irgacure 369, and benzil
dimethyl ketal. It is usually produced in low quantities as a result of UV-exposure of the
parent photoinitiators. Experimental data showed a maximum of 0.264% of the total
peak area in GC-MS analysis of photolyzed UV-photoinitiators. Concentrations found in
migration samples were similarly low, with a maximum observed concentration of 111
ng/cm2. However, because benzaldehyde is nearly ubiquitous in the environment, it is
difficult to isolate photoinitiator breakdown as the sole source of benzaldehyde in a food
packaging migration study.
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Table 6. Frequency of occurrence and concentration range of UVphotoinitiators and photolytic decomposition products
10% Ethanol2
Name
benzophenone

Frequency of
Occurrence1

Concentration
Range (ng/cm2)

95% Ethanol3
Concentration
Range
(ng/cm2)

88

0.24-62.84c

1.38-66.30c

0.04-948.37e

0.15-266.20e
6.61-9.64m

Darocur 1173

Irgacure 184

Benzil dimethyl ketal

Methyl 2benzoylbenzoate

Irgacure 907

139

73

49

56

83

0.6a

1.22-17.98a

0.01-499.55c

19.42-737.87c

0.25-361.17e

0.53-1556.64e

65.65h

81.08h

1426.48c

49.09-2238.76c

0.27-1169.02e

1.55-1163.71e

753.25h

1292.84h

9.27-673.67c

14.55-2141.64c

0.05-109.75e

0.55-454.63e

80.22h

344.30h

0.33-0.99m

0.85-3.97m

4.29-1854.87c

3376.41c

0.10-786.09e

3.33-1072.49e

520.18h

471.65h

3.89-2090.98c

2.95-4429.78c

0.28-365.98e

0.93-1209.68e

156.68h

671.34h

Irgacure 369

3

6.79e

39.02-51.98e

TPO Solid

21

236.27-702.12c

40.64-1603.21c

6.40-121.20e

79.17-9122.66e

TPO Liquid
4phenylbenzophenone

435.63-904.32e

2
16

14.12-16.73c

6.29-155.79c
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4methylbenzophenone

7

ITX

20

DETX

25

1.83-51.71e

0.73-13.07e

26.27h

41.37h
11.93-87.54e

0.32c

7.97c

1.88-178.97e

4.68-3221.92e

166.04h

1550.84h
896.932762.95c

11.21-11.34c
1.03-2.45e

Quantacure EPD
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0.29-892.28c

5.27-2227.32e
22.6471637.24c

0.37-439.49e

0.50-1701.19e

153.09-1746.04h

255.19-389.86h
59.62-1019.10e

Omnirad EHA
Michler's Ethyl
Ketone

6
6

0.86-11.48e

0.99-3832.71e

KIP 150

2

11.99a

6.96a

Esacure ONE

1

595.36e

benzaldehyde

78

0.17-33.06c

1.61-62.01c

0.03-111.20e

0.44-68.86e

11.20h

12.96h

16.49c

29.13c

0.22-10.95e

0.24-24.76e

3.75h

2.23h

0.19-450.52c

1.61-548.03c

0.10-36.05e

0.18-78.87e

2.11h

8.59h

acetophenone

methyl benzoate

38

33

1.47-2.89m
2,4,6trimethylbenzaldehyde

24.57a

130
0.03-1938.56c

0.84-26.96c

0.24-22.22e

0.26-64.59e
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4methylthiobenzaldehy
de

81

8.00h

8.12h

0.22-177.49c

0.69-267.70c

0.40-24.80e

0.39-237.19e

28.39h
1-phenyl-2-butanone
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1.14a

2.70-50.90a

0.07-0.81c

10.55-12.69c

0.06-440.83e

0.60-423.52e

0.92-1.87g
α,α-dimethylbenzene
alcohol

2,4,6-trimethylbenzoic
acid

68

44

6.33-13.69h

0.31-4.70h

7.87-25.09c

0.63-23.44c

0.05-18.68e

0.28-258.54e

1.44h

1.74h

17.14-52.12c

7.32-92.44c

0.10-14.38e

0.35-156.39e

0.29h
benzothiazole

1.29c

12
0.18-5.41e

2-methylthio-2benzothiazole

0.19-1.32e
0.90c

6
0.09-0.29e

0.57-1.44e

biphenyl

6

0.20-4.16e

12.57e

cyclohexanone
pdiisopropenylbenzene

15

1.51-52.71e

2.34-27.56e

26

0.62a

1.99-31.76a
62.00c

diphenylethanedione
ethyl 2,4,6trimethylbenzoate
diethyl
phenylphosphonate

6

0.05-3.60e

0.51-26.58e

1.50-7.34e

8.06-153.78m

4

5.53-44.54e

4

5.16-24.09e
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2,4,6trimethylbenzene

4

14.55-63.48c

2,4,6-trimethylphenol

7

0.33-83.37e

benzoic acid

20

1.35h

1.93h

38.58-67.23c

1.69-27.09c
0.77-10.79e

Darocur 1173 (ES1
Breakdown)
methyl 4dimethylaminobenzoat
e
4-diethylaminobenzoic
acid
1

1

17.91e

7

0.56c

1.14-2.01c

5.86-14.49e

26.26-44.77e

1

25.81e

Absolute frequency of occurrence in 258 total food-contact side migration samples examined
10% ethanol food simulant used for samples intended for aqueous and acidic food types
3
95% ethanol food simulant used for samples intended for fatty food types
a
FDA condition of use "A"; 2 hours at 121C; high temperature heat sterilized
c
FDA condition of use "C"; 66C for 2 hours + 10 days at 40C; hot filled or pasteurized above
66C
e
FDA condition of use "E"; 10 days at 40C; room temperature filled and stored
f
FDA condition of use "F"; 10 days at 20C; refrigerated storage
g
FDA condition of use "G"; 5 days at 20C; frozen storage
h
FDA condition of use "H"; 2 hours at 100C; frozen storage, intended to be reheated in container
m
FDA microwave condition; 15 minutes at 100C for 10% ethanol, 15 minutes at 130C for 95%
ethanol
2
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7. DISCUSSION
7.1 Identification of Compounds as Photolytic Decomposition Products of UVphotoinitiators
Once compounds in the GC-MS chromatograms were identified, mass spectra
were screened to identify compounds that were likely formed as the result of photolytic
decomposition of the UV-photoinitiators or radical recombination reactions. When
exposed to UV-radiation, UV-photoinitiators cleave at the bond alpha to the carbonyl
group, forming a pair of free radicals. The majority of the radicals formed take part in
the photopolymerization reaction with the monomers in the formulation. UVphotoinitiators are often used in excess in formulations to provide a rapid cure and to
lessen the effects of oxygen inhibition (Green, 2010). When excess UV-photoinitiator is
used, the likelihood of minor side-reactions between radicals may increase dramatically
because there are more reactants present. Radical recombinations, rearrangements,
disproportionation reactions, and reactions with oxygen can occur, which result in the
quenching of the radicals and the formation of novel neutral chemical species (Lago et al,
2015). Free radicals may also react with other chemical compounds in the formulation or
present in the environment in which UV-exposure occurs, producing a wide range of
chemical products.
All of the UV-photoinitiator samples examined in this study produced photolytic
decomposition products that were identified by GC-MS analysis. Figures 56-79 show the
identified photolytic decompositions of each UV-photoinitiator studied. Most products
observed were detected in relatively low concentrations compared to the unreacted parent
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UV-photoinitiator; the area percent concentration of most photolytic decomposition
products was well below one percent.
Electron ionization (EI) GC-MS presents several analytical biases that affect
which compounds can be detected and quantified by the method. Compounds must be
volatile and capable of transitioning into the gas phase without undergoing thermal
decomposition or alteration. For this reason, the upper limit of molecular weight for GCMS analysis is approximately 1000 mass units, although some lower molecular weight
compounds may not be volatile at all. Additionally, it is possible for thermally unstable
compounds to degrade in the GC injection port, leading to the production of artifacts that
may not be present in the sample. In the present study, the GC injection port was set to
300ºC. This high temperature increases the formation of thermal degradation artifacts in
the analysis. Figures 32 through 55 contain many unlabeled peaks. These peaks most
likely are produced from thermal degradation of compounds, silicone bleed from the
capillary column and GC septum, and compounds carried over from previous analyses.
7.1.1 Photolytic Decomposition Products of UV-photoinitiators
In almost all of the UV-photoinitiators examined, the intact UV-photoinitiator
made up the largest peak in the GC-MS chromatogram. In a typical UV-curable ink or
coating formulation, free radicals readily and preferentially react with acrylate monomers
to build a polymeric chain, and the radical is only quenched by radical recombination
when there is no more reactive monomer. In these experiments, however, no reactant
monomer was provided. Free radical attack and the formation of photolytic
decomposition products occurred as minor side reactions, while the bulk of the parent
photoinitiator molecules release energy and return to the ground state from their excited
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triplet state, resulting in a large percentage of the parent compound being maintained
(Green, 2010).
Patterns of photodecomposition were quite varied. Some UV-photoinitiators
formed a wide range of photolytic decomposition products because the radicals produced
upon irradiation of many UV-photoinitiators are extremely reactive, and they are capable
of cleaving relatively weak chemical bonds within the UV-photoinitiator molecule.
Other UV-photoinitiators produced few photolytic decomposition products. These
compounds were characteristically highly aromatic so lacked bonds weak enough to be
cleaved by UV energy or free radicals. Aromatic compounds consist of multiple
resonance-stabilized structures, providing enhanced stability and resistance to free radical
attacks. The energy from a free radical attack is dispersed among multiple bonds, and the
likelihood of bond cleavage occurring is reduced, resulting in the formation of fewer
decomposition products in these compounds.
Not observed in this study were photolytic decomposition products formed
through reactions with synergists, e.g. hydrogen-donating compounds such as tertiary
amines added to facilitate the formation of free radicals with type II UV-photoinitiators.
An example of this is the formation of hydroperoxides as photoproducts from
benzophenone used in conjunction with methyldiethanolamine as a synergist (Green,
2010). Even though it is common practice to use hydrogen donors in UV-curable ink or
coating formulations containing type II UV-photoinitiators, synergists were not used in
this study in order to isolate the primary decomposition products of the photoinitiators
without interference. It was expected that the intensity of UV-energy used to prepare the
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samples would be sufficient to form free radicals from the type II photoinitiators without
the need for a synergist.
Products observed and proposed pathways for their formation are detailed in the
following sections.
7.1.2 Photolytic Decomposition Products of Type I UV-photoinitiators.
Benzaldehyde is a commonly found compound in Type I UV-photoinitiator
systems as it is the simplest product that could be formed from a benzoyl radical, which
occurs in many of the Type I UV-photoinitiators studied. Benzaldehyde is formed in
these systems through the recombination of a benzoyl radical with a proton.
Benzaldehyde was found to be a photolytic decomposition product of Darocur 1173,
Irgacure 184, Irgacure 2959, KIP 150, Irgacure 369, and Irgacure 651 (Figures 56, 57, 58,
59, 63, 65). Benzaldehyde could be oxidized to form benzoic acid by reactive oxygen
species present during the photoinitiation reactions; benzoic acid was also found in many
samples. Other aldehydes and their oxidation products were detected which formed
through the same types of reaction as benzaldehyde. 2,4,6-Trimethylbenzaldehyde,
2,4,6-trimethylbenzoic acid, 2,4,6-trimethylphenol were formed from photolytic
decomposition of TPO Liquid (Figure 67) and Irgacure 819 (Figure 68). 4-Morpholin-4yl-benzaldehyde was formed from photolytic decomposition of Irgacure 369 (Figure 63).
4-Methylthiobenzaldehyde was formed from photolytic decomposition of Irgacure 907
(Figure 62).
Products from reactions of the benzoyl radical with other radical species were also
observed. Acetophenone was formed from several photoinitiators as a result of reaction
between the benzoyl radical and the reactive methyl radical (Figures 56, 65).
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Acetylbenzoyl was formed from Darocur 1173 as a result of the recombination of the
benzoyl radical with an acetyl radical (Figure 56). Diphenylethanedione was formed
from several Type I UV-photoinitiators, resulting from the recombination of two benzoyl
radicals (Figures 56, 57). Many other Type I UV-photoinitiators studied formed
predictable products through this mechanism.
The other radical species produced from Type I UV-photoinitiators also were
capable of reacting with a proton to form neutral species that are simply fragments of the
parent UV-photoinitiator. Cyclohexanol and cyclohexanone formed from Irgacure 184.
Ethyl phenylphosphinate was formed from TPO Liquid. 1,3,5-trimethylbenzene was
formed from TPO Solid, TPO Liquid, and Irgacure 819 (Figures 66, 67, 68).
Benzaldehyde dimethyl acetal formed from benzil dimethyl ketal (Figure 65).
Compounds such as benzil dimethyl ketal (2,2-dimethoxy-2-phenylacetophenone)
and TPO Solid (diphenyl-(2,4,6-trimethylbenzoyl)-phosphine oxide) showed extensive
fragmentation when exposed to UV-energy (Figures 65, 66). In the case of benzil
dimethyl ketal, the high reactivity of the methyl radical formed along with the relatively
weak ketal bonds result in the formation of numerous products such as methyl benzoate,
benzaldehyde, and diphenylethanedione (Kirschmayr et al, 1982). In the case of TPO
Solid, the highly reactive phosphinoyl radical can easily cleave the bond between the
carbonyl carbon and adjacent carbon atoms, resulting in decomposition products such as
1,3,5-trimethylbenzene and 2,4,6-trimethylbenzaldehyde in relatively large amounts.
More complex radical recombination reactions also occurred, resulting in a wide
range of chemical species. Bibenzyl (1,2-diphenylethane) was identified from Irgacure
369 (Figure 63). Recombination of radical fragments of Irgacure 907 resulted in the
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formation of benzothiazole and N-benzyl-N-hydroxy-2-methoxybenzenecarbothiamide
(Figure 62). Rearrangement of radical fragments of Irgacure 369 led to the formation of
N,N-dimethylbenzeneacetamide, 1-phenyl-1-penten-3-one, and several isomers of 1phenyl-1-butene (Figure 63). Radical recombination of fragments of Irgacure 379
resulted in the formation of 2-(3-methylphenoxy)pyridine, 2-methyl-1-phenyl-1,3butanedione, and 3-phenyl-2-propenamide (Figure 64). Radical recombination of
fragments of Irgacure 184 resulted in the formation of diphenyl ether and 2phenoxyphenol (Figure 57). Radical recombination of fragments of KIP 150, a
polymeric UV-photoinitiator, resulted in the formation of 2,2-dimethyl-1,3-diphenyl-1,3propanedione (Figure 59).
Several Type I UV-photoinitiators also produced dimers which were identified by
GC-MS and loop injection HPLC-MS analyses. In most cases, the exact structures of the
dimers were not determined.
7.1.3 Photolytic Decomposition Products of Type II UV-photoinitiators.
Type II UV-photoinitiators such as benzophenones and thioxanthones produce
free radicals when exposed to UV-radiation, and, like type I photoinitiators, these radicals
can undergo rearrangements, recombinations, and disproportionation reactions to form a
wide range of novel chemical species. The simplest and most commonplace Type II UVphotoinitiator, benzophenone, decomposed to form benzyl and benzoyl radicals that can
recombine in various ways to form biphenyl, diphenyl ether, diphenylmethane, α,αdimethyl benzenemethanol, and benzpinacol (Figure 69). Benzophenone derivative UVphotoinitiators 4-phenylbenzophenone (Figure 71) and 4-methylbenzophenone (Figure
72) produced similar products. Esacure TZT, which is a eutectic mixture of 4-
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methylbenzophenone and 2,4,6-trimethylbenzophenone produced products similar to
these as well as chemical species containing the 2,4,6-trimethylbenzyl group (Figure 70).
Photolysis of Type II UV-photoinitiators induced cleavage of the UVphotoinitiator and reactions of the fragments with protons to form some products
observed. For example, fragmentation of Quantacure BMS generated 4methylbenzenethiol (Figure 73), N,N-diethylbenzenamine was cleaved from Michler’s
ethyl ketone (Figure 77), and cleavage of EHA photoinitiator followed by protonation
yielded 4-(dimethylamino)benzoic acid (Figure 78).
Recombination of free radicals produced upon exposure to UV-radiation was the
primary pathway to products of other Type II UV-photoinitiators. For example,
recombination of two identical radical species generated bis(4-methylphenyl)disulfide
from Quantacure BMS (Figure 73). Reaction of an N,N-diethylaminobenzoyl radical
from Michler’s ethyl ketone with a methoxy radical produced methyl 4(diethylamino)benzoate (Figure 77). Other products resulting from more complex
recombinations were observed, but their mechanisms of formation are beyond the scope
of the current work.
7.1.4 Non-volatile and Oligomeric Photolytic Decomposition Products
UV-exposed photoinitiator samples were analyzed by loop injection ESI-MS in
both positive and negative ion modes to identify non-volatile breakdown products and
oligomers of UV-photoinitiators that may have been formed as a result of exposure to
UV-energy. Several UV-photoinitiator samples showed dimer formation in the GC-MS
analyses, but due to their high molecular weight and relative non-volatility, the GC-MS
sensitivity for dimers and oligomers was limited. Two photolytic decomposition
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products, 2,4,6-trimethylbenzoic acid and methyl 2,4,6-trimethylbenzoate, also formed
dimers, as seen in TZT photoinitiator and TPO Liquid photoinitiator samples,
respectively. Dimers and other oligomers found are included in Figures 32-55 and 56-79.
ESI-MS mass spectra of all oligomers of UV-photoinitiators found in this study
can be found in Appendix III. Ions identified from the positive ion mode are protonated
molecular ions of dimers and higher oligomers (2M+H, 2M+H, etc.) or sodiated adducts
of the molecular ion (2M+Na, 3M+Na, etc.). No ions indicating oligomer formation
were detected in negative ion mode experiments.
It has been shown in literature that the formation of dimers and higher oligomers
can occur spontaneously during electrospray ionization (ESI) mass spectrometry
experiments as a result of high energy ion collisions within the ion source of the mass
spectrometer. Various molecular and system properties can affect the formation of
adducts such as dimers including pka and surface activity of the analytes and pH,
concentration, and the type of solvent system used (Schug & McNair, 2002).
In the present research, it is not possible to completely rule out the possibility that
oligomers observed were adducts of the molecular ion formed in the ion source of the
mass spectrometer. However, the presence of several dimers observed in GC-MS data
provides strong evidence for the formation of these compounds as a result of photolysis
because the formation of dimers and higher oligomers in the electron impact (EI) ion
source used in GC-MS is not possible.
Additionally, electrospray ionization used in direct MS experiments presents
several analytical biases that may influence the detection of compounds relevant to the
present study. In order for chemical compounds to ionize in an ESI source, the
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compound must either possess a positive or negative charge or it must contain a charge
acceptor (positive ion mode) or a charge donor (negative ion mode). Compounds that are
Brønsted bases typically are capable of ionizing and giving strong signals via
electrospray ionization in positive ion mode. Compounds with highly electronegative
functional groups tend to give strong signals in negative ion mode. Compounds with
neither charge donating nor accepting groups, such as saturated hydrocarbons, may be
completely invisible in electrospray ionization-mass spectrometry. Another analytical
bias presented by ESI-MS is solubility. In order for compounds to be detected, they must
be soluble in the mobile phase, which, in this experiment, was acetonitrile containing
0.1% formic acid.
7.2 Factors Affecting Rates of Migration of UV-photoinitiators and their Photolytic
Decomposition Products
The frequency and rate of migration through a food contact material of UVphotoinitiators and their photolytic decomposition products is dependent on several
factors including ink or coating formulation, coating weight, substrate material,
molecular size and weight of the compound, and efficiency the UV-curing process
(Zhang et al, 2018). Physical factors that may influence migration in food packaging
samples include material storage conditions, lamination and printing conditions, and
substrate porosity.
The range of concentrations of a compound found in each food simulant and
under each extraction condition can be related to the chemical nature of the compound
and its level of use or formation in the sample substrate. 10% ethanol solutions used to
extract packaging intended for aqueous and acidic food products will preferentially
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extract more hydrophilic compounds in higher concentrations.95% ethanol solutions used
to extract materials intended for fatty food products will tend to extract more lipophilic
compounds in higher concentrations. These differences can be attributed to solubility of
the compounds in the food simulants. Higher temperatures and longer extraction times
tend to increase the concentrations of most migrants in the food simulants. Thus, it
would be expected that more extreme extraction conditions such as FDA condition of use
A, C, or microwave would show higher concentration ranges than less severe extraction
conditions such as FDA condition of use E or F (Table 5). However, this is not the case
for many compounds examined. This may be due to less frequent use or production of
the compounds in the sample substrate or a lower tendency for certain compounds to
migrate from the sample substrate.
7.2.1 Effects of Molecular Weight of Intact Photoinitiators on Frequency of
Occurrence
Among the intact UV-photoinitiators studied in the current research, the most
commonly observed compounds in migration studies were Darocur 1173, benzophenone,
and Irgacure 907. All three of these UV-photoinitiators are among the most widely used
UV-photoinitiators for a wide range of food packaging applications. In addition, Darocur
1173 and benzophenone are relatively low molecular weight compared to most other UVphotoinitiators studied (164 mw and 182 mw, respectively). Because of this, these
compounds are likely more highly migratory than other, higher molecular weight UVphotoinitiators. Other very commonly used UV-photoinitiators such as TPO Solid and
ITX, which are higher molecular weight (348 mw and 254 mw, respectively), were not
found to migrate as frequently as the lower molecular weight compounds.
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In many of the samples examined, more than one UV-photoinitiator was observed
as a migrant from the packaging material. It is a common industrial practice to use a
blend of UV-photoinitiators in a UV-cure ink or coating formulation in order to take
advantage of desirable properties of each photoinitiator. These properties may include
reduced yellowing, low odor, suitability for heavily pigmented materials, and fast cure
speed (Misev, 1991).
Recently, very high molecular weight monomeric and polymeric UVphotoinitiators such as Esacure One, polymeric benzophenone derivatives, polymeric
thioxanthones derivatives, and polymeric aminobenzoate derivatives have been
developed as alternative to low molecular weight UV-photoinitiators specifically for
applications where migration and odors are problematic, such as food packaging systems
(Kung, 2011). Esacure One is 408 molecular weight monomeric UV-photoinitiator with
low volatility and low tendency to migrate. However, as observed in the present study,
upon UV-exposure, Esacure One photolytically decomposes to give off Darocur 1173,
which is highly migratory. The polymeric UV-photoinitiators are completely nonvolatile and have no odor. Their molecular weights are well over 1000, significantly
reducing the risk of migration in food-contact materials. Research into these polymeric
UV-photoinitiators has shown them to be safe and effective alternatives to traditional low
molecular weight photoinitiators, but to date, not many ink and coating manufacturers
have begun use of them due to high costs, lower photoinitiation efficiency compared to
traditional UV-photoinitiators, and difficulty in implementing them into existing
formulations due to their higher viscosity. The increased viscosity of the formulation
poses problems for flexographic and inkjet printing systems, which are commonly used
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in printing food packaging materials. Additionally, due to the polymeric nature of the
photoinitiator itself, plasticizing effects may affect the overall properties of the ink
(Green, 2010).
7.3 Regulatory Implications of UV-photoinitiator and Photolytic Decomposition
Product Migration
Currently, food safety regulatory authorities throughout the world all consider the
migration of UV-photoinitiators and their photolytic decomposition products differently.
While the majority of migration test data screened in this experiment demonstrated
regulatory compliance with regard to photoinitiator migration levels, several test samples
showed levels of photoinitiators exceeding established limits of migration. One sample
showed that TPO Solid migrated into 95% ethanol food simulant tested according to
FDA condition of use “E” (40°C for 10 days) at a concentration of 9122 ng/cm 2 of
packaging material. Another showed that Michler’s ethyl ketone migrated into 95%
ethanol food simulant tested according to FDA condition of use “E” (40°C for 10 days) at
a concentration of 3833 ng/cm2 of packaging material. In these instances and several
others, the manufacturer of the packaging material was notified, and the material was
reformulated and retested in order to demonstrate regulatory compliance.
7.3.1 Food and Drug Administration
Migratory chemical compounds from food contact substances such as food
packaging materials which are not specifically regulated food additives are considered
under 21 CFR part 170 section 139. The threshold of regulation for compounds
migrating from food-contact articles is a dietary concentration of 0.5 ppb. This
concentration corresponds to 1.5 micrograms of a compound per person per day,
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assuming a daily consumption of 1500 grams of solid food and 1500 grams of liquid food
per day. Validated migration testing data with dietary exposure calculations are required
to demonstrate conformity with these regulations (FDA, 2018a). Compounds observed
below the 0.5 ppb dietary concentration threshold are considered exempt from regulation
unless evidence exists that the compound may be carcinogenic or may present other
health or safety concerns. In the case of carcinogenic or alternatively hazardous
compounds, stricter regulations are in place. If the compound in question is already
currently regulated by FDA and the calculated level of dietary exposure is one percent or
less than the accepted daily intake level, regulatory exemption is also achieved. When
considering dietary exposure calculations for migrants from food packaging materials,
consumption factors for specific polymers or materials must be taken into account. The
consumption factor refers to “the fraction of the daily diet expected to contact specific
packaging materials” (FDA, 2007).
An additional cause for regulatory exemption is the listing of a compound by
FDA as generally recognized as safe (GRAS) for a specific application, such as a food
ingredient or packaging component. In order for a chemical compound to be added to the
GRAS list, the petitioner must submit extensive chemical and toxicological data
demonstrating the safety of the chemical compound in its intended application. GRAS
petitions are reviewed by FDA, and if the data considered satisfactory, the compound will
be approved for use in the specific application and at specific usage levels (FDA, 2018b).
An additional threshold of regulation is in place, stating that compounds which
are expected to migrate from a food contact material at concentrations under 50 ppb (150
micrograms per person per day) are exempt from further regulation unless
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carcinogenicity or other health risks are possible (FDA, 2002). For compounds with
expected migrations greater than 0.5 ppb but less than 50 ppb, petitioners may apply for a
food contact notification (FCN) for the specific chemical compound to be permitted for
use in food contact substances for a specific intended technical use. FCN petitions
require extensive validated migration data, detailed information about the chemical
composition of the food additive, manufacturing processes, potential impurities, and
carcinogenicity testing data. This 50 ppb threshold is based on the 1969 Ramsey
Proposal, which states that FDA must determine that a substance migrates into a food at
more than an insignificant amount in order to be subject to regulation (Crompton, 2007).
An example of an FCN issued for a UV-photoinitiator-related chemical
compound is FCN number 772, which is for a UV-curable ink, coating, or adhesive
formulation containing tripropylene glycol triacrylate, trimethylolpropane triacrylate,
trimethylolpropane ethoxylate triacrylate, bisphenol A diglycidal ether diacrylate, and an
α-hydroxy ketone photoinitiator. The FCN states this mixture of compounds is approved
for its intended use as a coating for polymer, paper, or metal substrates or as an adhesive
component. Concentration limitations set forth by the FCN state that migration levels
shall not exceed 10 micrograms per square inch of substrate (FDA, 2008). Toxicological
data was provided in this FCN showing evidence of safety.
Health Canada and SENASA (an Argentinean food safety organization governing
South America) are generally harmonized in regulations with the United States FDA.
In the state of California, Proposition 65, the Safe Drinking Water and Toxic
Enforcement Act of 1986, was enacted with the purpose of informing residents of
potential exposure to chemicals that may cause cancer, birth defects, or reproductive
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harm (CalEPA, 1986). Products containing chemicals assessed by the state of California
to be carcinogenic or hazardous must be labeled accordingly to inform consumers of
potential risks. Benzophenone, an extremely commonly used UV-photoinitiator was
added to the Proposition 65 list in 2012 under the suspicion that it is carcinogenic.
7.3.2 European Food Safety Authority
In the European Union, the EFSA governs food safety and matters dealing with
food contact materials and migration from those materials. The general framework
guidelines set forth in guidance document EC 1935/22004 state that migratory chemical
compounds from food packaging materials may not endanger human health, cause an
unacceptable change in the characteristics of the food product, or deteriorate the
organoleptic properties of the food (European Commission, 2016). Guidance document
EC 10/2011 provides regulatory information including protocols for migration testing and
allowable levels of migration for plastic food packaging materials. According to this
document, specific migration limits (SML) for specific chemical compounds are
established based on toxicological data (European Commission, 2013). An SML is given
for benzophenone at 0.6 mg/kg of food product. For compounds without specified SML,
a general level of 0.01 mg/kg of food product (10 ppb) is specified. This threshold of
regulation is significantly lower than the 50 ppb limit imposed by FDA.
EC 10/2011 defines non-intentionally added substances (NIAS) as impurities,
reaction intermediates, and decomposition products of components of food contact
materials. Photolytic decomposition products of UV-photoinitiators, by this definition,
are considered to be NIAS. No photolytic decomposition products identified in the
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present research have specified SML, so the general limit of 10ppb applies to these
compounds.
EFSA migration testing protocols differ from United States FDA protocols is
several regards. EFSA dictates that for migration testing of packaging materials intended
for solid food products such as flour or breakfast cereals, modified poly(phenylene oxide)
(MPPO) is to be used as a food simulant. FDA makes no distinction between solid and
liquid food products and recommends ethanol solutions for all food types. EFSA
specifies 3% acetic acid solutions to be used for migration testing of packaging for acidic
foods, whereas FDA specifies 10% ethanol for similar packaging materials. For fatty
food packaging materials, EFSA recommends food oil, similarly to FDA, but allows an
alternative of both 95% ethanol and iso-octane. FDA recommends a food simulant
volume to surface area ratio of 10 ml/in2 (1.57 ml/cm2) for migration tests, whereas
EFSA regulations call for 1kg of food simulant per 6 square decimeters of packaging
material, which corresponds to 1.67 ml/cm2 (European Commission, 2013).
China GB, the food safety regulatory authority of China has set forth regulations
aligned with the European Union with slight variations.
7.3.3 Swiss Ordinance
As mentioned in Section 2, Swiss Confederation issued a guidance document
listing allowable substances for use in the manufacture of food packaging inks. Part V of
this document referred to as the “Swiss Ordinance” lists allowable UV-photoinitiators for
use in the manufacture of food packaging inks with SML for use. Table 1 lists UVphotoinitiators approved for use with their SML. Photolytic decomposition products of
UV-photoinitiators are not specifically mentioned in these regulations.
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7.3.4 EuPIA Suitability List
As mentioned in Section 2, the European Printing Inks Association (EuPIA)
compiled a list of UV-photoinitiators acceptable for use in food packaging inks with
SML for use. Table 2 lists UV-photoinitiators approved for use with their SML.
Photolytic decomposition products of UV-photoinitiators are not considered.
7.3.5 Nestle List
The Nestle Company issued a guidance document containing an exclusion list for
photoinitiators not allowable in their products on the basis of uncertain or adverse
toxicity, perceived risk by consumers, media, NGO, etc., demonstrated migration
potential, and negative sensory impact on foods (Nestle Company, 2012). The list of
UV-photoinitiators prohibited from use in Nestle products is given in Table 3.
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8. CONCLUSIONS
The aim of this thesis was to identify and quantify photolytic decomposition
products formed from UV-photoinitiators commonly used in food packaging materials.
Twenty-four commercially available UV-photoinitiator standards were dried onto inert
substrates and exposed to the maximum dose of UV-radiation typically used in
commercial packaging manufacturing. The resulting mixtures of unreacted UVphotoinitiator and their photolytic decomposition products were extracted from the
substrates and analyzed by gas chromatography-mass spectrometry and direct
electrospray ionization mass spectrometry in order to identify the structures of photolytic
decomposition products. Non-UV-exposed standards of the UV-photoinitiators were also
analyzed as controls.
Literature review showed a scarcity of published data regarding the formation and
migration of UV-photoinitiator photolytic decomposition products in food packaging
systems. In food packaging migration testing conducted by our laboratory for industrial
clients, the source of many migrants had not previously been confirmed. The present
research elucidated the source of many chemical compounds that are often found in food
packaging extracts, confirming them to be photolytic decomposition products of UVphotoinitiators. The data presented in this study can serve as a comprehensive reference
to assist researchers in the tracing of sources of migrants identified in food packaging
material test samples.
Also compiled in this study was a table recording the frequencies of occurrence of
18 UV-photoinitiators and 22 photolytic decomposition products found in migration
testing of a series of 258 commercial, experimental, and developmental food packaging
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material samples which contain UV-cure inks, coatings, or adhesives. The ranges of
concentration were also recorded in order to give quantitative information about the
migration of these chemical compounds from food packaging materials.
Twenty-two photolytic decomposition products of UV-photoinitiators were found
to have migrated through the substrate in the 258 migration testing samples examined.
The highest concentration of a migrant observed was 2,4,6-trimethylbenzaldehyde, a
decomposition product of TPO photoinitiators and Irgacure 819, at a maximum
concentration of 1938 ng/cm2. Levels of migration such as these suggest the potential for
non-compliance with established regulations and argue for routine monitoring of
photoinitiators and their photoproducts in all packaging used with foods or personal
products.
To date, many of the photolytic decomposition products of UV-photoinitiators
detected in this study have not been evaluated for toxicological safety upon consumption
or contact. However, documentation of their migration here emphasizes the need for
such work in the future and identifies key compounds to consider.
Overall, the migration behavior of common photoinitiators and their
photoproducts generated in this study provides a solid foundational database that should
facilitate industrial analysis of packaging materials and guide regulatory agencies in
establishing standards.
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10. APPENDICES
APPENDIX I: EI MASS SPECTRA OF INTACT UV-PHOTOINITIATORS

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

.

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

