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ABSTRACT

Photoinitiators play a key role in UV-curable syste by generating the
reactive species, free radicals, ions or molecutechvinitiate the polymerisation of
the multifunctional monomers and oligomers.

This research involves the study of the hydrolgind photolytic stabilities of
two important new photoinitiator bis (2,4,6-trimglthenzoyl)phenylphosphine oxide
(BAPO) and (2,4,6-trimethylbenzoyl)diphenyl-phogsphbxide (TPO).

BAPO is a new member in the group of well-knowstleavable photoinitiators
among which monoacylphosphine oxide (MAPO) is muastognised. These—
cleavable photoinitiators are characterised by imhatility and high solubility in
acrylate monomers and they are very widely appdieduring agents for white and
pigmented coatings including furniture coatings.vBloanalytical methods were
developed in order to characterise these compoanddo understand their modes of
action and breakdown.

The stability of BAPO in different solvents, sucls acetonitrile and a
cyanoacrylate ester, was studied and the effestasbige of BAPO in light and dark
conditions was evaluated. The effects of stabgigerrocene, cumene hydroperoxide
(CHP) and hydroquinone (HQ)), acids (methyl sulpboacid (MSA) and boron
trifluoride dihydrate (BE2H,O)) and water present in the solvent were also
investigated. These studies were monitored ovee tusing LC-UV and CE-UV
methods.

Mass spectrometry was employed for the first timavestigate the pathways
and photodegradation products for both of the phiiators BAPO and TPO. NMR
spectroscopy and computational studies were usambm@plementary experimental
and theoretical techniques respectively for theidation of the photochemistry of
these products.

A formulation study using the photoinitiator antiytcyanoacrylate monomer
to ascertain the polymerisation products, and ptessure mechanism with the aid of

mass spectrometry was also carried out.
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Chapter 1 A. Ciechacka

1.1 INTRODUCTION

Highly crosslinked polymers are readily synthesisleg photoinitiated
polymerisation of multifunctional monomers and pogrs. The main advantage of
using UV radiation to initiate the chain reactioeslin the very high polymerisation
rates that can be reached under intense illumimafiaother distinct feature of light-
induced reactions is that the polymerisation wilcar only in the illuminated areas,
thus allowing complex relief patterns to be produatter solvent developmert.

The photoinitiated polymerisation of monomer or Waiation curing has
found a large number of applications in variousustdal sectors.> ¥ This
technology is now commonly utilised to perform thigrafast drying of protective
coatings, varnishes, printing inks and adhesivesid®s its great speed and spatial
resolution, radiation curing presents a number thfelo advantages in particular
ambient temperature operations, solvent- free ftatimns, low energy consumption
and the production of polymer materials havingotathade properties. Most of the
research efforts devoted to photocuring have beatred on the development of very
efficient photoinitiators and of highly reactive namers and oligomers or polymers.
This subject has been extensively covered in selienks and review papef$®

Photoinitiators are a class of compounds that plagry important role in the
industrial fabrication of UV-curable coating systenThey are able to generate
reactive species (ions or free radicals), whictiate the polymerisation and cross-
linking of such systems. Most monomers do not gaeemitiating species with
sufficiently high yields when they are exposed t¥ light; hence photoinitiators
must be added to the mixturé. The schematic representation of photo- assisted

polymerisation is shown in Figure 1.1.
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UV radiation \
ﬁ Reactive species

Polymer
/ radical

Photoinitiator

Multifunctional \L
Monomer
Crosslinked
polymer

Figure 1.1: Schematic illustration of the UV curing proces.

Most efforts in research in the field of photoiaitrs during the past years
have therefore been dedicated to the developmenmaie efficient materials,
possessing a red-shifted absorption spectrum wtachsuccessfully compete with
the pigment for the incident light. As a resultywnghotoinitiators, such as amino
acetophenone$” ' or new thioxanthone derivative$?, have recently been
introduced as commercial photoinitiators and sesesg.

Although these compounds show great utility in easi pigmented
formulations, including inks or electronic residfsey are not suitable for the curing
of thick white pigmented lacquers. In the productmf white furniture coatings, a
high degree of whiteness is required, which cay belobtained when film thickness
is in the range 50-100m and high pigment content is used. No yellowing o
cured films is tolerated both immediately after theing and later as the finished
article. Both a- amino acetophenone and thioxanthone derivativegait
considerable yellowness to the cured coating, snlsed for the curing of very thin
layers to high line speel”

A satisfactory radiation curing of white pigmentedquers was first achieved
using monoacylphosphine oxide (MAPO, TPO or Darpaqoinotoinitiators. The
compounds have been known for over a decade arel foand use in a variety of

gl13. 14

application I Another type of structural analogue of acylphosphoxide is

bisacylphosphine oxide (BAPO or Irgacure 819). BAR@&s developed for use in
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dental materials®® but later its properties were also recognised ifatustrial
applications, such as curing of thick sectidtfs.

Acylphosphine oxides are ideal candidates to perfophotoinduced
polymerisation, and in this thesis the charactegsbf acylphosphine oxides as
alternative photoinitiators and their photochenyisere discussed. The main
analytical methods used to complete this work epasation techniques such as high
performance liquid chromatography (HPLC), capillaglectrophoresis (CE) and
liquid chromatography- mass spectrometry (LC-MShe Tresults obtained from
separation methods are accompanied by supportidignitues such as nuclear
magnetic resonance spectrosc@vR) and theGaussianprogram. HPLC and CE
are powerful alternative methods for analysis ofl@wsphine oxide and the
different modes of separation available within Gt &PLC will be discussed in the
following sections.

Other analytical techniques, including MS and NMie also presented in this
chapter. A combination of these two methods, MS &R, enables more
conclusive identification of unknown compounds sashphotodegradation products

when compared to the results obtained from eathese methods separately.

1.2 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

High performance liquid chromatography (HPLC) i€ timost widely used
method among all analytical separation technigDesing HPLC the components of
the sample are distributed between two phases: lilenand stationary phase. The
mobile phase is flowing through and over a statipphase bed*®
Chromatographic analysis includes the introductieaeparation and detection of
analytes in a mixture. The separation of the sampla mixture is based on the
different chemical interactions between the sangol@ponents as they interact for
different lengths of time between the mobile aratishary phase. The differences in
these interactions for diverse analytes will fipakksult in separation on the column

over time.
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1.2.1 Theory of Chromatography

Theretention timealso called the elution timey, tof a analyte is measured as
the elapsed time between injection of the analys#dtion and the elution of the
peak maximum®*”!

The retention volumeor elution volume, ¥ is the volume of eluent passed
through the column during the retention time. Tékationship betweerktand \k is

given by Eqn 1.1%®

Vr=tr F Eqn 1.1

where: k is the retention time (min)

F is the flow rate (mL min)

The chromatographic parameters are illustratedgarg 1.2.

A

Absorbance units (Al
o
G

0 2 4 6 8

Time (min)

Figure 1.2: Representation of a typical HPLC chromatogr&r.
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The capacity factork’, also known as retention factor or partition oatif the
column, is a function of the strength of the intéien of the sample with the

stationary phase and is defined by the followingregsion (Eqn.1.2):

k= Egn. 1.2

where: k is the time needed for a specific analyte to reheldetector,

to is the time needed for non retained species twhrdee detector.

Typically, ak’ value falling between 2 and 5 represents a goodnbal between
analysis time and separation kifis below 1, then elution will proceed too quickly
which will make the precise determination of retemtimes difficult. If the value is

larger than 5, the elution will be too slow so thatention time will become

excessively long?®
1.2.1.1 Separation factor and resolution

The separation factgra, of the chromatographic separation is a measure of
the difference in retention volumes or times betwgeo given peaks and describes
how effectively a chromatographic system can sépdveo analytes from each other
(Figure 1.2). This relationship can be expressefdpy.1.3:

_ky
e S _
kl 1 0 Vl VO

Eqgn. 1.3

where:  is retention time of the second compound
t; is retention time of the first compound
V,is retention volume of the second compound

V1 is retention volume of the first compound
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Resolution R, is a term used to describe the separation degtvadjacent

peaks and can be calculated using Eqn. 1.4:

_ 2(t2 _tl)
=W, W, Eqn. 1.4

where:W is the baseline peak width of components

Transformation of Eqn. 1.4 results in the more ganformula used to express the
resolution which provides a direct connection bemveesolution, separation factor

and column efficiency (Egn. 1.5):

R= m(a_lj( 3 j Eqn. 1.5

a \1+k,

This equation contains three independent varialhesselectivity factor, the
retention factor and plate number which ultimatebntrol every chromatographic

separation.

N
The first part of the equaticg, describes the band broadening process and the

second pari[a—_lj[l ki j , describes the differential migration procéss.
a +k,

2
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1.2.1.2 Separation efficiency

To describe the width of a chromatographic separatibe concept of
theoretical platesN, is commonly used. Column efficiency can alscelpressed as
the theoretical plate number, N, or the height eajent of a theoretical plate
(HETP). N is determined by Eqn. 1.6:

t )2 £ )
N = 16(WRJ :5.5( R j Eqn. 1.6

where: W, is the peak width at half height.

N is directly proportional to the time the componepends on the column and
inversely proportional to the peak-width of thisyquonent.
The efficiency may also be calculated experimentadipng Eqn. 1.7:

=77 Eqgn. 1.7

where: L is the length of the column (m),
H is the-plate height (HETP)

The plate theory was first proposed by Martin andg®y*? and it provides a simple
and convenient way to measure column performandesHfitiency, whereas a more
realistic rate theory was developed by van DeerftéThis theory takes into account
the diffusion effect of mass transfer and migratibrough a packed bed, with the
resulting peak shape being affected by the ratdution.*® The van Deemter theory
of HETP (also known as H) is given by Eqn. 1.8:
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H=A+B/u +Cu Eqn.1.8

where:u is the average velocity of the mobile phase,
Ais eddy diffusion,
B is longitudinal diffusion,

Cisresistance to mass transfer.

Eddy diffusion(A) is caused by the movement of molecules of the samadyte,
which migrate through the stationary phase at randihis will cause broadening of
the analyte band, because different paths are fbéreint lengths.Blu is the
‘molecular diffusion’ term and is related to diffas of analyte molecules within the
mobile phase caused by local concentration grasli@nffusion within the stationary
phase also contributes to this term, which is $icgmt only at low flow rates and
increases with column length. The third parameer,(‘mass transfer’js dependent
on the amount of the time an analyte needs in otdeequilibrate between the
stationary and mobile phase. If the velocity of thebile phase is high and the
analyte has a strong affinity for the stationaryagd then the analyte in the mobile
phase will move ahead of the analyte in the statipphase. The band of analyte will
be broadened. In this case the higher the veladitgnobile phase, the worse the
broadening observed.

The ideal situation is to have the smallest valukl @fs possible which yields
the best efficiency. A plot of plate height agaithe& mobile phase velocity, know as a
van Deemter plot, is commonly used to determineadigmum mobile phase flow
rate (where the average curve has the lowest \afli). “Y A typical van Deemter

plot is shown in Figure 1.3.
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Plate heiaght (H'

Mobile phase velocity ft)

Figurel.3: A typical van Deemter pldt®

1.2.2. Modes of separation in High Performance Ligd Chromatography

1.2.2.1 Normal Phase Chromatography

In normal phase HPLC (NP-HPLC), the stationary phagolar whereas the
mobile phase is non-polar and non-aqueous. Typidadlre silica or silica derivitised
with small organic ligands, such as cyano and angirtups are used for the NP-
HPLC stationary phas®! The mobile phase consists of a very non-polar soliiee
hexane or heptane mixed with a slightly more pslawent like isopropanol, ethyl
acetate or cholorform. Analytes are separated erb#sis of their polarity; the more
polar the analyte, the greater is its retentiorth@ncolumn. Since the mobile phase is
less polar than the stationary phase, increasm@adharity of the mobile phase results

in decreased retention of the analyte.

10
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NP chromatography with fluorescence detection haenbused for the
simultaneous determination of pharmaceuticals imanf*’** and animal blood. The
limits of quantitation in human or animal blood wef and 20 ng/ mL?*
respectively. However, the applications of this mod chromatography have become
limited and reversed-phase chromatography has bmere widely employed

separation technique and is discussed in morel detaction 1.2.2.2.

1.2.2.2 Reversed Phase Chromatography

Reversed-phase HPLC (RP-HPLC), the most widely wdedmatographic
mode, employs a non-polar stationary phase anda pudaile phase which is opposite
to that in normal phase HPLC. As a result, whenpbkrity of the mobile phase
decreases the retention of analyte decreases b&’W&he mobile phase used in RP-
HPLC is usually a mixture of polar organic solvept(such as acetonitrile or
methanol and an aqueous buffer or wathe most common stationary phases in RP-
HPLC are those consisting of silica beads with fismal groups attached to silica
support- bonded phases. The most typical bondedplzae the alkyl groups, such as
—CHs -CgHi7, and -GgHzz, cyano [(-CH)3CN] groups, and amino [(-GhHiNH_]
groups. Numerous RP- HPLC methods have been apfadrethe determination of
pharmaceuticals in biological fluids (human serumd @lasma) and the results are
discussed in several review papéfs?. Also the RP-HPLC method has been useful
for the study of the photodecomposition product§ &BPO photoinitiator and 2,2-
dimethoxy-2-phenylacetophenone in presence or absgframinet®®

Three different types of reversed-phase HPLC camebegnised and they
include:

a) ion-suppression HPLE" 3!
b) ion-pair HPLC?®!

c) metal complexation.

11
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1.2.2.3 lon-Exchange Chromatography

In ion exchange chromatography (IEC) the statioqdurgse plays the role of
exchanger. It consists of two components: the petymatrix and attached functional
groups. The functional groups used are permaneptigléd ionic groups associated
with counter ions of the opposite charge and raaraccurs due to the exchange of
analyte ions with the ions of opposite charge an gtationary phasé€.” There are
two main modes of IEC:

a) cation exchange chromatography, in which padificharged ions are retained
because the stationary phase displays negativalgetl functional groups;

b) anion exchange chromatography, in which anioasretained because positively
charged functional groups are presétt.

The applications of ion-exchange chromatographyedragm analysis of amino acids
on a cation exchanger to the simultaneous separationorganic anions and cations
using anion and cation-exchange columns joinedaimdem.*” An alternative
implement of IEC is ion chromatography, IC, whichngects an ion exchange
separation with suppression of mobile phase amdast cases detection is performed
conductimetrically. IC has been the method of chdar the analysis of anions, and
has been employed for the simultaneous separatianions and cations using multi-
column systemst®® The trace analysis of anions in drinking water hEs® been
performed by ICE® 40!

12
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1.3 CAPILLARY ELECTROPHORESIS

Capillary Electrophoresis, CE, is another powerfydasation method for the
analysis of small charged species, such as catindsanions!***¥! and also in the

determination of pharmaceuticals in complex masticé** °

Capillary
electrophoresis is the collective term which inavgtes all of the electrophoretic
modes, such as CEC and MEKC. These separations dratied by the use of high
voltages, which may generate electroosmotic andtrelghoretic flow of buffer
solutions and ionic species, within the capillafs).

The following are the characteristics and advantagfe€E, showing its
operation ranges and general information on thenigae:

a) performed in microbore (25-75 um) fused siliapiltaries,

b) utilises very high electric field strengths,esfthigher than 500 V/cm,

c) high resistance of capillary leads to limitedreat generation and Joule heating,
d) high efficiencies (N> 10to 10),

e) short analysis times,

f) small sample volume required (1 to 50 nL injejte

g) is easily automated for precise quantitativedyamimand ease of use.

The basic instrumentation for CE is very simple. that is required is a
fused-silica capillary with an optical viewing wiod, a controllable high voltage
power supply, two electrodes and two buffer resesy@and usually an ultraviolet
(UV) detector.

1.3.1 Electrophoresis Terminology

There are few significant differences between thememxclature of
chromatography and capillary electrophoresis. Theemehtary term in
chromatography is retention time. In electrophardbie analogous term becomes
migration time. The migration timé.{) is the time taken by the analyte to move from

the beginning of the capillary to the detector vawd Other fundamental terms are:

13



Chapter 1 A. Ciechacka

electrophoretic mobility (g), which can be described in terms the electroglwre
velocity (Vep), and the applied electric field, (E). The relasbips between these three

factors are illustrated in Eqn 14

Hep= Vel E Eqn. 1.9

The electric field (in volts/cm) is a function ofethapplied voltage and capillary
length. Electrophoretic mobility depends on voltage capillary length but is highly
dependent on the nature of buffer, its pH and teatpee which is expressed by Eqn
1.10

Hep= 0/ (GTnr) Egn. 1.10

where: g is charge on the ion
n is buffer viscosity

ris ion radius

1.3.1.1 Electroosmotic Flow (EOF)

The most important parameter in CE is electroosmitd (EOF) which
originates in the presence of an electric field mvla@y ionic solution is in contact
with a charged surfac&’” The EOF results from the dissociation of acidicrsila
groups at the capillary wall that are in contacthwihe electrolyte buffer!*®
Hydrated cations in the electrolyte solution argaated to the negatively charged
silanol groups and become arranged into two lageishown in Figure 1.4. One layer
is tightly bound to the wall by electrostatic fosc® form a compact layer, and the
other one is more loosely bound and is called ttiesg layer. When an electric field

is applied, the predominantly negatively chargeflude layer breaks away and

14
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moves towards the cathode, dragging the bulk soluif the electrolyte as the result
of viscous drag.

C§> @2@63@66;) C§> o

o (@CBOF o I N

Diffuse Layer

O O
Cathode (-) @ @@ @ Anode (+)

Figure 1.4: Representation of charged at the capillary wafi.

All species, regardless of charge, will move in faene net direction due to
the EOF. Cations (in normal polarity) will migratbed of the EOF and anions
migrate against the EOF and are detected f881vith reverse polarity, the direction
of the EOF is opposite to the detector and only rmiwith an electrophoretic
mobility greater than the EOF will be detected. Urtthese conditions, the capillaries
are generally coated with EOF modifiers, which reeethe net charge of the inner
wall and therefore reduce the EG#!

The mobility of the electroosmotic flow is defined Bgn 1.11:

leo= ¥ _E Eqn.1.11
4mr
where: Leo IS the mobility of the EOF

¢ is the dielectric constant,
n is the viscosity of the buffer,
 is the zeta potential,

r is the radius of the capillary.

15
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The EOF decreases as the concentration of the baoidyedectrolyte (BGE)
increases. In general, high buffer concentratietuce the overall adsorption of
analytes to the capillary walf* This reduction may be caused by different factors

including the charge of the ion (q), buffer vis¢pgh) and the zeta potentiak)(>?

1.3.1.2 Dispersion

Electrophoresis is the separation of charged speadiesliscrete zones under
the influence of an electric field. Dispersion fésurom differences in analyte

velocity within that zone. Peak dispersie can be calculated from Eqn 1.12.

6% = 2 Dyt Eqn.1.12

where: Ok is the diffusion coefficient of the solute in &N

Dispersion in capillary electrophoresis can be edusy number of factors
including Joule heating, injection plug length amgple adsorption on the capillary
wall. These parameters may be controlled by applgihgwer separation voltage or
using a capillary with a small internal diameteriethwill reduce the effect of Joule

heating. This will also aid in the dissipation oé theat already formet?!
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1.3.1.3 Efficiency and Resolution

The efficiency of separation is dependent upon iga kioltage applied. As
the voltage is increased, the separation efficieslsp increases, as shown in Eqgn.
1.13.

El
N = He=l Egn. 1.13
2D,,
where: E is the electric field

| is the effective capillary length

The resolutionRs, between two species is given by the expressiokgn
1.14.

\Y,

1
Rs=" A Egn 1.14
* 47, + o, !

where: Apep is the difference in electrophoretic mobility beem the two

species.

From Eqgn 1.14 it is evident that the resolutiortvad peaks decreases with the
magnitude of the EOF provided that EOF has the satimection as the
electrophoretic migratior>”

Resolution is dependent on capillary length at tarisfield strength and can be
improved by increasing the length of the capillang by applying reduced voltages.
However, extreme magnitudes of both these variatdadead to long analysis times

and Joule heating’®
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1.3.2 Alternative modes of Capillary Electrophores

1.3.2.1 Capillary electrochromatography (CEC)

CEC is a hybrid of CE and HPLC, combining the sapan power of
reversed-phase HPLC with the high efficiency of EE The electrically driven flow
transports the analytes through the capillary, twhecpacked with stationary phase
material. For neutral analytes, separation is aelddy differential partition between
the stationary and mobile phase, and they arepoates] through the capillary by the
EOF. The separation of charged analytes is achidéyethe combined effects of
partitioning and electrophoresiS> Many of the applications of CEC are in the
analysis of polymerg>® °8

1.3.2.2 Micellar Electrokinetic Chromatography (MEKC)

MEKC is a combination of CE and chromatographyt firtroduced by
Shigeru Terabe in 1984>°) MEKC is a variation of CZE, relying on the same
electrophoretic mobility of analytes under an eleaturrent. The main difference is
that a surfactant is added above its critical naceloncentration, thus resulting in the
formation of micelles in the background electroly{GE). These micelles are
generally spherical in shape with the charged hiespplayed on the surface and the
hydrophobic tails pointing towards the centre. Tdriangement causes the micelle to
migrate due to its charged surface and the uncHargeutral centre allows for the
partitioning of neutral analytes between the mealhd the BGE®”

Separation is obtained due to differences in apbiwretic mobilities and
partitioning. The degree to which the separatiobaised on partitioning is dependent
upon the type of surfactarit MEKC has applications in the analysis of illicitugdr
compounds®? and also in the determination of pharmaceuticifs.In order to

improve the poor concentration sensitivity of ulicdet (UV) detection with MEKC,
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on-line preconcentration techniques have been gre@loMEKC separation is also
possible in the absence of EOF. This is particyladeful for acidic species which
would be ionised at high pH and therefore wouldintgract with negatively charged
sodium dodecyl sulphate (SDS) micelld” Cyclodextrins (CD), have been
incorporated in the buffer solution and have baercassfully applied for the analysis
of enantiomers, particularly neutral CDs with aahsurfactantd®® ¢

1.4 MASS SPECTROMETRY

Mass spectrometry (MS) is probably the most congmeive and flexible of
all instrumental methods of analysis. Mass speatoyis the technique that can be
used to selectively detect a given analyte, detegnits elemental composition and
identify aspects of the molecular structure. Thes&s are accomplished through the
experimental measurement of the mass of gas-pbaseroduced from molecules of
an analyte. Unique features of MS include its capdor direct determination of the
nominal mass of an analyte, and to produce ancttdietgyments of the molecule that
correspond to discrete groups of atoms or diffeetatnents that reveal structural

features.

1.4.1 lonisation Methods used in Mass Spectrometry

Mass spectrometers work by using magnetic andredtlds to exert forces
on charged particles (ions) in vacuum. Thereforepmpound must be charged or
ionised to be analysed by a mass spectrometerhdfarbore, the ions must be
introduced in the gas phase into the vacuum syefdhe mass spectrometer. This is
easily done for gaseous or heated volatile samptesyvever, many analytes
decompose upon heating. These kinds of samplesireegither desorption or

desolvation methods if they are the subject of nsgestrometry analysis. Although
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ionisation and desorption/desolvation are usuallg separate processes, the term
ionisation is commonly used to refer to both ofnthe

The choice of ionisation method depends on thereatfisamples as shown in Table
1.1.

Table 1.1: lonisation sources and resulting ionisation evelifs.

lonisation Source Acronym

Electrospray lonisation ESI Evaporation of chargefd

Nanoelectrospray lonisation nanoESI droplets

Atmospheric Pressure Chemical lonisation APCI Corona discharge and
proton transfer

Matrix Assisted Laser Desorption lonisation MALDI Photon  absorption/proton
transfer

Desorption/ lonisation on silicon DIOS Photon absorption/ protgn
transfer

Fast Atom Bombardment FAB lon bombardment/ protop
transfer

Electron Impact El Electron beam/electrop
transfer

Chemical lonisation Cl Proton transfer

1.4.1.1 Electrospray lonisation (ESI)

1.4.1.1.1 Introduction

Application of electrospray ionisation, ESI, hasdened significantly the
applications of mass spectrometry by introducingv nieatures not otherwise
available in classical MS that relied on gas-phasalytes for ionisation®®
Hence, it is now possible to:

a) form ions from nonvolatile, thermally labile cpounds,

b) produce multiply-charged ions, the mass-to obérg2 value of such ions are still
within the range of most universally used mass tspetters,

c) provide the most successful interface for LC-M8me recent applications are

given in Table. 1.2,

20



Chapter 1 A. Ciechacka

d) directly analyse inorganic cations and anionsyigling information on the valence
state and molecular formulate,

e) investigate noncovalent associations of macrecubés such as proteih®’,
peptided™ " also small moleculd§® " and polymer&’> 76!

Electrospray ionisation mass spectrometry (ESI-KE) proved to be a powerful tool
for analysis of polymers produced by laser initiat’” " and controlled radical
polymerisation®®2, Szablanet al ["® found the polymeric product generated by
pulsed laser polymerisation (PLP) of methyl metiiate (MMA) in the presence of
the photoinitiators: 2,2- dimethoxy -2-phenylacétepone (DMPA), benzoin and
benzil. Termination products were identified witighnaccuracy.

In 2000, Kasperczyk and Li published a paper oratieysis of degradation products
of copolymers using mass spectrometry (ESI-MS) ttogrewith NMR. This work
confirmed that both these method can provide mawiled information on the
subject of the chemical structure of copolymer obaf®! Several papers presented
results for ESI-MS together with NMR showing thepwntance of both methods as
very potent tools for identifying structures of goomnds, such as photodegradation

productd® ¥ NMR spectroscopy will be discussed in section 1.5.

Table 1.2: ESI-MS in photoinitiator and polymerisation protianalysis.

Compound Comments Reference
Inorganic polymers ESI-MS used. The investigatidn| o
the polymerisation was conducted|in [75]

both negative and positive mode

PPC metabolites LC/LC-MS/MS used. An analysig of
chiral PPC metabolites [87]
Nitroxide mediateq LC-MS (MALDI-TOF and ESI-MS)

polymerisation (NMP), atomused. Both methods were used|to [88]
transfer radical polymerisatignstudy catalytic and free radicpl

(ATRP) polymerisation

Poly(butyl acrylate) ESI-MS used. The method wasdys
to study the product  df [89]
polymerisation at different

experimental conditions
2-isopropylthioxanthone (ITX), | Determination of ink photoinitiators
Benzophone, in packaged beverages by ESI-MS [90]
Irgacure 184,
Ethyl-4-dimethylaminobezoate
(EDAB).
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1.4.1.1.2. The electrospray ionisation process

There are three major steps in the production ef dhs-phase ions from
electrolyte ions in solution:
a) production of charged droplets at the ES caypilip;
b) shrinkage of the charged droplets due to solegaporation and repeated charge-
induced droplet disintegrations leading ultimateéty very small highly charged
droplets capable to producing gas-phase ions;
c¢) the actual mechanism by which gas-phase iongrackiced from these droplets.
The stages (a) and (c) occur in the atmosphergspre region of the apparatus, refer
to Figure 1.5
As shown in Figure 1.5, a voltagk, of 2-3 kV, is applied to the spray capillary.
Typically the capillary is 1 mm o.d. and locate® m from the counterelectrode.
Because the spray capillary tip is very thin, theetic field E; at the capillary tip is
very high E:= 106 V/m). The value of the field at the capilldiy opposite a large
and planer counterelectrode can be estimated fnerapproximate relationshig®

2,

=—F< < Eqn. 1.1
r.In(4d /r,) an. L.45

C

where: V. is the applied potential,
rc is the capillary outer radius

d is the distance from capillary tip to the counkectrode.

The field can penetrate the solution and reach hilgbest value near the spray
capillary tip. This causes a polarization of thevzent near the meniscus of the liquid.
In the presence of an electrolyte the solution bexosufficiently conducting and the
positive and negative electrolyte ions in the soluwill move under influence of the

field. This movement leads to an enrichment of fpasiions near surface of the

meniscus and negative ions away from the menidthes downfield forces due to the

22



Chapter 1 A. Ciechacka

polarization cause a distortion of the meniscue mtcone pointing downfield. The
increase of surface due to the cone formationssted by the surface tension of the
liquid. The cone formed is called a Taylor cofi&.If the applied field is sufficiently
high the tip becomes unstable and fine jet emeirges the cone tip. The surface of
the jet is charged by an excess of positive iome flepulsion between the charged
droplets on the jet causes the jet to break upsntall charged droplets (see Figure
1.5).11

Reduction
Positive lons
®
| ®
® ® o
© @ %3 D e ° o °
o]0 O o o oo
® ® @
O G @76 . ®
| ©] ®
Oxidation
Electrons
| | %) =
| TDC Electrons
High Voltage

Power Supply

Figure 1.5: lllustration of major processes in the atmosphegmiessure region of an

ESI on source run in positive mode.

The charged droplets produced at the spray neédlgksdue to solvent evaporation

while the charge remains constant. The energy redjdior the solvent evaporation is
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provided by the thermal energy of the ambient gerg air at atmospheric pressure in
most cases. As the droplet gets smaller the repulbetween the charges at the
surface increases and at a certain droplets radhis, repulsion overcomes the
cohesive force of the surface tension. An instgbiksults and leads to fission of the
droplet that typically releases a jet of small,rgleal progeny droplets. The condition
for the instability also called Coulomb fissiorgisen by the Rayleigh*! equation:

Qry = 81(eqyR?)"? Eqgn. 1.16

where:
Qry Is the charge on droplet
vy is the surface tension of the solvent
R is the radius of the droplet

go IS the electrical permittivity

There is still no consensus on the mechanism bgwhanalyte ions are formed from
charged droplets. Two mechanisms were proposeddouat for the formation of
gas-phase ions from the very small and highly adudyoplets. The first mechanism
was proposed by Dole who was interested in analytdsigh molecular mas$®™
Evaporation of the solvent from the initially forthdroplet as it traverses a pressure
gradient toward the analyser leads to a reductiomliameter and an increase in
surface field, until the Rayleigh limit is reachédCoulomb explosion occurs, as the
magnitude of the charge is sufficient to overcoine surface tension holding the
droplet together. The resulting instability disgesrghe droplet into a collection of
smaller droplets that continue to evaporate uhélttoo reach the Rayleigh limit and
disintegrate. A continuation of this process may dievisaged to result in the
formation of an ion containing a single analyte ecole. The molecule retains some
of this droplet’s charge to become a free ion aslaist of the solvent vaporises. This
assumption is now known as the Charged Residue MG&M).

Iribarne and Thomsofi® who worked with small ionic analytes such as Bad CI,

proposed a different mechanism called IEM (lon Evapon Model). This model
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predicts that direct ion emission from the dropbtsta occur after the radii of droplets
shrink to radii less than 10 nm. The ion evaporatfwocess by removing charge,
replaces Coulomb fission. Iribarne and Thomson etpd their model by
experimental result§® and theoretical calculation®”. The experimental results
involved measurements of the relative abundancthefions produced by ESI of
solutions containing NaCl as the only solute. Agdsn illustrating the CRM and

IEM models of formation in electrospray is showtole(Figure 1.6)

Evaporation Explosion

N
+ N +
Solvent Coulomb + + +
N
N
+
N

—_ —_—

+

CRM
Further Solvent
IEM ‘ Evaporation
and Coulomb
Further Solvent Explosion Steps
Evaporation and Coulomb
Explosion Steps

v

) O ..

Evapoartion
Surface from a Droplet
electric field conataing
+

a single analyte
molecule

LJifts 7 analyte
ion from droplet

Figure 1.6: Electrospray ionisation processes, proposed byeD@RM) and by

Iribarne and Thomson (IEM¥®!

In summary, the IEM is experimentally well supgartfor small (in)organic
ions. However, the theoretical derivation of thedelodoes not apply for very large
ions such as proteins. For these macromoleculatiespethe CRM is much more

plausible.
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1.4.1.1.3 The multiply charged ions

ESI can produce singly or multiply charged ionseTiumber of charges
retained by a particular analyte depends on seV&ctdrs such as the size, chemical
composition, and higher order structure of the wealmolecule, the solvent
composition and the instrument parameters. Forlsmalecules (< 2000 Da) ESI
typically generates singly, doubly, or triply chadgions, while for large molecules (>
2000 Da) ESI can produce a series of multiply chbdrgons. Because mass
spectrometers measure the mass-to-chargg (atio, the ESI mass spectrum for a
large molecule typically contains multiple peaksresponding to the different charge
stated® In these cases a series of peaks in the ESI| npmsgtrism represents
multiple-charged variant§® of the analyte but sometimes these multiple-ctarge
include species such as Na or K, which have regldoglrogen. Some possible

clusters formed during ESI are represented in Talde

Tablﬁold]?,: Some of the possible combination of clusterseoftialyte molecule
(M).

[M+H] ™ [M+nH]™
[M+Na]* [M+nNa]™
[M+K]™* [M+nK]™"
[M-H]" [M-nH] ™"
[M+nH + xNa +yK] ")
[NM+H]*

Because of the multiple-charge species, severabritigns 1% °? have been
developed to calculate the mass of the analyteaaredated algorithm has also been
developed to process LC- MS d&¥.. In Figure 1.7 a general scheme is presented

where them/zvalues of the peaks in the spectrum are repredéyie; andp,.
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/pl

Y

R.I.

m/z

pis a peak in the mass spectrupr{n/z ),p>> p1
M is the molecular weight of analyte;

H*=1 Da (1.0078 Da)

n is thenumber of chargesy> n,

Adjacent peaks represent ions differing by 1 chatgee

p1i= (M+(nz+1)H")/ (n2 +1) Eqn. 1.17
p2= (M+nzH")/ ny Eqn. 1.18

When the value foM is know and substituted into Egn 1.15, it can Hdeexbforn,
n2= (p1- H')/(p2- pa) Eqn. 1.19
If peaksp; andp,, are measured from the spectrum,can be calculated from Egn

1.19 andM from Eqgn 1.17 or 1.18.

Figure 1.7: Scheme for mathematical relationship between ahatgte and mass of
analyte and charge carrier (adduct) in rationaligithe m/z value of peaks observed

in the ESI mass spectruftf”
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The triply charged ions of small molecules wereorggd by Morvay and
Cormided!® In their paper, mass spectrometric evidence ferekistence of two
triatomic (CS** and CSg") and one diatomic ¢3) triply charged species was
presented. In 2006, Bai and co-workers publishedper on doubly charged cluster
ions, besides singly charged cluster ions, fromwodind potassium nitrates in both
positive and negative ion electrospray ionisation trap mass spectrometry. The
fragmentation pathways for doubly charged clustesiwere studied in detail using
ESI tandem mass and two pathways were observechdi@geon the cluster sizes of
alkali metal nitrate§%' It is also found that doubly charged cluster icosild be
produced from ESI and collision induced dissocrati@ID) was employed to
determine their fragmentation patteH§!. However, the doubly charged cluster ions

were mostly generated in positive ion mode.

1.4.2 Mass analyser

The mass analyser, known also asn& analyser is used to separate ions
according to their mass to charge ratingZ( where the charge is produced by the
addition or loss of proton(s), cation (s), aniopndselectrons. The addition of charge
allows the molecule to be affected by the elecfisdd thus allowing its mass
measurement. However, not all analysers operateeisame way, some separate ions
in space while others separates ions by time.

The first mass analysers, made in the early 1908] a magnetic field to separate
ions according to their radius of curvature throtigga magnetic fields. The design of
modern analysers has changed significantly inakeflve years, now offering much

higher accuracy, increased sensitivity and broachass range. Typical mass

analysers and some of their applications are pteden Table 1.4
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Table 1.4: The typical mass analysers.

Mass Analysers Event Comments and Reference:

Quadrupole and triple Scan radio frequency field EAn]alysis of peptides using E$
107

Quadrupole Analysis of carbosulfan and

seven of its main metabolitg¢s
using LC-MS/MS*°®

Quadrupole lon Trap | Scan radio frequency field Comparison of LC using triple
quadrupole and quadrupole ion

trap mass analyser to pesticidgs
[109]

Time -of —Flight TOF | time-of —flight correlated Analysis of quaternar
directly to ionsm/z ammonium herbicides in
drinking water**%,
TOF combination with the ICIP

source™"!
Time-of-Flight time-of-flight  correlated Characteristic of time —of flight
Reflectron directly to ionsm/z mass reflectroft*?
Quad-TOF Radio frequency field Analysis of multi-class polay
scanning and time of flight pesticides and transformatign
products™*?!
Magnetic Sector magnetic field affect$ Sensitive detection of proteir|s

radius of curvature of iong ¥

1.4.3 Tandem Mass Spectrometry

In the tandem mass spectrometry, MS/MS methodhé/ser allows the ion
separate of different ions, create of product ifnosn the ion selected and then
measurement of the mass of the product ions (gped-iL..8). The fragmented ions
are used for structural determination of original@cular ions. Typically, tandem
MS experiments are performed by collision of a &el@ ion with inert gas molecules

such as argon, helium, and the masses of resyitodyct ions are analysed.
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ion source

\ mass selection of precursor ion (MS)

precursor ion

dissociation of precursor ion and
analysis of product ions
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77 .
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Figure 1.8: Tandem mass spectrometry analysis. In this case ednm/z 77 are

selected to be precursor ions by the first masstspmeter %%

Tandem mass analysis is used to determine the seguE peptides and
structurally characterise carbohydrates and smobdle-nucleotides. Also MS/MS has
been employed to generate further structural infion about polymer8®® 11 for
example PMMA (poly(methyl methacrylate)) and PBMApoly(n-butyl

methacrylate))*”

1.5 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY (NMR)

Nuclear magnetic resonance spectroscopy, commefdyred to as NMR, has
become a powerful tool for organic chemists sifoe instruments became easily
available in the late 1950s, and developmentsstrumentation in the last fifty years

20]

have extended the usefulness of the techni¢tfé®® NMR spectroscopy has

developed into a very important tool for chemisti®chemists, physicists, and more
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recently medical scientists. The main field of &mdion of NMR is that of
determining the structures of molecules. The necgsinformation for this is
obtained by measuring, analysing and interpreting high- resolution NMR
spectrum recorded in liquids of low viscosity.

The techniques are only applicable to those ntichipossess a spin quantum
number () greater than zero. The most important of sucHenas far the organic
chemists are concerned inclulid and **C, both of which have a spin quantum
number of %. Other nuclei with non zero spin quantwmbers aré’F and*'P, with

= %; or'N and’D, with | = 1.

1.5.13'P NMR

The phosphorus atom plays a central role in thencdtey of most compounds
that contain this atom in their structure. It isgrkat importance to recognise and
understand the changes in bonding and stereochgrthat occur at the phosphorus
atom in such compounds. After 1950, chemists istetein phosphorus compounds
began to utilise the ideas and techniques of palytience and advanced organic
chemistry. Since many phosphorus compounds ar@vedialabile compared to the
compounds of classical organic chemistry, they §imypdergo rearrangements and
other reactions. Th&'P nucleus, with spin %, exhibits a relatively hiMR
sensitivity, due to 100% natural abundance, gaitgd magnetogyric ratio, and large
chemical shift range. Shortly it became the metbbahoice for rapid molecular
assays for phosphorus chemists who could affordilimaclear NMR spectrometer.
By 1960, the use of NMR based 8% and other nuclei (particularly proton NMR)
for the determination and characterisation of phosps compounds was well
established and effort was directed to the studyapid reactions using NMR line
broadening. In 1967 massive progress was made &eaafuthe introduction of
Fourier transform (FT) techniques for acquiriig NMR data. By 1970, phosphorus
NMR had become a primary experimental techniquenany areas for analysis of
organic compounds, in coordination chemistry anoldgical systems. By 1983,

instrumental and relaxation aids available to enbasensitivity made it possible to
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estimate phosphorus containing compounds at thgp@00 level down to even the 5
ppm level 121

Phosphorus chemical shifts extend over a rangeeékog 1000 ppm. The
presence of a lone pair of electrons on the phasghiends to widen the chemical
shift range.®'P chemical shift is usually reported relative te@ tsignal for 85%
phosphoric acid*? The acid is invariably used as an external refezetue to its
reactivity. A number of secondary standards angsmthat give much sharper signals
than 85% phosphoric acid. A 0.2 M solution of cajlste phosphoric acid in 14%
aqueous perchloric acid (tetrahydroxyphophoniuncigerate) gives a very sharp
signal at — 0.06678 ppm. An aqueous solutionnQD of disodium ethylene
diphosphonate (16.72 ppm) is most useful as a slcgnstandard for aqueous
samples because it gives no further correctiontlier type of the spectrometer
employed. There was a change in sign conventiadghammid 1970s so that positive
chemical shifts were deshielded of the standar@ (tonvention has again been
reversed). Although modern NMR spectrometry carvipeextremely accurate data
for compounds studied under a given set of conultidhis advantage is offset for
many organophosporus compounds by the dependeniteiof’P NMR chemical
shifts on concentration, solvent, and the presefcether compounds®*’P NMR
spectroscopy can also provide a very convenienhodefor determining the optical
purity of chiral phosphorus compounds. Thus wheneaantiomer that forms an
adduct with a phosphorus compound is added, diffeckemical shifts are often
observed for the diastereometric products.

The NMR chemical shifts of some phosphorus compsuar@ reported in
Table 1.5 by class of compounds so that the relships between chemical shifts and

the substituent groups can be recogni$&ti*?*!
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Table 1.5: Nuclear Magnetic Resonance Spectra of Phosphorasp@ands!*?!

Compound Solvent 6 (ppm) Multiplicity J (Hz)
(CsHsP).= 20r 4 benzene 4.6
(CeHsCH0),P(O)H neat -7.9 d 713
CeHsOP(O)C} neat -1.8
(CsHsO),P(O)Cl neat 6.1
(C,H50),P(O)OH aqueous 0
CeHsOP(O)(OH) aqueous 4.8
(CsHs0),P(O)OH methanol 12.7
(CsHsCH,0),P(O)OH dioxane 1.1
(CHs),P(O)OP(0O)(OGH:s), neat 13.4
(CeHs),P(O)OP(0)(OGHs), neat 23.9
(CoH5)P.(O)OR(O)-
(OCsHs)OP(0)(OGHs), neat +26.6() d 16
(CeHs)P.(O)OR(O)-
(OGsHs)OP(O)(OGHs)2 neat +35.6() t 16
CsHsOP(O)NHGH.NH, ethanol -18.1 t 15
(CeHs),P(O)NH, methanol -25.5

In 1995, Kolczak published the first paper aboupligation of *P NMR-CIDNP
spectroscopy to investigate the formation and dedgyhosphorus-centered radicals
formed upon cleavage of photoinitiatdfs! In these studies monoacylphosphine
oxides and bisacylphosphine oxides were used.ratyrcts were shown to undergo

a photoinduced cleavage of the C-P bond from &etrgiate precursor. The primary
radicals can undergo various reactions. Since thesghinoyl radicals possess
adequate spin density, both at the phosphorus ayden atoms (Figure 1.9),
reactions at both centres occur, given by the ggs@ion of two structures with the

unpaired electron located on the oxygen or phosyshor
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Figure 1.9: Resonance structures of phosphinoyl radicals.

The spin density distribution in the phosphinoydicals indicates that three
possible types of escape product may be obtainggdmpmbination of these radicals
(Figure 1.10).
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Figure 1.10: Escape products from the recombination of phosphiraaicals.

[125]

The formation of the dimer with a P-P bond and ¢me with a P-O bond was

observed with"* P —CIDNP spectrum but there was no evidence fofdhmation of

O-O recombination products. Chemically induced dyga nuclear polarisation

(CIDNP) spectroscopy is a powerful tool for theodiation of the radical reactions.
'H and *C-NMR —CIDNP techniques have been successfully ufed the
determination of species responsible for the itdraof polymerisation by various

types of photoinitiator§?®including Irgacure 368" or Irgacure 907

%P NMR has been also used to identify the chemieattions between a sol-gel

matrix and two different types of photoinitiatotsgécure 819 and 18005
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1.6 GAUSSIAN Method

Gaussianis a modelling program used to elucidate electra@tiacture by
chemistd™®®, chemical engineers, biochemi&f¥, physicists and others for research
in established and emerging areas of chemicalaster
Starting from the basic laws of quantum mecharBamssianpredicts the energies
[131.132] molecular structures, and vibrational frequenoiesiolecular systems, along
with several molecular properties derived from éhbasic computation types. It can
be used to study molecules and reactidfis™>* under a wide range of conditions,
including both stable species and compounds whiehdificult or impossible to
observe experimentally, for example short —liveterimediates™*® and transition
structures.

With the development of quantum mechanical meth&utsh asGaussiana new
approach based on both experiments and moleculdeliimy techniques started to
be used in the field of PIS, (photoinitiating sysjeln 2003, Allonas et al. published
a paper which combined laser induced photoacoustiorimetry (PAC) and
molecular modelling for investigation of the clegea process in radical
photoinitiating systemd!®! Another paper was published by Zhao et al. omthe
photoinitiating system of acetone/water (acetonectioning as a high efficient
photoinitiator) for photografting polymerisati®i”’ For both above papers
calculations were made with usageGdussianAlso the joint use of MS, NMR and
computational techniques demonstrated by Silvd ebafirmed this to be a powerful
combination of tools for the complete elucidatior metal-DTPA (DTPA-

diethylenetriaminepentacetic acid) complex struetdi®
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1.7 CONCLUSIONS

In this introduction, the underlying theories oktimstrumental techniques
used in this thesis have been discussed. Theydadeparation techniques such as
high performance liquid chromatography and capilkelectrophoresis, spectroscopic
techniques such as mass spectrometry, and NMR afecubar modelling program

(Gaussiai).

1.8 AIMS AND OBJECTIVES

The aim of this work was to determine the chemigathways of

photoinitiators and study how these pathways aftfezicuring mechanism.

The objectives of the research were:

» The development and optimisation of chromatogiapind electrophoretic
separation methods for the analysis of photoimitiat bis(2,4,6-
trimethylbenzoyl)phenylphosphine oxide, BAPO oralcgre 819.

* The study of samples under light and dark coodgito determine the
stability and chemical pathways of photoinitiators.

* The study of the curing mechanism and degradapooducts using
complementary methods: LC-MS and NMR spectroscopy.

* The theoretical calculation approach used to suppe experimental parts
of investigations of the cure mechanism of photaitors.
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2.1 INTRODUCTION

This work describes the development of high pertoroe liquid
chromatography (HPLC) and capillary electrophorg€ig) as alternative methods
for the analysis of bis(2,4,6-trimethylbenzoyl)piimosphine oxide (BAPO)
stability.

2.1.1 Properties and production of Acylphosphine agde (APO)

Acylphosphine oxides are a class @tleavage photoinitiators which are
widely studied for their industrial applicationsP® derivatives are prepared quite
easily by the Michealis-Arbuzov reactid.A schematic illustration of the synthesis

mechanism is shown in Figure 2.1.
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Figure 2.1: Schematic illustration of the synthesis of acylpinise oxide derivatives

by the Michealis- Arbuzov reactiof.

Acylphosphine oxides possess a low volatility anghhsolubility in the acrylate
monomer, in particular the monoacylphosphine oXi&PO). The range of their
applications is widd! 2 but they are most suitable for the fabricationwdfite
lacquers used as furniture coatititys

Another interesting type ai-cleavage photoinitiator is the bisacylphosphinéex
(BAPO) group that has been shown to be particulagfyective in the
photopolymerisation of pigmented coatings and casitpomaterials® *. BAPO
contains two acyl substituents attached to the gas oxide unit. The structures of

some acylphospine oxides are shown in Table!2.1.
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Table 2.1: Structures of acylphosphine oxide.

Monoacylphosphine oxide

photoinitiator

Bisacylphosphine oxide
photoinitiator

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

OMeo

QII_]U\

bis(2-methylpropyl)(2,6-dimethoxy-
benzoyl)phosphine oxide

CH3W n))\
C—FP
CH, >\

bis(2-methylpropyl)(2,4,6-trimethyl-
benzoyl)phosphine oxide

OMe

bis(2,4,4-trimethylpentyl)(2,6-di-
methoxybenzoyl)phosphine oxide

H3C—< ;)—

CHO
C<< 0] Q
H,C c—pg\c CH,

'U_O

i

bis(2,4,6-trimethylbenzoyl)-
phenylphosphine oxide

A

bis(2,6-dimethoxybenzoyl)-
(2-methylpropyl)phosphine
oxide

'U:O

O OHC

CH, H,C

bis(2,4,6-trimethylbenzoyl)-
(2-methylpropyl)phosphine

oxide
OMeo ﬁ MeQ
G-H-0
OMe MeO

bis(2,6-dimethoxybenzoyl)-
(2,4,4-trimethylpentyl)-
phosphine oxide
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Both photoinitiators (MAPO and BAPO) undergo fastofolysis leading to the
formation of free radicals: benzoyl, phosphinoyt gshosphinoyl diradicdf’. (see
Figure 2.2). These radicals show very good reagti{i and the capability to initiate

the polymerisation of such monomers as styreneaandates”.

MAPO benzoy diphenylphosphinoyl radic
CHQ O OH.C CH H,C,
T " 9 T
H,C c—pP—cC CH; ——> (BAPO)* —> HC G + RB—C CH,
ISC
CH, © H,C CH, © H,C
benzoyl radical 2,4,6-trimethylbenzoyl-
BAPO phenylphosphine oxide radical
CHO O OH.C o
100 hv [ e
H,C C—p—C CH; ——>»(BAPO)* —> ' 2X CH
isc + 3
CH, H,C H,C
BAPO phosphinoyl diradical benzoyl radical

Figure 2.2 a-cleavage of MAPO and BAP.

Although the number of reactive species formed fritvse two photoinitiators is
different, their photochemistry is very similar. Wever, BAPO photoinitiators are
superior to MAPO and are extremely effective ay tte:n generate four radicals from
the a-cleavage of the triplet excited st&t€!. The investigation of the photochemistry
of BAPO and MAPO is discussed in detail in secoh?2

49



Chapter 2 A.Ciechacka

2.1.2 Photochemistry of Acylphosphine oxide

The photochemistry of acylphosphine oxide has hiegastigated using a

[10-13]

wide range of analytical techniques such as UV-¥ectroscopy gas

S which

chromatography-mass spectrométfand time — resolved spectroscdts
are discussed in this section as well as chemicatuced dynamic nuclear

polarisation (CIDNPJ! *P—NMR which was discussed in section 1.5.1.

Photochemistry is a process that can promote thesknk between specific
bonds. Furthermore, light-induced polymerisatiothis basis of important advanced
technologies, since it is among the most efficimethods capable of achieving fast
and extensive curing of multifunctional oligomelrBgh reactivity systems are cured
within a fraction of time upon exposure to UV radia.

Jacobi and Henne first reported on developmenthoftgnitiators, such as
acylphosphine oxide, and demonstrated their effes@iss in the curing of some
coatings,™® such as white lacquers. Results of this work hskewn that the
absorption of APO compounds extends well into Hrege of wavelengths above 380
nm, in which the pigment does not absorb all oflitiet.

Baxter et al. also investigated the efficiency aflphosphine oxide with
respect to alternative photoinitiators-acylphosgies. Results of this work have
shown that acylphosphine oxides are more efficigaftotoinitiators than
acylphosphonates for the curing of acrylates. Thisng efficiency was shown to be
further increased by the addition of amines. Thdopamance of these initiators was
compared with two common photoinitiators: 2,2—dinosty-2- phenylacetophenone
and benzoin methylethét!

The role of the amine on acylphosphine oxide pimitiator was investigated
by high performance liquid chromatography (HPLCH &BC-MS.™ From these
investigations it was concluded that the curingcefhcy is significantly decreased in
the absence of amines. The experimental evidermgezhthat the role of the amine
in the UV-curable formulation is predominantly thedtan oxygen scavenger. Also,

the presence of the amine may reduce the shelfflifiee pigmented resin.
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Time resolved spectroscopy is another method whiokiides information on
the photochemistry of acylphosphine oxide. Timeole=d spectroscopy provides
information on the excited state of materials. Té&hnique, which follows the time
expansion of radicals is electron spin resonan&&R(E

ESR is a similar technique to NMR, the fundamenlifference being that
ESR describes the magnetically induced splittingelgctronic spin while NMR
involves transition between the spin states of@udluclei possess mechanical spins
which, in conjunction with the charge of the nucl@ioduce magnetic fields whose
axes are directed along the spin axes of the nuthe possible spin states of the
nucleus are indicated a$ £ 1+1), ...+l; wherel is the spin quantum number of the
nucleus. For example, with splin 1/2 , spin states of -1/2 and +1/2 are possiiid,
with 1= 1, spin state of -1, 0 and +1 are possible. Spimsitions occur only between
adjacent spin states. Nuclei haviirg0O have only one spin state and cannot undergo
spin excitation™”!

ESR has been used as an investigative tool fostindy of radicals formed in solid
materials, since the radicals typically produceuapaired spin on the molecule from
which an electron is removed. Particularly fruithis been the study of the ESR

spectra of radicals produced by radiation damagye fonisation radiatiorf*®!

Time resolved spectroscopy provides concise inftomaon the radicals. It
was determined that the reactivity of the differghbsphorus radicals was correlated
with the degree of radical localisation and s- ahtar on the phosphorus atom. It was
shown that typical radical reactions correlate wéth the®'P hyperfine coupling®!
TR-ESR has also been employed in conjunction viitletresolved infra-red (TRIR)
and UV spectroscopy to determine further the phwaotstry of acylphosphine oxide

and also the reactivity of the radicals produ¢ad
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2.2 SCOPE OF RESEARCH

In this chapter, the characterisation of BAPO phmitiator, bis(2,4,6-
trimethylbenzoyl)phenylphosphine oxide, was caroed using HPLC and CE. The
solubility of the BAPO was investigated using diffet organic solvents, such as
tetrahydrofuran (THF), chloroform, methanol andtandrile. A time stability study
was performed with various analytes added suchtaslising agent, Lewis and
protonic acids, using HPLC-UV, and comparison efstability was determined in

samples which were maintained in dark and ambight tonditions.
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2.3 MATERIALS AND METHODS

2.3.1 HPLC-UV method

2.3.1.1 Instrumentation

The Agilent HPLC system used throughout this wooksisted of an 1100
pump, a 1200 detector module and a 1050 autosanipher HPLC system was
equipped with an Ascentfd' Cyig (Supelco, Bellefonte, PA USA) column (250 mm x
4.6 mm, I.D., Jum).

2.3.1.2 Chromatographic separation conditions

The mobile phase for HPLC-UV was a mixture of andétde- water [90/10,
v/v] and was filtered (47 mm Nylon 66 membraneshwidt45um pore size) under
vacuum and sonicated for 20 to 30 min to removsatied gases.
The applied flow rate was 1 mL mirand, depending on the measurementull®f
biphenyl standard or BAPO sample solution was tegconto the column. All
sample analyses were carried out using UV detecito70 nm with a deuterium

lamp.

53



Chapter 2 A.Ciechacka

2.3.2 CE method

2.3.2.1 Instrumentation

CE separations were performed using Agilent (Agileachnologies Ireland)
and Beckman P/ACE MDQ (Fullerton, CA) CE systems.
For Agilent CE the PDA detector range was 200-280 nm. The CEument was
operated using Agilent ChemStation software.
For the Beckman CEhe instrument was equipped with a UV absorbatetector.
All sample analyses were carried out using dire¥t détection at 280 nm with a
deuterium lamp. Data analysis was performed usexkBan (version 3.4) software.
The fused- silica capillaries (Composite Metal $ms, the Chase, Hallow, Worcs.
WR2 6LD) were 64 cm long (56 cm to the detectorthviO um id unless otherwise

stated.

2.3.2.2 Electrophoretic separation conditions

Hydrodynamic sample injection was performed at 9% for 5 s. A constant
voltage of 20 kV was employed and the capillarygemature was maintained at 25°C.

All experiments were carried out by applying pasitmode.

2.3.2.3 Preparation of CE background e ectrolyte (BGE)

Electrolytes were prepared using deionised watée BGE solution was
prepared which consisted of a boric acid solutbistock solution of 500 mM boric
acid was prepared, from which 250 mM and 50 mM teosalutions were obtained

by dilution of stock solution with deionised watdihe pH of the electrolytes was
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adjusted to 9.0 using 1M NaOH solution. All elebtte solution was filtered with a
0.45um swinny filter (Gelman Nylon Acrodisc) prior toeus

2.3.2.4 Preconditioning of the CE separation capillary

The capillary was rinsed each day with ACN or Me@H10 min, HO for 5
min, HCI for 10 min, HO for 5 min, 0.1 M NaOH for 10 min, @ for 5 min and 20
min buffer. Between each analysis, the capillarg wased with ACN or MeOH, 0.1
NaOH and buffer for 1, 1 and 2 min respectively.aNthhe capillary or buffer was
changed, the capillary was conditioned with a 5.mimse with MeOH or ACN, 10

min. rinse with HO and 5 min rinse with buffer.

2.3.3 Preparation of standard solution

A 0.5 g sample of BAPO was dissolved in 100 mL awcietile (0.01% of
water) and 0.005 g of biphenyl (internal standavd}y added. One set of samples was
prepared in amber volumetric flasks and stored daik room, while the other set
was prepared in clear volumetric flasks and waoseg to the ambient light at room
temperature. The samples were injected directly ihne HPLC. The stability of the

samples was determined over one year.

2.3.4 Chemicals

MeOH, ACN, (LC-MS Chromasolv) NEPO, NaHPQO, NaOH, HCL,
biphenyl and SDS were purchased from Sigma - Atdfizublin, Ireland). Water free
(0.01%)/ predried acetonitrile was obtained fronotBch Quality, Sigma-Aldrich

Chemie GmbH (Germany). Boric acid was from Riedekhén, (Seelze, Geramany).
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Chloroform, toluene, THF, ethyl acetate, acetonas wurchased from Labscan Ltd.
(Dublin, Ireland). Bis(2,4,6-trimethylbenzoyl)phédplgosphine oxide (Irgacure 819 or
BAPO) photoinitiator, ferrocene, methyl sulphonicida (MSA), boran trifluoride
dihydrate (BR-2H,0O), cumene hydroperoxide (CHP) and hydroquinone )(HQ
samples were all obtained from Henkel Technologigd (Dublin, Ireland).
Deionised water was treated with a Hydro Nanopuyséesn to specific resistance » 18
MQ cm (Millipore, Bedford, MA, USA).

2.3.5 Experimental design

2.3.5.1 Characterisation of BAPO

The typical physical properties of BAPO were repdrin the Ciba company
products guide, as shown in Table 2.2.

Table 2.2: The physical properties of BAP&

Typical Chemical Chemical Appearance Melting Specific UV/IVIS
physical class identity point gravity absorption
properties (MP,°C)  (water=1) peaks (nm)

photoinitiator in ACN
IRGACURE | Bis Acyl Bis (2,4,6- light MP 1.2 280, 370

819 Phosphine| trimethylbenzoyl) | yellow 127-
(BAPO) phenylphosphine| powder | 133°C
oxide

For research purposes the solubility of BAPO wétiesal solvents of

different polarities was established. Results kustrated in Table 2.3.
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Table 2.3: Solubility of BAPO (0,5%) in the different solvents

Solvent Polarity Solubility of BAPO

toluene 2.3 Fully dissolved
chloroform 3.4 Fully dissolved
THF 4.2 Fully dissolved
ethyl acetate 4.3 Fully dissolved
acetone 5.4 Fully dissolved
acetonitrile 6.2 Fully dissolved
methanol 6.6 Fully dissolved
water 9.0 Not dissolved

Table 2.4 shows all the compositions of BAPO saswiéh addition of acids,
stabiliser and curing additives for samples keptlank and exposed to the ambient

light analysed using HPLC method.

Table 2.4: Compositions of samples for ambient light and damkditions.

Compositions of samples

BAPO

BAPO/ MSA

BAPO/ BR:2H,0

BAPO/ Ferrocene

BAPO/ Ferrocene/ MSA
BAPO/ Ferrocene/ BF2H,0O
BAPO/ Ferrocene/ HQ
BAPO/ Ferrocene/ CHP
BAPO/ HO
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2.4 RESULTS AND DISCUSSION

2.4.2 HPLC method

2.4.2.1 Development and optimisation of HPLC method

Reversed- phase stationary phases are the modapapahromatography for
the analysis of food, pharmaceutical and envirortelesamples®: ??. Reversed-
phase chromatography, for the analysis of BAPO, ah@sen due to two main factors:
solubility and molecular weight. A schematic of aide to developing a HPLC
method is shown in Figure 2.3.

The bis(2,4,6-trimethylbenzoyl)phenylphosphine exidhas a molecular
weight of less than 2000 and is also soluble onlyiganic solvents. Therefore,
following the scheme highlighted in red in Figur8,2he mode of HPLC employed
for this research was reversed-phase chromatogr&gkyonitrile was selected as an
appropriate organic solvent because of its abtlitydissolve the photoinitiators (it
also resembled the monomer used in the adhesivaufations insofar that it
contained a nitrile function) its compatibility Wielectrospray ionisation MS and its
miscibility with water. It was also possible to sc& anhydrous ACN for the

experiments involving the addition of water.
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Organic solvent Gel Permeation
soluble Chromatography
MW > 2000
Gel Filtration
| Chromatography

Water soluble
| lon Exchange Mode

with wide Pore
Material

RP Mode with wide
Pore Material

samples

R-Phase Mode with
— Bonded Phase using
lonization Control

R- Phase Mode with
Bonded Phase using
lon-Par Agent

— Water soluble |— L R»Phasg' with Bare
Silica

Non- lonic

lonic

MW <2000

THF soluble Gel permeation

R-Phase Mode with
Bare Silica

Hexane soluble

Organic solvent
soluble

R-Phase with
Bonded Phase

L MeOH /H,0 R-Phase with
ACN/H,0 Bonded Phase

Figure 2.3: Schematic of a guide to selecting a HPLC methdd.
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Initially, the separation of BAPO was performedngsian isocratic method
and a mobile phase composed of acetonitrile-w8&Mp, v/v]. The internal standard,
biphenyl, was more polar than the BAPO and wasetbeg expected to elute first.
With the 85% ACN mobile phase, the BAPO was retim® the column for
approximately 11 min and its peak shape was asyruaktwith fronting of the peak
evident. This indicated that the BAPO required ghbr proportion of organic
modifier in the mobile phase. Also at 14 min theer@ run time was excessively
long. It was found that increasing the ACN conteynts % improved the peak shape
of BAPO and also reduced the retention time frommiid to 10 min. The resolution
(R) between the two analytes was also very gootbrohined to be 1.7%% 2% The
final mobile phase composition was a mixture oftawcirile-water [90/10, v/v]. The
flow rate through the analytical column was 1 minthiUV detection was at 270 nm

291 3lthough a number of other wavelengths were ingati i.e. 220, 250 nm.

2.4.2.2 Analysis of BAPO in ambient light and dark conditions

The stability of BAPO in anhydrous acetonitrile wiawestigated over 12
months and a comparison was made between samplesl stnder dark and light
conditions. Figure 2.4 illustrates the separatibrbiphenyl (internal standard) and
BAPO after t= 0, one month and one year in the .danalysis of the results showed
that after 12 months the peak area of BAPO stanatie dark was reduced by only
1.2% when compared to the results obtained aft€, in effect, the compound was

found not to degrade under dark conditions.
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Figure 2.4: HPLC separation of (1) biphenyl (50@ mL") and (2) BAPO (0.5%).
Experimental conditions: mobile phase 90/10 acétibmiand water; flow rate 1 mL
min?, UV detection at 270 nm, pressure 52-55 bar. Sesnplaintained in the dark

over 12 months.

On the other hand, for the samples exposed to, lgigmificant degradation of BAPO
occurred. Degradation started after only 48 h, thedsample was completely broken
down after only one month. The colour of the solutalso changed completely from
yellow to colourless. This breakdown was confirnbgdhe appearance of a new peak
on the HPLC chromatogram at 4.5 min, as illustrateigure 2.5, and corresponded
to a degradation product of the BAPO. It was theefdetermined that the BAPO

was photosensitive, upon exposure to ambient light.

61



Chapter 2 A.Ciechacka

] @) —— Omin
1.8 “ ___ a8h
2 1 —— 1month
N— ‘
5 141 i
£ [
= I
S 1. | \‘
g h
£ I
2 H
2 oe il
< Il
[
|
0.2 /ﬂ» M
‘ T ‘ T T T ‘ T T T ‘ T T T
0 2 8 10 12

RetentionTime (min)

Figure 2.5: HPLC separation of (1) biphenyl (50@ mL") and (2) BAPO (0.5%).
Experimental conditions: mobile phase 90/10 acétibmiand water; flow rate 1 mL
min?, UV detection at 270 nm, pressure 52-55 bar. Sesnpkposed to the ambient
light.

2.4.2.3 Comparison of strong and weak acids

In this part of the experimental work, the stapibf the BAPO in presence of
protonic acid, methyl sulphonic acid (MSA) and awi® acid, boron trifluoride
dihydrate (BR2H,0) were investigated.

Acids were of particular interest because the cgangate esters used in the adhesive
technology are very labile towards anionic initati The presence of acids, either
protonic or Lewis, stabilises them against preneageilation.

Different concentrations of both acids (30-b&/g) were mixed with BAPO under
both light and dark conditions for one week.

The lowest degradation of BAPO was observed forcentration MSA 4Qug/g, as
shown Table 2.4. For this reason concentration &AMwvas used in subsequent

separation studies.
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Table 2.4: Presentation of peak area for MSA samples exptzsathbient light and
kept in dark from t=0, 24h, 48h and 1 week. Sholss average values of 3 repeat
HPLC injectionsg and % RSD for the results.

Light exposure Dark exposure
average average

peak area=3 std dev %RSD=3 peak arean =3  std dev %RSB=3
30png/g
0hr 82,46 0,152753 0,18 81,9 0 0
24 hr 61,06 0,152753 0,25 580, 0,57735 0,07
48 hr 60,73 1,011599 1,66 780, 0,57735 0,71
1 week 5,73 0,981495 17,11 , 708 0,866025 1,10
35pg/g
0 hr 81,43 0,057735 ,0M 82,46 0,057735 0,07
24 hr 63,96 0,321455 0,67 580, 0,1 0,12
48 hr 47,53 0,416333 0,65 680, 0,057735 0,07
1 week 8,36 0,11547 1,38 75,26 0,750555 0,99
40pg/g
0 hr 82,10 0 0 81,70 O 0
24 hr 76,63 0,11547 0,15 ,880 0,57735 0,07
48 hr 68,30 0,43589 0,63 ,380 0,264575 0,32
1 week 21,66 2,369247 10,93 836, 1,24231 1,61
45pg/g
0 hr 82,70 0 0 82,53 0,23094 0,28
24 hr 75,20 0 0 81,43 0,057735 0,07
48 hr 67,00 0,781025 1,16 1787 0,83865 1,08
1 week 23,43 2,362908 10,08 232 0,503322 0,70
50pg/g
0 hr 81,50 0,173205 0,21 ,982 0 0
24 hr 71,83 0,321455 0,44 1,38 0 0
48 hr 64,83 0,665833 1,02 8,68 0,750555 0,95
1 week 17,20 0,52915 3,07 72,33 0,450925 0,62

The results illustrated in Table 2.4 show the droelperformance of the HPLC

method used. Evaluation of the method was by pgomectianalysis shown here as %
RSD values of repeat injections=@). Typically values of precision were < 1%;
however, in some cases where samples were exposédiveek % RSD values were
as high as 17%. The latter is only the case forpsesnexposed to the ambient light
for 1 week.

Figure 2.6 illustrates the significant decreasehim BAPO peak area over the time
frame when the sample was also exposed to ambggitfor all concentrations of

MSA. A much smaller decrease in peak area was wbdewvhen the sample was

maintained in the dark (Figure 2.7). Because furttegradation of all samples was
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observed up to one week, the study of this sampleontinuing over a 12-month

period.
90
80 |
701 0 min
60 - m24h
w m4sh
2507 O 1 week
® 401
o
S 30 1
20 -
10 1
0

30ug/g 35.0/g 4Qug/g 45.9/9 50ug/g

concentration of MSAwg/g

Figure 2.6: Graphic presentation of the effect of additiorddferent concentrations
of MSA on BAPO peak area degradation for samplpssed to ambient light (n=3).
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Figure 2.7: Graphic presentation of the effect of addition tfedlent concentrations
of MSA on BAPO peak area degradation for sampla®dtin the dark (n=3).
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The study was reported with boron trifluoride ditgteé (BR-2H,O). The
lowest degradation of BAPO was observed for a catnagon of BR-2H,O of 30
ug/g. Figure 2.8 illustrates the significant deceeasBAPO peak area over the time
frame when the samples were exposed to ambierttfighall concentrations, 30 to

50 ng/g of weak acid.

90 +
80 -

B 0 min
70 A b24h
60 @48 h
50 4 O 1 week

40 1

% paek area

30 -

20 4

10 4

30 pg/g 35pg/g 40pg/g 45n9/g 50pn9/g

concentration of BF2H,0 pg/g

Figure 2.8: Graphic presentation of the effect of additiorddferent concentrations
of BR-:2H,O on BAPO peak area degradation for samples exptaseanbient light
(n=3).

A much smaller decrease in peak area was obseoreshimples maintained in the
dark, (Figure 2.9). The average decrease in thk aesa of BAPO with B§E2H,0
(30 ng/g) after 1 week was 54% when compared to the samples at t= 0.
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Figure 2.9: Graphic presentation of the effect of addition dfedent concentrations

of BF3:2H,O on BAPO peak area degradation for samples storéde dark (n=3).

For this part of the stability study of BAPO it wasund that the lowest degree of
degradation of BAPO was observed at a concentratict0 ug/g MSA and 3Qug/g
of Lewis acid. For the reason stated (for futurgasation studies) this concentration
of MSA and BR-2H,0 was selected for implementation.

Generally, for the samples containing protonic kadis acid stored in dark,
the rate of degradation was slower then for sameilgmsed to ambient light, as

shown in Figure 2.10.
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Figure 2.10: Graphic presentation atability comparison of BAPO-MSA and BAPO-
BF3-2H,0 for samples kept in the ambient light and thekdar3).

MSA was found as significantly slowing down ratedefgradation of BAPO samples
stored in the dark but only for the first monthtekfthis time the presence of MSA in
the BAPO samples stored in the dark caused anaserm the rate of degradation. It
was determined that over 12 months the peak arédABIO/MSA was reduced by
62% when compared to the results after t= 0 forsdmpe samples. It also decreased
by 64% when compared to the stability of neat BA&@r the same time period.
MSA was not found to have an inhibiting effect tve degradation of BAPO when
samples were exposed to the light over one week. ddta shows the significant
decrease of the BAPO peak area over the one weedder all concentrations of
MSA.

Figure 2.10 also illustrates the effect of ;B#H,O on the degradation of BAPO. It
was found that a much larger decrease in the peskveas observed for BAPO with
Lewis acid maintained in the dark than for BAPO-M3¥ter 10 months it decreased
to 96% of the value obtained after t= 0, which nsetrat in the presence of weak
acid BAPO had almost completely degraded after afths.

Another observation made when analysing the restdtsthat after eight months the
stability of BAPO/MSA and BAPO/B#2H,0 stored in the dark did not significantly

change with regard to the % peak area.
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This suggests that after 8 months BAPO in the mi@sef protonic or Lewis acid
does not degrade anymore and thus was not furtkestigated.

For this part of the stability study of BAPO it wésund that even though
different acids were used (MSA is a protonic aaitlich generally exists as a salt and
as a result is very acidic, while BEH,O is a Lewis acid), after 12 months the results
were almost the same. The above results show keatbdth acids significantly
affecting the stability of BAPO increasing the rafedlegradation of the photoinitiator.

However the Lewis acid is the more reactive comgarigh the protonic acid.

2.4.2.4 Addition of stabiliser and curing additives

Ferrocene, which acts as a stabiliser, protects@ABm undergoing further
hydrolysis, (ferrocene is also added to increagerétte of photopolymerisation of
cynoacrylate ester and is discussed in Chaptérhe).effect of ferrocene itself on the
stability of BAPO was determined and it was fouhdttfor the samples stored in the
dark, degradation after 12 months was comparalile that of neat BAPO. Also for
samples exposed to the ambient light, the adddfdierrocene in the BAPO samples
reduced the degradation of BAPO. Thus, as showhigare 2.11, degradation of
BAPO was not complete by one month, (degraded cetelyl after 3 months) as had
previously been observed. A very small peak wa®emfesl at 7.7 min; therefore, the
presence of ferrocene resulted in a decrease irateé®f degradation of BAPO.
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Figure 2.11: HPLC separation of (1) biphenyl (569 mi) and (2) BAPO (0.5%)

with UV detection at 270 nm for samples exposdldeg@mbient light with ferrocene.

When the Ferrocene/B2H,0 was added to the samples exposed to ambient light
the rate of degradation was affected in a differeay. All the samples of BAPO
degraded completely after 6 months and furtheryaigilvas not carried out after that
point.
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Figure 2.12: Graphical illustration of peak area degradation fBAPO, BAPO with
ferrocene, ferrocene/MSA and ferrocene/8H,0. Samples kept in the dark (n=3.)

The addition of ferrocene/BRH,O and ferrocene/MSA to the samples stored in the
dark was investigated. It was found that thesedwds caused an increase in the rate
of BAPO degradation and the results are present&tigure 2.12. It was determined
that over 12 months the peak area of BAPO was estlny 83% and 98%or
ferrocene/MSA and ferrocene/BEH,O, respectively, when compared to the neat

samples after the same time.

As both MSA and BE2H,0O affected the rate of degradation for samples
exposed to the ambient light when added in conjonawith ferrocene, a number of
other additives were also analysed. BAPO samplgms®ad to the light with
ferrocene and either (CHP) or (HQ) added, wereyaedl by the optimised HPLC-
UV method. It was found that the BAPO samples egda® ambient light in the
presence of ferrocene/CHP degraded almost completiter one month. The
degradation time is identical to that for neat BAR®d ferrocene/HQ samples
exposed to the ambient light.

The BAPO samples in the presence of additives apdlik the dark showed no
significant difference in the peak area or pealghieof the BAPO samples after 12

months and therefore there is no significant défexe in the rate of its degradation.
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The addition of ferrocene to the BAPO sample redube degradation to a similar
level to the BAPO sample with no additions, howetee addition of CHP and HQ
to the samples caused a slight increase to theofatkegradation as illustrated in
Figure 2.13.

90+
80+
70-
60-
50+
40+

30+

% paek area

20+

104

BAPO Ferrocene Ferr + CHP Ferr + HQ

Figure 2.13: Graphical illustration of peak area degradatiorr BAPO, BAPO with

ferrocene, ferrocene+CHP and ferrocene+ HQ. Samptesed in the dark.

The HQ was added to the BAPO sample with ferroceamal this again decreased the
rate of degradation.

Therefore, it can be concluded that for samples kethe dark the addition of both
HQ and CHP in conjunction with ferrocene slightlyciease the rate of BAPO
degradation, whereas, the addition of ferrocend WISA and BFE resulted in an

considerable increase in the rate of BAPO degradati
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2.4.2.5 Addition of water

ka

The analysis of the stability the BAPO was perfadnt@ough the addition of

deionised water at a concentration of 0.5% v/v. Huglition of water to the
anhydrous ACN did not affect the rate of degradatbBAPO samples stored in the

dark and only slightly (only 1.1% after one weekrkased the rate of degradation of

BAPO for samples exposed to ambient light.

2.4.2.6 Summary of stability study of BAPO using HPLC

The overall results of stability study of BAPO iarll and ambient light

conditions are given in Table 2.5

Table 2.5: Summary of results of BAPO stability study.

Compositions of samples

BAPO

Ambient Light

Completely degrades aft
1 month

eBtable over 12 months

BAPO/ MSA Completely degrades afteSlightly slowed  down
1 month degradation
BAPO/ BR-2H,0 Almost completely] Almost completely

degrades after 1 week

degrades after 10 month

BAPO/ Ferrocene

Completely degrades aftStable over 12 months

3 month
BAPO/ Ferr/MSA Completely degrades afteBlightly slowed down
1 month degradation

BAPO/ Ferr/ BR-2 H,O

Completely degrades aft
1 month

eCompletely degrades aft
12 month

BAPO/ Ferr/ HQ

Completely degrades af
1 month

te8lowed down degradation

BAPO/ Ferr/ CHP

Completely degrades aft&lowed down degradation

1 month

BAPO/ H,O

Slightly  slowed  dowr

Stable over 12 months

degradation after 1 month
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2.4.3 CE method

A CE method was developed for analysis of the BAd@ was compared
with the HPLC-UV method.

2.4.3.1. Development of CE method

The CE analysis of BAPO was performed using a kobatffer which has a
pKa value of 9.24°!
Two borate buffer systems were investigated: 50nmd 250 mM, in the working
range between pH 8-10. Electropherograms showed |dmger migration times
resulted at high pH. In order to determine the mopth separation voltage for the
analysis of BAPO an Ohm'’s plot was obtained, asfitesd by Nelson et al*” and
plotted in Figures 2.14 and 2.15.
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Figure 2.14: Ohm’s Law plot for 50 mM borate buffer, pH 9.0feEfive capillary
length 64 cm.
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From this Ohm’s Law plot in Figure 2.14, it is eerd that a linear relationship exists

between current and voltage. The analysis coulgdotormed at separation voltages
as high as 30 kV for the 50 mM borate buffer.

Increase of borate buffer concentration from 5@% mM again showed a longer

migration time, (a similar effect was observedtfee highest pH), and decreased the
magnitude of the EOF. This effect has been coedléd a decrease in zeta potential
of colloidal silical®”! and increase in the currents generated, as showigime 2.15,

and Joule heating resulted.

70 -
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voltage (kV)

Figure 2.15: Ohm’s Law plot for 250 mM borate buffer, pH 9.0feEtive capillary
length 64 cm.

From Figure 2.15, it was determined that a linedationship between current and
voltage existed from 5 to 25 kV, after which Jodsting was evident.

Figure 2.16 illustrates a separation of BAPO fromACN matrix using 50 mM
borate buffer. It was found, see Figure 2.16, tleahg the separation voltage of 25
kV, the separation was complete by 4 min, this wasduction of 4 min from the
analysis time achieved by HPLC. Also, increasedsamn efficiencies of 112785.9
plates nT were obtained. However, BAPO is a neutral compoamd migrates with

electroosmotic flow (EOF). As a result, an alteweatnode of CE more relevant to
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the analysis of neutrals should be employed foth&ur study, such as micellar
electrokinetic chromatography (MEKC).

1.0

: — 25kV
0.8- —20kV
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Absorbance units (Al
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0- "

5 10 15
Migration Time (min)

Figure 2.16: Effect of separation voltage for CE analysis oPBA

Separation voltage 20 and 25 kV employed with ditd¥ detection at 270nm,
pressure injection 50 mbar/5s. BGE: 50 mM boratédsupH 9. Effective capillary
length 64 cm (Agilent system).

Due to the increased total analysis time with ldwedtages for 50 mM of borate and
the higher concentration of borate, a buffer off®d borate at pH 9 and separation
voltage at 25 kV was employed for further analy3ise use of pH 9 over pH 10
reduced the migration times and was closer to e ¢of the borate which made
preparation and control of the resultant pH eagMso, borate buffer at pH 9 was
used for the first study of CE with BAPO photoiattr.!?®

75



Chapter 2 A.Ciechacka

2.4.3.2 Micdllar eectrokinetic chromatography (MEKC)

MEKC is now a widely employed CE mode in pharmaicaltanalysis with
an increasing role in food, environmental and chhianalysis.*”’ MEKC was
originally developed for the separation of neutaallyte, including BAPO, by the
used of surfactants in the running buffer. The mm®hmon surfactants for this
method are anionic surfactants-sodium dodecyl ®l{&DS), which have a net
negative charge. Typical surfactant systems usethi® method are shown in Table
2.6.

Table 2.6: Typical surfactants used in MEKE"

Biological *CMC (mM) Aggregation
detergents number
Anionic SDS 8.2 62
Cationic DTAB 14 50
CTAB 1.3 78
Non ionic Octylglucoside - -
n-Dodecyl$-D- 0.16 -
maltoside
Triton X-100 0.24 140
Zwitterionic CHAPS 8 10
CHAPSO 8 11
Bile salt Cholic acid 14 2-4
Deoxycholic acid 5 4-10
Taurocholic acid 10-15 4

* CM C-critical micelle concentration.

A stability study of BAPO was performed, over a dnth time frame, using
the CE and MEKC methods, for samples exposed tarttdent light and maintained
in the dark. For the micellar electrokinetic chraotgaphy the most common anionic
surfactant-20 mM SDS was used.

The results obtained for both of these methods wendar, with the degradation of
the photoinitiator going the same way in both. ther samples maintained in the dark

no degradation of BAPO was observed after 1 marti. samples exposed to the
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ambient light it was found that complete photoddgteon of BAPO had occurred by
1 month, which validated the results obtained | HPLC method. After 1 month,
three new peaks were clearly observed, the separaties for these peaks were: 7.3;
7.6; 7.8 min. The new degradation products weresiptys less hydrophobic than
BAPO and have no interaction with the (SDS), thenefall the products moved in
the same direction as the EOF, as illustratedguiréi 2.17. Also the chromatogram in
Figure 2.17 presented the peak of fresh BAPO sa{pte0). The front slope of this
peak suggested the BAPO samples could be impureety, the purity of BAPO
samples was not reported by Henkel Company.

60000+
2 50000- — BAPO (t =0)
£ ——degradation products (after 1 month)
[%]
= 40000-|
=]
(]
=
= 30000
2
2
2 20000+

10000

0 = T
0 5 10 15 20

Retention Time (min)

Figure 2.17: MEKC separations for the analysis of BAPO samplgos&d to the

ambient light for t=0 min and after 1 month. Segara voltage 25 kV employed with
direct UV detection at 270nm, pressure injectionmar/5s. BGE: 50 mM borate
buffer, 20 mM (SDS), pH 9 (CE Beckman P/Ag&em).

The suitability of the CE method as an alternatmede of analysis of
degradation products of BAPO was demonstrated. &isoCE method had a lower
consumption of reagents. The operation costs irakeElso lower than for the HPLC

method. The typical volume of buffer used per dagwf the order 10-15 mL. With
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the HPLC method, sometimes litres of waste organigent were “produced” per
day. However, some disadvantages of the capill@gtrephoresis methods were also
found. The first problem was the fused-silica dapis, which broke very often
when acetonitrile was used a solvent. To combat thie acetonitrile was replaced
with MeOH. Another major limitation of the CE waket poor reproducibility of
migration times for BAPO which made peak identifica and quantitation difficult.
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2.5 CONCLUSION

A HPLC method was developed and was successfuplieapto the analysis
of the a-cleavable photoinitiator, bis(2,4,6-trimethylbeghphenylphosphine oxide
(BAPO). A comparison of its stability was deternmdrnia samples, which were kept in
the dark and samples exposed to the ambient lylet, a 12 months time frame for
HPLC method. From this study it was determined thatdegradation of BAPO had
almost completely occurred by 1 month (startedr &) for samples exposed to the
ambient light. For the samples maintained in th&k,danly 1.2% reduction in the
BAPO peak height was observed, when compared toethdts obtained after t =0
min. In effect, the compound was found not to ddgrander dark conditions. It was
also found that the compound had completely degrdme 1 month for samples
exposed to the ambient light when the protonic hadis acids were added and
ferrocene/CHP and ferrocene/HQ. BAPO was more etatlen only ferrocene was
added. The degradation of BAPO for samples exptsédae light was not complete
after one month and for samples kept in the dadcatkation after 12 months was
comparable with neat BAPO. The presence of waightty decreased the rate of
degradation of BAPO for samples exposed to the amldight but did not affect
samples kept in the dark. The application of Cheanalysis of BAPO was shown.
The CE method is an alternative mode of analysith wicreased the separation
efficiencies obtained, 3120.5 plated mith HPLC andl12 785.9 plates thwith CE,
and also a reduction of total analysis time by 4 was achieved.

The results from the HPLC method yielded importafbrmation about the
stability and conditions of BAPO. The investigatioof the products of
photodegradation and the curing mechanism of BAR® WC-MS is discussed in
detail in Chapter 3.
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3.1 INTRODUCTION

Mass spectrometry is recognised as a powerful aoalyechnique especially
for its: sensitivity, detection limits, speed andeuisity of its applications.

In analytical chemistry, the most recent applicadi@are biological or pharmaceutical
in nature such as characterisation of prot€irs peptides® ¥, oligonucleotides, and
high throughput analysis in drug discovery and imeliam ©%. Other analytical
applications are in the environmental fielt! (such as water quality), food
contamination, clinicaé.g neonatal screening, hemoglobin analysis and &toodrol
(2l such as natural products or process monitoringeQtess prevalent applications
include atomic physics, reaction physics and kasgtgeochronology, ion-molecule
reactions, determination of thermodynamic parame(G° ;, K, etc.) and many
more.!*?!

Mass spectrometry has progressed extremely raplgfing the last decade
and this has led to the continuing development @remadvanced instruments.
Historically, a large number of mass spectrometerse been developed according to
the fundamental scheme developed in Thomson'’s ewpats in 1897.

Listed here are some highlights of this developmasnshown in Table 3.1.
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Table 3.1: Somehighlightsof development in mass spectromety.

Year Name Highlights
1886 E. Goldstein discovers anode rays (positive iese ions) in
gas discharge
1897 J.J. Thomson discovers the electron and detesnits mass tQ
charge ratioNobe Prizein 1906
1974 P.J. Arpino, M.A. first spectrometers coupled with a high| -
Baldwin, performance liquid chromatography
F.W. McLafferty

1974 M.D. Comisarov, develop Fourier transformed ICR (FTICR) mass
A.G. Marshall spectrometry
1978 R.A.Yost, C.G.Enke build the first quadrupolass spectrometer, one
of the most popular types of tandem instrumen
1983 C.R. Blakney, M.L.Vestaldescribe the thermospray (TSP)
1983 G.C Stafford, P.E. Kelly, describe the development of gas chromatogrgphy
J.E Syka, W.E. Reynoldg,detectors based on an ion trap and commercialized
J.F.J. Todd by Finnigan under the name lon Trap

1987 T. Tanaka, M. Karas, D.| discover = matrix-assisted laser desorptipn/
Bachmann, U. Bahar, F.| ionization (MALDI),
Hillenkamp TANAKA receives theNobel Prize in 2002

1987 R.D. Smith describes the coupling of capillelgctrophoresis
(CE) with mass spectrometry.

1988 J Fenn develops electrospray (ESI). First tepeof
proteins above 20.000Da. He demonstrated| the
electrospray’s potential as a mass spectromgtric
technique for small molecules in 1984. The
concept of this source was proposed in 1968 by
M.DOLE. FENN receives theNoble Prize in
2002.

1991 B.Spengler, D. Kirsch, R.obtain structural information with reflectron TQF

Kaufmann mass spectrometry (MALDI- post-source decay).

1994 M. Wilm, M. Mann describe the nanoelectrosgayrce

1999 A.A. Makrov describes a new type of mass amaly the
orbitrap. The orbitrap is a high-performance |on

field

trap using an electrostatic quadro-logarithvlnic

84



Chapter 3 A. Ciechacka

The progress of experimental methods and the refmés in instruments led
to improvements in resolution, sensitivity, massg@and accuracy.

The achieved resolutiorfg1/om) are shown in Table 3.2:

Table 3.2: Resolution developments in mass spectrometry.

Resolution(m/om) Reference
1913 13 J.J. Thomson
1918 100 A.J. Demster 4l
1919 130 F.W. Aston 4l
1937 2000 F.W. Aston ]
1998 8000000 A.G. Marshall el

Mass spectrometry is also an extremely powerfuirigpie to investigate the

degradation of products, for example drugs. A widenber of drugs are affected by
degradation when exposed to light. Light inducedodgposition of pharmaceuticals
might result in the loss of potency or lead to unigd effects due to the formation of
a toxic photodegradation product. Stability testofgdrugs in different conditions
such as various temperatures especially light sttests is now on the list of
requirements by the European Agency for the Evetutof Medicinal Products
(EMEA) " to identify and characterise products of degradatind to check the
stability of active substances. However, as degi@augroducts generated during
storage in light may be at very low levels, stregsglies have suggested using the
higher volumes of investigated drugs.
In some instances due to their low amounts, itiffscdlt to isolate these products
from the stress mixture and to analyse them faicttral information. Therefore, LC-
MS, with its excellent sensitivity, is currentlyethmethod of choice used for this
particular kind of study.

Maquille and Habib Jiwah® reported the photodegradation of the antiemetic
drug, metoclopramide. The photolytic degradation métoclopramide aqueous
solutions was analysed by high performance liguicomatography-ion trap mass

spectrometery equipped with an atmospheric presshieenical ionisation (APCI)
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source in order to characterise the photodegradatioducts. From the mass spectra
and dissociation obtained 18 photolysis productmefoclopramide were identified.
Dissociation of the chloride was the major photaddgtion pathway of this drug and
was accompanied by reaction coupling of the pradtwtgenerate high molecular
weight compounds.

In 2008, Bansal and Sindl’ published a paper related to the degradation
products of glimepiride in accordance with the I@didelines. Five degradation
products of glimepiride formed under different ciioeshs, such as hydrolysis,
oxidation, dry heat and photolysis. All the degtamtaproducts were characterised by
LC-UV and LC-MS methods. The MS and LC-MS studiesrevcarried out using
positive or negative electrospray ionisation ((H)Eg&d (-)ESI). The degradation
pathway of the drug to the products was also pregpas this paper.

Analyses of drugs were carried out by Fiori andtiesi * using the HPLC-
MS/MS system to characterise the photostabilityen€anidipine. The analysis by
HPLC coupled with ESI mass spectrometry providddrination on the molecular
weight of the analytes. The tandem mass analysegacierised the main
photodegaradtion products of lercanidipine.

ESI-MS was also used to investigate the effechefsblvent on the photostability and
degradation kinetic of the drugs.

Another application of electrospray ionisation fothe study of
photodegradation products was reported by Gosetti &ennaro!?Y. The
photodegradation products were found in “diffusedmmercial red aperitif that
contains a mixture of the yellow E110 dye (about #® L') and the red
Chromotrope E122 (about 34 mg)Lin the presence of aromas and glucose-fructose
syrup”?t. HPLC—diode array-MS/MS analysis clearly showeshedmpurities with
naphthalene—based structures in the aperitif.

The ESI-MS approach has also helped in study of ghetochemical
degradation of pesticides and one such study whlished by Chen in 20082 This
paper focused on the suitability of using liquidrazthatography ion trap mass
spectrometry (LC-IT-MS) for determination of piricarb pesticide and identification
of degradation products. The mass spectrometeeg@pped with an ESI source and
operated in positive polarity. This paper repogpedtodegradation products not only

under UV light irradiation but also with visibleght irradiation. The different
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degradation products were obtained by betotodegradation of pirimicarb in
aqueous solution and microbiological degradatiosoih

As was described in more detail in Chapters 1 &@, majority of research
papers published for BAPO report the use of UV-Vi&%® time resolved
spectroscopy?” % or CIDNP ! to monitor the degradation of this important
photoinitiator and to characterise the final pradwaf such processes. The use of LC-
MS, which appears to be a very powerful and sugtabéthod for such studies, has
not yet been reported in literature. We are th& fiesearch group that has taken this
approach and in this chapter we present our regulthe characterisation of BAPO

and the identification of its degradation producisig LC-MS technique.
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3.2 SCOPE OF RESEARCH

The short literature review presented in the pnevisection of this chapter,
focusing on the determination of degradation prtgleé¢ drugs, has already proven
the usefulness of LC and LC-MS for such analysswebler, to date no research has
been done on the characterisation of BAPO and ifttstion of its decomposition
products using LC-MS. In this chapter the outconoésthe investigation of
fragmentation pathways and photodegradation predoicthe BAPO (Irgacure 819)
photoinitiator, bis(2,4,6-triethylbenzoyl)phenyl@phine oxide are presented. The
work was done using LC coupled with mass spectmoagtection (LC-MS), with
electrospray ionisation (ESI) as the source. Aljrddation products are identified
based on the molecular weight and dissociationymrisd
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3.3 MATERIALS AND METHODS

3.3.1 Instrumentation

3.3.1.1 Liquid chromatography-Mass spectrometry

The HPLC system for LC-UV analysis consisted of iaaly pump, a
photodiode array (PDA) detector and an autosanfplgitent Technologies, Ireland).
The separations were carried out on a Zorbax(C50 mm x 2.1 mm 1.D., Bn)
analytical column (Agilent Technologies) using ahbi® phase composed of a
mixture of acetonitrile and water (90/ 10, v/v) ki flow rate of 0.2 mL mih The
injection volume was 10L and eluent was detected and monitored at 270°fim.

The MS and LC-MS studies were carried out usingitpesas well as
negative electrospray ionisation ((+)ESI and (-)E8bdes on a Bruker Daltronics
instrument (Bruker Daltonics Esquire 3000 LC-MS) toap, GmbH, Germany). The
operating conditions for the MS scan of BAPO arsddégradation products in (+)

ESI mode were optimised as shown in Table 3.3:
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Table 3.3: Parameters for ESI-MS.

(+) ESI (-) ESI
Mode :
Mass Range mode Std/Normal Std/Normal
lon Polarity Positive Negative
lon Source Type ESI ESI
Current Alternating lon Polarity| N/A N/A
Alternating lon Polarity N/A N/A
Tune Source
Trap Drive 37.2 33.3
Octopole RF Amplitude 150.00 Vpp -110.00 Vpp
Lens 2 -60 Volt +65 Volt
Capillary Exit 116.1 Volt -109.0 Volt
Lens 1 -5.0 Volt -9.0 Volt
Dry Temp (Set) 365C 325°C
Nebulizer (Set) 30.08 psi 30.08 psi
Dry Gas (Set) 8.01 L/min 8.01 L/min
HV Capillary 4402V -4402 V
HV End Plate Offset -500 V -500 V
Skiml 40.4 Volt -35.08 Volt
Tune SPS:
Target Mass 441 m/z
Compound Stability 100%
Optimise Normal
Smart Parameter Setting active
Trap:
Rolling Off Off
Scan Begin 50.00m/z 50.00m/z
Scan End 800m/z 800m/z
Averages 5 Spectra 5 spectra
Max. Acc Time 5000Qus 50000us
ICC Target 20000 20000
Charge Control On On
Accumulation Time 1066us 1046us

'SPS- Smart Parameter Setting

The operating conditions for MS scan of BAPO in ESI mode were the same as in

(+) ESI mode (nebuliser pressure 30.08 psi andydsy8.01 L miff), except that the

drying temperature was set to 325
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3.3.2Chemicals

All chemicals were of reagent grade described iag@ér 2 in section 2.3.4.

3.3.3 Procedures

3.3.3.1 Preparation of mobile phase

The mobile phase for HPLC-UV was a mixture of wateetonitrile [90/10,
v/v] and was filtered (47 mm Nylon 66 membraneshvdt45um and PTFE filter)

under vacuum and sonicated for 20 to 30 min to xenuissolved gases.

3.3.3.2 Preparation of standard solution

A stock (0.5% BAPO) solution of each analyte waspared in acetonitrile.
Standards of know concentration were prepared Mytiah of the stock with
acetonitrile and making the volume to 100 mL inwnktric flask. Table 3.4 shows

the standard solution of each analyte.
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Table 3.4: Standard solution compositions and correspondingceatrations of the
preparations.

Standard Solution Concentration (%)

BAPO 0.5
BAPO/MSA 0.5/ 0.004
BAPO/ BF;-2H,0 0.5/ 0.003
BAPO/Ferrocene 0.5/0.01
BAPO/ Ferrocene/MSA 0.5/ 0.01/ 0.004
BAPO/Ferrocene/Bf2H,0O 0.5/ 0.01/ 0.003
BAPO/HQ 0.5/0.1
BAPO/CHP 0.5/0.1

One set of samples was prepared in amber volumiéasks and stored in a
dark room; the other set was prepared in clearmettic flasks and was exposed to
the ambient light at room temperature. The samplee injected directly into the
LC-MS.
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3.4 RESULTS AND DISCUSSION

3.4.1 Optimisation of LC-MS parameters

The analysis of BAPO samples was performed usingEBGMS. The
photolysis of BAPO can proceed through three hygtithl cure mechanisms:

a) a free radical mechanism with the generatiophaisphinoyl and benzoyl radicals
taking place,

b) a nucleophilic mechanism, due to the preseneesolurce of hydrogen atoms,

c) an anionic mechanism.

The ESI was the preferred ionisation techniquestduke low molecular weight and
the polarity properties of the BAPO (see secfioh1.1.).

From the previous study it was found that eitheNA@ater or MeOH water
were preferred mobile phases for the analysis ®BAPO, as illustrated in Figure
2.3. Many typical HPLC solvents are compatible i8I and the common solvents
that are used with ESI-LC techniques are showrainld 3.5
A good electrospray solvent will easily supportdan solution and this generally
requires such solvent to have some dipole morenpolarity. ¥ For this reason
solvents such as toluene, which are non—polar anchad easily support ions in
solution cannot be employed for the ESI experiments
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Table 3.5: Common solvents for the ESI-LC techniqtiés.

Surface tension Dipole Dielectric Viscosity
(dyn/ cm) constant (@20°C) (cp)

methanol 22.55 2.87 32.7 0.59
ethanol 22.32 1.66 24.55 1.10
propanol 23.70 3.09 20.33 2.30
isopropanol 21.79 1.69 19.92 2.40
butanol 22.98 1.75 17.51 2.98
acetonitrile 19.10 3.44 37.50 0.38
water 72.80 1.87 80.10 1.00

DMF (1) 36.76 3.86 36.71 0.92

DMSO (1) 4.10 46.68 2.24
acetic acid 13.63 8.55 0.93
acetone 23.22 2.69 20.70 0.36
toluene 28.53 0.31 2.38 0.59
hexane 17.91 0.08 1.88 0.31
chloroform 28.12 1.15 4.81 0.57
cyclohexane 24.98 0.0 2.02 1.00

The LC column determines the choice of flow rate doromatography. For
the larger columns higher flow rates are used aoth eolumn will have an optimum

flow rate as illustrated in Table 3.6.

Table 3.6: LC columns and corresponding to the flow rat&s.

Column i.d. Typical flow
4.6 mm 1.0 mL mir

3.9 mm 0.5 mL min
2.1 mm 0.2 mL mif
1.0 mm 40-5QiL min™*
capillary < 10uL min™
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For many analytes the best responses were obtaiitedlow rates are in the range
150-200 uL min?. However, the optimum value is strongly related tte

physiochemical properties of the compound and tbbil® phase used.

The analytical conditions that must be taken intnsideration when
performing ESI-MS analyses are the flow rate of niebulising gas and the solvent
flow. Good nebuliser performance can be realisetl thie flow rates from L min™
up to over 1 mL mif. The optimum nebuliser pressure depends on the riibev At
low flow rates 10 psi is generally sufficient, whiht higher flow rate pressures up to
40 psi are required. Pneumatic nebulisation bysomesed gas (at 10 to 40 psi) helps
create droplets, but often when a sample is inteduwat a high flow (> 20 to 56L
min) droplets are still not small enough to produagsibefore reaching the sample
cone. The high flow source also consists of thadtegas stream (desolvation gas)
that helps to reduce droplet size further by acatiey solvent evaporation from the
droplets. The typical ESI-MS conditions as showiiafble 3.7.

Table 3.7: Typical ESI Source Conditior&?!

HPLC flow rate  Nebuliser pressure Drying gas flow Dry gas temp.
(uL min™®) (psi) (L min™®) (°C)

1-10 10-15 4 300
10-50 15-20 5 325
50-200 20-40 6-9 325-365

200-500 30-50 8-10 365
500-1000 50-70 9-12 365

The optimised ESI-MS method (based on the maximignas intensity)

parameters as shown in this table was used: conditire shown in section 3.3.1.1.
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3.4.2 Mass fragmentation of BAPO

To optimise the parameters for ESI-MS analysisA#8 sample, containing
neither an internal standard nor additives, wascied directly into the ESI source.

Figure 3.1 illustrates a M$pectrum of a BAPO sample.

3]
q;' -]
x 441
g 2]
c
Q
E
1+ 295.2
i 147.1
O: I Ladd bl IL [ L
||||||||||||||||||||||||||||||||||||||
100 200 300 400 500 600 700 800
m/z

Figure3.1: (+) MS’spectrum of BAPO from m/z 441.

The parent ion of BAPO (MW= 418) provided a sigaaim/z441.3 which was the
sodium adduct [M+ Nd](owing to the presence of sodium in the acetdaigolution
employed as the mobile phase) in full scan MS isitpe@ ion mode.

Upon UV irradiation the BAPO undergoescleavage of the carbonyl—
phosphorous bond which leads to formation of behaag phosphinoyl radicals or
2,4,6 -trimethylbenzoylphenylphosphine oxide rabiEs shown in Figure 3.2 &
and b)?%
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a)

CH,O

CH,0 T OH,C CH,0 O ,
L] >>3 P C<< | C<< I
H,C c—P—cC CH, — = HC C—FPs +  HC Cr
CH, @ H,C CH, © CH,

Figure 3.2. a-cleavage of BAPO, a) to produce |- 24,6-
trimethybenzoylphenylphosphine oxide radical andbiénzoyl radical®®, b) to
produce IlI- phosphinoyl diradical and ll-benzoydical. **

The LC-MS spectrum of BAPO (see Figure 3.1) reveals proghm atm/z147 and
m/z 295. Based on both ions observed and their prabosaction schemes, the
following mechanisms could occur to yield the sgmneduct ions, as illustrated in

Figure 3.3.

a)
O  cH
CH3 e} o 0] H3C o 3
I N\,
(‘P CH3 —_— \H
¥ \H
H.C
H,C c” H,C 3 CH,
H,
m/z44% m/z29%
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b)
CH3 0 e} H3C +
o CH
D 1 L 3 C//O
P CH,
H,C CH, H,C H,C CH,
m/z441 m/z147
IM+Na]”

Figure 3.3: Mechanisms of BAPO fragmentation.

The m/z 295 product ion may possibly be the result of @regement processes.

This is one example of theftho effect noted when the substituents can be in a six-

membered transition state to make possible lossa afeutral molecule, 2,4,6-

trimethylbenzoylphenylphosphine oxide sodium addDcle and co-worker€®=in

their pioneering work on ESI, first recognised gussibility of sodium attachment to

neutral organic molecules. M8nalysis of iorm/z295 revealed a fragment ionratz

147 (see Figure 3.4). The possible mechanism asrsho Figure 3.3b could easily

generate the 2,4,6 trimethylbenzoyl ion (whichharacteristic ion for the cleavage of

aryl ketonesf*?.. Loss of CO from this fragment gives the prodict atm/z119, as

illustrated in Figure 3.5.

) CcH CH :
o)
N J P
N
P —
H
@K H,C CH, H,C CH,

m/z29%

IM+Na]”

Figure 3.4: Mechanism of BAPO Mfagmenation.
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. .
CH, (\%) CH,
= co
H,C CH, H,C CH

m/z147 m/z119

Figure 3.5: Mechanism of BAPO MBagmentation.
3.4.3 BAPO degradation products determination by LEMS

A stability study and analysis of photodegradatmnducts of BAPO was
performed from t= 0 to 24 h and a comparison betwa&emples maintained in the
dark and ambient light was obtained (see Figure &.@/as determined from LC-UV
investigation that photodegradation of BAPO did notur for samples kept in the

dark as shown in Figure in 2.4.

—t=0
. ] — 24 h (dark
= ] — 24 h (light)
X 2
@]
c J
()] -
£
o
. R e e i W
T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14

Time (min’

Figure 3.6: Total ion chromatogran{TIC) of BAPO (t= 0 and 24 h) for samples
exposed to ambient light and kept in the dark.
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When BAPO was exposed to ambient light for 24 ho mew peaks at
retention time 2.4 and 3.4 minutes were clealigerved and the corresponding mass

spectrum is shown in Figure 3.7 b).
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oA 441.1
c
()
£ 2
T 1 ] v 1 T [ T+ T T Tt T T rvrrJ]trrr v rrr 577
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3 295.1
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] All, 3.4 min
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] 701.8
0. ] 333.1
] 357.1
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Figure 3.7: (+) ESI-MS mass spectra of BAPO: a) BAPO spect(ts0) and b)
spectrum of degradation products (after 24 h) famples exposed to ambient light.

The (+) ESI-MS identification of these BAPO photgedation products suggested
that these four products might be compoundm&f295 andm/z475, [M + NaJ (1)

or [M+ K] (2), 357 ,[M+Na] (3) or (4), 333, [M+Na] (5), see Figure 3.8. The ion at
m/z702 is likely to be the cyclic nylon trim& sodium adduct discussed in section
3.4.6.
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m/z47% m/z47%
(1) (2)

0]
OH ” (0] 3 30 CH,
H*‘fP_O H——1L
OH or OH OH

m/z357

m/z333
(5)

IM+Na]*
b[M+K] +

Figure 3.8: Proposed structure for degradation products of BARhen samples

were exposed to ambient light.

The degradation pathway of BAPO to three charatierphotodegradation products
is outlined in Figure 3.9. It could be postulatedttBAPO degraded to the product at
m/z 333 through reaction by combination of benzoyl cabi with 2,4,6-
trimethylphenylcarboxy radical, as illustrated FiguB.9a. A similar mechanism for
the degradation product of BAPO was reported iwviptes literature by Kolczak and
co-workers.”® Another photodegradation product mfz 475 suggested that two

possible types of adducts (sodii) or potassiun{2)) could be obtained by reaction
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of 2,4,6 trimethylbenzoyl acid with phosphinoyl gihosphinoxy radical (see Figure
3.9b). The product ion an/z 357 (4) can be formed by loss ofgB.o (via five-
membered transition state) from the photodegradatroduct am/z475, (see Figure
3.9¢). Again, a similar structure of the degradatd BAPO product was reported by
Kolczak and co-workerd?? It was reported that, this product (with a P-C djois

expected to be less stable than other photoprogostsessing the P-P or P-O bond.

a)
Na
CHy o m o) CH, CH, o¥ o CH,
I
H,C CH, H,C CH, H,C CH, H,C CH,
m/z33%2
b)
CH(O <|3| . Q ¢Hs " CH, OH _:Nao CH,
' —_— [l
OH + B P—O
OH
H,C CH, H,C CHs hc CH, H,C CH,
m/z473%
@
cH, (O |o 0 CH, CH,  oH Ko cH,
He Il
+ ps
/©ilkOH o P/h
H,C CH, H,C CH, hc CH, ©H3C CH,
m/z47%

)
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c)

+—~Na CH
CH, OH ﬁ

P—O - CoHyo HO H.C
g H \
P

Na
m/z478% m/z357
1) 4
H.C

IM+Na]*
b[M+K] +

Figure 3.9: Proposed photodegradation pathway of degradatiasdpcts of BAPO,
a) m/z 333; b) m/z 475; c) m/z 357.

The MS of the ionm/z475 vyielded the product ions @iz 418, m/z337 and
m/z 362. The most likely mechanism involves a five-rbened transition state
proposed in Figure 3.10a, via fragmentation ocogrtby proton transfer from the
OH group to the phosphinate group to give intermedmbduct6), which then may
lose OH to produce the intermediate prod({c) The fragment iom/z418 might be
formed from the intermediate produ€f) by losing OH group. The alternative
mechanism for the iom/z418 could be from a possible loss gfHfrom the product
ion m/z475 [M+K]" (see Figure 3.10b). The product iomat 337 might be formed
by losing of GH1 (via five- membered transition state) from theduct ion atm/z
475 [M+Na] (see Figure 3.10c) or might be explained by redoatton of two
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phosphinoxy radical$® (see Figure 3.10d). The product iomaz 337, [M+K]" was
reported in a previous study by Ciba-Geitfiy. The product iorm/z 362 could not
rationalised.

a)
o) CH,
o)
CH
—_— 3 o HC CH,
::I)
H,C CH, Ho | TOH
H.C
miz475 8 CH,
1) (6)
- HO»
H3C H,C
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CH, / CH,
+ O H.C
(@] H3C CH3 3
P@\ P

U OH
H,C CH, H,C CH,

™ miz418
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CH, OH "o O CH, CH, o ©O CH,
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H,C CH, H,C CHy He CH, H,C CH,
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@
C)
CH, OH o Ochl’ oH GMs
P—O CoHyo /,7P—O
_— H
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d)

3 <|3| 0 0
M I
= - > HO—P—O—P—OH
OH |

m/z47% m/z337?

IM+Na]”
b[M+K] +
TM+H]”

Figure 3.10: Proposed mass fragmentation of degradation produet475.

A time stability study and degradation study wels acarried out and the curing
mechanism of BAPO was investigated with variousitadgs, such as protonic and

Lewis acids and is discussed in section 3.4.4.
3.4.4 Analysis of BAPO with strong and weak acids

The effects of addition of protonic and Lewis ammidhe BAPO solutions were
investigated.
For samples protected from light, no significaritaslence was observed in the rate of
degradation upon the addition of MSA. Analysis lté tesults showed that after 48 h
the signal am/z441, [M+Na] observed for BAPO was of high intensity.
With the addition of MSA in the BAPO samples expbse ambient light, the BAPO
had almost completely degraded by 24 h with theeamce of the signalsatfz475
andm/z 702, and no significant intensity of BAP@/ 441) signal as illustrated in
Figure 3.11. The signals at/z475 may represent to the product of degradatiadheof
BAPO, with the same trend observed for the BAPOparwith and without strong
acid when exposed to ambient light.
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Figure 3.11: (+) ESI-MS mass spectra of BAPO with MSA: (a) BARth MSA
spectrum after t= 0 and (b) spectrum of degradagooducts in MSA after 24 h, for

samples exposed to ambient light.

When the Lewis acid was added, this affected the @ degradation
differently compared with neat BAPO or BAPO/MSA.eTaddition of the Lewis acid
BF3-2H,O increased the rate of BAPO degradation for baimpes exposed to
ambient light and kept in the dark. Figure 3.1@strates the effect of the presence of
the Lewis acid on the separation of BAPO monitdrgdESI-MS for samples kept in
the dark. It was found from the TIC that degradatid the BAPO was completed
after 24 h, for samples maintained in the darkegsated in Figure 3.13.
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Figure 3.12: TIC of BAPO with BEF2H,0: t= 0 and after 24 h for samples kept in

the dark.

7,00E+06
6,00E+06
5,00E+06
4,00E+06

Intensity

3,00E+06
2,00E+06
1,00E+06

0,00E+00+ ‘ ‘ : ‘ o *
Oh 1h 2h 4h 6h 8h 24h

Time

Figure 3.13: Graphical illustration of the time of degradatiohBAPO in presence

of BF;-:2H,0 for samples kept in the dark, (n=3).

The appearance of a peak at retention time 2.5tesnuas also observed in the TIC
which corresponds to the degradation product of BAR/z 295 as illustrated in
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Figure 3.14. The ion atm/z 295, [M+Na] may represent 2,4,6-

trimethylbenzoylphenylphosphine oxide and was dised in section 3.4.2.

2.5 min
6~ 295.1

Intens. x 1°
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Figure 3.14: (+) ESI-MS mass spectrum of BAPO withzH,0 (t= 0) for samples
kept in the dark.

Also for the negative mode, the LC-MS spectrumhef BAPO (Figure 3.15)
showed two ions at valu@s/z163 andn/z287 after 24 h.

41
G 3 287.2
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Figure 3.15: Mass spectrum of BAPO with BEH,O (after 24 h) for samples kept in

the dark (negative mode)

The formation of both ions might possibly be expéal by hydrolysis of BAPO. The

main ion atm/z287 may arise from nucleophilic attack by wateplasphorus giving
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rise to a hydrate (path 1) as illustrated in Fig@ré6a. Fragmentation of the
intermediate product via deprotonation (path 2uld@ive an intermediate produ&)
which may form a phosphinic acid by via homolytieavage of the C-P bond, (path
3). The phosphinic acid undergoing ionisation n@selof the proton (deprotonation)
and formed the iom/z287.

a)

H\ [}H
CH, o (lf o) CH,
P
o)
thl
@®)

path 2
CH
CH; o (laH(,O 3
P
QIS
H,C CH, H,C CH,
Pa”‘/ ©
CH, o CH, o o
-
P—O—H “H p—O
—_—
H,C CH, H,C CH,

m/z287

Figure 3.16a: Proposed photodegradation pathway of degradatimupct m/z 287.

The peak atn/z163 might be attributed (path 1) by nucleophilimek by water one
of the carbonyl carbon group followed by eliminatio of 2,4,6-
trimethylbenzoylphenylphosphine oxide. The formatiof 2,4,6 trimethylbenzoyl
acid (12) from the intermediate produgtl) can be rationalised via a five -membered

transition state whereby a proton is transferresnfthe OH group. For the third
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reaction (path 3) the 2,4,6 trimethylbenzoyl acdlergoing ionisation may lose one
of the proton and formed the iom'z163, as illustrated in Figure 3.16b.

b)

HZO

@ﬁgjﬁ o 575

(1n

CH path 2

m/z163

Figure 3.16b: Proposed photodegradation pathway of degradatiadpct m/z 163.
For the analysis of samples exposed to the amliigint after 24 h other
signals were observed which might be explained bgradation of BAPO as

illustrated in Figure 3.17. The ian/z702 is an impurity corresponding to the cyclic
nylon trimer sodium adducts, what was reportedténdture [*°!
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Figure 3.17: (+) ESI-MS mass spectra of BAPO with ;B/#H,0 after 24 h for

samples exposed to the ambient light.

From Figure 3.17 it was found that the imiz 147 may possibly be the result of the
general ortho effect’, (see Figure 3.3b). The ion wifz119 may correspond to the
2,4,6 trimethylbenzoyl ion. The product ionmatz311 was possibly formed by 2,4,6-
trimethylbenzoylphenylphosphine oxide, sodium addoc may be explain by
combination of the benzoyl radical with 2,4,6-tritmgcarboxy radical, [M+H] as
illustrated in Figure 3.18. Another productratz 620.5 my possibly be the result of
cluster ion of the type [2M].The fragment ion om/z679.5 is discussed in section
3.4.6. The proposed degradation products for BA®P e presence of BR2H,0, are
illustrated in Figure 3.18.

CH, o o CH, o
© /@(U\O—P —H
H,C CH, H.C CH, ©
m/z333
m/z31% m/z311

IM+Na]”
IM+H]

Figure 3.18: Proposed structures of the degradation productsB&fPO with
BF3s-2H,0 after 24 h for samples exposed to ambient light.
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The M of the ion withm/z311 yielded the fragment ionsraiz 147 andm/z 163.5
with m/z 147 as base peak. The possible mechanism of fragtien as shown in
Figure 3.19.

m/z311 m/z147
.
IM+Na]

Figure 3.19: (+) ESI-MS/MS of m/z 311.

3.4.5 Analysis of BAPO with additives

From the LC-UV investigations, it was determinedattithe addition of
ferrocene to the BAPO sample resulted in a sligltrelase in the rate of degradation
of the BAPO samples exposed to ambient light. A gamson of the t= 0 and 24 h
samples exposed to ambient light was performedragare 3.20 represents the mass
spectra fom/z441 for both samples. It was found from the speotm Figure 3.20 b)
that degradation of the BAPO was not complete &#eh. Also, from this spectrum
it was found that the ion at/z441, had decreased slightly in intensity, fromiB%to
1.5 x1d as shown in Figure 3.20.
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Figure 3.20: Mass spectra at m/z 441 for BAPO with ferroceneQ(nd 24 h
sample) in ACN.

For BAPO samples with addition of ferrocene, whieére maintained in the
dark, the degradation of BAPO was not affected. BA®O ion atm/z441 possesses
greater intensity than in the BAPO samples at t= 0.

The effect of addition of protonic acid, MSA, anéviis acid BE-2H,0 in
combination with ferrocene in the BAPO samples weamined for the samples after
24 h. The effect of adding BR2H,O to the samples of BAPO/ferr resulted in a 32.1%
reduction with the intensity of the BAPO peak. bntrast, the addition of protonic
acid (MSA) caused only slight reduction in intepsdf about 8.5%. Again, ions of
m/z 147, 295, 475, 679, and 702 were acquired as showime ESI-MS in Figure
3.21. Both of the ions/z147 andn/z295 were discussed in section 3.4.2.

The ion atm/z475 may represent the degradation of BAPO wasugg®d in section
3.4.3 and the fragment ion 0/z679.5 andn/z702 as discussed in section 3.4.6.
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Figure 3.21: LC-MS spectrum of BAPO degradation products.

In this mass spectrum two new signals were obseatad/z 316 and 462. The
proposed structures of the new products (in preseh®R-2H,O and ferrocene) are
illustrated by Figure 3.22.

H,C CH,

< I i I
o HO—P—O—P—O—P—OH

CH,
I
\, P
H—O
m/z316 m/z462
IM+Na]”

Figure 3.22: Proposed molecular structures of m/z 316 and m2z 46

The ion atm/z316 may possible formed by rearrangement processéegradation
product of BAPO atm/z 475, [M+Na], as illustrated in Figure 3.23. The
rearrangement produces five —-membered transitaiesbf intermediate product that
can be further fragmented to produtéz 316. A cage recombinatiof” between

three phosphinoyl radicals could be formed fromaty$phosphine oxide and would
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result in formation of a product at/z462. This indicated that the fragmeni&z 462
existed as Naadducts in (+) ESI-MS mode.

IM+Na]”

Figure 3.23: Proposed photodegradation pathway of m/z 316.

The addition of CHP and HQ to BAPO in conjunctioithwferrocene was
investigated for both t= 0 and 24 h. The additiéorCélP to BAPO in conjunction
with ferrocene did not significantly affect theeaif degradation of BAPO. For both
sets of conditions for samples exposed to ambight bind kept in the dark the
BAPO signal atm/z441 was observed.

It was found that the addition of HQ to BAPO in porction with ferrocene for
samples exposed to ambient light significantly @#d the degradation of BAPO. At
a retention time around of 2.1 minutes signalsmat 147, 333, and 403 are present
and are illustrated in Figure 3.24. lonsmofz 147 and 333 were also obtained, with
the same trend observed as that shown in Figuré f8rithe BAPO sample with

addition of Lewis acid after 24 h.
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Figure 3.24: (+) ESI-MS mass spectrum of BAPO with HQ in conjimmcwith

ferrocene degradation products.

The ion ofm/z147 was as discussed in section 3.4.2. The ioW#333 which might
correspond to the degradation of BAPO also wasudssd in section 3.4.3. The
signal atm/z 403 corresponds to the structure given in Fig 312& ion atm/z403
was sodium adduct [M+N&Jmost probably due to the presence of sodium in ACN
solution employed in mobile phase. The Mpectrum of the precursor ion/z 403
showed two product ions at/z 147 andm/z 257. The ion atn/z 257 was possibly
formed by six- membered transition state wherepyoton from theortho CHz group
was transferred to the phosphinate group to produgeutral molecule sodium
adduct, see Figure 3.25 a. The ion rafz 147 may represent the 2,4,6 —

trimethylbenzoyl ion (see Figure 3.25 b ) and wiasuksed in section 3.4.2.

m/z403 m/z257
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Figure 3.25: Mechanism®f m/z 403 M&fragmentation.
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3.4.6 Sources of contamination in LC-MS

Improvements in trace techniques combined with igeityg of mass
spectrometry offer enhanced opportunities to amalger lower concentrations of
metabolites, drugs or pesticides. To perform HPL@d d.C-MS quality of
instruments, columns and eliminating contaminati@issolvents Y occupy a
prominent role in the analytical process. Althoughis difficult to completely
eliminate contamination, it is possible to minimige problem using the highest-
purity water™®® or refraining from using improperly cleaned glaass!*® However,
minimising contamination can be very difficult.

During this work two significant signals were obsmt in LC-MS
experiments. The first eluting peak (1) displaygratonated molecular ion at/z453
and the second compound (Il) hasmafz of 679, [M+H] or sodium adduct, formed
the ion atm/z702. The mass spectrum corresponding to the saimalz679 are also
shown in Fig. 3.17 and 3.21. Both of the fragmeonsi were identified as
photodegradation products of BAPO, when sampleg weposed on the light.

During this study the filter was changed from Nyl@6 “" *® to PTFE
(polytetrafluoroethyllene) filter and after thishet contamination signal was not
observed. Also when unfiltered solvent was used,dbntamination signals at/z
453 and 679 were not observed. It was deducedhbatontaminations are associated
with the filtration of the solvent.

The source of contamination was traced to the mangbdisks that are universally
employed to filter from the mobile phase. The &fton of the mobile phase is very
important when preparing solvent with buffer ortsahs non-dissolved products can
reduce the column lifetimes, and column performance

Tran and Doucette investigated the source of caniion in LC-MS testing
several nylon membranes. Results of this work skow®t the compounds of
molecular weight am/z 453 andm/z 679 are a cyclic dimer and a cyclic trimer of
polyamide 66. Nylon 66 is a polymer manufacturearfrthe condensation of adipic
acid with hexamethylene diamid&' The first reports of interfering signals rWz
453, 679 and 905 have been discussed on the Aisacid Biomolecular Resource
Facilities forum!“®, and were recently attributed to nylon oligomerisiag from
filtering of solvents with usage of nylon 66 memiea.”® It is therefore evident, that
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cyclic oligomers are present in nylon membraned,that these products will migrate
into the solvents during the solvent filtration.

The MS spectra oin/z453 andm/z679 confirm that both these compounds
possess very similar structures, as illustratdéigare 3.26.

a)
1.5]
T
x4 453.6
7]
2
E 0.5 435\7
299,5 3?6.5
0 T T | T T T T l T T T T | T T T T l T T T T | T T T T | T T T T | T T T T l
10C 200 300 400 500 600 700
m/z
b)
IS 661.6
5o
g 2 679.7
-] 2096 3366 4720 562.6 643 eT
||||||||'||||||l||||||||||||I||||‘||l|||||
100 200 300 400 500 600 700
m/z

Figure 3.26: MS spectra corresponding to a) compound | at m/z 458 b)
compound Il at m/z 679.

Many of the product ions observed in the \Pectrum of the ion an/z679
can also be observed in the spectrum from453, for example, the ions &/z 435,
336 and 209. The same results were presented affer by Tran and Doucett®!
A potential reaction mechanism was proposed forfithg@ment ions of cyclic nylon

dimer, as illustrated in Figure 3.27.
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Figure 3.27: Fragment ions of cyclic nylon dimét”!
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3.5 CONCLUSION

The stability of the photoinitiator, bis(2,4,6-tetmylbenzoyl)phenyl-phospine
oxide (BAPO), when stored in the dark and when egdao the ambient light was
studied. The investigation involved the assessmenf bis(2,4,6-
trimethylbenzoyl)phenylphosphine oxide, containingrious additives, such as
ferrocene, protonic and Lewis acids, using the gyelglveloped LC-MS method.

LC-MS scans in both (+) ESI and (-) ESI modes a@dMS/MS have proven
to be powerful complementary techniques. LC-MS Ihesn utilised in this work to
characterise two important photodegradation praducdf a bis(2,4,6-
trimethylbenzoyl)phenylphosphine oxide (BAPO), irdasage formulation. For the
neat samples of BAPO exposed to ambient light tlieggadation products were
found to bem/z475 through reaction by 2,4,6 trimethylbenzoydagith phospinoyl
or phosphinoxy radicals. The second product with357 is forming rationalised via
a six —membered transition state for the produah/at475 sodium adduct. It was
found that addition of protonic acid (MSA) or feceme, to the samples protected
from light did not change the rate of degradatiad ¢he signal of BAPOnN{/z441)
was still observed with high intensity. When Lewisid, BR-2H,O was added to
BAPO samples, the photoinitiator readily hydrolysiad gave the degradation
products atm/z 163 and 287. The hydrolysis of BAPO could occur dither
nucleophilic attack at the carbonyl carbon or plhasps atom. All compounds were
identified based on the molecular weight and fragpa#on profiles from LC-MS/MS
data.

Additionally the possible source of contaminatiowl anterferences in LC-MS
analysis of BAPO are describes in this Chaptewds$ found that the signals of/z
453 679 and 702 are the contamination products ariBmg Nylon 66 membrane

filter.
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4.1 INTRODUCTION
4.1.1 Photochemistry of photoinitiators and photosatisers

The photochemical crosslinking of coatings and ibksvisible or ultraviolet
light has become an established technology for nmaaryufacturing applicatiors®.
Over the years, several types of photoinitiatoréehlaeen developed to induce the
polymerisation or photocrosslinking of acrylatetsyss.

Photoinitiators cause photoinitiation by direct photoproductioh axtive
intermediate -radicals, (and others cations or rs)iosee Figure 4.#' 7 that can
interact with the acrylate group, inducing a charowth polymerisation and

eventually termination and crosslinking.

hv T

photoinitiator excited radical pair
triplet state

Figure 4.1: o-cleavage of a photoinitiator via triplet stafg.”

However, free radicals can not only be formed byedt irradiation of the
photoinitiator [A-B], but also via triplet-tripleenergy transfer reactions primarily
involve triplet energy transfer from excited molles4 sensitiser (S) to the other
reaction components (photoinitiator) to create letipexcited photoinitiator® as
illustrated in Figure 4.2. This occurs when therggeacceptor molecules [A-B], have

triplet states of energy similar to that of eneofyhe donor molecule (sensitiser).
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S|~ s
C X

sensitiser photoinitiator radical pair

where:
S sensitiser, is a singlet ground state,
[S]" sensitiser, is a triplet state,
[A-B] photoinitiator.

Figure 4.2 o-cleavage of a photoinitiator via sensitis&r®!

The sensitiser cleavage of the photoinitiator Egaificant issue since it allows the
use of light with various wavelengths independdrthe absorption spectrum of the
photoinitiator. Such a shift of the absorption wiangth to a desired region could

lead to an increase of the cure speed and effigienc

4.1.2 Types of photoinitiators

There are two fundamental categories of phototoit& In the first group,
there are type | photoinitiators, that undergoraaiphoto fragmentation process (
or less commorg-cleavage) upon absorption of light yielding ratBcaapable of
inducing the polymerisation. The second group isvkm as type Il photoinitiators
and the main process they undergo is a hydrogem abstraction from the

environment, which may be the resin itself or sntvé® %

127



Chapter 4 A. Ciechacka

4.1.2.1 Typel photoinitiators

a-cleavage photoinitiators are the most importapety photoinitators due to
their high reactivity and stability and the mostagnised members in this group are

shortly described below.
Benzil ketals

Benzil ketals represent a versatile family of plhatators. 2,2- dimethoxy-2-
phenylacetophenone (DMPA or BDK) is one of the miogportant commercial
photoinitiators in thea-cleavage group. However, the major disadvantagéhisf
compound is its considerable yellowing. BDK foutsl first commercial application

in unsaturated polyester resin for wood coatings.
a,0-Dialkoxyacetophenones (DEAP)

a,a-Dialkoxyacetophenones are structurally similabémzil ketals and DEAP
Is the most frequently used photoinitiator of thiass. The excited state undergoes
two competitive reaction§Y (Norrish types | and Il). The type Il reactions dot

initiate the polymerisation process.
Acylphosphine oxide

Acylphosphine oxides were introduced some yearsasga new class ai-

cleavage photoinitiators, derived from DEAP by asptg C-H by P=0O and alkoxy
by aryl groups.
Acylphosphine oxides have the clear advantage dérgoing a fast photolysis which
generates very reactive free radicals. They hawsepr to be more efficient in a
number of systems where conservative photoinittatag behind, for example the
photocuring of pigment coatings. Considering tlegihanced performance (illustrated
in Figure 4.3) it is expected that acyphosphin@esiwill be increasingly
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used in UV-curable formulations in a growing numbérindustrial applications of
this advanced technology.

The photochemistry and properties of acylphosphbiide were discussed in Chapter
2, in sections 2.1.1 and 2.1.2.

Fast
High initiation photolysis Near UV
efficiency absorbance

N\ /

Acylphosphine oxide
photoinitiator

Thiol-polyene

Sunlight polymerization
curing

Pigmented Photostabilized
systems coatings

Figure 4.3: Performance of acylphosphine oxide photoinitiatorsUV —radiation

curing. %

4.1.2.2 Typell photoinitiators

A diverse range of bimolecular photoinitiators f&@en used in the curing of
pigmented and clear systems. Tertiary amines aiedaly used as coinitiators, since

they react as oxygen scavengers and thus helpetoa@we oxygen inhibition.
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Benzophenones (BP)

Benzophenone and its derivatives are bimoleculatgahitiators mainly used
in manufacturing due to their low cost and regassllef their relatively low reactivity
and stability of cured films. BP combined with t@ry amines is universally used in

blends with other photoinitiators.
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4.2 SCOPE OF RESEARCH

In this Chapter ESI-MS and NMR spectroscopy areduas the main
analytical techniques for the analysis of stabiityd photodegradation products of
two photoinitiators: BAPO and TPO. The results arquired at different conditions
of light exposure. The potential cure mechanismpladtoinitiators is investigated by

computational studies.
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4.3 MATERIALS AND METHODS

4.3.1. Instrumentation and conditions

4.3.1.1 Liquid chromatography-Mass spectrometry

The MS and LC-MS system is described in Chapter Section 3.3.1.1. The
HPLC system for LC-UV analysis consisted of a bynaump Varian Pro Star 210, a
photodiode array (PDA) detector and an autosan{plaran Pro Star 410). The MS
and LC-MS studies were carried out using positivevall as negative electrospray
ionisation ((+) ESI and (-) ESI) modes on a Vai®® MS ion trap. The operating
conditions for the MS scan of cyanoacrylate in ES1 mode was optimised as
follows: capillary exit offset: 55.0 V, collisioretl RF 55%, nebuliser pressure 30 psi,
dry gas 8.01 L min, and dry temperature 365° C. The operating cangitfor MS of
cyanoacrylate in (-) ESI mode were the same as)rEGI mode except the drying
temperature was set at 325° C. The MS/MS scangamioacrylate and LC-MS scans

of all products were recorded in the range 100-18Q0

4.3.1.2 Nuclear magnetic resonance

NMR experiments were recorded at 400 MHz on Brudk€F-400 series
spectrometer. Typical proton NMR experiments weegfggmed over the spectral
range 0-8 parts per million (ppm) by acquiring 14638tal points using quadrature
detection. Eight to thirty two scans were sufficiém give adequate signal to noise
ratio for proton experiments. Carbon experimentseweerformed over the range O-

240 ppm with proton decoupling employed. Phosphorus
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experiments were performed over the spectral raBge-200 ppm with proton and
carbon decoupling employed and 85% phosphoricw@sad as an internal standard.

Gradient correlation spectroscopy (COSY) experimemtre acquired with 2 scans
per increment and 512 increments using the sampp¥B8spectral width as that used
for proton experiments. Heteronuclear multiple—dquan coherence experiments
(HMQC) were run gradient enhanced employing 8 sqagrsincrement and 512

increments.

4.3.1.3 Computational calculations

The computational calculation was performed usihg Gaussian 03W
software package. The structures of both photatoits and radicals were generated
with the help ofGaussVievsoftware.

4.3.2Chemicals

Bis(2,4,6-trimethylbenzoyl)phenylphosphine oxidegéicure 819 or BAPO)
and (2,4,6-trimethylbenzoyl)diphenylphosphine  oxid¢TPO or Darocur)
photoinitiator samples were all obtained from Hérllexhnologies (Irl).

All other chemicals were of reagent grade and pezbas described in Chapter 3 in

section 3.3.2.
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4.3.3 Procedures

4.3.3.1 Preparation of mobile phase

The preparation of mobile phase was performed asritbed in Chapter 3 in
section 3.3.3.1.

4.3.3.2 Preparation of standard solution for LC-MS

A stock (0.5% BAPO or TPO) solution of each analtas prepared using
acetonitrile as a solvent. Standards of known caoinagon were prepared in
volumetric flasks by dilution of the stock with ageitrile and making the volume to
100 mL. One set of samples was prepared in ambemetric flasks and stored in a
dark room; the other set was prepared in clearmettic flasks and exposed to the
ambient light at room temperature. The samples wegeeted directly into the LC-
MS system.

4.3.3.3 Preparation of standard solution for NMR

Typical experiments involved dissolving 3-5 mg oABBO or TPO in
acetonitrileds and obtaining the NMR spectrum.
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4.4 RESULTS AND DISCUSSION
4.4.1 Mass fragmentation of TPO

The parent ion of TPO (MW= 348) provided a signtindz 371 was the
sodium adduct [M+ N4&] owing to the presence of sodium ion in ACN soluti

employed as the mobile phase.

100% 2281

75%

147.1

Intens

50%7

25%7
] 371.1

0%

150 200 250 300 35

m/z

Figure 4.4: MS’spectrum of TPO from m/z 371.

The MS spectrum of TPO reveals product ionsa values of 147 and 224, see
Figure 4.4.Taking the potential reaction schemegpléed by Henkel (Irl.) the

following mechanism is proposed for the TPO asitated in Figure 4.5.
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Figure 4.5: Mechanisms of TPO fragmentation.

The formation oim/z147 from TPO can be rationalised via a six-membé&ansition
state (see Figure 4.5a) or by another possible amstm shown in Figure 4.5 b which
generated easily the 2,4,6-trimethylbenzoyl ione Base peak an/z224 in the M$

spectrum of TPO might possibly be formed by los&4f Da from the precursor ion
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at m/z371. The M8 of product ionm/z 224 reveals a product iam/z 143 which
could not be rationalised.

4.4.2 TPO degradation product determination by LC-M5

The (-) LC-MS spectrum of TPO (Figure 4.6) showeed ®n atm/z217 after
24h for samples exposed to ambient light.

217.3
34
I.f‘7:|
x
22
Q
£
1]
233.2
O—||||:|Ku‘|| J|l|l|‘.1l|1fLi|1||||1||||1|||||||||1
100 200 300 400 500 600 700

m/z

Figure 4.6. Mass spectrum of TPO after 24 h (negative mode).

The formation of the degradation produch/Z 217) could be explained by the
reaction between two phosphinoyl radicals whichegated an intermediate product
(path 1). For the second step: the nucleophilacatat the phosphorus atom (path 2)
formed the diphenylphosphinic acid which deprotedaand formed the ion ah/z
217 as illustrated in Figure 4.7.
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a)
CH @) CH o] O
i ﬁ hv i g I
H,C CH, ﬁj H,C CH,

T—Q ==

Figure 4.7 a) resonance structures of diphenylphosphinoyl caldi b) proposed

degradation pathway of degradation product m/z 217.
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4.4.3 BAPO and TPO degradation products determinatin by LC-MS

The stability study for both photoinitiators BAP@daTPO was performed
from t= 0 to 24 h and a comparison was made betwaemples maintained in the
dark and ambient light. From the ESI-MS study it swaetermined that
photodegradation of BAPO and TPO did not occuiseonples kept in dark as shown
in Figure 3.6 (TIC in BAPO for samples kept in dark
When both photoinitiators were exposed to ambight lafter 24 h, five signals were
clearly observed for BAPO (illustrated in Figur&¥.The ions atn/z 295, 333, 357
and 475 were identified as photodegradation predotBAPO and were reported in
section 3.4.3.

For TPO samples after the same time two signals wikserved. One of these signals
at m/z441 with very low intensity, was identified as laopodegradation product as
shown in Figure 4.9. Another signal atm/z 371 was (2,4,6-
trimethylbenzoyl)diphenylphosphine oxide, suggestthat TPO is a more stable
photoinitiator than BAPO and even when exposedntbiant light did not degrade
completely after 24 h.

x10’ |
6
4]

a) t=0
441.1

o N

x
[
RN

b) All, 2.4 min

295.1

Intensity

0.5]

0- X
x10° { c) All, 3.8 min

475.5
701.8

0.5] |357.1

Figure 4.8. (+) ESI-MS mass spectrum of BAPO, a) t= 0, b) ahpdpectrum of
degradation products of BAPO after 24 h for sampbgsosed to ambient light.
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Figure 4.9: (+) ESI- MS mass spectrum of TPO, a) t= 0 and bDTdpectrum after
24 h for samples exposed to ambient light.

The photodegradation product of TPQraz 441 suggested that two possible types of

products could be obtained by recombination of éheadicals and they are
compounds that possess a P-P or P-O bond asatlestin Figure 4.10.
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m/z441

b[M+K] +

Figure 4.10: Proposed photodegradation products of TPO.

A comparison between the stabilities of TPO and BA#as done and as it is
presented in Figure 4.11, it was found that TPOmesndegraded just partially after
24 h, whereas the BAPO samples were decomposedla@gpduring the same
period of time as illustrated in Figure 4.11. Timdicates that TPO photoinitiators are
more stabile than BAPO, also the pathway of thetquhegradation producfermed

are different for both photoinitiators.
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Figure 4.11: Graphical illustration of degradation for BAPO and PO

photoinitiators for samples exposed to ambienttligh

4.4.4 NMR analysis

The ESI-MS results indicated that degradation ofPBAand TPO only
occurred in the samples exposed to ambient lighfdruthe same time period TPO
was more stable then BAPO. It was also found tlbatboth photoinitiators the
complete degradation was not observed after 24daik conditions. In this section
the NMR technique was used to further confirm deagtian products of BAPO and
TPO samples stored in ambient light conditions.

4.4.4.1'H and °C NMR study of stability of BAPO and TPO

Following ESI-MS studies, studies were carried toutonfirm the stability of
BAPO and TPO using NMR experiments.
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Initially, complete’H and **C NMR was investigated after 24h. The NMR
spectrum for both photoinitiators did not occur gampleskept in dark but for
samples exposed to ambient light after the same tiva'H and**C NMR spectrum
was unsuccessful to interpretation (see Figure i@ 4.13)Secondly, to help
interpret the'H and **C NMR spectrum, the proton-proton connectivitiesrave
established using combination of COSY, HMQC (Heteatear Multiple Quantum
Correlation) and HMBC (Heteronuclear Multiple BoGdrrelation).

The individual proton-proton connectivities wereorled in a gradient- enhanced
COSY experiment; the identity of carbon directliaahed to each proton is read from
the HMQC map, and HMBC data gives information abmarbon —proton couplings
and longer range couplings (2- 3 bond coupling).

Finally, it was found that only th& P NMR proved useful for investigating
the stability of BAPO and TPO.

The'H NMR spectrum of BAPO, t= 0, (see Figure 4.12) aftér 24h (see
Figure 4.13) could be divided into four main di#fat domains.

G &
1
6 2
5 3
4

Atom number H
1
2,6 7.52 (td,J=7.71, 3.28 Hz, 2 H) phenyl protons
3,5 7.80-7.92 (m, 2 H) phenyl protons
4 7.61-7.71 (m, 1 H) phenyl protons
9,11
13,19
14,18,20,24
15,17,21,23 6.90 (s, 4H) benzoyl protons
16,22
25,27,28,30 2.12 (s, 4xCH) three methyl proton iorto position
26,29 2.28(s, 2xCH) three methyl proton ipara position
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Figure4.12: *H NMR spectrum of BAPO in acetonitrite’.
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Figure 4.13: 'H NMR spectrum of BAPO iacetonitrile -d *for samples exposed to
ambient light after 24 h.
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The *C NMR spectrum (Figure 4.14) was complementanh&'i NMR spectrum

and could be divided into five main different domsi

~O——

15 CHj

Atom number

13C

1 126.90 (d]Jc=76.1 Hz) phenyl carbons
2,6 129.91 (dJ..=10.8 Hz) phenyl carbons
3,5 132.74 (d3)..=8.8 Hz) phenyl carbons
4 134.50 (d/Jc.=2.9 Hz) phenyl carbons
9,11 215.89 (dJ..=60 Hz) carbonyl carbon
13,19 136.85 (dJ..=41.7 Hz) benzoyl carbon
14,18,20,24 142.55 benzoyl carbon
15,17,21,23 129.91 benzoyl carbon
16,22 136.20 benzoyl carbon
25,27,28,30 19.65 methyl proton inrto position
26,29 21.49 methyl proton ipara position
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Figure 4.14: *C NMR spectrum of BAPO acetonitrile-d°.

The HMBC spectrum (Figure 4.15) was used to sthdytwvo or three bond coupling
correlations, where the HMQC spectrum (see Figuté)4gives information’s about

proton- carbon couplings, proton was directly bahttethe carbon.

HaC

H3C CH3
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Figure 4.15: HMBC spectrum of BAPO iacetonitrile-d°.
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Figure 4.16: HMQC spectrum of BAPO cetonitrile-d°.
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4.4.4.2 3*P NMR stability study of BAPO and TPO

Following the results of early investigations (seection 4.4.2) into the
stability of BAPO and TPO involvingH and**C NMR, further analysis was based
on information obtained fronP NMR experiments. Assuming that each product of
degradation contains one phosphorus atom in thesguld the LC-MS results
suggested three plausible photodegradation prodoatsining one phosphorus atom.
The 3P NMR spectra of BAPO for authentic samples and péesnexposed to
ambient light after two, six and 24 h are depicteBligure 4.17.

A comparison of the spectra for authentic sampld3A°O and TPO reveal that both
photoinitiators exhibit resonances in the same eg0g50 ppm) it*P NMR typical

of pentavalent phosphorus. Only one phosphorusnees@® was observed at 7.03
ppm in the aunthentic sample of BAPO as illustrateBigure 4.17. Similar only one
signal at 13.10 ppm was observed in fffe NMR spectrum of authentic TPO as
shown in Figure 4.18.

For BAPO the resonance at 7.03 ppm is represeatativoentavalent phosphorus
(P=0) covalently bonded to carbon with no (P-O)glnbonds.*® After 2h for
BAPO samples exposed @mnbient light another two signals with very lowensity
were observed in th#P NMR spectrum. These two resonances at 16.10 pum a
19.45 ppm probably arise from phosphorus atomsvofdifferent photodegradation
products. From inspection of tAi# NMR spectrum of BAPO it was apparent that the
signal at 16.10 ppm became much more intense edigr 2h interval compared with
the signal at 19.45 ppm. This could explain the spids structure of the
photodegradation products. The resonance at 1@i0npay correspond to one of the
photodegradation products of BAPO mat/z 475 which contains a pentavalent
phosphorus with a P=0O double bond and a P-O sibglel related to a BAPO
photodegradation product reported in the literatife NMR (15.78 ppm)!*¥! The
resonance at 19.45 ppm may correspond to anotmeavatent phosphorus species,
ion m/z 357, similar to an unstable photoproduct of BARParted by Kolczak and
co-workers P NMR, 20 ppm)*¥ Also it was found that two new phosphorus
resonances (16.10 and 19.45 ppm), after 24 h waok mmore intense than after two

and six hours. However for the same time framesdilgaal at 7.03 ppm was not
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observed,so it was postulated that the BAPO samples exposedntbient light
degraded completely after 24 h. Analogous obsemativas made analysing by ESI-
MS spectra after 24 h for samples exposed to ambgit. The best verification of
the photodegradation product of BAPO would be tolai® the products with
retention time 2.4 minutes and 3.4 minutes, (sgarki3.6) and analyse them Hp
NMR.

_I\QO CH,
H u>-0H Hs o ﬁ Hy — =0
OH 16.10 P — 2h
4 HO —_— 6 h
] H,C H,C H,
] . 24h
1 i / 7.03
= ] 19.45
7] i
% |
£ 0.5
e \
7}
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Figure 4.17: **P NMR of BAPO in acetonitrile-tfor samples exposed to ambient
light after t=0, 2 h, 6 h and 24 h.

In contrast in thé’® NMR spectrum of TPO after 2 and 6 h only one phogus
resonance at 13.95 ppm was observed. Lastly, 24ter a new phosphorus resonance
in TPO spectrum at 29.70 ppm was observed whiclsilplgs corresponds to
photodegradation product. Also a signal at 13.10 mharacteristic for the starting
materials was observed. It means that TPO didmgjtatée completely during this time.
The 3P NMR results were thus consistent with ESI-MS expents. ESI-MS
experiments suggested that two types of degradptimaucts atn/z441 are possible.
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One of these products possesses a P-P bond ansetoead one P-O bond as
illustrated in Figure 4.10. The two symmetric phHosus atoms in this structure give
rise to one resonance signal. For the structurb Ritatoms bridged by an oxygen
atom two likely resonance signal could be observede from the trivalent
phosphorus between at 100-130 ppm and anotheraresetetween 0-50 ppm could
be observed. The comparison of the informationbioth methods showed a more
probable structure of degradation product of TP@taiaing P-P bond.

13.10

OO — 2
O

051 © 24h
] 29.70

Normalized Intensit

32 28 24 20 16 12 8
Chemical Shift (ppm)

Figure 4.18: 3P NMR of TPO in acetonitrilesdfor samples exposed to ambient light
aftert=0, 2 h, 6 h and 24 h.

4.4.5 Computational studies

From the previous studies two possible pathwayscime mechanism of
BAPO and one for TPO were postulated. For the fiestction of BAPO it was
suggested that two species, benzoyl radical angpbtaoy! diradical, were formed
as shown in Figure 3.2a. The second reaction gextemme benzoyl radical and the
2,4,6-trimethylbenzoylphenylphosphimide radical as illustrated in Figure 3.2 b.
For both reactions the same products were obsethedbenzoyl radical and two
different of phosphinoyl radicals for each reaction
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Furthermore, study of the BAPO and TPO cure medhmnanivas modelled with
Gaussian 03 using the B3LYP functional. The optadigquilibrium geometry of
BAPO, TPO and radicals were obtained at the B3LYJ/6+ (d) level using the
default convergence criteria. To ensure that thamgdry optimised conformations
are at local minima, vibrational frequencies wemdculated using an analytical
Hessian, which provided zero point vibrational gmes, enthalpies, and entropies.
Based on the results a three pathway reaction @ mechanism of BAPO was
proposed. The first and second reactions genetagdame benzoyl radicals and
2,4,6- trimethylbenzoylphenylphosphine oxide radazillustrated in Figure 4.19 (a)
and (b), but the reaction energies for both reastiare insignificantly different as
listed in Table 4.1. ThAG for the first reaction is highest a 1.73 kcal/mompared
to the reaction second, suggesting two differenbfigarations of the 2,4,6-
trimethylbenzoylphenylphosphine oxide radicals whias also been reported in the
literature.* In 2001 Spichty and Turro, published a paper wilculated rational
profiles for the C(O)-P(O) bond for acylphosphinede, in the ground @ and
excited states ¢(&nd T) of the model system using B3LYP and RCIS funalofh”

a) reaction |
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Figure 4.19: Proposed cure mechanism of BAPO at the B3LYP/6+3tiElevel: a)
and b)to produce (1A) (1B)- 2,4,6-trimethylbenzoy)lphphglsphine oxide radical and (2)

benzoyl radical.

On the other hand, the third reaction of cure meisma which generated the
phosphinoyl radical (see Figure 4.20) possesses thvee times higher energy in

comparison with the first and second reactionlastiated in Table 4.1.

a) reaction IlI
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Figure 4.20: Proposed of cure mechanism of BAPO at the B3L8R{G+ (d) level,
to produce (3)-phosphinoyl radical and (2)-benzaylical.

Table 4.1: Reaction energies of BAPO at the B3LYP/6-31G+Hed.

AH (kcal/mol) AG (kcal/mol)

BAPO (reaction I) 47.57 32.83
BAPO (reaction II) 47.13 31.10
BAPO (reaction IlI) 178.75 147.15

The results suggest that the most probable patlevaire cure mechanism of BAPO
is reaction | or Il, which corresponds well withetlreaction observed in the
experimental part for ESI-MS.

The computational studies of TPO showed two possipathways for cure
mechanism. The IV reaction generated the benzaoytaks and diphenylphosphinoyl
radical as illustrated in Figure 4.21 (a).

The fifth reaction produced three radicals as showFigure 4.21 (b) but the reaction
energies for this process are four times higher thareaction IV which is illustrated
in Table 4.2.

a).reaction IV
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Figure 4.21: Proposed cure mechanism of TPO at the B3LYP/6-3}Blevel:
to produce: a) (2) benzoyl radical and @jphenylphosphinoyl radicab), (2)- benzoyl
radical, (3)-phosphinoyl radical and (5) phenyl ieal.

Table 4.2: Reaction energies of TPO at the B3LYP/6-31G+dugl.

AH (kcal/mol) AG (kcal/mol)

TPO (reaction 1V) 51.11 36.21
TPO (reaction V) 210.94 181.55
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The theoretical results for reaction IV correspovell with the experimental part of
this work, in which ESI-MS results showed evidentdwo signals amm/z 147 and
m/z224.

The calculation of activation energy for both phoittators was attempted and
performed with use of a computational method, taficm the stability of BAPO and
TPO and correlation to experimental results. A nemdx trials of this calculation
over four weeks using 4-CPU computer were not ssfaé
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4.5 CONCLUSION

The stability study for both photoinitiators, BARMd TPO, was carried out
using two techniques -ESI-MS andP NMR. The use of these two different
analytical methods allowed complementary infornratio be obtained. For both
methods it was observed that TPO is a more stdiéomitiator than BAPO. Also
the 3’ NMR data confirmed the possible structures ofratdation products of TPO
and BAPO.

The theoretical results correspond well with thpezimental data. By means
of GaussianO3W calculations and experimental evidence thet pabable pathway
of the cure mechanism of BAPO was demonstratedhitiwthe benzoyl and,4,6-
trimethylbenzoylphenylphosphine oxide radical awmd TPO benzoyl radical and
(2,4,6-trimethylbenzoyl)diphenyl-phosphine oxidelical formed. This information
is valuable for further study about the polymermatreaction and products of
photoinitiator/-monomer system and is discussed Ghapter 5. The use of
computational calculation was found to reinforce ttonclusions obtained by the

other analytical methods.

156



Chapter 4 A. Ciechacka

4.6 REFERENCES

[1] Eichler, J., Herz C.P., Natio I., Schnabel W.Photochem198Q 12, 225.

[2] Decker, C., Biry S.Prog. in Org. Coat.1996 29, 81.

[3] Tasdelen, M. A., Levent Demirel, A., Yagci, YEur. Polym. J.,2007, 43,
4423.

[4] Decker, C.Prog. Polym. Sci]1996 21, 593.

[5] Studer, K., Decker C., Beck, E., Schwalm, Rrpg. in Org. Coat.,2003
48101.

[6] Roffey, C.G.,Photopolymerisation of Surface Coating&jley, New York,
1982

[7]  Allen, N.S., Rabek, J.FNew Trends in the Photochemistry of Polymers,
Elsevier Sciences, New York986

[8] Turro, N.J., Ramamurthy, V., Scaiano, J., QModern Moelecular
Photochemistry of Organic MoleculgSppyright, US201Q

[9]  Turro, N., J., Ramamurthy, V., Scaiano, J., Erinciples of Molecular
PhotochemistryCopyright, US 2009

[10] Rabek, J.F.Mechanisms of Photophysical Processes and Photachkem
Reactions in Polymergohn Wiley & Sons]987.

[11] Segurola, J., Allen, N., Edge, M., RobertsPblym. Degrad. Stabil1999 65,

153.

[12] Decker, C., Zahouily, K., Decker, D., Nguydn, Viet, T.,Polymer,2001, 42,
7551.

[13] Kolczak, U., Rist, G., Dietliker, K., Wirz, JJ. Am. Chem.So0c1996 118
6477.

[14] Spichty, M., Turro, N.J., Rist, G., BirbaumLJ Dietliker, K., Wolf, J-P.,
Gescheidt, G., J. Photoch. Photob. A, 2001 142, 209.

157



Chapter Five

An | nvestigation of the Cure mechanism and Polymer
products of Ethyl Cyanoacrylate samples using
LC-MS



Chapter 5 A. Ciechacka

5.1 INTRODUCTION

The photoinitiated polymerisation of multiacrylateonomers and reactive
oligomers is a powerful method to obtain a solidsstinked polymer material.
Photopolymerisation reactions are extensively usethe coating industry for the
surface protection of many materials, includingfediént metals, plastics, glasses,
paper, wood coatings, screen printing, pigmenteatings for textile applicatiof’,
coatings exhibiting a stereoscopic patt&n pigmented primary® and secondary
optical fiber coating¥"”.

Over the years, several types of photoinitiatorehagen developed to induce
the photopolymerisation or photocrosslinking of yéetted systems. Free radical
photoinitiators induce a free radical chain processvhich low molecular weight
monomers and prepolymers are converted by the piiimorof UV-vis light into the
highly crosslinked films. The basic mechanism foly gphotocurable free radical
system involves the formation of free radical spedhrough the absorption of light
by the photoinitiator. The active radical will thettack the monomer, inducing a
chain growth polymerisation. The most important omencial photoinitiators and
monomers employed for industrial applications al®wsn in Table 5.1. The
photophysical and photochemical properties of thetgnitiators are extremely

important in controlling the reactivity and theyositd posses the following properties:
(5]

a) High absorptivity in the region of activation
b) High quantum yield for free radical formation
c) Solubility

d) No- yellowing

e) No- odour

f) Low volatility

g) No toxicity

h) Low migration

i) Cost effectivenes$’
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Table5.1: The most important photoinitiators and monomersiusehe industry[.G]

photoinitiators monomers

[e) (|)Me
Oty
OMe

Darocure 1173 Ciba Geigy

O OMe
OO
—C—N 6]
|
OMe

Irgacure 651- Ciba Geig!

BAPO 2- Ciba Geig!

0o

CH=—=CH—C—0—C,H,

ethyl acrylate

CH

CH=CH—C—O0—CH,— N\

| o
O

methyl 2-(dimethylamino) acrylate

CH—CH,
~

N- Vinyl- pyrrolidone

I
@—O—CHZ—CHZ—O—C—CH=CH2

2-phenoxyethyl acrylate
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5.1.1. Characteristics of Cyanoacrylate Adhesives

Cyanoacrylate adhesives, commonly known as Supesglare defined as
compounds which are capable of forming and maimtgira bond between two
surfaces. They are single component, instant bgndahesives that cure at room
temperature by addition polymerisation initiatedaugsorbed watel”! Cyanoacrylate
was first invented bydarry Coover, at Eastman Chemical Company in th4949
with ethyl cyanoacrylate being one of the monomerder investigation. In 1958,
Eastman Kodak produced its first commercially al@d#é cynoacrylate adhesive

under the name Eastman 930

Several methods are used to synthesise cyanoacrglanomers, among
which the most important industrial process is:ebeatalysed Knoevenagel reaction
followed by thermal depolymerisation under acidenditions to regenerate the
monomer.

The synthesis of cyanoacrylate is based on the &mayel reactio®” as
shown in Figure 5.1. It involves the condensatibfoamaldehyde (methanal) and an
alkyl cyanoacetate. In the first step an enolaternsied from the alkyl cyanide. The
resulting enolate anion acts as a nucleophile #tadks the electrophilic carbon on
the formaldehyde. Then the condensation reacti@arscvhere the hydroxyl group

leaves, thus forming methyl 2- cyanoacrylate.
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B_
{7

N
N\ D N\\/@ i) N ~
\)kjlk/ I o H)J\H 7 °

H (@) H H
J 3

N
—> H)J\Ho

methyl 2-cyanoacrylate

Figure 5.1: Knovenagel reaction showing the synthesis of metitylanoacrylate.

The second step in the industrial method is depetigation of the polymer.
A cyanoacrylate polymer readily depolymerises ithe liquid monomer (crude
monomer) because of the heating of prepolymer. dd@olymerisation process is
carried out at high temperatures-(150° -190°). Thede monomer undergoes a
purification process (distillation) where impurgieare removed. This distillation
process generates a pure monomer which will foromgtbonds between surfaces by
addition polymerisation initiated by adsorbed wat@dditionally, a free radical
inhibitor, such as hydroquinone, prevents the maroondergoing a free radical
polymerisation during storage. A by-product of tHepolymerisation is a 2,4-

dicyanoglutarate as shown in Figure 5.2.
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CN CN
‘ ‘ 150-1906C /CN
H——C——CH,—C H > (n-l)CHZZC
‘ ‘ RJ depolymerisation
CO,R Co, CO,R
prepolymer crude monomer

H

+ H C CH—C
\CO R \CO R
2 2

Figure5.2: Depolymerisation of the polymer based on cyandatyesterst*”!

Initially, the cyanoacrylate adhesives were slowlégelop market acceptance. Firstly,
they were unstable during manufacturing and stor&geondly, consumers were
slow to recognise the advantages of these adheditiese problems were addressed
in the 1970s with the introduction of new manufaetsinto the market and rapid
growth resulted™ Due to their properties, cyanoacrylates may bel tisea wide
range of industries. They are now used in aread scelectronics (component
bonding, circuit boards), the motor industry, thiasgics industry and jewellery
bonding. Cyanoacrylates also have applications gdione and dentistry. The
purpose of these medical adhesives is to replaiteesuafter surgery, whereby the

skin can be glued together until the wound heals.
5.1.2 Chemistry of Cyanoacrylate Adhesives

Cyanoacrylate adhesives consist of mixtures of thiéowing common
components: monomers, initiators, accelerators amlibitors/stabiliser. The
monomer is normally the principal component in thigture and forms the backbone

of the resulting polymer. Accelerators and inhitstare used to control the curing
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rate. An accelerator speeds up the curing reactubrile an inhibitor will stop the
curing process completely.
Monomers in cyanoacrylate adhesive formulations cdassified according to their
odour and are divided into two classes: high odourlow odour. High odor
monomers are the more volatile of the two classelsthese include methyl-or ethyl
cyanoacrylates. Low odour monomers include cyampeaters such ag-methoxyethyl
cyanoacrylate an@l-ethoxyethyl cyanoacrylate hydroxyethyl which aesd volatile
but more expensive. Due to overall cost considematiavailability and performance,
high odor methacrylates are most widely usgt.

The reactivity of cyanoacrylate adhesives is diyectlated to their basic
chemical structure which consists of two electratirawing groups: CN and
COOR™ (Figure 5.3)

CN
H,C—C
C——

RO

Figure 5.3: The structure of a cyanoacrylate monomer, wheiie Re alkyl group,

for example: methyl, ethyl or but"

The presence of the two electron withdrawing groupske the double bond
extremely vulnerable to nucleophilic attack by aalwbase such as,@ or an alcohol.
Also, it makes the resulting anion extremely stdi#eause the negative charge was
pulled across the entire molecule. The cure profogsanionic

polymerisation of cyanoacrylates consists of trstps: initiation, propagation and

termination as shown in Figure 5.4.
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I nitiation Step

The nucleophile (B initiates the reaction (they are frequently Lebhéses.g.
OH', amino acid, etc.) by attacking the C= C doublaedyavhich breaks and forms a
new bond with the nucleophile on one side of thebti®bond. It also forms the anion

on the other side.

Propagation Step

The anion formed in the initiation step attacks theop cyanoacrylate
monomer at the C= C double bond. The bond formedest the anion generated in
the initiation step and the new cyanoacrylate magrorhe reaction forms another
anion, which can than attack another cyanoacrytairomer. The process continues

until it is terminated.

Termination Step

The reaction is terminated by the presence &,Hand particularly by acidic protons
because they react with the growing anion effebtiggienching the reaction. The
cyanoacrylate responds to strong and weak acidifferent ways. The addition of
weak acids inhibits and slows down the polymermsativhereas strong acids stop

polymerisation completely as shown in Figure 5.4.
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initiation

B~ + H,C=—C —> B—CH;,—C "~

CO,R CO,R

propagation

CN CN CN CN
B—CH;/—C,~ + H,c—C —> B—CH;/—C —CHZ—Ci
CO,R CO,R CO,R CO,R
termination
/CN /CN /CN
B—CH,—C +CH2—CH2— C%C - + H
N AN
CO,R CO,R CO,R
/CN /CN /CN
—_— B—CHz—CiPCHZ—CHZ— cd—CH\
n
CO,R CO,R CO,R

Figure5.4: The cure mechanism of cyanoacrylate adhesives.

Other components present in cyanoacrylates incladdifiers, which are
added to adhesives in order to obtain desired palygiroperties and the required
appearance. Modifiers include tougheners which recddhe impact resistance and
the peel strength of the adhesives. A rubbery camgasuch as chlorosulphonated
polyethylene is sometimes added to achieve thiastielsers, such as aliphatic
diesters and alkyl phthalates are added to imptbgeheat resistance of adhesives

and reduce brittleneds”
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5.2 SCOPE OF RESEARCH

In this chapter the formulation of photoinitiatonbnomer is prepared and the
resultant compounds are characterised using LC-Wf& pathways of the cure
mechanism of the both photoinitiators (BAPO and J/P@thyl cyanoacrylate (CA)
monomer are investigated. Analytical experimentseweerformed using an ESI-MS
system. The products of polymerisation for ethyl @4&d the photoinitiator/ - ethyl
CA system were studied, and a comparison of sampdest in dark in room
temperature and exposed to sun light and ambight Wwas made. Additionally, the
effect of the elevated temperatures, 55° C andC83 the polymerisation products of

photoinitiator/- ethyl CA kept in dark and lightraditions were assessed.
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5.3 MATERIALS AND METHODS

5.3.1 Instrumentation

5.3.1.1 Liquid chromatography-Mass spectrometry

The MS and LC-MS experiments were performed asribestin Chapter 4 in section
43.1.1

5.3.1.2 UV Power Meter

Light intensity was measured using a UV Power Me@hl's Model 306.
Calibration accuracy was within +/-3% and was NI8&ceable. Measurement
repeatability was within +/-1%. It was auto rangiingm 0.1 to 1999 mW/cfull
scale and has 15 linearity in this range.

5.3.2Chemicals

Bis-(2,4,6- trimethylbenzoyl)phenylphosphine oxidigacure 819 or BAPO)
photoinitiator, (2,4,6-trimethylbenzoyl)diphenyl@phine oxide (TPO or Darocur)
photoinitiators, ferrocene, and ethyl cyanoacryl@hyl CA) samples were all
obtained from Henkel Technologies Center (Iicetonitrile (Romil-SpS Super

Purity Solvent) and water were purchased from La&r(ivh)
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5.3.3 Procedures

5.3.3.1 Preparation of mobile phase

The mobile phase for LC-MS was a mixture of wategtanitrile [90/10, v/v]
and was filtered using PTFE filter under vacuum aadicated for 20 to 30 min to

remove dissolved gases.

5.3.3.2 Preparation of formulation of ethyl cyanoacrylate (ethyl CA)

Formulation of ethyl CA

Compound Value (g)
ethyl cyanoacrylate (ethyl CA)- 48.835
stabiliser 0.91
ferrocene 0.005
BAPO or TPO 0.25

The formulation was stirred for 15 min to complgtdissolve the components,
and then transferred to clear or amber tubes. @Qlbas were exposed to the sunlight
and ambient light. Amber tubes were protected fligit stored at room temperature

and at 55° C and 82 ° C temperatures in a heatedarp
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5.3.3.3 Preparation of formulation of ethyl cyanoacrylate (ethyl CA) for LC-MS

analysis

The polymerisation procedure was as follows: 5 miL GH;CN was
transferred into a 25 mL volumetric flask, than5g2f ethyl CA formulation was
added to the flask followed by 2.5 mL of deioniseater. The mixture was stirred for
15 min to polymerise the ethyl cyanoacrylate. Thetune was made up to the mark
with CHzCN. The solution was stirred for 15 min to dissaive polymer completely.

The samples were then injected directly onto theM & system.
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5.4 RESULTS AND DISCUSSION

5.4.1 Cure mechanism of ethyl CA oligomers

To aid in assigning the mixture of BAPO/ ethyl G#etanalogous experiment
was carried out for only ethyl CA without photoiator for dark conditions at room
temperature, see section 5.3.3.3. A possible camtibm of oligomer products from
ethyl CA are depicted in Figure 5.5.

CN

HO— CH;— C H

CO,CH,CH
n=3,4,5

m/z416, 542,666

|CN |CN |CN
CO,CH,CH CO,CH,CH, CO,CH,CHj
2 n=3,4,5
m/z386 m/z446, 57,696
CN CN
CH/—C—CH;—C H
CO,CH,CH
n=4,5
m/z592 717
IM+Na]*

Figure 5.5: Proposed structures of ethyl CA oligomers, for das\ept in dark at

room temperature.
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Focusing on the (+) ESI-MS results for three défdrions (three different types of
oligomers), three series are clearly present andg gavidence for the range of
oligomeric products from the polymerisation of éti§A (see (+) ESI-MS mass

spectrum in Figure 5.6 and 5.7). The mass diffexaricl25 amu is common in the (+)
ESI-MS spectrum and corresponds to the repeabiiethyl CA (ethyl cyanoacrylate,

MW 125). In the (+) ESI-MS spectrum (Figures 5.@ &n7) the most intense peaks
were the sodium adducts.

416.1
1009 1

75%7
541.3

50%; 125 amu

446.1 « _125am_ 6662
25% 17 125 amu 2711 696.2
386.1 il » 125 amu ;I
0% I gl |.||| . “ L bkl ik b .
400 500 600 700

m/z

Figure5.6: (+) ESI-MS mass spectrum of two series of oligomers

1009 983.4
75%
50%; 761.4
386.4 636.4
25061 «—220amu »]  125am
000 . | - L Ll ek n lln I'lhll.J'I ll 1.
300 400 500 600 700 800 900
m/z

Figure5.7: (+) ESI-MS mass spectrum of oligomers.
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Polymerisation reactions of all three types of afigers were initiated by water
molecules as illustrated in Figures 5.8, 5.9, @40 5.11. Interestingly, two steps of
the cure mechanism, initiation and propagation weeesame for the three oligomers
and only the last step-termination was different.the first step the molecules of
water attack the C=C double bond, which breaks fanms a new bond with the
nucleophile on one side of the double bond anditien on the other side. The anion
formed in the initiation step attacks another ef@ monomer to produce a longer
chain. The repeat mass of 125 is present in thetste of every type of oligomer.

In the termination step for the oligomerratz416 (see Figure 5.8) the anion which
formed in the propagation step reacts with thegroihich completely stops the
polymerisation process, as shown in Figure 5.8. @dteway of another oligomer at
m/z 386 is illustrated in Figure 5.9. It was postuththat the oligomer could be
formed by elimination of the Ci. In 2008, Henkel Loctite Technology Center
analysed of formaldehyde in cyanoacrylate estengugiulse polarography. The
results suggested that @B is released after polymerisation possibly dusdme
degradation of the monomét®! This is in contrast to the termination step of tiest
oligomer, when the C¥D and proton was added to generate the new oligaser
shown in Figure 5.10. The pathway of the last atigo with m/z 592, 717 is
illustrated in Figure 5.11. This oligomer is pos$giformed by elimination of
CH3;CH,OH for the first reaction and GQand HO for the second reaction (see
Figure 5.11 (b)).
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I. INITIATION
/—\ CN H CN
= N/ AN /
) + CH,~—C — > O—CH,—C
VRN AN AN
u CO,CH, CO,C,H,
Il. PROPAGATION

N+ A~ "\ /N e

O—cCH;—C_ + CH=C —_— /O— CHZ—C\— CH—C
CO,C,H, COCH, COCH, CO,CH;
H CcN CcN N

"N\t »—\E Nt / % /

d—cn —c —cH —c— H; —c\ o— CHZ—C\— CHZ—C\\— CH—C
/ \co C,H, co CH, COCHs H CO,CH,  'COCH, COCH;

11l. TERMINATION
N CcN CcN

—C — CH;—C—CH;—C—H
CO,CH,  COCH;,  COCH,

2 u 125 amu 125 amu 125 amu 125 amu
m/z416 —— > m/z541 — > m/z666 m/z791 m/z916 ————— m/z1041

Figure 5.8: Proposed cure mechanism for oligomers at m/z 4¥4, &hd 666,

[M+Na] * for samples kept in dark.
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. INIMATION
/\ ON ON
- N/ N
/o\ + CHZZC\ — O—CHZ—Ci
H COLCH; I—/ CO,C,Hs
I PROPAGATION
CN CN CN
"N+ N N /
O—cH; C{ + c@ \ O— CH—C —CH—C_
COLHs COLCH; H COLCH; COCHy
CN C CN CN CN CN
A+ ~N/ H\+ L /
O—aH—C—cH—C.  + CH=C¢ —> O—CH/—G—CH/—C—CH; c\
/ COCH, / CO,CH, CO.CH, CO,CH,
H CO,CH, CO,C,H, 225 H 2725 272 %5 22’5

250 amu 125 amu 250 amu
m/z386 ——— > M/z636 — » m/z761—— > m/z1011

Figure 5.9: Proposed cure mechanism for oligomers at m/z 886, 761 and 1011,

[M+Na] * for samples kept in dark.
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I. INITIATION
/—\ oN
" N /
CH=C —> O—cH~—C
/ N Neo,c i / N
H H 225 CO,C,H,
Il. PROPAGATION
H CN CN CN CN
N+ NS "N / /
O—cH/—C_  + ch=—C  ——> O—CHy/—C—CH/—C
CO,C,H, \cozcsz H/ CO,CH,  CO,CH,
CN CN CN
N /M—\E "N+ / / /
O— CH;—C —CH —c— H, —c\ o— CHZ—C\— CHZ—C\T CH—C
/ CO,C,H, co C,H, COCH; H CO,CH,  CO,CH;, COC,H
Ill. TERMINATION
0]
CN CN N CcN N CN
"Nt / / / C;/ N / / )
O—CH;/—C —CH;—C—CH,—¢C + H—C ——— /O—CH—02 —CH;/—C—CH;—€—C-0
/ N \ N\ \ \ N
H CO,C,Hs COCoH; H CO,C,H; CO,CoH; CO,C,H
CO,C,H, 22
CN CN CN
HO—CH;——C —— CH;—C— CH;—C—C—OH
CO,CH, CO,C,H, co CH.

125 125
m/z446 —— > m/z571 —— » m/z696

Figure 5.10: Proposed cure mechanism for oligomers at m/z 444, &d 696,

[M+Na] * for samples kept in dark.
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Chapter 5
I. INITIATION
CN H CN
N N/ N\t /
/O\ + CH2=C\ O—CH,—C
H H COLCH |./ \COZCZHs
Il. PROPAGATION
H CN CN CN
N\t e T Ve N / /
O—CH;—C + CH,=—C —> O—CH,— C\\— CH— C\
COLCoH; CO,C,H; H/ COCH,  COLCH;
o CN H CN CN CN
N VA e e W Nt / / /
O—CH —C —CH/—C_ + HZ—C\ — /O—CHZ—C\\—CHZ—C—CHZ—C\
COCH,  COCH, COLCH; H COCH, COCH, COCH,
Ill. TERMINATION
H\ oN
O—CH —cC +CH —CA}CH —c— — >  HO—cH—C +CH —c% H
H/ CO,C,H, co Ch, c 0,CH,
A
CN N CN N
| T HH,0 | T
HO—CH,—C +CH2—C% H HO—CH,—C +CH —c% H
I | s -CH,CH,OH | [ s
COLCHg COLCoHs C\ CO,CHg
C/ OH
B.

CN 1 H20 Cl:N TN
(HE—CHZ'{/| + H—C% H 2: Cq CH/=—=C +CH2—(|:%‘4H
C
C/COH

co C,Hs CO,C,H,

Figure 5.11: Proposed cure mechanism for oligomers at m/z 59@ an7 for

samples kept in dark.
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The major peaks of ethyl CA oligomers were assidgmesked on tandem mass
spectrometry (MS/MS) dissociation patterns to gaveonsistent explanation of the
observed spectrum. The KISf the oligomer at m/z 386, [M+Na]showed
fragmentation corresponding to the loss of oneld&ft#y monomer (to given/z261,
[M+Na]"). From the (+) ESI-MS/MS afn/z 261 another product ion ofi/z 148 was
detected, which was identified as ethyl CA monorasrthe sodium adduct.

The (+) ESI-MS/MS for the oligomer at/z416 formed product ions at/z386 and
m/z136 which is shown in Figure 5.12. The productabm/z386 was formed most
likely by loss of CHO from the precursor ion an/z 416. The ion aim/z 136

corresponds to the loss of two molecules of etiyln@®nomer and CpO.

c|:N
HO— CHy— C——H
CO,CH,CH,{|
— —3
m/z416
CH,0- on
CHz—l
ICOZCHZCH3
TN TN TN TN
H—C—CH,— C—CH,~— C—H H—<|3_H
CO,CH,CH, CO,CH,CH, CO,CH,CH, CO,CH,CH,
m/z386 m/z136

IM+Na]*

Figure5.12: Proposed mass fragmentation of product at m/z 416.
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5.4.2 BAPO /ethyl CA system in samples kept in darind exposed to the light

The photolysis products of bis(2,4,6-trimethylbeyigghenylphosphine oxide
(BAPO) are of special interest for several reasdiist, BAPO is a widely used
commercially available photoinitiatdt’! This photoinitiator may fragment to yield a
phosphorus centered radical species which initiptdgmerisation (see Table 5.2).
While it is likely that a radical will form duringphotodisociation of the BAPO, a
bond cleavage to either side of the phosphorus atmy occur throughout the
reaction. Furthermore, acylphosphine oxide has Istmwn to be highly reactive
toward acrylates with the high reactivity ascribed the phosphinoyl radicals

generated during photodisociatiétf!

Table 5.2 Radicals considered as potential initiating species

Parent compound Potential Initiating Radical Species

O
VRN : : _
OH
water A B C
CHaﬁ i) ﬁH:«C CH3|C|) cl) |c|)ch |0
HSCQ—C—P—C@CHa H3C—Q—c- P—c~§37c,43 P
CH, © H,C - H.C ©
Irgacure 819 D E =
_C/CN ~CN _CN _-CN
CH— CH;—C CH—C CH/~—C
COLoMs CO,CH, co
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Initially, ESI mass spectrometry (in positive aslives negative mode) was
used to investigate the spectrum of polymer pradatthe complex BAPO mediated
bulk ethyl CA polymerisation initiated by light (sight and ambient light) and dark
condition at room temperature. Additionally, spaatf polymerisation products for
samples kept in the dark at temperatures of batlC5&nd 82° C were also analysed.
Figure 5.13 clearly shows the mass spectrum okttheaction products for samples
kept in dark for 24 h at 82° C. Polymerisation teoéd polymer did not occur for the
samples maintained for 24 h at 82° C nor for tmepdes kept at 55° C.

545.3
100%; T 701.8

75%7
50% 415.2

25%

09— ‘ ‘Hﬂ”,MMMUmu el \“UW\‘\J;HugHﬂHIHi Lot bl il \ , \‘H\L Mi"\,\“ H’\ Hum,
400 450 500 550 600 650 700 750
m/z

Figure 5.13: (+) LC-MS mass spectrum of reaction products of 8BABthyl CA for
samples kept in dark, after 24 h at 82°C.

Possible combination products generated as a rekthie reaction of ethyl CA and

BAPO are given in Figure 5.14.
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CHO O
P el S
CH, CH,
m/z41% m/z545
CN T OH,C
H CH2—C|: L—o—ﬂ— H,
(|:OZCHZCH3 © H,C
s

m/z702

IM+Na]”
IM+H]

Figure 5.14. Probable structure derived from (+) ESI- MS distrilons for the
oligomer sample prepared by reaction at 82° C famples kept in dark after 24 h

For all these ions ah/z415,m/z545 andm/z702, both the initial photolysis product
fragments of BAPOife. D and E refer to Table 5.2) initiated or comphetstiopped
polymerisation. The first oligomer productratz415 might possibly be formed by a
chain reaction that consisted of the sequentigdsste initiation, propagation and
termination, as illustrated in Figure 5.15 The podyisation reaction was initiated by
water. The initiating groups in water are the bdmsidroxide ions (OH which starts
the reaction by attacking the monomer moleculeyl &td\, (C=C double bond) and
also form the anion on the another side ,see ikiatian reaction. In the propagation
step another ethyl CA monomer is added to produoager-chain. In the next step,
the anion formed in the propagation reaction atacky one of the carbongroups
of the photoinitiator (BAPO) and stops polymerisaticompletely, forming a
oligomer product ain/z415 and 2,4,6-trimethylphenylphosphine oxide llastrated
in Figure 5.15 (termination step).
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I. INITIATION
/\ CN H CN
. / \ + Z
/o\ + CH/=—C — O—CHZ—C\
H H CO,C,H, H CO,C,H,
Il. PROPAGATION
H CN H CN CN
Nzt vy S N\ 4 /
O—CH;—C + CH,=—C o— CHZ—C\\— CHZ—C\
H \c02C2H5 CO,CH, CO,C,H, CO,C,H,
lll. TERMINATION

H CN CN 3
N+ / / | |
O—CHz—C\—CHz—C + HC —Cc—pP—=<C CH, — >
/ CO,C,H, CO,C,H,

H

O L
——>  HO—fCH—C c CH, + H—P—<C CH,
COCHCH,|  y H,C

Figure 5.15: Proposed cure mechanism for reaction product at4tf.
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The positive mode ESI-MS/MS spectrum of the ionmét 415 shows three

main product ions ain/z290, 399 anan/z 147. The most intense peak, observed at

m/z 290, [M+HT, indicates the elimination of ethyl CA monomer ewlle from the

precursor ion, as described in Figure 5.16. Thelymbion atm/z 399 could not

rationalised. The formation oh/z147 from the precursor ion can be rationalised via

a six-membered transition state, where a protontaasferred from a Cigroup.

HO

m/z147F
n
HO— CH;—C c H,
CO,CH,CH, SH
2 3
m/z41%
CN
[
CH—C
lcochch
D
HO—CH;—C c H,
CO,CH,CH, CH
3
m/z29C

IM+H]"

Figure 5.16: Proposed mass fragmentation of reaction produet445.
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The other product of oligomerisationrafz545 was formed possibly by nucleophilic
oligomerisation. In the first step— the initiatigtep-the product of the hydrolytic
reaction of BAPO, the 2,4,6-trimethylbenzoylpheingpphinic oxide initiates the

reaction by attacking the C=C double bond , whickaks and forms a new bond with
the nucleophile on one side of the double bondlsib forms the anion on the other
side. The anion formed in the initiation step dtaanother ethyl CA monomer at the
C=C double bond, and in result forms another anld® addition of acidic proton in

the termination step stopped polymerisation corepteds illustrated in Figure 5.17.

. INITIATION

CH,O om oN o o
Q [ 1 2% il

—C—P—H + CH2= —C—P— H—C + W
© Neo ,CoHs © co ,CoHs
CH,
Il. PROPAGATION
CH,O ©O

cH CO,CH;, COCH
CH3 272 5 2725

3 CN CN CH, o}
CN CN
e S N N e e % .~
3 N ; N E—— H,C —C—P——CH;—C—CH;—C_
© CO,C,H, CO,C,H, AN N\
3

lIl. TERMINATION

CN /CN C /CN
—C—P—CH —C—CH C + H —>HC —C—P—CH —C CH;,—CH
CO C,Hs

{ co CHs l co CH, \C02C2H5

Figure5.17: Proposed cure mechanism for reaction product at54&
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The (+) ESI MS/MS of the iom/z545 yielded the product ions @i’z 420 andm/z
295 (see Figure 5.18). The ionmatz420 exhibiting a loss of 125 amu is proposed to
be formed by elimination of one monomer moleculetblyl CA from the precursor
ion. The other product ion ain/z 295 was formed possibly by the loss of two
monomer molecules of the ethyl CA. This ion was nideed as 2,4,6-
trimethylbenzoylphenylphosphine oxide. All the fnagnt ionsm/z545,m/z420 and
m/z295 were analysed as to be sodium adducts, (owitlte presence of sodium ion
in solution employed as the mobile phase).

T
C—P—CH;—C H
CH, © loZCHZCH3
2

m/z54%
CN
| i
CHZ_T - - CH2—(|2
CO,CH,CH, CoycneH,
2

19T sl
H,C C—P—CH;—C—H e e
CH, CO,CH,CH, s
m/z420 m/z29%

IM+Na]”

Figure 5.18: Proposed mass fragmentation ((+) ESI-MS/MS) of tieacproduct at
m/z 545

The last reaction product at/z702 for samples kept in the dark was possibly farme
by the same pathway as for the productndt 415. The oligomerisation reaction is
also initiated by water attack on the ethyl CA mmeo and formation of the anion on
the other side. In the propagation step for thgootierisation product ah/z702 one

more monomer (ethyl CA) was added in comparisortht reaction pathway of
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product atm/z 415. Only the termination step was different. Thime the anion
which was formed in the propagation step attackex ghosphorous atom of the
photoinitiator (BAPO) and formed an oligomerisatigroduct atm/z 702 and 2,4,6-
trimethylbenzoic acid, and stopped completely tbkyrperisation process.

The (+) ESI MS/MS of the ion ah/z 702 yielded the product ions corresponding to
m/z 545 and aim/z 415, as shown in Figure 5.19. The product iommét 545 is
formed by elimination of the one monomer moleculetbyl CA from the precursor
ion and oxygen molecul@he other product ion a/z415 was possibly formed by a
loss of 249 Da which is proposed to be eliminatadnone ethyl CA monomer

molecule and phosphinoyl radical from the precursor

CN o
HO CHrc:: ﬂ H,

CO,CH,CH, én,

2

b
@/I m/z41%
CH

m/z702

m/z54%

IM+Na]*
IM+H]

Figure 5.19: Proposed mass fragmentation of reaction produeht 702.
The negative mode ESI-MS spectrum of the reacti@uyrts, obtained at
temperature of 325°C, showed one main fragmenaion'z406. The ion am/z406

was also possibly formed by nucleophilic attack ofhe 2,4,6-
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trimethylbenzoylphenylphosphineoxide, but this tiroely one-two step addition
across the double bond was involved. In the firdeps the 2,46 -
trimethylbenzoylphenylphosphine oxide initiates treaction with ethyl CA, by
attacking the C=C double bond of this monomer. i product is attacked by one
molecule of water at the phosphorous atom and gesser new reaction product at
m/z 267 and 2,4,6-trimethylbenzaldehyde which easiydises giving a 2,4,6—
trimethylbenzoic acid as illustrated in Figure 5.4C). In the next step,
phenylphosphonic acid reacted with productrét 267(see Figure 5.20 D) forming

the reaction product at/z406 with elimination one molecule of water.

CH, 0 |O OH,C

CHao o |C|)ch N |3
H@Q—cgc@— —» HCQ—!—OH + B_C@

B.

CH, O Om oN CH,0 O oN
HacQ—lli—ll—H + CHZQ/ —_— chQ—Cl—lFl’—CHz—Cg\

- \C02C2H5 o, CO,C,H;
C.

CH, T 0 oN 0 o ,
6 + HC —| —|||>—CH—CH/ —_— ” q ”
/ \ 3 C 5 \ HO—pP —CHZ—cQ\ + H,C — C—H
H H CO,C,H, CO,C,H,

CH, CH

HO—P—OH + HO—P—CH—

Figure 5.20: Proposed cure mechanism for reaction product at406.
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On the other hand, for samples exposed to lighptigmerisation process is
much faster. The polymerisation products of BAP®WECA were monitored over
24 h, and a comparison was made between samplesezk the ambient light and
sunlight. When the mixture of BAPO/ ethyl CA wageged to laboratory light after
5 h one new peak at/z410 was clearly observed.

The reaction product was probably formed by a cheaation: initiation, propagation
and termination as illustrated in Figure 5.21. Ine tfirst step, the 2,4,6-
trimethylbenzoylphenylphosphine oxide initiates thacleophilic polymerisation
reaction of ethyl CA monomer as illustrated in Fegyb.21 (B). The last reaction,
termination, the phosphorous radical is attackedohg molecule of water and

generates a new polymer productreiz410, as illustrated in Figure 5.21.
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CH3|(|) |o O|HSC CH3i|) (|) 0|H3C
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2
CH, H,C CH, H.C
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I. INITIATION
CH,O0 O m cH.0 ©
CN 3 oN
eSS~ e I %
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[ A~ S | / /
HC _C_P_CHZ_C\ + CH/=—C_ —— > HC —C—P—CHZ—C—CHZ—C\
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CH, CH,
11l. TERMINATION
CH; 0 O CH,0 O
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I / / [ / /
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CH,0
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H,C (dP—CHZ—C\—CHZ—CH\ — e C o+ /> .—CHZ—C\—CHZ—ctI\
CO,CH,  'COLCHs . CO,C,H,  "CO,CH,
CH, CH, /O\
H H
CN CN C|>H N CN CN (l)H
H CH; CHz Pgo H H CH; CH;—P=0
CO,C,H,  CO,C,H,

CO,C,Hg CO,C,Hg

Figure 5.21: Proposed cure mechanism for polymerisation prodtich/z 410.
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In the (+) ESI MS/MS spectrum of the polymerisatimoduct ofm/z 410, product
ion of m/z336 was observed. This product ion was possibijnéal by a loss of 74
Da from the precursor ion. The (+) ESI- MS/MSnakz 336 gave rise to two different
charge-induced mechanisms: elimination of 44 Daeg®rs fragment iom/z 292
whereas elimination of 74 Da gan€z262.

Interestingly, it was found that the polymerisatmocess of BAPO/ ethyl CA system
exposed to sunlight was much more rapid when coatpbdan the same system
photoinitiator/ monomer under ambient light cormhs. For samples in sunlight a
new polymer product ah/z691 was detected after one hour. Polymerisatiaotien
was also initiated by the nucleophile 2,4,6-triptiinzoylphenylphosphine oxide
which attacks the monomer ethyl CA, as illustratedrigure 5.22 (B). The second
step of the polymerisation process, involved anogieyl CA monomer being added
to produce a longer chain. In the termination stdg anion formed in the
propagation reaction attacked only one of the aayb@atoms of photoinitiator
(BAPO) and stopped polymerisation completely, fergnpolymerisation product at
m/z691 and 2,4,6-trimethylbenzoylphenylphosphine axide

The termination reaction, when the polymer aniciacked the photoinitiator was

similar to the one observed for curing mechanismpadymer products ah/z415.
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Figure 5.22: Proposed cure mechanism for polymerisation prodtich/z 691.

191



Chapter 5 A. Ciechacka

The positive mode ESI-MS/MS spectrum of the polymeduct atm/z691 resulted
in three main products ion at/z645, 520 and 294. The product iom@z645 can be
formed by loss of 46 Da from the precursor ion. phaduct ion am/z520 might be
formed by losing 171 Da from the ionratz691 and the product ion at/z294 was
possibly formed by losing 397 Da from the precuisaras illustrated in Figure 5.23.
The product ion at m/z 294 may correspond to the 2,4,6-
trimethylbenzoylphenylphosphine oxide radical, sodiadduct.

N TN ﬁc»—l3
—C c—% >—CH3
CH3|T ﬁ |CN ﬁCH3 |0020H20H He CH3| ﬁ
Hac—Q—c—p cHz—cl o CH, i ch—Q—c—P-
CH, © CO,CH,CH HC CH, ©
2

m/z6912 m/z294

IM+Na]”

Figure 5.23: Proposed dissociation of polymerisation producinét 691.
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5.4.3.TPO /ethyl CA system in samples kept in dark and gosed to light

The cure mechanism study and polymerisation predotBAPO/ ethyl CA
system was investigated over 48 h and a compant@amples kept in the dark at
room temperature, 55°C and 82° to samples expasédht (sunlight and ambient
light) was performed. The same experimental setwap employed to investigate
TPO/ ethyl CA system.

As mentioned previously, TPO is a much more stpht#oinitiator than BAPO.

The ESI-MS analysis of the TPO/ethyl CA system stabihat after 48 h the signal at
m/z371 was still observed in dark (for all temperat)rand also under ambient light
conditions, which meant that this reaction is nbtamed easily for TPO and ethyl
CA monomer, even at a temperature of 82° C. Howawedler sunlight conditions

after 3 h the polymerisation product of TPO/ethyl @onomer is observed as shown
in Figure 5.24.

ﬁ |CN |(|)HSC
© |COZCHZCH , HC

m/z6212
IM+Na]”
Figure 5.24: Proposed structure of polymer products of TPOle@& monomer for

samples exposed to sunlight after 3 h.

The structure of this product is very similar te gholymerisation product of BAPO/
ethyl CA (m/z691) under sunlight conditions, see Figure 5.28o0Ahe pathway of
the cure mechanism is similar to that depictedigufe 5.25. The only difference is

the speed of polymerisation which for the TPO/et@ system needed three hours
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to form the product, whereas for of the BAPO/ mororsystem the reaction took
only one hour.

Figure 5.25 show that the diphenylphospine oxideleaphile attacks the C=C

double bond of ethyl CA monomer and forms the amionhe other side of molecule.
The second step of-propagation and the last stéprwiination, both have the same
pathway as for the polymer product of BAPO/ ethyl @hder sunlight conditions. In

the propagation step another ethyl CA monomer deddto form longer chain

product. In the last step, the anion formed in phepagation reaction attacks the
carbonyl atom of photoinitiator (TPO) and stops thelymerisation process

completely, generating a polymer productrdz621 and diphenylphosphine oxide.
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I. INITIATION

P—H + CH2=C\ — P—CH,—C_~ + H
CO,C,Hg CO,C,Hy

@_ﬁ/—\ ~N . @ |T oN

II. PROPAGATION

Figure 5.25: Proposed cure mechanism for polymerisation prodtich/z 621.

The resulting (+) ESI-MS/MS mass spectrum of polymeduct atm/z 621

in the mass range 200-660zis presented in Figure 5.26.
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10094]
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349.3
50%; 496.2
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224.2 295.3 ‘ \
0% T I i A . L d
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Figure 5.26: Mass spectrum of polymer product at m/z 621 inighinafter 3 h.

The (+) ESI-MS/MS mass spectrum of precursor mofz 621 showed five
main product ions am/z 224, 295, 348, 450 and 496. The most intense peak,
observed am/z 450, indicates the elimination of diphenylphosghoxide from the
precursor ion. Also, the product ionratz295, [M+ NaJ, was formed by elimination
of diphenylphosphine oxide and one of the ethyl @Anomer molecule. Another
product ion aim/z496 may possibly be the result reaction of phatiator with the
product of initiation step. The product ionmfz 349 could possibly be generated by
a loss of 2,4,6-trimethylbenzoyl radical and etGy monomer. This ion is a sodium
adduct like the fragment ion at/z 224, [M+Na], which probably was formed by a
loss of two monomer molecules and 2,4,6-trimethydogl radical from the
precursor ion. This fragment ion @aW/z 224, [M+Na] was discussed in Chapter 4.

Possible structures of all fragment ions are itatsd in Figure 5.27.
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Figure5.27: Proposed mass fragmentation of polymerisation pcoat m/z 621.
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5.4.4 Effect of photoinitiators concentration and pesence of stabiliser

Electrospray ionisation was employed to identifyd anharacterise the
polymerisation products of ethyl CA monomer withotwhotoinitiators: BAPO and
TPO. The speed of the cure reaction in relatioth&intensity of the sunlight was
also investigated.

The speed of the cure mechanism was measured rattesoperature for samples of
BAPO/ethyl CA, TPO/ethyl CA and with addition ofrfecene. The samples were
exposed to the sunlight. The intensity of the gimlivas controlled and kept between
1.0 —1.2 mW/crhfor all experiments. The amount of photoinitiateed affected the

speed of the polymerisation reaction. The highe®P® concentration was

associated with the shortest curing time. Figug8 Seveals the longest cure time for
the lowest concentration of BAPO. However the fsisteiring process was achieved

for 0.5% BAPO in conjunction with ferrocene.

30 -
25

20

15
10 -
5
: | | [

Bapo 0.5% Bapo 2% Bapo 5% Bapo 0.5%/ Ferr

time [min]

Figure 5.28 Graphic representation of the speed of the polysa¢ion over time in
samples with different concentration (0.5%, 2% &#t) of BAPO and with addition
of ferrocene (0.01%) under sunlight conditions.
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This counterintuitive behaviour can be rationaligedfollows: cure speed is much
faster in the lowest concentration (0.5%) of phat@tor in presence of ferrocene
(stabiliser), this means that the ferrocene in@eathe ratio of reaction in the
following way:

a) by functioning as a reducing agent to conversphinoyl radical to a 2,4,6-
trimethylbenzoylphenylphosphine oxide (see Figurg95(C)) which then causes
nucleophilic polymerisation of the cyanoacrylate,

b) the ferrocene radical cation can than react with trimethyl benzoyl radical to

form the monobenzoylferrocene (see Figure 5.29.(D))
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© H,C H,C
D ‘|3Hsc |C|)H3C
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E.
CH,0 O CN CH3ﬁ) ﬁ ICN
HBCQ_L'J,H b N ot—b—com —= chQ_c_p on—t——
CH, © CH, COR ¥

Figure 5.29: Proposed reaction between photoinitiator—-BAPO ardocene.

Figure 5.30 shows the effect of both photoinitiafarith and without stabiliser, on
the curing speed. The concentration of both phdtatars was the same (0.5%).
The shortest curing time was observed for BAPO J@iocene and the longest

curing time was noted for TPO without ferrocene.e3é results confirmed the
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findings of a previous study of the stability amctivity of both photoinitiators and

were discussed in Chapter 4.
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Figure 5.30: Graphic representation of the speed of the polygaéon versus time in
BAPO, (0.5%) and TPO (0.5%BAPO and TPO with ferrocene (0.01%). Samples

exposed to sunlight.
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5.5 CONCLUSION

An LC-MS method was successfully developed for ithesstigation of the
photoinitiator/-monomer system. Using mass speaitoyn products of the
polymerisation of photoinitiator/ethyl CA mixtureene identified. Firstly, the nature
of reaction products originating from hydrolysis thfe BAPO photoinitiator and
subsequent nucleophilic reactions involving thenogerylate ester were identified.
The reactions occur in the dark and progress witle until all hydrolysable BAPO
functions have been consumed. Secondly, a mechafosnthe light activated
polymerisation of the cyanoacrylate ester in tresspnce of BAPO and ferrocene was
proposed. The key aspect of this mechanism isalleeof the ferrocene as a reductant
facilitating the formation of the phosphine oxidéigh in turn imitates nucleophilic
polymerisation of the cyanoacrylate ester.

Positive mode electrospray ionisation mass speétgnhas also been shown to be
an efficient tool to determine the number of repedts in ethyl CA oligomers.

An investigation of the speed of the curing reacted both photoinitiators/
monomer systems with and without the addition ofdeene was performed using a
UV Power Meter and it was determined that the &stere mechanism was achieved
for the BAPO/ ethyl CA system in the presence afofeene.
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6.1 OVERALL CONCLUSIONS

The aim of this work was to determine the chemigathways of
photoinitiators and study how these pathways aftfeetcuring mechanism. The work
described in this thesis provides novel insights tihe understanding of the
mechanisms and behavior of photoinitiators usetiercuring process.

A selection of analytical methods was used in wusk to characterise the
cleavable photoinitiators, BAPO and TPO. The amesytmethods facilitated the
understanding of the chemistry and photochemidttiiegse two photoinitiators.

The separation principles of capillary electrops@e and liquid
chromatography are very different. However, thege dnalytical separation methods
were used as complementary tools for the deterromaif the stability of BAPO
under different formulation conditions. It was fauthat BAPO readily hydrolysis in
presence of a Lewis acid and does not undergofisigni hydrolysis in the presence
of a protonic acid. The effect of a stabiliser (deene) served to minimise the
hydrolysis of BAPO by complexing with a Lewis acahd thereby reducing its
hydrolytic influence. The CE method was shown tosehdhirty six times the
separation efficiency of HPLC and the runtime restlito 4 min when CE was used.
In order to characterise the photoinitiators, thregictions and the cure mechanism
LC-MS was used. It was chosen because of the #ila® separation and MS
detection capability.

Mass spectrometry, is an essential analytical toolelucidation of the
chemical mechanisms associated with the photdioisa under study. The
photodegradation of products and degradation @atior both photoinitiators was
studied. For BAPO the results showed two possildgratiation reactions: light
catalysed degradation and hydrolytic degradatioamrthis work it is clear that the
hydrolysis of BAPO can occur by either nucleophditack at the carbon or at the
phosphorus atom. The presence of the carbonyl cadmsves to increase the
electrophilic nature of the phosphorus atom. HEBBEO, with two such functional
groups, is more prone to hydrolysis at the phoghatom when compared to TPO.
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The results obtained from LC-MS were found to bgaod agreement with
nuclear magnetic resonance spectrosqdR) and computational studies. ESI-MS
together with  NMR provided a useful combination data for monitoring
photodegradation products and stability of the pimitiators under study. Both
methods confirmed that TPO was more stable phatator than BAPO.

The theoretical results presented some possiblevagt for the cure mechanism for
both photoinitiators. The scheme suggested for BAR3 via benzoyl and,4,6-
trimethylbenzoylphenylphosphine oxide radicals #rdTPO that the benzoyl radical
and (2,4,6-trimethylbenzoyl) diphenyl-phosphinedexiadical were formed.

Every piece of information about the chemistry leége photoinitiators such
as their stability, cure mechanism (degradatiofnyways) and reactivity of radicals
was crucial for the understanding and improvemdnthe polymerisation of the
monomer/photoinitiator system. ESI-MS results pbwery useful for elucidating
the reaction process between monomer/ photoiniteaid monomer-monomer. Using
MS, the products of the polymerisation of photaatdr/ethyl CA mixture were
identified. Based on these results, two importamictusions were arrived at. Firstly,
the potential loss of photolytic activity in BAP@tiated light curing cyanoacrylate
adhesives was explained by progressive hydrolyggederation of the BAPO
photoinitator during storage in the dark. Secondlyplausible mechanism for the
photolytic cure of BAPO based cynoacrylate adhesiwas proposed based on
nucleophilic polymerisation of the cyanoacrylatéeesThe function of the ferrocene
in this reaction is to reduce the phosphinoyl ralic the phosphine oxide which then
initiates a nucleophilic attack on the cyanoaceykdter.

In addition, by collating all experimental data fbe photoinitators (BAPO and TPO)
with ethyl CA monomer, two key points of informatiavere assessed- the reactivity
of the photoinitiators and the reactivity of theiwvidual fragments of photoinitiators.

Arising from the successful outcomes of this rededhere are a number of
further research paths that can be undertakenolldvbe of value to investigate
different types of acid stabiliser and differentncentrations of both acids and
ferrocene to study the stability of these photators. The use of a combination of

the mono- and bis-acylphosphine oxide for the e@#l formulation to investigate
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the new polymerisation products would form a valeastudy. Arising from the
theoretical calculations carried out it is cleaattmolecular modelling concepts can
be used to determine the optimum photoinitiatoetigr use with ethyl CA monomer.
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