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Preface

This book deals only with technologically useful light-associated
reactions of polymeric materials. It does not discuss, therefore, all light
associated reactions of synthetic polymers. Thus, for instance, photo
degradations of polymers in the environment are not included. That is a separate,
very important subject presented in books dedicated to polymer degradations.
Photoassociated reactions of polymers for various practical applications are in a
field of polymer chemistry that I personally believe is very interesting. One need
merely look at such examples as hardening of properly formulated enamels or
varnishes by exposure to light of certain wave lengths. In many instances this is
achieved in a fraction of a second. By comparison, hardening of enamels or
varnishes by oven baking requires anywhere from ten minutes to a half an hour
or even longer at elevated temperatures. Other examples include the possibility
of aligning liquid crystals on flat panel displays by exposure to light of proper
wave length in place of physical rubbing to force them into alignment.
Interesting examples also include polymers that are capable of trapping the light
energy of the sun or conducting electricity when exposed to light. Not all the
light-associated reactions presented in this book have achieved
commercialization. On the other hand, it appears that all those presented here
have an industrial potential.

Prior to writing this book, I examined many more publications than are
listed in the references. I chose only those that illustrate each subject best. This
does not mean, however, that the publications that were not included are inferior
in any way to those presented here.

This book consists of six chapters. The first chapter is a brief
introduction to photo chemistry and physics of polymers for those not familiar
with the subject. The information is given to help the reader follow the
discussions in the subsequent chapters. It is not, however, a thorough discussion
of the subject and the interested reader is urged to read the original sources.
Chapter two is dedicated to the subject of photosensitizers and photoinitiators.
They are mentioned in the discussions in the remaining four chapters. It was felt,
therefore, that they belong in a separate chapter, by themselves. Chapter three
discusses the chemistry of light curing of coatings and inks. Chapter four is
dedicated to photocrosslinking of polymeric materials. Chapter five presents
light responsive polymeric materials and some of their uses. It includes many
diverse subjects. Chapter six discusses work done to develop polymeric
materials for use in nonlinear optics.

This book is dedicated to all the scientists who do their research in this
fascinating field.

ix



Chapter 1

Introduction

Photoresponsive and photocrosslinkable polymeric materials are
important in many industrial applications. These range from photolithography to
light curable coatings and inks, to holography, and to numerous other
applications. In order to adequately describe the chemistry of these materials, it
is necessary to first explain the manner in which polymers interact with light.
This chapter is an attempt to present some of the background and aid in
understanding the discussions of light-associated reactions of polymeric
materials for readers not familiar with the subjects of photochemistry and
photophysics. The information presented in this introduction was obtained from
the fundamental sources listed in the references. What is presented here,
however, is not a thorough discussion of the subject. For a detailed discussion
the reader is encouraged to go to the original sources in the references.

1.1. The Nature of Light

All electromagnetic radiations travel in vacuum at the speed of C=
2.9979x10" cm /sec. '* Light is a form of electromagnetic radiation and,
therefore, also travels at that speed. The fact that light travels at the same speed
as other electromagnetic radiations leads to the assumption that light is wavelike
in character. Our concept of light, however, is that it also consists of packets of
energy that have wave like properties. In each packet there is a range of
energies.” These cannot be represented by one wavelength, but rather by a whole
spectrum of wavelengths. The energy of each particular wavelength in the wave-
packet is a discrete unit, a guantum.

Electromagnetic radiation is described in terms of a transverse plane
wave involving associated electric and magnetic fields. It is supposed that the
electric vector E and magnetic vector H which describe the respective field
strengths are aligned in planes at right angles to one another, with both planes
perpendicular to the direction of propagation of the wave.! A convenient model
for the variation of the field strength as a function of time # and distance x along
the axis of propagation is given in Cartesian coordinates by the sinusoidal
functions in the following equations :

E, = A sin 2n(x / A - vt)

H, =(e/p)"*A sin 2(x/A - v t)
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In these equations Ey is the electric field strength vector lying in the xy-plane
and increasing along the y-axis, H, is the magnetic field strength vector lying in
the xz-plane and increasing along the z-axis, A is the amplitude of the electric
vector (the intensity of the wave is proportional to A?%), e is the dielectric
constant, and p is the magnetic permeability of the medium through which the
wave is transported. In a vacuum e=p and they are approximately unity in air.
The length of the wave, that is, the distance between adjacent maxima in the
vectors measured at any instant along the direction of wave propagation (the x-
axis) is A, while v is the frequency or number of complete cycles of vector
position change per second. The relationship between A and v is '

C/v=A

where, C is the velocity of the radiation. The frequency v is independent of the
medium through which the radiation passes. Wavelength A and velocity C, on
the other hand depend on € and p of the medium.

Ordinary light is not polarized. It consists of many electromagnetic
vectors that are undulating in fixed, though randomly oriented with respect to
each other, planes. When the light is polarized in a plane, it is believed that all
the waves have their electric vectors oriented in the same direction. When the
light is polarized elliptically then it is believed that two plane waves of equal
wavelength and frequency and with identical directions of propagation have the
electric vectors perpendicular to one another and out of phase.

The above described model is incomplete and, even called naive by
some.! Mathematically, however, it can successfully account for many
observations concerning light, and this theory has been used successfully to
explain many practical phenomena associated with optics.

1.2. The Energy of Radiation

It is possible to calculate the energy associated with any particular
wave length of radiation from the following relationship:

E=hv=hC/A

where h is a proportionality constant, called Plank's constant, equal to
6.625x10™" ergs second /quantum. The velocity of light, designated by C, in
vacuum is 2.9979 x 10"’ cm./ sec, and A is the wavelength of light, expressed in
centimeters. In a medium containing any matter the light will propagate at a
different speed. In this case, the velocity of light, C' is expressed by an equation

C'=C/ ()"
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where ¢ is the dielectric constant of the matter and p represents the magnetic
permeability.

The energy associated with one mole of quanta is known as an Einstein.
It is equal to the energy associated with a particular wavelength multiplied by
the Avogadro's number, 6.023 x 10% (the number of molecules contained in one
mole of matter). As an example we can take ultraviolet light with wavelength
equal to 300 nm. The energy or an Einstein of light of 300 nm will be '

E;0=hC/A=6.67x10% x3.0x10" x 6.023x10%* x 10'°/300 x 107 x 4.20 =
= 95.7 Kcal / mole

The above calculation shows that at the wave length of 300 nm there is enough
energy in an Einstein to rupture carbon to carbon chemical bonds of organic
molecules.

1.3. Reaction of Light with Organic Molecules

If monochromatic light passes through a uniform thickness of an
absorbing homogeneous medium with the absorbing centers acting
independently of each other, then the energy of light that is absorbed follows the
Lambert-Bouguer law. According to this law of physics the light absorbed is
independent of the intensity of the incident light and the intensity of radiation is
reduced by the fraction that is proportional to thickness of the absorbing system.
In addition, Beer’s law states that absorption is proportional to the number
of absorption centers. The two laws are usually combined and expressed as
follows '~

dl/dl = kcl

where [ is the intensity of the radiation, / is the length of the optical path,
through the absorbing medium, c is the concentration of the absorbing centers,
and k is proportionality constant. While there are no know exceptions to the
Lambert-Bouguer law, there are deviations from Beer’s law due to partial
ionization, molecular association and complexation and fluorescence.

Portions of organic molecules or whole molecules that have © bonds
can absorb light radiation, provided that it is of the right wave length. Particular
groupings or arrangements of atoms in molecules give rise to characteristic
absorption bands. Such groups of atoms, usually containing m bonds, are
referred to as chromophores. Examples of such molecules with © bonds are
compounds that contain carbonyl or nitro groups, and aromatic rings. A
molecule that serves as an example of carbonyl arrangement, one that is often
quoted, is a molecule of the formaldehyde. In this molecule, the carbon atom is
linked to two hydrogens and to one oxygen by o bonds. The hybrid sp® orbitals
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bond one electron of carbon with a second electron of oxygen in an sp orbital.
Also, in a second sp orbital of a pair of unbonded # electrons on oxygen point
away from the carbon atom. The orbitals of formaldehyde, the simplest of the
carbonyl compounds were illustrated by Orchin and Jaffe, " as shown in Figure

1.1.
C 0
Figure 1.1. The Orbitals of Formaldehyde ( from Orchin and Jaffe ')

As described above, the molecule has a ¢ and © bonded skeleton, shown above.
The carbon atom is attached to two hydrogen atoms by single and to oxygen
atom by double bonds. This bonding of the carbon to the two hydrogens and one
oxygen atoms is by means of sp” hybrid orbitals. The orbitals are approximately
at 120 ° angles from each other. In the ground state of the molecules the pair of
electrons that form a bond are paired and have opposite or antiparallel spin. In
this state the formaldehyde molecule is planar. The Pauli exclusion principle
states that no two electrons can have all quantum numbers identical. That means
that if two electrons are in the same orbital and three of their quantum numbers
are the same, the fourth quantum number, the spin quantum number, must be
different. The total spin quantum number of a molecule is designated by a letter
J and the sum of the spins of the individual electrons by a letter S. The spin
quantum number of a molecule J is equal to [25] + 1.

This arrangement of electrons in the p orbital can generate © bonding
and 7* antibonding.orbitals. Absorption of light energy by a chromophore
molecule, results in formation of an excited state and an electronic transition
from the ground state to an excited state. Such light may be in the ultraviolet or
in the visible region of the electromagnetic spectrum, in the range of 200 mp to
approximately 780 mp. Promotion of electrons out of the o bonding orbitals to
the excited states requires a large amount of energy and rupture of bonds in the
process. On the other hand, the electronic transition to promote one of the n
electrons on the oxygen atom in formaldehyde to the antibonding or the non-
bonding orbital, * level require the least amount of energy. The name, as one
might deduce, is atype of orbital where the electrons make no contribution to
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the binding energy of the molecule. In formaldehyde this n—— ©* transition to
the excited state gives rise to an absorption band (at about 270 mp). This is a
relatively weak band and it suggests that the transition is a forbidden one
(forbidden does not mean that it never occurs, rather that it is highly
improbable). It is referred to as a symmetry forbidden transition. The reason for
it being forbidden is crudely justified by the fact that the n* is in the xz plane
(see Fig. 1.1.) The n electrons in the p, .orbital are in the xz plane and
perpendicular to the n* orbital. Because, the spaces of the two orbitals overlap
so poorly, the likelihood of an electronic transition from one to the other is quite
low. As stated above, in the ground (normal) state of the molecules two
electrons are paired. The pairing means that these electrons have opposite or
anti-parallel spins. After absorbing the light energy, in the singlet excited state
the two electrons maintain anti-parallel spins. The n —— =* excitation,
however, can lead to two excited state, a singlet (S;) and a triplet (T,) one with
an absorption band (at about 250 mp). Intersystem crossing to a triplet state
from the singlet results in a reversal of the spin of one of the electrons and an
accompanying loss of some vibrational energy. This is illustrated in Figure 1.2.

15 x

ground singlet triplet
state excited excited
state state

Figure 1.2. Illustration of the Singlet and the Triplet States

The intersystem crossing from the singlet to triplet states can occur with high
efficiency in certain kinds of molecules, particularly in aromatic and carbonyl-
containing compounds. Electron-electron repulsion in the triplet state is
minimized because the electrons are farther apart in space and the energy is
lower in that state than that of the corresponding excited singlet one. Solvents
can exert a high influence on the n —— 7* transitions. While the intersystem
crossing is a forbidden transition (see above) it can actually occur with high
frequency in certain molecules like aromatic or carbonyl compounds.

The chemical mechanism of photoexcitation of organic molecules has
been fully described in various books on photochemistry'~ It will, therefore, be
discussed here only briefly. The transitions are illustrated here in a very
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simplified energy diagram that shows the excited singlet state and the various
paths for subsequent return to the ground state in Figure 1.3.

(singlet) S, Y W —
E b —— T, (triplet)
y e
(singlet) Si y — ’if
| T, (triplet)
A i
al|a ci h
enrgy E |
|
vy

ground state

Figure 1.3. Diagram depicting excitation and relaxation pathways of an
electron

The energy diagram (Fig. 1.3.) represents energy states of a molecule that
possesses both n and 7t* electrons. S; and S, are the singlet excited states. T and
T, are the excited triplet states. Solid lines represent electronic transitions. They
are accompanied by absorption or emissions of photons. Radiationless
transitions are represented by doted lines. The above diagram shows the lowest
singlet state S;, where the electrons are spin paired and the lowest triplet state
T;, where the electrons are spin unpaired. The electron is excited by light of a
particular wavelength into an upper singlet level, S,. Relaxation follows via an
internal conversion process to S; level. The excess energy is dissipated by
vibrational interactions giving rise to evolution of heat. At the S; level there are
three possible ways that the excited state becomes deactivated. The return to the
ground state from the triplet one requires again an inversion of the spin. In
Figure 1.3., a and a’ represent the energies of light absorbed , b, A, and i the
energies of internal conversion, ¢ represents return to the ground state by way of
fluorescence and d return by way of phosphorescence.

The Franck-Condon principle helps the understanding of the electronic
transitions. In simple terms, what it states is that during an electronic transition
the various nuclei in the molecule do not change their position or their moment.’
What it means is that electronic transitions are much more rapid (107" sec.) than
nuclear motions (10'% sec.) so that immediately after the transitions the nuclei
have nearly the same relative positions and velocities that they had just before
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the transitions. The energy of various bonding and antibonding orbitals increases
for most molecules in the following order,

O <M <Nn<T* < Co*
In molecules with heteroatoms, such as oxygen or nitrogen, however, the highest
filled orbitals in the ground state are generally nonbonding, essentially atomic,

n orbitals. This is a case with ketones and aldehydes. These molecules possess
electrons that are associated with oxygen that are not involved in the bonding of

the molecule, the n-electrons
(‘ n-clectrons

c=o0.

N

H/
Whether n electrons will be promoted to either 6* or n* antibonding orbitals
depending upon the structure of the carbonyl compound.

As explained above, in the triplet state the spin of the excited electron
becomes reversed. This results in both electrons having the same spin. From
purely theoretical approach, such an electronic configuration is not allowed. Due
to the fact that the excited electron cannot take up its original position in the
ground state until is assumes the original spin, the triplet state is relative long
lived. For instance, in benzophenone at 77 °C the lifetime can be 4.7x107
seconds. Orchin and Jaffe wrote ’ that the triplet state has a lifetime of 107
seconds. By comparison, the lifetime of a singlet state is about 10® to 107
seconds. Also, in the triplet state the molecule behaves as a free-radical and is
very reactive. The carbon atom has a higher electron density in the excited state
than in the ground state. This results in a higher localized site for photochemical
activity at the orbital of the oxygen. Because the carbonyl oxygen in the
excited state is electron deficient, it reacts similarly to an electrophilic alkoxy
radical. It can, for instance, react with another molecule by abstracting
hydrogen. This is discussed further in Chapter 2.

At higher frequencies (shorter wavelength) of light, if the light energy
is sufficiently high, 1 —— =* transitions can also take place. All aromatic
compounds and all conjugated diene structures possess delocalized 7 systems.
Because there are no n electrons, all transitions in these systems are 1 —> 1*.
In general, the excited states of molecule are more polar than the ground states.
Polar solvents, therefore, tend to stabilize the excited state more than the ground
state. As shown in Figure 1.2, the triplet state is lower in energy that the
corresponding singlet state. This is due to the fact that the electron-electron
repulsion is minimized, because they do not share each other’s orbitals as stated
by the Pauli exclusion principle Thus less energy is required for the triplet state.
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The chemical reactivity of organic molecules is determined principally
by the electron distribution in that molecule. When the electron distribution
changes, due to absorbtion of light and subsequent transitions, photochemical
reactions take place while the molecule is in an electronically excited state. The
phenomenon of light absorption, formation of the excited states and subsequent
reactions obey four laws of organic photochemistry, as was outlined by Turo *:

1. Photochemical changes take place only as a result of light being absorbed
by the molecules.

2. Only one molecule is activated by one photon or by one quantum of light.

3. Each quantum or photon which is absorbed by a molecule has a given
probability of populating either the singlet state or the lowest triplet state.

4. In solution the lowest excited singlet and triplet states are the starting
points for the photochemical process.

The relationship between the amount of light or the number of photons
absorbed and the number of molecules, that, as a result, undergo a reaction, is
defined as the quantum yield, @. It is defined as the number of molecules
involved in a particular reaction divided by the number of quanta absorbed in
the process. '~

Another fundamental law of photochemistry was formulated by
Grotthus and Draaper.'” It states that only the light that is absorbed by a
molecule can be effective in producing photochemical changes in that molecule.
There is also a fundamental law of photochemistry that states that the absorption
of light by a molecule is a one-quantum process, so that the sum of the primary
processes, the quantum yield must be unity. '* Also, the law of conservation of
energy requires that the sum of the primary quantum yields of all processes be
equal to unity. Mathematically this can be expressed as :

¢total=2i D;=1

Where @ is the quantum yield. The quantum yield of photochemical reactions is
important because it sheds light on the mechanisms of reactions. The number of
molecules involved in a particular photoreaction can be established by an
analytical kinetic process and the number of quanta absorbed can be measured
with the aid of an actinometer. The quantum yield can also be expressed in
general kinetic terms':

D; = $psPrPi or @ =% $esb'r P

The above equations signify that a quantum yield of a particular photoprocess is
the product of two or three distinct probabilities. These are: ¢gs , is the
probability that the excited state will undergo the primary photoreaction
necessary for the process. The probability that any metastable ground state
intermediate will proceed to stable products is P; and the probability that the
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excited state will undergo the primary photoreaction necessary of the process is
Pr.

The concept that matter can only acquire energy in discrete units
(quanta) was introduced in 1900 by Max Planck.”> The corollary of the
quantization of energy is that matter itself must be quantized i.e., constructed of
discrete levels having different potential energies. Occupying these particular
levels are electrons that obviously possess the energy of the level which they
occupy. In a molecule the intramolecular motions of the electrons and the
associated molecular electronic levels must be taken into account. There are, in
addition to electronic levels, modes of vibration and rotation that are also
quantized. In other words, the absorption of a photon of light by any molecule is
a reaction of light with an atom or a group of atoms that must promote
transitions between quantum states. This requires two conditions. These are: (1)
for a molecular state m with energy E,, there must be a state # of higher energy
E, so that hv = E, - E;; (2) there must be specific interaction between the
radiation and the light absorbing portion of the molecule that results in a change
in the dipole moment of the molecule during the transition. If we designate the
wave functions of the states m and »n as wy, and v, respectfully then the
transition moment integral that may not equal to zero, is:

Run = (Wm / Pyy)

where P is the electric dipole operator. It has the form of P = eX’r;, where e is the
electronic charge and r; is the vector that corresponds to the dipole moment
operator of an electron i.

The increase in the energy of a molecules as a result of absorbing a
quantum of radiation can be expressed in the relationship®~:

AE=hC/A

where A is the wavelength of the interacting radiation. All reactions that are
photochemical in nature involve electronically excited states at one time or
other. Each one of these states has a definite energy, lifetime, and structure. The
property of each state may differ from one to another and the excited states are
different chemical entities from the ground state and behave differently. The
return to the ground state from the excited state, shown in Figure 1.3. can take
place by one of three processes >~:

(1) The molecule returns directly to the ground state. This process is
accompanied by emission of light of a different wavelength in the form of
fluorescence.

(2) An intersystem conversion process takes place to the T, state, where the
electron reverses its spin. The slower decay of excitation from the triplet state to
the ground state is accompanied by emission of phosophorescence.
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(3) The molecule uses the energy of excitation to undergo a chemical reaction.
This dissipation of the excitation energy can also be illustrated as follows:

Ay + fluorescence

Ay + light —— A% = A( +heat

\

chemical reaction

where, Ao represents any organic molecule and A* represents the same
molecule in an excited state.

In the process of energy dissipation from the singlet and return to the
ground states, the light emission by fluorescence is at a different wave-length
than that of the light that was absorbed in the excitation. This is because some
energy is lost in this process of the electron returning from its lowest excited
state to the ground state. The energy, however, may also, depending upon the
structure of the molecule, be dissipated in the form of heat, as shown above.
And, also, a third form of energy dissipation can occur when the molecule
undergoes a chemical reaction. Depending, again on the molecular structure, the
chemical reactions can be rearrangement, isomerization, dimerization (or
coupling), fragmentation, or attack on another *!' molecule. Some examples of
such reactions are:

hv

hy
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Many other examples can be found in the literature. Most familiar isomerization
reaction is that of cis-stilbene to trans-stilbene, shown above. It was observed
that the quantum yield of stilbene cis-trans isomerization decreased with an
increase in viscosity of the medium. ® In addition, it was also found that in a
polymeric matrix the photoisomerization is not inhibited, provided that it occurs
above the glass transition temperature of the polymer. An example of a
fragmentation of a molecule is the decomposition of disulfides upon irradiated
with ultraviolet light of the appropriate wavelength:

OO =~ O~

The same reaction takes place in peroxides. Ketones and aldehydes cleave by
the mechanism of the Norrish reaction.
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1.4. Energy Transfer Process

The energy of excitation can transfer from an excited molecule to
another molecule. Thus, the term energy transfer'>" refers specifically to one-
step radiationless transfer of electronic excitation from a donor molecule to
another, qualified, acceptor molecule, from one chromophore to another one.
This excludes what is referred to as, trivial energy transfers that result from the
donor emitting light that is subsequently absorbed by an acceptor. Based on the
energy and spin conservation laws, there are two a priori requirements for
efficient energy transfer: (1) the process must be thermoneutral or exothermic to
occur with highest efficiency, because the activation energies have to be low
due to short lifetimes of electronically excited state, and (2) no net spin
changes should occur. If a donor molecule was in the triplet state at the time of
the energy transfer process, the acceptor molecule is then also promoted to the
triplet state. Transfer of singlet to singlet energy should be possible, but it occurs
less frequently, because of the shorter life times of the singlet states. '*'?

Energy transfer, is thus the process by which excitation energy passes
from one photoexcited molecule, often referred to as a sensitizerand in this
case designated as S*, to another adjacent molecule in its ground state, often
referred to as a quencher, in this case designated as Q. The quencher must have
a thermodynamically accessible excited state, one whose energy is lower than
that of S*. A donor molecule must possess sufficiently long lifetime to be an
efficient sensitizer. The reaction of energy transfer can be illustrated as follows:

S*+ Q—— S + Q¥
S*——> Sy + hv

where * designates an excited state. In the process of energy transfer, S* returns
(or relaxes) to the ground state S. Energy transfer is further categorized as
involving singlet (paired electron spins) or triplet (unpaired electron spins)
states. Symmetry rules, as explained above, require a singlet S* to produce a
singlet Q* and a triplet S* to produce a triplet Q**.

The quenching reaction of the excited state is expressed in a equation
by Stern-Volmer. The reaction shown below is based on a quenching reaction
that is accompanied by a release of heat:

S+ Q—> Q* + Sy (k)

S*——> S() + heat (k3)
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The equation is written as follows:
Dy Do =t{k1 + ka|Q] + ks3}/ (ki + k3)

In experimental studies of energy transfer it is convenient to express the
experimental results in an other form of the Stern-Volmer equation, as follows,

Dy Dy=1 + kgt [Q]

where @, is the quantum yield for a particular process in the absence of a
quenching molecule,

@, is the quantum yield of the quenched process

kq is the bimolecular rate constant for the quenching process

7 is the lifetime of the state in the absence of a quenching molecules. It is
equal to 1/ (k; + k3), and [Q)] is the concentration of the quenching molecules.

Two processes were proposed to explain the mechanism of energy
transfer. In the first one, energy transfers result from the interactions of the
dipole fields of the excited donors and ground state acceptor molecules (long-
range: Forster (dipole-dipole))™ °. This is referred to as the resonance transfer
mechanism. Such transfer is rapid when the extinction coefficients for
absorption to the donor and acceptor excited states involved in the process are
large (10* to 10’ at the maximum). When the dipolar interactions are large,
resonance transfers are possible over distances of 50-100 A. Close proximities
of donors and acceptors, however, are required for weakly absorbing molecules.
In the second mechanism ° (short-range: Dexter (exchange)), the excited donor
and acceptor are in very close proximity to each other, (up to =~ 15 A) such that
their electronic clouds overlap slightly. In the region of the overlap, the location
of the excited electron is indistinguishable. It may be at any one instant on either
the donor or acceptor molecule. Should the pair separate when the excited
electron is on the acceptor molecule, energy transfer has been achieved by the
mechanism of electron transfer.

Both absorption and emission processes may be intramolecular,
localized in a single molecule. On the other hand, they can also involve whole
crystals that may act as absorbers and emitters. Such energy transfers can
manifest themselves in different ways that include sensitized fluorescence or
phosphorescence, concentration depolarization of fluorescence, photo-
conduction, and formation of triplet acceptor molecules.

Intermolecular energy transfer can be electronic and vibrational, and
can take place in solid, liquid and gaseous phases. In addition, the sensitized
excitation of Q by S* has to take place within the time that the molecule S
remains in the excited state. In summary, theoretical and empirical
considerations suggest two modes of transfer, described above:

1. Only when the two molecules are in very close proximity to each
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other and their centers are separated by the sum of their molecular radii will
transfer take place.

2. When the two molecules are at distances that exceed their collision
diameters, resonance transfer, or long range electronic excitation takes place
though Coulombic interactions.

The transfers that take place by mechanism 1 are limited by diffusion
of molecules in solution and should be affected by the viscosity of the medium.
Transfers by mechanism 2, on the other hand, should be much less sensitive to
the viscosity of the medium It was shown by Foster’ that the rate constant of
resonance-energy transfer (mechanism 1), as a function of distance, is:

Rate Constant (S* — Q%)= 1(R/R)%t S

where T S is the actual mean lifetime of S*, R is the separation between the
centers of S* and Q, and R, is the critical separation of donor molecules and the
acceptor molecule. The efficiency of energy transfer is expressed by Turro,
Dalton, and Weiss' as follows:

Dt = ke S*1[QI / {keel S*TQ] + kalS*1}

The transfer by long range excitation or mechanism 2 can be in the
form a singlet-singlet transfer, a triplet-singlet transfer, and a triplet-triplet
transfer. Due to the fact that the lifetime of triplet state of molecule is longer
than the singlet one, it is more probable to be the one to participate in energy
transfer. Molecules that undergo intersystem crossing with high efficiency, like
benzophenone, are efficient triplet sensitizers. Such molecules must possess
high energy in the triplet state and a life time of at least 10™* seconds.

The two types of intermolecular energy transfers can be expressed as
follows:

ks"(Ry* /R)°
kSQ0 exp(-aR)

Forster (dipole-dipole) long-range: ksq (R)
Dexter (exchange) short-range: ksq (R)

The nomenclature that was developed in connection with energy and charge
transfer processes is as follows, an eximer is a transient dimer formed by the
combination of an excited (usually aromatic) molecule and a second similar
(usually unexcited) molecule. Such a dimer bonds only in the excited state and
promptly dissociates in losing its excitation energy. The term exiplex was
explained by Birks'' to describe a complex between two molecules, one a donor
and the other one, an acceptor, which subsequently dissociate in a deactivation
process. One of the components of the exiplex, either the donor or the acceptor,
is in excited state while the counterpart, acceptor or donor are is in the ground
state. An eximer is then just a special case in which the two constituent
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molecules are identical. While numerous charge-transfer complexes can form
between certain molecules in the ground state, a number of compounds can form
only charge-transfer complexes when either the donor or the acceptor is in an
excited state . Formation of eximers was observed in a number of aromatic
polymers, such as polystyrene, poly(vinyl naphthalenes), poly(vinyl toluene)
and others."”

An exterplex is composed of three molecules and often takes an
important role in pbotophysical and photochemical processes. Polymers with
pendant aromatic chromophores and dimeric compounds often show efficient
exterplex formation due to high local chromophore concentration in their
structure. It was observed that exiplex emission spectra from a chromophore is
usually broad, structureless, and red shifted to the corresponding monomer
fluorescence. The extend of such a shift is a function of the distance between the
two components of the complex. It is also strongly affected by the polarity of the
media. Martic et al., '* obtained emission spectra of the exiplexes of anthracene
and N,N, dimethyl-p-toluidine in toluene and in polystyrene. While the
maximum band of the emission spectra in toluene at 30 °C is at 616 nm, in
polystyrene it is shifted to 400 nm. The exiplex emission spectra in a copolymer
of styrene with 4-N,N-diaminostyrene is at 480 nm. The maxima of the
emission spectra are temperature dependent. The maxima shifts in toluene
solution to shorter wave length and in polystyrene it is the opposite, it shifts
to longer wave length with an increase in temperature. The maxima approaches
common value at the glass transition temperature of polystyrene. Similar results
were reported by Farid et al., " who studied formation of exiplexes of 4-(1-
pyrenyl)butyrate in different solvents and in polymers.

Chemical and physical changes take place in molecules when they
absorb energy and reach and excited state. This is particularly true of carbonyl
compounds. There is a change in the dipole moments of the molecules. This is
due to the fact that dipole moments depend upon the distribution of the
electrons. In carbonyl compounds this change is particularly large. Also the
geometry of the molecule changes from the ground to the excited states. In
addition, the chemical properties of the molecules change. Thus phenol, for
instance, is a weak acid, but in the excited state it is a strong acid. This can be
attributed to the 1 —— 7* transition where one of the pair of m electrons is
promoted to an anti bonding orbital.

By the same reason, the acid strength of benzoic acid is less than in the
excited state because the charge in this case is transferred to carbonyl group. The
excited states of both phenol and benzoic acid can be illustrated follows '



16 Light-Associated Reactions of Synthetic Polymers

OH OH

©

1.5. Electron Transfer Process

Simple migration of energy is a thermodynamically neutral process. It
allows the excitation energy deposited at a site in a solid or in a concentrated
solution to move to another position by transferring the excitation energy in the
absence of an intermediate quencher. Electron transfer, however, is a process by
which an electron is passed from an electron-rich donor to an electron-deficient
acceptor. '* This reaction is substantially accelerated when the donor or acceptor
is excited. Electron transfer from an excited-state donor molecule D* to a
ground-state acceptor A generates a radical cation D'e and a radical anion Ae.
The resulting radical ion pair exists as a charge-separated pair of ions:

D*+ A——> D'e + Ae
The oxidized and reduced species are usually highly energetic, storing a
substantial fraction of the energy absorbed from the photon. The charge
separation that occurs in such a photoinduced electron transfer provides a way to
convert the excitation energy of the excited molecule to a chemical potential in
the form of a radical ion pair.

Electron migration can also be a movement of an electron either to a
neutral electron donor from an oxidized one (D + De —— De + D) or from a
reduced acceptor to a neutral one (Ae + A—> A + Ae)."? These thermoneutral
processes, that are called hole and electron migrations, respectively, permit
further spatial charge separation between an excited donor, D* and a reduced
acceptor, Ae . This separation is beyond one that is initially produced in an ion
pair by photoinduced electron transfer. After the absorption of light by A to A~
sensitizer, the energy migrations or the energy transfer moves the excited state
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site where the excitation energy is converted to a radical ion pair by photo
induced electron transfer. A kinetic competition then takes place between the
rates of several possible next steps. These steps can be chemical reaction of the
radical ions, or they can be further charge migrations by sequential electron or
hole transfers, or actually nonproductive charge recombination, called back-
electron transfer. The back-electron transfer regenerates the ground states of
both the donor and the acceptor.

1.6. The Charge Transfer Processes in Polymeric Materials

Charge transfer in polymers is either electronic (transfer of electrons or
of positive charges alone) or it is ionic (transfer of protons or larger charged
species). Electronic conduction can be also of two types. One type is conduction
due to diffusion of electrons that are not localized on any particular molecule
(this is usually found in liquids or in gases). The other type can be by conduction
due to positive or negative charges that are localized on any particular part of the
molecules. Such charges can be exchanges between like polymeric molecules
(or between segments of single polymeric molecules). This can occur without
any net energy loss (resonant charge transfer). It was shown experimentally that
the electrical conductivity in many polymeric materials, subjected to short
irradiation pulses, consists initially of a “prompt” component. That means that
very rapid transfer of a considerable amount of charge takes place over a
comparatively short distance (= 100 A ). The movement of the charge is then
terminated as a result of trapping in “shallow” traps. #1216 This is followed by a
“delayed” component that is very temperature dependent and probably indicates
a thermally activated charge-hopping process between the shallow traps. This
continues until terminated (after = 1 p) by trapping in deep traps or by
recombination, *'*'¢

There is a major difference between eximers of polymers and those of
small molecules. The difference is that at least in some polymers a large part of
the excitation of the excimer site appears to be a result of singlet energy
migration. '> Also, in polymeric materials with a number of identical
chromophores, either in the backbone or as pendant groups, when photons are
absorbed, the excited states cannot be considered as localized. In simple cases of
rigid lattices the excitations are distributed over the entire volume of the material
as a wave-like linear combination of local excitations.” >'*'* They are referred
to as tight-binding excitations.”'"" As one might expect, excimer formations in
polymers depend upon the properties of the chromophores and upon their
location on the polymeric chain.” In addition, polymer tacticity, conformation,
and distance between chromophores can greatly affect the formation of eximers.
Also, it is possible to distinguish between two different types of energy transfers
in polymeric materials In the first one the transfer of excitation can take place
either from or to large molecules from small ones. Thus, for instance, a polymer
transfer of the excitation energy can be localized from a chromophore on one
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polymeric chain to another. An example of a transfer to a small molecule is an
energy transfer from a polymer, like polystyrene to a scintillator molecule, like
1,4-bis[2-(5-phenyloxazolyl)]benzene shown below'*:

OO0

More than that, transfer can also take place from one group of atoms, or from a
chromophore, located on a polymeric chain in one section of the molecule,
intramolecularly, to another one located at another section of the same polymer.
Thus, in copolymers from monomers with two different chromophores groups,
the energy absorbed by one group of chromophores can be transferred to the
chromophores from the other group. This can take place by either Foster or
exchange mechanism. The possibility of energy transfer from one chromophore
to an adjacent different chromophore in polymeric chains depends to a large
extent upon the lifetime of the excitation and its alternative modes of
deactivation. For this reason the most readily observed form of energy migration
is one that occurs through the mechanism of the triplet. 7'%'¢

Intermolecular energy transfer from one polymeric material to another
while the molecules are in solution or in the melt can also take place. '’ This was
demonstrated on an intramolecular excimer and exiplex formation in solutions of
polyesters containing naphthalene or carbazole moieties in their chemical
structures '':
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In general, the migrations of energy in polymers is somewhat more
complex, because chain folding and conformations are additional factors that
enter into the picture. The separation between interacting units can be affected
by the composition of the polymer, the geometry of the polymeric chains, and
the flexibility of the backbones.'®
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There are two limiting cases for the effects of polymer folding on
energy-transfer efficiency. Folding of a polymer before excitation into a
conformation in which the sensitizers are held within a hydrophobic pocket
improves the efficiency of energy migration when a large number of
intramolecular hops or through bond interactions intervene between the
sensitizer and the ultimate trap. '* If the polymers are flexible, however, they can
also bend after photoexcitation to bring otherwise distant chromophores close
enough so that energy can hop from one to the other, skipping intervening units
and thereby considerably shortening the effective migration distance along an
individual polymer chain. '* For flexible polymers in solvents that promote
folding, this motion can take place even faster than excited-state decay."®

Intramolecular singlet energy migration can also proceed via electronic
coupling through the bonds that form the polymer backbone. In a random walk,
the excitation energy migrates without directional control, moving back and
forth along a chain or across space. Through-space interactions between pendant
chromophores are also common in polymers with large numbers of absorbing
units.'® One should also include movement of excitation across folds or loops
that can form in polymeric chains. Such folds can be the result of packing into
crystalline domains or simply from temporary collisions.

In principle, the excitation can be localized for some finite time
(however small) on a particular chromophore before it is transferred to another
one in the chain. Guillet defines intramolecular energy migration as any process
that involves more than one exchange of excitation energy between
spetroscopically identical chromophores attached by covalent bonds to a
polymeric chain. '* He further terms “energy transfer” as a single step migration
between two chromophores, while one that involves several or more
chromophores as “energy migration”.'

The, polymers with multiple sensitizers offer several routes for energy
migration This can be illustrated as follows '® :

NN AN

Route A Route B

A very common arrangement is for the photosensitive groups to be aligned
outside of a spiral arrangement of the polymeric chain in close enough proximity
to each other for energy transfer. Also, as mentioned earlier, folding of a
polymer before excitation into such a conformation that the sensitizers are held
within a hydrophobic pocket improves the efficiency of energy migration with
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a large number of intramolecular hops. Efficiency of energy migration is also
helped through-bond interactions that intervene between the sensitizer and the
ultimate trap. '® Also, as mentioned before, flexible polymer frameworks can
bend the polymeric chains in such a manner as to bring otherwise distant
chromophores close enough together so that after excitation the energy can hop
from one to another. In such a case the energy migration can skip intervening
units and thereby considerably shorten the effective migration distance along a
single polymer chain. As stated above, for flexible polymers in solvents that
promote folding, this motion can be even faster than excited-state decay. '®

Intermolecular energy migration can also occur between two different
polymeric molecules. Thus, for instance, Turro and coworkers investigated
inter- and intramolecular energy transfer in poly(styrene sulfonate). They found
that excimer formation between adjacent phenyl groups is a dominant reaction
both along a single chain and between two different chains. * At low densities
of excited states, singlet energy transfer between a sensitizer and its nearest
quencher (perhaps on another chain) dominates, whereas at high excited state
densities, energy migration takes place through the series of donors. '*

Webber reports that he uses the following equation (that he calls crude
but useful) to obtain rough estimates of the energy migration diffusion rate along
the polymer backbone ' :

kq=47Ny(Dq +A)PR /1000

where Dy is the normal diffusion constant of the quencher and &, is the energy
migration diffusion rate along the polymer.

In some aromatic vinyl polymers excimer emission can occur after an
initial excitation of an aromatic chromophore. This is followed by
intramolecular singlet energy migration, either along the polymer chain, or
intermolecularly along the chromophores. Here too, it can be to different chains
in a polymer that is in bulk and the chains are in close proximity to each other.
The process generally continues until the excitation is trapped at some chain
conformation that is suitable for excimer formation. Such a chain conformation
is referred to as eximer-forming site. If the polymer is in solution and viscosity is
low, interconversion of chain conformations proceeds fairly rapidly. In such
cases the lifetimes of any particular conformation is limited by the collision
processes as well as by the magnitude of the rotational barriers with respect to
thermal energy. '* In the solid state, however, the rotational freedom of the
polymeric chain is considerably reduced. Large scale conformational changes
are unlikely. There still is the possibility, however, that adjacent chromophores
will be in a marginal eximer forming site. *

The carbazole molecule is a good example of a chromophore that
readily forms excimers. This makes polymers that bear carbazole moieties
useful as photoconducting materials . It is described in Chapter 5.
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1.7. The Antenna Effect in Polymers

It was originally observed by Schneider and Springer ° that efficient
fluorescence occurs from small amounts of acenaphthalene that is
copolymerized with styrene. Fox and coworkers '® observed the same effect in
a copolymer of styrene with small amount of vinyl naphthalene. The emission of
naphthalene fluorescence is much higher than from solution of a mixture of the
two homopolymers. It was suggested by both groups that this phenomenon is
due to energy migration between styrene sequences to the naphthalene moieties.
Guillet and coworkers carried out quantitative studies of this phenomenon with
various polymers that contained naphthalene or phenanthrene as the donors and
anthracene as the trap. '* This effect is similar to one observed in ordered
chlorophyll regions of green plant chloroplasts (antenna chlorophyll pigments).
It was, therefore, named the antenna effect.

Work by Guillet demonstrated that the effect is not entirely due to
energy migration among the chromophores that form the antenna, but rather a
combination of migration and direct Forster energy transfer to the trap. ' Guillet
concluded that energy migration and transfer in such systems are primarily due
to long-range Forster transfer by dipole-dipole mechanism (discussed earlier). In
the absence of any trap in the polymer the energy will migrate along the
backbone of the polymer chain until it is deactivated by some other processes. In
the presence of a singlet energy trap, the lifetime of the excitation will be
reduced and the length of energy migration will be reduced. The difference
between this form of energy transfer and one observed in solid aromatic
polymers is that the photon energy is collected within a single polymer molecule
and all energy transfer is intramolecular. The antenna effect permits collection
of the photon energy from the entire region of space (the hydrodynamic volume
of the polymer) and transmitting it to the traps located on the polymer chain.
The efficiency is relatively independent of concentration and can be very
efficient even in dilute solutions. "2
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Chapter 2

Photosensitizers and Photoinitiators

2.1. Phortosensitizers

As explained in Chapter 1, photosensitizers are molecules that absorb
the energy of light and act as donors by transferring this energy to acceptor
molecules. The molecules that receive the energy may in turn undergo various
reactions, such as polymerizations, isomerizations, couplings and others. Many
different molecules can act as photosensitizers, but the most useful ones are
various aromatic compounds. In Table 2.1. are listed some common
photosensitizes that appeared in various publications in the literature. The
process of photosensitization and energy transfer involves formation of charge
transfer complexes. A good photosensitizer, therefore, is not only a molecule
that readily absorbs light energy, but also one that readily transfers it to another
molecule. Some compounds are capable of forming such transfer complexes in
the ground state, but many more form exiplexes in the excited state. Others can
form complexes between a compound in the ground state and another one in the
excited state. Such complexes are called excimers or excited dimers. The
difference between the excited state of a dimer and an exiplex is that the dimers
possess binding energy in the ground state, while exiplexes lack any binding
energy in the ground state. This is described in Chapter 1. The emission spectra
from two molecules that are capable of forming exciplexes depend upon the
distances between the two molecules. An equation for the excited state wave
function of a one-to-one exciplex that forms from a donor molecule D and an
acceptor molecule A was written by Guillet as follows':

Ve= ayiDVA) + Bya(D AT ) +Yps(D* A) + Sy u(D A%)

The first two terms on the right side of the above equation correspond to charge
resonance states and the last two to the excitation resonance states. Thus a
photosensitizer can act in two ways, by energy transfer and by electron transfer.
To be exact, one may feel that a true photosensitizer is one that acts by energy
transfer alone. This, however, is not always the case. Also, in the event of
electron transfer, the process can lead to photoinduced decomposition via
electron transfer. >

The rate of absorption of light by a sensitizer that corresponds to
excitation from the ground state to the excited singlet can be expressed as ' :

s = d[Sol/dt — d[S,)/dt

23
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Table 2.1. Some Often Used Photosensitizers

Photosensitizer Chemical Structure D
(0]

Benzophenone 1.0

(6]
Acetophenone >_® 0.99
Triphenylene 8 0.95
O

Fluorenone 0.0 0.93
(0]

Anthraquinone O‘O 0.88
O

Triphenylamine N 0.88

Phenanthrene @@O 0.76
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Table 2.1. (Continued)

Photosensitizer Chemical Structure D
O
Benzil © 0.87;0.92
(0]
Pyrene 0.40
Naphthalene 0.40
CHj
CHj
Durene { : : ]
CHj
CHj
Anthracene OOO

from various literature sources. @ represents the quantum yield of triplets

The measurement of fluorescence and phosophorescence spectra of
photosensitizers is very important in providing information about the energy of
the excited states. It also allows identification of the phenomena.

The process of energy transfer requires that the excited donor diffuse to
the proximity of an acceptor within the time period of its excited lifetime. This
is subject to the viscosity of the medium and the efficiently of the collision
process and the range r in which the collisions can occur. The observed rate
constant for energy transfer kgt is governed by the molecular rate constant Kk gig
for diffusion controlled reaction. This is defined by the Debye equation:

kdiff= 8RT /3000 n

kgr = oL K gisr
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where a is the probability of energy transfer. R is the universal gas constant, T is
the temperature in kelvins, n is the viscosity of the medium in poise. The
Schmoluchowski ' equation defines the diffusion constant in terms of the
diffusion coefficient of the sensitizer and the acceptor:

kdiff =4 TC/ 1000(Rs+Ra )(Ds +Da) Na /2) {1 + [ Rs+Ra /(1:0 (Ds+
D.)/ )"}

where D and D, are the diffusion coefficients of the sensitizer and the acceptor
R; and R, are the molecular radii of the sensitizer and the acceptor, N, is the
Avogadro number and 7 is the lifetime of the excited state of the sensitizer.

2.2. Photoinitiators

The photoinitiators are compounds, usually organic, that, upon
absorbing light energy, form polymerization initiating species. Such species can
be free radical, ionic, or both. Some molecules can function as both,
photosensitizers and photoinitiators. An example of such a compound is
benzophenone. It can absorb light energy and transfer it to another molecule and
it can also cleave to form initiating species:

(0]
@ UV light @ 0
e

energy

transfer

initiating radicals
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An example of an ionic initiator is an onium salt:

*

@

1 UV light
O g
PFg PFg

2

[

initiating ions

2.2.1. Free-Radical Photoinitiators

Many compounds can fit the definition of free-radial photoinitiators.
They can be peroxides, disulfides, azo compounds, ketones, aldehydes and
other. One example is a diphenyldisulfide that has been utilized in photocurable
systems based on styrene-unsaturated polyester compositions:

UV light
T —

Se

Many other examples can be sited. Following are some basic kinetic
considerations of the reactions of photoinitiators and photoinitiating processes.
Based on Beer's Law, the fraction of absorbed light by a solution (or a light
curable composition) can be expressed as follows:

L = I (1€

Where I, is the intensity of the incident light in photons per square centimeter
per second at a given wave length; € is the molar extinction coefficient per mole
per centimeter; / is the length of the optical path; and c is the concentration of
the initiator. The above defines the fraction of light that is absorbed by one cubic
centimeter the light reactive material per second.
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Following light penetration, the quantum yield of initiation by many
free-radical photoinitiations can be shown in terms of the quantum yield of
formation of charge transfer complexes (exiplexes)® :

T, — Exiplex (@cy)

This is followed by formation of free-radicals, in a reaction that involves proton
abstractions (see section 2.2.3) * :

Exiplex —> Re (&y)

the quantum yield for radical formation, @ becomes @ct, Py « The cleavage of
the initiator in the triplet state and formation of initiating radicals can be
expresses as follows °:

Dr = Dc=kc/ (kc + kq [M])

and the kinetic expression for the formation of initiating species in a system that
is composed of a ketone and an amine (see section 2.2.3), can be shown as
follows,

Dr = Dcr, Do = kc[AH] / kg|AH] + kg + kg [M])

where k. is the rate constant for quenching by amines, [AH] is the concentration
of the amine, kq is the rate constant for decomposition of the photoinitiator, and
kq is the rate constant for monomer quenching with [M] representing the
concentration of the monomer. Turro’ gives the quenching rate constant for
diffusion controlled reactions as,

kq =8RT/3,000 n liters mole'sec”

where R is the gas constant, T is the temperature, and m is the solvent viscosity
in poise.

2.2.1.1. Aromatic Ketone Photoinitiators

The diphenyldisulfide, shown above, although useful in some
applications, is not efficient enough to be used as an initiator in many
commercial applications. Aromatic ketone compounds, however, are a common
choice. The ketone carbonyl orbitals that are important in photochemistry are
shown in Figure 2.1. The picture is similar to the one shown for formaldehyde in
Chapter 1. In the ground state, the m orbital is localized on the carbonyl oxygen.
In the excited state, however, the n* orbital is delocalized over the entire
carbonyl function. This means that in an n ——n* transition the electron is
further away from the oxygen and the molecule behaves more like a diradical:
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Ground state Excited state
Figure 2.1. Illustration of the ketone carbonyl orbitals

The photoinitiators with carbonyl groups can be either small molecules
or they can be polymers, because it was demonstrated that ketones on polymeric
compounds undergo the same photoreactions that do small molecules
Commercially, the most important photoreactions of ketones are the Norrish
type I and II processes and the Fries rearrangement. Many of them will undergo
Norrish I type a-cleavage in the triplet state when irradiated with light of the
appropriate wave length. In some cases, however, -cleavage may takes place
instead. Both types of cleavages are also possible in some cases. This is
discussed further in this section. Tables 2.2.and 2.3. give some examples of
typical aromatic ketone initiators that are available commercially.

The benzoin derivatives, shown in Table 2.2., are an important family
of photoinitiators. The unsubstituted benzoin molecule itself is believed to
fragment from the triplet state. On the other hand, the benzoin ethers are thought
by some to fragment from singlet excited states.** Others, however, disagree
and believe that they also fragment from the excited triplet state.* The benzoin
ether derivatives vary considerably in their photo initiating efficiency. *¢ The
nature of the monomer and the environment exert an effect as well. Also the
efficiency decreases when radical recombination is favored by the cage effect
due to an increase in viscosity of the medium. This is also true of many other
photoinitiators, like, for instance, benzyl monoxide and its derivatives. As a
whole, however, many benzoin ethers are efficient photoinitiators for acrylate
and methacrylate esters, again, depending upon chemical structure,
concentration, and the intensity of the light.” * Generally, they undergo a high
rate of photo cleavage and compete effectively with bimolecular quenching by
oxygen and by monomers. These ethers are often utilized in particle board
finishing compositions.

As state above, the cage effect detracts from initiation efficiency. It was
shown by Pappas, however, that both radicals produced by photo cleavage of
bezoin ethers, the benzoyl radical and the diether radical are comparably



30 Light-Associated Reactions of Synthetic Polymers

efficient initiators for the polymerization of acrylates and methacylates.” This is
contradicted by work of Turro and coworkers, ' who used time-resolved
infrared spectroscopy to study reactivity of some photoinitiators. A series of
substituted benzoyl radicals were generated by laser flash photolysis of a-
hydroxy ketones, a-amino ketones, and acyl and bis(acyl)-phosphine oxides.
The absorbtion rate constants for their reaction with n-butyl acrylate, thiophenol,
bromotrichloromethane and oxygen were measured in acetonitrile solution.
They concluded that the rate constants of benzoyl radical addition to n-butyl
acrylate range from 1.3 x 10° to 5.5 x 10° M s and are about 2 orders
of magnitude lower than for the n-butyl acrylate addition to the counter
radicals that are produced by (o-cleavage of the investigated ketones)."

Other groups of efficient photoinitiators are benzil ketals and
acetophenone based compounds. Table 2.3. lists some of these materials. In the
benzoyl radicals the unpaired electrons are not delocalized over the whole
aromatic ring. As a result, they are active in initiating polymerizations. The
benzyl ether radicals, on the other hand, are more stable. They will initiate some
polymerizations, but can also contribute to chain termination reactions. The free-
radicals shown above in Tables 2.2. and 2.3. that form through primary bond
cleavage, however, are not necessarily the initiating species. Instead, secondary
products that form as a result of further decompositions may actually do the
initiating. Thus, for instance, the high efficiency of benzyl dialkyl ketal shown

Table 2.2. Some Examples of Benzoin Derivatives Used in Photoinitiation

Reactions”
Benzoin Ethers Primary Photodecomposition Products A«
ﬁ (‘)CHz ﬁ C‘)CH3
H H
ﬁ (‘3C4H9 O‘ (‘)(:4149
H H
o (‘?H(CH3)2 o TH(CH3)2
I
OO | O =
OCH3 OCH3
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Table 2.3. Some Benzil Ketals and Acetophenone Based Photoinitiators *

Initiators Primary Decomposition Products Amax (NM)
. I
OCH; OCH;
I I
@C —CClL @C e e(C(ChL
[P TR
@C 7‘C70H @C e o (\Z*OH 320
CH; CH;
ﬁ TCZH_.; o‘ (‘)C2H5
chH @C e (‘3}* 323
OC,Hs OC,H;s

* from various sources in the literature and from sales brochures. A,y is in nm.

above is attributed to formation of a very active methyl radical:

2 i
Il ocH
c\\<‘:2ij> light ce
©/ OCHj3
OCH;

OCH;
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The benzoyl radical can actually undergo further decomposition
reactions and the initial cleavage can be followed by many side reactions '

i
H OCH; /: ce
OCH3 +

©/ OCHj
@

The benzaldehyde, as shown above, is a product of a side reaction.
Benzaldehyde can also form as a byproduct from photodecomposition of other
compounds with the benzoyl radical as the intermediate "'

0 0

| light |

C — ce
HO +

0
O =0
C 0

\H
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Also, side reactions of the products form photodecomposition of benzil

ketals that can detract from their initiation efficiency are recombination
reactions of radicals '"'*"3:

i i
Ce C——CHj;
+ CHz;e —B ©/
ﬁ 0
I I
2 > |
0
OCHj;
?CH3 |  "OCH;
. i
—
2 OCHj; ©/OCH30CH3
o‘ OCHj

\ 0 OCH
° I 3
Ce CJ C _
n OCHj
— OCH;

Norrish II type hydrogen abstraction and Norrish I photo cleavage
were shown to take place in the triplet state of dialkoxy acetophenones’:

ﬂ OCH; UV light o OCH
c— CL | Y 3
< OCH3 Ce + o COCH3
H

H
‘ UV light
OH o
| ocH; HZC‘ (‘)
C—C—0CH 0 — C—C-OCH;
H L w
OH

In addition to the above reaction, the benzoyl radical was also shown to undergo

recombination with ether radicals at the ortho and para positions."* The products
are semiquinoids:
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H3CO\C _-OCH;3

O

The para isomer shown above is known to contribute to yellowing of coating
during cure. On the other hand, B-cleavage is the predominant mode of
decomposition of compounds, like, a-halogen acetophenones *'°

0 0
g I
~ light
e

+ Cle

As stated earlier, the photo initiating efficiencies of aromatic ketones,
and this is true of all other photoinitiators, are affected by their chemical
structures. The nature of the transition state strongly influences the process of -
cleavage. It is also affected by substituents, whether electron withdrawing or
releasing, because that affect stabilization. For instance, investigation of the
photochemistry of five substituted benzoin ethers and their activities in initiating
polymerizations of acrylates were reported recently.'® When the photolysis of
such compounds leads to very short triplet states, rapid cleavages and formations
of very efficient initiating radicals result.'® That, however, is not true of all
benzoin ethers, even if they exhibit strong near ultraviolet-visible light
absorptions. '® An interesting correlation of rate constants for photo cleavage
with substituents on acetophenone *:

R

shows the accelerating effect of R on the rate of cleavage as follows: OCHj;
>0H > OCOCH; > CH; > C¢Hs > H. Thus, as stated earlier, in general, the
process of a-cleavage in aromatic ketones is strongly affected by the nature of
the transition state and by the stabilization of the partial charges by electron
releasing of withdrawing groups.

Benzophenone and its derivatives are also affected by substituents.
Thus, 4'-(4'-methylphenylthio)-benzophenone,
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i

exhibits higher photo activity than its parent compound.'” The incorporation of a
thioether group results in strong n—n*/mn—n* mixing and a change of the
properties in the excited state.!” Substitution with long alkyl groups also
increases activity, but, on the other hand, nitro substitution in the 4 position,

—O-+0

decreases the activity.'”

Another interesting example is a bifunctional photoinitiator that is
based on ketosulfone-benzophenone. It is reported to be 20% to 40% more
active than dimethoxy phenylacetophenone '®:

ﬁ i
\

CHj

The triplet state of this compound undergoes P-cleavage reaction at the
ketosulfone moiety. Upon addition of an amine this material generates a ketyl
radical. The quantum yield of intersystem crossing is 0.7 in acetonitrile and the
triplet energy is reported to be around 275 kJ mol ' . '*

Turro et al."” studied the effect of substituents upon the efficiency of 2-
hydroxy-2-methyl-1-phenyl propanone in initiation of polymerization of acrylic
monomers. The parent compound decomposes in the following manner:

(0}

i
OH
CcC e
h
@AKL — = + [ on
Y C

The comparison was carried out on the following derivatives '

0O O
\S
A B
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OH OH

C D
f 0
OH OH
I HO
E F
0 0
O~ OY
(0]
G H

Evidence was presented”” that substituents at the benzoyl moiety can
change the photochemistry and the photophysics of these compounds
significantly, because they change the nature of the lowest triplet state from an
n —>7* to a 7 -»x* Upon irradiation the hydroxy ketones undergo fast and
efficient n —7* transitions in the lowest triplet state (ko > 10’ s ' ) and efficient
a-cleavage (@, ~ 0.4—0.6). The alkyl ether derivative, shown above, also
exhibit fast a-cleavage upon irradiation,” Slow o-cleavage was observed,
however, for the ester derivative.'” The conclusion is therefore, that all but one
of the above undergo rapid intersystem crossings from the S; to T; states and
exhibit relatively pure n — 7 * character of the T state. An exception, however,
is the compound that has the hydroxy function replaced by an acetate one
(compound H). The esterification slows the rate of cleavage by a factor of nearly
1000 .

It was also shown® that the initiating performance of compounds, like
1-chloro-thioxanthene-9-one, is enhanced by the presence of an acyloxy group
in the four position. This was attributed to the greater triplet n—>n* activity
because of the electron withdrawing effect of the 4-acetoxy group. This high
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photoactivity was also observed in the presence of oxygen and under visible
light. That, however, is believed to be due to the 1-chloro group that produces
active chlorine radicals.”’

Cyclic benzyls will initiate photo polymerizations of acrylates The
process of photodecomposition and formation of initiating radicals was reported
by Pappas to be as follows *':

(0]

0 OCH; H‘(‘)
C
OWOE 10
—_—
S
s.

Other cyclic benzils that are shown below behave similarly '*:

o o

S0 0

Acyloxime esters are also efficient photoinitiators. They were
investigated by Delzenne.”> He demonstrated that they undergo the following
cleavage reaction:

o C [}
S

ﬁ 0
|
C R
ORSToR
—_— >
v L
o R §
+

i P O)‘LR'

ce
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The monomer can interact with the triplet state of the initiator by either
quenching it or by completing the step of initiation. Quenching of the excited
state is detrimental as it can cause deactivation of the excited state and prevent
formation of monomer radical, RMe Stern-Volmer plots of the reciprocal
values of the lifetimes of the triplet states or radicals as a function of monomer
concentrations allow us to determine the quenching rate constants, &, . 7 The
structures of both, the aromatic ketone and the monomer influence the rate of
quenching.

Many pigmented coating formulations make use of a-amino ketone
photoinitiators.”** The effectiveness of these materials is further enhanced by
addition of photosensitizers, such as methyl or isopropyl thioxanthene-9-one.” >’
Some typical a.-amino-ketones are shown in Table 2.4.

Table 2.4. Typical a-Amino Ketone Photoinitiators *
Photoinitiators Primary Decomposition Products

0
|

(CH3),N —C C@N 0 (CH3),N—C
3N O spN—TC e
CH3J — CH3J o
@
0 N Ce
__/

ﬁ CHj \?
CH;0 C 7(‘; - o CH;0 @C °
(CH3)N \ N/ (CH3),N
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Table 2.4. (continued)

Photoinitiators Primary Decomposition Products

(‘)‘CH3/—\ @TO

C,Hs CH;

 from various sources in the literature

Although a-cleavage is the main photodecomposition product of
morpholino ketones, some p-cleavage might also be taking place.”®*" Also, side
reactions that can result in loss of initiating radicals can be illustrated as follows:

0
/ \ I UV light

— >0 N C ® +e [—N(CH3),

__/ »
CH;
— (6]
—» O N ‘C‘H ‘
\ ; + ‘ N(CH3), + N(CHs),
CH; CHs
0.5 mole 0.5 mole

An interesting photoinitiator was reported by, Liska and Seidl who
found that a diynone based compound shown below yields surprisingly
high reactivity and initiation in polar monomers. Compared to benzophenone-
amine system (described in the next section), an increase, up to two times in
reactivity is claimed for this compound in the absence of an amine.” Addition of
an amine was found to actually decrease reactivity. It is suggested that the high
hydrogen abstraction properties of this material might be the cause of this high
reactivity **:
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o

Z N\

Phosphorus containing photoinitiators are useful in pigmented as well
as in water based systems. Compounds like trimethylbenzoyl diphenyl
phosphine oxide and its derivatives generally undergo a-cleavage.

/@ -
\ | UV light i
C—P *0 — CH; Ce

® P—0O

The acylphosphonates, like the other photoinitiators, can also undergo side
reactions:

CH3 CH,e®

(‘)H

—C—P=0

N

Methyl substituent on the benzoyl group in the ortho position leads to
competitive enolization in compounds like 2,4,6-trimethylbenzoylphosphonic
acid. 23° This, however, is not observed in compounds like 2,4,6-2-trimethyl-
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benzoyl phosphine oxide:

H / uv l1ght
Hy— FC*P*

UV light
CfP—O
OH OH
CH,®

CHs

41

There are some comments in the literature that phosphorus containing
photoinitiators are not as effective in imitating free-radical polymerizations as
are other aromatic ketones.’! That is contradicted, however, by others. Thus
Decker rates bisacylphosphine oxide, ** shown below, as being on par with
morpholinoketones in photoinitiations of the polymerizations of urethane
acrylates (see Chapter 3) The compound probably cleaves into two initiating

radicals upon exposure to light™

0 0

[l I UV light

cfﬁ —C —
0

Similar photocleavage might perhaps be occurring with the following

phosphine oxide:
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(0]
I

C—P——C

0 O
|l

Decker et al.,”” claim that when the initiation efficiency of acyl phosphine
oxides was compared to typical radical photoinitiators (aromatic ketones shown
above), it was found that acyl phosphine oxides are most efficient ones with
respect to both the polymerization rate and the extent of cure, mainly because of
their fast photolysis. Frontal polymerizations, they found, proceed readily,
allowing thick specimen to cure through by simple exposure to sunlight.
Because they absorb in the region of 350-400 nm, acyl phosphine oxides are
claimed to be particularly well suited to initiate polymerizations of both
pigmented systems and protective coatings used in exterior applications that
contain UV-absorber-type light stabilizers. Superior performance was also
reported for these photoinitiators in the photocrosslinking of functionalized
polymers, such as acrylated polyisoprene and polybutadiene with pendant vinyl
groups. Beyond that, addition of small amounts of a trifunctional thiol was
shown to drastically speed up the crosslinking polymerization and
insolubilization. That was reportedly achieved within a 0.3 seconds of UV-
exposure, even for initiator contents as low as 0.1 weight per cent.*

A patent was issued to BASF *° that describes two component
photoinitiators containing mono- or a diacylphosphine oxide, which is described
as RIR2P(O)C(O)R3 . The other component is mono or polysubsituted
benzophenone. These photoinitiators are low in volatility. It is claimed that they
are not inhibited by air and are particularly suitable for ultraviolet light curing of
coatings.

Liska et al., ** studied pyridine ketones initiators using laser flash
photolysis. The materials were illustrated as follows:

o 0

CN) OHCND O)
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OY
O !
N
The first compound, 2-hydroxy-2-methyl-1-pyridin-3-yl-propan-1-one
was previously found to be water soluble and very reactive. *° The activity of
this compound was found to be comparable to its phenyl analog, 2-hydroxy-2-

methyl-1phenyl-propane-1-one. All compounds show absorption maxima at
about 410 to 430 nm.

2.2.1.2. Initiators Based on Maleimide and Similar Compounds

Combinations of donor/acceptor systems, comprised of at least one
multifunctional monomer, are actually capable of sustaining rapid free-radical
polymerization without external photoinitiators. Donor monomers can be vinyl
ethers, N-vinylformamides, and N-vinylalkylamides. The acceptor monomers
are maleic anhydride, N-arylmaleimides, N-alkylmaleimides, dialkyl maleates,
and dialkyl fumarates. N-alkylmaleimides can participate in excited state
hydrogen abstraction from diacrylates. ** The reaction proceeds either in the
presence or in the absence of oxygen.*

The use of N-substituted maleimides as photoinitiators for radical
polymerization. has gained attention as an alternative material to ketone based
photoinitiators.”” Sensitization of maleimides to the triplet state markedly
increases polymerization efficiencies. The maleimide amine system produces
two radicals, one centered on the amine and the other on the maleimide. Both
radicals are capable of initiating polymerization ** *” Also, ketone based
sensitizers with varying triplet energies were reported to initiate the
polymerization. of hexamethylene diacrylate more efficiently in the presence of
a maleimide/amine coinitiator system. In certain cases, extremely rapid rates
were reported.”’ Additional studies showed that charge transfer complexes of
maleimides and vinyl ethers initiate polymerizations efficiently and rapidly in
the absence of any other photoiniiators.*®

The process by which substituted maleimides initiate polymerization of
acrylic esters in the presence of a sensitizer/hydrogen atom donor was studied by
Ngyuen et al..”® The initiations were shown to be through an energy transfer
mechanism that is followed by an electron transfer/proton transfer. The high
rates of initiation and polymerization are affected greatly by the substituents due
to the change in the stability of the radical that is produced and steric hindrance
at the radical site. Also, the high rates are attributed to efficient energy transfer
from the triplet sensitizer to the maleimides and efficient electron transfer from
the tertiary amines to the excited triplet state maleimides.™
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Hoyle er al.”® concluded that N-aryl and N-alkyl substituted
maleimides, when excited by UV light, can initiate free-radical polymerization
by either hydrogen abstraction (when alcohols or ethers are used as coinitiators)
or by electron/proton transfer (when tertiary amines are used as coinitiators).
When an ether or an alcohol is used, as the coinitiator, the mechanism is
believed to occur by the excitation of the maleimide to the excited singlet state
followed by a somewhat inefficient intersystem crossing to the excited triplet
state. The triplet species then abstract labile hydrogen atoms from the ethers or
from the alcohols. On the other hand, when the hydrogen atom donor is a
tertiary amine such as N-methyl-N.N-diethanolamine, the substituted maleimide
is reduced via an electron transfer, followed by a proton transfer, that is very
similar to that of the reaction of isopropylthioxanthone/amine systems
(discussed in the next section).”” Additional investigations ** confirmed other
observations, that triplet sensitization of N-substituted maleimides dramatically
increases the observed rate of initiation. The triplet sensitizer transfers energy
followed by an electron transfer/proton transfer:

—0
/CH3 UV light
N + Z
‘ N\ CH,CH,OH —»
~o CH,CH,;0OH

Q@ + N CHzCHzOH —
CH2CH20H
%

—0

~ 15O g | 15O

.
CH,CH,0H hd

=,

_CH;
+ NT CHyCH,OH
CHCH,0H

Jonsson et al.,*® studied a difunctional maleimide with two different
electron donors, a vinyl ether and phenyl dioxolane. They observed that
structural modifications increase the electron density in the vinylic C=C bond of
the donor monomer and promote higher rates of co-polymerization with
maleimides. They also compared a vinyl ether with exomethylenic dioxolane
and showed increased "reactivity" for the dioxolane monomer. As a result, the
mechanism of reaction of maleimide with a donor monomer, a vinyl ether was
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illustrated by them as follows™®:

N—R

O

Jonsson et al., *® extended the study to the synthesis of polymers that
function as hydrogels for controlled release studies.’® Hydroxypentyl maleimide
and N-vinyl pyrrolidone were the acceptor and donor respectively. Glucose, 1,1
diethoxyethane, and isopropyl alcohol were the hydrogen donors. In this
reaction, glucose was shown to be the most efficient hydrogen donor. Also, the
triplet state of maleimide is quenched by vinyl pyrrolidone trough an electron
transfer process and presumably formation of 2+2 cycloadducts of maleimide
and vinyl pyrrolidone. When the concentration of N-vinyl pyrrolidone is high
enough to quench the singlet state of maleimide, rapid proton transfer takes
place and results in formation of initiating radicals.’® Furthermore, it was
shown”® that N-aromatic maleimides can be segregated into two groups. Into the
first one belong those that can adopt a planar conformation and into the second
one, those that can not adopt such a conformation.. Planar N-aromatic
maleimides have a relatively low excited-state triplet yield They show a
significant shift of the primary maleimide absorption band in the UV spectra
with changes in solvent polarity, and do not initiate free radial polymerization
upon direct UV excitation. Twisted N-aromatic maleimides, one the other hand,
have higher relative triplet yields, show negligible shift of the primary maleimid
UV absorption band, with changes in solvent polarity, and initiate free
radical polymerization upon direct excitation. Addition of benzophenone, a
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sensitizer dramatically increases the initiation efficiency of both planar and
twisted N-aromatic maleimides.”

S
—0

0
| N + o UV light ‘ - J}

R
° Ay 3.

In addition, when used to photoinitiate the polymerization of acrylic
monomers, low concentrations of N-substituted maleimide coupled with
isopropylthioxanthone and a tertiary amine system result in markedly increased
rates of polymerization, faster than the traditional isopropyl-thioxanthone/amine
system alone (see the next section).’® Maleimides can also be used in
combinations with a diarylketones and amines to initiate polymerization.*®

The maleimides are not the only imides that can accelerate the
photoinitiation process. For instance, it was reported earlier that N-
phenylphthalimides function in the same capacity as the N-substituted
maleimides.*® Phthalimide was also found to be capable of enhancing the photo
initiated polymerizations of acrylic monomers.* When sensitizers like
isopropylthioxanthone, 4-benzoylbiphenyl, or benzophenone are used in addition
to N-phenylphthalimides, rapid rates of polymerizations of the acrylates are
attained. A tertiar amine must be present as a hydrogen source. A suitable
hydrogen source can be N-methyl-N,N, diethanolamine. Electron withdrawing
substituents on the phenylphthalimide accelerate the reaction. Thus considerable
enhancement was observed for N-(3,4-dicyanophenyl)phthalimide. ** Also, when
isopropylthioxanthone is used with substituted N-phenylphthalimide photo
initiators, rapid rates of acrylate polymerization are attained in the presence ofa
tertiary amine thatalso acts as a hydrogen source. Use of N- phenylphthalimide
with electron withdrawing substituents on the N-phenyl ring in the presence of
a combination of isopropylthioxanthone and N-methyl- N,N-diethanolamine
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results in an increase in the maximum rate of polymerization of 1,6-hexanediol
diacrylate. This increase is by a factor of two over the coinitiator and N-methyl-
N,N-diethanolamine alone. *?

Other charge transfer complexes are described in the literature. Thus,
recently, it was reported that cyclic N-vinyl amides were also observed to
enhance the relative rate of polymerization of acrylates in nitrogen and even
more so in air.”’ The mechanism of the reaction is not yet explained, but the
following cyclic vinyl amides were reported as being useful enhancers:

G

2.2.1.3. Two Component Photoinitiators

Many aromatic ketones are very efficient initiators of photo
polymerizations as a result of photoreductions in the triplet state***® Upon
irradiation of the ketone, one of the » nonbonding electrons of the oxygen atom
undergoes a n—n* transition. This was discussed in Chapter 1 and, as it is
explained in the beginning of this Chapter, makes the oxygen in the excited state
electron deficient and gives it the ability to react similarly to an electrophilic
alkoxy radical. This can be illustrated as follows:

*
~ light [~ ---- -

/ / /@@

e RH
- O\C*OH + Re

Be

The RH hydrogen donor shown in the above reaction can be any source of labile
hydrogen. It can be a solvent, an alcohol, or even a trace of moisture. The use of
an alcohol, like isopropyl alcohol is particularly favored as a coinitiator in such
reactions. An example used here is photo reduction of benzophenone by
isopropyl alcohol. This reaction can be illustrated as follows,
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CH;
H—C{OH

UV light CH;

=0 —p =0 | —

_CHj
—_— ° OH + ® c<OH

CHj

In the above reaction, it is believed that the isopropyl alcohol radical does the
initiation of the free radical polymerization while the ketyl radical that forms is
so resonance stabilized that it mainly dimerizes to benzpinacol or participates in
chain terminations.*’

Many other aromatic ketones, besides benzophenone, can be photo-
reduced in the triplet state by electron donors. The transfer can take place in the
lowest-lying triplet n—n* or in the m—>n* excited states. Examples of such
ketones are shown in Table 2.5.

Table 2.5. Examples of Ketones that Are Photoreduced in the Triplet
State by Hydrogen or Electron Donors®

Ketone Chemical Structure

0
Benzophenones I
R— —C— —R'

0 0
Benzyls |l
R— ——C—C— —R'

Camphorquinones
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Table 2.5. (Continued)

Ketone Chemical Structure
I
Thioxanthones @ic:©/R
S
0
| u
Ketocoumarins N Y
R
6) [6)

? from various sources in the literature

Recently, Turro ef al.,*® reported preparation of a new photoinitiator for
free-radical polymerization, 2-mercaptothioxanthone, :

0
S
This compound is an efficient photoinitiator in the presence of a coinitiator, like

N-methyldiethanolamine. ** The thioxanthone derivative shown above is a
hydrogen abstraction type photoinitiator. The postulated mechanism is *°

0 o .
SH SH
UV light
0
Hegen
s |

\

OH * (0]
SH Se
°
+
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Yagci, Turro and coworkers also reported *” a mechanistic study of
photoinitiation of free radical polymerization with thioxanthone thioacetic acid
as a one-component, Type II, photoinitiator.

(0] (0]
X\)L
OH
X=0,S

The initiator undergoes efficient intersystem crossing into the triplet
state and the lowest triplet state possesses a ©——>n* configuration. In contrast
to the unsubstituted thioxanthone, the thioacetic acid derivative shows an
unusually short triplet lifetime (65 ns) indicating an intramolecular reaction.
From fluorescence, phosphorescence, and laser flash photolysis studies, in
conjunction with photopolymerization experiments, the authors concluded that
the molecules in the triplet states undergo intramolecular electron transfer. This
is followed by hydrogen abstraction and decarboxylation, producing alkyl
radicals. These radicals are active initiator radicals in photo induced
polymerization.

0

: : X_~COOH
S
¢ UV light

(¢}
*

(6]
X COOH o /XCHzCOOH
—
S
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It was also concluded that at low concentrations of this initiator (below 5 x 10~
M) the intramolecular reaction, shown above, is the dominant path. At
concentrations above 5x10= M, however, the respective intermolecular
reactions may be operative. " In effect, the above can be looked upon as a two
component photoinitiator, where both components are combined into one
molecule.

The interactions between aromatic ketones in the triplet state and
hydrogen donors are not as efficient as reactions between such molecules in the
triplet state with electron donors. As a result, the triplet state ketone reactions
with hydrogen donors are used commercially mainly in initiating
photocrosslinking reactions. On the other hand, reactions between triplet state
ketones and amines find much wider applications in light curable coatings and
other formulations. Furthermore, higher conjugated aromatic carbonyl
compounds, such as p-phenylbenzophenone or fluorenone, exhibit lowest T—m*
excited triplet states and, actually, do not abstract labile hydrogens from
compounds like ethers or alcohols. They are, however, readily photo reduced by
electron donors,41 like, ground state amines or sulfur compounds. The exact
mechanism of the reaction is still not fully elucidated. It is believed, however,
that electron transfer takes place after the excited triplet carbonyl compounds
form exiplexes with the donors. The collapses of the complexes result in

formations of pairs of radical anions *' :
— — *

/CH2CH20H
O+ NTcHs —

CH,CH,0H
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%k — — %k

®CH2CH20H @ @ @ HZCHZOH
O// N—CH;j - O-- N CH
PR PR
CH,CH,OH CHZCHZOH

O

solvated ion pair contact ion pair

w

It is believed that both pairs are in equilibrium with each other. The above ion
pairs can lead to formation of different radical pairs. The solvated ion pair can
lead to back electron transfer and /or free ion formation.”* The hydrogen
bonding character of the other components in the reaction mixture, such as
monomers, solvent, or prepolymers can affect the efficiency of the proton
transfer. The substituents on the nitrogen of the amine can affect the proton
transfer as well. The overall reaction can also be illustrated as follows:

0+ N CH; — 0 -
N + N\ CH3

CH,CH,0H CH,CH,0H

’?’

charege transfer complex

© @ cHCH0H _ CH,CH0H
—

o + N_—CH; OH + N CHj
® “CH,CH,0H CHCH,OH

w«

Various side reactions are possible. One such reaction that results in loss of
initiating radicals can be illustrated as follows:
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/CHZCHZOH
an o N W

CHCH,0H
[ J

OH

CH,CH,0H

It is commonly believed that only the dihydroxyethylmethyl amine radicals
shown above are the ones that initiate chain growth. 4 This, however, has not
been fully established either. In general, as stated earlier, ketone-amine
photoreactions are very efficient initiators for both photocrosslinking and for
photocuring reactions, regardless of whether they reach the excited state through
n—n* or through n—n* transitions. This efficiency of initiation, however, is
also subject to intermediate reactions, such the reactivity of the a-amino alkyl
radical and other side reactions, as shown above.”® Quenching by amines of the
excited triplet should be taken into consideration. When efficient cleavable
photoinitiators are used, however, amine quenching does not usually interfere
with the photo scission process. *

Several studies were carried on the relationship between the chemical
structures of ketones and of amines and the rates and efficiencies of
photoreductions.ﬁ’52 It was observed, for instance, that Norrish I reaction of
aromatic ketones is affected by electron donating and electron withdrawing
substituents of the aromatic portions of the ketones. That, of course, is a result of
stabilization or destabilization of the partial charges in the transition state by the
substituents.”® The rates of electron transfer reactions in photo reduction of
various ketones, like benzophenone or thioxanthones and their derivatives by
some amines can be found in the literature. Some examples are listed in Table
2.5.

Various derivatives of thioxanthone are widely used in photoreductive
type free radical initiations in curing many commercial coatings and inks.*’
These compounds exhibit extended absorption in the near ultraviolet-visible
region of the electromagnetic spectrum. That makes them also effective for
curing pigmented films. The efficiency of the thioxanthone chromophores
however, depends upon many factors. These include the nature and type of the
substitution, the environment (the monomers and prepolymers present) and last
but not least on the amine co synergist used. Radicals or ions derived from the
amine play a major role in the mode of action and in the overall efficiency of the
reaction.”’ Several studies were carried out to determine the influence of
substituents on the efficiency of initiation by photoreactions of thioxanthones
with amines. In one investigation, the excited state characteristics of thirteen
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derivatives of 1-chloro-4-oxy/acyloxy thioxanthone were studied >* All the

compounds that were tested were found to exhibit high photoinitiation activity,
with the exception of two, 2-methyl-4-n-propoxy and 4-hydroxy derivatives.

Cl

ﬂ 0 cl

! i I

§ S
07CH2CH2CH3 OH

1-
chloro,2~methyl-4-n-propoxythioxanthone 1-chloro,4-hydroxythioxantheneone

The results are consistent with the character of their closely located mixed triplet
states of m—n* and n—n* transitions. In photo reductive solvents such as
methyl alcohol and 2-propanol a longer lived ketyl radical forms.>* In the
presence of a tertiary amine, however, no ketyl radical was observed. >* Triplet
lifetimes increase with solvent polarity, confirming the presence of mixed n—n*
and n—n* states where vibronic coupling influences the rate of intersystem
crossing to the ground S, state. Bimolecular triplet quenching rate constants
indicate that all the thioxanthone derivatives studied, except for 2-methyl-4-n-
propoxy and 4-hydroxy interact strongly with a range of tertiary amines. On the
other hand, triplet quenching constants for 2~methyl-4-n-propoxy and 4-
hydroxy derivatives indicate weaker interaction (an order of magnitude®®) with
the amine and this is consistent with their lower photoinitiation activities.® Low
triplet quenching rates were also observed in the presence of a monomer (methyl
methacrylate).™*

Similarly to the above, in another earlier study, activities of six 1-
chloro-4-oxy substituted thioxanthones were compared for their initiating
efficiencies.” It was found that in the case of the 4-propoxy derivative, when the
1-chloro group was replaced with a 1-phenylthio substituent, a high rate of
intersystem crossing to the triplet state resulted. The 1-chloro-4-hydroxy and 1-
phenylthio- 4-propoxy derivatives, however, were found to be less efficient
photoinitiators than 4-oxy derivatives. This is consistent with an observed
marked enhancement in the photo reduction quantum yields, especially in the
presence of an amine cosynergist™ It was also noted that high photo conversion
during polymerization occurred in the presence of oxygen for all the 1-chloro
derivatives, except for the 4-hydroxy one. That difference was attributed to
photodehalogenation, which is enhanced by the presence of a tertiary amine co-
synergist.”> Alkoxy substitution in the 4-position was found to enhance this
mechanism. On the other hand, replacement of the chloro group in position 1 by
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a phenylthio moiety significantly reduces photoinitiation activity. It was also
concluded that photopolymerization is more effective with polychromatic visible
irradiation than with UV light.”® Also, when thioxanthone initiators are used in
the presence of sensitizers, the nature of the solvent plays a major role in
controlling the energy transfer process.”

It is interesting that comparable conclusions were also drawn from a
different, earlier study of the spectroscopic data from seven oil soluble,
substituted thioxanthone compounds in various solvents.”® Generally, all seven
compounds exhibited low fluorescene and high phosphorescence quantum
yields, but the ratio is solvent dependent. That is consistent with the high photo-
reactivity of the molecules operating in the lowest excited triplet state which is
n—7n* in character. Activation of the thioxanthone molecule in the 3 and 4
positions with a methyl group enhances initiator activity, whereas substitution in
the 1 position deactivates it through intramolecular hydrogen abstraction.*

Several 2-substituted derivatives of anthraquinones were also compared
in photoactivity, subject to the nature of the light source, the amine co-synergist
and the type of the monomer used.”” All were found to be effective triplet state
initiators. The anthraquinones, however, with electron withdrawing substituents
were more active. This suggests that electron transfer is also an important part of
the process of initiation.”’ In addition, when halogen substituents are present,
upon irradiation they give rise to halogen radicals and further enhance the
polymerization rate.”’

The affect of variations in chemical structure of amines on the photo-
initiating ability of 4-n-propoxythio-xanthone was also investigated in photo-
polymerizations of n-butyl methacrylate and a commercial triacrylate resin in
isopropyl alcohol solution.”® The conclusion from that study is that the activity is
highly dependent on the ionization potential of the particular amine, the
formation of a triplet exciplex and an electron transfer process. Analyses of
chloroform extracts of the cured resin confirmed that the alkylamino radical is
the initiating radical.™®

Valderas et al.,” also studied the photopolymerization of methyl
methacrylate initiated by 2-chlorothioxanthone in the presence of various
amines of different structures. Here too, the photoinitiation efficiency of these
systems was found to be highly dependent on the structure of the amine. The
polymerization rate increases with the amine concentration and reaches a
constant value at an amine concentration range of 10—30 mm. At these amine
concentrations, aliphatic hydroxyalkyl amines are more efficient photoinitiators
than the corresponding trialkyl-substituted compounds. Dimethylanilines with
electron acceptor substituents in the 4-position give higher polymerization rates
than electron donor substituted anilines. Their data also show that the singlet and
triplet excited states of thioxanthones are efficiently deactivated by the amines.
Rate constants correlate well with the oxidation potentials of the amines.” The
effects of the chemical structure of the amine on the polymerization rates of 2-
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hydroxyethyl methacrylate was also investigated in still another study .** In this
work amines of different structures were used as the coinitiators with riboflavin:

CH%#CHOH
III(

riboflavin

The results show a marked dependence of the formation of amine radicals upon
the reactivity toward the monomer double bonds and depends upon the
structures of the amines.”’_Table 2.6. gives some rate constants for electron
transfer from amines to some aromatic ketones.

Table 2.6. Rate Constants for Electron Transfer from Amines to Some
Aromatic Ketones

Ketone Amine 10%.(M"s")  Ref.

(6]
!
@MCH})Z 2.7 41-43

I
c QNHZ 032 | 4143

CHr—CH;3
HC\* NH2

o, 024 | 4143
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Table 2.6. (Continued)

Ketone Amine 10%(M"'s") Ref.
i
c Cio2Hps @CHZ N
0.04 44
3
S
i
c [@CH%N 11 41-43
3
i
¢ Ci2Hp3
CH;N(C,Hs)H 2.7;1.3 44
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@iC:C/CIZHZi C2H5)3N 25, 3.0 44
S

# in toluene.

In addition, a systems for radical polymerization was reported that
consists of a radical-generating reagent, 2-[(p-diethylaminostyryl)benzoyl)]-4,5-
benzothiazole combined with 3,3'.4,4'-tetrakis(tert-butylperoxy-carbonyl)-
benzophenone in toluene.®!

Bradley and Davidson® pointed out that for any particular aromatic
ketone, the efficiency of photoinitiation is determined by the structure of the
ketone and by the molecular geometry of the a-aminoalkyl radical produced. On
the other hand, Paczkowski et al,”’ suggested that the initial electron-transfer
reaction from aromatic amines to the excited state of xanthene dyes, used in
their study, is responsible for the variation of the photoinitiation efficiency.

Aromatic amines were also examined as possible oxygen scavengers
during the process of photocuring.** How efficient the aromatic amines are in
scavenging oxygen, however, is not clear. In general, the reaction of oxygen
with the amines appears to be complex.

A study was also made that of the excited states of three photoinitiators
derived from sulfonyl acetophenones.®® It was observed that interactions with
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hydrogen donors, monomers, and amines lead to bimolecular quenching. It was
also observed that in this composition the triplet state of one of the ketones has
charge transfer character which confers peculiar interactions with electron
donors, e.g., amines. 65

Camphoquinone is often used in dental filling composites in
combination with an amine coinitiator, like ethyl 4-dimethylaminobenzoate.
Liska and coworkers *° reported that they found significant improvement in
reactivity of camphoquinones, actually by a factor of two, when the amine is
covalently bonded to the acetyl derivative of the quinone in the 10 position. The
camphoquinones can be illustrated as follows, with n equal to one or two:

N 0 \

Y1, j ] J ]
A

acetyl derivative

COOEt
covalently bonded camphoquinones

Extension of the spacer between the acetyl moiety and the camphoquinone (n =
2 rather than 1) reduced the activity of the quinone. Liska and coworkers *°
suggest that several factors might be responsible for the higher activity. They
feel that one possible explanation is that when the amine is bonded hydrogen
abstraction between the ester and the camphoquinone moiety is hindered:

*

\o \
® OH

L H
H )\H
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35

Another possible explanation, suggested by them, °° is stabilization of the

transition state after electron transfer from the amine :

A i

o 6

Liska also investigated several benzophenone- and thioxanthone-based
photosensitizers that were covalently bonded to hydroxyalkylphenone and
amino-alkylphenone based photoinitiators. °® This was done to enhance the rate
of the excitation-transfer effect due to the close vicinity of the photosensitizer to
the photoinitiator. Selective excitation of the photosensitizer chromophore
revealed that the energy transfer significantly increases in covalently bonded
initiators by comparison to their physical mixtures. This effect, however, is most
pronounced in hydroxyalkylphenones that are sensitized by suitable
benzophenone derivatives, especially at low photoinitiator content.

Among other two component photo initiating systems, combinations of
photoinitiators with peroxy compounds, like with pyrilliuim peresters,’” ** or
peroxides with Michler's ketone “were reported to be effective. The same is true
of combinations of aromatic ketones with dyes. " Further discussions of the use
of dyes in combination with ketones can be found in sections 2.2.4 and 2.2.7.

Various derivatives of thioxanthone are often used as photosensitizers
with substituted morpholino ketones as energy acceptors.” Actually, the two
materials by themselves are efficient initiators. It was shown that when
combinations of thioxanthone derivatives with morpholino ketones are irradiated
with light, two types of reactions can take place.”' If the triplet-triplet energy
transfer occurs when the energy level of the thioxanthone is higher than that of
the morpholine ketone, cleavage of the morpholino ketone is the result:
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On the other hand, reactions of thioxanthones with morpholino ketones can also
results in electron transfers without cleavages. This is shown below **°:

(6]
*

CH; 0
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NS *
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where R is a methyl or a hydrogen. Both reactions can take place simultaneously
and the balance between the two depends on the polarity of the medium. ”'
This can lead to a different formation of free radicals:"*":

0 CH;

CHj (‘)‘
/ \ \
+ o0 N—C—C OCH; —®
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The balance between the two competitive processes depends strongly upon the
polarity of the medium. ® The same is true of other photoinitiators.

Another example is a two component system that was used to cure
isobornyl acrylate, >

0
O\C//
N
CH=—CH,

isobornyl acrylate

It consists of thioxanthone or 2-isopropylthioxanthone in combination with
(2,4,6-trimethylbenzoyl)-diphenyl-phosphine  oxide or bis(2,4,6-trimethyl-
benzoyl)-phenylphosphine oxide. The mechanism of sensitization was reported
to involve triplet-triplet energy transfer from the thioxanthones to the phosphine
oxides.” That is followed by formation of radicals through a—cleavage of the
photoinitiators. Direct photolysis of the phosphine oxides results in an
absorptive, chemically induced, dynamic electron polarization due to the triplet
mechanism of polarization of the substituted benzoyl. The phosphorus-centered
radicals produced by a—cleavage of the photoinitiators are the same radicals that
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are produced either by direct or by sensitized photolysis.”* But the sensitization
increases the efficiency of the process.

It is interesting to note that a recent patent” describes a light curable
coating composition that includes cationic photoinitiator and/or free radical
photoinitiator, in combination with a charge transfer complex. The charge
transfer complex is described as an singlet electron withdrawing reactant
component.

For the UV light photo initiated polymerization of acrylonitrile, with 3-
amino-9-ethyl-carbazole as a sensitizer,” the following kinetic equation for the
polymerization was developed ’°:

R, o [aminoethylcarbazole]0'17 [acrylonitrile] 060,

Above equation is based on an analysis that indicates charge transfer and
exciplex formation of acrylonitrile with carbazole forms as the intermediate. ’®
Gao et al.,” carried out kinetic studies of photopolymerization of methyl
methacrylate by using piperazine sulfur dioxide charge-transfer complex as a
photoinitiator. The polymerization rate (Rp) is dependent on the molar ratio of
piperazine to sulfur dioxide, and the complex with a composition of piperazine
to sulfur dioxide in a molar ration of 1:2 is the most effective. By using the
complex as the photoinitiator, the polymerization kinetics was expressed as,

Rp = kp[1]** [MMA]"*

The apparent activation energy (E,) value was found to be 23.7 kJ/mol.

The photoreducing behavior of p-nitroaniline was also studied in the
presence of N.N-dimethylaniline .”” The stoichiometry of the photoreduction
reaction shows that several amino radicals derived from dimethylaniline are
generated by each photoreduced nitroaniline molecule. The rate of
polymerization of lauryl acrylate was found to be proportional to the square root
of both the incident light and the concentration of the -co-initiator,
dimethylaniline. The polymerization efficiency of this system was claimed to be
higher than that obtained with conventional aromatic ketone photoinitiators.”’
Similar results were obtained ’® with another bimolecular photoinitiator systems,
consisting of p-O,NC¢H4;NH, and its derivatives and tertiary amines acting as
reducing agents. In addition, it was found that the 2,6-dihalogen derivative of p-
nitroaniline is more photoactive in initiating polymerizations than a number of
aromatic ketones.”®

Rodriguez and coworkers’' compared the behavior of other
nitroaromatic amines, like 4-nitro-1-naphthylamine, N-acetyl-4-nitro-1-
naphthyl-amine, and N,N-dimethyl-4-nitroaniline with 4-nitroaniline. The rate
and quantum yield of the polymerizations as well as the residual unsaturation in
the products were found to be strongly dependent on the nature of the photo-
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initiator. Also, the authors found that formulations based on 4-nitro-1-
naphthylamine are superior to those based on p-nitroaniline, and provide a
conversion of nearly 85%.”"

Among novel photoinitiators is one that is based on a ketosulfone-
benzophenone structure that was reported by Fouassier et al.,'® At a given
amount of compound, this photoinitiator is claimed to be 20% to 40%. more
active than such ketones as dimethoxy phenylacetophenone for the photocuring
of multiacrylates in bulk and in open air. The triplet state of this compound
undergoes a P cleavage reaction at the ketosulfone moiety and generates ketyl
radicals upon addition of an amine. The quantum yield of intersystem crossing
was reported as 0.7 in acetonitrile. The triplet energy level is located around
275 kJ mol ™.

2.2.1.4. Multicomponent Photoinitiating Systems

Multicomponent photoinitiation systems have emerged as an
improvement over the two-component electron transfer initiating systems. Dyes
are often used as light absorbing moieties. They may be added to expand and
match the sensitivity of the initiating combination to the available light source.
Multicomponent systems can be very flexible because a wide variety of
materials may be used. They can also be very fast. The selection of the dye
determines the useable light wavelength. Many multicomponent systems are
also effective in visible light. This is discussed in section 2.2.6 Mixtures of
photoinitiators appear to result at times in complex sequences of reactions.
Details of such mechanisms are still not fully understood. Three types of
mechanisms were suggested for the electron transfer processes that can take
place when multiple components, including dyes, are present and reactions
occur between an electron donor in the ground state and the acceptor.” These
are: (1) donor-acceptor pairs with electrostatic interaction in the ground state;
(2) donor-acceptor pairs without electrostatic interaction; and (3) donor-acceptor
pairs, neutral in the ground state, but charged after electron transfer.”” The
electron donors that are commonly used include aromatic ketones, xanthenes,
thioxanthenes, xanthones, thioxanthones, coumarins, ketocoumarins, thiazines,
merocyanines, and many others. An example is a mixture of Michler’s ketone
with benzophenone. The interaction results in formation of a triplet exciplex that
dissociates into two different free radicals * :
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Another examples is a combination of methylene blue and perylene
that was shown to be effective in photoinduced polymerizations of acrylic
esters.”! Also, dyes, like toluidine blue and thiazine were reported to be effective
in the presence of different alcoholamines.**™

Still another example is an initiating system composed of 7-
diethylamino-3-(2'-N-methyl-benzimidazolyl)-coumarin and diphenyliodonium
hexafluorophosphate. This composition initiates the polymerization of methyl
methacrylate in visible light. After the dye absorbs the light energy, quick
electron transfer takes place from the dye to the iodonium salt to produce free
radicals.* The light induced reaction is claimed to occur mainly through the
excited singlet state of the coumarin and results in low sensitive to O,. The
fluorescence of the coumarin compound was reported to be quenched efficiently
by the iodonium salt.* The reaction was observed to be in accord with the Stern-
Volmer equation. The influence of the concentration of coumarin on the
polymerization rate of methyl methacrylate led to the conclusion that the free
radicals from coumarin act mainly as chain terminators.**

The influence of oxygen on the rate of consumption of methylene blue
dye in the presence of an iodonium salt and an amine, a typical three component
system, was studied.*® Oxygen quenches the triplet state of the dye, leading to
retardation of the reaction. ® This is followed by rapid exponential decay of the
methylene blue fluorescence after the oxygen is depleted. On the basis of the
impact of the amine and iodonium salt concentration on the fluorescence
intensity and the duration of the retardation period, a mechanism was proposed
that includes an oxygen-scavenging pathway, in which the tertiary amine
radicals formed in the primary photochemical process consume the oxygen via
a cyclic reaction mechanism.ss The iodonium salt is an electron acceptor, acting
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to re-oxidize the neutral dye radical back to its original state and allowing it to
reenter the primary photochemical process.*

Ivanov and Khavina * reported that their data suggests a common
character of synergism in photoinitiating systems that are composed of an
aromatic ketone, a halomethyl aromatic compound, and an aliphatic or an
aromatic amine. They developed a kinetic model that takes into consideration
the influence of the amine on the quantum yield of the primary radical pairs and
the enhancement of the radical escape from the cage by the action of the
halomethyl compound.®®

Combinations of several coumarin or ketocoumarin/additives with
bisimidazole derivatives and mercaptobenzoxazole, or titanocene, or oxime
esters were found to be capable of efficient initiating of free radical
polymerizations. Interactions of excited states of a coumarin or ketocoumarin
with mercaptobenzoxazole, and titanocene were also investigated. This led to
the conclusion that the coumarin forms radicals through an electron transfer
reaction, while the ketocoumarin undergoes an energy transfer reaction with
bisimidazole and a hydrogen abstraction reaction with the benzoxazole
derivative.®” Some examples of three component initiating compositions found in
the literature are presented in Table 2.7.

Spectroscopic investigation of a three-component initiator composition
was carried out. * This system consists of (1) methylene blue/N-methyl-
diethanolamine/diphenyliodonium  chloride, (2) eosin/methyl-diethanol-
amine/diphenyliodonium salt, and (3) and alcohol solution of eosin/methyl-
diethanolamine/diphenyliodonium salt. The kinetic studies revealed that the
photoinitiations with the aid of eosin dyes or with methylene blue are quite
similar. The fastest polymerization rate is obtained when all three components
are present, the next fastest with the dye/amine pair, and the slowest with the
dye/ iodonium salt pair. In the case of methylene blue/N—methyl-
diethanolamine/diphenyliodonium salt system, it was concluded that the primary
photochemical reaction involves electron transfer from the amine to the dye. **
Also it was suggested that the iodonium salt reacts with the resulting dye-based
radical (which is active only for termination) to generate the original dye and
simultaneously produce a phenyl radical that is active in initiation. Moreover,
oxygen quenches the triplet state of the dye leading to retardation of the
reaction. Padan er al.,* propose a sequence of steps in which the dye is rapidly
oxidized by diphenyliodonium salt in a reaction that is not highly efficient at
producing initiating radicals. The dye may, however, also be reduced by the
methyldiethanolamine amine producing active initiating amine radicals. Another
active radical may be produced if the dye radical is further reduced to its leuco
form by a third molecule, the amine. In addition, the reduction of the bleached
dye radical (formed via reaction with the iodonium salt) by the amine has a two
fold effect. First it regenerates the original eosin dye, and second, it produces an
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Table 2.7. Some Examples of Three-Component-Initiating Compositions

Component #1 Component #2 Electron Ref.
donor
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Table 2.7. (Continued)
Component #1 Component #2 Electron Ref.
donor
(0]
substituted triazine amine | 64
(6]
AP acyl phosphate amine | 24
AN
\O
merocyanine substituted triazine amine | 61
(‘)‘ (0]
c
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0 o}
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active amine radical in place of the less active dye radical. Dual cell UV-visible
absorption spectroscopy yielded no evidence of formation of a ground state
complex between the eosin dyes and the iodonium salt.*®

A composition of an electron transfer free radical photo initiating
system was reported recently.” This composition uses a light absorber, a dye,
and an electron donor; The donor is a sulfur-containing aromatic carboxylic
acid. The structure of the donor is such that upon photocleaving, the leaving
group forms free radicals. It is claimed that the experimental results show a
transformation of the sulfur-containing aromatic carboxylic acid into an
ammonium salt. This is accompanied by a substantial increase in photoinitiation

ability *:

(Dye)T *

+ —
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i R
Dye + T T
TH2 CH,
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COO  N(Bu)y initiating radical

The photoreduction of the above dye, 5,7-diiodo-3-pentoxy-9-
fluorenone, in the presence of (phenylthio)-acetic acid and its
tetrabutylammonium salt occurs via a photoinduced electron transfer process.
On the basis of the known photochemistry of sulfur-containing aromatic
carboxylic acids, it is postulated * that the existence of the carboxyl group in an
ionic form allows a rapid decarboxylation, yielding a neutral very reactive o-
alkylthio-type radical (R-S-CH,e). *

When photoinitiators consisting of mixtures of benzophenone, or 4-
benzoylbiphenyl, or isopropylthioxanthone with a tertiary amine are combined
with an electron deficient anhydride, rapid photoinitiations of polymerizations of
acrylate esters result.”” Thus, additions of less than 0.1 wt. percent 2,3-
dimethylmaleic anhydride to 1,6-hexanediol diacrylate containing any of the
above diarylketones and N-methyldiethanolamine result in an increase in the
polymerization rate maximum by a factor of as much as three that is attained for
the same reaction without the anhydride. Laser flash photolysis results show that
benzophenone, 4-benzoylbiphenyl, and isopropylthioxanthone triplets are
readily quenched by dimethylmaleic anhydride. *°

Fouassier et al.,’' reported a four component photoinitiating system
that consists of a photosensitizer, Rose Bengal, ferrocenium salt, an amine and a
hydroperoxide, such as cumene hydroperoxide:
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+ amine + cumene hydroperoxide

This initiating system is reported as being capable of initiating photopolymeriza-
tions of thick pigmented coatings, useable as paints in wood furniture industry.

2.2.1.5. Photoinitiators for Water Borne Systems

The appeal of UV curable coatings and inks to many is in the fact that
they can be formulated into solventless systems. Nevertheless, water borne
compositions are needed and have been developed due to many requirements.
Such systems find application in pigmented water based paints, in textile
printing, in coatings for glass reinforced fibers, for sunlight curing of waterborne
latex paints, in light curable inks for jet printing, and in high speed
photopolymers used for laser imaging. Many water soluble and hydrophilic
photoinitiators were developed by simply incorporating water solubilizing
groups into the chemical structures of known hydrophobic initiators. Thus, for
instance, various salts of benzophenone " 7? | benzil '"*7?, thioxanthone,”" " 1
and o-hydroxyalkylphenone were formed.”"

The effects of water, used either as a solvent or as a dispersing agent,
on the photocuring reactions was studied earlier by Encinas and coworkers.”
They demonstrated that water solvated species, when irradiated with light of 300
nm, can produce significant amounts of polymer from monomers like vinyl
acetate.

A number of water soluble thioxanthone derivatives were prepared
specially for water borne systems. They can be illustrated as follows’®:

I

C R

N where R = O(CH,);S0; Na
O(CH)3N(CHy)3S03Me
O(CH)3N(CH,)30S03Me

These compositions were reported to react in the lowest excited singlet state.
When amine coinitiators are present, they abstract an electron via a singlet, and
to some extent a triplet exiplex to produce the radical anion. In the absence of
the amines, however, hydrogen abstraction is the dominant initiation step and
necessitates the presence of efficient hydrogen donors.”®

Another group of seven water soluble initiators is based on methyl
substituted salts, 3-(9—oxo0-9H—thioxanthene—2-yloxy)-N,N,N-trimethylpropane
ammonium. These compounds are both water and isopropyl alcohol soluble.””
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where, R = H, CHj3. It was shown that in all cases methyl substitution enhances
the photopolymerization of 2-hydroxyethyl methacrylate in water. The 4-
substitution is the most effective.”” The longest wavelength absorption maxima
and extinction coeffients of these materials are similar to oil and water soluble
types.”” > The fluorescence and phosphorescence properties, on the other hand
differ significantly. Both are strongly quenched by substitution of a methyl
group in the l-position o to the carbonyl. There is evidence of intramolecular
hydrogen atom abstraction as being the primary initiating process. Also,
transient absorption is only via the lowest excited singlet state.*

Still another group of water soluble initiators were prepared by Wang
and coworkers, "® who converted the primary hydroxy group in a commercial
photoinitiator, Diarocur 2959 (2- hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-
methylpropan-1-one) to various amine and sugar moieties:

(¢}

CH;
OH

X\/\O CH3

where X = OH. Nine hydrophilic compounds were formed. The effectiveness of
these materials in curing epoxy acrylate resin was found to depend on the
substituents and on the counter ions of the salts.”®

Liska reported preparation of water-soluble photoinitiators that contain
carbohydrate residues as well as copolymerizable derivatives of the
carbohydrate residues.”” These materials consist of alkylphenones,
benzophenones and thioxanthones. To these compounds were attached
carbohydrates like glucose, cellobiose, and 1-amino-1-deoxy-D-glucitol. In
addition selected initiators were reacted with methacryloyl chloride to form
polymerizable photoinitiators. The glucose modified photoinitiators were
claimed to yield the best results with respect to compatibility with resins,
reactivity and gel content. "’

Some additional water soluble photoinitiators that were reported in the
literature are shown in Table 2.8.
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Table 2.8. Some Examples of Water Soluble Photoinitiators

Photoinitiator R Ref.
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2.2.1.6. Oligomeric and Polymeric Photoinitiators

Various considerations led to design of polymerizable photoinitiators,
as well as to oligomeric ones. In the case of surface coatings, separation and
subsequent migration of the remaining photoinitiators, or their unattached
fragments from their decomposition to the surface can be a problem. This can
be particularly severe when the migration of these materials proceeds to and is
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deposited at the interface, between the substrate and the film and subsequently
interferes with adhesion. Volatility and extractability in the case of films used
for food packaging materials is also a serious consideration.

A common approach to the preparation of polymeric photoinitiators is
to attach photoinitiator molecules, like benzophenone, or benzoin ether, or
thioxanthones to some polymerizable groups For instance, acryloyl chloride was
reacted with hydroxythioxanthone and then copolymerized with styrene®*:

(0]

OH  CH,—CH
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Hydroxythioxanthone was also reacted with poly(chloromethyl styrene)®:

o
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In a number of instances these polymer attached photoinitiators were
reported as being somewhat less effective than the original compounds.*® That,
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however, is not always the case. An example is the work by Ahn and
coworkers®” who prepared polymers and copolymers from monomers prepared
by the following reaction?

o
OH
2O o
C\R / —
+ Cl
NO N/n
A0 T A MO
C\R @ \R
polymer

The polymerized material was claimed to exhibit greater efficiency in initiating
photopolymerizations than does methyl benzoin ether.®’ Also, laser photolysis of
polymers with side chains consisting of thioxanthene-9-one and
morpholinokeone were shown to possess excitation energy for transfer from the
thioxanthone to the morpholine groups as being two orders of magnitude greater
than that of low molecular weight mixtures of these two componenets.**

On the other hand, Martinez-Utrilla and coworkers®® studied soluble
polymer bound photosensitizers and concluded that the sensitization efficiency
diminishes when the material it is bound to a polymer.*®® The same conclusion
was reached by Tsuchida and coworkers® who studied electron transfer in a
heteroexcimer system of N-ethylcarbazole, a donor, and poly(vinyl methyl
terephthalate), an acceptor. Behavior of the ion-radicals that form was compared
with model compounds. The experiments showed that these ion-radicals do not
transfer readily from the polymer chains to acceptors. By comparison, anion-
radicals formed on the model monomeric or dimer systems transferred easily.

A patent issued to Coates Brothers in England describes oligomeric
initiators that contain thioxanthone molecules*’:

(0] (0]
O\)L /ECHZ
o )
S

2



74 Light-Associated Reactions of Synthetic Polymers

This and similar compounds are claimed to yield fast cures and low migration in
ink formulations.

Also, Corrales et al,'* reported a study of photopolymerization of
methyl methacrylate using initiators based on thioxanthone chromophores and
low molecular weight tertiary amines bound to polymeric chains as co-
initiators. The efficiency of the catalyst systems was compared to that of the
corresponding low molecular weight analogs. Higher polymerization efficiency
was obtained with system consisting of thioxanthone bound to polymeric chains
and free amines. The catalyst efficiency was found to be independent of the
amount of amine units in the polymeric chains. In addition, the polymeric chains
were found °' not to affect the emission characteristics of the thioxanthone
chromophore. The ketyl radical yield was slightly higher for the thioxanthone
bound to the polymer. *'

Polymeric structures containing benzoin ether,”” benzophenone
tetracarboxylic ~ dianhydride,” polysilanes,” camphoquinone,” aromatic
aliphatic azo compound,” and others were reported.”” Some of the interesting
copolymerizable photoinitiators are listed in Table 3.9.

6

Table 2.9. Some Examples of Copolymerizable Photoinitiators

Photoinitiator Ref.
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Table 2.9. (Continued)

Photoinitiator Ref.
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More recently, several polymeric photoinitiators with pendant
chromophore-borate ion pairs were developed.'”’ These materials form active
alkyl and tertiary amine radicals upon irradiation.'”" Generally, in free radical
mediated polymerizations, photo generated radicals as well as the growing
macro radicals are quenched by oxygen. As a result, the rates of polymerizations
and molecular weight distributions of the resultant polymers are affected. The
formation of tertiary amine in polymerization processes helps to ameliorate the
situation. This benefit is somehow offset if the amines are added separately to
the formulation by a tendency to yellow and give off volatile toxic materials. '
It is claimed that the formation of alkyl radicals takes place after electron
transfers to the excited chromophores from the borate anions. The alkyl radicals
in turn initiate polymerizations of acrylic monomers. Following is an example of
polymeric systems containing chromophore-borates as the side chains. Bond
cleavage and generation of polymeric tertiary amines and reactive radicals
results from irradiation with light of 350 nm wavelength causes. The formation

of free radicals can be illustrated as follows'®':
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Preparation of polymers from carbazole-containing methacrylic
monomers, 2-(N-carbazolyl)ethyl-methacrylate, 6-(N-carbazolyl)hexyl
methacrylate, and 11-(N-carbazolyl)undecyl methacrylate was reported.'®* Upon
irradiation, the poly(carbazolylethyl methaclylate) are claimed to show greater
initiation ability than similar low molecular weight model compounds. This was
ascribed to the photoinduced intramolecular charge-transfer interaction. Also,
the initiation efficiency of the homopolymers is higher than that of copolymers
with methyl methacrylate. This was, however, interpreted to be a result of
singlet energy migration of the excited carbazolyl chromophores along the
polymeric chains.'®

There are also several reports in the literature on wuse of
poly(arylsilanes) as initiators in photopolymerization of acrylic monomers.'**"'%°
The photoinitiating efficiency of silane polymers with thioxanthone side groups
was found to depend not upon exiplex formation with tertiary amines but rather
upon the micro heterogeneity of the distribution of the partners in the initiation
process.'*

In addition there is a report of a water soluble polymeric (copolymer)
photoinitiators.'”” These initiators were synthesized by copolymerizing 2-
acryloxy and 2-acrylamido anthraquinone monomers with three water-soluble
comonomers: acrylamide, 2-acrylamido-2-methylpropane sulfonic acid and 2-
acryloxyethyl trimethylammonium iodide. The polymerization activity
correlates well with their measured photo reduction quantum yields in water
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using triethanolamine as the co synergist '’ :

%CHQ*TH% +CH27CH+
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Jiang and Yin reported that they prepared a dendridic
macrophotoinitiator that contains thioxanthone and amine coinitiators. The
material is a condensation product of 2-(2,3-epoxy)propoxyl thioxanthone and

poly(propylene imine):
oct —2L

© © + amine

It was not explained fully what are the advantages of a dendridic
macrophotoinitiator.
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2.2.1.7. Photoinitiators Designed for Use with Visible Light

There are many examples where ultraviolet light is undesirable for applications
as, for instance, in preparation of photopolymer master printing plates or in
photopolymerizations in biological systems, such as dental composites and bone
cements. Also, laser processing requires photoinitiators that function in the near-
visible, visible or even near infrared light. Syntheses of numerous
photoinitiators were reported over the last ten to fifteen years that are capable of
initiating polymerizations of acrylic and methacrylic monomers in the presence
of visible light. Some of these materials were already mentioned in sections
2.2.5 and 2.2.6. In addition, in many instances, photoinitiators that are
commonly used for cures with ultraviolet light were chemically modified with
substituents to expand light absorption into the visible region. Among such
materials can be found derivatives of thioxanthones,'™ conjugated ketones,’
benzophenone peresters sensitized with either thiopyrilium salts,'” or with