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Chapter 1

Introduction

Over the past decades, the impact of new developments in the field of rad-
ical polymerization on the synthetic possibilities in macromolecular design
has been unprecedented. Free radical polymerization is a very rapidly devel-
oping field particularly because of its commercial importance, facile reaction
conditions and synthetic manipulations, which are much easier than in an-
ionic or carbocationic systems. It combines the advantages like the ability
to use a large range of monomers which can be polymerized and undemand-
ing reaction conditions, including monomer purification, residual water, wide
temperature range, and the use of bulk systems.

Radicals can be generated efficiently and under controlled conditions by
photolytic α-cleavage of a suitable photoinitiator. Therefore, significant ef-
forts have been devoted to the development of new photoinitiators for UV
and visible curing technology. Upon absorption of a photon of suitable wave-
length, photoinitiators undergo homolytic bond cleavage to produce two iden-
tical or two different reactive radicals which are able to add to the double
bond of the monomer and initiate polymerization.

Understanding the free radical polymerization process should lead to more
efficient polymer production, saving both time and money.

Time-resolved optical spectroscopy is the most popular technique for de-
termination the rates of radical reactions in solution. The optical absorption
of the radicals generated and of the species formed subsequently can be fol-
lowed in the UV/Vis spectra. This, however is only feasible, if the reactant
and product radicals absorb sufficiently - which often is not the case. It has
been demonstrated that time-resolved infrared spectroscopy is another tech-
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nique, which may be applied as a selective tool for kinetic studies of radicals
with well-resolved vibrational absorption.

The disadvantage of all optical methods is that the radicals under inves-
tigation should possess well-defined absorptions. In addition, overlapping
optical absorptions of the initiator molecules and the radicals may occur and
cause the kinetic analysis of the transient to be problematic.

The technique of time-resolved Electron Paramagnetic Resonance (TR-
EPR) has recently become the method of choice for obtaining addition rate
constants (kadd) in free radical polymerization systems. TR-EPR spectroscopy
has advantages over the optical spectroscopy not only in terms of the iden-
tification of short lived radicals but also gives structural and dynamic infor-
mation on these species and some insight in the study of their properties.

Additional insights are possible by the application of state-of-the-art theo-
retical methods. Here calculations on appropriate levels of theory are utilized
to rationalize experimental observations and, partly, to predict molecular
properties.

The following chapters present several aspects of photoinitiated polymer-
ization processes. First, the efficiency of photoinitiators in terms of rate
constants are discussed. Then the reactivity in dependence of environmental
effects, eg. viscosity or reactivity with oxygen is reported. Some light will be
shed on photophysical behavior of formulations containing photoinitiators.
Finally, the theoretical background of TR-EPR is summarized.
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Chapter 8

Summary

The presented work has demonstrated, that TR-EPR is a powerful tool for
the determination of the decisive structural and kinetic parameters for the
evaluation of photoinitiator efficiency. Additional insights are provided by
the application of theoretical calculations. This combination of experimental
and theoretical methodology provides a basis for the design and development
of innovative phototriggers.

On the bases of the results presented in this thesis we can make the fol-
lowing conclusions:

• TR-EPR allows the determination of addition rate constants in the
cases where optical spectroscopy doesn’t have sufficient resolution as
well as provides structural information of the reactive species.

• Phosphinoyl radicals generated by photolysis of acyl and bis(acyl)phosphine
oxides, possess high rate constants of addition to n-butyl acrylate,
HDDA, styrene and 1-vynil-2-pyrrolidon. Analysis of the spin popu-
lation at the phosphorus atom supports the experimental observations
of TR-EPR spectra that greater localization of the spin population at
the phosphorus atom results in faster rates of addition.

• A series of substituted benzoyl radicals have been generated by laser
flash photolysis of α-amino ketones and bis(acyl)phosphine oxides. The
benzoyl radicals were characterized by time-resolved EPR in toluene so-
lution and their absolute rate constants for addition to n-butyl acrylate
were determined. The experiments demonstrate two concentration do-
mains of reactivity. The reactivity of benzoyl radicals decreases at high
viscosity.
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• Benzoyl radicals react faster with oxygen than phosphinoyl radicals,
therefore, they can be used as oxygen scavenges.

• The fluorescence properties of the photoinitiators can be used to in-
crease the in depth cure of the formulation.

• DFT and ab initio calculations have shown to be in a good agreement
with the experimental data.
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Chapter 2

Phosphine Oxides

2.1 Introduction

Free radical polymerization forms the basis of many commercially impor-
tant processes. It is preferred over other polymer synthesis methods as it
shows a greater tolerance to trace amounts of impurities. Understanding
the free radical polymerization process should lead to more efficient poly-
mer production, saving both time and money, less waste and new polymer
products.

UV radiation curing has become a well established technology which has
found an increasing number of applications. The light-induced radical poly-
merization of formulations containing suitable reactive double bonds is by
far the most widely used method in industry. Appropriate photoinitiators,
which are key components for the success of this technology, have been avail-
able for many years. A photoinitiator is a compound, which when exposed to
light, forms reactive species starting a chain reaction and inducing polymer
formation.[1–3]

There are two general classes of photoinitiators (Figure 2.1):

• Those that undergo direct photofragmentation on exposure to UV or
visible light and produce active free radical intermediates.

• Those that can abstract a hydrogen from a suitable hydrogen donor
followed by electron transfer to form a free radical species.
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Figure 2.1: a) Photolytic α-Cleavage of alkylaryl ketones b) Photoreduction
of benzophenone by isopropanol.

The optimum use of photocurable adhesives can be best achieved once
the basis for their unique properties is properly addressed. This primarily
requires a detailed knowledge of the kinetics of the curing process, of the me-
chanical properties of the cured adhesive, of the adherend’s surface chemistry
and morphology, and structure of the reactive species.[4–6]

The kinetic understanding of free-radical polymerization processes is of
fundamental importance for efficiently generating polymeric products for a
wide variety of applications.

The initiation process is the first reaction step in free-radical polymeriza-
tion, leading to the generation of primary radicals. The primary radicals can
be formed via a thermal decomposition processes using azo- and peroxy-type
compounds, or using photoinitiators, which decompose on irradiation with
UV or visible light.[7, 8]
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In order to initiate the polymerization process via reaction with a monomer
unit, the generated primary radicals have to leave the solvent cage that sur-
rounds them. The ability of the primary radicals to leave the solvent cage un-
reacted and to start the polymerization process is quantified by the initiator
efficiency f . Not all generated primary free radicals initiate polymer growth.
Shortly after decomposition, the free radicals are very close to each other and
recombination can occur. In addition, they can also react in an alternative
way before they can react with a monomer unit (Figure 2.2). Typical val-
ues of f are between 0.5 and 0.8, depending on the viscosity of the reaction
medium, indicating that the escaping process is diffusion-controlled.[9, 10]

Figure 2.2: Photochemical decomposition of 1-phenyl-2-hydroxy-2-methyl-
propan-1-one in solution.
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The main advantage of photoinitiator use in polymerizing systems is the
possibility to define exact starting- and ending points of the polymerization
process by the choice of an appropriate irradiation period. In addition, the
rate of (most) photoinitiator decomposition is almost independent of the re-
action temperature, but depends strongly on the (UV) light intensity. An
ideal photoinitiator for a specific polymerization may be defined via the fol-
lowing criteria:

1. The photoinitiator should decompose on irradiation with a (UV) light
source. The monomer(s) used in the specific polymerization process
should not absorb light at the selected wavelength.

2. The efficiency of the initiator should be high, preferably close to 1,
which says that all radicals generated start a growing chain.

3. At best, there should be only one type of free-radicals species that is
formed on laser irradiation.

One of the general requirements for photocurable coatings and adhesives
is that the formulation is sufficiently transparent before and after setting to
allow penetration of the incident radiation and to complete the cleavage of
the photoinitiator. This is typically achieved by using a photoinitiator that
undergoes photobleaching, i.e., a photoinitiator with decomposition products
that do not absorb the curing radiation (Figure 2.3).[11, 12]
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Figure 2.3: a) UV/Vis spectrum of bis(2,4,6-
trimethylbenzoyl)phenylphosphine oxide before irradiation b)UV/Vis
spectrum of bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide before
irradiation.
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2.2 Compounds Investigated

2.2.1 Acylphosphine oxides

Acylphosphine oxides are high-quantum-yield photoinitiators that undergo
homolytic Norrish I-type α-cleavage at the carbonyl-phosphorus bond, with
generation of two free-radical species, both capable of initiating the polymer-
ization, although with different rate constants (Figure 2.4).

Figure 2.4: Photolytic α-Cleavage of 2,4,6-
Trimethylbenzoyldiphenylphosphine oxide and bisacylphosphine oxide.

Monoacylphosphine oxide

In the production of white coatings, a high degree of whiteness is required
and no yellowing of the cured film is tolerated both immediately after the
curing or later as a final material.

A satisfactory radiation curing of white pigmented lacquers was first achieved
using monoacylphosphine oxides as photoinitiators. These compounds have
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been known for over a decade and have found use in a variety of applica-
tions. One example is 2,4,6-trimethylbenzoyl-diphenylphosphine oxide (I1).
It is only recently that UV curable white lacquers containing these pho-
toinitiating systems have been employed industrially, especially in furniture
coatings. Another interesting feature of this photoinitiator is the possibility
to cure sections of several centimeters thickness.[13–16]

Efforts have been directed to explore novel acylphosphine oxide photoini-
tiator structures with improved efficiency and are highly useful in applications
where the use of light in the region above 400 nm is essential.[17, 18]

Bisacylphosphine oxide

Bisacylphosphine oxides are another type of structural analogs of acylphos-
phine oxides. The molar extinction coefficient of these compounds at 400 nm
is significantly higher than that of the monoacylphosphine oxides. We have
studied bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide (I2) as an example
of this type photoinitiators.

2.3 Absorption Spectra

The absorption characteristics of acylphosphine oxides differ from most
other photoinitiators of the α-cleavage type in that they show enhanced ab-
sorption in the near UV/visible range. These compounds have absorption
maxima around 350-380 nm, tailing to about 420 nm. Absorption spectra of
I1 and I2 are shown in Figure 2.5.

The long wavelength absorption was identified as an n→π* transition
which is red-shifted as a result of a moderately strong conjugation between
the phosphonyl group and the carbon atom of the adjacent carbonyl group.
Further interactions may occur between a filled non-bonding orbital on the
phosphonyl oxygen with the π-orbital on the same carbon atom. These effects
are at a maximum when the phosphorus-oxygen bond is perpendicular to the
plain determined by the aryl ring, carbonyl carbon and phosphorous.[19–22]

Bisacylphosphine oxides absorb more light in the near UV/visible spec-
trum. They are especially suitable for applications employing light at about
400 nm or above.
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Figure 2.5: Absorption spectra of I1 and I2 photoinitiators in n-Hexane
solution at room temperature with an optical path length d of 1 cm.

The long-wavelength absorption of acylphosphine oxides, however, is bleached
after the irradiation process. Since the carbon-phosphorus bond is broken by
the Norrish I type photoreaction of these compounds, interaction between the
carbonyl and the phosphonyl group does not exist in the photoproducts. The
resulting bleaching allows a progressively deeper penetration of the incident
light into the coating layer, which enables the curing of thick layers.

2.3.1 Previous Studies

The photochemistry and photophysics of mono(acyl)phosphine oxides and
bis(acyl)phosphine oxides are fairly well understood. After excitation with
light, they undergo an efficient α-cleavage from the excited triplet state to
produce strongly spin-polarized phosphinoyl and benzoyl radicals. Triplet
states were identified by triplet quenching with naphtalene and anthracene
by laser flash and steady-state photolysis. The triplet energy of these com-
pounds has been estimated (higher than 60 kcal.mol−1). Unambiguous identi-
fication of the triplet state precursor of the primary radicals was later accom-
plished by time-resolved EPR spectroscopy of both 2,4,6-trimethylbenzoyl-
diphenylphosphine and bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide.
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Phosphinoyl radicals generated by photolysis of acyl and bis(acyl)phosphine
oxides, possess high rate constants of addition to acrylates and related com-
pounds. The difference in the rate constants can be explained with different
degrees of radical localization and s-character on the phosphorus atom. Their
reactivity is by one order of magnitude higher in comparison with the one of
benzoyl radicals. Addition of halocarbons, alkenes, or oxygen reduces there
lifetime. The bimolecular rate constants for quenching of phosphinoyl radi-
cals IP1 and IP2 by different quenchers using laser flash photolysis are listed
in Table 2.1.[23–26]

Table 2.1: Bimolecular Rate Constants for Quenching of Phosphinoyl Rad-
icals IP1 and IP2 by n-Butylacrylate, Thiophenol, Bromtrichloromethane,
Oxygen and Methyl Viologen in Acetonitrile Solution.

2.8 x 109< 106kmethyl viologen ( M-1s-1)

2.7 x 1094.2 x 109koxygen ( M-1s-1)

0.9 x 1086.9 x 108kBrCCl ( M-1s-1)

2.3 x 10542 x 105kPhSH ( M-1s-1)

1.1 x 1072.8 x 107kn-butylacrylate ( M-1s-1)

IP2IP1

2.8 x 109< 106kmethyl viologen ( M-1s-1)

2.7 x 1094.2 x 109koxygen ( M-1s-1)

0.9 x 1086.9 x 108kBrCCl ( M-1s-1)

2.3 x 10542 x 105kPhSH ( M-1s-1)

1.1 x 1072.8 x 107kn-butylacrylate ( M-1s-1)

IP2IP1

3
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2.3.2 TR-EPR Studies

Laser flash photolysis (355 nm excitation) of diluted toluene solution of I2
affords the TR-EPR spectrum shown in Figure 2.6. It consists of a three lines,
the outer two are due to the phosphorus-centered radical IP2 representing
a phosphorus coupling ap = 25.8 mT. The broad absorptive line near center
field is assigned to the carbon-centered radical IB2, whose small couplings
are not resolved.

C

O
P

O

C

O

P

O

C

O

Figure 2.6: TR-EPR spectrum of an argon saturated toluene solution of I2
at room temperature.

The time-resolved EPR spectrum of photolyzed I1 in the beginning con-
sists of an absorptively polarized doublet with a typical phosphorous hyper-
fine coupling constants (ap = 36.3 mT) assigned to IP1 and an absorptively
polarized singlet, assigned to the IB1 radical. The substituted benzoyl rad-
ical has a rather short effective relaxation time (its signal disappears at (t ≥
1 µs), and time-resolved EPR spectrum of I1 at longer times of observation
consists mainly of IP1 signals. Due to the contribution of S-T0 or RPM to
the polarization, the low filed line of IP1 turns in to emission (Figure 2.7).
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This manifests the principally known phenomenon of succession of RPM of
CIDEP to TM.[27–29]

320 330 340 350 360

Field / m T

a )

320 330 340 350 360

Field / m T

b )

Figure 2.7: TR-EPR spectra recorded (a) 200-300 ns and (b) 750-1000 ns
following 355 nm laser excitation of I1 in deoxygenated toluene solution at
24◦C.

In this chapter, we have focused our study on the reactivity of radicals IP1
and IP2 toward four different monomers. The structure of the monomers
is presented in Figure 2.8. The phosphorus centered radicals IP1 and IP2
were generated by laser flash (355 nm) of photoinitiators I1 and I2.
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Figure 2.8: Monomers structure.

Both of the radicals (IP1 and IB1) generated after the laser flash of
acylphosphine oxide I1 are able to add to the double bond of the monomer
and initiate radical polymerization. Photolysis of an argon-saturated toluene
solution of I1 in the presence of 1-vynil-2-pyrrolidon results in the formation
of two different adduct radicals (Figure 2.9).
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Figure 2.9: Addition of IP1 and IB1 to the double bond of 1-vynil-2-
pyrrolidon.

The TR-EPR spectra of argon-saturated toluene solution of I1 and I2 300
ns after laser excitation in the presence of different monomers are shown in
Figures 2.10 and 2.11. New signals appeared around the 2,4,6-trimethylbenzoyl
radical at about 200 ns after laser flash. These signals are due to the adduct
radicals. The new formed adduct radicals are carbon-centered radicals with
identical g-values as the benzoyl radical, therefore, their signals appeared
around the center field, where the absorption line of the benzoyl radicals is.

The IB1 and IB2 radicals have absorptive signals overlapping with the
lines of the adduct radicals. It has been found that the benzoyl absorption
persists at the same time scale, when signals of IP1 and IP2 are almost fully
replaced by spin-adduct signals. This observation confirms the conclusion
that benzoyl radicals attack the double bond of the monomer at a slower
rate than the IP1 and IP2 radicals.

Continues-wave EPR measurements of the spin adducts of substituted ben-
zoyl (IB1 and IB2) and phosphinoyl (IP1 and IP2) radicals have shown that
the signals of spin adducts of substituted benzoyl radical are weaker than
those of phosphinoyl radicals. The reason for that is the lower rates of their
formation and the fast rate of relaxation compared to that of phosphinoyl
radicals.
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Figure 2.10: TR-EPR spectra recorded 200-300 ns following 355 nm laser
excitation of I1 in deoxygenated toluene solution at 24◦C (a) and in the
presence of (b) 0.3 M HDDA and (c) 0.4 M 1-vynil-2-pyrrolidon.
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Figure 2.11: TR-EPR spectra recorded 200-300 ns following 355 nm laser
excitation of I2 in deoxygenated toluene solution at 24◦C (a) and in the
presence of (b) 0.3 M HDDA, (c) 0.4 M 1-vynil-2-pyrrolidon and (d) 0.2 M
styrene.

Decays of EPR signals due to the diphenylphosphonyl radical IP1 in the
presence of varing concentrations of 1-vynil-2-pyrrolidon are shown in Fig-
ure 2.12. The decays become faster with increasing concentration of the
monomer.

As it is mentioned in the chapter-theoretical part, time-resolved continuous-
wave EPR detects the radical signal without use of the field modulation of the
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spectrometer and has, therefore, a higher time resolution but requires strong
spin polarization to ensure suitable signal-to-noise characteristics. The time
profile of the signal is influenced by the spin polarization and theoretical
analysis require knowledge of the mechanism of electron spin relaxation for
the radicals under study. Therefor, the extraction of rate constants from
intensity-time profile is tedious and time consuming.[30–33]
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Figure 2.12: Time profile of EPR signal intensities due to the diphenylphos-
phonyl radicals IP1 in the presence of varying concentrations of 1-vynil-2-
pyrrolidon.

A favorable approach is to determine absolute rate constants from TR-EPR
spectra by analyzing the line width of the reacting radical in dependence of
the quencher concentration. The ”line width method” for the determina-
tion the addition rate constant of radicals to monomers has been recently
introduced by Gescheidt and coworkers.

Line widths of EPR signals of the diphenylphosphinoyl radicals in the
presence of varying concentrations of 1-vynil-2-pyrrolidon are shown in Figure
2.13. The line width becomes bigger with increasing concentration of the
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monomer. This observation can be traced back to a shorter lifetime of the
phosphinoyl radical as indicated in the theoretical part.

Figure 2.13: Line widths of EPR signal due to the diphenylphosphinoyl rad-
ical IP1 in the presence of varying concentrations of 1-vynil-2-pyrrolidon.

The shape of the lines was analyzed by nonlinear least-squares fitting to
Gaussian line shape (Equation 2.1). We have chosen it, because the Gaus-
sian line shape lead to a better fit of the experimental data compared with
Lorentzian line shape.

Y (B) = Ymax · exp[− ln 2 · (B −B0)
2

ω2
] (2.1)

where Y(B) is the TR CW EPR signal intensity at the magnetic field
position B, Ymax is the maximum signal intensity of the EPR resonance line
at the magnetic field position B0, and ω = 1/T2 is the total line width.
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The time dependance of the EPR line width of initiator I1, measured
after the laser pulse in the absence of a monomer, together with the time
profile of the EPR intensity is shown in Figure 2.14. During the first 250
ns, line broadening due to the initial spread of microwave is dominant and
after approximately 600 ns, the initially polarized EPR signal has relaxed.
Therefore, a time interval between approximately 300 and 500 ns was chosen
for the accurate determination of the rate constant.

Figure 2.14: High-field resonance line of initiator I1: time response of EPR-
intensity and line width.

In formulations for technical applications the monomers are present at
much higher concentration inside the solution than the initiator molecule
(ca. 103-fold excess), therefore, the reaction doesn’t depend on the monomer
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concentration. The kinetic description for this reaction is a pseudo-first-order
process. The addition rate constants kadd were obtained from plots of the
line broadening versus the monomer concentration [M] (Equation 2.2).

1

T2

= k0 + kadd[M ] (2.2)

where k0 is the monomer independent line width. Figure 2.15 and Figure
2.16 show the resulting linear plots chemical lifetime vs [M] for the addi-
tion of IP1 and IP2 to 1-vynil-2-pyrrolidon, styrene and hexamethylendiol-
diacrylate (HDDA). The rate constants determined from these linear plots
are presented in Table 2.2 together with their hyperfine coupling constants.

Figure 2.15: Plots of the chemical lifetimes vs. concentration of: (1) 1-
vynil-2-pyrrolidon, (b) styrene and (c) HDDA, for the determination of rate
constants kadd from TR-EPR spectra at X band for radical IP1.

27



Figure 2.16: Plots of the chemical lifetimes vs. concentration of: (1) 1-
vynil-2-pyrrolidon, (b) styrene and (c) HDDA, for the determination of rate
constants kadd from TR-EPR spectra at X band for radical IP2.
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Table 2.2: 31P hfc’s and Addition Rate Constants kadd for the Addition of
Phosphinoyl Radicals IP1 and IP2 to n-Butyl Acrylate, HDDA, Styrene and
1-Vynil-2-pyrrolidon.

The TR-EPR studies provide key information linking the structure and
reactivity of IP1 and IP2. The high reactivity of phosphinoyl radicals has
been attributed to their non-planar structure as a result of high degree of
s-character and spin localization on the phosphorus atom. The smaller 31P
hfc of IP2 compared to IP1 indicates the changes to a more planer structure
which leads to an increasing p-character of the orbital containing the unpaired
electron, and to spin delocalization into the conjugated substituents of the
phosphinoyl radical (Figure 2.17). Therefore, a more planar structure results
in lower reactivity towards the radical trapping reagents.

Figure 2.17: HOMO orbitals visualization of IP1 and IP2.

Figure 2.18 shows the comparison between the reaction rate constants of
IP1 and IP2 towards four different monomers. It can be seen that for
the reaction with three of the monomers, the rate constants of IP1 and
IP2 correlate with the 31P hyperfine coupling. The only exception is in the
case of the reaction with 1-vynil-2-pyrrolidon where IP2 reacts faster than
IP1. This unexpected result can be rationalized by theoretical calculations.
Quantum chemical calculations using B3LYP/6.31G∗ level of theory show
that the propagating radical in the case of styrene is stabilized by higher
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delocalization over the substituent (Figure 2.19) compared to the one in
the case of n-butyl-acrylat, HDDA and 1-vynil-2-pyrrolidon. This could be
the reason for the higher addition rate constants of both radicals to styrene
than in the other reactions. Unexpectedly, the addition rate constants of
IP1 towards n-butyl acrylate and HDDA are identical. It is true for the
other phosphinoyl radical (IP2) too. The reason for it could be the more
bulky molecule of HDDA which increase the viscosity at higher monomer
concentrations and decrease the mobility of initiator molecule. In the case
of n-butyl acrylate, styrene and 1-vynil-2-pyrrolidon viscosity doesn’t change
at the measured concentrations.
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Figure 2.18: Comparison of the addition rate constants of IP1 and IP2 to
n-butyl acrylate, HDDA, styrene and 1-vynil-2-pyrrolidon.
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Figure 2.19: Spin density on the two adduct radicals of IP1 generated after
the first addition to the double bond of styrene and n-butyl acrylate.
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2.4 Conclusions

The photochemistry of mono- and bis(acyl)phosphine oxides I1 and I2
involves α-cleavage from a triplet excited state to afford radicals IP1, IP2
and IB1 which are readily detectable by TR-EPR.The phosphinoyl radi-
cals IP1 and IP2 were characterized by time-resolved EPR in toluene solu-
tion and their addition rate constants to n-butyl acrylate, hexamethylendiol-
diacrylate, styrene and 1-vynil-2-pyrrolidon were determined by the analysis
of the EPR line width. The addition rate constants range from 0.5 x 107

to 4.3 x 107. This high reactivity is the basis of their efficiency as photoini-
tiators for free radical polymerization. The difference in the rate constants
can be explained with different degrees of spin distribution and s-character
at the phosphorus atom. A physical parameter, which reflects this degree
of radical localization, is the 31P hyperfine coupling constant. The lower
reactivity and smaller 31P hfc of IP2 compared to IP1 is consistent with
the former having a more planar geometry. The experiments outlined in this
chapter have demonstrated the power of TR-EPR to probe photopolymer-
ization initiation. This method allows the determination of the addition rate
constants of the radicals to the double bond of the monomer and also pro-
vides structural information of the reactive species. DFT calculations, which
may give the possibility to rationalize the relative rates of these reactions
are in progress. We finish this work with an open question: Why IP2 reacts
faster with 1-vynil-2-pyrrolidon than IP1?
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Chapter 3

Benzoyl radicals

3.1 Benzoyl radicals

3.1.1 Introduction

The class of initiators involving free radicals represents more than 90% of
the commercially used initiators. Free radical initiators are most typically
used with acrylate/methacrylate functional resins and can also be used with
unsaturated polyester resins.

With the growth of this technology in manifold applications, a large variety
of photoinitiators has been developed. Acylphosphine oxides and α-amino
ketones are two different classes of photoinitiators that have found wide ap-
plication in industry. Upon absorption of a photon of suitable wavelength,
these photoinitiators undergo homolytic bond cleavage from a triplet excited
state to produce two different reactive radicals. [34] This is illustrated in
Figure 3.1 for a monoacylphosphine oxide and α-amino ketone.

The addition of these radicals to alkenes and other unsaturated compounds
leads to the creation of new carbon-carbon σ bonds at the expense of existing
π bonds. [35–38] The reaction rates and selectivities vary considerably, and
depend on the substitution of both the substrate and the radical. Such rate
variations may result in the success or failure of the product, and therefore
a predictive synthetic strategy can be developed when the rate constants for
the addition, and the factors controlling them are known.

The addition of these primary radicals to n-butyl acrylate is shown on
Figure 3.2.
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Figure 3.1: Formation of the primary radicals from acylphosphinoxide and
α-aminoketone-type photoinitiators

Ar1 C

O

P Ar2

O

Ar3

B P

C N

R3

R4

R1

R2
Ar1 C

O

B C

C O
BuO

C C
OO

Ar1
O

Bu
P C

OO
O

BuAr2

Ar3

C O
BuO

C C
OO

Ar1
O

Bu
C

O
O

BuR3

R4

R1

R2

BC PC

BC CC

Figure 3.2: First addition of the radicals to the double bond of n-
butylacrylate

34



This first reaction step is important for the efficiency of a photoinitia-
tor and, therefore, the accurate experimental determinations of absolute
rate constants for radical reactions, their activation parameters, quantum-
chemical calculations of transition state structures and reaction barriers are
of particular interest.

There are already existing data for several phosphorus centered and α-
amino C-centered radicals, but the information about the most frequently
occurring benzoyl radicals is only scarce. The reason for this lack of infor-
mation is that the optical absorption of these species is hardly detectable by
UV-VIS spectroscopy. Unfortunately, benzoyl radicals have a low extinction
coefficient at wavelengths higher than 300 nm and therefore is very difficult
to detect them directly by laser flash photolysis employing optical methods.
In addition, overlapping optical absorptions of the initiator molecule and the
benzoyl radical complicate the kinetic analysis with optical detection meth-
ods. It has been demonstrated that time-resolved infrared spectroscopy can
be used for the direct detection of benzoyl and aliphatic acyl radicals due to
the fact that these radicals have well-resolved vibrational absorptions.

The electron paramagnetic resonance (EPR) technique provides a power-
ful tool for investigating the reactivity of radicals because it not only allows
direct observation of the radicals but also gives structural and dynamic infor-
mation on these species. We have used time-resolved continuous-wave EPR
as a tool for determination the addition rate constant of five different benzoyl
radicals to the double bond of n-butyl acrylate.

3.1.2 Compounds Investigated

For UV-curing of pigmented systems, photoinitiators having absorption at
longer wavelength are required. α-Aminoketones are such a class of photoini-
tiator that have found application for UV-curing of pigmented systems, since
they absorb light of wavelengths at which the formulation is transparent.

Acylphosphine oxides are another class of photoinitiators highly suited for
white lacquers, as their absorption spectra extend well into the visible light
region and they do not produce yellowing.

In the following chapter we have investigated the addition rate constant
of five different benzoyl radicals derived from two bisacylphosphine oxide
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photoinitiators and three α-amino ketones phtoinitiators. The structure of
these compounds is shown in Figure 3.1.5.

Figure 3.3: α-cleavage of the studied photoinitiators
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3.1.3 Absorption Spectra

The effective absorption of UV light by the photoinitiator is one major
condition for the efficient cure of UV systems. The alpha-cleavage initiators
are typically differentiated by their absorption profiles. Figure 3.4 shows the
UV absorption spectra of the three studied α-amino ketone photoinitiators.

Figure 3.4: UV absorption spectra of three different α-amino ketones in n-
hexane.

Introduction of electron donating substituents such as methoxy, methylthio
or amino groups in the para position induces a red-shift of the main ab-
sorption band towards longer wavelength compared to the spectra of pho-
toinitiators possessing a non-substituted benzoyl moiety. The thio or amino
substituents induce strong charge transfer characteristics to the excited state
and the absorption maxima are situated around 307 and 322 nm, respectively.
Compared to thiomethyl substituent, the maximum of the main absorption
band is still further red-shifted by the p-morpholino group.

The absorption spectra of α-amino ketone photoinitiators is influenced not
only by the substituents on p-position of the benzoyl moiety, but also by the
substituents at the α-position. The difference is that these substituents do
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not change the position of the main absorption band, but lead to an expansion
of this band into the visible region. This allows application of light above
350 nm.

The absorption characteristics of bisacylphosphine oxides photoinitiators
differ from the one of α-amino ketone type. They show enhanced absorption
in the near UV/visible range. Spectrum of a photoinitiator of this type is
shown in Figure3.5.

Figure 3.5: UV absorption spectra of BAPO in n-hexane.

3.1.4 Previous Studies

Bis(acyl)phosphine oxides upon irradiation undergo α-cleavage with high
efficiency (Φα ≈ 0.6) to produce a benzoyl-phosphinoyl radical pair. They
are highly effective photoinitiators since they can (in principle) produce four
radicals, each of which is an efficient initiator.

Laser flash photolysis (355 nm excitation) of the phosphorus photoinitiator
2 affords readily detectable transient absorption spectra, by TR-EPR, which
decay on the microsecond time scale with mixed kinetics and have been
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assigned to the phosphinoyl radical. (Acyl)phosphinoyl radicals show strong
transient absorptions at about 450 nm and another one at 330 nm, which is
caused by the phenyl substituents on the phosphorus. The benzoyl radicals
B1 and B2 do not interfere with the kinetics since they possess only a very
weak absorption in the area where the phosphorus radicals absorb.

The high reactivity of phosphinoyl radicals towards unsaturated com-
pounds has been a subject of lots of studies during the past years. Several
model reactions of hydrogen abstraction and electron-transfer have been also
studied and the data are already published in the literature. The addition
rate constants for these reactions are summerised in Table 3.1.[38–41]
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Table 3.1: Rate Constants for Reaction of 2,4,6-Trimethylbenzoyl Radical
with Bromotrichloromethane (BrCCl3), Thiophenol (PhSH) and Benzhydrol
(Ph2CHOH) in Alkane Solution at 23 ± 2◦C.

<0.005Ph2CHOH

0.13PhSH

1.7BrCCl3

kq (10-8 Ms)Reagent

<0.005Ph2CHOH

0.13PhSH

1.7BrCCl3

kq (10-8 Ms)Reagent

α-amino ketones undergo α-cleavage to produce benzoyl and α-amino rad-
icals. Consequently, the factors controlling there reactivity towards alkenes
have been the subject of much experimental and theoretical work. Unfortu-
nately, these radicals have low extinction coefficients at wavelength higher
than 300 nm, and are therefore difficult to detect directly by laser flash pho-
tolysis. Recently it has been shown that the difficulty with the low extinction
coefficient of the benzoyl radicals can be easily overcome using time-resolved
infrared (TRIR) spectroscopy.[41–43]

To overcome this problem in the case of the ketyl α-amino radicals, Turro
and coworkers developed an indirect optical method for determination of
their addition rate constants to an acrylate monomer. This method is based
on the use of a probe, which can react selectively and rapidly with these
radicals, leading to easyly detectable intermediates by optical absorption
spectroscopy. As such a probe they have used crystal violet. The data which
they have obtained for the reactivity of several α-amino radicals towards
n-butyl acrylate and oxygen is summarized in Table 3.2.
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Table 3.2: Rate Constants for Addition of α-Amino Radicals to n-
Butylacrylate and Oxygen in Acetonitrile Solution at 23 and 24◦ C.

4.36.1

2.3< 0.1

3.97.5

4.518

6.329

Koxygen

(109 M-1 s-1)

Kacrylate

(106 M-1 s-1)

4.36.1

2.3< 0.1

3.97.5

4.518

6.329

Koxygen

(109 M-1 s-1)

Kacrylate

(106 M-1 s-1)

N

O

N

O

N

O

N

O

N

3.1.5 TR-EPR Studies

The academic and industrial interest in α-amino ketones and acylphosphin
oxide photoinitiators comes from the high reactivity of the formed radicals
after laser flash toward alkenes. Consequently, factors controlling the rate
constants have been the subject of much experimental and theoretical work.

The addition rate constants of five different carbon-centered radicals to the
double bond of n-butyl acrylate were studied by TR-EPR technique. It has
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been shown in the previous chapter, that the rate constants of the radicals
can readily be determined by line-width measurements in continuous-wave
time-resolved EPR spectra at X-band. This method has been established for
determination the addition rate constants of phosphorus-centered radicals.

Benzoyl radicals are the most frequently appearing radicals and there time-
resolved-EPR spectra can easily be detected. However, it still remains a
challenge to establish their reactivity. Although their EPR signals are readily
detectable, their kinetic analysis is not easy. The reason for it is that the
reactivity of benzoyl radicals toward alkenes, which is an important step
in free radical polymerization, is much slower than, e.g., the phosphinoyl
radicals. This leads to smaller variations in the line-width (1/T∗

2 - 1/T0
2)

of the CW-TR-EPR spectra depending on the quencher concentration. In
addition to it, the small changes in the line-width cause bigger error margins.
This can be overcome by increasing the number of measurements and the data
points for the analysis.

To investigate the reactivity of these radicals in more details, W-band EPR
measurements were performed and compared with the results from the one
at X-band EPR. W-band EPR gives the possibility to observe the radicals in
thermal equilibrium. The analysis of the time dependence of the EPR time
profile may yield directly the kinetic information about the radical reactions.
Consequently, two EPR approaches are envisaged to determine the chemical
lifetime from Equation .The first one is to measure the line broadening (1/T∗

2

- 1/T0
2) by X-band EPR when varying the monomer concentration [M] and

the second one to measure time profile of W-band EPR intensities depending
on this concentration [M].[42, 44–46]

An additional complication which occurs is that the second radical from
the primarily formed radical pair after the laser flash has a considerably
higher reactivity than the benzoyl radical and predominantly consumes the
alkene monomer. This may result in changing the first-order rate low of the
addition reaction of benzoyl radical to n-butyl acrylate.

To avoid this complication, we have chosen five different photoinitiator
molecules in the way, that the second radical from the radical pair, formed af-
ter the laser flash has as smaller reactivity as possible. The compounds shown
on Figure fulfil this requirement. The photolysis of the five initiator molecules
yields five different benzoyl radicals with an 2,4,6-trimethylphenyl (B1), 2,6-
dimethoxyphenyl (B2), 4-methoxyphenyl (B3), 4-thiomethylphenyl (B4)
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and 4-morpholinophenyl (B5) substituents. The first two compounds shown
on this figure are bisacylphosphin oxides. The phosphorus centered radicals
P1 and P2, generated after the laser flash are sterically hindered by aryl
or branched alkyl groups which slow down there reactivity. This was shown
in previous investigations and there addition constants to n-butyl acrylate
are 8·105 M−1·s−1 and 1.8 ·106 M−1·s−1. The same is true for the α-amino
C-centered radicals, formed from the three α-amino ketone photoinitiators,
C3,C4 and C5 which have the addition rate constant 6.1 ·106 M−1·s−1, 1
·105 M−1·s−1 and 6.1 ·106 M−1·s−1 respectively.

Laser flash photolysis of toluene solution of photoinitiator 1 affords the
TR-EPR spectrum shown in Figure 3.6. The spectrum features a doublet
due to the phosphinoyl radical P1, these are the two lines at the edge of
the spectra, and a broad absorption line near center field assigned to benzoyl
radical B1. The EPR signals of both radical species are well separated due to
the dominating isotropic hyperfine coupling constant (hfc) of the 31P nucleus.

330 340 350

Field/mT

P PB

PC + BC PC + BC

Figure 3.6: X-band TR-EPR spectra of 1 (0.01 M) in toluene a) without and
b) with butyl acrylate (2.8 M) observed 200-300 ns after laser flash.
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The TR-EPR spectrum recorded 200-300 ns after 355 nm laser excitation
of photoinitiator 1 in toluene solution containing 2.8 M concentration n-butyl
acrylate is shown on Figure 3.6 together with the TR-EPR signal of the same
photoinitiator without the presence of the monomer. The main feature of the
spectrum is the complex absorptive multiplet near center field assigned to the
benzoyl radicals PC and BC, formed after the first addition of the initiator
radicals to the double bond of n-butyl acrylate. An absorptive doublet due
to unreacted P1 radical and the singlet due to unreacted B1 radical are also
presented. The X-band EPR signals from the new formed radicals PC,CC
and BC partially overlap with those of the benzoyl radicals B, but its line-
width is not substantially affected by the overlap of EPR lines Figure 3.6
and 3.7 a).

Figure 3.7 shows X- and W- band TR-EPR spectra recorded after laser
flash photolysis at 355nm of photoinitiator 5 in the absence of n-butyl acry-
late. It can be seen that there is an overlap of the carbon-centered radicals
C5 and B5. The same is true for photoinitiator 3 and 4 . Nevertheless, the
signal due to the benzoyl radicals B is well distinguishable and their kinetic
investigation by means of the TR-EPR line-width method can be performed.
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Figure 3.7: TR-EPR spectra recorded after laser flash photolysis of 5 in
toluene in the absence of butyl acrylate: a) X-band spectrum: 90 mM con-
centration of 5 taken 900 ns following laser flash, b) W-band spectrum: 9
mM concentration of 5 taken 200 ns following laser flash.
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Kinetic Analysis for the Benzoyl Radicals by X-band TR-EPR.
When n-butyl acrylate monomer is present in the toluene solution of the
photoinitiator molecule, the EPR line of the benzoyl radical gets broader.
Such a line broadening can be easily followed by TR-EPR when changing
the concentration of n-butyl acrylate. The TR-EPR signals of the benzoyl
radicals, obtained after photolysis of 1 at two different concentrations of
butyl acrylate, are shown together with there simulations in Figure 3.8.

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

?B/ mT

a)

b)

Figure 3.8: X-band TR-EPR spectra of the benzoyl radical B5 recorded 600
ns after the laser flash. a) 0 M concentration of n-butyl acrylate, b) 2.8 M
concentration of n-butyl acrylate. The solid lines show their simulation by
Gaussian function with the half width, ∆B1/2 = 0.0842 (a) and 0.0947 (b)
mT. The arrows in a) and b) posses identical lengths and indicate the amount
of the line broadening.
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The reactivity of the benzoyl radicals B1-B5 were determined by analy-
sis of the line broadening of their EPR signals. In the presence of radical
quenchers, such as n-butyl acrylate, the lifetime of the benzoyl radicals de-
creases due to the addition to the olefin. At relatively high n-butyl acrylate
concentrations, the reaction follows pseudo-first-order kinetics. As it was
shown in the previous chapter, first-order kinetics translates into a linear
relationship between line broadening and monomer concentration.

Analysis of the TR-EPR spectra according to this relation yields the plot
chemical lifetime vs. concentration displayed in Figure 3.9.
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Figure 3.9: Plots of the chemical lifetime vs. concentration for the deter-
mination of rate constants kadd from TR-EPR spectra at X and W band
for benzoyl radicals B1-B5. The linear relationships are indicated for butyl
acrylate concentrations ¡ 1.25 M.

It could be seen from this figure that there is no simple linear relation
between the line-width broadening of the EPR signals for benzoyl radicals
B1-B5 and the concentration of the monomer. The whole range between 0 M
and 2.8 M concentration of n-butyl acrylate can be separated into two parts.
Linear regression for butyl acrylate concentrations below 1.25 M provides,
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from the slopes, addition rate constants, kadd, of around 106 mol−1s−1 (Table
3.1.5). At concentrations higher than 1.25 M, the curves lever off and the
kadd values decrease drastically by up to an order of magnitude.

Table 3.3: g Factors and addition-rate constants, kadd, of benzoyl radicals
B1-B5 to butyl acrylate, determined by TR-EPR at 9 and 95 GHz. The
measurements have been performed in argon saturated toluene solution at
room temperature. The absolute error in g-factor measurements is ±5·10−5.

benzoyl radical g-factor kadd/ ?10
6

mol
–1

s
-1

kadd/ ?10
5

mol
–1

s
-1

0.0–1.25 M

butyl-acrylate conc.

1.26–2.7 M

butyl-acrylate conc.

B1 2.00055 1.18 ± 0.07 4.3 ± 0.7

B2 2.00057 1.25 ± 0.05 4.6 ± 0.7

B3 2.0009 1.91 ± 0.01 3.6 ± 0.5

B4 2.00077 1.25 ± 0.05 5.7 ± 0.8

B5 2.00086 1.03 ± 0.07 7.1 ± 0.2

Addition constants in the range of 105-106 mol−1s−1 are at the limit to be
measured by the EPR line-width method because the additional broadening
of the EPR lines becomes too small to be detectable by X-band TR-EPR.
Moreover, the partial overlap with the spectra of the partner radicals C
and the products CC (Figure 3.6 and 3.7 ) leads to errors in the line-shape
analysis. To obtain reference data and to verify the kinetic constants acquired
from the X-band TR-EPR spectra , we have additionally performed TR-EPR
experiments at high microwave frequency (W-band).

W-Band EPR. Shape of the TR-EPR spectra. In the W-band EPR
spectra, the signals belonging to different radicals with different g-factors
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show a better separation than at X-band due to the increased Zeeman in-
teraction at 10 times higher magnetic fields. This increased resolution is
apparent in Figure 3.7b where the signal of the 4-morpholinobenzoyl radical
B5 is well separated from that of the 1-phenyl-2-(dimethylamino)but-2-yl
radical C5. Moreover, the W-band spectrum, taken 200 ns after the laser
pulse, demonstrates strongly increased spin relaxation at high magnetic field
owing to field-dependent fluctuating Zeeman and spin-rotation interactions.
Because of fast relaxation, the signal of the benzoyl radical B5 exhibits prac-
tically no transient spin polarization whereas that of the carbon centered
radical C5 is still polarized by the radical pair mechanism.[46–49]

W-band EPR. Kinetic Analysis for the Benzoyl Radical. As was
demonstrated earlier the line intensities in the W-band spectra of the ben-
zoyl radicals are virtually free from polarization phenomena and represent
the observed radicals at thermal equilibrium. Thus, the chemical-decay rate
of the benzoyl radical can be directly determined by recording the time pro-
file of the EPR signal intensity. This is accomplished by subtracting the
decay curves, evaluated for the pure photoinitiator (with no butyl acrylate
present), from those obtained in the presence of butyl acrylate (Figure 3.9).
Because of the high polarity of the reaction solutions at high butyl-acrylate
concentrations, the W-band experiments could only be run at low concentra-
tions of the alkene when the solutions were not too lossy for the microwaves.
The chemical lifetimes of the radicals at selected concentrations of butyl
acrylate measured by the decay of the high-field line intensities are displayed
in Figure 3.9 together with the results of the X-band measurements. They
are in excellent agreement, thus approving the analysis of the X-band EPR
spectra, which could be recorded over the complete range of butyl acrylate
concentrations.[50–52]

3.1.6 Reactivity Considerations

We have shown in our study that there are two regions for the reactiv-
ity/concentration domain, but what are the reasons causing these two re-
gions? One of the reasons responsible for it could be, that the reaction of
these benzoyl radicals with n-butyl acrylate obey second-order rate low. If
this is true, than the rate of the reaction is directly proportional to the square
of the concentration of one of the reactants. This means, that if we change
the concentration of the initiating radicals inside the toluene solution, the
line-width should change too. Remarkably, variation of the initiating-radical
concentration, either by photolysing differently concentrated photoinitiator
solutions, or by varying the laser-light intensity, did not lead to any changes
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of the X-band EPR line-widths or W-band EPR decay-profiles. Thus, a
second-order rate law is not conceivable.

The second reason for it could be that the physical properties of the re-
action mixture vary with changing the butyl acrylate concentration and this
leads to a reduced reactivity of the benzoyl radicals. To see if this is the case,
we have measured, over the whole concentration range, the viscosity of the
toluene solutions used for the TR-EPR measurements. The change of the
relative kinematic viscosity and the line-width of the EPR signals versus the
butyl acrylate concentration are shown on Figure 3.10.
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Figure 3.10: Comparison between the dependencies of the rate constants and
the relative kinematic viscosity vs. n-butyl acrylate concentration of B2.

It is clearly visible from the plot in Figure 3.10, that the relative kinematic
viscosity drastically increases at n-butyl acrylate concentrations higher than
1.25 M. These are exactly the concentrations at which the reactivity of the
benzoyl radical B2 towards n-butyl acrylate is reduced by approximately
one order of magnitude.
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Therefore, the reactivity of benzoyl radicals can be divided into two do-
mains. At butyl acrylate concentrations below 1.25 M, the first-order rate
constants are ca. one order of magnitude larger than at quencher concentra-
tions above 1.25 M (Table 3.1.5). The values determined for radicals B1, B2,
B4, and B5 in the high-viscosity range by EPR correspond very well with the
values determined by time-resolved IR spectroscopy at high concentrations
of butyl acrylate.

In the case of the phosphinoyl and the α-amino C-centered radicals, mea-
surements at high monomer concentrations cannot be performed. The reason
for it is that both of this type radicals have higher reactivity towards n-butyl
acrylate and the decay of the corresponding EPR signals is too fast to be
observed in the time window of our experiment. Therefore, comparison of
their behavior and the behavior of benzoyl radicals cannot be done.

3.1.7 Correlation Between the Experimental Data and
Quantum Chemical Calculations

The data collected in Table 3.1.5 shows that the reactivity of the five ben-
zoyl radicals towards n-butyl acrylate for the low viscosity domain depends on
the substituents of the phenyl moiety. It is highest for the 4-methoxybenzoyl
radical (B3) and lowest for the 4-morpholinobenzoyl (B5) derivative.

We have performed quantum chemical calculations using different levels of
theory to be able to make some correlation between the experimental data
and the molecular properties of the radicals. As a first step, we compared
the spin density at the carbonyl C atom with the different reactivities. It
was difficult to make such a correlation because the observed small difference
in the reactivity of B1-B5 probably does not arise from a variation in the
spin densities.

Usually, it is the interaction between filled orbitals of one reactant with
vacant orbitals of the other which leads to a favourable lowering of the energy.
In the reaction of a radical with the double bond of the monomer, only the
interaction between the SOMO (singly occupied molecular orbital) of the
radical and both the HOMO (highest occupied molecular orbital) and LUMO
(lowest occupied molecular orbital) are considered. The best energy match
between SOMO of the radical and LUMO of the monomer is shown in Figure
3.11.
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Figure 3.11: The interaction between the SOMO of the radical and the
LUMO of the monomer

As a second step, we made a correlation between the reactivity of the
radicals B1-B5 towards n-butyl acrylate with the energy gap between the
HOMO and LUMO orbitals. The data for this difference and the addition
rate constants are shown in Table 3.4.
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Table 3.4: Comparison between the addition rate constants of the benzoyl
radicals to n-butyl acrylate and the energy gap between the HOMO and
LUMO orbitals

0.1171.03B5

0.1271.25B4

0.1221.91B3

0.1011.25B2

0.1161.18B1

HOMO –

LUMO gap

/ a.u.

Kadd/ .106

mol-1s-1

Benzoyl

Radical

0.1171.03B5

0.1271.25B4

0.1221.91B3

0.1011.25B2

0.1161.18B1

HOMO –

LUMO gap

/ a.u.

Kadd/ .106

mol-1s-1

Benzoyl

Radical

However, there is no agreement between these calculations and the ex-
perimental data. This could be due to the fact, that the steric effects may
be important. To model these effects requires more detailed calculations
examining the transition state of the reactants.

As a third step we have performed quantum chemical calculations to elu-
cidate the energetics and reaction paths explicitly in regards to the potential
energy surfaces profile.

DFT and ab initio calculations were carried out using the Gaussian 98
package. All geometries of the radicals and n-butyl acrylate were optimized
with B3LYP/6.31G(d). Subsequently, single-point calculations were per-
formed at the obtained geometries, using different methods and a variety
of basis sets. The minimum-energy path for the addition reactions were
traced by choosing the distance R between the carbon centered radical and
the β-carbon atom of the vinyl monomer as the principal reaction coordinate.
The transition states (energy saddle points) for the addition reactions were
located using Berny algorithm, to evaluate the activation barrier hight.

Correlation of the activation barrier heights calculated for the five car-
bon centered radicals with their experimental relative reactivity data will be
examined.
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Figure 3.12: Addition reaction of the benzoyl radical to n-butyl acrylate
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The schematic potential-energy profile in Figure 3.12 corresponds to the
reaction between a radical R• and n-butyl acrylate, proceeding via a transi-
tion structure (TS) to give the product radical. The addition of a reactive
carbon-centered radical to a molecule with a multiple carbon-carbon bond
is generally exothermic because a π bond is replaced by a σ bond (Figure
3.12). The transition state is early, that is, the cleavage of the π bond and
the formation of the σ bond are far from being complete in the transition
state.

10.4º118.0º105.3º2.407 ÅB4

9.8º117.3º105.7º2.422 ÅB5

10.3º118.0º105.4º2.408 ÅB3

9.7º106.2º103.6º2.367 ÅB2

11.6º110.5º109.6º2.351 ÅB1

F pyrF 1F attackr(C--C)Radical

10.4º118.0º105.3º2.407 ÅB4

9.8º117.3º105.7º2.422 ÅB5

10.3º118.0º105.4º2.408 ÅB3

9.7º106.2º103.6º2.367 ÅB2

11.6º110.5º109.6º2.351 ÅB1

F pyrF 1F attackr(C--C)Radical

C C

H

H
Y

CX

?1 ?attack

?pyr

r(C--C)

H

O

Figure 3.13: Transition structures for the addition reaction of the benzoyl
radicals B1-B5 to n-butyl acrylate.
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3.1.8 Conclusions

We have shown that TR-EPR is a suitable technique to provide rate con-
stants of addition reactions of benzoyl radicals to alkenes. Two concentration
domains of reactivity have been established for the addition of benzoyl rad-
icals to butyl acrylate. At butyl acrylate concentrations below 1.25 M, the
corresponding addition constants are between 1.4 and 2.6 106 mol−1s−1, as
corroborated by TR-EPR measurements at X- and W-band. This is in the
same range of values as reported in previous investigations by time resolved
infrared spectroscopy. Our experiments demonstrate that the apparent reac-
tion constant of benzoyl radicals decreases at high viscosity. Is this specific
for benzoyl radicals or is this a general behavior? This question could be an-
swered by extending these investigations to phosphinoyl and carbon-centered
radicals. This, however, is not an easy task since these more reactive rad-
icals are expected to be consumed by the alkene at shorter times, and the
transient radicals may escape detection within the time window of TR-EPR
experiments. Although the kinematic viscosity of the reaction mixture dras-
tically increases at higher alkene concentrations, no specific line-broadening
from slow tumbling motion of the benzoyl radicals is observed. Apparently
the increase of macroscopic viscosity of the reaction solution (which slows
down the addition reactivity) does not translate into restricted motion of the
radicals in their local microenvironment. This unhindered local mobility is
corroborated by that fact that the EPR spectra of spin label TEMPO do not
reveal any anisotropy over the full viscosity range. Photoinitiators producing
benzoyl radicals are occurring in many industrial applications. Hence, their
attenuated reactivity towards acrylates at high viscosity has to be borne in
mind when estimating the efficiency of the initiating radicals in resins to be
applied.
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Chapter 4

Oxygen

4.1 Oxygen Inhibition

Light-induced polymerizations offer many advantages over traditional ther-
mal polymerization such as rapid curing, time and spatial control, circumven-
tion of the highly volatile solvents, and low energy consumption. However,
one of the greatest limitations to the application of free radical photopoly-
merization is the inhibitory effect of the oxygen.

Oxygen, either from the air or dissolved in the formulation, may interfere
with photopolymerization systems at various stages:

• Ground state oxygen is a triplet state molecule and plays an active role
in quenching the excited triplet state of the photoinitiator, thereby
preventing the production of primary radicals.

• It can also scavenge the primary radical/propagating radicals to form
peroxide radicals which are inactive to initiate polymerization.

The presence of molecular oxygen in photopolymerization system generally
introduces an induction period accompanied by the decreased polymerization
rate. The ultimate conversion of the system is lowered and the polymer
chain length is significantly reduced due to the premature termination of the
propagation by oxygen.

Most commercial photoinitiators have very short lived triplet states, thus
bimolecular triplet quenching is negligible under most conditions. The main
cause for oxygen inhibition with these initiators is not quenching, but the
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scavenging of reactive radicals by oxygen at a later stage of the initiation
process.

Since the industrial applications of the UV/Vis irradiation curing are under
atmospheric conditions, the oxygen presence as from the air as inside the
formulations. Therefore, knowledge for the reaction of oxygen towards the
initiating radicals is of great importance.

In this project we have been working on a reaction of oxygen towards the
phosphorus- and carbon-centered radicals generated from the α-cleavage at
the carbonyl-phosphorus bond after the photolysis of I1 and I2 initiator
solutions. This results in the transformation of highly reactive phosphinoyl-
and carbon-centered radicals into less reactive peroxy radicals (Figure 4.1).

Figure 4.1: Radical scavenging by oxygen.
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The reaction of oxygen with the radical initiator leads to line width broad-
ening as in the cases discussed in the previous chapters. Therefore, the kinetic
data were extracted from the EPR spectra using the ”line width method”.
The rate constants kadd were obtained from the linear plot of the line broad-
ening versus oxygen concentration (see Chapter 2 and Figure 4.2). Variation
of the oxygen concentration was achieved by saturation of the toluene solu-
tion with oxygen-nitrogen mixtures at 1 atm partial pressure oxygen at 24◦C.
As expected for such an organic radicals, the rate constants kadd range from
2.98 to 6.22 × 1010 M−1s−1.

Figure 4.2: Plots of the chemical lifetime vs. oxygen concentration for the
determination of rate constants kadd from TR-EPR spectra at X band for
IP1, IP2 and IB1 radicals.
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Although all the addition constants are in the diffusion-control range we
can see that kadd for the benzoyl radical IB1 is higher than the one of IP1
and IP2. This result was unexpected since benzoyl radicals have ca. one
order of magnitude lower reactivity towards the double bond of the acrylate
monomers. Thus, compared to the phosphinoyl radicals, they are less efficient
initiators but very efficient oxygen scavengers.

In order to study the whole reaction pathway we performed quantum chem-
ical calculations using density functional theory (DFT) with the B3LYP func-
tional. The attack of oxygen towards IP1 radical is shown in Figure 4.3.

O
2

Figure 4.3: The attack of oxygen towards IP1 radical. Calculations were
performed using B3LYP/6-31G∗ level of theory.
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To get some feeling for the different reactivities of the phosphinoyl and
benzoyl radicals towards the double bond of n-butyl acrylate and oxygen, on
the base of the addition constants obtained from the TR-EPR measurements,
we have performed some chemical kinetic simulations in anaerobic conditions
(Figure 4.4).

If we first compare the reactions of the two phosphinoyl radicals towards
n-butyl acrylate and oxygen in time, we can see not only that the reaction
of the two radicals to the oxygen is much faster than the reaction to n-butyl
acrylate, but also that the concentration of the oxygen vanishes to zero at
about 6x10−8 s after the reaction has started. That is why, in the pres-
ence of oxygen, both of the radicals predominantly will react to the oxygen.
Therefore, the oxygen is an inhibitor of the radical polymerization, since the
radicals tend to react with the oxygen and not starting the polymerization
process.

Figure 4.4: Chemical kinetic simulations for the reaction of IP1 and IP2
toward n-butyl acrylate and oxygen.
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The same patten can be seen for the reaction of the benzoyl radical towards
oxygen and n-butyl acrylate (Figure 4.5). The reaction with the oxygen
molecule is again faster than the reaction with n-butyl acrylate.

Figure 4.5: Chemical kinetic simulations for the reaction of IB1 toward n-
butyl acrylate and oxygen.

In the previous investigations of the benzoyl and the two phosphinoyl rad-
icals by time-resolved EPR, we have seen that the two phosphorus-centered
radicals react by ca. one order of magnitude faster than the carbon-centered
radical towards the double bond of the monomer, but in the case of the
oxygen they have the opposite patten. If we compare the chemical kinetic
simulation data for their reaction towards oxygen, we can see that the oxygen
is predominantly consumed from the benzoyl radical (Figure 4.6).
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Figure 4.6: Chemical kinetic simulations for the reaction of IP1, IP2 and
IB1 toward oxygen.

Thus, we can conclude that the benzoyl radicals, which are the most often
occurring species in the UV/Vis curing systems may not be very efficient
initiators of radical polymerization, but they can be used as an oxygen scav-
enges. This will not only lead to the consumption of the oxygen, but also
will increase the efficiency of the phosphinoyl radicals preventing them from
their reaction with the oxygen. Therefore, photoinitiators providing high
concentration of benzoyl radicals after the homolitic α-cleavage may be of
interest.
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Chapter 5

Fluorescence

5.1 Fluorescence of the Photoinitiators

UV curing is a dynamic technology with new applications continually be-
ing developed. Challenges arise which may include faster speed, improved
coating performance or achieving cure under more difficult conditions.

The first stage in any UV curing process is the absorption of a photon
from the incident UV energy. For efficient absorption of light and successful
photoinduced reactions, the absorbing molecule, i.e. the photoinitiator, must
absorb strongly at some of the wavelengths of irradiation and then undergo
a transition to an excited state.

Our subject in this work is to answer the questions: Do the photoinitiators
have some other property that can be use for the efficient radical polymer-
ization? Do they have fluorescence and can this fluorescence be used as a
”light source” for the additional hardening of the coating?

As a beginning of this research, we have started with the investigation of
the photochemical properties of the two well know of us and commercially
available photoinitiators 2,4,6-trimethylbenzoyl-diphenylphosphine (I1) and
bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide (I2).

As a first step of this investigation we have perform UV/Vis measurements.
The ground state absorption spectra of I1 and I2 possess absorption max-
ima at about 280 and 370 nm corresponding to π,π∗ and n,π∗ transitions
respectively. From the emission and excitation spectra recorded in n-hexane
solution, it was inferred that the band at 280 nm corresponds to the S0 →S1
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transition. Phosphine oxides I1 and I2 exhibit broad structureless fluores-
cence emission at room temperature in n-hexane solution upon 310 and 320
nm excitation respectively. The excitation spectra of I1 and I2 are very sim-
ilar to their UV-VIS absorption spectra. Comparison between the UV-VIS
and excitation spectra of I2 are shown in Figure 5.1. The singlet excited
state energy of I1 and I2, estimated from the intersection of the emission
and excitation spectra at 380 and 428 nm respectively, are ca. 315 and 279
kJ/mol. Fluorescence emission and absorption spectra obtained with I1 and
I2 are shown in Figure 5.2.
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Figure 5.1: Absorption and excitation spectra of I2 recorded in n-hexane
solution at room temperature with an optical path length d of 1 cm. IP2 =
2.87x10−4 mol.l−1.

These measurements showed us that although the fluorescence of both of
the initiators is not very strong, it is in the range where most of the initia-
tor molecules have still an absorption. comparison between the absorption
and emission spectra of both of the initiator molecules show that the fluo-
rescence emission band intersects the n,π∗ absorption band of the photoini-
tiator I1 and I2. That is why their fluorescence properties can be used to
enhance the in depth cure of the formulation. Even more, the fluorescence
of the bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide (I2) photoinitiator
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Figure 5.2: Ground state absorption and emission spectra of a) I1 and b)
I2 recorded in n-hexane solution at room temperature with an optical path
length d of 1 cm. IP1 = 1.56x10−4 mol l−1 and IP2 = 2.87x10−4 mol l−1.

is slightly stronger than the one of 2,4,6-trimethylbenzoyl-diphenylphosphine
oxide (I1). This observation allows us to think that triacylphosphine oxide
fotoinitiators may have even stronger fluorescence band.

Moreover, measurements in the presence of n-butyl acrylate shows that the
intensity of the fluorescence is not influenced by the quencher concentration
(Figure 5.3). This has been proven by performing a fluorescence measure-
ments at different concentrations of n-butyl acrylate.
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Figure 5.3: Fluorescence emission spectra of I2 recorded in n-hexane and
the presence of different concentrations of n-butyl acrylate. λexc = 320 nm;
IP2 = 2.87x10−4 mol l−1.

These results confirm our hypothesis, that the photoinitiators IP1 and IP2
can be used not only for inducing radical polymerization after the homolitic
α-cleavage, but also as a ”light source” for curing thick layers. Even more,
they can be used as a basis of further investigations. Good candidate for these
purposes will be compounds which not only will have a stronger fluorescence,
but also there fluorescence band is extended to the shorter wavelength.
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Chapter 6

Theoretical Part

6.1 What is Electron Paramagnetic Resonance

(EPR)?

6.1.1 Introduction

Electron paramagnetic resonance (EPR), also known as electron spin res-
onance (ESR) and electron magnetic resonance (EMR), is the name given to
the process of resonant absorption of microwave radiation by paramagnetic
ions or molecules, with at least one unpaired electron spin, and in the pres-
ence of a static magnetic field. EPR was discovered by Zavoisky in 1944. It
has a wide range of applications in chemistry, physics, biology, and medicine.

When an atom or molecule with an unpaired electron is placed in a mag-
netic field, the spin of the unpaired electron can align either in the same
direction or in the opposite direction as the field. These two electron align-
ments have different energies.

The energy differences we study in EPR spectroscopy are due to the in-
teraction of unpaired electrons in the sample with an external magnetic field
produced by the EPR spectrometer. This effect is called Zeeman Effect.

6.1.2 The EPR Experiment

Due to its spin, an electron possesses a magnetic moment ~µe given by an
expression analogous to Equation 6.1.

~µe = −gβS (6.1)
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where g is called the g-value (ge = 2.00232 for free electron), µB is the
Bohr magneton (9.274 x 10−28 JG−1) and ~S is the spin angular momentum
vector of the electron.

As it was mentioned before, in the case of a free spin with Ms = ±1
2
, only

two energy levels are possible and the divergence of the magnetic or Zeeman
levels will be linear with field. This is illustrated in Figure 6.1.

m = + 1/2

m = - 1/2

Energy

B

B = 0

h?

Figure 6.1: Energy levels of an electron placed in a magnetic field.

The corresponding energy levels in a field H0 are given by (6.2) and the
energy differences by equation 6.3.

E+ 1
2

= +
1

2
gβH0, E− 1

2
= −1

2
gβH0 (6.2)

∆E = gβH0 (6.3)

Transitions between these levels can be induced by the interaction of elec-
tromagnetic radiation of frequency ν such that ∆E = hν and the relation
between frequency and field is that given in equation 6.4.

hν = gβH0 (6.4)

The interaction which causes the transitions is between the magnetic dipole
of the electron and the oscillating filed accompanying the electromagnetic
radiation.
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6.2 The CIDEP Experiment

6.2.1 Introduction

Whereas classical EPR reflects transitions from energy levels populated ac-
cording to Boltzmann distribution, EPR spectra at a ns time regime exhibit
absolute intensities which differ from those of radicals at thermal equilibrium.
The experimental effect of those non-equilibrium electron spin populations
is called CIDEP (chemically induced dynamic electron polarization) and its
mechanisms are discussed below.

The significance of CIDEP is that it provides a direct link between the pre-
cise radical observed and the spin multiplicity of the molecule which reacted
to form it. If the radicals result from photolysis, this represents an unique
connection between the photophysics of the molecule and the subsequent
photochemistry of the system under investigation.[53]

There is one serious problem, in time-resolved EPR spectroscopy. For
commercial EPR spectrometers, a magnetic field modulation of 100 kHz is
routinely used to improve the sensitivity of the spectrometers. The response
time of such spectrometers is limited to tens of microseconds. This time-
resolution is usually inadequate for the study of photoinduced processes in so-
lution. Two methods have been devised for the improvement of the response
time, eliminating the field modulation with a loss of signal sensitivity.[54, 55]

The first method is the direct CW (continuous wave) detection and the sec-
ond is the pulsed microwave electron spin-echo or Fourier transform method.
The time-resolution reachable with the first method is about 50 ns and with
the second one about 10 ns.

Although, the sensitivity of the TR-EPR spectrometers is much lower than
that of the conventional ones, the discovery of extremely large anomalies in
the EPR intensities of many transient radicals has improved the sensitivity
of their detection.[56]

6.2.2 Spin Polarization

The magnitude of spin polarization is defined as the ratio of the difference
in the populations of the electron spin states to their sum. It is defined as
follows:
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P=(nα-nβ)/(nα+nβ)

where nα and nβ are the populations of the upper- and lower-spin states,
respectively. In CIDEP, the spin polarization |P| typically becomes hundreds
times as large as the equilibrium polarization at room temperature |Peq|. The
equilibrium value, serves as a reference. The intensity of a transition in a
CIDEP spectrum is proportional to the product of the concentration of the
radical and the appropriate polarization factor, with the degeneracy taken
into account, and is not a direct measure of radical concentration. Figure
6.2 shows the cases of emission (P>0) and enhanced absorption (P<Peq) in
CIDEP.
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Figure 6.2: EPR signals observed at the situation of (a) thermal equilibrium,
(b) enhanced absorption, and (c) emission.
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In solution such anomalous polarizations arise from two mechanisms: the
triplet mechanism (TM) and radical pair mechanism (RPM). Although the
TM and RPM may occur independently in the same reaction system, the
actual CIDEP spectra often have contributions due to both the TM and
RPM.[57, 58]

6.2.3 Triplet Mechanism (TM)

It is possible for the triplet mechanism to appear in reactions which proceed
through triplet-excited states. Initially, the precursor molecule is in a singlet
state S. Then it is photoexcited to an excited singlet state S* from which there
is intersystem crossing (ISC) into the triplet state. If the triplet reacts to form
free radicals before its polarization is removed by rapid spin-lattice relaxation,
spin-conservation in the reaction step produces spin-polarized radicals, with
equilibrated polarization magnitudes.
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Figure 6.3: The TM for CIDEP of two radicals produced from a spin-
polarized triplet state.
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Conditions for the appearance of TM are given as follows:

• Reaction should occur from a triplet precursor where spin-polarization
is generated through the selective ISC from the lowest singlet state to
the triplet one.

• Magnetic field and molecular rotation should not be too extensive to
smooth away the spin-polarization in the lowest triplet state.

• Reaction should occur from such a spin-polarized triplet state before
its spin-relaxation.

The CIDEP due to the TM has either a totally emissive or absorptive phase
pattern and the relative intensities of its hyperfine lines are not distorted from
those observed for radicals at thermal equilibrium. TR-EPR spectrum of two
radicals produced from a spin-polarized triplet state is shown in Figure 6.4.
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Figure 6.4: The TR-EPR spectrum of bisacylphosphin oxide photoinitiator
observed 200-300 ns after the laser flesh (355 nm). Phosphinoyl radicals are
TM-polarized.
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6.2.4 Radical Pair Mechanism (RPM)

In many photoinduced and radiation-induced reactions, radical pairs (RP)
are produced at their initial stage through decomposition, electron transfer,
and hydrogen abstraction. Because of spin-conservation rule, a singlet RP
(1RP) consisting of two radicals (R1• and R2•) is produced from a singlet
precursor (1RP) and a triplet RP (3RP) from a triplet precursor (3RP).[59]

Figure 6.5 shows the distance (r) dependence of the energies of (1RP) and
(3RP) in the presence of a magnetic field. This figure shows that the singlet S
(1RP) and the 0T sub-level of (3RP) reach the same energy at large distances
and that S (1RP) and T−1 of (3RP) cross at (rLC).

These S-T0 and S-T−1 mixings bring about not only CIDEP but also chem-
ically induced dynamic nuclear polarization (CIDNP) and magnetic field ef-
fects on chemical reactions (MFECR). The mechanism producing CIDEP,
CIDNP and MFECR is called RPM.
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Figure 6.5: Schematic diagram showing the distance dependence of the en-
ergy of the singlet and triplet states of a radical pair in the presence of a
magnetic field.
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Figure 6.6: The TR-EPR spectrum of phosphinoyl and benzoyl radicals ob-
served 200-300 ns after the laser flash (355 nm). Example of RPM.

The ST0 Radical Pair Mechanism (RPM)

At the magnetic field of an EPR spectrometer, and in liquid solutions,
it is only the S and T0 states of the spin correlated radical pair that are
mixed, since the T±1 ones are separated from them in energy by the Zeeman
interaction by an amount that exceeds the mixing interaction.

The current theory of polarization of free radicals requires that a pair must
first encounter, then separate to a distance for which the value of the electron
exchange interaction (J) is near zero, and then return to form a colliding
pair. The polarization selection occurs upon radical reencounter under the
influence of J . The creation of electron spin polarization through the RPM
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depends upon the subsequent action of the electron exchange interaction J ,
which accumulates more up (α) spin in one radical and more down (β) spins
in the other radical. Experimentally, the mixing of some hyperfine states
of the radicals usually exhibits an excess of absorption (A); other hyperfine
states exhibit an emission (E).

If the radicals are of similar type with similar g-values, e.g. both are
carbon-centered radicals, each exhibits a spectrum with some lines in emis-
sion (E) and some lines in absorption (A). If the singlet state of the radical
pair lies below the triplet one, a spectrum in which the low field lines are
in emission and the high field ones are in absorption demonstrates that the
radicals were formed by reaction of a triplet molecular state. Radicals from
singlet precursors exhibit A/E patterns if J(r) is negative.

Besides causing phase inversions between the two halves of the spectrum,
ST0 RPM affects the relative intensity of the lines, which differ from those
of equilibrated radicals. They are determined by the extent of spin mixing
which occurs as one radical in a given hyperfine state encounters a second in
a different one.

The ST−1 Radical Pair Mechanism (RPM)

In systems of neutral radicals, with J(r) negative, the T−1 Zeeman sub-
level of the radical pair crosses the S one whilst J(r) falls as the radicals
diffuse apart. This normally happens too quickly for the efficient generation
of ST−1 polarization. Exceptions occur when unusually large hyperfine cou-
pling exist (for example in P-centered radicals), when diffusion is inhibited
at high viscosity or by confining the radical pair inside micelles.

6.3 Relaxation Times. Bloch Equations.

A general and comprehensive treatment of relaxation processes and line
widths would necessitate consideration of:

• the interaction of each electronic dipole with all other electronic and
nuclear dipoles in the sample and with the surrounding diamagnetic
molecules

• the effect of vibrational, rotational and translational motion of these
species and of electron exchange between them

• chemical reactions of the paramagnetic species.
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All these interactions can increase the line width by decreasing the lifetime
of the spin state undergoing the observed transition, or by changing the
magnetic field experienced by the spin at the instant of the transition. Line
broadening may also be caused by unresolved nuclear hyperfine structure,
by an inhomogeneous magnetic field or variations in the frequency of the
oscillating field.

Felix Bloch introduced in a phenomenological way two relaxation rates
1/T1 and 1/T2. T1 is called longitudinal relaxation time and T2 transverse
relaxation time. T1 implies interaction between the ’spin system’, i.e. the
species with the unpaired electrons, and the surrounding molecules, known
as the ’lattice’. T2 characterize the spin-spin interactions. The introduction
of this two relaxation terms assures, that the magnetization M returns to the
thermal equilibrium case in exponential decays.

Besides providing a clear description of T1 and T2 Bloch’s equations give
a very satisfying macroscopic explanation of magnetic resonance absorption
and predict a definite kind of line shape.

The Bloch equations for the bulk magnetic moment M including the effect
of relaxation and Larmor procession are:

dMx

dt
= ω0My − Mx

T2

(6.5)

dMy

dt
= ω0Mx − My

T2

(6.6)

dMz

dt
= −(Mz −M0)

T1

(6.7)

In a magnetic resonance experiment the total applied magnetic field is
made up of a steady component in the z -direction, and a rotating component
in the xy-plane. Under these conditions the Bloch equations of motion for a
collection of electron spins are:

dMx

dt
= γ(−MyH0 + MzH1 sin ωt)− Mx

T2

(6.8)

dMy

dt
= γ(−MzH1 cos ωt + MxH0)− My

T2

(6.9)
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dMz

dt
= γ(−MxH1 sin ωt + MyH1 cos ωt) +

M0 −Mz

T1

(6.10)

The spin performs a damped precession in which the rotating transverse
components of M decay to zero with a characteristic time T2 , while Mz

relaxes towards its equilibrium value M0 with a decay time T1 .

The Bloch equations have been generalized to account for chemical reac-
tions and polarization productions. The resulting equations are:

d ~M/dt = L̄ ~M(t)− T−1
c (t) ~M(t) + ~F (t) (6.11)

where

L̄ =



−T−1

2 4ω 0
−4ω −T−1

2 −ω1

0 ω1 −T−1
2


 (6.12)

~F (t) =




0
0

fa(t)


 (6.13)

and

fa(t) = PeqT
−1
1 n(t) + Pa(I)k0(t) + Pak2FnB(t)n(t) (6.14)

The first terms on the right-hand side in Equation 6.11 describes the time
dependence due to the interactions with the magnetic fields and due to spin
relaxation. The second term is a relaxation term describing the lifetime
broadening caused by the chemical reaction of the radicals; the instantaneous
chemical lifetime Tc(t) is defined as the reciprocal of the relative rate of
radical disappearance - n(t)−1 dn/dt. The last term in Equation 6.11 contains
contributions from the three polarization terms defined in Equation 6.14.

The first term in Equation 6.14 expresses that the z-component of magneti-
zation relaxes toward the instantaneous ”equilibrium” magnetization Peqn(t);
n(t) is the instantaneous number of the investigated radical in the sample.

The second term in Equation 6.14 represents an initial polarization pro-
duction; k0(t) is the rate of formation of the radicals and Pa(I) is the initial
polarization of the radical in hyperfine state a. This initial polarization may
be due to the triplet mechanism as well as to the radical pair mechanism.
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The last term in Equation 6.14 represents the polarization production re-
sulting from a termination reaction.

Analysis of equations 6.11 and 6.14 show that the transverse relaxation
time T2 is not influenced by the polarization term, which involves the mag-
netic moment in z-direction. Also, the chemical lifetime Tc(t) for a first-order
process is time independent. Neglecting for a moment the chemically induced
polarization and chemical reactions, from equation 6.11 we obtain:

d ~M/dt =



−T−1

2c 4ω 0
−4ω −T−1

2c −γB1

0 γB1 −T−1
1c


 ~M(t) + T−1

1 nPeq (6.15)

where

T−1
2c = T−1

2 + T−1
c (6.16)

By Laplace transformation of Equation 6.15, for low value of the alternat-
ing field we obtain:

u(ω) = M0γB1
4ω

T−2
2c + (4ω)2

(6.17)

ω(ω) = M0γB1
T−1

2c

T−2
2c + (4ω)2

(6.18)

Mz = M0 = nPeq (6.19)

where u and ω are the components of magnetization ~M in rf-frame and
M0 is the initial magnetization. From Equation 6.18 it can be seen that the
line shape, characterized by T2c

−1, is not affected by the polarization term
(Equation 6.14).
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Chapter 7

Experimental Part

7.1 Experimental Methods

7.1.1 CW TR-ESR Experiment

Description of the equipment

For the measurements of a time-resolved continuous wave (TR-CW) EPR,
a Bruker spectrometer ESP 300E equipped with a microwave amplifier and
a TE102 microwave cavity (microwave power 9 mW, response time 40 ns)
was operated without field modulation. Radicals possessing electron spin
polarization are produced in the cavity of the spectrometer by a short laser
pulse, and the EPR transitions are observed with nanosecond time resolution
in a fixed external magnetic field B0. The resonance of the EPR spectrometer
after a light pulse at a precise, fixed value of the static magnetic field was
stored in a Le Croy 9400 dual 125 MHz digital oscilloscope. This is output
to a computer with a Debian Linux operating system and equipped with a
GPIB interface board. The experiment is controlled by the program fsc2
written by J. T. Törring (Institute for Experimental Physic, Free University
Berlin). A block diagram of the time-resolved EPR experiment is shown in
Figure 7.1.
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Figure 7.1: Block diagram of the time-resolved EPR spectrometer.
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A ContinuumSureliteII Nd:YAG laser was used as irradiation source.
The excitation wavelength was 355 nm, with flash repetition frequency of 20
Hz and pulse width 4-6 ns. The advantage of using 355 nm wavelength is
that it is absorbed by many photochemically active chromophores, but not
by common solvents.

The freshly prepared sample solutions in toluene were degassed with argon
and pumped through the cavity using a home-build flow system, providing
fast, turbulent flow in order to obtain optimum mixing. To avoid distortions
of the ESR signals due to the solution flow a constant flow rate was kept and
attention was paid to suppress the appearance of gas bubbles in the sample
volume. The measurements were performed at room temperature.

The timing sequence for the time-resolved EPR experiment is shown in
Figure 7.2.

Figure 7.2: The timing sequence for the time-resolved EPR experiment.
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To obtain an entire spectrum, the external magnetic field is varied incre-
mentally and the measurements are repeated a number of times and averaged
to obtain an acceptable level of signal-to-noise ratio. The data of the exper-
iment in the chosen field region consist of a matrix of intensity versus time.
An example of TR-EPR spectrum for the phosphorus- and carbon-centered
radicals produced by photolysis of bis(2,4,6-trimethylbenzoyl) phenylphos-
phine oxide is shown in Figure 7.3.
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Figure 7.3: TR-EPR spectrum for the phosphorus- and carbon-centered rad-
icals produced by photolysis of bis(2,4,6-trimethylbenzoyl)phenylphosphine
oxide.

Sample Preparation

The photoinitiators were provided by Ciba Specialty Chemicals and used
without further purification. The compounds were dissolved in toluene (0.005-
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0.01 M), and the solutions were saturated with argon. n-Butyl acrylate
(Fluka purum) was used in concentrations which varied between 0.3 and 2.8
M. Styrene (Aldrich purum) was used in concentrations between 0.1 and 0.4
M. 1-vynil-2-pyrrolidon (Aldrich purum) was used in concentrations between
0.2 and 1 M and hexamethylendiol-diacrylate (HDDA) (provided by Ciba
Specialty Chemicals) was used in concentrations between 0.2 and 0.6 M.

Viscosity Measurements

Figure 7.4: Ubbelohde viscometer.

Solutions of identical concentrations of the photoinitiator in toluene and
different concentrations of n-butyl acrylate were first used for TR-EPR mea-
surements and then the viscosity was measured by means of a capillary
Ubbelohde viscometer thermostated at 20◦C. The viscometer was obtained
from Schott Gerte, with instrumental constant: K(0C, 0,5-3cSt) = 0,003164
mm2/s2. The time needed for the solution to pass through the capillary mul-
tiplied by this constant gives the kinematic viscosity of the probe. Knowing
the kinematic viscosity and the density we can find the dynamic viscosity
(ν = η/ρ). All the measurements were repeated at least ten times.
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7.1.2 Fluorescence Measurements

Solutions of identical concentrations of the photoinitiator with different
concentrations of n-butyl acrylate were prepared in such a way that the pho-
toinitiator optical density at the excitation wavelength was always smaller
than 0.3 (optical path length d of 1 cm), to prevent any re-absorption or in-
ner filter effects that distort the emission spectra. The excitation wavelength
was 310 nm in the case of 2,4,6-trimethylbenzoyl-diphenylphosphine oxide
I1 and 320 nm in the case of bis(2,4,6-trimethylbenzoyl)phenylphosphine ox-
ide I2, in order to avoid the appearance of Raleigh and Raman scattering.
Therefore, the concentration of the photoinitiator was never higher than 10−5

M, and much smaller than the concentration of the monomer. Absorption
spectra of all the samples were always acquired to correct any deviations in
the photoinitiator concentration within a set of measurements. The fluores-
cence spectra were not corrected. All the measurements were done at room
temperature.

Absorption spectra were obtained using Shimadzu UV-3101PC double
beam scanning spectrometer with slits for a final resolution of 2 nm. The
fluorescence measurements were done on ISA FluoroMax-2 fluorometer, with
excitation and emission slits of 2 nm.

Analysis of the fluorescence dater were performed with the help of com-
mercial software (OriginTM version 7.5).
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7.1.3 Oxygen Measurements

Figure 7.5: Experimental set up for the oxygen measurements.

The compact inoLab Oxi Level 2 dissolved oxygen meter allows us to
perform rapid and reliable dissolved oxygen measurements. The oxygen sen-
sor CellOx 325 was placed in a flow chamber which was connected to the
flow system of the TR-EPR measurement. This gave us the possibility to
measure the oxygen concentration during to TR-EPR measurement. The
specifications of the dissolved oxygen meter are presented in Table 7.1.
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Table 7.1: Specification of the Oxygen Sensor.

< 2 %0.10.0 ... 50.0T [°C]

± 0.5 %0.010 ... 19.99mg/l

AccuracyResolutionRange

< 2 %0.10.0 ... 50.0T [°C]

± 0.5 %0.010 ... 19.99mg/l

AccuracyResolutionRange

7.1.4 Quantum Chemical Calculations

All of the calculations were performed with the Gaussian 98 series of pro-
grams. Different methods were used: DFT (B3LYP), Hartree-Fock (HF)
and Möller-Plasset perturbation (MP2). Minimum energy structures were
fully optimized with B3LYP/6.31G(d). Subsequently, single-point calcula-
tions were performed at the obtained geometries, using different methods
and a variety of basis sets. The minimum-energy path for the addition re-
actions were traced by choosing the distance R between the β-carbon atom
of the n-butyl acrylate as the principle reaction coordinate. The transition
states (energy saddle points) for the addition radicals were located, using
Berny algorithm, to evaluate the activation barrier hight. Basis set superpo-
sition error was calculated using counterpoise procedure. At a given level of
theory the activation barrier was calculated as the electronic energies differ-
ence between the saddle point and the minimum structures.

7.1.5 Software

We have used program written in Matlab code for simulation of the TR-
EPR spectra. Matlab is an interactive program system copyrighted by The
Mathworks, Ins., Cochituate Place, 24 Prime Park Way, Natick, MA 01760.

To calculate the line width of the TR-EPR signal for a defined time inter-
val we have used a script called lw10.m.

function [] = lw10(b,t,ytt,p,k)
clc; clf; hold off
idf = input(”,’s’);
if isempty(idf), idf = (”); end
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disp(”)
disp(’Please press any key.’) pause

disp(”)
disp(’Please stand by... Calculations in progress...’)
disp(”)
format short

ds=ytt; [r,c] = size(ds);
noisd=ones(r,1)*((ds(10,:)+ds(11,:)+ds(7,:)+ds(8,:)+ds(9,:))/5);
ds=ds-noisd; ytt=ds;

be=length(b);
te=length(t);
op=[0];

ymax=max(ytt’);
ytm=ymax./max(ymax);
for i=1:be-1
if ytm(i)==1; b0=b(i); mmm=i; end
end

x0=[b0 0.0 0.20 0.10]

if k==0
yt=ytt(:,p)./norm(ytt(:,p),inf);
y = y1(x0,b);
plot(x0(1)-b,y,’g’,x0(1)-b,yt,’r’,x0(1)-b,ytm,’b’)
ylabel(’ESR Intensity [a.u.]’)
xlabel(’B [mT]’)

disp(”)
disp(’Please press any key.’)
pause

for i=1:9 [x1]=fminsearch(@ga,x0,[optimset],b,yt);
x0=x1;
y=y1(x0,b);

hold on
plot(x0(1)-b,y,’g’,x0(1)-b,yt,’r’)
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ylabel(’ESR Intensity [a.u.]’)
xlabel(’B [mT]’)

end

sig=std((yt-y))
abs(x0)

else
for j=1:k-p+1,
yt=ytt(:,p+j-1)./norm(ytt(:,p+j-1),inf);

for i=1:9 [x1]=fminsearch(@ga,x0,[optimset],b,yt);
x0=x1;
end

y=y1(x0,b);

sig=std((yt-y));
d(j,:)=[sig abs(x0)];
end

disp(”)
d(:,5:5)

clf;
plot(x0(1)-b,y,’g’,x0(1)-b,yt,’r’)
hold on
ylabel(’ESR Intensity [a.u.]’)
xlabel(’B [mT]’)
title(idf)

disp(”)
disp(’Please press any key.’)
pause

clf;

errorbar(t(p+1:k+1),d(:,5),d(:,1),d(:,1),’b’)
hold on
errorbar(t(p+1:k+1),d(:,5),d(:,1),d(:,1),’r’)
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ylabel(’Line width [mT]’)
xlabel(’Time [s]’)

disp(”)
disp(’Please press any key.’)
pause

bx=[p,k,p,k]
DAA=[’Enter the start and stop of the mean [start,stop,start,stop] [’,num
disp(DAA); aj=input(”); if isempty(aj); aj=bx; end
bx=aj;

bll=mean(d(bx(1)-p+1:bx(2)-p+1,5)), bstd=std(d(bx(1)-p+1:bx(2)-p+1,5))
bll1=mean(d(bx(3)-p+1:bx(4)-p+1,5));
bstd1=std(d(bx(3)-p+1:bx(4)-p+1,5));

clf;
plot(t,ytt(mmm,:),’g-’)
ylabel(’ESR Intensity [a.u.]; Line width [mT]’)
xlabel(’Time [s]’)
title(idf)
hold on
plot(t(p+1:k+1),d(:,5),’b*’,t(p+1:k+1),d(:,5),’r*’)
plot(t(bx(1)+1:bx(2)+1),d(bx(1)-p+1:bx(2)-p+1,5),’go’)
plot(t(bx(3)+1:bx(4)+1),d(bx(3)-p+1:bx(4)-p+1,5),’mo’)

z=axis;
ytex=z(3)+0.4*(z(4)-z(3));
ysp=0.09*(z(4)-z(3));
xtex=z(1)+0.1*(z(2)-z(1));
ytex=ytex-ysp; DSP=[’Broad line = ’,num2str(bll),’ [mT]’];
text(xtex,ytex,DSP);
ytex=ytex-ysp; DSP=[’Linewidth = ’,num2str(bll1),’ [mT]’];
text(xtex,ytex,DSP);

save temp d
end
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Chapter 8

Summary

The presented work has demonstrated, that TR-EPR is a powerful tool for
the determination of the decisive structural and kinetic parameters for the
evaluation of photoinitiator efficiency. Additional insights are provided by
the application of theoretical calculations. This combination of experimental
and theoretical methodology provides a basis for the design and development
of innovative phototriggers.

On the bases of the results presented in this thesis we can make the fol-
lowing conclusions:

• TR-EPR allows the determination of addition rate constants in the
cases where optical spectroscopy doesn’t have sufficient resolution as
well as provides structural information of the reactive species.

• Phosphinoyl radicals generated by photolysis of acyl and bis(acyl)phosphine
oxides, possess high rate constants of addition to n-butyl acrylate,
HDDA, styrene and 1-vynil-2-pyrrolidon. Analysis of the spin popu-
lation at the phosphorus atom supports the experimental observations
of TR-EPR spectra that greater localization of the spin population at
the phosphorus atom results in faster rates of addition.

• A series of substituted benzoyl radicals have been generated by laser
flash photolysis of α-amino ketones and bis(acyl)phosphine oxides. The
benzoyl radicals were characterized by time-resolved EPR in toluene so-
lution and their absolute rate constants for addition to n-butyl acrylate
were determined. The experiments demonstrate two concentration do-
mains of reactivity. The reactivity of benzoyl radicals decreases at high
viscosity.
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• Benzoyl radicals react faster with oxygen than phosphinoyl radicals,
therefore, they can be used as oxygen scavenges.

• The fluorescence properties of the photoinitiators can be used to in-
crease the in depth cure of the formulation.

• DFT and ab initio calculations have shown to be in a good agreement
with the experimental data.
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