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Preface

Light is involved in various chemical processes and its use in material
science, and more particularly in polymer science, is growing in great
strides. In this book, the use of light as a stimulus for chemical events
encountered in the polymer science area is presented. Very different and
important applications in polymer synthesis, data storage, photovoltaics
(dye-sensitized solar cells), organic light-emitting devices (OLED)
technology or biology use this innovative approach, for example.

One of the most challenging aspects in the field of chemistry is the design
and development of high-performance systems requiring low energy
consumption and with a low ecological impact. Today, photochemistry using
visible light sources has become very attractive as a visible light is
characterized by intrinsic advantages compared to an ultraviolet (UV) light
(e.g. safety and availability of eco-friendly and cheap sources such as
sunlight, halogen lamps, laser diodes and light-emitting diodes (LEDs)).
Therefore, the use of visible light will be particularly emphasized.

The first three chapters of this book deal with the fundamentals in visible-
light-induced polymer synthesis: free radical photopolymerization (Chapter
1), cationic photopolymerization (Chapter 2) and controlled radical
photopolymerization (Chapter 3). Then, different applications in high-tech
sectors are provided: curing of dental materials (Chapter 4), photoinitiated
cross-linking in OLEDs (Chapter 5), photopolymers and laser drying in the
graphic industry (Chapter 7), data storage using photopolymers (Chapter 8),
surface modifications and design (Chapter 9), biology (Chapter 10),
photovoltaic devices (Chapter 11) and self-healing of polymers induced by
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light (Chapter 12). Special mention of the use of dyes in dye-sensitized solar
cells (DSSC) is also given (Chapter 6).

We believe that these exciting topics related to the development of
photosensitive systems using dyes and various chromophores in polymer
science and technology will be helpful for many readers (R&D researchers,
engineers, technicians, university people, students, etc.). The examples
presented in this book are still subject to fantastic evolutions and we hope
they will herald a bright future in the coming years. We also hope that this
book will provide the readers with a useful background in these different
fields.

We would like to thank all the authors for their excellent work and all the
fascinating discussions.

Professor Jean-Pierre FOUASSIER
Professor Jacques LALEVEE
March 2015



Trends in Dye Photosensitized
Radical Polymerization Reactions

In this chapter, visible light-induced radical polymerization reactions in the 380-800 nm range
are reviewed. The role of the absorbing species (dye) and the complete multicomponent
photoinitiating systems (PISs) (dye and additives) are then emphasized. The original works on
the dye-based PISs that have been proposed over the years are also outlined. However, this
chapter is mainly focused on the latest developments, in the 2010—-2014 period, and the actual
trends of research, in particular the novel perspectives of applications under soft irradiation
conditions.

1.1. Introduction

Dye photosensitized polymerization (DPP) (see [FOU 12a]) is a common
expression often employed [OST 54, EAT 86, MON 93] to refer to a series
of reactions where a dye1 (1) is excited by light [l.la]z, (i1) leads [1.1b],
alone or through primary or subsequent reactions involving one or more

Chapter written by Jacques LALEVEE and Jean-Pierre FOUASSIER.

1 Originally, the term “dye” referred to a colored molecule used to color various materials in
the dyeing industry. Originally, in the early papers on dye sensitized polymerization reactions,
the term “dye” refers to a molecule that absorbs in the visible wavelength range. Later on,
colored molecules usable in other areas (dye lasers, solar cells, OLEDs, etc.) were also
defined as dyes. Here, we call “dye” any substance absorbing in the defined 380-800 nm
range.

2 'Dye stands for the first excited singlet state of the dye and is formed under excitation by
light; *Dye is the triplet state of the dye generated from 'Dye through an intersystem crossing.

Dyes and Chromophores in Polymer Science, First Edition. Edited by Jacques Lalevée and Jean-Pierre Fouassier.
© ISTE Ltd 2015. Published by ISTE Ltd and John Wiley & Sons, Inc.



2 Dyes and Chromophores in Polymer Science

additional compounds, to radicals, cations or cation radicals, and (iii)
initiates a free radical polymerization (FRP) [1.1c¢], a cationic polymerization
(CP) [1.1d], a free radical promoted cationic photopolymerization (FRPCP)
[1.1e], a concomitant cationic/radical polymerization (hybrid cure) (CCRP)
[1.1f], a thiol-ene photopolymerization (TEP) [1.1g] or cross-linking
reactions of prepolymers or polymers (this last point will not be covered
here).

Dye — 'Dye (hv) and 'Dye — °Dye [1.1a]
Dye (+ eventually additives) — radicals R®

or/and cations C", radical cations C*" [1.1b]
FRP: R* + acrylate ——— Polymer [1.1c]
CP:C" (or C™) + epoxide —-—— Polymer [1.1d]

FRPCP:R* — C° and C" + epoxide ——— Polymer [l.le]

CCRP:R* and C" + acrylate
+ epoxide >—— IPN network [1.11]

TEP: R* + thiol + acrylate —-—— Thiol-ene polymer [1.1g]

Therefore, by analogy with the term “initiator” in thermal
polymerizations, the dye is also usually presented as a photoinitiator (PI), i.e.
a substance that absorbs light and participates in the photoinitiation of a
polymerization reaction. In the sense of photochemistry [TUR 90], however,
it can also play the true role of a photosensitizer (PS) in some specific
reactions”. Sometimes, there is an apparent ambiguity with the words
“photoinitiator” and  “photosensitizer” in papers dealing with

3 In mechanistic photochemistry, the term “photosensitization” is limited to cases in which
the PS is not consumed in the reaction (for example, in a PS/PI couple, the energy moves
from the excited PS to a PI-excited state through an energy transfer). However, by extension,
this term is also used for a photosensitization process through an electron transfer: in this
case, the PS/PI interaction results in the formation of radical ions, PS being, therefore,
destroyed.
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photopolymerization. For the sake of clarity and convenience, we consider
here that dye-based PISs can be classified into one-component PIS (I Dye,
[1.1a, 1.2]), two-component PIS (I Dye, i.e. a dye and one additive ([1.1a],
[1.3]-[1.5])), three-component PIS (IIl Dye, i.e. a dye and two additives),
etc. The additives can be electron donors (EDs) [1.3], electron acceptors
(EAs) [1.4], hydrogen donors (HDs) [1.5] or electron/proton donors (EPDs)
[1.6].

*Dye (R-R’) - R*+R’* [1.2]
“Dye+ED — Dye* +ED*" and ED*" — radical + product [1.3]
"“Dye+EA — Dye* +EA* and EA® — radical + product [1.4]
“Dye + HD — Dye-H® + D° [1.5]
"“Dye + EPD — Dye* + EPD*" — Dye-H® + EPD (" [1.6]

DPP reactions have been largely applied in various traditional and
recently high-tech areas, such as radiation curing, imaging, graphic arts,
optics, dentistry, medicine and nanomaterials (see [FOU 12a] and other
relevant books [LAS 90, BOT 91, PAP 92, FOU 93b, KRO 94, REI 89,
FOU 95a, SCR 97, KOL 97, DAV 99, NEC 99, FOU 99, CRI 99, FOU 01,
DIE 02, BEL 03, FOU 06, SCH 07a, SCH 07b, LAC 08, MIS 09, ALL 10,
FOU 10a, GRE 10, MAC 07]). For the past 50 years [OST 54], the large
choice of available dyes and additives, and the possibility to tune the
absorption in a given PIS by only changing the dye, has led to numerous
research works. Recent developments have progressively allowed the use of
increasingly less intense visible light sources. An important topic is now
concerned with the adaptation of DPPs to irradiations with newly developed
laser diodes and light emitting diodes (LEDs) for specific applications.

In many sectors, radical photopolymerization reactions are used more
often than cationic photopolymerizations [FOU 12a, CRI 99, BEL 03,
GRE 10]. Two historical facts can explain this difference. First, in industrial
applications, the benefits versus the drawbacks are very often in favor of the
radical processes. Second, many radical PISs have been successfully
developed since the beginning of the 1960s. In contrast, industrial cationic
PIs are only quasi-based on iodonium and sulfonium salts [CRI 79]
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(still largely used today) that are sensitive in the ultraviolet (UV). Later on,
dialkylphenacylsulfonium, N-alkoxypyridinium, thianthrenium and
ferrocenium salts, that absorb in the near UV/visible or visible range, have
also been proposed [FOU 12a, CRI 99, BEL 03, KAH 10]. The
photosensitization of onium salts in the visible range remains rather difficult
(although successful results have been reached along the past years
[FOU 12a, KAH 10]). Recent, promising developments using FRPCP should
likely overcome this issue (see [FOU 12a, KAH 10] and below).

Thousands of papers have been already published in the field of DPPs.
Before writing a novel review chapter, one question we can ask is: how can
we present the most up-to-date situation? The first possibility, as is very
often done, consists of providing a broad overview of the available systems
which results in a qualitative list of PI, PS and compound/additive
combinations. For obvious reasons, it is impossible to discuss their relative
efficiency as the experimental conditions are completely different from one
paper to another (film vs. solution, high-viscosity media vs. low-viscosity
media, in laminate vs. under air, high light intensity vs. low light intensity,
short exposure time vs. long exposure time, etc.). It could even happen that a
proposed system (presented as a new system) is in the end not interesting
from a practical point of view. The main interest of such reviews
undoubtedly remains the gathering of the available systems. The second
possibility, as sometimes encountered, consists of presenting the systems
that are effectively used in a given field of applications. This represents a
real interest as only the efficient systems are reported in that case. However,
it requires us to have a review paper for each domain of applications. The
third possibility, that is rather rare, consists of outlining the key points and
the breakthroughs in the design of ever more reactive and efficient
compounds, discussing the relative interest of the different systems toward
the different uses, comparing the performances when possible and stressing
the actual trends of development at a given time.

A recent book provides a detailed analysis of the encountered systems up
to 2010/2011 (large overview, mechanism, reactivity and efficiency)
[FOU 12a]; other previous books on the subject include [LAS 90, BOT 91,
PAP 92, FOU 93b, KRO 94, REI 89, FOU 95a, SCR 97, KOL 97, DAV 99,
NEC 99, FOU 99, CRI 99, FOU 01, DIE 02, BEL 03, FOU 06, SCH 07a,
SCH 07b, LAC 08, MIS 09, ALL 10, FOU 10a, GRE 10] and [MAC 07].
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Many review papers typically focusing on dyes as PIs or PSs [EAT 86,
FOU 90, SCH 90b, URA 03, FOU 03, FOU 93a, FOU 95b,
FOU 95c, FOU 00, TIM 93, CUN 93, GRE 93, CRI 93, FOU 11, FOU 10b,
YAG 10, FOU 07, FOU 12b, FOU 12c, LAL 11b, XIA 15, LAL 15,
SHA 14] or partly dealing with photoinitiation under visible lights [PAC 01,
LAL 09b, LAL 09, LAL 10, LAL 12, IVA 10, MUF 10, LAL 14b, BON 14,
SAN 14] have also been already published. As a result, we chose here to (i)
provide a very brief overview of the PISs developed over the last 50 years,
(i1) focus on the most recent literature and (iii) illustrate the today’s trends of
development. Examples of these trends will concern the search of novel
dyes for (i) polychromatic light excitations, (ii) blue, green and red
laser light-induced polymerizations, (iii) photoinitiation under soft
irradiation conditions, (iv) sunlight exposure, (v) enhanced absorption
properties (red-shifted spectra and high molar extinction coefficients),
(vi) the use as photoinitiator catalysts (PICs), (vii) dual radical/cationic PISs,
(viii) performances attained under specific LED and laser diode exposures,
(ix) concomitant radical/cationic photopolymerizations and the elaboration
of interpenetrated polymer networks (IPNs), (x) TEPs, (xi)
photopolymerizable panchromatic films or (xii) the manufacture of in situ
nanoparticle (NP) containing films.

Our review here is limited to systems operating in dye photosensitized
radical polymerizations (DPRPs) (see Figure 1.1). Their behavior in FRPCP
reactions will be only evoked as all CPs are specifically covered in another
covered in Chapter 2 of this book. In the same way, the role of dyes as part
of PISs in the medical area, controlled radical photopolymerization
reactions, printing technologies, stereolithography, optics or dyes under two-
photon excitation are also discussed in detail in other chapters of this book.

7N

Dye hv radicals ——— polymer
\/ monomer
additive(s)

Figure 1.1. Chemical mechanisms for dye photosensitized radical polymerizations
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1.2. A brief overview of dye-based PISs

As stated in the previous section, various presentations of DPP reactions
are available in review papers [EAT 86, FOU 90, SCH 90b, URA 03,
FOU 03, FOU 93a, FOU 95b, FOU 95¢, FOU 00, TIM 93, CUN 93,
GRE 93, CRI 93, FOU 11, FOU 10b, YAG 10, FOU 07, FOU 12b,
FOU 12¢, LAL 11b, XIA 15, PAC 01, LAL 09b, LAL 09, LAL 10, LAL 12,
IVA 10, MUF 10, LAL 14b], in general books [LAS 90, BOT 91, PAP 92,
FOU 93b, KRO 94, REI 89, FOU 95a, SCR 97, KOL 97, DAV 99, NEC 99,
FOU 99, CRI 99, FOU 01, DIE 02, BEL 03, FOU 06, SCH 07a, SCH 07b,
LAC 08, MIS 09, ALL 10, FOU 10a GRE 10, MAC 07] and in a recent
specialized monograph [FOU 12a]. In this section, a short survey is done on
DPRP which helps us to outline several particular points; examples of some
specific papers are also mentioned. More detailed developments of recently
proposed PISs are provided in section 1.3.

1.2.1. Dye one-component systems

Contrary to the UV sensitive PI area where many efficient compounds are
known, visible light radical one-component PISs are limited because (i) they
require a specific synthesis and (ii) the finding of easily cleavable bonds is
not trivial (contrary to the easy cleavage of various molecules under UV
lights, e.g. the largely used ketones [FOU 12a, DIE 02], or other cleavables
C-S, S-S, Se-Se, Si—Si, S—Si and C—Ge bonds that have also been revisited
[FOU 12a)).

Examples of visible PlIs concern (bis)benzoyl phosphine oxides (BAPOs)
[MOS 10, DEC 01, ZAL 14, MEE 14], and titanocenes Tit ((ROL 86, LAL
09¢c, TEH 11, KIT 13]; see also some modified ketones [ROS 09] and
particular diketones [BIB 02] in sections 1.3.9 and 1.3.15). Recently,
acylgermanes (AGEs) [GAN 08, NES 13, THE 10], bisgermyl derivatives
[THE 10] (when going from mono-germyl ketones to bisgermyl ketone, a
strongly red-shifted transition up to ~514 nm is noted), dibenzoyl diethyl
germanes [YUK 09], cleavable thioxanthones (TXs) (TX-OSi and TX-Si)
[LAL 09c, LAL 11], and di- and trifunctional structures [TEH 13] have been
disclosed. Some ruthenium complexes RuPPh;Cl, [VER 13a], zirconocene
derivatives Cp,ZrCl, [VER 13b] or N-heterocyclic-boryl sulfides NHC-BH,-
SPh [TEL 13b] might be a novel way for cleavable compounds, but progress
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has to be made to extend the photosensitivity to visible lights. Upon
excitation, these compounds undergo a fast homolytic cleavage of a given
bond leading to two radicals (see [1.7]-[1.12]). Novel adequate modification
of usual cleavable ketone scaffolds enables a dramatic improvement of the
bathochromic absorption properties (see sections 1.3.5 and 1.3.6).

BAPO: RR’R”C-P(=0)R”’R™ — RR’R”C*® + *P(=0)R”’R™ [1.7]

AGE: RR’R”C'GCR”,R””R””’ N RR’R”C._,’_ .GeR”’R””R”:” [1.8]

TX-0Si: RO-SiR”’R”™R’™” — RO® + °SiR™”’R””’R>” [1.9]
RuPPh;Cl, — Ph® + RuPPh,Cl,* [1.10]
Cp,ZrCl, — Cp* + CpZrCl,* [1.11]
NHC-BH,-SPh — NHC-BH,® + *SPh [1.12]

1.2.2. Dye two-component systems

Contrary to the restricted number of cleavable Pls, there are a large
number of two-component PISs [FOU 12a] as it is quite easy to find a dye
and a suitable additive able to work according to primary electron transfer*
[REH 70], electron/proton transfer or direct hydrogen abstraction (see
reactions [1.4], [1.5] or [1.6]). Examples of papers can be found in [FOU
12b, FOU 12c¢, LAL 11b, XIA 15, LAL 15, LAL 14b, JED 10,
KAB 10, TAR 10, GRO 01, KAB 07, PIE 11, KUM 12, KOR 13, KAR 14,
JIA 11, GUO 13, ESE 13, CUI 11, BAI 13, ALZ 14] and [XU 12].
Well-known examples of dyes include modified benzophenone (BP) (e.g. the
Michler’s ketone), TX, camphorquinone (CQ) and ketocoumarin derivatives,
hydrocarbons, xanthenic dyes (Rose Bengal, Eosin, etc.), azines, thiazines
(methylene blue, thionine, etc.), phenoxazines, riboflavines, acridines,

4 The free energy change AG of the reaction must be positive for getting a favorable electron
transfer reaction. A G is often calculated from the classical Rehm—Weller equation.
AG = Ey, — Ered — Eg (or Er) + C, where E, E.y, Es (or Et) and C are the oxidation
potentials of the electron donors, the reduction potential of the electron acceptors, the excited
singlet (or triplet) state energies of the dye and the electrostatic interaction energy for the
initially formed ion pair, generally considered as negligible in polar solvents.
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acridones, phenoxazones, benzopyranones, enzofuranones, phenosafranines,
thiopyronines, polymethines (cyanines, merocyanines, carbocyanines, etc.),
phthalocyanines, pyrromethenes, fluorones (rhodamines, etc.), quinolinones,
julolidine dyes, quinoxaline dyes, styryl dyes, crystal violet, pyrylium and
thiopyrylium salts, styrylquinolinium salts, aminostyryl benzothiazolinium
salts, squarylium salts, quinoline imidazopyridinium salts, benzimidazoles,
etc. Many PISs described below as three-component PISs [XIA 15,
TEH 13b, LAL 84, TEH 13a, TEH 12a, TEH 13e, TEH 11, TEH 13c,
TEH 13d, TEH 12b, TEH 12¢, TEL 13a, XIA 13] can also work as two-
component systems into some extent. A lot of novel recent structures (e.g.
[XIA 15, TEH 13b, LAL 84, TEH 13a, TEH 12a, TEH 13e, TEH 11,
TEH 13c, TEH 13d, TEH 12b, TEH 12c, TEL 13a, XIA 13b] and others, see
below) are presented in section 1.3.5.

Examples of additives are the following: EA = iodonium salt, e.g.
diphenyliodonium hexafluorophosphate (more rarely, a sulfonium salt) and
related derivatives® [1.13], alkyl halide, e.g. phenacyl bromide [1.14] and
triazine, e.g. 2,4,6-tris(trichloromethyl)-1,3,5-triazine; ED = borate disulfide,
group IVb dimetal [1.15]; HD = alcohol, THF, thiol, benzoxazine, aldehyde,
acetal, silane (e.g. tris(trimethylsilyl)silane = (TMS);Si-H) [1.16]), germane,
borane, stannane, alkoxyamine, silyloxyamine, polymer substrate, etc.; EPD
= amine [1.17], thiol, etc. The generated radicals (e.g. Ph®, R®, R;Si®,
RR’C'NR”R’” in [1.13]-[1.17]°) are the initiating species. Efficient novel
or newly modified dye structures in the Dye/amine, Dye/iodonium salt or
Dye/silane two-component PISs have been proposed within the last 4 years
(see section 1.3.5).

"Dye + PhI" — Dye®" +Ph,I* — Dye®" + Ph® + Ph-I [1.13]
Dye + R-X — Dye*" + (R-X)* — Dye*" + R*+ X [1.14]
"Dye + R3-Me-Me-R; — Dye® + Ry-Me-Me-R;*" —

Dye® + R;-Me® + R;-Me" [1.15]
"Dye + R;SiH — Dye-H® + R;Si* [1.16]

51In this case, we can say that the dye acts as a photosensitizer for the iodonium salt
decomposition.

6 The symbol *Dye refers to the dye in an excited state (the singlet state 'Dye or eventually
the triplet state *Dye).
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‘Dye + RR’CHNRR” — Dye” + RR’CHN*RR” —
Dye-H* + RR’C'NR”R’” [1.17]

The interaction of dyes with hydroperoxides and peroxides leads to oxyl
radicals ([1.18], [1.19]), e.g. in ferrocenium salt/cumylhydroperoxide and
diketone/benzoyl peroxide (see references in [FOU 12]).

"Dye + CumOOH —— CumO® + HO® [1.18]
‘Dye + ROOR’ -— RO® + R’0°® [1.19]

Finding a dye that is able to work as a PS and to decompose a cleavable
PI through a triplet-triplet energy transfer has been vigorously researched.
This was not really successful, however, as increasing the ground state
absorption wavelengths results in a decreasing of the first excited singlet
state energy and the triplet state energy7: one famous example (but relatively
old) in the photocurable coating area is known [RIS 92] [1.20].

*ETX (thioxanthone derivative as PS) + AK
(amino ketone as PI) » ETX + ’AK — radicals [1.20]

Another particularly interesting system is based on a dye-borate ion pair8
where an intramolecular electron transfer occurs and results in the generation
of radicals [1.21]. Changing the cationic dye moiety ? enables a tuning of the
absorption (e.g. see [EAT 86, MON 93, JED 10, KAB 07, GRI 99,
SCH 90a, MUR 93]).

"Dye + B(C¢Hg)sR™ — Dye® + B(CeHe)sR® —
Dye" + R* + B(C6H6)3 [121]

Linking together two reactive moieties instead of having two separate
reactants (e.g. in Eosin-oxime ester [BUR 99] or dye-triazine [KAW 13])
facilitates efficient intramolecular interactions (generally through electron

7 Remember that a favorable triplet—triplet energy transfer only occurs if the triplet energy
level of the donor is higher than that of the acceptor.

8 If isolated, the dye-borate ion pair can be considered as a one-component system.

9 The symbol “Dye” in our text can refer either to a neutral dye or a cationic dye; in the last
case, the symbol “Dyce-" obviously corresponds to a radical species and not to a radical
anion.
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transfer) which avoids the necessary diffusion process of the reactants
(unfortunately restricted in viscous medialo) arising in an intermolecular
approach.

Various by-side interactions can also improve the efficiency of I1I_Dye
and III Dye PISs (see below) in for example the coumarin
derivative/titanocene system [ALL 04].

Recently, some cleavable ketones mixed with a suitable additive led to an
increased efficiency, such as in the BAPO/silane couple [EL 09] where the
primarily formed benzoyl (Benz®) and phosphinoyl (Phos®) radicals lead to
peroxyls that are further quenched by the silane [1.22]-[1.24].

BAPO — Benz® + Phos® [1.22]
Benz® or Phos® + O, — peroxyls -OO° [1.23]
-00° + RySiH — -OOH + R;Si® [1.24]

1.2.3. Dye three-component systems

Very often, the initiating ability of two-component PISs is dramatically
improved by adding a third partner (e.g. see [FOU 12a]). This strategy has
been known for many years (see [TIM 93]), is well documented and is still
currently used (see [FOU 93c]). More or less old examples of such three-
component systems are: Dye/bromo compound/Ph,I”  with
Dye = benzophenone, isopropyl thioxanthone, merocyanine, etc.;
Dye/amine/maleimide with Dye = benzophenone, etc.; Dye/amine/diphenyl
iodonium salt with Dye = eosin, ketocoumarin, methylene blue, thioxanthene
dye, fluorone dye, etc.; Dye/borate salt/triazine derivative with Dye =
cyanine dye, styrylquinolinium dye, etc.; Dye/borate salt/alkoxypyridinium
salt with Dye = carbocyanine dye, etc.; Pl/amine/triazine derivative with
Dye = pyrromethene dye, Rose Bengal, etc.; Dye/hexabisimidazole
derivative (e.g. Cl-HABI)/thiol with PI = styrylnaphtothiazole dye,
diethylamino benzophenone, julolidine dye, etc.; Dye/amine (or

10 All bimolecular rate constants level off in a viscous media (the maximum value being that
of the diffusion rate constant).
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hydroperoxide)/ferrocenium salt with Dye = Rose Bengal and coumarin; and
Dye/amine/BAPO with Dye = camphorquinone.

The observed mechanisms depend on the nature of the three compounds.
For example (see [FOU 12a]), when using Dye/amine AH/diphenyl
iodonium salt Ph,I” (e.g. with Dye = ketocoumarin) [FOU 93c], the
increased polymerization efficiency is easily explained by the quenching of
the Dye-H* radicals by the iodonium salt [1.25]"" in a way similar to the case
of the ketyl-type K*® radicals in ketones (both Dye-H® and K*® are known as
scavenging radicals of the growing macromolecular chains); moreover, new
initiating phenyls are formed. In Dye/CI-HABI (L,)/thiol, the Dye/L,
electron transfer generates a dissociative radical anion L, that yields a
lophyl anion L™ and a lophyl radical L*® which abstracts a hydrogen on the
thiol, the thiyl being the initiating radical [4] [1.26]. In
Dye/borate/alkoxypyridinium salt, the initially formed reduced dye is
oxidized by the salt [1.27]; a lot of papers deal with the role of many various
additives to the Dye/borate couple (e.g. [FOU 12a, XIA 15, KAB 10,
TAR 10, GRO 01, KAB 07]). In other III_Dye systems, the mechanisms can
become much more complicated [FOU 12a, FOU 03, XIA 15].

Dye + AH — Dye* + A*"— Dye-H* + A* [1.25a]
A® + monomer — polymer [1.25b]

Dye-H® + Ph,I" — Dye-H*" + Ph,]* — Dye + H" + Ph®*+Ph-I [1.25¢]

‘Dye + L, (CI-HABI) — Dye*" + L, — Dye*"+L + L° [1.26a]
L*+RSH —RS*+LH [1.26b]
Dye + B(C¢He)sR™ — Dye* + R® + B(C¢Hy)s [1.27a]

Dye® + Alk-P" — Dye + Alk-P* — Dye + radicals
(cleavage of Alk-P®) [1.27b]

Mixing four components can even improve the performance (but the
mechanisms are rather intricate), e.g. in Rose Bengal/amine/
hydroperoxide/ferrocenium salt (proposed for the photocuring of white and

11 If starting from a cationic dye, the symbol “Dye-He” obviously corresponds to the leuco
form of the dye.
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colored paints) or diethylamino BP/CI-HABI/N-phenyl glycine/diphenyl
iodonium salt (usable in laser direct imaging (LDI) applications).

More recently [XIA 15, TEH 13b, LAL 84, TEH 13a, TEH 12a,
TEH 13e, TEH 11, TEH 13c, TEH 13d, TEH 12b, TEH 12¢, TEL 13a], the
Dye/silane/diphenyl iodonium salt systems (with Dye = thioxanthone,
camphorquinone, thiopyrilium salt, Eosin, Ru or Ir complex, violanthrone,
newly synthesized structures, etc.) appear as versatile and fascinating PISs
exhibiting promising initiating properties of various monomers (acrylates
as well as epoxides or vinylethers) in various experimental conditions
(air/laminate, high/low intensity, 380—635 nm excitation lights and low/high-
viscosity media). As they are based on a different concept, these silane
containing systems will be presented and discussed in detail in section 1.3.5.

1.3. A discussion on specific or recent developments in dye-based
photoinitiating systems

The main research direction in this area (other questions related to the
design of systems that are appropriate for further end-uses in practical
applications, e.g. solubility, compatibility, toxicity, handling, costing, etc.,
are not considered here) is governed by the requirements of an enhanced
polymerization efficiency, i.e. higher polymerization rates (Rp) and final
conversions (Cf). Within this, two special points are:

1) How do we get high Rp and Cf?

We know, for a given monomer, that Rp in FRP is a function of the
amount of absorbed energy (l.,s) and the initiation quantum yield ®;: Rp =
kp/kto‘5 (D Iabs)o‘s, k, and k. being the propagation and termination rate
constants of the monomer, respectively. The L, quantity depends on the
incident light intensity I,'> of the source and the molar extinction coefficients
¢ of the dye (and obviously, path length 1 and reactant concentration C):
Ls = 1o (1-10'“1). The term “®;” exhibits a rather complex dependence on the
monomolecular k., and bimolecular rate constants k., of the different
interaction processes leading to radicals, the bimolecular rate constants kq of
the quenching processes and the concentrations of the reactants. The

12 The term “intensity”, which is generally used truly, corresponds to an “irradiance” and is
defined as a luminous power per surface unit or, eventually, as a number of photons per
surface unit.
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possibility to have a high Rp (and often, as a consequence, a high Cf) is
achieved using (i) highly absorbing dyes (high € and excellent matching
between the absorption spectrum of the dye and the emission spectrum of the
light source) and (ii) dyes exhibiting a high photochemical/chemical
reactivity (high k. and k;) leading to very reactive radicals toward an acrylate
double bond. The trivial effect of the experimental conditions (increase in
the concentrations and the use of high I,) obviously ensures an enhancement
of the Rps.

2) How can we overcome the oxygen inhibition effect?

Three factors result in a strong oxygen inhibition of FRP and FRPCP:
(i) the *Dye triplet state or 'Dye singlet state quenching by O, (in very
reactive dyes having short-lived excited states, this quenching is fortunately
not competitive); (ii) the scavenging of the initiating R* and propagating
radicals R(M),* by O, [1.28]-[1.30] which is nearly a diffusion-controlled
reaction; (iii) the formation of peroxyl radicals (not usable for the FRP
initiation), peroxides ROOR’ and hydroperoxides ROOH. Therefore,
the polymerization reactions can start in the film only as soon as oxygen
is consumed (see [FOU 12a] and a review in [CLA 13]). In highly
viscous or thick samples (e.g. epoxy acrylate matrices), the reoxygenation
process is slow and a short inhibition period is observed. In very low
viscosity media (e.g. di- or trifunctional monomers, such as
trimethylolpropane triacrylate (TMPTA) or (3,4-epoxycyclohexane)methyl
3,4-epoxycyclohexylcarboxylate (EPOX)), the reoxygenation remains
efficient, thereby reducing the monomer conversions. In addition, when the
light intensity is attenuated, the oxygen inhibition has a dramatic effect on
the polymerization profile, due to the lowering of the initial O, consumption
process and the decreasing of the initiating radical concentration.

R* RM),") + O, — R-0,"  (R(M),-0,") [1.28]
R-O0,' + R’*— R-OO-R’ [1.29]
R-0,' + R”H— R-0O0-H + R [1.30]

To boost the polymerization under air, the first idea was to overcome the
detrimental oxygen effect by using various strategies, as recently reviewed in
[FOU 12a] and [CLA 13]. Among them, increasing the light intensity or the
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PI concentration remains, although somewhat inerting, the largely used
strategy both in academic and industrial experiments ([FOU 12a]).

When high-intensity sources are better avoided, a second method,
developed over the past few years, consists of taking advantage of the
presence of oxygen. For example (see more details in section 1.3.5), the use
of adequate Pl/iodonium salt/silane (or NVK) successfully led to an efficient
FRPCP of low-viscosity matrices under air using sources delivering ~50—
100 mW/cm?; in the same conditions, acrylate final conversions in FRP do
not exceed 25-30% but are acceptable in laminate (~50-60%; see [XIA 15])
in contrast with CQ or Eosin-based PISs that work poorly. Another example
that might be considered as a newly discovered strategy (see details in
section 1.3.5) relates to the use of Dye/UV PI (such as 2,2-dimethoxy-2-
phenylacetophenone (DMPA) or BAPOs) combinations, e.g. Cp,TiCl, (or
Cp2ZrClL)/DMPA or Ti (iso)propoxide/BAPO, that ensure a significant
reduction of the usual oxygen inhibition process. The effect on the
conversion is much more visible (final TMPTA conversion under air: 60%
with Cp,TiCl,/DMPA vs. 35% with DMPA alone). Moreover, Ti and Zr NPs
are in situ generated during the course of the reaction (see section 1.3.15).
This concept has still to be applied to visible light absorbing systems.

An innovative highly efficient strategy using a photoredox reaction in a
photolatent superbase/peroxide couple makes the polymerization of TMPTA
under air possible with ~90% conversions upon a light intensity of
20 mW/cm® [HE 12]. Due to the self-propagating effect of this living system,
the photocrosslinking of thick material or highly pigmented systems should
also be possible. No details on the encountered mechanisms are available.
This process, which is unfortunately restricted to wavelengths of <300 nm,
deserves to be studied for the design of visible light absorbing photobases.

1.3.1. Dyes for use with polychromatic visible lights

The main goals in visible light-induced polymerization reactions in the
radiation curing area for applications in, for example, coatings, adhesives,
paints and drying of printing inks are [FOU 12a, FOU 95a, SCR 97, OLL 97,
DAV 99, BEL 03, FOU 06, SCH 07a, SCH 07b]: (i) developing PISs able to
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absorb the visible lights that are very often lost when employing
conventional mercury lamps and usual Pls (output irradiance up to a few
W/em® and even more); (ii) avoiding the absorption of the matrix and
additives (e.g. light stabilizers or pigments); (iii) ensuring a spectral window
where the dye absorbs alone; (iv) moving the operating procedure toward a
UV-free exposure (realized by using, e.g., doped Hg lamps, Xe-Hg lamps,
Xe lamps, LEDs and laser diodes) which avoids the use of the harmful first-
generation UV lamps delivering UV-B and UV-C rays and generating
ozone; (v) improving the cure rate and the cure-through depth due to the
better penetration of lights having longer wavelengths; (vi) developing soft
and sunlight curing. In recent years, high-intensity LEDs and laser diodes
operating at well-defined near-UV and visible wavelengths have been
proposed. Today, in industrial applications, LED technology facilitates
highly packed arrays operating nominally at 385, 395, 405, 420, 455, 470 or
477 nm, together with a suitable safety, a high light intensity (up to
approximately a few W/cm® for industrial LED arrays), a low heat
generation, low energy consumption, low cost and low maintenance. The
development of laser diode arrangements also ensures high-intensity
monochromatic irradiations from the blue to the red part of the spectrum.

It seems today [FOU 12a] that many PISs can meet the challenges of
high-performance systems for RP under 380-650 nm lights even under air
when using high-intensity sources (approximately a few W/cm’). A
drawback (which could be a serious limitation in applications, e.g. for clear
coatings or white paints) is obviously a possible residual coloration of the
final material due to the remaining dye and the photolysis products: studies
need to be conducted in this direction to eliminate, or at least limit, the
problem.

Examples of recently developed visible PISs include some original
and novel systems, but they are generally slightly modified derivatives of
known existing structures already extensively studied, e.g. N-substituted
quinoxalinobenzothiazine/iodonium salt for hybrid polymerization
[POD 11]; ketocoumarin/triazine/thiol, pyrromethenes [TAR 10], safranine/
diphenylborinate system and TX-based thia-naphthacene-12-one; various
substituted thioxanthones, spiropyrans, cyanines, styrylquinolinium
structures and related compounds [KAB 10], and zinc phthalocyanine/
additive; and the proposal of heterogeneous mesoporous graphitic carbon
nitride/amine and colloidal graphene oxide is more original. All these
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systems operate (with more or less success) in FRP under Hg or Xe-Hg
lamps or LED exposures with 50-500 mW/cm® intensities at least in
laminated films or in deaerated solutions and sometimes under air in
appropriate matrices.

In recent years, the proposal of the Dye/iodonium salt/silane
combinations and the synthesis of many novel dyes have paved the way for
the design of very efficient PISs. They easily work in FRP (most of them are
noted in [XIA 15, TEH 13b, LAL 84, TEH 13a, TEH 12a, TEH 13e,
TEH 11, TEH 13c¢, TEH 13d, TEH 12b, TEH 12¢, TEL 13a]; see also
section 1.3.5). Remarkably, under intensities in the 2-100 mW/cm® range,
these combinations (i) behave as dual PISs (sources of both radicals, cations
and radical cations) and allow not only an FRP but also an FRPCP, a CCRP
(hybrid cure) or a TEP; (ii) allow FRPCP and CCRP reactions in low-
viscosity matrices under air; (iii) ensure, at the moment, an acceptable FRP
of low-viscosity acrylates (e.g. ~100 cP for TMPTA and 57 cp for
polyethyleneglycol 400 diacrylate (PEGDA)) in laminate (conversions under
air do not exceed 25%) and (iv) make possible the polymerization of
viscous methacrylates (bisphenol A-glycidyl methacrylate (bis-GMA)/
triethyleneglycol dimethacrylate (TEGDMA) blends 70/30% w/w) or
viscous acrylates (e.g. 14,500 cP for an epoxyacrylate/HDDA blend) under
air with excellent yields.

1.3.2. Dyes for blue, green and red laser light-induced polymerizations

Blue and green laser light-sensitive PISs in laminate, under high light
intensities or in viscous media, are largely encountered as they are obviously
similar to those employed under polychromatic visible light. Many studies
have been originally devoted to systems that can be more specifically excited
by (i) coherent laser sources such as the Ar’ laser at 488—514 nm, e.g. for
holographic recording (HR), and manufacture of holographic optical
elements (HOEs); (ii) easily drivable laser beams, e.g. for computer-to-plate
(CTP) applications (see, e.g., [FOU 12a, FOU 03]); (iii) laser beams as high-
intensity monochromatic sources (e.g. laser diodes at 405, 457, 473, 532 or
635 nm in [XIA 15]) or (iv) direct imaging device sources (see, for example,
at 405 nm with a GaN laser). Typical laser diodes emit lights with nominal
intensities of 10-100 mW/cm?; continuous-wave lasers deliver at 10 W/cm?.
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Instead of laser beams, high-power LEDs need to be used in CTP, printing
inks or 3D modeling/printing.

Examples of well-known PISs working under laser lights in this blue-
green area include the Eosin/amine, Eosin/amine/bromo compound,
ketocoumarin/amine/iodonium salt, thioxanthene dye/amine/iodonium salt,
erythrosin/amine, julolidine dye/Cl-HABI/thiol, cyanines and related
compound/borate/additive systems, pyrromethine/amine/triazine or styryl
naphtothiazole dye/Cl-HABI/thiol systems and CI-HABI-based systems. A
lot of novel Dye/iodonium salts/silanes can also work (e.g. [XIA 15]; see
sections 1.3.5 and 1.3.6).

In contrast, few reports concern dyes usable under red or
near-infrared radiation (IR) laser lights in laminate. The use of the methylene
blue/amine system, under the HeNe laser at 632 nm, has often been explored
in the past [CAP 89]. Polymethines, thiazines, squarylium-triazine dyads
have been proposed for the manufacture of HR and HOE. Some
Dye/iodonium salt/silane PISs have also been mentioned but the efficiency
in FRP, contrary to that attained in FRPCP, still remains relatively low under
air; CCRP and TEP, however, are feasible (e.g. [XIA 15]; see section 1.3.12
and 1.3.13). A novel compound based on a dye-iodonium salt intra ion-pair
(where the dye derives from a 1,3-bis(dicyanomethylene) indane skeleton)
works under a 635 nm light with an efficiency slightly lower than that of
BM/amine [TEL 14].

Upconversion emission materials can convert IR into visible light via a
multiphoton absorption process. For example, using the multicolor
upconversion luminescence of rare earth-doped nanophosphors UCNPs, the
photopolymerization of PEGDA microspheres under NIR lights (laser diode
at 980 nm) using, for example, NaYF4:Er’",Yb*" in the presence of Eosin
was achieved (the green emission of the UCNP leads to a radiative
absorption of the dye and then to initiating radicals; the radical formation
mechanism does not seem to be fully understood) [XIA 13].

The two-photon absorption-induced polymerization (TPAP) is based on
the nonlinear optical property of the absorbing materials. The absorption of
light by a molecule is usually a one-photon process (i.e. one photon v is used
to generate a given excited state). Under intense laser beams, the
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simultaneous two-photon absorption (TPA) (characterized by a TPA cross-
section which is different from the usual one-photon absorption cross-
section) facilitates the formation of the same excited state using a photon v”
(with v’ = v/2) so that the excitation wavelength can be moved from the
UV up to NIR lights. Compounds exhibiting D-n-D, D-n-A, A-n-A or
D-n-A-n-D structures, where D, T and A stand for a donor, a charge transfer
system and an acceptor, are suitable. The synthesis of well-adapted
compounds has received a considerable attention (see [LI 11]).

Near-field optical techniques (evanescent waves and field enhancement),
as well as TPAP, facilitate the manufacture of nano-objects. The light is
confined in a nanometric volume which enables high luminous power
densities: even low reactivity PISs can work in these conditions. For
example, although they are not very efficient in wusual film
photopolymerization under conventional light excitations (see below), some
polymethine dye/amine systems could appear as excellent candidates as NIR
PISs in TPAP for the manufacture of microtips perfectly self-aligned on the
surface of vertical-cavity surface emitting lasers (VCSELS).

Efforts have been made for the development of systems usable for CTP
technology, LDI purposes, stereolithography or 3D  printing.
Stereolithography (usual rapid prototyping technology using conventional
PISs and laser arrangements), nanostereolithography (using TPAP), CTP,
LDI, as well as applications of dyes in optics, imaging and nanotechnology
are discussed in detail in other chapters of this book.

1.3.3. Dyes as part of PISs in the medical area

DPRP reactions are encountered in the fields of medicine (tissue
engineering, bone rebuilding, artificial items, coatings, adhesives, hydrogels,
etc.), dentistry (see in Chapter 4) and ophthalmology (plastic eyelenses,
organic glasses, etc.). In most of the applications, three of the key points are
(e.g. in tooth «care): (i) avoiding the presence of UV rays;
(i1) using PISs (dye and additives) exhibiting no toxicity (e.g. germyl
ketones, Eosin and CQ) and (iii) operating under low visible light intensities.
PISs described in section 1.3.5 might be potentially interesting starting
systems. Extensive work is carried out on the CQ/amine system and its
substitutes. The theoretical analysis and experimental characterization of the
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reciprocity law in BisGMA/TEGDMA films have been investigated. We will
detail the use of dyes in dentistry applications in later chapters.

1.3.4. Dyes in controlled radical photopolymerization reactions

Contrary to the conventional radical photopolymerizations, where the
radical generation is irreversible, controlled or living radical
photopolymerizations avoid the simultaneous initiation, propagation and
termination steps by temporarily blocking, in a reversible manner, the
growing polymer chains. They thereby enable a control of the final
properties of the constituted polymer (such as the number of average
molecular weight Mn and the molecular weight distribution MWD) and
the preparation of novel architectures. The control can be made possible
using photoiniferters, photo nitroxide-mediated photopolymerization (NMP),
photo atom transfer radical polymerization (ATRP) or photo reversible
addition-fragmentation transfer (RAFT). Relatively little is known about the
control of photopolymerization reactions. Visible light-induced controlled
processes (NMP, RAFT and ATRP), sometimes even under sunlight, have
also been described. This is also discussed later in this book.

1.3.5. Photoinitiation under soft irradiation conditions: novel three-
component systems

In the past 3—4 years, huge efforts have been deployed to develop PISs
able to initiate the polymerization of low-viscosity matrices (radical or
cationic) under soft irradiation conditions, i.e. visible lights, low intensity
(2-30 mW/cm®) and under air [LAL 14a]. They require the design of
particularly reactive systems and involve novel strategies for an efficient
production of radical or cationic initiating species. Such systems can
successfully operate in high-viscosity media or/and under intense light
sources.

As stated above, the low incident light intensity of a given source must be
counterbalanced by an initiation quantum yield ®; as high as possible and
enhanced absorption properties of the dye in order to achieve high Rp and
Cf. The most performant new PISs are the recently developed Dye/silane (or
NVK)/iodonium salt three-component systems where two significant
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features appear [LAL 12]. First, both a silyl radical [1.31]-[1.32] and a
silylium cation [1.33] are generated in any case, provided that the redox
potentials are obviously adequate. As these reactions only depend on the
starting absorbing dye, the radical/cation production can occur at any
excitation wavelength: such versatile and tunable PISs have not been
disclosed before in the literature. Tris(trimethyl) silane ((TMS);SiH) is the
best example of a silane usable in these PISs. Most of these PISs involve the
particular and classical diphenyliodonium hexafluorophosphate; commercial
and less toxic iodonium salts (e.g. diphenyliodonium tri(pentafluorophenyl)
borate [FOU 12a] or substituted iodonium salts avoiding a benzene release)
can also be used. The same behavior is observed with N-vinylcarbazole
(NVK) (which is a cheaper compound) instead of (TMS);SiH [1.34].
Second, silyl radicals consume oxygen [1.35], scavenge peroxyl (R’M-0,")
and oxyl (R’M-O°) radicals inherently present in the medium and regenerate
new silyls [1.36]. The oxygen inhibition that is detrimental in FRP, CCRP,
TEP and FRPCP (see section 1.3) is reduced.

"Dye + PhoI" — Dye®" + Ph,I* — Dye®" + Ph® + Ph-I [1.31a]
"Dye + R;SiH — Dye-H® + R;Si* [1.31b]
Ph*® + R;Si-H — Ph-H + R;Si* [1.32]
R;Si® + PhyI" — R3Si” + Ph® + Ph-I [1.33]

Ph®* + NVK — Ph-NVK?* (addition of Ph*® to the NVK double bond) [1.34a]
Ph-NVK® + Ph,I" — Ph-NVK" + Ph*® + Ph-1 [1.34b]
Rgsi. + 02 — R3Si-02. [l 35]

R;Si-0-O-R’ (or R’M-O-O-R’) — R;Si-O°
(or R'M-0°) + *O-R’ (hv) [1.36a]

R3Si—02. (OI' R’M-Oz.) + R3SI—H - R3Si—02H
(or R"M-O,H) + R;Si* [1.36b]

R;Si-0,° — [RsSi(-OR)-0'] —  RSi‘(OR), [1.36¢]
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A large number of Dye/iodonium salt/silane (or NVK) combinations
(with Dye = organic and organometallic compounds) usable under blue to
red lights have been very recently proposed [XIA 15]. Examples of
Dye include strongly modified known starting structures as well as
totally novel skeletons, e.g. modified TXs, BPs, Mischler’s ketone,
anthraquinones or benzoin ethers, chalcones, acridinedione (ACs),
chlorotriazines, naphthalenes, anthracenes, pyrenes, polyenic structures,
naphthalimides, naphthalic  anhydrides, naphthalimide-phthalimides,
phenazines,  pentacenes, thiophenes, perylenes, benzo pyrazo
isoquinoline, isoquinolinones, squaraines and indolines, BODIPYs,
pyrromethenes; diketopyrrolopyrroles, chromones, boranils, pyrydinium
dyes, indanediones, violanthrones, julolidines and fluorenones, malonates
and malonitriles, thiobarbituric acid, fluoranthenes, star-shaped structures,
BP-naphthalimides, polyoxometallates, Ru, Ir, Ti, Zn, Cu, Fe or Zr
complexes.

The use of new metal-based compounds as Dye has also been recently
proposed to enhance performance [XIA 15]: these compounds allow us to
decompose the peroxyls through an Sy2 reaction as in the case of metal(IV)
amines [1.37] and the ROOH through photosensitization with metal
carbonyls MeCarb [1.38], new initiating R;* and silyl radicals being formed
[1.37], [1.39]. The Cp,TiCl, (or Cp,ZrCl)/DMPA couples and Ti
propxide/BAPO also ensure a significant reduction of the oxygen inhibition
through the same Sy2 reaction.

ROO- + R;-Me-R, — ROO-Me-R, +R;* [1.37]
ROOH + Mecarb — — RO+ + OHs [1.38]
RO" +R;Si-H — ROH +R;Si" [1.39]

Other efficient three-component systems are based on the Dye/amine
AH/alkyl halide R’-X combinations. Examples of Dye are hydrocarbons,
indanones, thiobarbituric acid, ruthenium or iridium complexes, etc. (see
also below). They work according to the sequence [1.40], R’® and A® being
the initiating radicals.

“Dye + AH — Dye” + A*"— Dye-H* + A® [1.40a]

“Dye+R’-X — Dye* +R’-X* and R>-X* — R’* + X [1.40b]
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Dye” +R>-X — Dye + R>-X* and R>-X" — R** + X [1.40c]

Dye-H*+R’-X — Dye+H +R’-X* and R’-X* — R’* + X [1.40d]

1.3.6. Dyes with red-shifted absorptions and high molar extinction
coefficients

To fulfill the conditions recalled above in order to get a high
polymerization efficiency, efforts have been recently made to develop dyes
with high molar extinction coefficients (to absorb more light) and red-shifted
absorptions (to recover more photons in the visible range when using
polychromatic lights or to be more closely adapted to the imposed emission
lines of LEDs or lasers). Successful results were obtained by a tailor-made
design of extensively delocalized structures. Of course, the strategy is not
completely novel but up to now, it was restricted to the introduction of usual
small size ED or acceptor substituents.

Recent developments have allowed us to reach really huge molar
extinction coefficients € and well-adapted absorptions in visible light for a
large panel of new dyes. This was made possible by large and strong
coupling of the w molecular orbitals of two or more moieties, e.g. a truxene
core Tr with three BPs (or TX, dimethoxyacetophenone and AC) units [TEH
13b], a triazine nucleus with BP or pyrene branches [TEH 12a] or a
triphenylamine core with three thiophene derivatives containing arms: this
led to the concept of light-harvesting large PIs. The high € values that have
never been attained before in the case of modified ketones (e.g. = 105,000
and 123,000 M"'cm™ for Tr-BP and Tr-TX vs. 150 and 6,000 for BP and TX
at the absorption maximum at A > 300 nm — Figure 1.1) can be compared
with those of, for example, Eosin (typically, 90,000 M'cm ™).

The design of such large structures might rapidly be faced with a problem
of solubility in organic matrices. To overcome this possible limitation,
smaller size structures have been synthesized such as push-pull arrangements
consisting of substituted D-7~A structures with ED (D) and EA (A)
functionalities at both ends of a planar conjugated spacer. The strong light
absorption of these push-pull dyes in the visible region results from
important charge transfer optical transitions [XIA 15]. Still, high € values are
obtained.
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Figure 1.2. Examples of light-harvesting large photoinitiators

1.3.7. Performances of novel three-component PISs in low-viscosity
matrices under LEDs/laser diodes and low-intensity household devices

Photopolymerization reactions under LEDs, laser diodes or household
devices attract great interest; controlled photomolymerizations have been
reported under household fluorescent lamps (e.g. ATRP, see [XIA 15]). As
the photosensitivity of the formulations is dramatically enhanced (as
resulting from quite high ®; and excellent light absorptions; see below), our
novel systems [XIA 15, TEH 13b, LAL 84, TEH 13a, TEH 12a, TEH 13e,
TEH 11, TEH 13c, TEH 13d, TEH 12b, TEH 12c, TEL 13a] generally allow
us to carry out polymerization reactions under very soft irradiation
conditions using visible lights delivered by, for example, household halogen
lamps (12 mW/cm® in the 370-800 nm range), fluorescence bulbs
(15 mW/cm®) and UV, violet, purple, blue, green, red or white LEDs
(7-20 mW/cm?) or even the Sun (<5 mW/cm?® in the near UV-visible range).
A recent review of this has been published in [LAL 14a].

In these conditions, most of the many new families of dyes detailed above
incorporated in low-viscosity matrices easily work under air (FRPCP of
diepoxides or CCRP acrylate/diepoxide blends) or in laminate (thiol-acrylate
mixture in TEP). In contrast, low-viscosity acrylate formulations (e.g.
TMPTA) can only operate, up to now, in laminate; quite excellent
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conversion-time profiles for the FRP of TMPTA are therefore obtained.
Interestingly, in highly viscous media (e.g. an epoxyacrylate oligomer
dissolved in hexanediol diacrylate (Ep)), FRP is feasible under air in the
presence of these PISs, even upon very low light intensity (e.g. sunlight
exposure, 2 mW/cm?).

These systems [XIA 15] and other systems can obviously be used under
higher intensity Xe lamp, LED and laser diodes (50100 mW/cm?); the level
of performance still increases. Compared to references such as Eosin/amine
or CQ/amine for green and blue light exposure, respectively, they exhibit an
excellent photoinitiation ability for the FRP of TMPTA films in laminate.
The efficiency remains relatively lower under air (but the references do not
work at all). Interestingly, using higher viscosity matrices based on
methacrylates (e.g. Bis-GMA/TEGDMA), FRP becomes really feasible
under air, e.g. upon exposure to blue laser diodes at 405 or 457 nm (final
conversions > 50% instead of 25% for TMPTA). In these matrices, novel
PISs are noticeably more efficient than the reference systems based on CQ
or bisphosphine oxides. Finally, these PISs facilitate easy FRPCP (useful for
the manufacture of low-shrinkage cationic coatings at long wavelengths) and
CCRP.
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Figure 1.3. Examples of push-pull dyes used in PISs: a) UV-vis absorption
spectra and b) typical polymerization profiles for emission wavelength 473 nm
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Although interesting performances are achieved with Dye/iodonium
salt/silane (or NVK) in the purple-blue-green range, the situation in the red
region is more complex to get tack-free coatings from low-viscosity films,
especially under air. Indeed, only low TMPTA conversions (approximately
20%) are reached in laminate (using, for example, perylene derivatives in the
presence of methyl diethanolamine or methyl diethanolamine/phenacyl
bromide; laser diode exposure at 635 nm; 100 mW/cm®) [XIA 15]. The
CCRP of an epoxide (EPOX)/acrylate (TMPTA) blend under the same laser
diode is, however, efficiently achieved under air (e.g. using an
anthraquinone derivative as Dye). All the other checked PISs sometimes
mentioned in the literature (e.g. cyanine/amine, cyanine/iodonium salt) do
not significantly work in the FRP of TMPTA in our experimental conditions
under red lights. On the opposite, the squarylium-triazine linked
dye/ferrocene combination is claimed as efficient under a 635 nm source
(10 mW/cm®) but for the polymerization of very viscous media
(pentaerythritol tetraacrylate dissolved in a polymeric methacrylate binder;
MW: 535,000 g/mol) and in laminate. Today (see also again section 1.3.2),
radical polymerization reactions under red/near IR lights under air still
remain a great challenge contrary to the FRPCP at 635 nm under air where
successful results have been obtained, for the first time, using dye/iodonium
salt/NVK systems where a Dye stands for, for example, a perylene, a
violanthrone, a pentacene or an anthraquinone derivative.

1.3.8. Recoverable dyes: the concept of photoinitiator catalysts

A recent research direction was focused on the use of the photoredox
catalysis (well-known and largely employed in organic synthesis [XIA 15,
SHI 10]) in the polymerization area where the development of sustainable
radical-mediated chemical processes under very soft irradiation conditions
can be of interest (see a review in [LAL 14b]). The goal is twofold:
(1) getting a PI regeneration while keeping a high reactivity/efficiency and
(i1) using interesting and promising colored structures. Metal containing dyes
(e.g. ruthenium and iridium-based organometallic complexes) and metal-free
organic dyes (e.g. Eosin, hydrocarbons and modified ketones) have been
tested. Excellent visible-light absorptions, long-lived excited states and
suitable redox potentials are decisive for the dye. The excitation under low
light intensities from the UV to the near IR upon exposure to polychromatic
lights (even sunlight), or purple, blue, green, yellow or red laser lines, is
feasible. Three-component systems are usually encountered, e.g. Dye/silane
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(or NVK)/iodonium salt (with, for example, Dye = Ru or Ir complex) or
Dye/amine/alkylhalide (with, for example, Dye = hydrocarbon scaffold). The
observed mechanisms involve oxidation [1.41] or reduction [1.42] cycles in
the former and the latter systems, respectively. The dye is regenerated and
can, therefore, be considered as a PIC. In [1.41]-[1.42], radicals and cations
are simultaneously generated so that these PISs exhibit a dual behavior and
can ensure FRP, CP, FRPCP and the formation of, for example,
epoxy/acrylate IPNs.

"Dye + Ph,I" — Dye®" + Ph® + Ph-I; Ph*
+R3Si-H — Ph-H + R;Si°® [1.41a]

Dye®" + R3Si® — Dye + R;Si’; R;Si°
+ PhI" — Ph*+Ph-I + R;Si" [1.41b]

"Dye + AH — Dye* + (A-H)*" — Dye-H® + A* [1.42a]
Dye” + R-X — Dye + R-X" — Dye + R® + X [1.42b]

A novel visible-light organic photoredox catalytic system based on
methylene blue BM/amine/iodonium salt has been proposed [AGU 14]. Such
BM-based systems containing a hydrogen-donating amine are well-known
(see section 1.3.2) but relatively less efficient; the originality here is the use
of a sacrificial sterically hindered amine shAH that decomposes, after
electron transfer [1.43], into closed-shell products instead of open-shell
(radical) intermediates. Thus, even if the light is switched off, the formed
leuco BM can slowly react with the iodonium salt, generate a phenyl radical
and initiate an FRP [1.44]. Therefore, this system makes the storage of light-
energy and a release in the dark possible: the polymerization of thick
coatings is claimed.

BM + shAH — BM-H® + closed-shell products [1.43]

BM-H* + Ph,I' — BM+ H' + Ph*+Ph-I [1.44]

1.3.9. Metal-based dyes: recent perspectives

Metal-based PIs have been well-known for many years [CUN 93]; in
particular, the titanocenes for exposure to visible light sources represent a
famous (and even unique) example [ROL 86]. A strong revival of interest
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has been devoted to the design of novel compounds involving various metals
such as titanium, zirconium, zinc, platinum, nickel, iron, molybdene and
copper. As mentioned before (section 1.3.5), interesting results have been
gained when using these novel metal-based dyes containing PISs. In most of
the cases (Ti, Zr, Zn, Mo, Cu and Ti), FRP under air is feasible but the
excitation is mostly restricted to UV/near UV lights so far.

1.3.10. Dyes under sunlight exposure

Despite the numerous works on visible light-induced FRP, CP or FRPCP,
the sunlight curing (which has several interesting characteristics: no volatile
organic compound (VOC) release, no energy consumption, no irradiation
device and the possibility of curing large-dimensional pieces or surfaces) is
relatively little documented (see, for example, reviews in [FOU 03, LAL
11b] and [XIA 15]). In the 1990s, FRP applications have been noted in
outdoor paints for crack-bridging applications, anti-soiling properties or the
fabrication of glass fiber-reinforced composites [REH 91, EIS 97]. IPNs can
be obtained in CCRP or TPE. To overcome the strong oxygen inhibition
effect in such a low light intensity exposure, highly viscous
monomer/polymeric binder containing matrices, eclastomeric latexes or
waterborne latexes, were used. BP, CQ or BAPO derivatives were the usual
PIs [EIS 97]. Recently, the addition of a silane to BAPO reduced the
irradiation time to get a tack-free epoxy acrylate coating from 1 h to 12 mn
exposure under air; as before, this was ascribed to the oxygen consumption
by the radicals, the quenching of the formed peroxyls and the generation of
silyl radicals (see reactions [1.36a]-[1.36¢]) [EL 09]. Up until now however,
under sunlight, tack-free coatings cannot be obtained with low-viscosity
monomers such as TMPTA or ethoxylated pentaerythritol tetraacrylate
(EPT). Sunlight-controlled polymerization reactions (RAFT and ATRP) are
currently being investigated.

1.3.11. Dye-based PISs as a source of mediator radicals: application to
FRPCP

As known for many years [FOU 12a, XIA 15, LED 78, TEH 10b], in
FRPCP ([1.16]-[1.17], [1.41]), the excited dye undergoes the formation of a
radical R’® that is oxidized by an iodonium salt and generates a cation
suitable for the ring opening reaction of epoxides [1.45]. The originally
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proposed Dye/onium salt PIS, however, only works in oxygen-free media
under near-UV light (Dye = benzoin ethers, phosphine oxides). The other
radical R® might eventually be usable for FRP. It is obvious that any change
of Dye leads to a different radical and a different cation.

"Dye — radicals R®,R’® [1.45a]
R’®* + Ph,I" — R’"+Ph® + Ph-I [1.45Db]

An interesting development was the proposal of using the suitable
Dye/iodonium salt/silane (or NVK) systems presented above for FRP (see
[XIA 15] and the references therein). Indeed, in this case, in contrast with
[1.45a] and [1.45b], the primarily formed radicals and the initiating cations
are the same (R3Si® and R;Si"), whatever the dye. Therefore, changing the
dye allows us to tune the absorption over the visible range (see reactions
[1.31]-[1.33]); moreover, reactions under air are feasible due to the presence
of the silane. This sequence of reaction is really versatile and ensures the
possibility of FRPCP reactions at any wavelength. A lot of novel dyes are
currently being proposed by us (e.g. Ir, Ru, Cu, Pt complexes, naphthalenes,
pentacenes, naphthalimides, perylenes, phenazines, thiophenes, indolines,
squaraines, violanthrones, chromones, chalcones, BPs, TXs, Michler’s
ketones, etc., as shown in references above). The FRPCP of epoxides under
air is feasible at wavelengths ranging from the blue to the red, delivered by
high-intensity light sources (Xe-Hg or Xe lamps, LEDs and laser diodes) or
low-intensity devices (household halogen lamps, fluorescent bulbs and sun).
In the cationic photopolymerization area, this (i) certainly represents a real
progress; (ii) overcomes the drawback of the hard photosensitization of the
iodonium salt decomposition which prevents efficient CP at long wavelength
and (iii) should probably extend the use of CP in industrial applications
under visible lights.

Cationic photopolymerizations are detailed later in the book.

1.3.12. Dyes exhibiting a dual radical/cationic behavior: application to
concomitant radical/cationic photopolymerizations

The formation of IPNs combining the properties of the two polymer
backbones can be achieved using the hybrid cure technique where a blend of
a radical and a cationic monomer/oligomer is photopolymerized. The
consecutive two-step irradiation procedure is the most common: two Pls
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(radical and cationic) are used; two different irradiation wavelengths are
employed; the two monomers consecutively polymerize. The starting point
of the reaction is driven by a selective and separate excitation of the two Pls
depending on the wavelengths used.

A one-step procedure now becomes feasible using the dual behavior of
particular dyes able to generate both radical and cationic species and
allowing a simultaneous or concomitant radical/cationic
photopolymerization reaction of acrylate (e.g. (TMPTA)/diepoxide or
divinylether) blends (see a recent review in [XIA 14]) that can be achieved
under blue to red lights.

1.3.13. Dyes in thiol-ene photopolymerizations

TEP involves a stoichiometric reaction of a multifunctional olefin and a
multifunctional thiol (e.g. thiol-vinyl ether, thiol-allyl ether, thiol-acrylate
and thiol-yne). The reaction is a step-growth addition of the thiol to the
double bond [1.46a]-[1.46¢]: formation of a thiyl radical, addition of the
thiyl to the ene structure, regeneration of a thiyl, etc.; termination occurs
through recombination and disproportionation reactions.

Dye* + RSH — Dye-H + RS’ [1.46a]
RS’ + -CH=CH, + RSH — -CH"-CH,SR + RSH

— -CH»-CH,SR + RS" [1.46b]
CH-CH,SR + RSH — -CH,-CH,SR + RS" [1.46c]

BP was originally introduced as PI for TEP under UV light excitation.
Later on, other ketones were proposed. Recently, the TEP of a
trithiol/divinylether mixture under exposure of a very soft halogen lamp, or
laser diodes at 473, 457 or 635 nm, has been successfully achieved using
various novel dyes [XIA 15].

1.3.14. Dyes for the manufacture of photopolymerizable panchromatic
films

Multicolor PISs (exhibiting a particular absorption spectrum with red
tails or broad spectrum) have been proposed [XIA 15]. The high
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performance of the dyes reported above enables the preparation of
panchromatic polymerizable films sensitive to UV-to-red lights using dyes
with broad absorption spectra or a mixture of several suitable dyes. For
example, the combination of blue-green and red light-sensitive perylene
derivatives and an iodonium salt ensures the manufacture of a panchromatic
thiol-ene polymerizable film (400-650 nm) usable under various household
LED bulbs irradiations (i.e. blue, green, yellow or red lights).

1.3.15. Dyes for polymerization of in situ nanoparticle containing films

Upon a photochemical activation, the generation of NPs of metals or
metal-based compounds (Ag, Au, Pd, Cu, Zr, Ti, etc.) can be realized in
solution and films using the reduction of a metallic salt Me'S™ [FOU 12a]. A
specific case is concerned with the in situ incorporation of NPs in an organic
monomer/oligomer matrix that photopolymerizes at the same time. A
convenient PIS should produce both an initiating radical and a radical
capable of reducing the salt: successful formation of Ag, Au or Cu NPs
[1.47a]-[1.47b] has been already observed. Metal-functionalized PIs (e.g. a
gold-thiophene derivative, an Ag-TX derivative or an Ag-diaminofluorene-
derived dye) have also been proposed. As all these NPs are produced in a
polyacrylate film, oxygen inhibition plays a detrimental role. As before, the
phenomenon is amplified in low viscosity and thin media.

*Dye — R’s + R’ [1.47a]
R’ + M — polymerization and R’s + Me'S"— R’"+ Me(0) + S* [1.47b]

Therefore, the use of other PISs containing a silane or NVK
(Dye/iodonium salt/NVK) can be useful for the formation of silver NPs
([1.48a] and [1.48b]) under air. Moreover, it ensures an excitation
wavelength only depending on the dye [XIA 15]: the reaction can be carried
out over the 350—700 nm range.

"Dye + Ph,I" + NVK — Dye®" + Ph-NVK* [1.48a]
Ph-NVK® + Me'S" — Ph-NVK" + Me(0) + S [1.48b]

An interesting and really promising approach (reported in section 1.3.5)
involving a Sy2 process has been recently proposed ([1.49a] and [1.49b]).
Metal salts are obviously not reduced in this case but other metal-centered
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structures that do not exist as metal salts can safely work: this procedure can
extend the number of metal NPs that can be photochemically generated in
situ. According to this procedure, polymerized TMPTA films with
Ti-based NPs, Zr-based NPs and Zr fillers were easily obtained under air.
Very recently, a titanium isopropoxide/iodonium salt has ensured a clean in
situ production of Ti NPs in a photopolymerized cationic matrix under air,
but the mechanism might be different.

ROOe« + R|-Me-R; — ROO-Me-R, +R;* [1.49a]
ROO-Me-R, »———  Me (0) NPs [1.49b]

Using Dye/amine/alkyl bromide, iridium-containing photoluminescent
polyacrylate films have also been manufactured. Polyoxometallate
(POM)/polymer hybrid materials exhibiting modified mechanical properties
(polymerized EPOX/TMPTA matrix with inserted POM clusters [XIA 15])
were synthesized in a one-step process using a silicon or phosphor
polyoxomolybdate/iodonium salt/silane system.

1.4. Dye-based photoinitiating systems: properties, efficiency and
reactivity

Many studies have been carried out on the excited state processes in Pls
and PISs using a lot of powerful techniques (see [FOU 12a]), e.g.
nanosecond [SCH 90b, FOU 10b, YAG 10], picosecond or femtosecond
spectroscopy [FRI 14], time-resolved Fourier Transform Infrared (FTIR)
spectroscopy [FOU 12a], photothermal techniques [FOU 12a], PLP-ESI-MS
[FRI 14], CIDNP, CIDEP and ESR spectroscopy [FOU 12a]. When looking
at all the papers on dye-based PISs, a tempting question that arises is how is
it possible to drive the performance? Their practical efficiency (Rp and Cf)
in polymerization reactions under given experimental conditions is easily
accessible but the comparison from one paper to another is rather impossible
(as very different polymerization conditions are used). Such a comparison
can only be carried out within one paper as we have done for the numerous
PISs recently developed by ourselves [XIA 15]. The efficiency of PISs must
not be confused with their photochemical/chemical reactivity. The reactivity
is an intrinsic characteristic which is not dependent on the experimental
conditions. Improving reactivity and designing PISs with better absorption
properties and an enhanced reactivity are some key challenges.



32 Dyes and Chromophores in Polymer Science

Let us consider our proposed series of PISs. They usually work according
to the different sets of reactions shown above. The formation of the initiating
species mainly (and often quasi-exclusively) occurs in the first excited
singlet state S; of the dye. In the Dye/iodonium salt/silane system, the
primary interactions with the iodonium salt exhibit almost diffusion-
controlled rate constants and highly negative free energy changes. In the
Dye/amine/alkylbromide system, the Dye/amine interaction predominates
and is largely favorable. In reactive systems, photolysis is very fast. Even
with these favorable factors, however, large discrepancies in the
reactivity/efficiency scale are observed when going from one PIS to another.
Indeed, a competition of the Dye/iodonium salt (or amine) interaction with
the other deactivation pathways of Dye occurs (radiative and non-radiative
processes; the monomer quenching is usually low in S; and negligible). As a
result, the quantum yield of electron transfer ®.r is more or less important
but it is often >0.5. Moreover, unpredictable back electron transfer reactions
(which reduce ®.r) are likely to occur. Unfortunately, their occurrence is not
well understood and hence cannot yet be overcome. These back-reactions
certainly play a detrimental role as it is amazing to see that two PISs
exhibiting very large differences in absorption properties (and both having
almost similar ®.r and leading to the same efficient radicals toward the
addition to the acrylate function) can lead to relatively small Rp differences.
A complete understanding of the reactivity is not yet accessible. The most
open a priori factor is certainly the absorption. MO considerations and
calculations safely help the design of dyes exhibiting suitable required
ground state absorptions.

1.5. Trends and perspectives

The dye-based radical PISs described throughout this chapter will
continue to be encountered in a large variety of reactions in the radiation
curing field (photopolymerization and cross-linking of multifunctional
acrylates, TEP, photopolymerization of waterborne light curable systems,
photopolymerization of powder-coating formulations, controlled RAFT,
ATRP, NMP photopolymerization reactions, dual cure and hybrid cure
photopolymerizations, etc.), the imaging and laser imaging field (writing of
complex relief patterns for the manufacture of microcircuits and CTP
systems, printing inks, stereolithography, 3D microscale-structured
materials, manufacture of optical elements, etc.) or the medical and dentistry
fields.
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These PISs can initiate the photopolymerization of synthetic, as well as
renewable, monomers/oligomers. A careful adaptation of the PISs to novel
light sources avoiding the harmful mercury lamps emitting UVA and UVB
or even UVC rays has been possible, and today, polychromatic visible light
irradiation devices (Xe, Hg-Xe and doped lamps), quasi-monochromatic
devices (LED arrangements) or monochromatic devices (laser diode arrays)
can be safely used.

Over the last 30 years, the development of efficient radical two-
component systems and above all three-component PISs (through a careful
selection of suitable interactions between the different compounds) has led
to a great improvement in the attained performance. Many of them can also
behave as cationic PISs in FRPCP. There is still a place for innovative
chemistries involving multicomponent systems.

The recent input of the silyl (or germyl and boryl) radical chemistry has
enabled a decisive step for the designing of high-performance
photopolymerizable materials being able to operate in severe experimental
conditions (aerated media, exposure to sunlight and household fluorescent
lamps or LED bulbs, low-viscosity matrices and low film thicknesses). A
large number of the novel PISs presented here exhibit an improved
photosensitivity (compared to that of the existing reference systems) in the
blue-to-red wavelength range, even in aerated media, both working under
high- and low-intensity sources. Various photocurable matrices can be used:
radical, cationic, thiol-ene and radical/cationic monomers blends. The
development of PISs for water-reducible as well as water-based dispersions
upon visible light exposure under air needs to be investigated.
Photopolymerization reactions for various potential applications involving
soft irradiation conditions become feasible. The in situ incorporation of NPs
in a photopolymerizable matrix can be achieved at any excitation
wavelength. Curing under standard household fluorescent bulbs for indoor
applications can be envisaged. Sunlight-induced polymerization might also
be a promising way for a practical low-cost outdoor curing process,
especially designed for the drying of paints and the manufacture of large-
dimensional items.

Undoubtedly, new opportunities have arisen thanks to these
developments. The already high-level performance helps to improve the
development of existing applications and to prospect for new applications
involving, for example, aerated media, low light intensities, visible lights,
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very low viscosity monomers, thin films, blue-to-red household LEDs, laser
lines, industrial LEDs and sunlight curing.

Even more efficient systems are likely to be designed in the future
through the exploration of novel organic skeletons, substituted structures (to
take into account specific end-use properties), metal organometallic
complexes and metal-free organic compounds (as PICs in photoredox
reactions), cheaper and non-toxic metal complexes (e.g. copper- or iron-
based), Pl/control agents for controlled photopolymerization reactions and
more. When going to exposures to low-intensity lights, the search for highly
absorbing systems becomes crucial. The design of molecules exhibiting a
red-shifted absorption is challenging. In a different way, the careful choice
of the dye-based PISs and the design of two-photon sensitive dyes for laser-
induced polymerization open up interesting routes in the nanotechnology
field.

All of these examples outline the crucial role of the dye in the
formulation and the last developments should initiate novel possible
applications for the future. Considering the high efficiency already attained
today and the large potential expected in many innovative applications (e.g.
in optics, holography, dentistry, medicine, imaging, manufacture of micro-
and nano-structured materials, etc.), the development of radical PISs adapted
to visible and NIR lights should continue.
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Sensitization of Cationic
Photopolymerizations

2.1. Introduction

The field of photopolymerization chemistry has shown no evidence of
slowing down. Rather, this area of polymer chemistry continues to advance
at a rapid pace as new applications are found and as the attractive
productivity, environmental and energy saving benefits are realized. Once
limited primarily to thin film applications found mainly in coatings, printing
inks and adhesives, photopolymerizations are increasingly being harnessed
for the preparation of advanced materials to serve the design engineering,
transportation, aerospace, electronic, optoelectronic, dental and medical
materials related industries. Each of these fields of application has its own
materials and processing requirements and these requirements strongly
influence the specific type of photopolymerization that is used. At the
present time, there are four major types of photochemical processes that are
applied to polymer-forming reactions. These are:

1) photoinduced condensation reactions;
2) photoinitiated free radical polymerizations;
3) photoinitiated cationic polymerizations;

4) photoinitiated anionic polymerizations.

Chapter written by James CRIVELLO.

Dyes and Chromophores in Polymer Science, First Edition. Edited by Jacques Lalevée and Jean-Pierre Fouassier.
© ISTE Ltd 2015. Published by ISTE Ltd and John Wiley & Sons, Inc.



46 Dyes and Chromophores in Polymer Science

The term “photopolymerization” is widely applied to all four processes
listed above despite the fact that photochemistry is involved in the actual
bond making process of polymerization only in the first case. In the other
three cases, photochemistry is operative only in the reactions involved in the
generation of the reactive species that perform the initiation step of a chain
reaction polymerization. From a practical standpoint, photoinduced
condensation reactions are rarely employed at present. Previously, they were
used in the photolithographic production of integrated circuits. However,
these systems have largely been superseded by the intrinsically much more
photosensitive photoinitiated polymerizations listed in categories 2—4. This
is simply because photoinduced condensation polymerizations require the
absorption of a minimum of one photon of light for the incorporation of
every repeat unit into a polymer chain. However, most photochemically
mediated condensation reactions have quantum yields considerably less than
1 and this makes them inefficient and highly energy consumptive. In
contrast, photoinitiated polymerizations require only a small number of
photons to generate reactive species formed by the photolysis of a
photoinitiator. These reactive species subsequently catalytically consume the
monomer by a chain reaction process. The field of photoinitiated chain
reaction polymerizations is dominated by those in category 2 involving free
radicals. Currently, the field of photoinitiated anionic polymerizations is the
focus of much attention and is undergoing considerable growth. This chapter
will focus specifically on the sensitization of photoinitiated cationic
polymerizations as listed in category 3.

Several classes of different cationic photoinitiators have been described
in the literature [CRI 78a, CRI 93]. However, only six of these have
received substantial attention by both academic and industrial researchers.
Formulas 1-6 below depict the general chemical structures for these
photoinitiators. Among these, diaryliodonium, 2, and triarylsulfonium salts,
3, have reached commercialization, while dialkylphenacylsulfonium salts, 4,
and N-alkoxypyridinium, 5, remain under active research at the present time.
Diazonium salts, 1, were intensively investigated as cationic photoinitiators
in the 1960s—1980s but have largely been abandoned due to the inability to
stabilize their monomer solutions toward spontancous thermally induced
initiation. Ferrocenium salts (n’-cyclopentadienyl(arene)iron(Il) salts), 6, as
cationic photoinitiators were the focus of considerable past research efforts
[LOH 86, MEI 83, MEI 86], including their photosensitization [GAU 86].
The use of electron-rich donor molecules such as polynuclear aromatic
hydrocarbons as photosensitizers (PSs) suggests that the mechanism of
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photosensitization may involve an electron-transfer process. However, at the
present time, there appears to be little activity in this area. Most likely, this is
due to the fact that they have not found significant commercial applications.
Accordingly, most of the focus of this chapter on photosensitization will be
directed toward diaryliodonium and triarylsulfonium salts with brief
mentions of the research on dialkylphenacylsulfonium salts and N-
alkoxypyridinium salts.
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As shown in Diagram 2.1, there is a detailed version of the proposed
mechanism for the ultraviolet (UV)-induced photolysis of diaryliodonium
salt photoinitiators [DEK 90, DEK 91, DEV 87]. A very similar mechanism
has been proposed for the photodecomposition of triarylsulfonium salts
[DEK 87]. Briefly, the absorption of light results in the excitation of the
diaryliodonium salt and the subsequent carbon—iodine bond cleavage results
from decay from both the excited singlet and triplet manifolds to generate an
array of species by both homolytic and heterolytic processes. These species,
specifically the aryl cations and the aryliodine cation radicals, decay further
by interaction with proton donor species to afford protonic acids that are
indicated in the diagram as HMtX,. Consequently, the specific acid that is
generated on photolysis is predetermined by the anion that is associated with
the positively charged diaryliodonium cation in the starting salt. For
example, the selection of a diaryliodonium salt bearing the SbFs-anion will
generate the exceedingly powerful protonic acid, HSbFs, on photolysis.
Cationic polymerization results when the photolysis of such a
diaryliodonium salt is conducted in the presence of an appropriate monomer.
The direct protonation of the monomer by HSbF¢ results in the formation
of carbon-, oxygen-, sulfur- or nitrogen-centered cationic species that are
capable of undergoing the repetitive addition of monomer molecules in a
chain reaction to form a polymer. Analogously, diaryliodonium salt
photoinitiators with anions that give strong acids such as HBF,, HPFq,
HAsFs, (C¢Fs)4BH and CF;SO;H may also be used to initiate the cationic
polymerizations of electron-rich vinyl monomers and also to carry out the



48 Dyes and Chromophores in Polymer Science

ring-opening polymerizations of various heterocyclic compounds such as
epoxides, oxetanes, tetrahydrofuran, thiiranes, 1,3-dioxolane, 1,3,5-trioxane,
lactones and N-t-butylaziridine.

hv i |
At M, ——= [ At M, [T | At Mix,”
| Art* mitx,” o | A x|’

1 3
. A ANSTOL e i e
Arl + Ar  MtX, —————— Arl™ MtX, + Ar" =™ Arl™ MtX, + Ar’

Arl + Ar* Mex,,” ArArl + HMtX, Arl + HMtX, + Ar" + R’
cage-escape in-cage-recomb. cage-escape
ArR + HMtX, RH = solvent ArH + RR

Diagram 2.1. Mechanism of the photolysis of diaryliodonium salts

2.2. Photosensitization of onium salts

Aryl onium salts within classes 2 and 3 typically absorb strongly at
relatively short wavelengths (~200-300 nm) in the UV region of
the spectrum and their quantum yields for photolysis in this region are quite
high (@=0.2-0.9). However, their absorption at longer UV and
visible wavelengths is either very poor or non-existent. This makes these
photoinitiators ill-suited for applications in which light irradiation of those
wavelengths is used. Figure 2.1 shows a schematic correlation between
specific practical applications of photopolymerizations and the wavelength
of light needed to address them. Medical and dental applications are high in
this list and the requirement for long wavelength sensitivity originates from
the need to avoid the use of dermatologically damaging short wavelength
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UV radiation. Similarly, stereolithography that relies on the use of lasers and
graphic arts imaging that employs light-emitting diode (LED) light sources
for the imagewise photopolymerization of liquid monomers are additional
examples of applications where sensitivity to long wavelength UV or visible
radiation is required. Finally, the potential uses of systems that allow solar
irradiation to carry out polymerization reactions have many potential
practical applications such as for the in-field construction of composite
boats, piping and roofing panels. It is also worth noting that the narrow
absorption range of aryl onium salt cationic photoinitiators 2 and 3 is also a
limiting factor for their photoresponse even when broadband light sources
such as mercury and xenon arc lamps are used as irradiation sources. While
these sources do emit light in the short wavelength UV region, most of their
emission is at long UV wavelengths and in the visible region. Consequently,
these long wavelength photons are lost and unavailable for use in the
photopolymerization process. Worse still, the absorption of these
wavelengths by the sample can often result in its undesirable heating as well
as in other detrimental photoproducts. The efficiency of the overall
photopolymerization process could be markedly improved if the intrinsic
absorption characteristics of the photoinitiators were broader or could be
“tuned” to optimally match the emission maxima of the specific light source.

Onium Salt Sensitivity
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medical/dental

UV curing
T |
IC fabrication circult boards solar curing
| I 1
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157 198 248 315 436
| ] | I 1 1 I |
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onium salts dye
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Figure 2.1. Relationship between the wavelength sensitivity
and application for onium salt cationic photoinitiators
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2.3. Synthesis of long wavelength absorbing photoinitiators

On the basis of the above-mentioned considerations, there is clearly a
need for extending the range of the spectral sensitivity of onium salt cationic
photoinitiators to the long wavelength UV and visible regions of the
spectrum. Two major strategies for achieving this goal have been attempted.
The first of these is to synthesize photoinitiators with the inclusion of
chromophores that will endow them with the desired absorption
characteristics. An additional concept is to prepare onium salts bearing light
absorbing groups that can interact to provide an intramolecular
photosensitization. While these would appear to be simple enough strategies,
the available synthetic methods for onium salt photoinitiators do not always
allow for a straightforward route to the preparation of the desired
compounds. Often, this has needed the use of indirect, complicated and,
consequently, uneconomical preparative methods.

Nevertheless, syntheses of several diaryliodonium and triarylsulfonium
salts that incorporate long wavelength absorbing chromophores have been
successfully accomplished and their structures 7-9 are presented below. The
replacement of one of the phenyl rings in a diphenyliodonium salt with a
fluorenone moiety as shown in structure 7 results in the generation of a
diaryliodonium salt with two absorption bands at 294 and 378 nm [FOU 94,
HAR 01]. Both the absorption and the fluorescence spectra of 7 closely
resemble those of fluorenone. Unfortunately, despite the long wavelength
absorption of 7, photopolymerization studies showed that it was not more
efficient as a photoinitiator than simple diphenyliodonium salts that do not
possess the fluorenone chromophore.
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The synthesis of 5-arylthianthrenium salts, 8, [CRI 02a, CRI 04] can be
carried out by the condensation of thianthrene-S-oxide with various aromatic
compounds bearing electron-donating substituents, R, as depicted in
equation [2.1]. A mixture of methanesulfonic acid and phosphorous
pentoxide serves as an acid catalyst and dehydrating agent for this reaction.
Replacement of the methanesulfonate anion by a metathetical reaction with
NaMtX, affords the desired active photoinitiator, 8. Depending on the
specific R substituent, S5-arylthianthrenium photoinitiators have UV
absorption maxima in the range of 300—400 nm.
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O &3 =0 21
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The synthesis of a sulfonium salt bearing a photosensitizing anthracene
moiety in the same molecule was described by Pappas et al. [PAP 03].
Details of the synthesis of 9 are presented in equation [2.2]. The objective of
this work was to improve the efficiency of electron-transfer
photosensitization by an intramolecular interaction by incorporating the
anthracene within the same sulfonium salt molecule. Indeed, 9 bearing the
tetrafluoroborate anion was observed to show excellent activity in the
300 nm region due to the presence of the strongly absorbing anthracene
chromophor.

2.4. Photosensitization of onium salt cationic photoinitiators

Due to the complications surrounding the synthesis of long wavelength
chromophore-bearing onium salt photoinitiators, alternative strategies for
spectral sensitivity broadening were sought and attention was turned to
the possibility of the use of photosensitization. Photosensitization is an
attractive strategy for spectral broadening since it makes use of simple, easy
to prepare onium salt photoinitiators and simply adds a second PS molecule.
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There is much precedent in the literature for this approach and there are
several methods of conducting the photosensitization of a photolysis
reaction. In this chapter, the term “photosensitization” will be applied to any
method by which a light-absorbing compound induces the onium salt
decomposition resulting in the liberation of a strong Bronsted acid that is
capable of initiating a cationic polymerization.

The first method involves  “classical” or  energy-transfer
photosensitization in which the PS molecule is the primary light absorbing
species that, on excitation, transfers the energy to a target molecule causing
it to become excited and to undergo photolytic decomposition [LEE 69]. The
prime requirement for classical energy-transfer photosensitization is that the
energy of the excited state of the PS must be greater than that of the target
molecule so that the overall transfer process is energetically downhill. In this
type of photosensitization, the PS functions simply as an energy carrier and
is recovered chemically unchanged after the photosensitization process.
There are few documented examples of the application of classical energy-
transfer photosensitization to onium salt photolysis [DAV 82].

A second photochemical process called “electron-transfer
photosensitization” is, in reality, a photoinduced redox reaction [EBE 87,
PAP 84a, PAP 84b] and this method of photosensitization has been much
more successful for the extension of the spectral sensitivity of onium salt
cationic photoinitiators into the long wavelength UV and visible spectral
regions. Electron-transfer photosensitization is a well-understood process
and a general mechanism for this process as exemplified for diaryliodonium
salts is shown in Diagram 2.2.

Ps — » [pPs]|” [2.3]

[PS] + Al Mtx, —— |Ps - Arglt MtX, l*exciplex [2.4]

+
lPS = Arl* MtX, ] —> [PS| MiX; + Arl° [2.5]
Argle —> Arl + Are [2.6]
[PS] MtX, + mM ——>  Polymer [2.7]

Diagram 2.2. Mechanism for the electron-transfer photosensitization of diaryliodonium salts
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The first step of the mechanism involves the absorption of light by the PS
and this step is followed by the formation of an excited state complex
(exciplex). Then, the decay of the exciplex takes place with the transfer of an
electron from the excited PS to the diaryliodonium salt. As a result, the PS
molecule is oxidized to give the cation-radical, PS™ while at the same time,
the onium salt is reduced and an unstable iodine-centered radical, Ar-I'-Ar, is
produced. Back electron transfer is avoided by the rapid, irreversible
decomposition of this latter diaryliodine free radical into fragments that
subsequently undergo further reactions in the system. Ultimately, the
cation radical species, PS", is responsible for initiating the cationic
polymerization of a monomer, M. This occurs via the direct attack of the
cation-radical on the monomer as well as by secondary reactions with proton
donor species that generate the protonic acid, HMtX,,. It is worth noting that
during electron-transfer photosensitization, the PS is chemically reactive
and is consumed during the irradiation process. This can easily be
visually observed during an electron-transfer photosensitization either by
the formation of a strongly colored cation-radical species or by the
shift in color as the PS cation-radical undergoes further reaction
during photopolymerization. In some cases, this is advantageous since the
PS is “bleached”, allowing light to penetrate deeper into the sample. In
other instances, further reaction of the generated cation radicals
undergoes reactions that lead to the formation of even more highly
absorbing species than the starting PS. This can result in the opposite
effect.

A particularly graphic example of electron-transfer photosensitization is
the interaction of diphenyliodonium salts with perylene. Exposure of a
dichloromethane solution of a mixture of these two compounds to UV
light for 2 s results in the formation of the intensely blue-colored and
relatively stable perylene cation-radical. The blue color remains in
solution in air for a considerable time until it slowly fades. When this
photolysis reaction is conducted in the presence of a cationically
polymerizable monomer, the blue color of the perylene cation-radical is very
transient.

The fact that onium salts 1-5 undergo photosensitization via an electron-
transfer mechanism is not surprising. The positively charged iodine, sulfur
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and nitrogen atoms in these compounds are all in high oxidation states. For
example, diaryliodonium salts, 2, belong to the general class of hypervalent
iodine compounds and can be considered oxidants [BAN 66].
Similar considerations apply to the diazonium, 1, sulfonium, 3 and 4, and
N-alkoxypyridinium salts, 5. Typical complementary electron-transfer
PSs are electron-rich compounds that are reducing agents in their excited
states. The criteria for electron-transfer photosensitization have been
expressed mathematically in the Rehm—Weller equation shown below
[LEE 69]:

AG=(E°X

sens

_pred )_E* [2.8]

onium

A negative free energy for electron-transfer photosensitization is obtained
when the difference between the oxidation potential of the PS, E_, , and the
reduction potential of the onium salt, E'  is smaller than the energy of
the excited state of the PS, E*. The magnitudes of the E_. and E*
parameters are known for many common PSs and the E'

onium Values can be
obtained by polarography. The respective approximate E™  values for the

onium

onium salts 1-5 are: diazonium salts —1.5 kcal/mol [ELO 69],
diaryliodonium salts —5 kcal/mol, triphenylsulfonium salts —28 kcal/mol
[CRI 85], dialkylphenacylsulfonum salts —14.5 kcal/mol [SAV 67] and
N-alkoxypyridinium salts —16 kcal/mol [YAG 93]. This is also the order of
decreasing ease of electron-transfer photosensitization among onium salts
1-5. The Rehm—Weller equation allows the prediction when the
electron-transfer photosensitization of a given onium salt-photoinitiator
combination can occur with the proviso that the magnitude of the AG values
should be at least —10 kcal/mol. Due to the differences in the AG values,
some PSs work with certain onium salts and not others. For example,
thioxanthones are good PSs for diaryliodonium salts but generally not for
triarylsulfonium salts. The only other consideration for a PS to be used with
onium salts is that it may not contain basic groups that inhibit or terminate
cationic vinyl or ring-opening polymerizations. Using the Rehm—Weller
equation, it is also possible to calculate the longest wavelength of light
capable of supplying sufficient excitation energy to -electron-transfer
photosensitize a given onium salt. For example, for diaryliodonium salts, it
is approximately 475 nm.
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2.5. Early dye sensitization studies

The earliest report of the use of electron-transfer photosensitization for
diaryliodonium salts was in a 1978 publication [CRI 78b] that described the
application of various acridinium and benzothiazolium dyes for that purpose.
Given below are the structures of several of these dyes along with the A, of
their major long wavelength absorption bands. Also included in this listing is
hematoporphyrin. This dye is derived by the hydrolysis of hemoglobin and
finds use in various types of photodynamic therapy. In the photosensitization
studies with these dyes, a GE DWY tungsten filament lamp was used with
virtually all of the emissions in the visible and infrared range of the
spectrum. The photosensitized polymerizations of vinyl ethers and epoxides
were carried out and compared to studies in which the dyes were absent. The
main drawback of the use of the acridinium and benzothiazolium dyes is
their rather poor solubility in organic monomers. In addition, these dyes are
PSs for diaryliodonium salts but are ineffective for triarylsulfonium salt
cationic photoinitiators.
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2.6. Polynuclear aromatic hydrocarbons and their derivatives

At very nearly the same time that diaryliodonium salts were discovered to
be efficient cationic photoinitiators, triarylsulfonium salts were also shown
to possess excellent characteristics as photoinitiators. Accordingly, an effort
was launched to determine whether it was possible to photosensitize the
photolysis of this new class of photoinitiators. As a result of a screening
process, electron-rich polynuclear aromatic hydrocarbons were observed
first to be excellent electron-transfer PSs for triarylsulfonium salts, and then
also for diaryliodonium salts [CRI 79]. Listed below are the absorption
maxima and the AG values for photoexcited electron-transfer for anthracene,
10, pyrene, 11, and perylene, 12, with diaryliodonium and triarylsulfonium
salts. The AG values were calculated from data appearing in two literature
sources [MUR 73, EHL 06]. It is interesting to note that in all cases with
these three, four and five ring polynuclear aromatic hydrocarbons, the AG
values are quite large and negative reflecting a strong driving force for
excited state electron transfer. The experimental observation that electron-
transfer photosensitization with these three compounds and both
diaryliodonium and triarylsulfonium salts is quite efficient appears to
confirm this conclusion. Additional members of this class of compounds,
including chrysene, coronene, benzanthracene, rubrene, dibenzanthracene
and even pitch derived from coal tar or petroleum residues, were also found
to provide good photosensitization characteristics. However, many of these
compounds are toxic and even carcinogenic. In addition, unsubstituted
polynuclear aromatic hydrocarbons including anthracene, pyrene and
perylene have limited solubility in most common monomers and their
solubility appears to decrease with an increase in the number of fused
aromatic rings. For these reasons, work with the parent unsubstituted
polynuclear aromatic hydrocarbons was not pursued further. Instead, several
alkyl- and hydroxyl-substituted anthracene derivatives with enhanced
solubility characteristics were examined for use as PSs. Work in this
laboratory focused on the use of anthrone, 13, 9-n-butoxyanthracene, 14, and
2-ethyl-9,10-dimethoxyanthracene, 17 [CRI 03a, CRI 03b]. 9,10-Di-n-
propoxyanthracene, 15, and 9,10-di-n-butoxyanthracene, 16, are
commercially available for use as PSs from the Kawasaki-Kasei Company.
The UV absorption spectra of all the anthracene derivatives are very similar
to anthracene, although slightly shifted to longer wavelengths. All the
anthracene derivatives were more efficient PSs than anthracene for
diaryliodonium, triarylsulfonium and also dialkylphenacylsulfonium salt
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cationic photoinitiators. The best photosensitization effects were realized
using the 9,10-dialkoxysubstituted anthracene derivatives 15, 16 and 17.
Toba et al. have extended this work using the same anthracene PSs to eight
onium tetrakis(pentafluorophenyl)borates as photoinitiators [TOB 99]. This
same investigator [TOB 00] has reported the use of anthracene-
photosensitized diaryliodonium salts in the polymerizations of vinyl ethers.
Likewise, Scranton ef al. [NEL 94, NEL 95] used time-resolved fluorescence
spectroscopy to study the 9,10-dimethylanthracene-photosensitized
diaryliodonium salt cationic photopolymerization of divinyl ether
monomers. Another approach to making anthracene PSs compatible in
photopolymerizable systems is to incorporate the PS into a monomer
structure [CRI 05a]. An example of an epoxy monomer containing an
anthracene photosensitizing group is shown in structure 18 below:
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Pyrene, 11, is an inexpensive and readily available aromatic hydrocarbon
that displays a relatively low order of toxicity. Pyrene was easily derivatized
by the pathways shown in Diagram 2.3 to give three interesting PSs, 19-21
[CRI 02a].
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Diagram 2.3. Synthesis of modified pyrene photosensitizers

1-Pyrenemethanol, 19, is readily soluble in various epoxide monomers
and has the advantage that it undergoes acid catalyzed and radical reactions
that covalently bind it into the polymer matrix as photopolymerization
proceeds. Similar considerations apply to compound 20 which, in addition to
the reactive benzylic hydroxyl group, has a long alkyl chain that markedly
improves solubility in a variety of vinyl and heterocyclic monomers. Like
the above anthracene compounds, pyrene and its derivatives 19-21 are
active as PSs for diaryliodonium, triarylsulfonium and also
dialkylphenacylsulfonium salts.

The strategy of functionalizing polynuclear aromatic hydrocarbons by
appending a hydroxymethyl group as described above for pyrene was also
applied to a number of additional polynuclear aromatic compounds
[HUA 02]. The structures of some of these compounds (22-24) along with
the longest wavelengths of their absorption maxima are depicted below. On
photolysis in the presence of an onium salt photoacid generator and a
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monomer, they not only undergo acid-catalyzed additions to epoxy
monomers, but also participate in free radical reactions that in the case of
diaryliodonium salts result in the assisted decomposition of the onium salt
[CRI 02b].
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As mentioned previously, the E'4 value determined by polarography
for N-alkoxy pyridinium salts is of the order of —16 kcal/mol. This indicates
that N-alkoxypyridinium salts would be expected to undergo facile reduction
by photoexcited electron-rich compounds. Indeed, electron-transfer
photosensitization by typical excited state electron donors such as
anthracene, perylene, thioxanthene [YAG 93] and trimethoxybenzene
[YAG 93] has been reported.

Diagram 2.4 depicts the proposed mechanism of the electron-transfer
photosensitization of a typical alkoxypyridinium photoinitiator, 25, by
excited anthracene [YAG 94]. As shown in equation [2.11], the
alkoxypyridine radical, 26, undergoes further irreversible decomposition to
give pyridine and an alkoxy radical.
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Diagram 2.4. Photosensitization of N-ethoxypyridinium hexafluorophosphate by anthracene
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2.7. Phenothiazine photosensitizers

10-Phenothiazine, 27, and a wide variety of other phenothiazine
derivatives (28-30) with substitution on the nitrogen and/or the aromatic
rings are excellent electron-transfer PSs for diaryliodonium salt,
dialkylphenacylsulfonium salt and triarylsulfonium salt photoinitiators
[GOM 01, GOM 02]. Phenothiazine compounds are readily synthesized by
simple, straightforward methods that allow them to be tailored for both
wavelength sensitivity and for solubility purposes. Phenothiazines have low
oxidation potentials and are therefore good reducing agents both in their
ground and excited states. The calculated AGy, for 10-phenothiazine
photosensitization of diaryliodonium salts is —46 kcal/mol and the AGs.
values for triarylsulfonium salts and dialkylphenacylsulfonium salts are,
respectively, —23 and -26.3 kcal/mol. A mechanistic study of the
phenothiazine-photosensitized polymerization of tetrahydrofuran by
triphenylsulfonium hexafluoroarsenate was performed by Rodrigues and
Neumann [ROD 01] that confirmed the proposed electron-transfer
mechanism.

COo 0 0 OO0
: Sl Sl ¥ ¢

27 28 29 30

Amax (nm)

253,318 255,313 255, 311 255,310

The phenothiazines 27-30 shown above provide a maximum wavelength
sensitivity broadening to approximately 315 nm. PS compounds 29 and 30
bear cationically polymerizable functional groups. Consequently, these PS
monomers can be expected to undergo copolymerization with conventional
vinyl ether and epoxide monomers. Alternatively, they can be subjected to
polymerization and the resulting polymers bearing pendant phenothiazine
groups used as PSs. Both approaches have been explored and result in
successful photosensitization [GOM 02].

A further spectral sensitivity extension to the 400 nm region was
achieved by extending the conjugation in phenothiazine systems through the
addition of a fused aromatic ring to the parent phenothiazine ring system
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[CRI 08]. All three isomeric benzophenothiazines, 31, 32 and 33, were
prepared and characterized. Shown in equations [2.12] and [2.13] are the
simple, one-step methods that were used to give the desired
benzophenothiazines in good vyields. In a similar manner, 12H-
benzo[b]phenoxazine, 34, was also prepared using a variation of the route
shown in equation [2.13]. Using a 400 nm optical cutoff filter interposed
between a medium pressure mercury arc lamp and the sample, the
benzophenothiazine and benzo[b]phenoxazine photosensitized
polymerizations of several cationically polymerizable monomers were
successfully carried out with diaryliodonium, dialkylphenacylsulfonium and
triarylsulfonium salt photoinitiators. It was interesting to note that when the
irradiation of the above onium salt photoinitiators was conducted at 400 nm
in dichloromethane in the presence of the benzophenothiazine PSs, deep
blue, red and purple benzophenothiazinium cation-radicals, e.g. 35, were
formed.

s s e
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32 33

Pmax(nm)

332, 400 370, 400 335, 400

O, Q= CO
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34 35

[2.12]

Amax (nm) 365, 400 [2.13]



62 Dyes and Chromophores in Polymer Science

2.8. Carbazole photosensitizers

The nitrogen atom of a pyrrole ring is not basic. The reason that is
generally given is that protonation of the nitrogen atom results in the loss of
the aromatic character of the ring [WAD 03]. Further reduction in the
basicity of a pyrrole can be achieved by fusing aromatic groups onto
the ring. Consequently, indole and carbazole are even less basic than
pyrrole. It was observed that N-alkyl- and N-aryl-substituted carbazoles
are quite excellent PSs for onium salt photolysis [CHE 00, HUA 00,
HUA 03].

oo L0 0 G0
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36 37 38 39
Amax(nm)
330, 345 323, 337 322,334 330, 343

It is particularly interesting to use the N-vinylcarbazole, 38, as an
electron-transfer =~ PS.  This compound readily improves the
photopolymerization response of diaryliodonium, triarylsulfonium and
dialkylphenacylsulfonium salts to UV irradiation in the 300 nm region as
well as the overall response to the broadband UV emission of a mercury arc
lamp. In addition, it is worth noting that 38 is well known to be a very
reactive monomer toward cationic polymerization. Thus, under the usual
conditions of photoinitiated cationic polymerization, 38 undergoes
polymerization to give poly(N-vinylcarbazole), 39. Moreover, further
experiments showed that the resulting polymer 39 is itself a good PS for
onium salts. Since 39 is a readily available commercially produced
monomer, it can be used as a non-toxic, non-volatile PS for various onium-
salt-induced cationic polymerizations. In addition, it has been shown that the
free radical copolymerization of 38 with other vinyl monomers such as
diethyl fumarate gives 1:1 alternating copolymers that are also useful as PSs
[CRIOI1].
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2.9. Thioxanthone photosensitizers

Thioxanthones are among the most widely employed compounds used to
achieve long wavelength sensitivity for photoinitiated free radical
polymerizations. Thioxanthones initiate free radical photopolymerization by
a bimolecular mechanism in which the photoexcited thioxanthone triplet
abstracts a proton from a proton donor molecule to generate a pair of
radicals. It was discovered [FOU 89] that thioxanthones are also active
electron-transfer PSs for diaryliodonium salts. Using the Rehm—Weller
equation, a AG value of —22 kcal/mol has been calculated for the electron-
transfer from excited thioxanthone to a diphenyliodonium salt. Other
aromatic ketones, benzophenone and acetophenone give AG values of -9
and —7 kcal/mol, respectively, and consequently, they are not useful as PSs
for diaryliodoium salts. Thioxanthones do not appear to be efficient electron-
transfer PSs for triarylsulfonium salts due to the considerably higher
reduction potentials of these onium salts as compared to diaryliodonium
salts. Excited state quenching studies by Fouassier et al. [FOU 94, MAN 92]
appear to confirm the electron-transfer mechanism of photosensitization with
a variety of different substituted thioxanthone compounds. Since
thioxanthones are widely used in free radical photopolymerizations, a
number of these compounds are readily available from commercial sources.
For this reason, the use of thioxanthones as photoinitiators in onium salt
photoinitiated cationic polymerizations is very attractive and widespread.
The structures of three representative thioxanthone compounds, 4042,
studied for this purpose are shown below. The main spectral region in
which these compounds are useful PSs is from 254 to 313 nm.
However, photosensitization studies of onium salts conducted at 355 nm
with 2-chlorothioxanthone, 40, showed that a band at 430 nm
corresponding to the 2-chlorothioxanthone radical-cation was formed. Cho
and Hong [CHO 05] have carried out detailed cationic UV photocuring
studies with 2,4-diethylthioxanthone employing the widely used 2,3-
epoxycyclohexylmethyl — 3’,4’-epoxycyclohexane  carboxylate as a
difunctional monomer.

] o O

40 41 42
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The use of isopropylthioxanthone as a PS for two-photon sensitized
cationic polymerizations was described by Boiko et al. [BOI 01]. The Yagci
research group [TAS 08] has also been active in this area and has published
the results of their study of the use of benzophenone and benzodixinone as
two-photon sensitizers for the diaryliodonium salt polymerization of
cyclohexene oxide. These polymerizations are of growing interest since they
can be used to spatially define three-dimensional images for the production
of solid polymeric objects.

2.10. Curcumin as a photosensitizer

The naturally occurring bright yellow—orange dye, curcumin, 43, is a
major constituent of the common spice, turmeric [CRI 05b]. In addition to its
use as a food flavoring and coloring agent, curcumin is also employed as a
medicinal agent and as a sunscreen. It is also readily available, low cost and
is highly soluble in a wide assortment of polar and non-polar monomers,
functional oligomers and polymers. Curcumin is a particularly interesting
and useful PS for diaryliodonium salts in the visible region of the spectrum.
As a result of the extended conjugation present in this molecule, curcumin
has a strong absorption band at 427 nm (& = 55,000) with a tail absorption
that extends to at least 540 nm.

OH O
H;COOCH;,
HO OH
43

On irradiation in the presence of an epoxy monomer and a
diaryliodonium salt photoinitiator, it has been observed that the initial
bright yellow color of curcumin shifts to deep orange. On
continued irradiation or simply standing in ambient light, the photopolymer
is bleached resulting ultimately in a pale-yellow-colored cross-linked epoxy
polymer.
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2.11. Quinoxaline photosensitizers

Recently, there have been two reports of the development of conjugated
aromatic  quinoxalines (phenazines) as electron-transfer PSs for
diaryliodonium salt cationic photoinitiators. The first of these from the
Toppare group [BUL 10] describes the use of the complex substituted and
highly electron-rich quinoxaline, 44, with absorption bands at 327 and
420 nm as a PS for the polymerization of epoxide monomers. A similar
study was conducted by Fouassier and Lalevée et al. [TEH 14] with highly
conjugated quinoxaline compounds 45 and 46 as PSs for diphenyliodonium
hexafluorophosphate. The authors state that these two compounds show
particularly high performance in the 350—425 nm range that is convenient for
use with LED light sources. Presumably, the methyl groups substituted about
the periphery of compounds 45 and 46 enhance their solubility in monomers.
The use of these photosensitized systems with two different epoxide
monomers was demonstrated.
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Related to these PSs are the fluoflavin dyes, 47, reported by Nerewska
et al. [NAR 10]. These authors have shown that they can be used to
photosensitize both the diaryliodonium and triarylsulfonium salt
photopolymerization of cyclohexene oxide at wavelengths in the region of
415 nm. The R, and R, groups in 47 are hydrogen, methyl, bromine or

chlorine.
!
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2.12. Miscellaneous electron-transfer photosensitizers

A wide assortment of additional electron-transfer PSs for diaryliodonium
salts have been described in the journal and patent literature. These include:
ketocoumarins [FOU 88], 9,10-phenanthraquinone [BAU 86], Mannich
bases [DE 88b], 1,3-indanediones [TEH 13], benzoquinonylsulfanyl
derivatives [SUG 03], acridinediones [SEL 01] and dimethylaminobenzylidine
derivatives [ICH 87]. In addition, the use of dyes such as eosine and
Rhodamine [DE 88a, DE 89] have been employed to provide
photosensitization in the visible region of the spectrum. A particularly
interesting system devised by Yagci et al. [AYD 08] is the
dithienothiophene, 48, used with diphenyliodonium hexaflurophosphate to
carry out the cationic photopolymerizations of cyclohexene oxide, 3,4-
epoxycyclohexylmethyl  3”,4’-epoxycyclohexane carboxylate, N-vinyl
carbazole, n-butyl vinyl ether and styrene. These investigators have further
applied this system to the preparation of metallic silver-filled epoxy

nanocomposites [YAG 11].
Ph S Ph
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2.13. Free-radical-promoted photosensitization

An indirect method by which spectral broadening of the sensitivity of
diaryliodonium salts can be achieved is by a so-called “free-radical-
promoted photosensitization”. It has already been noted that onium salts are
oxidants. In particular, diaryliodonium salts possess low reduction potentials
that allow their facile reaction with photogenerated oxidizable free radicals.
Several research groups [LED 79, YAG 88, KLE 85, CRI 98, MOW 00]
have explored this area using easily oxidized free radicals generated by
Norrish type I photoreactions. For example, unimolecular free radical
photoinitiators such as 2,2-dimethoxy-2-phenylacetophenone undergo
efficient photolysis by an o-cleavage reaction as shown in equation [2.14] of
Diagram 2.5 to afford the benzoyl, 49, and dimethoxyphenylmethyl, 50,
radicals. The reduction of a diaryliodonium salt (equation [2.15]) by 50
generates the dimethoxyphenylmethyl carbocation 51. Thereafter, 51
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initiates cationic ring-opening polymerization as shown in equation [2.16] by
direct electrophilic attack on the heterocyclic monomer. The diphenyliodine
free radical, 52, irreversibly fragments to give a phenyl radical and
iodobenzene (equation [2.17]). By the selection of a free radical
photoinitiator with the appropriate absorption characteristics, it is possible to
conduct the polymerization of heterocyclic monomers using long
wavelength UV and even visible light.

o] Ha O OCH3
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OCH3 OCH; [2 14]
49 S0
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Ph—Ce  + Argl* X —_— Ph-C+ X +  Argl*
OCH; OCHs [2.15]
51 52
OCH;,
Ph- C+ O —_— [2 16]
OCHS OCHa
Ar,l * Ar [2.17]

Diagram 2.5. Proposed mechanism for the free-radical-
promoted photosensitization of diaryliodonium salts

Recently, Yagci et al. [DUR 08] have described several interesting and
novel free-radical-promoted cationic photoinitiator systems based on the
same general principles outlined above. One of the most interesting shown in
Diagram 2.6 involves the use of acylgermaines, 53, as photochemical
sources of free radicals. These compounds conveniently absorb in the 350—
420 nm region and undergo an a-cleavage (equation [2.18]) to form the
benzoyl and germyl radicals, 54. In subsequent steps, 54 is oxidized by the
diaryliodonium salt to form the germanium-centered cation, 55 (equation
[2.19]). This latter species initiates the polymerization of the monomer
(cyclohexene oxide) by a direct electrophilic attack similar to that shown in
equation [2.16]. Another class of free radical photoinitiators that the Yagci



68 Dyes and Chromophores in Polymer Science

group has employed together with diaryliodonium salts for free-radical-
promoted cationic polymerization is bisacyl phosphine oxides as, for
example, 56 [DUR 03]. In this case, it was proposed that a photogenerated
phosphorous-centered free radical reduces the diaryliodonium salt.
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Diagram 2.6. Free-radical-promoted photosensitization
of diaryliodonium salts
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An example of a bimolecular photoinitiator that generates free radicals by
a hydrogen abstraction process is the combination of camphorquinone with a
benzyl alcohol (equation [2.20]) [CRI 08]. The carbon-centered free radical,

57, is capable of reducing a diaryliodonium salt in a similar manner to that
shown previously in Diagram 2.5.

0 hv (o] .
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) [2.20]
57
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Recently, Lalevée et al. [LAL 07, LAL 08a] have reported analogous
systems involving the use of aromatic ketones such as benzophenone,
thioxanthone, camphorquinone or eosine together with a silane or germane
as a hydrogen donor [LAL 08b, LAL 08c]. For example, as depicted in
equation [2.21] of Diagram 2.7, the photolysis of benzophenone in the
presence of tris(trimethylsiloxy)silane generates the silyl radical 58. This
latter species is oxidized by a diaryliodonium salt (equation [2.22]) to yield
the silylium cation 59 that is able to directly or indirectly initiate cationic
ring-opening polymerizations. The wavelength sensitivity of this system is
determined by choice of the specific aryl ketone. A study of the ring-opening
polymerizations of epoxide monomers was conducted using these silane-
mediated initiator systems.

PhC=O  +  (CHySIOpSi—H — N  PhC-OH +  (CHsSIO)sSI® [2.21]
(CHSIORSI* +  Anl'X — (CHSIO)SIT  +  Arg®

[2.22]
59

Diagram 2.7. Radical-promoted cationic photopolymerization by silanes

The general principle of generating oxidizable free radicals using long
wavelength irradiation and using them to decompose diaryliodonium salts by
a redox process has also been exploited by Bi and Neckers [BI 94]. These
workers used visible light irradiation to generate free radicals by hydrogen
abstraction from non-basic aromatic amines bearing benzylic protons by a
variety of xanthene dyes. The carbon-centered free radicals thus produced
are subsequently oxidized by the diaryliodonium salt to generate
carbocations that were shown to initiate the cationic ring-opening
polymerizations of epoxides. A similar report of the use of related systems
was published by Ichimura et al. [ICH 87] and used for photoresist
applications.

An interesting approach for the use of allyl sulfonium salts as
photoinitiators for cationic ring-opening polymerizations was published by
Yagci et al. [DEN 95] incorporating the elements of a free-radical-promoted
cationic  system together with a photoinduced free radical
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addition-fragmentation system similar to radical addition-fragmentation
transfer (RAFT) chemistry. Since allyl sulfonium salts absorb only at short
wavelengths in the UV, there is a general need to photosensitize these
compounds. Subsequently, these workers have shown that a variety of
compounds are capable of performing the desired photosensitization. Among
these are aromatic ketones such as benzophenone and thioxanthone;
polynuclear aromatic compounds such as anthracene and perylene and
conjugated heterocyclic compounds like phenothiazine. On the basis of free
energy calculations using the Rehm—Weller equation, an electron-transfer
mechanism analogous to that depicted in Diagram 2.2 has been proposed to
account for the photosensitization and is shown in Diagram 2.8 [DEN 96].
Irradiation of the PS results in its excitation (equation [2.23]) and this is
followed by electron transfer to the allylic sulfonium salt 60 to yield the
cation radical 61 and a sulfur-centered radical 62 (equation [2.24]).
Subsequent interaction of the PS radical-cation, 61, either directly with the
monomer or indirectly by hydrogen abstraction processes, results in the
initiation of the cationic polymerization of cyclohexene oxide, n-butyl vinyl
ether or N-vinylcarbazole.
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Diagram 2.8. Proposed mechanism for the electron-
transfer photosensitization of an allyl sulfonium salt

2.14. Conclusions

Through the use of photosensitization, the spectral response of onium salt
photoinitiators has been remarkably broadened, allowing cationic
photopolymerizations to be carried out using wavelengths throughout the
entire UV region and well into the visible range as well. This has made it
possible to address a wide range of current and emerging applications with
this technology that employ light sources that emit in the long wavelength
region of the electromagnetic spectrum. In addition, the use of PSs affords a
practical means of improving the response in many current applications that
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employ broadband UV and UV/visible light by providing a means to
capture a greater portion of the available emission from the light source.
Thus, PSs cannot only improve the photoresponse of a UV cure system, they
also offer a number of attractive trade-offs. For example, higher
photosensitivity means higher productivity with greater energy savings.
Alternatively, cost savings can be realized through a reduction in the
photoinitiator concentration and the use of lower priced and less reactive
monomers.
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3

Controlled Photopolymerization
and Novel Architectures

3.1. Introduction

Photopolymerization can be described broadly as polymerization
propagated by radical or ionic moieties as a direct consequence of a
photochemical reaction. The advantages of photopolymerization include
high rates of polymerization and environmental benefits from elimination of
volatile organic solvents. The intrinsic nature of photopolymerization being
able to occur at ambient temperature brings with it advantages which are
used by polymer chemists throughout the field to develop novel architectures
along with greener, more environmentally friendly processes. As the
polymerization occurs at ambient temperature, thermally sensitive materials
can be incorporated into the structure during polymerization. Lack of a need
to use solvent is also a common feature of photopolymerizations; this
reduces the emission of volatile organic compounds making them in turn
“greener” processes. The use of light as the initiating source for the
polymerization can also negate the need for use of harsher or more toxic
initiators [YAG 10].

Polymerizations that do not occur at room temperature can be made to
occur at this temperature under UV or visible light irradiations. Upon
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absorption of a mole of photons of 365 nm wavelength, the energy available
for a polymerization process to take place is approximately 130 times greater
than that available at ambient temperature (25°C) under thermal conditions,
327 kI mol” compared with 2.5 kJ mol™ respectively [YAG 98]. Absorption
of a mole of photons of 254 nm wavelength (471 kJ mol™) leads to 160 times
the energy being available than would be thermally (2.5 kJ mol™) at this
temperature [DEC 98, DEC 02, AND 01]. This energy provided by UV and
visible light can be used to overcome the activation barrier related to the
initiation of polymerization which otherwise would not occur at room
temperature. The absorption of light by the photon-absorbing moiety
(photoinitiator) will typically cause it to occupy energetic states which will
ultimately lead it to undergo a transformation bringing about the initiation of
polymerization. The photochemically derived polymerization initiating
moieties can be radical or ionic in nature. There are numerous classes of
photoinitiators differing in the nature of the active species produced upon
irradiation and they will be discussed later in detail [DIZ 13, DIZ 11,
TAS 07b, TAS 06b, TAS 09, TAS 07a, TAS 08a]. Unlike polymerizations
under thermal control, the use of photoinitiated systems gives access to
spatial and temporal control which otherwise would not be available. Spatial
control in photopolymerizations refers to the ability to control where
polymerization occurs in 2D or 3D space [LEE 08]. This can be realized by
shining the appropriate wavelength light on pre-prepared liquid mixtures of
monomer/photoinitator with any potential additives [TAS 11c¢]. This type of
process has classically been applied in the field of coatings, films and
adhesives because the photoinitiating light by its nature cannot penetrate far
beneath the surface so polymerization occurs in the 2D plane. It has been
shown however that the light source can be focused within a volume to
achieve 3D polymerization control as well. Temporal control of the
polymerization process obtained by using a photoinitiating system refers to
the simplicity of being able to switch on and off a light source. This is a
more convenient approach when compared to polymerizations which are
driven forward thermally which require a heating up and cooling down
period. The source of light is either turned on or off, which means that the
exact quantum yield for the specific process in consideration is either
affected or not. Under thermal conditions however, there is a time delay
between applying heat and the time at which the monomer solution has
heated up to the desired temperature and equilibrated throughout. During this
process, there is a gradient of temperature and therefore a gradient of energy
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available to initiate and propagate polymerization which can result in a
broadening of the polydispersity of the obtained polymer. This is also true
for the cooling down period as the temperature will not revert from high to
ambient instantly, again, producing a gradient of energy available to initiate
and propagate polymerization. Turning off the light instantly removes the
energy source and so the halting of polymerization can be quicker. Of
course, it has been shown that certain photoinitiated polymerization
processes will continue for some time in the dark, this is especially true for
photoinitiating systems that require only catalytic amounts of photoinitiator
[TAS 06a].

Well-defined polymers with a controlled chain-length, architecture,
functionality and narrow molecular weight distribution are of considerable
scientific and industrial interest due to their attractive features. The synthesis
of well-defined polymers has been possible because of recent significant
progress in controlled polymerization techniques. These methods are based
on establishing a rapid dynamic equilibrium between a minute amount of
growing chains and a large majority of dormant species and are more
tolerant of functional groups and impurities. Moreover, the rate of initiation
must exceed the rate of propagation. Therefore, all the propagating polymer
chains are formed simultaneously and grow at the same rate. If these
requirements did not occur, the first chains formed would be longer than
those initiated later and the molecular weight distribution of the propagating
chains would broaden. If all of these criteria have been fulfilled, the
polymerization where propagating center of growing chain does not
terminate and does not undergo chain transfer reactions. As a result of the
development of controlled polymerization methods, synthetic polymer
chemists are now able to construct, in a precise manner, a wide variety of
polymer architectures that were previously inaccessible using uncontrolled
chain-growth methods such as free-radical polymerizations. The most
widely used controlled polymerization methods are the iniferter method,
nitroxide-mediated radical polymerization (NMRP), atom transfer
radical polymerization (ATRP), cobalt-mediated radical polymerization,
organoiodine-mediated radical polymerization, organotellurium-mediated
radical polymerization and reversible addition-fragmentation chain transfer
(RAFT) polymerization for radical-based systems and living cationic
and anionic polymerizations for ionic-based systems. Although with limited
success, there have been a number of attempts to conduct such controlled
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polymerization methods by photochemical stimuli. Recent approaches with
regard to achieving photoinitiated controlled polymerization control in both
ionic [KAH 07, KAH 08a, KAH 08b, KAH 09] and radical systems
[TAS 11a, TAS 11b, TAS 10a, TAS 08b] are based on the stabilization of
unstable growing species by the reversible formation of the corresponding
covalent and dormant species that rapidly exchange. It has been estimated
that energy costs can be reduced 30% by switching from thermal
polymerization to photoinitiated polymerization. In this chapter, the current
state of the art is summarized and an overview on photoinitiated controlled
polymerization for both radical and cationic systems and their potential
application in the preparation of complex linear and cross-linked
macromolecular structures is described.

3.2. Photoinitiated controlled radical polymerizations
3.2.1. Photoiniferter

One of the earliest attempts to develop a photoinitiated controlled radical
polymerization was realized by Otsu et al. using the initiator-chain transfer-
termination (iniferter) concept. In the last two decades, appropriate
photoiniferters have been developed including diphenyl disulfide,
tetraethylthiuram disulfide, benzyl diethyldithiocarbamate and 2-phenylethyl
diethyldithiocarbamate. In the earlier studies, the dithiocarbamate (DTC)
type photoiniferters were used for the polymerization of vinyl monomers
under UV irradiation. The propagating polymer chain end was always a
DTC group, which can photodissociate into a reactive propagating radical
and a less reactive small radical DTC® resulting in successive insertion of
monomers into the dissociated bond. A large number of monomers, such as
styrene (St), methyl methacrylate (MMA), n-butyl acrylate (n-BA),
acrylamide, acrylonitrile and methyl acrylonitrile can be polymerized in a
controlled manner with photoiniferters. The control of the polymerization
decreases from St to MMA, and disappears in the case of acrylates. The
structures and compositions of the final polymers were not controlled very
well and the polymers displayed relatively broad molecular weight
distribution, poor initiation efficiency and much higher molecular weight
than theoretical values [OTS 82]. This was attributed to slow initiation, slow
exchange, direct reaction of counter radicals (DTC®) with monomers,
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degradative transfer of photoiniferter molecules and undesired irreversible
termination reactions. To overcome these drawbacks, a combination of
photoiniferter with ATRP or RAFT techniques was reported by several
groups. The results confirmed that this approach gave a better control in the
formation of polymers having a photolabile group.

Qin et al. reported a photoinitiated ATRP employing 2,2-dimethoxy-2-
phenylacetophenone (DMPA) as photoinitiator and ferric tri(NV,N-
diethyldithiocarbamate) [Fe(DTC)s;] as catalyst for polymerization of MMA
in toluene. Upon UV irradiation, the DMPA molecule produced two active
radicals that could reduce Fe(DTC); giving R—DTC and the lower oxidation
state metal salt, Fe(DTC),. Activation then proceeded by UV light irradiation
with DTC acting as a reversible transfer group [QIN 01]. Kwak et al.
realized another similar approach including a combination of ATRP and
photoiniferter polymerization using a DTC photoiniferter. Upon UV
irradiation, DTC molecules rapidly generate carbon-centered radicals that
induce radical propagation and were deactivated by a copper complex. It was
reported that due to the fast deactivation of radicals by the copper complex,
unwanted chain transfer reactions in iniferter polymerization could be
suppressed. The use of 2-(N,N-diethyldithiocarbamyl) isobutyric acid
ethyl ester (EMADTC) as an iniferter with a ratio of
MMA/EMADTC/Cu(DBr/HMTETA = 200/1/1/1 in 50% (v/v) anisole
offered a well-controlled polymerization under UV light irradiation.
The polymerization process proceeded very slowly due to the slow
activation of the dormant species by copper catalyst at 30°C in the dark,
while it went on 25 times faster upon UV irradiation [QIN 01, KWA 11,
KWA 10].

In 2008, synthesis and application of phenacyl morpholine-4-
dithiocarbamate (PMDTC), which acted as both photoiniferter and RAFT
agent in the vinyl polymerization, were reported by Tasdelen et al.
[TAS 08b]. The PDMC possesses excellent optical absorption properties in
the near UV spectral region, ensuring efficient light absorption from most
UV light sources. The PMDTC molecule containing a good leaving
phenylacyl group (R group) and an electron rich morpholine group (Z group)
was designed deliberately. The utilization of PMDTC as photoinitiator and
RAFT agent was tested for the radical polymerization of St under UV light
irradiation. The results showed that molecular weight was linearly increased
with monomer conversion, while the molecular weight distribution became
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slightly narrower as monomer conversion increased. To further demonstrate
the “living” character of the polymerization, the resulted PSt sample was
used as a macro-RAFT agent for block copolymerization with methyl
acrylate (MA) under similar experimental conditions. The GPC peak of PSt
macroinitiator (M, = 2,400 g/mol, PDI = 1.47) shifted to a lower elution time
after the block copolymer formation (M, = 33,000 g/mol, PDI = 1.37). The
PDI of the block copolymer is slightly narrower than that of the initial
polymer. This suggests most of the chains are still active during the process
of the block polymerization reaction.

Initiation and Photoinifeter
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Diagram 3.1. Postulated mechanism of photoiniferter/RAFT polymerization of St

The proposed mechanism of the polymerization includes that both RAFT
and reversible termination mechanisms are operative in the system
(Diagram 3.1). Their activity of the RAFT mechanism was confirmed first
by carrying out polymerization of St in the presence of PMDTC and
TMDPO at 4 < 365 nm where TMDPO is active but PMDTC is not active. In
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this way, a well-defined polymer with low polydispersity was obtained and
the PMDTC acted as a RAFT agent, as direct photolysis of the C-S bond and
the reversible termination mechanism did not occur. However, the PSt-DTC
was used as a photoiniferter in the polymerization of MA under UV
conditions without additional photoinitiator. The block copolymer formation
proved the activity of the reversible termination mechanism. Suitable control
levels were achieved in both cases.

3.2.2. Photoinitiated nitroxide-mediated radical polymerization

The NMRP is one of the most widely used CRP methods for vinyl
monomers. It usually avails of nitroxyl radicals (nitroxides) or alkoxyamines
to impart livingness into the reaction as can be observed in Diagram 3.2. The
NMRP using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) is very
commonplace and effective for a limited amount of monomers [YOU 00,
DEV 97, MAR 94, GRA 98, MAT 95]. However, much work has been done
on expanding the gamut of monomers that NMRP using TEMPO can be
carried out with. This often involves the modification of the nitroxide
structure, the use of alkoxyamine adducts and the use of additives. So
another approach of endowing photopolymerization with controlled/living
behavior has been the use of photoinduced NMRP, which has been
rigorously explored by a number of research groups. In the first study,
Scaiano et al. showed that laser-flash irradiation of alkoxyamines generates
nitroxides and alkyl radicals through a homolytic process [GOT 07].
Although the photosensitization step was successful, only limited numbers
of radicals were generated in these systems. Moreover, they did not perform
any polymerization study to see the relative contribution of these molecules
in the polymerization.

Diagram 3.2. General mechanism of nitroxide mediated radical polymerization
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Several attempts were also made to covalently attach different
chromophoric groups to the TEMPO moiety [YOU 00, GOT 07]. Although,
some success was achieved, the conditions for true C/LRP were not attained,
because the energy transfer from the sensitizer (“antenna”) to the C-O bond
was not found to be efficient enough to activate the process [GRA 98,
MAT 95]. More recently, Neckers and Lalevée groups [GUI 10] reported
new alkoxyamines possessing a chromophore group with various positions
to facilitate the homolysis of alkoxyamine. Guillaneuf et al. have reported
the synthesis of an alkoxyamine with a chromophore directly attached to the
aminoxyl function which undergoes primarily C-O dissociation upon UV
radiation as seen in Diagram 3.3 [GUI 10]. The obtained alkoxyamine was
able to act as a photoiniferter toward photoinitiated NMRP of n-BA; linear
chain growth of the polymer was observed and it was described as having a
partial living character. The reversible reaction between the polymeric
radical and the nitroxide leads to a reduction in the contribution of
irreversible bimolecular termination. A very recent study revealed that light
sensitive  alkoxyamines were applied in both thermally- and
photochemically-induced polymerizations for macromolecular syntheses
including block copolymer, post-modification of polymer coatings for
application in patterning and photografting [MOR 15].

o Ao

o

Diagram 3.3. Photoinduced NMRP of vinyl monomers with
an alkoxyamine possessing a chromophoric benzophenone molecule

Yoshida et al. have reported the photopolymerization of MMA using
azobis(4-methoxy-2,4-dimethylvaleronitrile) as an initiator with 4-methoxy-
TEMPO (Me-TEMPO) as a mediator in the presence of a diaryliodonium
salt namely, bis(alkylphenyl)iodonium hexafluorophosphate [YOS 12]. The
diaryliodonium salt behaves as the photoacid generator and PMMA with a



Controlled Photopolymerization and Novel Architectures 89

1.4 PDI value could be obtained with high conversion. It is understood that
the mechanism of the reaction proceeds through an electron transfer between
the excited diaryliodonium salt and the nitroxide during the propagation
process [YOS 10a]. Similarly, the use of a triarylsulfonium salt, namely
(4-tert-butylphenyl)-diphenylsulfonium triflate, as the photoacid generator in
the same process for controlled photoinduced NMRP of MMA has also been
reported [YOS 10b]. However, the mechanism still has unclear points as the
function of the iodonium salt is unknown.

3.2.3. Photoinitiated atom transfer radical polymerization

The ATRP is one of the most frequently used controlled radical
polymerizations due to its simplicity, broad applicability and ability to
prepare previously inaccessible well-defined polymers with complex
architecture. This process is based on a redox reaction involving a transition
metal complex in which a halide atom (especially Cl or Br) is reversibly
transferred between a growing radical and a dormant species. It is noted that
the atom transfer step is the key step in the reaction responsible for uniform
polymer chain growth. The ATRP was independently reported by the
Matyjaszewski, Sawamoto and Percec groups in 1995 [WAN 95a,
WAN 95b, KAT 95, PER 95].

A first attempt to integrate a photochemical activation in the ATRP
process is the use of light as an accelerator in classical ATRP. The visible
light irradiation increases the rate of ATRP but also enhances the living
character of the polymerization [GUA 00]. In 2000, Guan and Smart
reported photo-enhanced ATRP of MMA by visible light irradiation. They
observed considerable enhancement in the rate of polymerization under
visible light irradiation as compared to the dark conditions. The
polymerization of MMA (with [MMA]/[R-CIJ/[CuCl]/[Ligand] =
100/0.1/0.3/1 ratio) reached 41% of monomer conversion after 16 h at 80°C
in the dark, whereas employing visible light to the same conditions gave
100% of monomer conversion having molecular weights near to the
theoretical values with narrow molecular weight distributions. Though the
exact effect of the light was not clear, they attributed it to the acceleration of
the activation of the inner-sphere complex between the catalyst (Cu(l)) and
the alkyl chloride (R-X), or through the activation of the catalyst alone by
light [GUA 00]. Later on, this effect was reinvestigated by Matyjaszewski
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et al. and the k, constants of ATRP system under UV and without UV
irradiation were found to be quite similar, 0.10 and 0.092 M s [KWA 10].

Copper and some other d-metal complexes are known as potential light-
sensitive compounds and go through photoredox reactions during UV-
irradiation. Moreover, the photoproducts of copper complexes can initiate
the polymerization of various vinyl monomers in both aqueous and organic
media. Previous spectroscopic studies indicated that Cu(Il) complex has
three distinct absorption bands at 250, 300 and 640 nm. Under UV
irradiation, the d-d ligand field transition band centered at 640 nm of
CuBry/PMDETA catalyst diminishes and gives rise to the lower energy
shoulder (Figure 3.1). However, the formation of Cu(I) cannot be monitored
due to overlapping with the characteristic peak of Cu(Il) complex at 300 nm.
The strong absorption at this wavelength corresponding to the ligand-to-
metal charge-transfer transition is responsible for the photoreduction of
Cu(II) to Cu(l) [KAT 95, FOR 12, TAS 12b].
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Figure 3.1. Typical UV/Vis spectral changes of the CuBry/PMDETA by UV irradiation at
350 nm. (Reproduced with permission from [TAS 11b]. Copyright 2011 John Wiley & Sons)

A series of well-defined PMMA were successfully prepared by reduction
of Cu(Il) to Cu(I) upon UV irradiation and subsequent activation of alkyl
halide. A linear relationship was observed between monomer consumption
and polymerization time and evolution of molecular weight versus
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conversion confirmed the well-controlled process. The experimental
molecular weights of the obtained polymers were in good agreement with
the theoretical values. In the following study, the addition of a small amount
of methanol facilitated to conduct the process in the homogeneous system, as
methanol exclusively penetrates the solubility of Cu(Il) complexes in the
polymerization mixture. Applying the homogeneous polymerization of
MMA could significantly increase the rate of polymerization in comparison
with the heterogeneous system, and the control over molecular weights
under the homogeneous system was also improved. In both works, the
livingness of the obtained polymers was confirmed by chain extension
experiments. The amount of Cu(Il) catalyst used in these studies was
equivalent with respect to the initiator [TAS 11b, TAS 10a, KWA 10,
KAT 95, TAS 12a].

Very recently, Matyjaszewski et al. reported the use of visible light and
sunlight for ATRP of various acrylates mediated by ppm level of Cu catalyst
without the use of any photoinitiator or reducing agent [KON 12]. A variety
of monomers including poly(ethylene glycol) methyl ether acrylate, ferz-
butyl acrylate (--BA), MA, ethyl acrylate (EA), MMA and St, as well as
functional initiators in different solvents were tested. There are three distinct
pathways for photochemical (re)generation of Cu(I) activator including
(1) direct photochemical reduction of the Cu(Il) complexes by excess
free amine moieties, (2) unimolecular reduction of the Cu(Il) complex,
(3) photochemical radical generation either directly from the alkyl halide,
ligand, or via interaction of ligand with either monomer or with alkyl
halides. Both experimental and simulation results show that the
photochemically-mediated reduction of Cu(ll) complexes by an excess of
amine groups is dominant for (re)generation of Cu(l) activator [RIB 14a,
RIB 14b, ANA 14a, ANA 14b, ANA 14c, MOS 12].

The ability of other transition metals such as iridium (Ir), and ruthenium
(Ru), as alternatives to the cupric catalyst system, are being investigated to
succeed photoinitiated ATRP. Recently Hawker ef al. investigated the Ir-
based photoredox system that can be utilized in order to control the
polymerization of methacrylate monomers [FOR 12]. The fac-[Ir(ppy)s] (ppy
= 2-pyridylphenyl) was used as the catalyst which affords photoexcited fac-
[Ir(ppy)s]* species upon irradiation under visible light. The photoexcited
Ir'""* captured a halogen atom from alkyl halide to form initiating radicals as
well as highly oxidized Ir"Y complex. This Ir'Y could then react with the
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propagating radical to generate initial Ir'""' complex in the ground state. The
process is applied on a variety of acrylate monomers including MA, EA,
n-BA and tert-BA. The nature of the fac-[Ir(ppy)s;] catalyst tolerates
carboxylic acid functionality such as acrylic acid. The block and random
copolymers of acrylic acid with other (meth)acrylates can be obtained by
either macroinitiator or along the backbone of random copolymer with up to
50 mole percent of acrylic acid [TRE 14]. The process also established
spatiotemporal control over the patterning of polymer brushes using the
same catalytic system under visible light irradiation [POE 13, FOR 13].

Acylphosphine oxides are well-known Type [ photoinitiators that are easily
cleaved upon irradiation forming corresponding radicals. The copper (II)
phenyl-2,4,6-trimethylbenzoylphosphinate (Cu"(AP),)/PMDETA complex is
not only a catalyst for the photoinitiated ATRP but also copper(I)-catalyzed
azide—alkyne cycloaddition (CuAAC) click reaction. Exposing the
Cu"(AP),/PMDETA complex with visible light source causes a decrease
in the absorbance peak between 550 and 800 nm as the process is
monitored by UV—vis spectrum. This may be due to the transformation from
the Cu(II) d’ configuration to the Cu(I) d'° configuration in agreement with the
previous results for the in-situ generation of Cu(l) from Cu(ll) using
photoinitiators. During the visible light irradiation of Cu"(AP),/PMDETA
complex, the photogenerated radicals either lead to reduction of Cu(Il) to
Cu(D) or directly initiate the polymerization of (meth)acrylates, thus leading to
the relatively high polydispersity indexes (PDI; 1.36-1.65) [TAS 10b,
TAS 13, XI 14].

In the indirect system, the polymerization activators, Cu'X/L can be
generated from Cu'"X,/L under UV or visible light irradiation through the
help of photoinitiators. Many UV and visible light free radical
photoinitiators were reported to be powerful promoters for photoinitiated
ATRP. For this purpose, the photoinitiated reverse ATRP in the absence of
alkyl halide and photoinitiated SR&NI ATRP in the presence of alkyl halide
were extensively investigated using commercially available photoinitiators.
Photoinitiated reverse ATRP was performed with the Cu"Br,/PMDETA
system in conjunction with several photoinitiators belonging to both Type [
class, such as  2,2-dimethoxy-2-phenyl acetophenone, (2,4,6-
trimethylbenzoyl) diphenylphosphine oxide (BAPO) and Type II class such
as benzophenone, at room temperature. Even though the polymerization of
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MMA could be initiated in the absence of alkyl halide, loss of control over
the polymerization process was observed. The type and concentration of
photoinitiators ~ directly effects the photoinduced reverse ATRP.
Photoinitiated SR&NI ATRP was successfully applied to MMA in the
presence of alkyl halide. The molecular weights increased with conversion,
and they were in good agreement with the theoretical values (Diagram 3.4)
[TAS 11a, DAD 14b, DON 08].
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Diagram 3.4. Proposed mechanism for dye-sensitized SR&NI ATRP using Type I or Type 1l
photoinitiating systems (PI: photoinitiator; PS: photosensitizer and R-H: hydrogen donor)

Subsequently, the photoinitiated reverse ATRP by employing
camphorquinone/benzhydrol (CQ/Bzh) as the initiating system was also
developed. Both the Bzh and PMDETA ligand could act as the hydrogen
donor to form ketyl radicals (inactive toward the monomer) from the
photoexcited CQ. The ketyl radicals, however, reduce the Cu(Il) complex to
Cu(l) activator and simultaneously generate the mineral acid (HX, where X
is Cl or Br). In the following step, HX reacts with the acrylic monomer to
form the R-X compound (Markovnikov addition), which is responsible for
the initiation of photoinduced ATRP (Diagram 3.5). The main benefit of this
approach is that it simultaneously forms alkyl halide initiator by the addition
of acid released from the redox process to the monomer. The experimental
molecular weights are considerably higher than theoretical values and the
obtained polymers showed slightly broad molecular weight distributions
ranging from 1.13 to 1.51 in the process. The photoinduced SR&NI ATRP
of MMA under the same conditions is also presented and the system leads to
a better control of the polymerization as reflected by the improved molecular
weight distribution and chain end functionality [TAS 14].
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Diagram 3.5. Mechanistic scheme for photoinduced
reverse ATRP using camphorquinone/benzhydrol

Recently, our group investigated the photoinitiated ATRP to extend its
spectral sensitivity to the visible range by either adding a dye or a visible
light photoinitiator. The key steps of the initiation mechanism in the case of
dye systems involve the dye molecule acting as a light absorber, while an
amine co-initiator is the reducing agent for the excited dye. The primary
photochemical reaction involves the excited dye molecules abstracting an
electron from the amine molecules to form radical-cation/radical-anion pairs.
After the proton transfer, some of the radicals are in the system. These
radicals are not only able to add to monomer molecules to initiate growth of
polymer chains but also can reduce the Cu(Il) to Cu(l), which is used as
activator in the ATRP. Generally, only the radicals generated from the amine
component are reactive enough to activate the polymerization. The radicals
generated from the dye molecules are believed either to act mostly as radical
chain terminators or to undergo other reactions leading to bleaching of the
dye. Although, the molecular weights increase with conversion linearly, the
experimental molecular weights are considerably higher than theoretical
values in the dye-sensitized systems. In addition, the molecular weight
distributions are relatively high, ranging from 1.28 to 1.60 and reasonable
control are observed under visible light irradiation. However, bis(2-methyl-
2-propanyl)(phenyl)phosphine oxide as Type [ photoinitiator is used in the
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same process. The resulting polymers have very narrow molecular weight
distributions ranging from 1.11 to 1.18 and the molecular weight values are
close to the theoretical values. Compared to the dye-sensitized SR&NI
ATRP, it shows better control of molecular weight and distribution under the
similar experimental conditions [YAG 10, YAG 99, CIF 14].

Another versatile approach for photoinduced ATRP is based on the
photolysis of dimanganese decacarbonyl (Mn,(CO);,) under visible light or
sunlight illumination. The photoredox behavior of Mn,(CO)j in the system
is followed by means of UV—vis spectroscopy. Optical absorption of the
polymerization  solution  ([MMAYJ/[EtBP]/[Cu(Il)Br,]/ [PMDETAY}/
[Mny(CO),p) is found to decrease upon irradiation, indicating the reaction of
Mn,(CO),, with either P,—Br or Cu"Br,/PMDETA. Admittedly, the
appearance of a new peak at 455 nm upon irradiation, when alkyl halide was
absent, corresponded to the ligand-to-metal charge-transfer transition of a
copper metal. This indicated a direct reduction of Cu(Il) to Cu(l) by
‘Mn(CO)s radicals. The radicals formed were reported to abstract halogen
atoms from alkyl halides to generate carbon-centered radicals or reducing
Cu(Il) to Cu(I) directly, which was used as an activator in the ATRP of vinyl
monomers such as MMA, MA and St. The growth of the polymer chain is
manipulated by either varying the Mn,(CO),o concentration or adjusting the
light intensity, which changed the concentration of the Cu(l) catalyst.
Moreover, this method is also used to synthesize graft copolymers from
commercially available poly(vinyl chloride) (PVC) without additional
modification. The chlorine atoms of PVC can act as initiation sites for the
direct grafting of MMA by visible light induced ATRP. The molecular
weight measurements showed a monomodal molecular weight distribution
and a significant shift of the peak value toward higher molecular weights.
This confirmed the successful graft copolymerization without detectable free
homopolymer formation (Diagram 3.6) [CIF 13a, CIF 14].
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Diagram 3.6. Direct grafting of methyl methacrylate onto
PVC via visible light induced ATRP using Mn,(CO)
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More recently, the photoinitiated ATRP has been implemented in the
inverse microemulsion polymerization of oligo(ethylene glycol)
monomethyl ether methacrylate. Two different initiation systems including
SR&NI ATRP and a combination of AGET and ICAR ATRP are developed
under UV light. A stable and bluish water/oil inverse microemulsion is
generated after mixing polymerization solutions (aqueous phase: Cu'Br,
PMDETA or TPMA as a ligand and PEO-Br as a macroinitiator, PEG 550 as
a co-stabilizer, OEOMA as a monomer and water as a solvent; oil phase: a
mixture of polyoxyethylene (3) oleyl ether (PEO;C,5) and polyoxyethylene
(6) oleyl ether (PEO4C,g) as surfactants and hexane as solvent) forming
small aqueous monomer swollen “micelles”/droplets with the copper catalyst
precursors encapsulated inside. The photoinitiated SR&NI ATRP is initiated
by activating the catalysts via UV light irradiation of water-soluble
photoinitiator (Irgacure 2959). However, in the AGET&ICAR ATRP
system, direct photolysis of Cu(Il)/TPMA deactivator complex can also
induce a redox reaction between Cu(Il))TPMA and Cu(I)/TPMA activator
plus bromine radical to start the polymerization and then continue to
regenerate the activator lost in the bi-radical termination process. Not only
photoinitiated SR&NI ATRP, but also photoinitiated AGET & ICAR ATRP,
produce nanometer-sized particles with narrow and monomodal size
distribution. Moreover, the polymers obtained by two systems have
molecular weight values close to the theoretical values and relatively narrow
PDI ranging from 1.20 to 1.40. The method is particularly advantageous for
tuning the particle size which could be manipulated by changing the aqueous
phase fraction and controlling growth of polymer chains by switching on/off
the UV light [DON 08, CIF 13a, CIF 13b].

In another strategy, our group reported photoinitiated ATRP of MMA
using zinc oxide (ZnO) and iron doped zinc oxide (Fe/ZnO) semiconductor
nanoparticles. The photoactivated semiconductor nanoparticles successfully
reduce air-stable Cu(Il) to the activator Cu(l) species. The activation
mechanism is similar to AGET ATRP and is based on one-electron-transfer
from the nanoparticles to the catalyst. Like TiO, nanoparticles, ZnO
nanoparticles also absorb UV light and release electrons in the conduction
band. The released electrons can reduce Cu(Il) to Cu(l) species, which
operate the ATRP process. The addition of Fe in ZnO nanoparticles
increased the absorbance at higher wavelengths, as well as enhanced the rate
of polymerization of the system. The system also has temporal control for
the growth of polymer chains, which can be manipulated by switching on/off
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the UV light. Attractive features of this system included no use of expensive
compounds, metals and conventional radical initiators [DAD 14a, ZHU 11].

In another attempt, mesoporous graphitic carbon nitride (mpg-C;N,)
composed of only C and N atoms, was employed as an ecofriendly
photocatalyst for the activation of photoinitiated ATRP of vinyl monomers
such as MMA, MA and St. The mpg-C;N, possesses a high surface area
(~200 m*> g") that makes it more sensitive and active toward light. The
proposed mechanism of the process is continuous regeneration of copper
catalyst in a hybrid mechanism of AGET and ICAR ATRP. The light-
irradiated electrons from the conduction band of mpg-C;N4 with their large
reduction potential can reduce the present Cu"/L to Cu'/L species which reacts
with alkyl halide to form radicals capable of initiating ATRP [DAD 14b].

3.2.4. Photoinitiated RAFT polymerization

Since its invention in 1998, the reversible addition-fragmentation chain
transfer (RAFT) polymerization has grown into one of the most important
CRP techniques for the synthesis of well-defined functional polymers
[CHI 98]. The RAFT process is a very convenient and easy method from a
practical point of view and only requires the use of pure solvents, the
necessity to degas the reaction solution, a regular control over the reaction
temperature, and the addition of an appropriate chain transfer agent to the
solution of monomer and initiator. Moreover, the main advantage of the
RAFT process is its tolerance to a wide range of monomers bearing different
functionalities such as acids, acid salts, hydroxy groups and tertiary amines.
It enables the synthesis of a wide variety of well-defined polymers with very
narrow polydispersity indexes without the need for protection and
deprotection steps. In the RAFT polymerization, a chain transfer agent, also
called the RAFT agent, is used to operate the polymerization process,
allowing it to occur in a controlled manner. The key step in a successful
RAFT process is the reversible addition-fragmentation sequence between
propagating chain radicals and the RAFT agent. With respect to the RAFT
agent, it has been noted that the Z- group should activate the C = S double
bond toward radical addition while the R- group should be a good radical
leaving group capable of re-initiating polymerization.

The first successful photoinduced RAFT polymerization at low
temperature has been reported by Pan et al. [YOU 02] who polymerized St,
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MA and n-BA with a dibenzyl trithiocarbonate (DBTC) under UV light
between 254 and 366 nm. Low yields are achieved over a long period of
time; 12-52% MA conversion under UV irradiation over a time period of
15-50 h. This method is also applied for the synthesis of an ABA-type block
copolymer made up of PMA-b-PSt-H-PMA beginning from a PMA-S-C(=S)-
S-PMA macroinitiator with complete conversion to block copolymer, i.e. no
homopolymer is detected. In another study, the well-defined polystyrene is
successfully prepared with 1-phenylethyl phenyldithioacetate as the RAFT
agent under UV radiation without additional photoinitiator [QUI 02]. A
linear evolution of number-average molecular weight with conversion is
reached up to a maximum conversion of 16%. At high conversion,
degradation of the terminal dithioester group results in a chain termination. It
is also noted that molecular weight distributions of the obtained polymers are
broadened by both high conversion and high doses of UV radiation.

In the beginning, there was some controversy over the mechanism of
such photoinitiated CRP availing of such dithiocarbonyl species. Pan et al.
explained the mechanism of the reaction as reversible termination
polymerization as can be seen outlined in Diagram 3.7 [QUI 02]. The basis
of this proposed mechanism is that the scission of a bond is directly related
to its bond length, bond energy and bond order and the weakest bond is
always broken first when subjected to UV radiation of appropriate
wavelength. It is deduced that since the C-S single bond is the weakest bond
in comparison to the vinyl monomer, it is thus decomposed first to form a
stable dithio radical and a benzyl radical. The benzyl radical can initiate the
polymerization while the more stable dithio radical cannot start
polymerization but can reversibly scavenge growing chains forming dormant
chains to imbue the controlled manner of the process.
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Diagram 3.7. The proposed mechanism of reversible termination polymerization
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However it was argued that DBTC is known to induce CRP of MMA
under thermal conditions using AIBN as initiator through the RAFT
mechanism and addition of radicals to the C=S double bond [MAY 00]. It is
therefore argued that there should be no reason for such a mechanism not to
take place under UV conditions as well. It is also put forward that homolytic
cleavage under UV irradiation has also been shown to occur on the monomer
and since the MMA monomer is in much greater abundance compared
with the dithio species, the probability that homolytic cleavage will only
occur on the C-S bond is very low. It is proved that C-S cleavage does take
place in the course of polymerization under UV irradiation; however, it is
not the process imparting livingness into the polymerization. Homolytic
cleavage, as suggested, leads to products that further decompose under UV
radiation and thus reduce the controlled/living aspect of the polymerization.
This seems intuitive from the nature that the polydispersity broadens greatly
as polymerizations are carried out up to 48 h in length.

Later, it was shown by Cai and coworkers that the conversion of
polymerization of MA and St by UV induced RAFT could be greatly
increased up to 85% while maintaining low polydispersities [LU 05]. They
discovered the key aspect to achieve this lay in fine-tuning the wavelength of
UV light applied. They showed that S-dodecyl-S’-(a,0’-dimethyl-a " ’-acetic
acid) trithiocarbonate (DDMAT) and cumyldithiobenzoate (CDB), two
CTAs, were readily photolysed at full-wave UV radiation, DDMAT however
was slower than CDB (Diagram 3.8). By filtering out the short-wave UV
radiation (4 < 313 nm) through soda glass, the photolysis of the CTA could
be dramatically reduced. This also however suppressed the initiation of
polymerization and so a photoinitiator needed to be used in conjunction.
Acylphosphines are excellent photoinitiators that photolyze quickly to
form benzoyl and phosphonyl radicals when exposed to UV radiation
[SLU 96, KOL 96]. One such acylphosphine is (2,4,6-
trimethylbenzoyl)diphenylphosphine oxide (TPO) which shows long-wave
UV absorption at wavelengths that DDMAT does not show. Due to this, the
combination of the DDMAT CTA with TPO photoinitiator facilitated the
achievement of a very efficient RAFT polymerization of MA and St under
UV irradiation yielding high conversions and low polydispersity. The
controlled/livingness of the polymerization was evident from the
proportional increase of the number-average molecular weight with respect
to conversion maintaining a PDI of < 1.1 (conversion = 88%, Mn = 11,500).
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Diagram 3.8. Various RAFT agents employed in photoinitiated RAFT polymerizations

One of the attractions of the standard thermally induced RAFT
polymerization as outlined earlier is its effectiveness toward a range of
monomers without the need for protection/de-protection steps. In 2007, the
effectiveness of RAFT polymerization under UV irradiation of acrylic acid
(AA) carried out in water was reported [MUT 07]. The RAFT agent, S,S-
bis(R,R’-dimethyl-R"-acetic acid) trithiocarbonate (TRITT also known as
BDMAT) was employed in absence of additional photoinitiator under UV
irradiation at 365 nm in water and at room temperature. It was reported that
the initiation of polymerization of AA was due to R group radicals derived
from the CTA TRITT. It was found that the conversion was linearly
proportional to the number-average molecular weight when AA/TRITT =
600 and polymerizations gave PDI values < 1.1. It was also noted that over
50% polymer conversion could be achieved after only 5 h of polymerization,
while maintaining a low PDI of 1.08 (Mn = 23,000 g mol™). Increasing the
ratio of AA/TRITT moved the polymerization to higher molecular weights
faster, achieving 23,000 g mol" in 3 h. This served to indicate the very
controlled nature of the UV-initiated RAFT polymerization of AA carried
out in this fashion. The authors underlined how resulting polymers obtained
with 50% conversion after 5 h maintained their yellow color indicating the
chromophoric trithiocarbonate had not decomposed as had happened in
the work outlined by Davis et al. Attention was also drawn to how the
conditions were environmentally friendly using water as a solvent and
carried out at ambient temperatures.

Vinyl acetate (VAc) is one of the most difficult monomers to polymerize
in a controlled/living manner. It must be polymerized by a radical
mechanism and only a few studies have been reported with well-defined
MW and PDI [IOV 03, YAM 04, KOU 08, KOU 08, WAK 01, YAN 10,
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DEB 05]. Recently, the group of Kwak and coworkers has reported the use of
xanthates as RAFT agent using together with bis(2,4,6-trimethylbenzoyl)
phenylphosphine oxide (BAPO) as photoinitiator under UV irradiation to
effectively polymerize VAc in a controlled manner (Diagram 3.9). A
screening of xanthate RAFT agents was carried out to gauge their resistance to
UV decomposition and it was found that methyl(ethoxycarbonothioyl)
sulfanylacetate (MESA) and methyl(isopropyloxycarbonothioyl)
sulfanylacetate (MPSA) were very stable under UV irradiation. A stable
xanthate RAFT agent was critical to ensure an effective RAFT mechanism and
to suppress the photoiniferter or reversible termination process. The
UV induced RAFT polymerizations of VAc mediated by MESA
and photoinitiated by BAPO, carried out at 60°C, yielded PAVc (Mn =
10,500 g mol”', PDI = 1.23) after just one hour with 73% conversion.
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Diagram 3.9. Key components of the UV-induced
RAFT polymerization of vinyl acetate

The proof of the concept was provided as no polymer was formed when
no UV radiation was applied neither was any obtained without the use of the
photoinitiator BAPO, indicating the stability of the RAFT agent and absence
of photoiniferter process. In the absence of the RAFT agent MESA, an
uncontrolled process was observed which results in the formation of a
polymer of PDI = 3.35. However, the authors noted that loss of control was
observed on approaching higher conversions and attributed this to instability
of the xanthate-polymer chain adduct toward UV radiation and beginning of
reversible termination mechanism.

Several groups have also reported the synthesis of polystyrene [RAN 07],
poly(methyl methacrylate) [VEE 11] and poly(styrene-alt-maleic anhydride)
[WU 03] via photoinitiated RAFT polymerization. However, this method
exhibits some limitations such as low conversions even at long
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polymerization times. The molecular weight distribution broadened
significantly at long irradiation times due to the decomposition of the chain
transfer agent moieties at the polymer ends. There have been a number of
attempts to improve the photoinduced RAFT polymerization. For example,
the degradation of chain transfer agent at the polymer ends can be minimized
either by cutting-off the short-wave UV radiation using a filter or higher
monomer conversion can be reached by the addition of a commercially
available photoinitiator to the polymerization media.

3.3. Photoinitiated living ionic polymerization
3.3.1. Living cationic photopolymerization

The vast majority of progress made in the field of polymer chemistry in
recent times has been based around controlled radical polymerization.
However, significant strides have been made with regard to polymerizations
which are propagated by ionic species. The drawbacks, which radical
polymerizations suffer from, include the transitory nature of radical species
and their great inhibition by oxygen. Also, monomer to polymer conversion
in radical polymerization often leads to the problem of shrinkage and
shrinkage-induced stress. Polymerizations propagated by ionic species
typically do not suffer the same drawbacks as radical polymerizations such
as oxygen inhibition and radical-based termination processes.
Photogeneration of ionic species can be beneficial as the photogenerated
ionic species can be longer lived than radical species and so polymerization
can continue in the dark, once initiated. In this regard, there has been much
research carried out toward investigating the scope of polymerization
propagated by photo-generated ionic species [SHI 96]. And with respect to
this, there has been much effort put into the development of photoinitiated
cationic and anionic polymerization systems [TAS 08a, DOS 96, YAG 90,
YAG 88b, YAG 92b, YAG 88a, BOT 91, KAS 03b, DEN 95, HIZ 94,
ORA 09].

Crivello and coworkers were the first to report the use of iodonium and
sulfonium salts as photoinitiators in cationic polymerization back in the
1970s [CRI 78, CRI 77, CRI 79]. Since then, research into this field has led
to the development of a variety of onium salts commonly known as
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photoacid generators for the generation of cations in high quantum yield
[YAG 10]. The iodonium [CRI 77], sulfonium [CRI 79, DEN 95] and
alkoxypyridinium [YAG 92a, YAG 97, YAG 93] salts are particularly
important cationic photoinitiators because of their thermal stability, their
efficiency toward generating reactive species upon photolysis and general
solubility in the relevant monomers [GOM 01]. Upon irradiation of light, the
onium salt or photoinitiator undergoes photolysis or decomposition. This
leads to the formation of a radical cation which reacts with either solvent or
monomer which thereafter forms a Brensted acid. It is the acid which then
initiates polymerization. This process has been studied and investigated
extensively as applied toward the polymerization of various epoxy and vinyl
ethers [YAG 38, CRI 01, CRI 99, FOU 94, CRI 84].

It has been reported that the synthesis of well-defined macromolecules
with structural control can also be achieved by living cationic
polymerization of appropriate monomers [FAU 87]. A key to the success of
the living cationic polymerization of vinyl ethers is the stabilization of the
unstable carbocations via suitable nucleophilic counterion. There are two
ways to stabilize the carbocations: (1) generation of a suitable nucleophilic
counterion resulting from the initiator and the catalyst, and (2) addition of
nucleophilic agents to the polymerization media. In the first way, Bronsted
acids like hydrogen iodide are employed as the initiators, while Lewis acids
like zinc iodide are employed as the catalysts (Diagram 3.10) [KAM 91,
MIY 84, KAM 92a, KAM 92b].
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Diagram 3.10. Photoinitiated living cationic polymerization
of isobutyl vinyl ether by iodonium salts and zinc halides
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Recently, photoinduced living cationic polymerization of isobutyl vinyl
ether (IBVE) in the presence of various diphenyliodonium salts and zinc
halides was reported by Mah and coworkers [KAH 07, KAH 08b, KWO 06,
KWO 04]. Photochemically generated protonic acid reacts with IBVE to
form the corresponding monomer adduct. Terminal carbon-halide bond of
the adduct is activated by the coordinating effect of zinc halide (equation
116). This activation leads to generation of suitable nucleophilic counterion
by stabilizing the growing carbocation (equation 117). Thus, chain breaking
processes are prevented and living cationic polymerization of IBVE
proceeds. This approach was successfully employed also in free radical
promoted and sensitized systems. The main advantage of these systems is
the use of onium salts with highly nucleophilic counter ions such as bromide
and chloride. It is well known that the onium compounds with non-
nucleophilic counter ion of especially SbF¢ and AsFs , exhibit high toxicity
and low cost efficiency because of their central heavy metals. Duan et al.
and Gebel reported that long-term exposure of these metal salts to human
skin led to increased incidences of various cancers [GEB 97, DUA 05].
Furthermore, the preparation of such initiators from their corresponding
onium salts with halides requires additional steps, i.e. counter anion
exchange; this thus makes them expensive [YAG 98, CRI 77].

This concept was further extended to totally eliminate the use of
iodonium salts as the component of the photoinitiating system [KAH 09].
The cationic polymerization of vinyl ethers was initiated upon irradiation at
A =350 nm with vinyl halides in the presence of zinc iodide. A mechanism
involving the formation of an adduct between the monomer and the products
yielded from the photoinduced homolysis of the vinyl halide followed by
electron transfer is proposed. In the subsequent step, the terminal carbon-
halide bond in this adduct is activated by the coordinating effect of zinc
iodide. This polymerization exhibited some characteristics of pseudo-living
cationic polymerization.

In the second way, the addition of nucleophilic agents to the
polymerization media has been used to suppress side reactions. For example,
when the polymerization is performed in the presence of dimethyl sulfide,
the polymers obtained display characteristics of living polymerization such
as narrow polydispersity and well-defined chain end functionality due to
suppression of side reactions [PER 87]. In this case, the polymerization
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reaches an equilibrium between the alkoxycarbenium ion (growing chain)
and trialkylsulfonium species (Diagram 3.11) [PER 87]. Indeed, the latter
reaction is predominant; thus, chain transfer and termination reactions are
prevented to lead to living polymerization.

+ _ /CH3 + Cfis
woCHCHX + 8~ === ~wwCH,—CH-S\X
OR CH;3 OR CH,

Diagram 3.11. Equilibrium between alkoxycarbenium ion
(growing chain) and trialkylsulfonium salt

Similar to the strategy employed in vinyl ether polymerization, the
addition of sulfides was considered as a way to achieve living cationic
polymerization of epoxides. The effect of additional sulfides on onium salt
induced photoinitiated cationic ring opening polymerization of epoxides was
reported by Crivello [FAL 05]. Polymerization profiles of the monomers like
cyclohexene oxide and 1,2-epoxyhexane were monitored by optical
pyrometry and real-time FT-IR spectroscopy. Dialkyl sulfides inhibit the
polymerization rate as a result of its nucleophilic nature, which competes
with monomers to attack to the growing chain end cation, and even
overwhelms it. However, if sulfides with moderate basicity like diaryl
sulfides and thianthrene are used, the polymerization is retarded. The
polymerization rates and monomer conversions are decreased with
increasing amount of aryl sulfides. Diagram 3.12 demonstrates the attack of
the sulfide group on the growing oxonium ion instead of the
epoxide monomer. Thus, the nucleophilic nature of the sulfide determines
the role of the additive in the polymerization. Retardation of the ring
opening polymerization of epoxides, may be employed in order to prevent
chain transfer and termination reactions and living conditions can thus be
attained.

HO Ry /Rﬁ
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Diagram 3.12. Reaction of sulfide group with growing oxonium ion
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3.3.2. Living anionic photopolymerization

The level of research and development which has been carried out with
respect to photoinduced anionic polymerization has not nearly been as great
as has been carried out for the photoinduced radical and cationic systems
[SUY 09]. However, there are several types of reactions that can be
catalyzed by base and are important on an industrial scale such as the
formation of urethane from alcohols and isocyanates, epoxy ring-opening by
nucleophiles and Michael addition reactions. Base catalysis could even be
thought to hold some advantages as it is generally not as sensitive toward
oxygen and moisture such as the radical and cationic systems are,
respectively. However, one of the main drawbacks in using base catalyzed
processes in polymerization is the lack of successful and efficient
photoinitiating systems. In 1987, Fukuchi et al. reported the first work
regarding photoinduced anionic polymerization when they published their
work concerning the anionic coordination polymerization of epoxides by a
titanium tetraisopropoxide and photochemically derived phenol catalyst
system (Diagram 3.13) [FUK 87].

aas
o NO, _ 07,
® Ti(O'Pr)y, hv, 40 °C, 4 h b

Diagram 3.13. First reported photoinduced
anionic polymerization by Fukuchi et al.

There are some examples of the use of so-called photobase generators in
the preparation of polymers by anionic means. Photobase generators are
compounds that produce bases upon irradiation with light, examples include
cobalt complexes O-acyloximines and benzyloxycarbonyl derivatives. PBGs
are generally important in polymer science due to their application in
photoinitiated transformation of polymeric materials and epoxy resins. Kutal
et al. have reported the anionic polymerization of alkyl 2-cyanoacrylates
initiated by anionic species upon the irradiation of group 8 metallocenes
[YAM 98, YAM 99, YAM 00, SAN 02, BRI 02, DIN 03, SAN 05,
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YAM 07]. For example, they have reported the implementation of the
Pt(acac), complex toward the photoinitiated anionic polymerization of ethyl-
a-cyanoacrylate (ECA) [PAL 95]. It is understood that the initiating species
were free acetylacetonate anions freed by UV excitation of the complex
(Diagram 3.14).
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Diagram 3.14. Pt(acac), used as a photoinitiator for
the photoinduced anionic polymerization of ECA

Also, it has been shown that the polymerization of alkyl cyanoacrylates
can be driven forward by tertiary amines such as pyridine whereby the active
mechanism is thought to move through a zwitterionic pathway [JOH 81].
Through work emanating from the authors’ laboratory, it has also been
shown that weak photobase generator systems can be used to initiate a
zwitterionic pathway toward a photoinitiated anionic polymerization of
cyano acrylates. N-Alkoxypyridinium and N-phenacylpyridinium type salts
were described as the active initiators for these systems (Diagram 3.15)
[ARS 96, ONE 99, KAS 03a].
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Diagram 3.15. N-alkoxypyridinium salt used for the
photoinitiated anionic polymerization of ECA
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Manners reported that sila[l]ferrocenophanes undergo ring-opening
polymerization when treated with Na[CsHs] and UV light (Diagram 3.16)
[TAN 06]. This reaction proceeds through a Si-Cp bond cleavage
mechanism as the incoming Cp anion displaces one of the Cp ligands in the
ferrocenophane. This reaction exhibits characteristics of living
polymerizations such as controlling of molecular weight, narrowing
molecular weight distributions and enabling block copolymer synthesis as
anionic ring-opening polymerization initiated by strong nucleophilic bases
such as n-butyl lithium [TAN 04, MUS 13]. Recently a new monomer type,
dicarba[2]ferrocenophanes, bearing alternative bridging moieties, has
been used in photoinitiated anionic polymerization. The photoinitiated
polymerization of  dicarba[2]ferrocenophanes affords soluble
polyferrocenylethylene products with narrow polydispersities [HER 09b].
The control of molecular weight was effectively demonstrated
through variation of the monomer to initiator ratios. Moreover, the
synthetic capability of this technique was explored through the addition
of  dimethylsila[1]-ferrocenophane as a second monomer to
the polyferrocenylethylene macroinitiator to obtain polyferrocenylethylene-
b-polyferrocenylsilane block copolymer. In another study, synthesis of
cyclic polyferrocenylsilanes has been successfully synthesized by
photoinduced anionic polymerization of dimethylsila[1]ferrocenophane in
the presence of a Lewis base such as 4,4'-dimethyl-2,2'-bipyridine
[HER 09a].

Na[C5H4R] R R R R
R \/ CH,OH /
Fe/ Si/ %> 310 nm ?\Si @ 3 F@I\\Si Q
@/ \, 5°C,THF Na*  -NaOCH, i H
R R n R n

Diagram 3.16. Photoinitiated anionic polymerization of ferrocenophanes
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Applied Photochemistry
in Dental Materials: From
Beginnings to State of the Art

4.1. Photoinitiated free radical polymerization
4.1.1. Introduction: from ultraviolet to visible light curing

The development of the first ultraviolet (UV) light-cured dental
composites in the early 1960s marked a milestone in dentistry that facilitated
further discoveries in dental restorative and adhesive technology [COO 92].
Light-cured composites were superior to the preceding two-component, self-
cured restoratives due to improved physical as well as handling properties.
As the final compounding was moved to the manufacturer, the risk of
incomplete mixing was avoided and highly filled materials with less
polymerization shrinkage and better marginal adaption to tooth cavities
could be produced. Optimized mixing processes resulted in less air inclusion
and hence improved esthetics, while a higher degree of double-bond
conversion afforded durable materials with lower amounts of leachable
monomers. Decomposition was not as pronounced compared to conventional
redox initiators so that the shelf lives of sufficiently light-protected
composites could be improved [MAH 13]. Also, the fast curing on demand
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allowed for the safer and more efficient treatment of patients. Typical classes
of UV photoinitiators comprised benzophenones [LEE 74], benzoin ether
[WAL 70], benzilketales [SCH 77] and mercaptophenones [ZHA 11].
Activation was usually carried out by rustic devices emitting light of
wavelengths up to 380 nm.

While light curing as such was generally considered favorable, UV
curing, as a classical transition technology, soon exhibited critical constraints
and side effects. In this sense, UV wavelengths limited the depth of cure to
1-2 mm, impairing the physical properties of cured composites to an
intolerable extent or making durable fillings tedious to prepare [STA 00].
Even more severely, high energy levels of the curing devices led to adverse
effects on human tissue, causing eye damage in dentists and patients alike
[WAT 04]. Alternatives were found by the 1970s, when photoinitiators
absorbing in the spectral region of blue light (460—480 nm) were introduced.
This progress was based on the discovery of D,L-camphorquinone
(CQ)/tertiary amine systems as potent photoinitiators [DAR 71]. Until today,
CQ, paired with different coinitiators, is applied in almost every
commercially available blue light-cured dental product (Figure 4.1).
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Figure 4.1. D, L- camphorquinone (CQ) and typical amino coinitiators

4.1.2. The camphorquinone/amine system

Besides mild conditions for photocleaving (Apx = 468 nm, ¢ =
6.61 x 10° mol/E), CQs ubiquitousness in dentistry is based upon its excellent
solubility in a wide range of (meth-)acrylate resins, its temperature/storage
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stability and toxicological safety as well as near complete photobleaching at
relevant levels of concentration [LEP 13, MOS 07]. CQ belongs to the Norrish
type Il class of initiators, forming active species after excitation and
complexation of coinitiator, usually tertiary amine, followed by sequential
intermolecular electron—proton transfer (Figure 4.2). Out of the emerging
radicals, only the a-amino alkyl radical is able to start the polymerization as
the ketyl radicals tend to recombine or disproportionate. Preferred coinitiators
include ethyl-4-dimethylaminobenzoate (DMABE), 4-(dimethylamino)
benzonitril (DMABN) or the polymerizable 2-(N,N-dimethylamino)ethyl
methacrylate (DMAEMA) (Figure 4.1), with the latter being able to reduce the
amount of potentially leachable amine by incorporation in emerging network
structures [NIE 02]. In acidic dental adhesives, the amount of amine needs to
be precisely adjusted to the equilibrium of free amine and protonated inactive
species. Alternatively, 1,3-diethyl-2-thiobarbituric acid was also found to
improve the polymerization kinetics and degree of conversion in some cases
of acidic resins [MUE 13]. For all types of filled and unfilled dental materials,
the literature provides extensive studies on the optimal ratios of CQ to amine
[MUS 06, VIL 05]. Ultimately, the balance of mechanical strength, initiator
leaching/biocompatibility and discoloration has to be considered carefully.
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Figure 4.2. Reaction scheme for the formation of starting radicals from
CQ and aromatic N,N-dimethyl amine: a) excitation and intersystem crossing
(ISC) of CQ, b) formation of CQ/amine exciplex and electron transfer and
¢) proton transfer to ketyl and a-amino alkyl radical [COO 11]
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While the general concept of combining CQ and amine coinitiator has
remained the same throughout the years, several refinements have been
attempted. The shortcomings addressed comprise reduced leaching of
initiator, e.g. via polymer-tethered CQ [HUS 12], a higher biocompatibility
of amines [LIU 07, SHI 07] or a lower discoloration of the cured materials
by reducing the impurities of amines. In order to improve the diffusion-
limited, binary system in high-viscosity media, initiator and coinitiator were
combined in one molecule and thus enabled higher polymerization rates
[ULL 04]. However, the characteristic oxygen inhibition layer remains
present in most systems [MOS 08].

To further optimize the conversion of monomers, the CQ/amine system
was enhanced with additional components. Ternary systems with 1-phenyl-
1,2-propanedione (PPD) or diphenyliodonium (DPI) salts were most
promisingly following this approach. PPD was found to synergize well with
CQ in conventional resin mixtures with regard to monomer conversion and
reduced discoloration at certain levels of concentration [PAR 99]. Mixtures
with DPI performed better than CQ/amine alone, while the proposed
mechanism suggests the formation of benzene derivatives, which has yet to
be proven for actual materials [COO 11, GON 13]. The absorption spectrum
of PPD fits to the commonly used dental lights (quartz tungsten halogen
(QTH): Aemission = 380-510 nm, light-emitting diode (LED): Acmission = 420—
480 nm), while DPI is dependent on CQ as a photosensitizer (Figure 4.3).
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Figure 4.3. UV-VIS spectra of relevant photoinitiators for dental composites, concentrations
in methanol: CQ: 3.86 g/L, PPD: 3.70 g/L, Lucirin® TPO: 0.22 g/L, DPI: 0.11 g/L
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Commercially available, i.e. already marketed, LED-curing lights are
mostly fixed to the emission of blue light. This is one of the reasons why CQ
is still predominant in dentistry.

4.1.3. Acyl phosphine oxides

Besides CQ, monoacylphosphine oxides, 1i.e. 2,4,6-trimethyl
benzoyldiphenyl phosphine oxide (Lucirin® TPO), with an absorption
maximum of Amx=390 nm (see Figure 4.3), and the bis(2,4,6-
trimethylbenzoyl)-phenylphosphine oxide (Irgacure® 819), a variation of
TPO with an absorption maxima of Anx=370/400 nm, are used in dental
materials (Figure 4.4) [IKE 08].
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Figure 4.4. Chemical structures of selected acyl phosphine oxide initiators:
2,4,6-trimethylbenzoyldiphenyl — phosphine  oxide (TPO),  bis(2,4,6-trimethylbenzoyl)-
phenylphosphine oxide (Ir-819), sodium 2,4,6-trimethylbenzoylphenyl phosphine oxide
(APO-Na), A:  bis(2,6-dimethoxybenzoyl)-2,4,4-trimethyl-pentyl ~ phosphine  oxide,
B:  I-hydroxycyclohexylphenylketone and A:B = 1:3 (Ir-1800) and bis(3-((2-
(allyloxy)ethoxy)methyl)-2,4,6-trimethylbenzoyl) (phenyl) phosphine oxide (WBAPO)
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Solubilities in methyl methacrylate are 0.99 x 10~ mol/L (TPO) and
1.03 x 10~ mol/L (Ir-819), respectively, and thus eightfold lower than the
one of the CQs (8.31 x 10~ mol/L). Nevertheless, both TPO and Ir-819
strongly profit from quantum yields significantly higher than those of CQ
(@ = 6.61 x 10° mol/E vs. TPO: ¢ = 31.64 x 10° mol/E and Ir-819:
¢ = 9.62 x 10’ mol/E). Because TPO reveals a high quantum yield and a
good overlap of absorption spectrum with emission spectra of QTH light
sources in the near UV region (350—410 nm), it is suited to be used in this
particular combination. However, when using modern single-wavelength
LED light sources, photopolymerization efficiencies of common phosphine
oxide initiators are lower than those of CQs [NEU 06]. Although TPO-based
resins exhibited very high conversion rates in filled and unfilled materials
[PON 14], depths of cure were typically lower than those with CQ/amine
systems [LEP 11]. Nevertheless, the commercially available derivative Ir-
1800 exhibited a reactivity higher than the CQ/amine system, when it is used
in unfilled resin matrix containing bisGMA, HEMA and an acidic monomer
[IKE 08]. With respect to reaction speed, TPO and TPO/amine combinations
seem to have an advantage over the CQ/amine system [SCH 12]. Although
the residual color of the initiated materials after light curing is strongly
concentration-dependent, it may compromise the final dental material
esthetics, and thus, has to be taken into considerations when using TPO
[ARI 09, LEP 11].
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Figure 4.5. Reaction scheme for the formation of starting radicals from TPO:
a) a-cleavage of the C-P bond forming C-centered acyl and P-centered
phosphinoyl radicals and b) possible H-atom abstraction and
radical shift from the C-centered acyl radical [NEU 06]
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When used in dental adhesive formulations, the water-soluble sodium
2,4,6-trimethylbenzoylphenyl phosphine oxide (APO-Na) [IKE 09] or the
double-bond bearing derivative with improved solubility in polar solvents
such as bis(3-((2-(allyloxy)ethoxy)methyl)-2,4,6-trimethylbenzoyl)(phenyl)
phosphine oxide (WBAPO) [MOS 10] may be beneficial.

In a light-excited process from singlet to triplet state, acyl phosphine
oxides such as TPO undergo a Norrish type I photoreaction, the so-called
C-P a-cleavage (Figure 4.5). Although both radicals are able to initiate,
P-centered phosphinoyl radicals exhibit a significantly higher reactivity than
the C-centered acyl radicals — typically by a factor of 2—6 [IKE 08, IKE 10].
In general, TPO reveals its advantages over the CQ/amine system especially
when used at very low concentrations [PON 14].

4.1.4. Various other photoinitiator systems

Leaving CQ and acyl phosphine oxides, several other photoinitiators have
been suggested for dental materials, from which only a few were considered
for actual dental products.

Although the laser photolysis of acyl germanium compounds was
described in the 1980s [MOC 85], their use as photoinitiators, especially for
dental materials, has found little attention. Only recently, have mono- and
bisbenzoyl germanium compounds been described as photoinitiators for
composites [MOS 08, MOS 07] (Figure 4.6).

Figure 4.6. Selected examples of acyl and bisacyl
germanium compounds [MOS 07]
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Like acyl phosphine oxides, mono- and bisbenzoyl germanium
compounds are promising Norrish type I photoinitiators. They show
a distinct absorption in the visible light region and decompose, when
irradiated with the right wavelength, into germyl and benzoyl radicals
(Figure 4.7).
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Figure 4.7. Reaction scheme for the formation of C-centered acyl
and Ge-centered germyl starting radicals by decomposition
of benzoyl trimethyl germanium [MOS 08, MOS 07]

The compounds 1 (Amax = 411 nm, ¢ = 1,460 dm® mol™") and 2
(Amax = 418 nm, & = 5,470 dm” mol ') show an even stronger absorption at
their maximum than CQ (Figure 4.6) [MOS 08]. However, the absorption
spectra of acyl germanium initiators only slightly overlap with emission
spectra of common dental polymerization lamps. In this sense, the efficiency
of 1 is rather limited compared to CQ/amine systems [GAN 08]. Also, it has
been shown that increasing concentrations of these types of initiators
decreases the depth of cure compared to CQ-/amine-based restorative
materials [MOS 08, MOS 07].

Recently, other types of photoinitiators based on various hexaaryl
bisimidazole derivatives (HABI) have been described for the use in dental
materials [BLA 09] (Figure 4.8). These initiators exhibit an improved curing
performance and have absorption maxima well above 530 nm, rendering
them compatible with modern visible light curing devices.
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Figure 4.8. Selected example of a hexaaryl
bisimidazole derivative [BLA 09]
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After irradiation, the HABI molecules decompose into lophyl radicals
which subsequently abstract protons from a donor, e.g. thiols [BER 14]
(Figure 4.9), heteroaromatic thiols, benzothiazoles, benzooxazoles, tertiary
amines, alcohols, thiocarboxylic acids [BLA 09] or dyes [BEN 02]. If used
in a dental composite, they lead to improved compressive, yield and flexural
strengths compared to conventional composites with CQ/DMABE.
Furthermore, the sensitivity to ambient light could be decreased [BLA 09].
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Figure 4.9. Reaction scheme for the formation of lophyl radicals
followed by the abstraction of protons from a thiol [BER 14]

Cunningham suggested borate photoinitiators for dental compositions
[CUN 96, CUN 99]. The boron atom can be substituted by aliphatic or
aromatic moieties (Figure 4.10). Preferably, the cation G' is an ammonium
or tetraalkylammonium moiety, a substituted aromatic compound or a
transition metal complex. Depending on the composition of the borate
photoinitiators, the photosensitivity extends from approximately 200 nm to
the infrared region.
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Figure 4.10. Selected examples of borate photoinitiators; R; to R;

are aromatic hydrocarbons and R, are aliphatic radicals. G* is a
metal ion, ammonium or tetraalkylammonium [CUN 96, CUN 99]
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Titanate initiators of various structures were discovered by Ciba-Geigy
AG [RHO 88, STE 90] (Figure 4.11). Among these structures were
methacrylated molecules with the ability to be embedded in forming
polymer structures. The titanate initiators are reported to be temperature and
humidity stable, but readily decompose when irradiated with light in the
wavelength region from 200 to 600 nm.
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Figure 4.11. Selected examples of titanate
initiators [RHO 88, STE 90]
4 o oy = \ =
F WV F —N F N
@ : N\ﬁ"J hv OR @ { \":‘J @ 1 \:==>J
Ti £ - Ti 4 Ti ’
f 0 0 7 o0
@ /= T e}
F ; N\;==J . 3 ' L2
RO i RO RO™ ™y RO

Figure 4.12. Reaction scheme for the formation of starting diradical
by exchange of two of the ligands in the presence of
unsaturated monomers [FIN 89]

In 1988, effective titanate initiators were claimed for light and dual cured
dental materials by Dentsply [WHI 89]. In particular, the initiator shown in
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Figure 4.12 has interesting properties, as it displays two distinct Ay, at 405
and 480 nm [DIE 91]. In the presence of o,f-unsaturated compounds and
subsequent to irradiation, an exchange of ligands is followed by
isomerization to a coordinative unsaturated complex. The complex is a
biradical that is capable to initiate the polymerization of unsaturated
monomers [FIN §9].

4.2. Cationic photopolymerization

Up to now, to the best knowledge of the authors, there is no application
of the classic cationic photopolymerization for dental materials. However, by
combining classical CQ-/amine-initiated radical photopolymerization of
(meth)acrylates and cationic ring opening polymerization (CROP) of
epoxides, the class of Silorane dental materials was recently introduced to
the market. Here, an iodonium salt such as phenyl-(para-(2-
hydroxytetradecyloxy)phenyl)iodonium hexafluoroantimonate is added as a
third initiator component. In contrast to free radically cured materials (see
section 4.1), the concentration of the iodonium salt in Silorane systems is
higher than the concentration of CQ, for instance, CQ/iodonium
salt/DMABE: 1.0/3.0/0.1 wt.% [EIC 07]. In a redox process, the light-
activated amine decomposes the iodonium salt forming a highly reactive
acidic carbocation, which finally starts the CROP of the oxirane monomer
species in the resin mixture [OGL 07, WEI 05] (Figure 4.13).

[CQ)* + Ph,I"PFg —= [CQ--Ph,l*PFg]*
[CQ--Ph,I'PFg]" —> [CQ]" PFs +Phyl’
Ph,l " —= Phl +Ph
Ph +M —= PhM
~M + Ph,I'PFy — ~M'PFg + PHI + Ph

Figure 4.13. Reaction scheme for the cationic ring
opening polymerization [OGL 07]



134 Dyes and Chromophores in Polymer Science

In comparison to the radical polymerization mechanism of
(meth)acrylates, the CROP process is not influenced by oxygen and thus
does not suffer from the typical oxygen inhibition layer [ILE 09].
Advantages of this material class are low shrinkage and shrinkage stress,
while the kinetics of the curing reaction is slower than that of purely
methacrylate-based materials and the polymerization enthalpy is higher.

4.3. Conclusion

Modern, light-cured dental materials are generally accepted to be state of
the art by clinicians and researches alike. They are characterized by superior
mechanical, esthetical and handling properties, while intrinsic challenges
such as shrinkage, shrinkage stress and resistance to abrasion have been
addressed in recent years. Concerning the absorption spectra of
photoinitiators and emission spectra of corresponding curing lights, an
efficient match was found and established in the market — CQ remains the
foundation for most products in this context. Future developments should
be directed toward overcoming the limitations in depth of cure, e.g. by the
development of novel photoinitiators with improved quantum yields,
bathochromic shifts or additives for indirect excitation. Furthermore, shorter
curing times of dental materials are demanded by dentists and need to be
addressed by an appropriate design of the initiating system and its
components in coming generations of dental products.
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Photoinitiated Cross-linking in OLEDs:
An Efficient Tool for Addressing
the Solution-Processed Devices
Elaboration and Stability Issues

5.1. Introduction

Energy saving has become a major concern of the modern world, and
electricity saving through phasing out traditional incandescent light bulbs is
a priority. For the purposes of general lighting, this issue can clearly be
discussed with organic light-emitting devices (OLEDs) [KAP 08, THE 12].
Research on this emerging technology is notably sustained by the numerous
advantages of OLEDs over inorganic LEDs: these devices are easier to
produce and can be made to larger sizes, and OLEDs can be fabricated on
flexible and lightweight thin sheets instead of the heavy and rigid glass
substrates used for inorganic LEDs. Organic materials and especially
polymers are amenable to solution-based fabrication methods, severely
simplifying the device production and cutting manufacturing costs. The
molar mass of the materials used is not limited. Conversely, the
manufacturing of inorganic LEDs today is still limited to vacuum
evaporation techniques and these latter routes are severely limited in terms
of molar weight and thermal stability of the materials used. With the aim of
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developing an energy-saving lighting technology, the much thinner layers
used in OLEDs also allow a reduction of the operating voltage in addition to
bringing flexibility to devices. Organic electroluminescent (EL) devices are
thus looking real breakthroughs in energy-saving research.

If the development of devices using a solution process appears to be an
appealing approach by reducing the material consumption and lowering the
equipment costs compared to the incumbent technology, the fabrication of
multilayered devices remains a challenge if orthogonal solvents are not
found for the successive deposition of the different layers [AHM 12, EAR
12, GON 05, HUA 04, WU 04]. Indeed, the main problem facing solution-
processed OLEDs is undoubtedly the undesired dissolution between layers,
the former layers being dissolved by the solvent of the upper layer. Avoiding
an unwanted interfacial mixing between different layers and circumventing
the formation of pinholes that can give rise to short circuits [OOS 14] are
also other difficulties to overcome. For devices made up of a 5-10 multilayer
stack, the selection of solvents that do not dissolve or adversely damage the
previous organic layers cannot reasonably be envisioned. The development
of methodologies enabling the preparation of solution-processed devices free
of layer dissolution problems is thus actively being researched. To address
this issue, several approaches have been tested. Notably, the use of a buffer
interlayer intercalated between each layer during the device fabrication and
finally removed by baking the multilayer stack has been proposed [TSE 06,
TSE 08]. However, such an approach can be detrimental for interfacial
contacts and phase segregation or delamination can occur during solvent
removal. Blade coating of layers was proposed as another possible
alternative to spin-coating [KO 10, YOU 09]. Finally, cross-linking of
layers appears to be the most promising strategy. Using this approach,
soluble material can be deposited by spin-coating and subsequently
converted to a totally insoluble cross-linked layer possessing a very good
solvent resistance, an enhanced thermal stability greatly facilitating the
fabrication process. Preparation of these insoluble polymer networks has
been investigated from the chemical [HUY 08, KOH 09], thermal [BOZ 03,
LIM 11, LIN 09, LIU 08, MA 07, MA 09, ZHO 11], electrochemical
[BAB 04, GU 11, PAR 11a] and photochemical point of view [YER 11].
Notably, the autocatalyzed cross-linking proved to be a major breakthrough
in the level of sophistication that can be developed for designing OLEDs
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[VOL 12]. Indeed, the photoluminescent copper (I) complex C1 further used
as the emitter in these devices itself acted as the catalyst for its own click-
chemistry-based polymerization (see Figure 5.1). In this concept, the copper
complex had the dual role of catalyst of its own polymerization and emitters.
In order for the copper (I) complex to be tough enough, a dinuclear copper
(D) halide complex comprising bridging chelate ligands was used, as these
complexes are reported as being the most stable copper (I) complexes. As an
other specificity, these complexes also meet the demands of high stability
and solution processability [FIF 84, VOL 13]. OLED measurements
confirmed the suitability of this approach in device application. In this
chapter, we will focus on the photoinitiated cross-linking applied to OLED
design. In particular, for efficiently immobilizing layers, enhancing the
thermal stability or increasing the device lifetime, photo-cross-linking of
small molecules, metal complexes or polymers has been investigated.

th

aw | 11y,

thp/ \/ Y~pph,

: %

C1

Figure 5.1. Copper (1) complex C1 used as autocatalyst of cross-linking and emitter of OLED

5.2. Cross-linking of light-emitting materials
5.2.1. Polymer-based light-emitting materials

5.2.1.1. Conjugated polymers

The fabrication of advanced (multilayer) device architectures is
commonly realized by vacuum sublimation as the device efficiency is
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intimately related to a stepped progression of the energy levels of the
different materials used for each layer of the device. To reduce the driving
voltage and to overcome the mismatch between the energy levels of the
emitter with those of the electrodes, the emissive layer (EML) is typically
sandwiched between a hole-transport layer (HTL) and an electron-transport
layer (ETL). To facilitate charge injection, a hole-injection layer (HIL) and
an electron-injection layer (EIL) are typically introduced as adjacent layers
of HTL and ETL, respectively (see Figure 5.2). Ideally, the driving voltage
of an OLED can be reduced to the photon energy of the emitted light if the
charge-injection barrier from the charge-transport layer to the EML becomes
negligible so that no energy barrier exists. Fabrication of these ideal OLEDs
with an energy barrier-free structure can result in a significant reduction of
the driving voltage [JEO 11]. Until now, most of these developed structures
have been fabricated by high-vacuum sequential vapor deposition of small
molecules. Unfortunately, this thermal evaporation process severely limits
the OLED device size to relatively small areas. Transposition of this
vacuum-based approach to solution-processed devices without sacrificing
device efficiency is challenging, especially for solution processing
multilayer structures.
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Figure 5.2. Typical device structure used for preparing highly emissive OLEDs:
HIL: hole-injection layer, HTL: hole-transporting layer, EML: emissive layer,
ETL: electron-transport layer, EIL: electron injection layer



Photoinitiated Cross-linking in OLEDs 143

Cross-linkable EML materials have been demonstrated successfully in
multilayer structured OLEDs. However, there are only a few reports of
photo-cross-linkable emitting materials based on fluorescent emitters. The
first EL polymer was reported in 2001 and contained polymerizable oxetane
groups attached through flexible chains to the phenylene units of the
polymer backbone [FAB 01]. If only cross-linked thin films of the blue
photoluminescent polymers were examined, the concept was established.
Examination of this concept in devices was brilliantly realized in 2003
[MUL 03]. Here again, reactive side-groups attached to cross-linkable
spirobifluorene-co-fluorene polymers were oxetane groups. Use of oxetane
units as cross-linkable groups is motivated by the numerous advantages of
these groups: first, oxetanes were identified as the only group that does not
affect the electrical and optical functionalities of OLEDs [MUE 00]. Second,
to initiate the cross-linking reaction, the oxetane-functionalized cross-
linkable EL polymers are simply blended with a small amount of photoacid
that donates a proton upon exposure to UV light. Cross-linking is thus
achieved by cationic ring opening polymerization (CROP) without
deterioration of the (electro)-optical properties of the emitters. Third, the
volume shrinkage of the functional photoresist is very small and formation
of microcracks upon curing is thus efficiently avoided. This last point is a
crucial parameter for OLED design as the leakage current should be as low
as possible to achieve high efficiencies [CHA 12]. The presence of pinholes
in films as well as the strong crystallization tendency of small organic
molecules constitutes the main leakage pathways in solution-processed
OLEDs. With the general structure: indium tin oxide (ITO)/poly(3,4-
ethylene-dioxythiophene) (PEDOT) (20 nm)/electroluminescence (EL)
polymer (80 nm)/Ca (20 nm)/Ag (200 nm), the blue cross-linked copolymer
P1 exhibited a maximum current efficiency (CE) of 2.9 cd/A, close to that
obtained with the reference devices using the corresponding copolymer P4
without cross-link (3.0 cd/A). Slightly reduced efficiencies were obtained
with the red and green emitting cross-linkable polymers P2 and P3 (1 and 7
cd/A instead of 2 and 10 cd/A for the corresponding non-cross-linkable
copolymers), and the lower performances were assigned to an unfavorable
change of the charge-carrier balance in the polymers (see Figure 5.3). In
2007, the same authors designed a display prototype with a pixel size of
200 pm x 600 pm and a display resolution of 1,000 pixels per inch
[GAT 07]. Pixilation of the EML was achieved via ultraviolet (UV)
illumination through an ultrafine shadow mask.
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Figure 5.3. Electroluminescent copolymers P1-P4

Pure white OLEDs (WOLEDs) with Commission Internationale de
I’Eclairage (CIE) values of (0.33, 0.33) and color rendering index (CRI) of
76 were obtained. To enhance the device efficiency, a photo-cross-linkable
HTL (triphenylamine-dimer (TPD)) was introduced [BAY 99, MUE 00,
YAN 06]. In the following device configuration, ITO/PEDOT:PSS
(35 nm)/HTL (40 nm)/EL polymer (60 nm)/Ba (4 nm)/Ag (150 nm), the
red, green and blue OLEDs achieved a maximum CE of 2.5, 7.9 and
6.5 cd/A, respectively. Finally, in a third study, the same copolymers
were studied as EL materials suitable for organic lasing applications
[WAL 09].

Design of solution-processed devices is often associated with
simplification of the device structure. An ideal OLED is reduced to a unique
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monolayer sandwiched between the two electrodes. To reach such a simple
structure, the EML should also exhibit charge injection/transport properties.
However, it is difficult to synthesize ideal emitting material that meets the
request for the balanced charge injection and transportation [SUN 04]. To
circumvent this problem, balanced electron and hole transportation of the
EML is often provided by blending two different materials where the first
material possesses good hole-transport properties and the second material
exhibits good electron-transport properties. Devices approaching these
requirements were prepared with an alternating copolymer composed
of bis(4-octyl-oxyphenyl)fluorene and bis((3-hexyloxy-3’-ethyl)oxetane)
fluorene [poly(PF-a/t-OXTF)], and a terpolymer composed of the above two
monomers with N-hexylphenotiazine [poly(PF-co-OXTF-co-PTZ)] (see the
diagram below) [PAR 09]. To implement the photoresist properties, the
required photosensitivity was introduced by attaching oxetane side groups to
the polymer backbone via an alkyl spacer. To promote the cross-linking, a
proper photoacid generator, i.e. ({4-[(2-hydroxytetradecyl)-oxyl]-phenyl}-
phenyliodonium hexafluorantimonate), was used. Photo-cross-link reaction
was performed upon UV light exposure at 100°C for 10 min. EL
performances were evaluated in double-layer devices with ITO/PEDOT:PSS
(50 nm)/polymer (80 nm)/LiF (1 nm)/Al (100 nm) configuration and
reference devices with polymers without cross-link were also fabricated for
comparison. Interestingly, devices based on photo-cross-linked polymers
exhibited lower operating voltages than the corresponding reference devices.
Lower operating voltages with the two cross-linked polymers were assigned
to the presence of the ionic photoacid generator in the EML, lowering the
charge injection barrier at the two interfaces.

The effect of the presence of ionic species in EML resulting in charge
separation and migration upon application of a driving voltage is well known
for devices called light-emitting electrochemical cells (LECs) [COS 12,
DUM 11, HU 12]. Poly(PF-co-OXTF-co-PTZ) furnished the best devices
with a maximum brightness of 4,750 cd/m? and a maximum CE of
0.68 cd/A. Numerous polyfluorene derivatives were investigated and red-,
green- and blue-emitting copolymers (PFR, PFG and PFB) were obtained by
simply changing the copolymerizing unit (see the diagram below)
[WAN 10]. For all devices, the active layer was photochemically cross-
linked at room temperature under inert atmosphere by using
diphenyliodonium hexafluoroarsenate as the photoinitiator. The resulting
network was subsequently annealed at 120°C for 30 min. Incorporation of
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the phenyl group at the C-9 position of fluorenes had several uses. First,
because of the strong tendency of polyfluorene to undergo interchain
aggregation, phenyl groups attached at the C-9 position efficiently inhibit the
aggregation of the polymer chains. Second, the presence of the phenyl
groups at the C-9 position can effectively suppress the keto formation.
Indeed, the keto defects are responsible for the green contribution detectable
in the photoluminescence and electroluminescence spectra of polyfluorenes-
based devices [BLI 99, GAA 03, PEI 99, YU 99]. The thermal stability is a
crucial parameter as an elevation of temperature can occur during device
operation. In particular, color stability and device performances of devices
fabricated with alkyl-substituted polyfluorenes were reported as being
strongly affected for operating temperatures higher than 86°C [ZHO 00].
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In this study, best performances were achieved with the double-layer
devices comprising PFG as the EML. A maximum brightness of 6,447 cd/m?
and a maximum CE of 1.27 cd/m? were obtained. Other cross-linkable side
groups were also attached to polyfluorenes. To illustrate this point, acrylate
side chains can be cited as examples [WU 06]. To synthesize the cross-
linkable EL polymer (poly[2,7-(9,9-dioctylfluorene)-co-2,7-(9-hexyl-9-(2-
acrylate ethyl)-9H-fluorene)] as a functional photoresist, a specific synthetic
procedure was developed (see the diagram below). Notably, the cross-
linkable acrylate groups were introduced into the side chains of the
polyfluorene derivative only after polymerization of the polymer backbone.
A main point of merit is that no additional reagent such as a photoinitiator
was necessary. Upon exposure to UV light under nitrogen atmosphere, the
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copolymer could be cross-linked via its acrylate groups. While examining
the EL spectrum before and after UV exposure, a redshift of the EL
maximum could be clearly evidenced. Notably, before the UV exposure, the
EL spectra showed two main emission peaks at 422 and 447 nm,
respectively. After irradiation, the appearance of a new 517 nm peak was
observed. As the exposition time increases, intensity of the 517 nm peak
increased.

Redshift of the emission was assigned to the cross-linking that inhibited
chain mobility and led to the suppression of intermolecular-excited state
interactions, as previously reported by Klédrner et al. [KLA 99a]. Formation
of keto defects was also evoked to support the appearance of the new
emission peak in the 500-600 nm region. To circumvent the disadvantages
of an additional reagent to initiate the cross-linkage, coumarins were studied
as a photo-cross-linkable group also capable to act as a sensitizer (see
the diagram below) [TSA 06]. Photo-cross-linking behavior of coumarin-
based polyphenylenevinylene (COUPPV) was only investigated in thin films
even if the electroluminescence properties of this polymer (without
performing the cross-linking step) were studied in double-layer devices. As
the main drawback of the cross-linking, gradual dimerization of the double
bonds of the PPV backbone to cyclobutane derivatives led to the interruption
of conjugation and thus to a strong modification of the photoluminescence
(PL) spectrum [BUC 04]. Additional dimerization of 7-oxy-4-
methylcoumarin chromophores to cyclobutane derivatives were also
suggested as another factor contributing to the fast photobleaching of the
COUPPV films. Cross-linking of coumarin side groups is thus not suitable
for designing OLEDs as it strongly impacts the PL spectrum of the polymer
upon cross-linkage and thus alters the EL wavelength.
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5.2.1.2. Non-conjugated polymers

As part of ongoing efforts to design EL materials, OLEDs were also
fabricated with non-conjugated polymers. In this last case, the polymer
backbone is an insulator [DUM 11] and the charge transport properties of the
polymer must be provided by introducing hole and electron-transport
pendant groups. The first copolymer bearing charge transport and photo-
cross-linking functional groups was reported in 1997 (see the diagram
below) [LI 97]. To promote the cross-linking, UV-sensitive cinnamoyl
groups were copolymerized with the blue-emitting distyryl benzene and the
electron-transporting 1,3,4-oxadiazole. The copolymerization reaction was
simply carried out by using Azobisisobutyronitrile (AIBN) as the radical
initiator and a copolymer comprising the different elements in the following
ratio (n,m,p:0.28, 0.53, 0.19) was obtained.
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As an interesting feature, the UV-cured film does not exhibit any
modification of its emissive properties. When tested as a single layer
between two electrodes, the resulting devices emitted a blue light.
Synthesis of the copolymer can also be achieved by atom transfer
radical polymerization (ATRP). In the same spirit as the former copolymer,
cross-linkable cynnamoyl groups were introduced at both ends of a rod-
coil triblock copolymer associating a rigid segment (rod block, i.e.
conjugated part) with two flexible fragments (coil block, i.e. non-
conjugated part) issued from the subsequent polymerization of methyl
methacrylate (see the diagram below) [QIA 06]. In terms of thermal
stability, superiority of the rod—coil PF-6-PCEA copolymer compared to
the corresponding fluorescent homopolymer was clearly evidenced.
Notably, thermal annealing at 120°C of the homopolymer thin films
showed a redshifted emission maximum with the appearance of new
emission peaks assigned to aggregates of the polymer and the paralleled
arrangement of the polymer chains [ARI 03, CHE 05, GRE 98, GRE 99].
On the opposite, no modification of the emission of the triblock PF-b-
PCEA was observed, showing greater stability than the homopolymer
under thermal stress in the solid state. Changes of the photoluminescence
spectra of PF-b-PCEA and the corresponding PF homopolymer after UV-
cross-linkage and thermal annealing at 160°C for 24 h under air were
tracked by fluorescence spectroscopy. When annealed in air, the
homopolymer showed an intense emission band at 530 nm assigned to
aggregates, excimers or fluorenone defects [CRA 03, GAA 03, LEE 99,
SIM 04]. In comparison, the triblock copolymer gave to a lesser extent
than that observed for the homopolymer a green emission assigned to
fluorenone defects. Photooxidation of the rod—coil copolymer was also
strongly limited and the antioxidative properties of this polymer were
assigned to the self-assembly of the polymer that spaces the polyfluorene
fragments and prevented the appearance of defects and interchain cross-
linking [CHO 04, KLA 99a, KON 04, LU 02, LU 03, MAR 99]. If the
triblock copolymer was not examined as an emitter for OLEDs, this
photoluminescent copolymer exhibited appealing features such as thermal
responsiveness and antioxidative properties. EL polymer networks were
also prepared by mean of the photoassisted thiol-ene “click” chemistry
[DAV 11]. Only one example is reported for demonstrating the suitability
of this method to cross-link thin films of 4-phenylethenyl end-capped
poly(fluorenes) (see the diagram below).
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A main point of merit is that the cross-linking could be realized by a brief
UV curing step at moderate temperature and does not require an oxygen-free
environment. While the requirement of an additional photoinitiator and the
use of high-energy UV to cross-link might be a concern with regard to
material stability and device lifetime, this report establishes the concept of
cross-linkable emissive materials by “click” chemistry. In particular, thiol-
ene photoresist was found to preserve the emissive color integrity, contrarily
to the cynnamoyl and coumarin-based cross-linkers previously detailed in
this review. Thiol-ene “click” chemistry definitely addresses the two issues
of photocuring at low temperature and short reaction times that are two
detrimental parameters for photodegradable and thermally unstable EL
materials. When tested in double-layer devices, OLEDs exhibited a
relatively high turn-on voltage (15 V), far from the turn-on voltage
commonly observed for usual vacuum-processed devices for which the turn-
on voltage is classically observed approximately 2.5-3.0 V. In a related
fashion, photocured devices exhibited similar performances to that obtained
for thermally cured OLEDs. However, UV-cured OLEDs showed a lower
stability at high voltages and could only be operated at lower voltages than
that used for thermally cured OLEDs. Device performances remained
limited as the maximum brightness only reached 40—60 cd/m? at 18 V.
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Notably, prior to this study, the same styryl-functionalized oligomer was
thermally cross-linked by an autopolymerization mechanism of styrene
[KLA 99b]. Similarly, no modification of the electrical and optical
properties of the photoresist was evidenced. Recently, a new cross-linker,
namely, ethylene bis(4-azido-2,3,5-trifluoro-6-isopropylbenzoate), which
does not degrade the semiconductor properties of the cross-linked polymers,
was developed (see the diagram below) [PNG 10]. This methodology proved
to be versatile as its applicability could be extended to organic field effect
transistors and organic solar cells. As specificity, the photolysis of azides
generated singlet nitrenes and the predominant reaction of the singlet
nitrenes turned out to be the insertion of this group into alkyl CH bonds.
However, several potential side reactions were identified for this non-
specific methodology such as reactions with ketenimine, attacks on the
double bonds of the aromatic rings, on the classical double bonds of the
conjugated polymer backbone or on heteroatom sites [BRA 05, MAR 94,
POE 92]. These last reactions could be efficiently suppressed by sterically
hindering the conjugated polymers, allowing the cross-links to form more
favorably at the alkyl side chains. Due to the non-specificity of the cross-
linking mechanism, an extremely high photo-cross-linking rate could be
achieved at very low cross-linker concentration. Cross-linked devices
achieved the remarkable CE of 13 cd/A at 4.0 V, with a maximum external
quantum efficiency (EQE) of 4.5%. While examining the device lifetime
with green PPV as the EL polymer, cross-linked devices exhibited a lifetime
at 100 cd/m? of more than 10,000 h, and these values were similar to that
obtained for the reference non-cross-linked devices. Likewise, LED
characteristics of devices fabricated with OC,C,¢-PPV were not degraded by
cross-linking.
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Figure 5.4. Monomers used for the preparation of
the red- and blue-emitting nanoparticles

Finally, the cross-linking of polymers was extended to the synthesis of
polymer nanoparticles with the aim of isolating the emitter molecules from
each other (see Figure 5.4) [GAO 10]. Separation of emitters is a general
requirement for OLEDs based on phosphorescent emitters. Indeed, triplet—
triplet annihilation (TTA), which is a bimolecular interaction between two
triplet states, is a key adverse factor for OLEDs [LUO 10, ZHA 10]. TTA is
favored by the long triplet exciton lifetime that allows their diffusion over a
long distance and their bimolecular interaction. TTA is detrimental for
OLEDs as it directly competes with the radiative relaxation of triplet
excitons and therefore considerably reduces the device efficiency and is
responsible for the efficiency roll-off, i.e. the decline of the efficiency with
increasing the current density. TTA can also negatively affect color quality
and device stability. To overcome this problem, dilution of the emitter in an
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ambipolar host matrix such that the distance between two dopant molecules
exceeds the diffusion length of triplet excitons was developed and this
method, commonly used in OLEDs, is known as the host-guest strategy (see
Figure 5.4) [JEO 09, KAP 08, SAL 13]. In this chapter, polymer domains
were appropriately sized such that all dopant molecules were isolated from
each other by generating polymer nanoparticles around emitters. If this
strategy is applied to a red and a blue emitter and if the corresponding
nanoparticles are mixed together within the same emitting layer in an
appropriate ratio (3:1, blue:red), a WOLED was fabricated.

To generate the nanoparticles, the polymerization process was initiated in
water by adding K,S,0g as an initiator into the emulsion. Device
performance remained limited as only a maximum brightness of 260 cd/m?
at 25 V and a maximum quantum efficiency (EQE) hardly reaching 1% were
obtained.

5.2.2. Small-molecule-based light-emitting materials

More generally, cross-linking was investigated with small molecules, and
a great deal of effort has been devoted to modifying the emitters such that
their covalent linkage to the host could be possible. This approach saves
several synthetic steps compared to the cross-linking of polymers by
avoiding the synthesis of the polymers prior to photopolymerization.
The polymer is directly formed “in-situ” with the formation of the
polymer network. Numerous phosphorescent dopants were developed
with this aim but several drawbacks have also been identified. Notably,
the covalent linkage of two cross-linkable dopants to a cross-linkable
host NN ~bis(4-(6-((3-ethyloxetane-3-yl)methoxy)hexyl-oxy)phenyl)-N,N =
bis(4-methoxy)phenyl) benzidine (QUPD)) was achieved by photochemical
CROP using 4-octyloxydiphenylidonium hexa-fluoroantimonate (OPPI) as
the photoinitiator [ULB 07, ULB 09]. The necessity of using a higher
concentration of photoinitiator to cross-link the host in the presence of the
dopant was clearly evidenced with the two cross-linkable iridium complexes
Ir 1 and Ir 2 (see Figure 5.5). If the pure host matrix can be cross-linked
with an initiator concentration of 0.5 wt%, a concentration 10 times higher
was required to cross-link both emitter and dopants. The cross-linking step is
still followed by thermal annealing (150°C for 15 min) and a decomposition
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of emitters approaching 40% was also observed. Apparently, the cross-
linking process had a positive impact on the devices’ performances.
Comparison with the parent non-cross-linking complex Ir 3 evidenced that
Ir_3-based devices required a higher operating voltage to achieve the same
luminance than Ir_1-based devices. At 10 wt% dopant concentration, a
maximum CE and power efficiency of 0.56 cd /A and 0.25 Im/W were only
achieved for these orange PhOLEDs, far from the performances achieved
with vacuum-processed devices. The second complex investigated in this
study Ir 2 even showed more limited performances, with a maximum CE
lower than 0.1 cd/A.
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Figure 5.5. Chemical structure of Ir 1-Ir_3 and
the commercial available QUPD

While slightly modifying the former stacking (ITO/PEDOT
(35 nm)/QUPD (20 nm)/N,N ~bis(4-(6-((3-ethyloxetane-3-yl) methoxy)
hexylphenyl)-N,N “diphenylbenzidine OTPD (10 nm)/OTPD:Ir 1 (10 wt.%,
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70 nm)/CsF (2 nm)/Al (100 nm)) by introducing an additional electron-
transporting layer between the EML and EIL, luminescence quenching at the
cathode could be efficiently suppressed and highly efficient phosphorescent
devices were obtained [REH 08]. To be solution processable and to avoid the
crystallization of 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole
(PBD) upon drying, the ETL was mixed with 25% poly(methyl
methacrylate) (PMMA) to provide a sufficient film-forming ability to the
ETL layer. An improvement of the device performance by a factor of 30 was
achieved. After optimization of the layers thickness, a maximum CE of
18.4 cd/A and a maximum PE of 15.4 Im/W were obtained with this new
device structure.

The cross-linkable emitter can also simply be a fluorescent molecule
and blue-emitting devices were fabricated with  3,3"-((((((2,3-
diphenyltriphenylene-1,4-diyl)bis(4,1-phenylene))bis(oxy))bis(hexane-6,1-
diyl))bis (oxy))bis(methylene))bis(3-cthyloxetane) (PCTP) which can be
cross-linked cationically upon UV illumination (see Figure 5.6) [WET 10].
Comparison with reference devices comprising the non-polymerizable
1,4-diphenyl-2,3-bis(4-(trifluoromethyl)phenyl)triphenylene (BFTP) clearly
evidenced a moderate enhancement of the device performance as the
maximum CE only increased from 0.20 to 0.28 cd/A for PCTP. However,
these results have to be relativized with regard to the low luminances
obtained with these two devices that do not exceed 40 cd/m? at 18-20 V.
Improvement of the device performance for the photocured devices is
nevertheless evidenced.

Figure 5.6. Cross-linkable fluorescent
emitters PCTP and BFTP
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Fluorescent organometallic emitters were also cross-linked and one
interesting example has been furnished with #ris-8-hydroxyquinoline
aluminum Alg; [DU 06]. Early works on OLEDs were done with Alq; due to
its high thermal stability, high quantum yield of fluorescence and high
electron-transport ability [TAN 87, TAN 89]. To make the photoresist
feasible, Alq; was substituted with methacrylate groups on each ligand (see
Figure 5.7). Photopolymerization of methacrylate-based Alq; was achieved
using Irgacure 184 as the photoinitiator (0.025 wt%) upon irradiation at
365 nm. When tested in two-layer devices (ITO/PEDOT/Alq; polymer
(80 nm)/LiF (1 nm)/Al), device performance of the photoresist was
compared with those of the Alqs;-homopolymer prepared by classical thermal
polymerization. The first observation concerned the electroluminescence
spectra obtained with the two polymers that were significantly red-shifted
(29 nm) relative to their respective PL spectra. For the two polymers,
the threshold voltage was relatively high, approximately 17 V. Brightness of
the Algs-homopolymer and Alq;-photoresist remained extremely limited
since only a luminance of 54 and 50 cd/m? at 28 V was achieved.

Figure 5.7. Alq;-monomers used to prepare the photoresist

5.3. Cross-linking of charge-transport materials
5.3.1. Polymer-based hole-transport materials

To fabricate multilayer polymer light-emitting diodes using solution
processes, extensive efforts have been invested in developing new
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cross-linkable hole-transporting materials. A recent review has been devoted
to providing a general overview of all cross-linkable small molecules and
polymers hole-transporting materials that have been developed to date
[HUA 08]. Only the new development concerning the photo-cross-linkable
HTLs will be discussed in this chapter. Notably, green PhOLEDs
were prepared with a new TPD -based copolymer P-TPD-F bearing cross-
linkable cynnamoyl side groups attached via an alkyl spacer. The cross-
linkable copolymer P-TPD-F was synthesized by radical initiation
polymerization as previously reported (see Figure 5.8) [HRE 02]. Surprising
results were obtained with these devices comprising as the EML a blend
composed of an electron-transporting polymer OP2 and a hole transporting
polymer PVK mixed together, and by doping the resulting blend with
Ir(pppy); as the phosphorescent dopant.

N
,,J\.. P-TPD-F

Figure 5.8. Cross-linkable copolymer P-TPD-F and materials used to fabricate OLEDs
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Figure 5.9. Structure of the cross-linkable polymers poly8-10, poly13 and poly14

Phase segregation could be expected for a blend comprising three
different components. While studying the device characteristics in the
following configuration: ITO/ P-TPD-F (35 nm)/PVK:OP2:Ir(pppy)s
(20 nm)/2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (40 nm)/LiF
(2.5 nm)/Al, an EQE of 13.6% at a luminance of 1,000 cd/m? and a peak CE
of 44.6 cd/A were obtained. A low turn-on voltage of 5.9 V was also
determined, far from the values commonly observed for the other polymeric
electrophosphorescent devices. An appealing feature is that the high device
performances clearly proved the ambipolar character of the cross-linked
polymer blend and that no phase segregation between the two polymers
occurred, the phase segregation being responsible for a decrease in the
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device efficiency and lifetime [HAL 00, XIA 06]. This initial report inspired
the design of other cross-linkable hole-transporting copolymers based on
polystyrene-based copolymers that were, however, never tested in devices
[BAC 05]. Conversely, the next series of poly(norbornenes) with pendant
triarylamine (TPA) groups (poly8-poly10, poly13, poly14) was synthesized
and was also evaluated as hole-transporting materials in OLEDs [BEL 98].
These polymers were prepared by ring-opening metathesis polymerization
(ROMP) and influence on the length as well as the polarity of the linker used
between the triarylamine functionality and the polymer backbone was
examined (see Figure 5.9). Notably, replacement of the ester linker by the
less polar ether function significantly enhanced the device performances,
lowered  the  overall  operating  voltage and was  also
beneficial in terms of device stability. Notably, a maximum EQE of 0.2%
and a maximum luminance of 240 cd/m? at 11 V were only achieved with
poly8 in bilayer devices (ITO/poly(norbornene)-TPA (20 nm)/Alg;
(50 nm)/Mg). On the other hand, a maximum brightness of 2,540 cd/m? at 8
V and a maximum EQE of 0.77% were achieved with polyl4. All polymers
could easily be cross-linked upon exposure to UV light, without addition of
other reagents or removal of by-products, simply by cycloaddition between
polymer chains.

Surprisingly, cross-linked devices showed poorer performance relative to
the non-cross-linked devices and this decrease in performances was assigned
to a partial decomposition of the polymers upon irradiation (cross-linking
achieved upon irradiation for 1 h). Slight volume changes of the HTL layer
were also observed upon cross-linking, affecting the hole-transporting ability
of the layers. Carbazole-based hole-transport materials have been widely
studied and the most common material is undoubtedly poly (N-vinyl)carbazole
(PVK). This polymer is widely used for hole injection/transport materials
because of its good solubility in common organic solvents, excellent film-
forming properties, high glass-transition temperature (200°C) and high triplet
energy (3.0 eV) [PIN 04]. If poly(carbazoles) can be designed by tethering the
carbazole units via their nitrogen atoms (PVK), covalent linkage between
carbazole units can also be envisioned by mean of the aromatic rings (see the
diagram below). In this example, the cross-linkable poly (3,6-carbazole) was
synthesized by an Ni(0)-catalyzed Yamamoto-type aryl-aryl coupling that
linked all carbazole units by their 3,6-positions [GRI 11]. The required
photosensitivity is introduced by attaching oxetane side groups to the poly(3,6-
carbazole). For device development, cross-linking of the polymer was
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achieved photochemically by cationic ring-opening polymerization, at room
temperature, during a short irradiation time (2 min) and in the presence of a
cationic photoinitiator. After cross-linking, the presence of residual
initiator and/or troublesome side products may result in several deleterious
effects and to get rid of these side products, the resulting polymer network was
thoroughly rinsed with toluene. In solution-processed double-layer devices
(ITO/PKOx  (15-100  nm)/poly(9,9-dioctylfluorene)-co-(2,5-dioctyloxy-
phenylene-cobenzothiadiazole) (GEP) (100 nm)/Ca/Al), the maximum
brightness of ca. 15,000 cd/m?, a turn-on voltage of 3.5 V and the relatively
low operational voltage suggested PKOx to act as an efficient hole-
transporting layer.

PKOx

Device characteristics evidenced the hole-transporting PKOx network to
significantly improve both device efficiency and operational stability at high
operational voltages while comparing with reference devices that do not
comprise the PKOx layer. This year, thiol-ene chemistry was used for the
first time to cross-link an HTL [LEE 14]. Thiol-ene chemistry exhibits a
major advantage compared to the oxetane-based chemistry, namely, its
insensitivity to oxygen and moisture that allows the reaction to be performed
under air [KAD 10]. No complicated facilities are thus required for
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cross-linking. For the thiol-ene reaction, the HTL polymer was substituted
with allyl ether moieties acting as the “ene” part, the “thiol” part being
brought by the photoinitiating pentaerythritol tetrakis-(3-
mercaptopropionate) (see the diagram below). To create the polymer
network, a mixture of 100:0.94:0.056 by weight of cross-linkable polymer:
pentaerythritol tetrakis(3-mercaptopropionate) and Irgacure 369 were used.
To ascertain the usefulness of the new HTL, phosphorescent OLEDs were
fabricated using the following configuration: ITO/PEDOT:PSS/HTL
(10 nm)/2,6-bis(3-(9H-carbazol-9-yl)phenyl)pyridine (26DCzPPy):Ir(mppy);
(7 wt%, 40 nm)/TPBI (57 nm)/CsF (1 nm)/Al. Interestingly, UV irradiation
time for generating the cross-linked polymer network strongly impacted the
device performances. Notably, elongation of the irradiation time increased
the turn-on voltage of OLEDs and decreased the efficiencies. Hence, after
30 s of irradiation, OLEDs exhibited a CE of 31.4 cd/A and a PE of
21.8 Im/W and a turn-on voltage of 3.1 V. Conversely, after 180 s
irradiation, device characteristics decreased to 27.6 cd/A and 15.6 Im/W for
the maximum CE and maximum PE, respectively, with a turn-on voltage
increasing to 3.7 V. To determine the origin of this difference, surface
morphology was examined and no notable difference in surface roughness
was detected. Investigation of the hole-transporting properties of the HTL
with the irradiation time evidenced that more current passed through the
HTL film at the same applied voltage with the increase in the irradiation
time, explaining the decrease in device performances. Here again, the
benefits of the cross-linked network were clearly demonstrated by
comparing the device characteristics of OLEDs with and without cross-
linkable HTL. Generation of a polymer network by the convenient
substitution of a hole-injection material that can only react with a specific
cross-linker was recently reported [YOO 14]. In this aim, the HIL polymer
B7-3F-3 was substituted with pendant phenylstyrylpyridine groups. As
cross-linking agents, distyrylpyridyl alkyl monomers (DSM6-DSMS) that
can react with the pendant phenylstyrylpyridine of the polymer via a [21 +
2m] cycloaddition were used (see the diagram below). Photoreactivity of the
cross-linkable conjugated polymers with the cross-linkers was clearly
evidenced by the decrease in the absorption bands at high energy from the
UV-visible absorption spectra upon cross-linkage. To evaluate the benefits
of the cross-linkage, devices with the uncross-linked B7-3F-3 copolymer
were fabricated. Devices using the well-known PEDOT:PSS were also
prepared. As anticipated, in the following device configuration (ITO/HIL
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(60 nm)/Alq;:NPB (3:1 wt:wt%)/LiF (1 nm)/Al where Alq; stands for tris
(8-hydroxyquinoline)aluminum and NPB for bis[N-(1-naphthyl)-N-
phenyl]benzidine), a higher luminance was obtained upon cross-linkage with
DMS6 (2,241 cd/m* for the photoresist instead of 1,852 cd/m? for the
uncross-linked B7-3F-3 copolymer). These results clearly evidenced the
higher HIL ability of B7-3F-3 relative to PEDOT:PSS since B7-3F-3-based
devices exhibited a higher luminance than commercially available HIL
polymer PEDOT:PSS in the same device configuration (1,581 cd/m?). On
the other hand, elongation of the alkyl spacer in DSMS8 was detrimental to
device performances that were reduced to 1,280 cd/m? as a result of the
surface roughness of the photoresist. The ability of devices to withstand
higher driving voltage than uncross-linked OLEDs was also noted.

H DSM6 :n=6
2 DSM8 :n=8
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Figure 5.10. A multilayer device comprising four cross-linked layers

An achievement of the cross-linking strategy consists not only of cross-
linking one layer of the device, as previously exemplified, but also cross-
linking several layers and generating a fully cross-linked device. This goal
was achieved by Meerholz and coworkers [KOH 09]. In this study,
nonetheless, the oxetane-functionalized HTL was cross-linked, but the three
different polymers used to produce the three complementary red/green/blue
primary colors were subsequently cross-linked on top of each other, resulting
in layered block-copolymer networks by living cationic polymerization
(see Figure 5.10). Blend systems or copolymers containing several
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chromophores emitting in different regions of the visible spectrum are
frequently used to obtain emission profiles that closely match the white point
and this work continues along the same path of previous works devoted to
WOLEDs. To establish the validity of this conceptually new route for
processing multilayer OLEDs from solution, 20 different cross-linkable
emitting polymers and cross-linkable hole-transporting polymers were
tested, thus multiplying the variety of combinations. This study clearly
represented a proof-of-concept as pointed out by the authors. A main point
of merit is that device lifetime could be multiplied by a factor of 3, assigned
to the exceptional thermal stability of the cross-linked network and a
suppression of the delamination effects, commonly observed for
conventional devices. In particular, the cross-linking was highly efficient as
it concerned both the photopolymerization in bulk of the layers but also the
cross-linkage between layers. By the presence of reactive groups exposed at
the surface of the underlayer, these groups could be cross-linked with the
functional groups of the upperlayer, reinforcing the strength of the cross-
linking between layers.

Regarding the number of layers, this work brilliantly demonstrated that
no limit exists and that up to four layers can be cross-linked. As last
appealing feature, authors demonstrated that the whole process could even
work in air, which dramatically simplifies OLED fabrication from the
manufacturing point of view.

5.3.2. Polymer-based electron-transport/injection materials

To the best of our knowledge, the first example of cross-linkable ETL
was reported in 2011 [JIA 11]. Green OLEDs were prepared with this novel
cross-linkable ETL material poly[9,9-bis(6'-(V,N-diethylamino)hexyl)-
fluorene-alt-9,9-bis(3-ethyl(oxetane-3-ethyloxy)-hexyl)-fluorene] (PFN-C)
(see the diagram below). To promote the cross-linking in bulk, soft
irradiation conditions were used since exposure of the ETL to UV light was
limited to 10 s, followed by thermal annealing at 120°C for 15 min. Clearly,
devices showed significantly improved performances with the cross-linked
ETL, compared to the non-cross-linked ETL. Thus, a maximum CE of
13.53 cd/A and a maximum EQE of 4.01% were obtained contrarily to
11.22 cd/A and 3.31% for the comparable non-cross-linked devices. Lower
turn-on voltages were also obtained after cross-linking (3.7 V instead of
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3.9 V). Recently, a photocurable buffer layer (BL) consisting of a blend of
an epoxide adhesive (ELC 2500CL from Electro-Lite Corp.) with a well-
known EIL (poly[(9,9-bis(3’-(N,N-dimethylamino) propyl)-2,7-fluorene)-alt-
2,7-(9,9-dioctylfluorene)] (PFNR2) was developed for ink-jetting the silver
cathode (see the diagram below) [ZHE 13]. Comparison with a control
device fabricated with PFNR2 and an evaporated Ag cathode showed that
devices fabricated with the BL and the ink-jetted nanosilver cathode
exhibited higher performances than the reference devices.

O OA0

f“) C\

Notably, devices comprising the functional EIL photoresists reached a
maximum CE of 7.87 cd/A, far from the 3.60 cd/A obtained with the
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vacuum processed devices. These remarkable results obtained for a fully
solution-processed device, including the cathode, pave the way to industrial
roll-to-roll manufacturing of OLEDs.

5.3.3. Small-molecule-based hole-transport materials

Cross-linking of hole-transport materials has been widely studied and
several reviews have been published on this topic [DUA 10, NUY 02,
NUY 06, PIS 09]. Among all cross-linkable HTLs that have been studied,
triphenylamine dimers have been a constant model for different researchers
and various derivatives of this basic structure have been designed and
synthesized (see Figure 5.11) [BAC 04, BAY 99, KOE 07, KOE 10,
MEE 05, PAR 11b, PAR 11¢, RUD 11, RUD 12, ZAC 07]. Triphenylamine
dimer comprising a dicarbazole spacer was also synthesized and tested as
HTL in OLEDs [LEN 10]. To promote the cross-linking in bulk, oxetane is
the most common cross-linkable functionality. The work developed by Park
and coworkers constitute an elegant strategy to generate a frozen junction in
double-layered ionic p-i-n OLEDs by combining simultaneously a thermal
and an electrical treatment [PAR 11b, PAR 1lc]. After spin-coating the
HTL, a soft photocuring step was carried out to promote the cross-linking.
To dope the interfaces and accumulate ions at both interfaces, the emitter in
the EML was blended with a salt that separated upon application of an
electric field and the simultaneous thermal annealing applied to the device
favored the charge migration/separation (see Figure 5.12). Ion mobility is
facilitated by heating the EML and positive charges accumulate at the
cathode, the negative charge accumulating in the cross-linked HTL close to
the anode.

After terminating the electric field and cooling, ions remained
immobilized near the electrodes, facilitating hole and electron injection
through the tunneling barriers from the electrodes. A frozen junction is thus
formed. This work is really similar to that reported by Gao and coworkers
the same year [WAN 12]. As salt that could separate under an electric field,
tetrabutylammonium tetrafluoroborate Buy;NBF,; was used. Using this
strategy, a peak brightness of approximately 38,000 cd/m? and a peak CE of
ca. 35 cd/A were achieved, which constitute among the best results ever
reported for solution-processed devices.
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5.4. Conclusion

Cross-linking in LEDs clearly addresses the device development issue.
By generating chemical bonds between polymer chains, the former layer can
no longer be dissolved by the solvent of the subsequent layer. Devices
comprising up to four cross-linked layers have been fabricated. Cross-
linking is also going beyond the unique simplification of the device
fabrication. Benefits in terms of device performance, device lifetime and
thermal stability have also been evidenced. Photocuring is often combined to
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thermal annealing that allows direct structuring of the EL layer and/or HTL
of OLEDs during exposure to UV light. Use of oxetane-functionalized cross-
linkable materials for functional photoresists is undoubtedly the most
common strategy as this cross-linkable group does not affect the electrical
and optical properties of OLEDs even though some limitations have been
identified. Notably, the presence of the cationic photoinitiator required
during cross-linking can constitute a major drawback as the presence of
residual initiator and/or undesired side products may result in several
deleterious effects for device performances. This chapter has clearly
evidenced that the hole transport and the EML have been the focus of
numerous studies. One field has only been scarcely studied, i.e. the
development of cross-linkable ETL/EIL. The future of this research
definitely concerns the synthesis of cross-linkable ETL/EIL as a stepped
progression of the LUMO energy levels from the cathode is determinant for
reducing of the driving voltage and favoring electron transport/injection in
the EML.
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6

Polymers as Light-Harvesting Dyes
in Dye-Sensitized Solar Cells

6.1. Introduction

After relying on fossil fuels and nuclear power as primary sources of
energy for centuries, humanity is now facing some major problems. Fossil
fuels add greenhouse gases to the atmosphere and the foreseeable depletion
of fossil sources is fast approaching. Meanwhile, cheap nuclear energy is
associated with troubling environmental issues, including the problem of
radioactive waste disposal. Humanity has to turn to clean, renewable sources
of powers, and notably toward the potentiality of solar energy. In an hour,
the Earth receives from the Sun the equivalent of the world’s energy
consumption for 1 year. Photovoltaics (PV) is a promising renewable energy
technology that converts sunlight into electricity, with broad potential to
contribute significantly to solving the future energy problem that humanity
faces. In 1954, researchers at Bell Laboratories created the first silicon-based
solar cells with significant power conversion efficiency (6%) [CHA 54]. To
date, inorganic semiconductor solar cells dominate commercial markets,
with crystalline Si having an 80% share; the remaining 20% is mostly
inorganic thin-film solar technology (CdTe, CulnGaSe, etc.) [BIS 11]. There
are four important aspects of solar cells: cost, efficiency, lifetime and
productivity. Efficiency has been thought of as the key factor, indicating the
advancements of solar cells. However, the cells with the best efficiency may
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not become popular for practical applications because of their high
production cost. Thus, cost is the core issue of solar cells. In addition, the
technology of solar cells has to be compatible with mass-production
techniques for the cost and deployment of solar panels to be practical.
However, the use of conventional silicon materials involves a non-negligible
production cost, in particular because of the silicon’s purification process to
reach the solar-grade silicon (i.e. with a purity of 99.9999%). This cost
considerably reduces the competitiveness of these silicon cells compared
with the traditional sources of energy for the ground applications. Low-cost
solutions have emerged mainly using thin-film solar PV technologies. Over
the last two decades, a new type of cell, referred to as dye-sensitized solar
cells (DSSCs) [HAG 10], has been studied to develop low-cost PV. This
technology can be compared to artificial photosynthesis artificial
photosynthesis because it imitates natural absorption and transformation of
light energy. DSSC can be used to produce electricity in a wide range of
light conditions, indoors and outdoors, enabling the user to convert both
artificial and natural light into energy to power a broad range of electronic
devices.

In essence, a DSSC device is composed of a transparent photoactive
anode and a photo-inert counter electrode (cathode) sandwiching an
electrolyte-containing redox mediator (Figure 6.1(a)). Conceptually, the
device is based on the superposition of active layers whose thicknesses
are 10- to 20-fold less than that of crystalline silicon wafers. Moreover, the
requested purity of materials is 10—100 times less than for a silicon device.
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Figure 6.1. Schematic presentation of a) liquid electrolyte-based
DSSC and b) its operation principle
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A schematic presentation of the operating principles of DSSCs is shown
in Figure 6.1(b) [GRA 05]. In this type of cell, a light-harvesting material
(commonly called dye or photosensitizer) chemically anchored onto the TiO,
surface absorbs sunlight photons. Upon absorption of photons, dye
molecules are excited and an electron passes from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). The excited dyes inject electrons from their LUMOs into the
conduction band of the oxide. The photogenerated electrons and holes from
the dye are quickly separated and transferred into two different transporting
media (metallic oxide and electrolyte) strongly reducing the electron-hole
recombination in the absorber material. The oxidized dyes are then
regenerated by electron donation from the redox mediator, such as the
iodide/triiodide couple. The iodide is regenerated, in turn, by the reduction
of triiodide at the counter electrode, with the circuit being completed via
electron migration through the external load.

6.2. Characterization of DSSC devices

The electrical characterization of DSSC consists of connecting the device
to an external power source, sweeping a direct current voltage (V) and
measuring the electrical current density (J). The measurement of each device
is done in the dark and under light illumination. Typical J-V responses of
DSSC devices are shown in Figure 6.2. In the dark, the solar cell behaves as
a diode. Its electrical response (current density vs. applied voltage plot) is
represented by the dashed curve on the graph. The other solid curve beneath
the dark curve shows what happens under light illumination. Under
illumination, photons are absorbed in the dye layer. These molecules will be
excited forming excitons (electron-hole pairs). If these excitons disassociate
at the interface dye/,,Ti0, due to the built in potential, the electron will go
toward the anode and the hole will go toward the cathode. In this case, we
will have a reverse current, also called a photocurrent. Although an external
voltage is not applied, a photocurrent can result under illumination. Three
important characteristics of a DSSC can be extracted from the J-V curve:
short-circuit current (Jsc), open voltage circuit (Voc) and fill factor (FF). Jsc
is the photocurrent when the applied voltage equals 0 V. Vo is the required
applied voltage to shut off the current in the device under light illumination.
FF is a quantity for comparing the maximum output power (P = J*V) relative
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to the photocurrent and photovoltage produced by any particular device,
giVen by FF = Pmax/(JSC*VOC):(Jmax*Vmax)/(Jsc*VOC)' Finally’ the power

conversion efficiency (1) is calculated by 1 = Puoax/Pincidenr OF M =
(JSC*VOC*FF)/PinCident-
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Figure 6.2. Typical J-V responses of DSSC device in the dark (dashed line)
and under illumination (solid line)

Another important optical characteristic of a DSSC is incident-photon-to-
charge-carrier efficiency (IPCE) which is a measure of how efficiently the
device converts the incident light into electrical energy at a given
wavelength. It indicates the ratio between the number of collected carriers
and the number of all the incident photons on the device active area at a
given wavelength. The principle of IPCE measurement is based on
illuminating the DSSC device by a monochromatic light and recording the
device electrical current (number of generated carriers). By varying the
frequency of the light, the entire curve of the current as a function of
wavelength can be established. The area under the curve will then represent
the total number of carriers created by the device under full spectrum white
light illumination. In other words, the integration of the curve will give the
electrical current density.

The first seminal work on DSSC was reported in 1991 by O’Regan and
Gritzel [O'RE 91]. The originality and the device performances of DSSC are
mainly governed by (i) the high surface area and the controlled nanoporosity
of the oxide materials and (ii) the high efficiency regeneration of the
photo-oxidized dye molecules induced with a redox mediator in electrolyte.



Polymers as Light-Harvesting Dyes in Dye-Sensitized Solar Cells 187

There are a lot of factors that affect the conversion efficiency of the solar
cells, and the photosensitizer is the heart of the DSSC structure because it
determines the device’s light absorption properties. The first efficient light-
harvesting dyes are ruthenium coordination complexes. Since then, a large
amount of research has been focused on the development of ruthenium dyes,
and device efficiency of up to 12% has been achived [GRA 09]. However,
the rarity and high cost of the ruthenium metal limits development for large-
scale applications. Therefore, due to their low cost, metal complex
sensitizers containing common metal instead of ruthenium have attracted
great interest. A typical example is zinc porphyrin dye associated with
cobalt-based redox mediator, which has led to a power conversion efficiency
(PCE) exceeding 13% [MAT 14]. This demonstrates that common metal
dyes can also achieve as high an efficiency as the Ru-complex. On the other
hand, small molecular organic dyes have received considerable attention
because of their high-incident solar light-to-electricity conversion efficiency,
unlimited molecular conception and low production cost. Thousands of
organic dyes have thus far been developed and investigated in DSSC
[KIM 13, OOY 09]. The relationship between the chemical structures and
the PV performances of dyes has also been examined. To create high-
performance DSSCs, it is important to develop effective photosensitizers
possessing good light-harvesting features, providing good electron
communication between the dyes and nanoporous TiO, electrode, and to
control the molecular arrangements on the TiO, electrode [OOY 12].
Chemical molecular engineering coupled with theoretical calculations are
expected to provide efficient dyes with the following desired properties:

—the dye needs to have maximum possible width electronic absorption
bands with high extinction molar coefficients being able to collect photons
of the visible and near infrared (NIR) spectral domains;

— the molecule must have favorable HOMO and LUMO energy levels for
having good energy alignments at nanoporous TiO,/dye/electrolyte
interfaces for efficient charge transfer;

— fast rate constant of electron injection and slow rate constant of charge
recombination are required;

—good carrier transport bridges are needed to enhance the carrier
transport;

— good solubility of dye molecule with strong anchoring on TiO, surface
is required;
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—high light stability, chemical stability and thermal stability for durable
devices.

The panchromatic dyes processing high molecular absorption coefficients
could be effectively synthesized by introducing donor—acceptor push-pull
substituents, enlarging the m-conjugated systems, transition from aromatic to
quinodal structure or polymerization. Degradation of dye under illumination
is one of the hurdles that must be overcome in DSSCs. The organic dyes
have poor chemical and light stability, where the thermal stability is
especially affected due to a small molecular weight [TAN 13].

Recently, substantial progress has been made in the development of PV
devices from thin films of conjugated polymers due to the following
advantageous points: sufficient photo charge generation under illumination,
relatively easy deposition on various substrates, wide absorption band and
high absorption coefficient leading to efficient light-harvesting properties
[BUJ 13, RIV 13]. A high density of anchoring groups of a polymer chain,
which can offer better thermal stability than low weight molecules, may be
another advantage of polymeric photosensitizers. Taking into account
lessons learned, one of the strategies to obtain high PV performance for
DSSC is to design a polymeric dye. Many successful examples of
m-conjugated polymeric dyes have been reported. Recently, new types of
solar cells using polymeric sensitizers, namely polymer-sensitized solar cells
(PSSCs), have been developed. Hybrid polymers, which contain both
inorganic and organic segments with encouraging PV efficiencies, have also
been investigated. Efficient photoinduced charge transfer and well-matched
energy levels among the polymer and other components in PSSCs are
essential requirements to produce efficient solar-to-electric energy
conversion efficiencies. In the next section, polymeric dyes classified by
family of m-conjugated (co)polymer are presented and discussed in detail.

6.3. Poly(3-thiophenylacetic acid)-based polymers

Toward high efficiency, PSSCs have the potential for high durability
because of the stability of conjugated polymers. To design these conjugated
polymers, a vast number of potential building blocks have been explored
over the years. Of the various conjugated polymers, polythiophene (PT) is
one of the most important families and most widely studied polymers
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because of their ability to be processed, their environmental and thermal
stability and their good electronic properties. They have been used in a
variety of electronic applications, such as organic field-effect transistors,
polymer light-emitting diodes, organic solar cells and chemical sensors. PT
has shown good light absorption properties when used as donor materials in
organic PV devices. The introduction of carboxylic acid groups, which can
act as anchoring moieties onto the surface of the nanoporous TiO, layers,
onto PT backbone could make these functionalized PTs being interesting
light absorber in DSSCs. The first carboxylic acid functionalized PT
designed for DSSC applications was reported in 2003 by Senadeera et al.
who synthesized two interesting materials (PTA1-PTA2) [SEN 03]. These
materials were tested as dyes in multilayered PSSCs with I;/I" as redox
mediator. In this pioneering work, coating of poly(3-thiophenylacetic acid)
PTA1 onto mesoporous TiO, or SnO,-ZnO electrodes was found to be
highly beneficial for the injection of electrons into the acceptor materials. In
particular, adding 1-methyl-3-n-hexylimidazolium iodide ionic liquid into
the electrolyte was found to drastically enhance the cell performance (2.4
and 1.5% for TiO; or SnO,-ZnO electrodes, respectively). Such additive is
expected to reduce charge recombination at the polymer—electrolyte
interface and also to the increase of the surface contacts between them in
these cells. Otherwise, incorporation of mixture of large and small TiO,
nanoparticles as n-type materials increased PV efficiency (2.4%). Moreover,
due to pore filling, the lower the molecular weight average of the m-type
polymer PTAL is, the better is the efficiency (2.92%, M,,: 4,500) [CHO 11].
PTA1 had also been characterized in volatile solvent-free solid-state DSSC
with poly(3,4-ethylenedioxythiophene) (PEDOT) as the hole-conducting
material. PTA1 has led to solid-state cells with modest PV efficiency (0.5%)
[SEN 05b]. As a continuation of this work, Senadeera et al. have synthesized
poly(3-thiophenemalonic acid) PTA2 bearing two carboxylic groups
attached to the monomer [SEN 05a]. This polymer had been designed in
order to have better surface contacts with inorganic semiconductors and
higher spectral responses in the solar devices. Unexpectedly, DSSC devices
employing PTA2 dye showed slightly lower efficiencies than that of PTAI.
This unsatisfying performance might be explained by the lower degree of
attachments of two carboxylate groups located on the same thiophene ring
on the TiO, surfaces due to the steric reasons causing inefficient electrons
injection.

Apart from the examples of PTs with carboxylic acid groups, a wide
range of copolymers with poly(thiophene) and poly(3-thiophenylacetic acid)
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moieties were developed to sensitize the mesoporous TiO, electrodes in solar
cell devices [AKI 12, KIM 06, LEE 11, YAN 04]. Importantly, a progressive
red-shifted absorption band, desirable for light harvesting of solar energy, is
observed in these polymers due to the increase in the m-conjugation system
according to the increase in the molecular weights. As first examples of
combinations, the simplest ones consisted of the linkage of a poly(3-
thiophenylacetic acid) with poly(3-alkylthiophene) as exemplified with the
molecules PTA3-5. The influence of the nature of alkyl chains on the optical
property and on the device performance was investigated. The position of
the maximum absorption peak of the different copolymers has been proved
to be strongly affected by the alkyl chain lengths. Notably, hexylthiophene
copolymer PTA3 displays an unexpected absorption band in 385 nm in
DMSO which is blue-shifted compared to that obtained with the 3-dodecyl
(PTA4) or without alkyl chain (PTAS5) analogs and remained in the range of
460—485 nm (see Table 6.1). Consequently, copolymer PTA3 could not
absorb the light in the longer wavelengths than the poly(3-thiophenylacetic
acid). This detrimental result impacts in charge injection in mesoporous TiO,
inducing a relatively lower PV efficiency (1.6%) compared to that of PTA4
and PTAS (24 and 3.8%, respectively). Another example of
poly(thiophene)/poly(3-thiophenylacetic acid) copolymers as dyes for DSSC
is PTA6. It was synthesized using two kinds of thiophene monomers
(N-(3-thienylmethylene)-2-amino-fluorene and 3-thiophene acetic acid)
[LEE 20]. The synthesis temperature seems to have an influence on the
optical properties of the copolymer. Effectively, polymers synthesized at
0°C give broader absorption and higher overall PCE (1.53%) compared to
that of the devices using copolymer synthesized at room temperature (0.9%).

While extending this concept to more polymer structures, Saji et al.
synthesized PTA7 [SAJ 10]. This consists of the synthesis of a
poly(thieno[3,4-b]thiophene-2-carboxylic acid), PTA7, with thienothiophene
blocks in order to decrease the band gap polymers allowing an NIR
absorption (Ap.x = 820 nm). The PTA7-sensitized DSSC showed a cell
efficiency of 1.2%, suggesting that PTA7 was involved in the NIR solar
energy conversion process. Co-adsorption of PTA7 with ruthenium reference
dye (N3) resulted in an efficiency of 4.3%, which was lower than 5.8% of
N3-sensitized DSSC control device. This is certainly because polymer
aggregation hampers the dye regeneration by accepting electrons from iodide
electrolytes.



Polymers as Light-Harvesting Dyes in Dye-Sensitized Solar Cells 191

Another strategy is to introduce carboxylic groups as end-capping groups
to poly(3-alkylthiophenes) as compound PTA8 [LOH 09]. Lohwasser et al.
showed its potential to anchor onto mesoporous TiO, and prepared a solid-
state solar cell with PTAS8 as sensitizer and spiro-OMeTAD as solid hole
conductor with a PCE equal to 0.9%. This is promising because the
absorption of P3HT can be tuned by introducing different side chain
substituents.
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Figure 6.3. Chemical structures of m-conjugated polymer PTA1-12, PPV1-8 and PTPAI-3
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The previous results showed that the mono (or di)carboxylated P3HT
derivative dyes induce a relatively low value of V. (0.3-0.5V). This was
attributed to a shift in the position of the surface conduction band of TiO,
due to protonation of the surface by the carboxylic groups. Also, a high
density of carboxylic groups anchored to the surface of the n-type
semiconductor was found to decrease the V¢ due to the creation of interface
dipoles at the TiO,-polymer interface. Thus, different studies were carried
out with carboxylated P3HT derivative with an alkyl chain of a larger
number of CH,—groups separating the m-conjugated structure from the
carboxylate moiety. Shankar ef al. [SHA 07] incorporated the carboxylated
polymer poly[3-(5-carboxypentyl)thiophene-2,5-diyl] (PTA9) as dye
function into the TiO, nanotubes. They observed relatively higher
photovoltages of up to 0.7 V involving a PCE equal to 2.1%. Thelakkat et al.
[BHO 10] used the same carboxylated P3HT derivative into solid-state
hybrid PV cell with P3HT as hole transporter materials and obtained an
interesting 0.9% as PCE. Moreover, a poly[2-(3-thienyl) ethanol hydroxyl
carbonyl-methyl-urethane] (PTA10) that bears carboxylic acid and urethane
groups has been synthesized and employed in solar cells with a PCE of 1.5%
[KIM 03]. It is important to note that this latter polymer has the band gap
and HOMO levels quite similar to that of N3 which could explain a better
electron injection into mesoporous TiO, compared to P3HT.

Recently, a series of carboxylated PT comprising a terthiophene
backbone moiety acting as an electron donor and carboxylic acid moiety
acting as an acceptor with or without a phenyl ring as m-conjugated bridge
(PTA11 and PTA12) was developed [KIM 12, YOO 11]. The PTAI12-
sensitized solar cell shows a short-circuit current of 10.47 mA cm > with an
energy conversion efficiency of 3.97% which is, up to now, the best result
for carboxylated PT as polymer dye. Moreover, the stability of PTA12-
sensitized solar cell showed almost no decrease in energy conversion
efficiency after 2,000 h at 40°C. Otherwise, PTA11 without phenyl ring
exhibited much smaller energy conversion efficiency (2.32%) with short-
circuit current of 6.78 mA cm > [YOO 11]. In the case of PTAI2, the
carboxylate group of the polymer film can effectively anchor on the surface
of the nanocrystalline TiO,. Moreover, a conjugated phenyl moiety can help
to enhance the intermolecular charge transfer between the TiO, surface and
the polymer backbone. Beyond that, the originality of PTA11 and PTA12
compared to the others is their coating methods: electrochemically
polymerized films of the precursor monomers of PTA11 and PTAI2 on a
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nanocrystalline TiO, layer are developed as photo sensitizers. Consequently,
the insertion of small molecules (as monomers) could increase the pore
filling and the interface with TiO, surface which in turn enhances the overall
device performance (see Table 6.1).

Polymer M, (gmol") Ay, (nm) HOMO LUMO Acceptor  Doner  VocimV) JocimAem®™  FF 1 (%) Refl
FTAI 17000 418 TiOy LT 400 9.76 061 24 [SEN 03]
PTAIL 17000 418 Sn0,-Zn0) 1 500 537 0.5 1.5 [SEN03]
PTAI 18000 418 TiO, LT 510 7.4 062 24 [CHOI11]

mixture
PTAI 4500 418 Ty I 520 8.6 (64 292 [CHO11]
mixture
PTAIL 17000 418 527  -295 TiO, PEDOT 365 25 054 05 [SEN03a]
PTAL 56000 440 -5.49 -3.34 Tio, 1T 355 7.65 0.65 1.8 [SEN05b]
PTA3 36000 385 534 301 Tio, 1T 375 7.00 062 1.6 [YANO4]
PTA4 495 TiOy Iy 380 1.03 0.45 0.18  [KIM 06]
PTAS 2300 160 TiO, LT 640 1.3 054 38 [AKII2]
PTAG 18400 490 Ti0y, LT 600 4.5 0.56 1.5 [LEE 11]
PTA? 820 4.7 3.7 TiDy, N 420 45 062 12 [SAJI0]
PTAS 4700 446 Ty Spiro- 540 3.7 046 0.9 [LOH 09]
OMETAD
PTAY Nanotubes Iyir TF000 55 0.55 21 {SHA 07)
TiOy

PTAY 455 TiOy P3HT 473 45 037 0.79 [BHO 10]
PTALD 6352 -1.%5 TiO, (N} 460 5.7 15 [KIM 03]
PTALL 448 -6 -3.3 TiOy 3T 40 6.78 064 232 [YOO 1]
PTAIL2 472 -5.53 -3.55 TiOy LY 590 1047 (.64 397 [KIM 12]
PPVI 500 Tioy Cul 400 0.3 03 0.05 [SIR 03]
PPV2 404 TiOy LT 470 1.46 049 034 (1A 09)
PPV3 435 Tioy, 1T 470 26 043 0.53 [T1A 09]
PPV4 457 TiO, L7 500 iR 0.37 0.58 MAao9]
PPVS 495 Ti0, LT 430 252 03 033 [T1A 09)]
PPV6 450 484 226 T, 1L 690 6.7 0.65 3 [CHH 12)
PPVT 420 Ti0, I 330 363 0.34 041 [MOZ 14]
PPVE 19800 430 -5.45 -3.4% Tioy, I 740 9.45 (.54 378 [MIK 11}

PTPAI 9000 444 <531 <316 TiO, 1T n7 9.2 051 339 [ZHA09a)

PFTPA2 480 «5.08 “2.9% TiO, Iy 540 I 0.51 304 [YAN 09]

PTPAY 459 =518 29 Tioy I Tl 10.2 0.74 5.74 [SU 12]

PF1 19800 EEE) =56 -3.26 TiOy I 523 4,03 (L66 1.39 [LIL 08]
PF1 444 Nanofiber 171 700 1.73 0.52 063 [ZHAO9b)
5 TiO,
PF2 4200 407 -5.76 -1.29 TiDy L 539 0.55 0.63 0.19 |GRI 10]
PF3 574 -1.56 Tioy I 627 1.93 0.73 (.88 |GRI 10}
PF4 10000 n -5.78 -3.68 TiO, {1yl D 350 T7.02 (44 1.68 [FAN 11}
PFS ARO0 378 -5.62 -3.72 TiOy I 40 1258 045 299 [FAN11]
PF6 470 -5.5 Tioy PF6 920 0.4 0.44 14  [RAV 4]
PADI 4600 380 -527 <374 Tioy I 670 843 073 411 [CHAL)
PAD2 3950 33waT2 TiO, LT 742 33 0.77 3.0 [TAN 13]
PAD3 3000 3294370 TiO, 17 775 6.06 0.75 s [TAN 13)
PADY 3360 3T2/455 TiO, (¥ y 769 812 0.71 44  [TAN13]
PADS 655 Tio, 171 Lt 6.3 0.58 241 [KAN 10]
PADG 563 Tich, [N 590 45 054 143 [KAN 10]

Table 6.1. Physical, optical and photovoltaic characteristics

of PTA1-12, PPV1-8, PTPA 1-3, PF1-6 and PADI-6
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6.4. Phenylenevinylene-based polymers

Several dye polymers in addition to poly(3-thiophenylacetic acid) have
been used with varying success in DSSCs, and there is much ongoing
research in pursuit of new polymers with the appropriate energy levels,
absorption and stability properties. Another family frequently employed in
DSSC with TiO, as an acceptor is poly(2-methoxy-5(2-ethyl-hexyoxy)-p-
phenylene vinylene) derivatives (MEH-PPV). With both a strong absorption
visible light and a good electron injection to the conduction band of TiO,,
first results with MEH-PPV, in solid-state cell with TiO,MEH-PPV
(PPV1)|Cul configuration, involved a low PCE of the cell equal to 0.05%
[SIR 03]. Another series of poly(phenylene ethynylene) (PPE) derivatives
was investigated by Schanze et al. [JIA 09] with ambipolar alternating
copolymers PPE as donor with a second arylene ethynylene moiety, which
has a different electron demand 1,4-phenyl (PPV2), 2,5-thienyl (PPV3), 2,5-
(3,4-ethylenedioxy)thienyl (PPV4) and 1,4-benzo[2,1,3]thiadiazole (PPVY5).
Each of the polymers effectively adsorbs onto nanocrystalline TiO,
electrodes, presumably via an interaction of the carboxyl group with the
TiO, interface. The wavelength maxima of the absorption and fluorescence
spectra are systematically red-shifted across the series in the order PPV2 <
PPV3 < PPV4 < PPV5, with the absorption maxima ranging from 404 nm
(PPV2) to 495 nm (PPVS5). In the case of PPV3 and PPV4, the band gap
narrowing likely arises mainly because of an increase in the HOMO level
caused by incorporation of the thienylene and ethylene dioxythienylene
repeat units. However, for PPV5, which has the lowest band gap of the
series, the HOMO-LUMO gap narrowing likely arises because the 1.4-
benzo[2,1,3]thiadiazole moiety is a strong electron acceptor, leading to
lowering of the LUMO level. The photocurrent and power conversion
efficiency in a solar cell configuration, using an I;/I" propylene carbonate
electrolyte, increase slightly in the order PPV2 < PPV3 < PPV4, consistent
with an observed red shift in absorption. Interestingly, the PCE for the
TiO,/PPV5 system is substantially less than that for the other PPE
derivatives, and the decreased efficiency is attributed to exciton trapping in
polymer aggregates that are present in the film.

Indeed, a significant enhancement of PCE was obtained by Wadgaonkar
et al. [CHH 12] with a copolymer, PPV6, with alternating poly[2-[2’,5-
bis(2’’-ethylhexyloxy)phenyl]-1,4-phenylenevinylene] unit with MEH-PPV.
The performance of the polymer showed a 10-fold increase in the device
performance with PCE equal to 3% compared to the base polymer without
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carboxyl functionality. Once again, the anchoring group effect of carboxylic
acid is a crucial factor in the device performance. Concerning stability of
devices based on such compound, the PV efficiency with PPV6 decreases
slower compared to N719 reference ruthenium complex dye until 200°C.

Another alternative to improve the stability of the dye attached to the
surface of TiO, is to introduce dye-polymer with several anchor functions.
As a result, epinephrine, composed of three OH groups in the epinephrine
structure, preferably enhances the linkage of poly epinephrine (PPV7) to the
TiO, and then facilitates electron injection from dye to the semiconductor
compared to polydopamine as reference polymer [MOZ 14]. Binding the
catechol amines onto a TiO, surface through OH groups is a very promising
method for creating stable interfaces for use in solar cells that can form
strong tri- and bi-dentate complexes with unsaturated Ti atom derivatives.
An efficient electronic coupling between the pi orbital of the excited state of
PPV7 and the conduction band of TiO, causes an increase in short-circuit
photocurrent. Finally, the best result (PCE = 3.78%) with phenylenevinylene
derivatives was obtained from an alternating phenylenevinylene copolymer
PPVS, which contains substituted triphenylamine (TPA) units along the
backbone, cyanoacrylic acid anchoring groups and solubilizing hexyloxy
side chains [MIK 11]. TPA is a unique molecule possessing 3D propeller-
like geometry, glass-forming property, and relatively high oxidation
potential as well as an excellent hole-transporting property. A literature
survey revealed that various TPA-based materials have been used for solid-
state DSSC recently [BUI 13a, BUI 13b, DIA 13, MET 12]. Moreover, the
presence of TPA unit both increases the conjugation of such molecule and
suppresses the dye aggregation for its non-planar structure.

6.5. Triphenylamine-based polymer

The presence of donor TPA in dye polymer is largely employed in donor
(D)-m-acceptor (A) configuration. Effectively, such structures revealed the
intramolecular charge transfer characters of these molecules in the excited
state [MOO 98]. This property is essential for dye sensitizers in DSSCs,
since the light-induced intramolecular electron transfer could easily occur
from the electron donor to the electron acceptor through the m-bridge, which
favors photocurrent generation. A conjugated polymer PTPA1 containing
TPA and cyanoacetic acid as the acceptor with conjugated thiophene units as
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the linkers has been synthesized and found suitable by Zhang et al.
[ZHA 09a]. A high and promising efficiency (3.39%) for DSSCs based on
PTPA1 was obtained with few optimizations (absence of dense film and
scattering layer). At the same time, as other acceptor units in D-m-A
structure, rhodanine-3-acetic acid was employed by Yang et al. [YAN 09] to
synthesize TPA-based indoline dye and its polymer-type dye (PTPA2) via
electropolymerization. The resulting polymer dye (PTPA2) exhibits a
network structure of m-conjugation polymer chains that cause a significant
blue shift in the absorption spectrum. Nevertheless, stabilizing the -
conjugated network decreases the IPCE. PTPA2 is less efficient (3.04%)
than monomer-sensitized DSSCs (4.57%), but this network polymer might
provide a stable dye to combine other conducting polymers (hole conductor)
forming a solid-state solar cell. Finally, Su et al. [SU 12] prepared a simple
yet effective method to reduce the electron recombination in DSSCs by
functionalizing organic dyes with a thermally cross-linkable styryl group,
which can be conveniently polymerized into polystyrene during the
annealing step of the device fabrication. The used polymer dye PTPA3, first
developed as monomer by Park and Kim in 2007 [HWA 07], utilized
stilbene as a m-bridge of the electron-donating diphenylamino group and the
electron-withdrawing 2-cyanoacrylic acid. The new dye molecule can
undergo polymerization during the annealing step of device fabrication to
generate an electrolyte blocking shell, which can impede undesirable
electron recombination with the electrolyte. The PV measurements yield an
overall conversion efficiency of 5.31%. In addition, with the incorporation of
co-adsorbent chenodeoxycholic acid and cross-linkable repair additive
4,4’-divinyltriphenylamine, the optimized device with a robust shell shows a
PCE equal to 5.74%.

6.6. Fluorene-based polymers

Relative to conventional donors, the high electron-donating character of
fluorene could be a good candidate for the purpose of designing dye.
Surprisingly, few studies were initiated with such moiety. However, through
the D—n—A structure, the used functionalities will induce a red shift in
absorption toward visible range. With TiO, as an acceptor and I;/I" as a
redox couple, Liu et al. obtained promising results (PCE = 1.4%) with
anionic conjugated polymer PF1 as donor material including fluorene and
[2,1,3]-benzothiadiazole (BTD) units [LIU 08]. In order to increase the pore
filling in TiO, which could be poor with conjugated polymer, the same
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author developed a novel photoanode composed of electrospun TiO,
nanofibers with an energy conversion efficiency of 0.63% [ZHA 09b]. By
modifying the polymer backbone by incorporating an appropriate amount
(25% mol/mol) of carboxy-2,5-phenylene moieties [GRI 11] between the
two units (PF2), an absorption spectrum becomes broader but PCE
decreases. Otherwise, substitution of electron-deficient BTD units, which
probably inhibits the electron-transfer to the photoelectrode, by thiophen
moieties (PF3) induces moderate efficiencies (0.88%) not better than those
reported for other polymeric sensitizers. The strong absorption ability of
D—n—A structure has been revisited with n-conjugated backbone consisting
of an electron-poor BTD unit as an acceptor, alternating with either a
thiophene-fluorene-thiophene triad (PF4) or a terthiophene (PF5) segment as
the donor [FAN 11]. These species combination leads to charge separation in
the excited state, and this may facilitate charge injection into TiOs.
Moreover, the long alkyl side chains that are linked to the fluorene or
thiophene units facilitate the polymers’ solubility but may impede interchain
interactions between the conjugated polymer backbones, decreasing the
probability of exciton trapping/quenching by aggregate states. Importantly,
for the set of polymer sensitizers PF5 with varying Mn, the DSSC efficiency
varies inversely with Mn, a result that reflects the difference in adsorption
efficiency observed in the film absorption experiments. The best DSSC cell
tested is based on a sample of PF5 with Mn = 4,000, and it exhibits an
overall PCE of 3% (see Figure 6.4). Fluorene is also associated with
bithiophene units to form a poly(9,9-dioctylfluorene-co-bithiophene). In this
article, the oligothiophene-functionalized fluorene PF6 was directly acted as
both dye and hole transporter material inducing a significant increase the
PCE in reduced TiO, thickness [RAV 04] (see Figure 6.4).

6.7. Dye polymers with acceptor—donor structure

In 2011, Baek et al. synthesized PADI1, which comprises an electron-
donating backbone (carbazole) and an electron-accepting side chain
(cyanoacetic acid) connected through conjugated vinylene and terthiophene,
and tested it as a photosensitizer. The well-defined donor (D)—acceptor (A)
structure of PAD1 has made it possible, for the first time, to reach a PCE of
over 4% in DSSCs with an organic polymer sensitizer [CHA 11]. Based on
the research mentioned above, combining the outstanding properties of
electron-rich donor and pendent acceptor conjugated polymers may lead to
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the development of a series of promising dyes for high-performance polymer
DSSCs. With the same goal, by increasing the effective conjugation length
of backbone polymer chain with 9,9-dioctylcarbazole, Tan et al. have
successfully synthesized different D-n-A organic molecules (PAD2-4) with
different donor units in the backbone [TAN 13a]. Their presence influences
the polymer molecule’s energy level and PV characteristics. PAD?2 is a basic
structure, and contains a phenothiazine (PTZ) chromophore and has a 9,9-
dioctylfluorene (F) group as the donor unit in the main chain and a
cyanoacrylic acid acceptor in the side chain, linked by a thiophene unit. Two
different kinds of structural modification to the backbone of PAD2 have
been selected to examine their effect on the performance of the polymer. 9,9-
dioctylcarbazole and TPA were selected to replace F and PTZ, respectively,
to get another two polymers: PAD3 and PADA4.
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A red shift in absorption is observed in the order PAD2, PAD3 and
PADA4. Similarly, the onsets of the IPCE spectra increase in the same order.
In particular, the PAD4-based cell has a much broader and higher IPCE
peak, which is in good agreement with the absorption spectra of these dyes.
The result showed that the PAD4 dye exhibited excellent PV performance
with a relatively high PCE of 4.4% for DSSCs. Finally, it ought to be
pointed out that the two diketopyrrolopyrrole (DPP)-based copolymers with
different donor (phenyl, PADS and thiophene, and PAD6 in DPP core)
segments as organic polymer sensitizers for the quasi-solid state DSSCs
(Figure 6.3) [KAN 10] have been synthesized. Without a COOH group, the
polymers used in this study exhibit C=O groups in their backbone; hence, the
polymers can adsorb onto the TiO, surface, and as a result electrons can be
injected from the excited state of polymers into the conduction band of TiO,
as observed in the case of a carboxylated PT. The PCE of the solar cells with
PADS as sensitizer is higher than that of PAD6. It has been attributed to the
improved light harvesting ability of PADS5 as sensitizer due to an excellent
overlap with the solar spectrum and low band gap.

6.8. Polymer containing metal complexes

The application of polymers containing metal complexes as dye sensitizer
in DSSCs is an area of increasing interest. Most researchers have tried to
construct sensitizers with rare earth metal ions, such as Os, Re, Pt and Ru.
Among the metal complexes, Ru complexes dyes have shown the best PV
properties due to having a broad absorption spectrum, ground state energy
levels, and suitable excited and long excited-state lifetime. Several Ru
complexes dyes used in DSSCs have reached more than 11% solar cell
efficiency under standard measurement conditions. Recently, more common
metal ions have been introduced in DSSCs, such as Cu (I) ions and Zn (II)
ions. Consequently, polymeric metal complexes (PMCs) have received
considerable attention because these hybrid materials provide outstanding
physical and chemical properties of both the organic and inorganic
components, for example, unique process ability, good solubility and easy
film forming ability of polymer, prominent luminescence efficiency and
good thermal stability of metal. We can find many research papers about
main or side chain PMCs. Most of these hybrid polymer dyes have the
D-n—A structure as the common motif because of its intramolecular charge
transfer characteristics [BRY 99].
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On the basis of the concept of donor-m conjugation bridge acceptor
structure, many papers have been published about main chain PMCs. Among
the electron-donating units, phenylethyl, phenylenevinylene,
fluorenevinylene and carbazole units are very attractive: they not only have
low band gap, but are also the m-conjugated ring moieties. On the other
hand, as acceptor units, 8-hydroxyquinoline (8-HQ), benzimidazole,
diaminomaleonitrile (DAMN) or 1,10 phenanthroline metal complex in the
polymeric main chain might expand the m-conjugation system, sustain the
stability of the dye molecule and have the ability to be donors and acceptors
simultaneously. Xiao et al. have synthesized 8-HQ europium complexes and
phenylethyl (PMC1) or fluorine (PMC2) units in the main chain with
resulting device efficiencies of around 2-3% [XIA 10]. The two materials
have showed moderate stabilities with thermal decomposition temperatures
of 280 and 225°C, respectively. Still using 8-HQ as ligand, but with Zn(II)
or Ni(Il) as metal, PMC3 and PMC4 complexes were chosen as the
monomers with carbazole units for their interesting charge properties, low
toxicity and low cost [DEN 12a]. The two materials have high thermal
stability (320-330°C) and exhibit good open-circuit voltages, FFs but
moderate PCE (1.11 and 0.45%, respectively). Replacing zinc metal by
cadmium metal and in the same way, carbazole derivatives by thiophene
derivatives, Jin et al. synthesized two phenylenevinylene copolymers
(namely, PMC5 and PMC6) with octyloxy and methoxy side groups
[JIN 13a]. Surprisingly, although the maximal absorption is blue-shifted
compared to the previous ones, Jsc is better and consequently so is PCE. The
presence of alkoxy moieties in side groups must certainly increase affinities
with TiO, surface. Otherwise, the length of the alkyl chain in alkoxy moiety
did not really impact the obtained PCE. To complete this study, the same
authors have synthesized a new series of D-m-A main chain polymeric
cadmium complexes with carbazole-alkyl fluorine (PMC7) or carbazole-
alkoxy phenylene (PMCS), donor unit, C=N m-conjugation linkage and 8-
HQ Zn(IT) or Cd(II) complex acceptor portion [JIN 13b]. The presence of
electron-rich alkoxy benzene moiety in PMCS explains the improved optical
and PV properties. As PMC with new acceptor unit, it is well known that
metal chelates of DAMN derivatives are one of the most widely used
materials as an electron transporter. Moreover, increasing the number of
thiophene units in poly(phenylenevinylene) can further extend the -
conjugation, which can also increase the short-circuit photocurrent, as the
result of the red-shifted absorption of the sensitizer loaded TiO, film [LI 10].
Recently, Zhang et al. elaborated two D-m-A dyes possessing a metal
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(Cd or Ni)-DAMN as an acceptor (A), ethylene bond as a m-conjugation
linkage and bithiophene phenylenevinylene as donor group (D) [ZHA 14].
Optical properties indicate that polymers containing metal-Cd (PMC9) show
better light absorption than polymers containing metal-Ni (PMC10).
Moreover, the increase in glass transition temperature from 120 to 144°C
suggests that PMC containing metal-Cd has higher rigidity than that
containing metal-Ni. Finally, the best result of PCE is obtained with PMC9.
As an important ligand, 1,10-phenanthroline has been extensively used in
functional metal complexes. This molecule, with a rigid structure and high
electron transfer capability, can provide two aromatic nitrogens that make it
possible to coordinate with many transition metal ions easily. Considering
the distinctive physical and chemical properties of phenanthroline, many
researchers have used metal phenanthroline derivative complexes in DSSCs.
For instance, [Ru(dcbpy)(otip)(NCS2)] [YIN 09] containing thiophene-
substituted spacer has achieved the energy efficiency of 8.3%. For this
reason, D-A-type main chain PMCs (PMCI11 and PMCI12) containing
phenanthroline metal derivatives by heck coupling reaction have been
synthesized [ZHO 14]. The results indicate that the introduction of 1.4-
divinyl-2-methoxyl-5-octyloxybenzene and 2,7-divinyl-9,9-dioctylfluorene
could lengthen m-conjunction system effectively, as well as help improve the
solubility of the PMCs. TGA measurements demonstrate that PMC11 and
PMCI12 have good thermal stability and get the Ty at 392 and 436°C,
respectively. Nevertheless, PV results are quite low with a PCE equal to 1.05
and 1.15%, respectively. Finally, with benzimidazole and its derivatives,
ubiquitous in biology, the larger m-conjugated system is obtained. Their
presence in main chain PMC comprising thiophene and 2-(2’-
pyridyl)benzimidazole ligand based on Zn (II) (PMCI13) involved a PCE of
DSSCs equal to 1.88% [XIU 11]. For each previous case, the lack of an
anchoring group explains the limited results in Jsc and IPCE. Effectively, the
introduction of carboxylic acid or sulfonic acid groups as anchoring groups
in the structure mainly impacts light absorption, electron injection efficiency
and adsorption affinities on the TiO,. The anchor group can bind the
molecules on the surface and inject the electrons from the excited dye
molecule into the conducting band of the semiconductor. So, 3,3’-dicarboxy-
2,2’-bipyridine is an excellent polydentate ligand, and was used in four
PMCs (PMC14-17) based on 1,10-phenanthroline metal complexes and
alkylfluorene or alkoxybenzene [YU 13]. Zn(II) or Co(II) was chosen as the
metal. The dyes containing alkoxybenzenes (PMC16 and PMC17) exhibited
higher PCE wvalues than the corresponding target polymers containing
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alkylfluorenes (PMC14 and PMC15). The PMC16 dye showed a maximal
PCE of 2.12%. In addition, the four polymers possessed excellent stabilities,
and their thermal decomposition temperatures all exceeded 300°C. The same
trend is observed with PMCs based on 8-hydroxyquinoline metal complexes
using alkoxy benzene or alkyl fluorene as the electron donor.

Polymer M_l},mnl"} Amas(im) HOMO LUMO  Acceptor Donor  VoclmV) Js(mA.cm?) FF  n(%) Rel

PMCI1 25900 436 -53 -3.28 Ti0, 1,1 630 4.77 0.75 225 [XIA 10]
rMc: 27800 448 =53 -34 Ti0, 151 640 6.33 0,75 3.04 [XIA 10]
PMC3 5780 427 =377 -3.69 10, 1571 745 2.52 0.586 L1l [DEN 12a]
PMC4 6350 447 -5.73 -3.59 10, | Y] 650 1.27 0.55 045 [DEN 12a]
PMCS 48000 44 -3.64 =34 Ti0; | 11| 710 134 066 1.57 [JIN 13a]
PMC6 43200 401 -3.66 -3.36 Ti0, LT 670 18 069 LM [JIN 13a)
PMCT 12400 423 578 <335 Ti0; I 632 4.67 074 218  [IN13b)
PMCS 22600 448 -5.73 -3.42 10, 151 745 5.35 0.61 245 [JIN 13b]
PMC9 17870 451 -5.57 -3.58 Ti0; 1.1 720 4.75 0.658 225 [ZHA 14]
PMCID 14500 422 -3.52 -3.51 TiO, | 1Y 710 4.52 0.653 2.1 [ZHA 14]
PMCI11 17400 398 -5.67 -3.15 TiO;, 151 670 25 063 L0S  [ZHO 14]
PMCI2 20000 420 5.73 -33 Ti0, 11 649 271 065 115 [ZHO 14]
PMCI13 2000 3% -4 98 -3.16 10, 11 650 4.08 071 1.88 XU

PMC14 18000 411 -5.66 328 Ti0. 151 650 4.26 064 176 (YU 13]

PMC15 13500 396 -5.72 -3.36 Ti0; Iy G 4.37 065 1.7l [YU 13]

PMC16 165900 442 -5.55 -342 Ti0, 1T 690 491 0625 212 (Yu 3]

PMCI17 14300 424 -5.58 -3.35 Ti0, 11 640 459 061 1.81 (Yu13]

PMCIS 22500 329/483  -5.7 -3.54 Ti0, 151 625 232 0.66 0.9 [DEN 12b]
PMC19 17600 353/468 578 -3.57 Ti0;, 1541 615 2,38 0.69 1.0 [DEN 12b]
PMC20 26500 353492 573 347 TiO, 151 645 229 068 101 [DEN 12b)
PMC21 22600 3800462  -5.85  -3.55 TiO, Iy 695 249 059 1.21 [DEN 12b]
PMC22 4100 381 -4.89 -3.1 TiO;, 151 720 6.1 0.69 3.01 [LIU 10a]
PMC23 3960 390 487 307 Ti0, 1571 670 7.27 069 337 [LIU 10a]
PMC24 520 537 357 Tio, 1571 630 1.1 067 51 [LIU 10b)
PMC25 520 TiO, Iy 740 18.24 0.56 7.53 [LIU 11]

Table 6.2. Physical, optical and photovoltaic characteristics of PMCI1-25

Another possibility is to prepare PMCs with metal complexes in the
branched chain. As a general rule, the obtained products have showed good
solubility, outstanding stabilities and good open-circuit voltages but
moderate power conversion. For instance, Deng et al. synthesized four
PMCs as dyes containing thiophene—fluorene (PMC18 and PMC19) or
thiophene—phenylene (PMC20 and PMC21) with Co(Il) or Ni(Il) metal
complexes in the branched chain. It is seen that these PMCs have glass
transition temperature (Tg) ranging from 123 to 161°C and follow the order
PMC18 > PMCI19 > PMC21 > PMC20. This suggests that a
fluorenevinylene unit embedded in the polymer backbones renders higher
rigidity compared with the phenylenevinylene units [DEN 12b]. Moreover,
another PMCs comprising also thiophene fluorene in main chain and
1,10-phenathroline, 8-HQ, based on Zn(Il) (PMC 22) and Cd(II) (PMC23) in
branched chain exhibited the best results with PCE equal to 3.01 and 3.37%
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[LIU 11]. Such results could be explained by the presence of cadmium
metal, which indeed induces a red-shifted absorption by about 10 nm relative
to that of PMC22. Cd(II) has more electrons than Zn(II) ion and the radius
of Cd(Il) is bigger than that of Zn(Il) inducing an easy m—=* translation.
Therefore, m—m* translation takes place easily.
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Finally, another way to increase the stability of PSSCs could be to
directly cross-link metal complexes by tethering aliphatic side chains
carrying allyl groups on one of the bipyridine ligands after applying onto a
TiO, layer. The synthesized PMC24 and PMC25 were cross-linked with
methylacrylic acid (MAA) monomers through its allyl groups or glycerol
propoxylate triacrylate (GPTA), respectively. The DSSC with cross-linked
PMC24-co-MAA acquired Jsc = 12.52 mA/cm?, Voc = 0.67 V, ff=0.63 and
n = 5.18% [LIU 10], whereas that with cross-linked PMC25-co-GPTA
attained
Jsc = 18.73 mA/em?, Voc = 0.72 V, ff = 0.58 and 1 = 7.88% [LIU 11]).
Because the polymerized MAA or GPTA units which contain carboxylic
acid or acrylic groups were able to attract I;/I" redox couples in the gelled
electrolyte system, it enhanced the dye regeneration so as to increase the
photocurrent.
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Figure 6.6. Polymer containing metal complexes PMC24-25

For the time-course change test of power efficiency in storage, both
DSSCs showed an initial increase in power efficiencies and then stayed
almost unchanged for 1 month, whereas that with well-known N3 dye
showed a rapid decrease in efficiency in 2 weeks. Effectively, the typical
ruthenium dyes contain carboxylate groups which were designed to adsorb
onto the nanoporous TiO, layer rendering the excited -electrons
straightforwardly injected into the conduction band of the TiO,. However,
during service, these ruthenium dyes are prone to desorb from TiO, surface
due to the fact that they are surrounded by the electrolytes. This higher
stability of the DSSCs with cross-linked PMC24-co-MAA or PMC25-co-
GPTA, respectively, has shed lights on their potential application for outdoor
usage.
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From the analysis of PV properties of different PSSCs cited in the
chapter, it seems that the rational design of a new polymeric dye has some
requirements. However, some criteria are more relevant than others:

— a broad band and high-level absorption of the visible and NIR region of
the electromagnetic spectrum is required. Moreover, the energy level of the
LUMO of the dye must be slightly higher than that of the TiO,. A difference
of 0.3-0.4 eV is requested in order to ensure good electron injection from
excited photosensitizer toward electron transporter;

— a polymeric dye faithfully chelating to the semiconductor oxide surface
and injecting electrons into the conduction band with a quantum yield of
unity is needed. The introduction, for instance, of carboxylic acid
groups, which can act as anchoring moieties onto the surface of the
nanoporous TiO, layers, drastically increases the PCE while promoting the
charge injection;

— a good solubility of the polymeric dye in order to facilitate penetration
of such macromolecular molecules inside the porosity of nanoporous TiOs.
A original strategy is to use electrochemically polymerized films of
precursor monomers in the porosity of a nanocrystalline TiO, layer.
Consequently, the insertion of small molecules (as monomers) could
increase the pore filling and the interface with TiO, surface, which, in turn,
enhances the PCE.

Finally, PSSC must exhibit thermal and photochemical stability. For this
to happen, a high density of anchoring groups of a polymer chain, which can
offer better thermal stability than low weight molecules, is the main
advantage of polymeric photosensitizers.

6.9. Conclusion

In this chapter, we reviewed current progress in the use of m-conjugated
polymer as dye polymeric materials in DSSCs. Contrary to the metal
complexes or small organic molecule-based dyes, interfacial issues of
mesoporous TiO,/sensitizer are more critical and strongly influence the PV
performance of devices as well as their stability. The conception of new
polymeric dyes and their chemical molecular engineering primarily focuses
on the delicate balance of HOMO-LUMO energy levels/interface effect in
absorption with photosensitizer/infiltration into the mesoporous metal oxide
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network. Many organic polymeric dyes have been reported in the literature.
Structurally, these compounds are mainly composed of m-conjugated
polymers (as PT, polyphenylenevinylene, TPA-based polymer or
polyfluorene) or metal complexes-based polymers. The introduction of
anchoring group units onto TiO, surface in the molecular structure seems to
be primordial. These groups help both to increase the electron injection and
to offer better thermal stability. On the other hand, the insertion of
conjugated monomer into porous networks before their electrochemical
polymerization is favored leading to more efficient devices.
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NIR-Dyes for Photopolymers and Laser
Drying in the Graphic Industry

7.1. Introduction

After the release of the first Tablet Computers in 2010, many people
forecasted the early end of printed materials. This also included printed
matter made by offset printing that uses a lithographic plate for image
generation and a press machine to print the image with many impressions.
Today, offset printing technology still exists despite the newly reorganized
market. Particularly, the use of digital media has resulted in a reduction in
the costs needed for printing and logistics/storage. Internet-printing
businesses have been established that can print as many as 100k files in one
night with fast delivery to many global destinations worldwide. Flyers
represent one main target of internet-printing shops. Other printing
applications relate to packaging or commercial printing to name a few
examples. Nevertheless, the amount of printed newspapers has decreased
presumably as a result of more intense use of mobile devices to obtain news
from all over the world. Lithographic plates represent one prerequisite for
modern offset printing comprising of dyes as sensitizers.

Digital exposure has been used to transfer a lithographic pattern in offset
printing [BAU 15, STR 14, VOL 80, BAU 94, TIM 88, BAU 93, TIM 01,
FRA 83, TIM 87, KAR 05, HAT 00, STR 09]. Such light-sensitive materials
are made of a roughed aluminum substrate oxidized at the surface. This is
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coated with a light sensitive material. Furthermore, offset printing uses a
water-in-oil (W/O) emulsion of oleophilic printing ink and water that is
generated in situ in the press machine. The hydrophilic Al,Osz-layer functions
as the water accepting (non-printing) part while the hydrophobic coating
accepts the oleophilic ink (printing parts). Thus, exposure differentiates
between printing (image) and non-printing (non-image) areas after exposing
and processing. Printing plates based on photopolymers work as negative
materials (unexposed parts dissolve during processing). They exhibit a
thickness between 1 and 2 pm. The processed lithographic photopolymer
plates can print several 100,000 impressions without thermal post-treatment
(baking) depending on the press conditions. Sometimes, dusty paper and
aggressive printing chemicals result in an undesired early coating wear-off
during the printing job!. Nevertheless, there exists a certain demand to create
lithographic plates with increased robustness on press. From this point of
view, photopolymer materials are the matter of choice.

Photopolymers for imaging exhibit a high photosensitivity. This gives
access to digital laser exposure techniques first shown at the IPEX in 19932
Moreover, lithographic plate manufacturers started to study NIR-
photopolymers at the beginning of this century. A first commercial product
was offered by Kodak-Polychrome [HAU 00a]. Nevertheless, the idea to use
a laser as an exposure source for printing plates was published much earlier
in the 1970s [WEG 74]. During that time, common UV-lasers were disclosed
in the patent literature. Today’s commercialized CtP systems based on
photoinduced polymerization exhibit a resolution of =10 pm depending on
the exposure source [PHO 14]. Better resolution would be possible but this is
not necessary because the resolution of the human eye is 250 pm at a
distance of about 50 cm between the object printed and the human eye
[OGL 51, YAN 11].

The term “Computer to Plate (CtP)” has been mostly used to describe
lithographic plate digital exposure by laser sources. Visible lasers emitting at
488 nm (Ar'laser) were first used in the graphic industry. FD-Nd-YAG
lasers emitting at 532 nm partially replaced these sources. The development
of semiconductor lasers has resulted in a quantitative substitution of gas

1 Photopolymer printing plates are available from three big suppliers; see [AGF 14, FUJ 14,
KOD 14].

2 CEP Technology was first intoduced at the IPEX in 1993. For more details, see [KIP 00]
and [LIM 96].
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lasers by these sources emitting either in the near infrared (NIR) region
(808 or 830 nm) or violet spectral part (405 nm). This change resulted in a
huge saving of costs and has helped to eliminate the red safe light
requirement. From this point of view, synthetic dyes possess a major
function as sensitizers in these systems [BAU 15, MUS 00]. Moreover, dyes
are also as important as colorants [MUS 00].

NIR imaging technology results in better resolution on press and it
represents the more expensive option. Thus, NIR photopolymers can be
found in all types of applications whereas the 405 nm CtP systems are
limited more or less to the less-demanding newspaper printing. Many NIR
exposure machines, which have been called platesetters, use as light valve
modulators [BAU 15, MOU 00, MOU 04], the so-called square spot
technology. It offers a higher resolution compared to those with Gaussian
beam profile. Nevertheless, exposure machines based on flat-bed scanning
technique have been available as well [BAU 15].

Modern photopolymer printing plates must exhibit a long shelf life (>12
months) where the sensitivity exhibits only small changes within the
specifications in this time frame. This requires the design of systems
exhibiting a high stability even under tropic storage conditions. Thus, the
components of the initiator system as well as the monomers must be stable in
the coating over a long period of time. Many initiator systems comprising of
an NIR dye as sensitizer and radical initiator shown in this contribution
fulfill these requirements.

Physical drying has often been applied to remove water/solvents in the
paper of the printed material. Physical drying requires conditions where the
printed stuff does not require long storage periods after it releases the press
machine. This is important particularly for printing businesses working
according to lean-manufacturing conditions where the material should be
delivered to the customer immediately with no additional storage time. Thus,
a shortening of the drying time is necessary. Recently, the laser-drying
method was introduced as a new physical drying technique in offset
printing where an NIR-absorber dye absorbs NIR radiation that
is immediately released as heat in the printed layer resulting in the
removal of water/solvents with no thermal destruction of the substrate
(paper) [ERN 13, PIT 03, SCH 08, SCH 12, ERN 13]. This also
significantly reduces the drying time. Laser drying can be considered
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a new ecological technique in offset printing that was first developed
in the industry.

7.2. Computer to plate systems
7.2.1. Technical remarks

1) Digital exposure and imaging-CtP. This requires the generation of a
digital file in a page description language (vector graphics, i.e. PostScript or
PCL) in the first step. Then, a raster image processor (RIP), which is a
software as part of a machine, generates a raster image (bitmap) from this
file format. This is sent to the digital exposing device — the platesetter — for
exposure. In other words, the RIP transforms a vector graphics into a raster
image; that is a raw binary of dot patterns. Thus, the RIP transfers the
information where the platesetter must expose the photopolymer layer (one
in terms of logic thinking, i.e. there is a pixel in the image) or not (zero in
terms of logic thinking, i.e. there is no pixel in the image) the lithographic
plate. This occurs step by step over the entire image/plate. Both, laser power
and scan speed control the exposure time of each dot that locates in the s-
time frame.

2) Image generation and processing. After completion of exposure, the
material requires processing to wash-out the non-exposed parts of a negative
imaging material. This may include after completion of: (i) exposing the
preheat to complete photopolymerization in the image layer (1-3 pm
thickness), (ii) the prewash to remove the water soluble oxygen barrier layer
(0.5-3 um thickness), (iii) the developing to wash out the non-exposed parts
resulting in the lithographic pattern, (iv) the post-rinse to remove residual
processing liquid on the substrate and (v) the finishing that keeps the
substrate of the printing plate precursor hydrophilic in the non-image areas
by applying a hydrophilic water-soluble polymer layer. References
[KOD 13, FUJ 14, AGF 14] provide more technical details. The oxygen
barrier layer comprises polyvinyl alcohol (PVA), which has been known as a
material with a low capability of oxygen permeability [BAU 15, STR 09].
The higher the thickness of PVA and the higher the degree of saponification,
the better works the barrier function of the PVA. Thus, we need to find a
reasonable compromise between shelf-life and sensitivity. This can be
achieved by variation of PVA-thickness (0.5-3 wm) and/or saponification
degree (85-99.5%). Stabilization of such imaging materials in which oxygen
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can penetrate into the imaging layer through the PVA oxygen barrier has
been achieved by the addition of aerobic inhibitors (steric hindered phenols)
into the coating. In case that diffusion of oxygen into the imaging layer
would be avoided, we need to stabilize the lithographic plate with anaerobic
inhibitors. This can be stable radicals such as (2,2,6,6-tetramethyl-piperidin-
1-yl) oxyl (TEMPO) [BAU 15, STR 09]. References [BAU 15, STR 14,
VOL 80, BAU 94, TIM 88, BAU 93, TIM 01, FRA 83, TIM 87, KAR 05,
HAT 00, STR 09, PHO 14] summarize more technical details.

Modern printing plate development also addresses environmental
questions to the plate design. Today’s research focuses to reduce the amount
of processing chemicals needed per m” plate by simplifying the number of
necessary processing steps. This requires creation of plates allowing to omit
some steps (i—v) described above resulting in a system being as simple as
possible for the user with the goal to save processing time, resources
(electrical energy and water) and to keep the amount of waste generated
(loaded processing liquid) as low as possible. Furthermore, the omission of
preheat requires, in contrast to a preheat system, an immediate completion of
photopolymerization after exposure because no latent image exists.
However, a preheat system requires only generation of a latent image. These
are immobilized radicals exhibiting a stability of at least 30 min at room
temperature. Application of preheat requires a temperature greater than
100°C resulting in an increase of the radical mobility in the latent image and
finally completes polymerization and cross-linking of the multifunctional
monomers. This occurs above the glass transition temperature of the imaging
layer.

The developer capacity has become one of the most important parameters
for new lithographic plate systems. Today, more than 30 m’ can be
developed in 1 L developer, which requires sufficient solubility or
dispersibility of all plate components in the processing liquid. Furthermore,
the combination of developing and finishing would result in a lithographic
plate which only needs one bath for processing. It combines more steps just
in one bath. The challenge of simple processing can be seen in the fact that
we need to find processing chemicals showing no attack to the cross-linked
plate coating during storage between processing and printing (up to one
week in some cases). In addition, a simple processing solution also contains
finishing chemicals to avoid “drying-out” of the substrate. Thus, it
additionally functions as a gum.
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A test image has often been used to image lines on the lithographic plate.
They exhibit a different line width and different distance between them,
which is the image-free part. This treatment of imaging is necessary to prove
the resolution of the imaging material. The thinner the line in the image
reproduced, the better the resolution. The imaging material loses its
resolution if lines and image-free parts merge. This depends on the condition
of the laser head [BAU 15, STR 14] and the composition of the coating.
Furthermore, NIR-photopolymers can differentiate between a line having a
thickness of >20 um. This brought the idea to image source-drain electrode
structures on the roughened surface of a negative offset printing plate. These
structures can be applied to print conductive inks for printed electronics
[STR 09]. Even for this purpose photopolymer materials would be the matter
of choice because some of these functional inks comprise metallic
nanoparticles. This requires the usage of a robust cross-linked coating to
avoid a fast plate wearing on press [BAU 15].

There also exist lithographic plates that do not even need a processing
bath after exposure because the press machine washes out the non-exposed
parts resulting in the lithographic pattern on the plate. In other words, such a
plate develops on press and consequently those materials have been
introduced as process free plates [MUN 09, YAM 05, MUN 10]. This
technique is already available on the market using NIR Ilasers
[BAU 15, TIM 01, MUN 09, YAM 05, MUN 10] and can be seen as the
future in this industrial application. The light sensitivity of on-press
developable plates is about 50-100 mJ/cm” with no need to preheat and any
other processing equipment [BAU 15, TIM 01, KOD 14, FUJ 14]. Such a
plate can be called a true “green plate” meaning that no additional waste,
such as a loaded processing solution, would be generated.

7.2.2. Photochemical aspects of photoinitiation using NIR lasers

The photoinitiator system, embedded in a thin film comprising polymeric
binder, functionalized monomers, colorants/color on demand materials and
additives, mostly influences light sensitivity of the coating. The reaction
scheme as shown in Figure 7.1 generally describes the mechanism for
photonic generation of initiating radicals. This electron transfer between the
excited singlet state of a sensitizer (Sens*) and an acceptor (A) results in the
generation of a radical pair Sems™ and A, respectively, whose spin
multiplicity does not change. Sems™ can either disproportionate or
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decompose [BRO 15b, BRO 15c]. This must occur very fast to avoid
electron back-transfer. Typical NIR-dyes following the reaction path, as
shown in Figure 7.1, exhibit a neutral structure with no counter ion.
Nevertheless, such sensitizers have not disclosed for NIR-photopolymers
yet. From our best knowledge, the most common sensitizer used for these
applications have been chosen from polymethine dyes showing
photochemistry from the singlet state. From our best knowledge, there are no
triplet sensitizers available in the NIR.
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Figure 7.1. Reaction scheme for generation of initiating radials using a photoinitiator system
comprising a sensitizer (Sens) and an electron acceptor A. Excitation results in generation of
the excited state of the sensitizer Sens* donating an electron in the LUMO of A resulting in
the formation of Sens* and A, which is a singlet radical pair. Fast decomposition of Sens"
reduces probability of electron back transfer from Sens™—A". The positive charge of Sens"
in the SOMO interacts with the electrons of its lower filled orbitals resulting in a decrease of
the SOMO energy compared to the HOMO energy of Sens

Neutral dyes form photoproducts exhibiting huge hypsochromic-shifted
absorption, which can be seen by a change of the coating color from green to
deep yellow. Thus, the bleaching of the sensitizer at the excitation
wavelength leads to the scenario that the excitation light can penetrate
through the entire coating. The UV—VIS—NIR spectrum of the coating, taken
after exposure, shows almost complete disappearance of sensitizer
absorption at 800 nm.
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Furthermore, some patent applications disclose the addition of a third
component D exhibiting electron donating properties. Thus, the donor D can
promote an electron into the hole of Sens” if its HOMO-energy is higher
compared to the SOMO of Sens” resulting in the back-formation of Sens
while D™ may additionally decompose to initiating radicals. Absorption of
Sens should not change according to this mechanism because electron
transfer from D to Sens™ would completely reverse the sensitizer. Because
no bleaching would occur at the excitation wavelength, it requires choosing
an absorption that guarantees an almost unique exposure of the entire
coating. This is an optical density (OD) of 0.43. Figure 7.2 explains the
scenario in more detail.
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Figure 7.2. Reaction scheme for generation of initiating radicals using a photoinitiator
system Sens, A, and electron donating component D. Excitation results first in generation of
Sens* donating an electron in the LUMO of A. This yields Sens™ and A”. The positive
charge of Sens”" in the SOMO interacts with the electrons of its lower filled orbitals resulting
in a decrease of the SOMO energy compared to the HOMO energy of Sens. This opens the
possibility to donate an electron from D—Sens " resulting in back formation of Sens and D*".
The latter additionally decomposes and releases additional initiating radicals

However, our spectroscopic investigations also indicated a decrease of
the sensitizer absorption in the system comprising Sens, A and D as
described in Figure 7.2. Thus, we believe the occurrence of additional
processes relates to thermal events. The laser used for exposure transfers a
huge amount of energy into the coating resulting in a temperature increase of
the coating to >>130°C. The NIR sensitizer additionally functions as
absorber promoting thermal events because it releases most of the absorbed
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energy as heat based on internal conversion [BRO 15b, BRO 15c¢]. This is
concluded from the fluorescence quantum yield measured [BRO 15b].
Furthermore, photochemical studies confirm the proposed pathways as
shown in Figures 7.1 and 7.2 [BRO 15c]. The sensitizer therefore possesses
a dual function; that is the description of the photonic pathways as disclosed
in Figure 7.2 and as NIR-absorber resulting in release of heat. The latter also
leads thermally to the generation of radicals as found in coatings comprising
NIR-dyes and radical initiators [SCH 15]. Thus, the onset of polymerization
started at temperatures below 100°C considering an NIR-photoinitiator
system embedded in a model coating [SCH 15]. Typical NIR sensitizers
following the scheme, as shown in Figure 7.2, have been -cationic
polymethine dyes. They may bear as counter ion X with a negative charge.
The fast decomposition of Sens™", A", and D™ favors to direct the reaction
particular in one direction with low probability of electron back transfer.

The structures la-d represent sensitizers following the mechanism
depicted either in Figure 7.1 or 7.2. They differ in the meso-position of the
polymethine dye in which either a five- (Ia and Ic) or six-membered ring
(Ib and Id) controls either the methine chain, which is almost planar
(Ia and Ic) or disturbed in geometry (Ib and Id). This has an impact on the
solubility as well. The more distorted the geometry, the better soluble the
NIR-dye. Furthermore, the squarine structure II [NAG 89] and structure I1I
[SAV 12] have also attracted the attention as sensitizer in lithographic
printing plate materials. Both belong to the group of polymethine dyes.
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Table 7.1 summarizes some examples of the structures Ia-d compiling
the location of the absorption maximum A, and molar extinction
coefficient &,,x [WWW 14]. This batochromically shifts if R; changes from
H to Cl in both structures Ia and Ib. Furthermore, a bathochromic shift of
absorption occurs as expected by switching from Ia to Ic and Ib to Id,
respectively, by changing the terminal groups from indolium to
benzindolium. Moreover, geometry changes in the methine chain from an
almost flat structure (Ia and Ic) to a molecular framework in which not all
sp>-carbons of the methine chain are kept in one plane (Ib and Id) results in
a hypsochromic shift of the absorption. Squaraines (II) and branched
polymethines (III) exhibit absorption maximum at around 800 nm while the
extinction coefficient is lower as compared to structure I.

The mechanisms shown in Figures 7.1 and 7.2 require the addition of an
electron acceptor compound (A). Diaryliodonium salts (IV) have been very
popular in this field [CRI 84, HAU 00b, STR 03]. Electron transfer results in
reduction of this compound are shown in equation [7.1]. The iodyl radical
formed decomposes quickly and releases highly reactive initiating aryl
radicals. The iodyl radical must possess a very short lifetime indicating the
fast decomposition into the iodine aromat and ph. Further onium salts (i.e.
triarylsulfonium salts V) alternatively decompose after acceptance of an
electron resulting in formation of the phenyl radical and diaryl thioether as
shown in equation [7.2].
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Structure  [R; R, R; X Amax (MM |Eax M 'em™)
Tal CH, [Cl H [ 797 280,000
a2 C,Hs; Q clcr 792 308,000
Ia3 CH, @ H (cr 784 270,000
Tad  |CH, @L‘NJ@ 1 lclos 797 266,000
Ia5 cH, |0 H (CcloS 794 250,000

5
Hoc. AL oty
Ta6 C,Hs; ey Cl  fone 785 308,000
[e]
Hsc., AL oHs
Ia7 CH; o H none 780 295,000
S
bl C,H;, I Cl  [Tosylate  [785 290,000
NN
N__N -
b2 CH, Cr ? Cl 798 224,000
b3 CH, [Cl cr 775 252,000
b4 CH, @ clcr 795 206,000
|
b5 CH,; © H (cr 787 249,000
|
b6 CH, 5 H (Cr 787 228,000
i
Il (CH, @L‘NQ . lcoy 831 264,000
Ic2 CH, @ X Cr 821 291,000
1
Ic3 CH; PO - |none 813 264,000
[e] 0o
Id1 CH, |[Cl X cr 313 245,000
1d2 CH, |CH, X cr 300 247,000
1d3 CH, Q X Cr 790 260,000
HaC.. Jok _CHj
1d4 C,Hs " 'ﬂ* X none 791 306,000
[e] 0
11 CsHy;, - none 800 156,000
101 C,H, [ R Tosylate 817 133,000 [DAT 14]

Table 7.1. Compilation of spectral data (absorption maximum A,,,. and molar extinction
coefficient &y,y) of several NIR dyes studied as sensitizer for CtP applications (taken in
MeOH), data were taken from [STR 14]
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S — Potre -+ ) [7.1]

v [7.2]

Triazines (VI) are alternative electron acceptor materials [HAU 00a] with
comparable electron affinity as compared to iodonium salts (IV). Electron
transfer reduces VI while the anion radical formed fast decomposes into the
highly reactive halogenated radical derived from VI that efficiently initiates
radical polymerization. Structure VI possesses the possibility to initiate
polymerization in two positions, which makes them attractive as bivalent
radical initiators.
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The mechanism shown in Figure 7.2 requires adding of a donor D to
avoid electron back-transfer from A to Sens'", which would be applicable
in case of positively charged cyanine dyes. Tetraarylborates VII [YU 08],
(aniline)acetic acids VIII [PHO 14] or heterocyclic sulfur compounds IX
[WIT 04] represent some representative materials with electron donating
properties that can be added as donor.
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Structure IX exists in a tautomeric equilibrium with the mercapto IX(SH)
and thione IX(=S) structure as shown in equation [7.4]. NMR experiments
demonstrated a major contribution of the thione (IX) in this equilibrium in
model coatings [BER 14] proving that particularly the thione responsibly
contributes to initiator radical formation. Nevertheless, the thiol tautomer
IX(SH) possesses some stabilizing functions.

ol N
H;"A XNS - F{;,/I\' )I()\SH
R, R,
IX(=S) IX(SH) [7.4]

Dye-borate systems were disclosed to initiate radical polymerization
[PAC 08, PAC 01, KAB 98] but the sensitivity significantly increases by
addition of iodonium borates to a dye-borate system [SIM 09]. This
combination avoids ion exchange in systems comprising a cationic
polymethine dye and an iodonium ion because both comprise the same
counter ion. lon exchange can lead to undesired events (i.e. crystallization)
affecting sensitivity of the lithographic material. Further studies on dye-
borate systems discuss the efficiency of electron transfer from the borate to
the acceptor excited [SCH 90]. Moreover, oxidation of the (anilino)acetic
acid results in fast generation of the aminyl radical and the release of CO, as
shown in equation [7.5].

=\

! »';:'_N > ‘ JN = G -_.J—N:. + COp + H*
R E [7.5]
Moreover, the thione should also play a major role in the oxidation

mechanism of the heterocycle resulting in generation of thiyl radicals as
shown in equation [7.6].

A :
P S g R [7.6]
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Equation [7.7] shows how the redox potentials of Sens, A and the
excitation energy E relate to the free energy of electron transfer AG,,. This
quantity is necessary to get a rough estimate regarding the rate constant of
electron transfer k. according to the relation shown in equation [7.8] known
as the Marcus-Equation [KAV 86, KAV 93]. It contains as further adjustable
parameter, the total reorganization energy combining the inner (vibrational
components) and outer sphere (dielectric constant of the surroundings)
reorganization energy [KAV 86, KAV 93]. In case AGyq = 0, the
reorganization energy mainly influences the rate constant of electron
transfer.

AG.= F-(E"[Sens/Sens " ]- E" [ A™/AD+Ecou-Eoo [7.7]
where F is the Faraday constant, E'*[Sens/Sens"] represent the half wave
oxidation potential of the sensitizer, EY 2red[A"/A] is the half wave reduction
potential of the acceptor, E.o, is coulomb energy and Ey is the excitation
energy of the sensitizer.

ko= 2m/h x |H|* | 45T x exp(-(AGe-N)*/4AkyT) [7.8]

where A is the total reorganization energy, kg is the Boltzmann constant, T is
the temperature and H,, is the interaction energy describing the splitting of
the two reaction coordinates of participating reactants.

Table 7.2 shows the HOMO and LUMO energies of the dyes
Ia-d determined from the redox potentials (E"%[Sens/Sens™]) and
(E"*q[Sens"/Sens]) of the sensitizer [STR 14]. Ferrocene was used as
reference electrode [POM 95]. Sensitizers with a barbituric acid substituent
in the meso-position exhibit the highest HOMO energy. Thus, these
materials possess the best capability for oxidation by an acceptor. Other
substituents such as -Ph, -SPh, Cl, and —N(Ph), result in slight decrease of
the HOMO energy. Furthermore, incorporation of chlorine in R; results in a
decrease of the HOMO energy while the LUMO energy shows no response
on this structural change. No significant change was found by changing the
substitution at the terminal polymethine chain from indolium (Ia, Ib) to
benzindolium (I¢, Id).
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. |HOMO | EY[Sens/ [LUMO |E"?4[Sens/Sens]
Structure| R; R, R; | X %) Sens'] (V) V) R%)
Ial |CH;| Cl H | Cl | 491 0.62 -3.89 -0.40
2 |GHs| & |a|cr| -49 0.61 -3.79 -0.50
1a3 |CH, | O H |ClI | -486 0.57 -3.75 -0.54
Iad |C4H, @‘NQ Cl |Clo, | -4.94 0.65 3.78 -0.51
a5 |CH, | ©L0 | H [Clo,| -4.88 0.59 371 -0.58
1a6  |CHs| “ry™ |Cl| - | -4.74 0.45 -3.54 -0.75
1a7 |CH;y | “vx™ | H | - | -4.68 0.39 -3.49 -0.80
Ibl |GHs| Cl |[Cl |Tos | -5.02 0.73 -3.86 -0.43
b2 |CH, @w H | ClI | -498 0.69 -3.95 -0.34
b3 |CH;| Cl cr | -4.97 0.68 -3.84 -0.45
Ib4 |CH; @ Cl | Cr | -4.96 0.67 -3.86 -0.43
s |cHy| Y | H |cr | 49 0.67 3.85 0.4
Ib6 | CH; 85 H | CI' | -4.95 0.66 -3.83 -0.46
Iel |CHy| ©L0 | - |ClOs| -4.83 0.54 -3.70 -0.59
2 |CHy | - | cr | -4.80 0.51 3.73 0.56
Ie3 | CH; “;‘Zﬁjf;i““ - | - | -464 0.35 -3.51 -0.78
Idl |[CH;| ClI -l ar | 494 0.65 -3.81 -0.48
Id2 |[CH;| CH; | - | CI' | -4.96 0.57 3.72 -0.57
a3 |cH, | O - |cr | 488 0.59 -3.70 -0.61
m |CsHy| - - | - | -5.00 0.70 -3.77 -0.53
M |C,Hs - - | Tos | -5.07 0.78 -3.94 -0.34

Table 7.2. Redox potentials for half wave oxidation E'?,[Sens/Sens™"] and half wave
reduction E",..fSens”/Sens] of NIR-sensitizers (taken in CH;CN) determined by cyclic
voltammetry (taken in CH;CN) using a three-electrode setup with platinum disks as working
respectively auxiliary electrode and Ag/AgCl electrodes as reference. Ferrocene was used as
an internal standard and 0.1 M tetrabutylammonium hexafluorophosphate (Bu,N'PFy) as
supporting electrolyte. Data taken from [STR 14]
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Table 7.3 summarizes some acceptors often used as radical generator in
lithographic plates. Triazines (VI) exhibit a similar LUMO energy in
comparison with iodonium salts (IV). Electrochemical data obtained for the
iodonium salt agree well with literature data [KUN 97]. Accordingly, both
acceptors IV and VI should exhibit similar sensitivity if the electron transfer
rate mainly controls the formation of radicals as shown in equation [7.8].
Nevertheless, our experiments resulted in a higher sensitivity of systems
using iodonium salts as radical initiator considering conditions with similar
molar ratio of either I'V or VI with respect to Sens.

Furthermore, sensitizers shown in Table 7.2 result in a AG, = 0 (£ 0.4)
eV using structure IV as acceptor. Moreover, sulfonium salts (V) were also
reported in the patent literature [AOS 99] as acceptors though AG, > 0. In
such cases, the residual energy must be provided by the laser to generate
initiating radicals.

Acceptor (A) structure LUMO (eV) E J[ATA] (V)

|y S IVa 372 2057
+O-=O+ Vb 3.6 -0.63
$

© Va -3.24 -1.05
Cl

QL
5) Vb -3.05 -1.24

N.__CCl
o

N

ClsC

VI -3.82 -0.47

OCH,

Table 7.3. Half wave reduction E'”.4A"/A] and corresponding LUMO energies of
several acceptors determined by cyclic voltammetry (taken in CH;CN) using a three-
electrode setup with platinum disks as working respectively auxiliary electrode and
Ag/AgCl electrodes as reference. Ferrocene was used as an internal standard and 0.1 M
tetrabutylammonium hexafluorophosphate (Bu,NPFg) as supporting electrolyte. Data taken
from [STR 14]
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All cationic sensitizers require the addition of a donor (D) selected from
Table 7.4 to accomplish a reasonable sensitivity of the lithographic plate.
Table 7.4 summarizes some donor components (VII- IX(SH)a/ IX(=S)b)
mentioned in patent applications that are needed to obtain the desired
sensitivity. The mechanism occurs according to Figure 7.2. Electron transfer
occurs from the excited singlet state [BAU 15, STR 14] of Sens*—A
resulting in a decrease of the SOMO energy of Sens”” because the semi-filled
orbital interacts with the lower-filled orbitals. In case that the SOMO energy
is lower as compared to the HOMO of D, electron transfer from D—Sens"
can occur from a thermodynamic point of view resulting in irreversible
formation of additional initiating species by oxidation of D—D" according
to Figure 7.2. This reduces the probability of electron back transfer in such
singlet systems.

Donor (D) General HOMO (eV) E' [Sens/Sens™](V)
structure

@ VI .15 0.86
O

NrCOOH VIII -5.48 1.19
\_CNO—C')“':' IXa(SH) -5.27 0.98
S/(SAS ‘ '
(©”
E’—\"\i:s IXb(=S) -5.06 0.77

Table 7.4. Redox potentials for half wave oxidation (EI/ZDX[Sens/Sens+']) of several donors
determined by cyclic voltametry (taken in CH3;CN) using a three-electrode setup with
platinum disks as working respectively auxiliary electrode and Ag/AgCl electrodes as
reference. Ferrocene was used as an internal standard and 0.1 M tetrabutylammonium
hexafluorophosphate (Bu,NPFg) as supporting electrolyte. Data taken from [STR 14]

Borates (VII) function well as donors in systems needing the same
counter ion for both the cationic sensitizer and iodonium salt [SIM 09]. This
avoids ion exchange between Sens and IV because both components bear
the same counter ion. Initiator systems with different counter ions may
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exhibit under certain circumstances ion exchange leading to a decrease of
sensitivity. Furthermore, all cationic dyes as shown in Table 7.2 require to
add a donor selected from Table 7.4 to obtain the necessary plate sensitivity.
At the moment, there exists no universal recipe for which donor or acceptor
can be combined with Sens to obtain a high sensitivity. All electron donors
shown in Table 7.4 have been successfully applied in commercialized CtP
systems to obtain the desired high sensitivity [BAU 15, STR 14].

7.2.3. Importance of thermal deactivation

Some patent application mention the use of radical generators in
lithographic plates resulting in conditions where AG, > 0 in NIR-initiating
photopolymer systems. These are, for example, sulfonium salts, which also
result in a high sensitivity of the lithographic plate. In general, the NIR
sensitizer nonradiatively releases more than 85% of the energy absorbed
promoting occurrence of thermal events in the coating. This is concluded
from the fluorescence quantum yield of the NIR-dye, which can reach values
up to 15% [BRO 15b]. The S, of the polymethine dye possess a fluorescence
decay time depending on structure between 200 and 500 ps [BRO 15b].
Therefore, the fluorescence decay is the slowest deactivation event of the S;
and electron transfer between Sens* and A can compete with fluorescence.
Nevertheless, high amounts on thermal energy released by internal
conversion can thermally lead to formation of initiating radicals. Recent
investigations showed thermal decomposition of NIR photoinitiator systems
between 110 and 120°C in a model coating comprising the sensitizer
selected from Table 7.1 and the radical initiator IV [SIM 09]. However, the
neat coating was thermally stable up to 190°C [SCH 15]. This means that no
initiator component was available in the coating.

The small energy difference between the ground state (Sy) and the excited
state (S;) of the NIR dye leads to the scenario shown in Figure 7.3
explaining where heat is available to generate thermally initiating radicals
(ki>>>ky). Thus, excitation results in population of a higher vibrational mode
of the S;. This relaxes fast to the lowest vibrational level of the excited state
resulting in the release of heat to the environment. Nevertheless, coupling of
the lowest vibrational mode of the S; with a higher vibrational mode of the
S also results in thermal deactivation, which is internal conversion in this
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case. This event releases the major part of heat to the surrounding as
competition to electron transfer resulting in formation of initiating radicals.
An excellent contribution published in 1976 supports our discussion
explaining how electronic coupling affects the rate constant of internal
conversion between two different electronic states [CAL 76].
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Figure 7.3. Explanation for heat release in NIR sensitizers. Excitation from the lowest
vibrational level of the Sy into a higher vibrational level of the of the S; results in fast
vibrational relaxation (V') into the lowest vibrational level of the same excited state. The
lowest vibrational mode of the S; couples in NIR sensitizers very efficient with higher
vibrational modes of the ground state Sy resulting in the release of heat. This occurs fast in
NIR dyes and additional heat can be generated by internal vibrational relaxation of higher
modes of the ground state to the lowest vibrational mode of the S, (V", v"). Electron transfer
of the S; with A and fluorescence occur as competing processes

Thus, the rate constant for internal conversion between two electronic
states (kic) depends on the Franck-Condon factors y; and y;; of the Sp and S,
respectively. Equation [7.9] shows how these quantities relate to k;.. Further
parameters are an electronic coupling term C. and a density of state function
p. describing how much vibrational modes of the ground state contribute to
the coupling.

ki ¢ Ce'peXIXOj X1 dé [7.9]
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Therefore, such lithographic plates can be considered as dual operating
materials because both photonic (electron transfer between Sens* and A)
and thermal events determine the desired sensitivity. Certain fluorescence
would be necessary to obtain circumstances where the electron transfer may
compete with the faster internal conversion. The latter releases heat that
additionally accelerates chemical reactions during cross-linking. Thus, NIR-
photopolymers benefit from both photonic events and thermal processes.
Heat release can also contribute to a faster electron transfer and therefore
more efficient formation of initiating species particular in case when AG
becomes slightly positive (equation [7.7]).

7.2.4. Contrast materials and color on demand

Contrast dyes, sometimes also called colorants, are necessary to give the
processed plate a certain color on those parts where the coating remains on
the plate. Thus, the operator in the pressroom obtains the impression that
plate processing as disclosed in section 7.2.1 was successful. Nevertheless,
systems developing on press do not require a colorant but the addition of a
color on demand material is desirable for the operator to obtain the
impression that imaging was successful either. Colorants used can be
embedded in the coating as heterogeneous materials, i.e. either pigments or
soluble dyes. The latter mostly belong to triphenylmethane dyes or
polymethine dyes absorbing in the visible part.

The phthalocyanines (Pc) X-XII have been mostly applied as contrast
materials in CtP-plates. The Pc X does not contain any heavy metal but is
almost insoluble in common organic solvents, and can be therefore
considered as a pigment. From this point of view, it requires a similar
dispersing procedure to transfer it into the coating solution in comparison
with the insoluble copper phthalocyanines XI (blue appearance) and XII
(green appearance). These pigments function additionally as dissolution
inhibitors and therefore improve the resistance against aggressive printing
chemicals in the press machine. Furthermore, organic pigments were also
tested as alternatives in R&D trials but these materials have not been
established as colorants in commercialized products yet. Thus, the blue
(X, XI) and green Pc XII have been widely accepted in today’s printing
rooms by the operators. A further benefit using such insoluble materials can
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be seen in the fact that those cannot sensitize any photoreaction even under
yellow safe light conditions.

Triphenyl methane dyes have been used for a long time. Victoria Blue
(XIII) represents one dye used in CtP applications in the past. Sensitization
under room light (yellow safe light) conditions might become an issue using
soluble dyes because the redox potentials of those colorants allow
photoinduced electron transfer to radical initiators IV (AG < O,
equation [7.7]) resulting in the formation of initiating radicals.

o
- QN_

XIII

However, the use of soluble dyes aggregating in the light sensitive
coating prevents the undesired event of sensitization by room light. Dye
structure XIV represents one possibility of a polymethine dye forming H-
aggregates in the light sensitive layer [STR 11]. These H-aggregates are not
light sensitive and therefore do not sensitize any radical formation by
reaction with a radical initiator under yellow safe light conditions. The
counter ion in structure XIV comprises either an inorganic ion derived either
from the first or second main group, a crown ether complex obtained by
complexation between these cations using the appropriate ligand or a dye
cation which may be an NIR dye as well [STR 11].
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X1V

Nevertheless, on-press developable systems do not require a colorant.
These materials prefer the addition of a color-on-demand material showing
photochromic behavior on those parts where the laser shines on the plate.
Patent literature mentions:

— color formation with leuco dyes [TIM 05];

b

XVIn
— color formation by isomerization of diarylethenes [FIG 12];
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— color formation by ring opening of inner lactones [KAW 05] by protons
formed according to the mechanism shown in Figure 7.1.

XXII XXII

The addition of these color-on-demand systems may have an impact on
the sensitivity if it interferes the initiation mechanism. Particular reactive
initiator radicals (In) can easily abstract a hydrogen from leuco-dyes (XV).
This results in the formation of a less reactive triaryl methane radical XVI.
Oxidation of this intermediate yields the stable deeply colored cationic
structure XVII. Thus, the reactivity/sensitivity of the initiator system reduces
requiring to find an agreement between plate sensitivity and color formed.
XVI can easily oxidize resulting in formation of the intensively blue-colored
triaryl methane cation XVII.

Both, the spiro compound XVIII and the diarylethene XX exhibit nearly
no color. Exposure with UV light converts XVIII and XX into the deep blue
colored materials XIX and XXI [DUR 03], respectively. This isomerization
presumably occurs with the heat provided by the laser. Otherwise, the
addition of both these chromophores would not be explainable.

Furthermore, the ring opening of XXII with photolytically generated
protons results in the formation deeply colored structures XXIII. Formation
of protons occurs to the mechanism disclosed in Figure 7.1 using a radical
initiator with a weak nucleophilic anion; that is in most cases an iodonium
salt with either PF¢ or SbF¢ anion. Electron transfer of the excited NIR dye
to the iodonium salt results in the formation of aryl radicals as shown in
equation [7.1], while the oxidized dye decomposes resulting in the formation
of protons. The use of XXII requires to have conditions in the coating that
are not acidic to prevent ring opening in the dark. However, nucleophilic
reagents such as alkaline materials react with iodonium cations [ZHD 96,
STA 96, BAN 66] resulting in a diminished shelf-life.
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7.2.5. Sensitivity

The amount of energy density (in mJ/cm?) needed to build up an image
determines the sensitivity. This includes the necessary processing steps (see
section 7.2.1) and is in the simplest case a 100% screening exhibiting a fully
imaged area. Experimentally, we observe an increase of the plate’s optical
density (ODyiae) with increasing laser energy density after exposure and
processing resulting in the curve shown in Figure 7.4. The plate’s optical
density was polychromatically measured using a SpectroPlate from TechKon
in the visible region after exposure and processing in SP500 processing
solution. Thus, ODyq is a sum of both substrate and coating absorptivity. A
blue colorant (XI) was added to obtain a better contrast of OD,, changes.
Thus, increase of exposure energy density results in an increase of the
thickness of the crosslinked layer. This can be measured by the ODpj
changes because an increase of coating thickness associates with a higher
content of embedded colorant dye either.

The energy density necessary to obtain the maximum of the first
derivation of ODp. with respect to the energy density exposed on the
lithographic plate (dOD,./dE) can be defined as the sensitivity (a) as shown
in Figure 7.4. The lower this number the higher the sensitivity of the material
because less energy density is necessary to obtain the image. Furthermore,
the maximum of dOD,./dE (b) depicts a further interesting point to
describe the material; that is (dODpjae/dE)max. The higher this quantity, the
more digital works the photopolymer layer because it quickly switches
from the non-image to the image area. In this example, we obtained
31 mJ/em® and 27 x 107 cm?*/mJ for the sensitivity and (dODypjae/AE)max,
respectively. The system investigated in Figure 7.4 comprises as
initiator system, the NIR-Dye Id4, and as radical initiator, the iodonium salt
[(p-C4HyPhI),] [(CF380,),NT,

We additionally found an influence of the anion of the iodonium salt on
the plate sensitivity using the same NIR-sensitizer disclosed in Figure 7.4 for
evaluation of sensitivity [BRO 15a]. Thus, the same cation was used for all
evaluations; that was [(p-C4HoPhI),]". Table 7.5 shows the anion influence
on both sensitivity and (dODjae/dE)max. There is no clear tendency between
anion structure and reactive radicals in the coating. Surprisingly, the redox
inactive weakly coordinating anions [(CF3SO,),N]" and [B(CN),] result in a
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similar sensitivity compared to the redox active [BPhs]” [BRO 15a].
Furthermore, alkyl borates have not been established in the graphic industry
yet although they possess better oxidation potentials compared to
tetraarylborates [SCH 90]. Radical formation occurs according to Figure 7.1
because both the [(CF;SO,),N]" and [B(CN)4]" anions are weak electron
donors whose HOMO energy is below the HOMO energy of Sens.
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Figure 7.4. Optical density of the plate (OD,, full line) of an NIR photopolymer comprising
the NIR sensitizer Id4, the radical initiator ([(p-C4HoPhI),]" [(CF380,).N]), a polymeric
binder with 0.0015-0.0016 meq/g of COOH-groups, SR399 as monomer, SR 9053 as
adhesion promoter, and copper phthalocyanine as colorant. The photopolymer was
overcoated with poly(vinyl alcohol) as oxygen barrier. The imaging layer and oxygen barrier
layer exhibited a coating weight of 1.2 g/m’ and 0.6 g/m’, respectively. Exposure was carried
out using a Kodak Trendsetter 800 as a function of exposure energy density (E) resulting in
the markers (®) connected through the full line after processing in the Kodak developer
SP500. ODyjye was measured in reflection mode using the SpectroPlate from TechKon. The
dashed line exhibits the first derivate of the plate’s optical density with respect to the
exposure energy density (dODyy /dE) from where the sensitivity a) and the maximum of
the first derivative b) were obtained
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X Sensitivity (dOD 14 /dE) max
(mJ/em?) (10" cm*/ml)

[BPh,] 31 2.7
[(CF3S0,),N] 33 26
[BCN,] 33 1.6
[B(PhFs),] 41 1.3
SbFe 42 12
PF¢ 49 1.5
CF3SO5 51 1.4
C4FoSOy 53 1.9
Ph,(OH)COO 55 2.1
[p-CH,=CH-Ph-SO;] 70 2.0
NO5° 75 1.7
[CN-N-CNT 80 1.3
[p-C1,H,5-Ph-SO;T 86 1.6
CH;-CH(OH)-COO 104 1.6

Table 7.5. Change of sensitivity and maximum of (dOD,ye /dE) .. of a NIR photopolymer
comprising the NIR sensitizer 1d4, the radical initiator [(p-C,HyPhl),]" with different anions
X, a polymeric binder with 0.0015-0.0016 meq/g of COOH-groups, SR399 as monomer, SR
9053 as adhesion promoter, and copper phthalocyanine as colorant. The photopolymer was
overcoated with poly(vinyl alcohol) as oxygen barrier. The imaging layer and oxygen barrier
layer exhibited a coating weight of 1.2 g/m’ and 0.6 g/m’, respectively. Exposure was carried
out using a Kodak Trendsetter 800 as a function of exposure energy density (E) and
processed in the Kodak developer SP500

Many NIR dyes and radical initiators compiled in the Tables 7.2-7.4
were evaluated regarding plate sensitivity. Most of them exhibit a similar
characteristic curve as shown in Figure 7.4 covering one energy range. For
sake of simplicity, we avoided to compiling this data. Small changes of
polymer and monomer structure, change of contrast material, overcoat, and
different processing solutions (developer) may have a deep impact on the
sensitivity of the NIR photoinitiator system embedded in the photopolymer
layer.

Furthermore, aggregation of the NIR—sensitizer must be avoided because
it can contribute to a decrease of initiator radical formation resulting
in a decrease of sensitivity. H-aggregation of the sensitizer would
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hypsochromically shift the absorption while formation of J-aggregates
results in bathochromic shift of the sensitizer absorption [KAS 65, KAS 63,
MCR 58]. This decreases the absorption of the monomeric NIR-dye being
unavailable for laser excitation at either 808 or 830 nm.

7.3. Laser-drying and offset-printing
7.3.1. Principle of laser-drying

NIR-dyes can be additionally used in offset printing inks where they
accelerate physical drying [ERN 13, PIT 03]. A common printing ink
comprises the ink stuff (pigments) and the solvents (mostly mineral oils). An
emulsion spontaneously forms in the press machine consisting of water and
the ink. During the press procedure, all liquid quickly goes into the printed
substrate — the paper. This contains the ink solvent in the image part and
water in the non-image part. Long storage has been often necessary before
such printed stuff further processed (cut, folding, shipping, etc). Therefore,
shortening of the drying time can be considered as a huge demand to reduce
the time between printing and delivery to the customer. Big energy
consuming heaters have often been applied for drying. This drying
technique is not an economical procedure because only a small energy
fraction would be used for the drying process while most of the inserted
energy blows unused into the surrounding space. This can be accelerated and
improved by an NIR semiconductor laser emitting at 980 nm in combination
with NIR-absorber dye [ERN 13, PIT 03, SCH 08, SCH 12, ERN 07]. The
hardware used (Figure 7.5) focuses the laser light on the substrate in a short
time frame resulting in a temperature increase of several 100°C degree with
no damage of the printed paper. The dye absorbing at 980 nm absorbs
nearly all the NIR light emitted resulting in a significantly better
drying efficiency because nearly all emitted light by the laser would be
quantitatively absorbed and converted to thermal energy by
thermal/nonradiative  deactivation, as shown in  Figure 7.3.
Nearly no fluorescence or other competitive pathways occur
in comparison to thermal deactivation. The dye transfers the heat generated
by this deactivation process to the surrounding. This leads to selective and
fast drying of the printed substrate resulting in a significant shortening
of the drying time. This physical drying technique — the laser drying of
offset printing inks — was developed industry and strongly financially
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supported by the German Federal Ministry of Education and Research
[ERN 13].

Figure 7.5(a) shows the schematic drawing of offset printing integrating a
radiation source — the semiconductor laser — (10) for drying [PIT 03].
Number 14 stands for the printed substrate running through the press
machine on which radiation (12) shines on 14. The numbers 110 and 112
represent the press cylinders. Integration of many radiation sources with a
combined optics opens the possibility to expose continuously a large area
with an array. Figure 7.5(b) shows the radiation generation of this array,
which is composed of many emitter chips (Figure 7.5(c)). Furthermore, this
technique can be used to generate a line that continuously shines on the
printed substrate resulting in physical drying as shown in Figure 7.5(d).
Figure 7.5(e) depicts a complete setup of laser-drying in a press machine.
Nevertheless, there also exist other alternatives to generate a continuous
laser line with an almost homogeneous intensity profile over a length greater
than 50 cm on a line width of a few millimeters [MEI 09, FOR 08,
WOO 06].

Figure 7.5. Schematic sketch of the printing process integrating a light source
a). Furthermore, the inset shows the generation of the laser light b) by the diode laser chips
¢). Integration of many diode laser chips and optical components results in a line shape laser
continuously emitting a homogeneous laser line d) shining on the printed substrate in
a press machine e) (source: a) [PIT 03], b)—d): Philips Photonics, www.philips.
com/photonics, e) [HTT 14])
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7.3.2. Chemical systems

The NIR-absorber dye plays the major role in offset printing inks
working together with a semiconductor laser. The use of dyes absorbing at
around 1,000 nm opens the possibility to use dyes exhibiting a yellow color
which does not strongly interfere the appearance of colorants added either.
Nevertheless, the ionic dye must dissolve in the nonpolar ink, which is a
huge challenge. Chromophore XXIV depicts two structural features where
changes affect solubility. This is the anion (X) and the substituent R; at the
cationic dye skeleton [SCH 12].

XXI1V

Rylenes XXV represent a further interesting class of NIR-dyes [YUA
13,SCH 08]. The substituents R1 and R2 influence the solubility of these
neutral compounds. Nevertheless, these chromophores sensitively change
their absorption spectra upon change of the surrounding, which was
discussed as a result of H-aggregation [YUA 13].

XXV

Polymethine dyes exhibiting the general structures XXVla-c were
extensively studied as NIR-absorber dyes [ERN 07]. They possess a
reasonable absorption at 980 nm and the solubility varies by change of the
substituents at the dye cation and the nature of the anion. Anions derived
from sulfonic acids, i.e. C;;H,5-Ph-SO57, have brought the best success in
these studies [ERN 13, ERN 07]. Table 7.6 summarizes some spectral data
of the dyes XXIV-XXVI.
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XXVia XXVIb XXVie

Structure R, R, R; X Amax | Emax (M" cm") Solvent Source

(nm)
XXIV C4Hy SbF¢ 1065 100,000 CH;CN | [WWW 14]
XXV CH- -(CHa),- 908 256,000 THF | [YUA 13]
(CiiHa), | C(CHs);

XXVIa H C4Hy | [(CF5SO,),N] | 994 320,000 CH,CL, | [WWW 14]
XXVIb1 Ph H CsHo BFy 997 230,000 MeOH | [WWW 14]
XXVIb2| Ph H CsHy | C2HpsSO5™ | 1012 220,000 CHCIl; | [ERN 07]
XXVIb3| Ph H C4Hy |C),Hps-Ph-SO;5 7| 1012 275,000 CHCIl; | [ERN 07]
XXVIb4| Ph H CioHas | Ci2HpsSO; ™ | 1013 264,000 CHCl; | [ERN 07]
XXVIb5 Ph H Ci,Hss |C12Hos-Ph-SO5 7| 1013 262,000 CHCl; | [ERN 07]
XXVIb6| Ph t-C4Hy | C4Hy |CiHps-Ph-SO5 7| 1011 271,000 CHCIl; | [ERN 07]
XXVIb7 Cl H CsHo BF, 1014 180,000 MeOH | [WWW 14]
XXVIcl | N(Ph), C4Hy BFy 996 180,000 MeOH | [WWW 14]
XXVIc2 | N(Ph), CsHy | C2HpsS0O;5° 996 189,000 MeOH | [ERN 07]
XXVIc3 | N(Ph), C4Hy |C2H5-Ph-SO3 7| 996 183,000 MeOH | [ERN 07]
XXVIc4 Ph C4Hy BEy 1024 240,000 MeOH | [WWW 14]

Table 7.6. Summary of spectral data of some selected NIR-absorber
dyes applied for laser drying with diode lasers emitting at 980 nm
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7.4. Conclusions and outlook

Our contribution discusses both thermal and photonic events contributing
to the formation of initiator radicals in NIR photopolymer materials with a
focus on CtP technology. This often requires multiple processing steps
(preheat, prewash, post-rinse and gumming) after exposure to obtain the
printing image. Nowadays, research focuses on the development of
lithographic plates working either “processless”, i.e. without the need of any
processing hardware (on-press development), or with only one processing
step that washes out the image in just one bath. These plates are called
“green” materials because their use saves valuable resources. This meets the
requirements of the European Community requiring the introduction of
environmentally friendly and energy-saving processes. In the coming years,
this would be mandatory.

Future lithographic plates require the development of special binders and
monomers operating well under either processless or simple processing
conditions. This requires the use of initiator components comprising
sensitizer and coinitiators (radical initiator) compatible with the entire plate
chemistry of the chemistry. Therefore, the sensitizing dye should exhibit a
low aggregation tendency to accomplish a high sensitivity in the coating. In
other words, a good solubility of both the sensitizer and coinitiator results in
a high sensitivity of the coating as long as the free energy of electron transfer
between Sens* and the coinitiator is < 0. This addresses challenges the
chemists who design plate components face because they must introduce
both solubility promoting groups/moieties and appropriate unsaturated
functions enhancing the electron transfer between Sens* and the coinitiator.
Furthermore, an improvement of white light stability on press would be a
further demand on future plates operating in the NIR without loss of press
performance. This gives the operator in the pressroom more confidence
because such materials exhibit a better tolerance by maintaining all benefits.
Such white light stable systems possess a certain threshold, which can be
chemically adjusted as well.

The laser drying of offset printing plates has received some intention in
printing market. This new drying technique was already successfully tested
in the market. There exist enough possibilities to expand this technique
particular for chemical drying. Furthermore, the extensive R&D work in the
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graphic industry may also give new impetus in the coating industry wherever
it will bring advantages compared to the traditional UV technology using
mercury lamps for excitation [BRO 12]. Thus, larger depth curing profiles,
embedding of UV-protecting additives or yellow pigments would be some
substantial benefits for NIR-initiated photopolymerization. Combining this
technology with semiconductor light sources such as LEDs or semiconductor
lasers will presumably address this kind of photopolymerization to a broader
diversity of the coating industry.
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Dyes and Photopolymers

Photosensitized photopolymer materials have received much attention for their use as
fabrication or recording media [CUR 10, FOU 12, CAP 88, COU 88, GLE 08a] for applications
such as holography [MAH 06, MAH 08], data storage [LIN 00, HSU 03], solar concentrators
[CAS 10], hybrid optoelectronics [SUL 07, YE 08] and in self-trapping studies [TOL 11]. Their
versatility, ease of use and self-processing ability give them many advantages over more
traditional latent materials such as silver halide and dichromatedgelatin (DCG) [MAN 94,
LAW 01al].

8.1. Photopolymer

While the discussion of dyes is central in this chapter, we will begin with
a brief review of some recent achievements made regarding the study of
photopolymer materials.

Sheridan and Lawrence [SHE 00] introduced a non-local material
response function into the photopolymerization-driven diffusion (PDD)
model [ZHA 94], and referred to the resulting model as the non-local
photopolymerization-driven diffusion (NPDD) model. The proposition was
that during the photopolymerization process, the material response at point x
and at time ¢ depends on what happened at a point x” and time #. In other
words, during holographic exposure in a free radical polymer system, the
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active tips of the polymer chains propagate by using locally available
monomers and thus grow away from the starting point of initiation. It was
originally assumed that the non-local temporal effects took place rapidly, on
a short time scale, i.e. polymer chain growth was considered to be fast
compared to other temporal effects present, such as monomer diffusion,
diffusion constant D. Thus, the material response was assumed to include an
instantaneous non-local time response. A one-dimensional (1D) diffusion
equation governing the rate of monomer concentration, M, was then
derived by:

[ M (x.1)] E{D(x,t) [ M (x.1)]

ot B X ox

}—J-jR(x,x')F(x',t')[M(x',t')]dx' [8.1]

where F(x’,t") describes the rate of polymerization (conversion) and R(x,x')

is the non-local spatial response function, which is given by:

a1 —(x—x')2
R(x,x)—\/%exp[ > } [8.2]

where o represents the non-local response parameter. The equation
governing the polymer concentration, P, becomes:

[P(et)]=[ [ R(xx) F (x,0)[ M (x,0) Jaar [8.3]

It was assumed that the refractive index modulation induced during
holographic grating formation was linearly related to the polymer
concentration. It was noted that as ¢ — 0, equations [8.1] and [8.3] were
reduced to the equivalent localized PDD forms.

A number of different non-local response functions were examined by
Sheridan et al. [SHE 01] including Chernov/Debye and super- and sub-
Gaussian non-local material responses generalized to include a power-law
response. The effects of these responses were examined for various material
parameters. It was found that, in general, assuming an isotropic, or even
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area-normalized, response function, qualitatively acceptable growth curve
and spatial frequency response behavior were observed.

Experimental verification of the high spatial frequency cutoff was
required to validate the model and was carried out by Lawrence et al.
[LAW Ola]. This included fitting experimental data using the new model,
and a number of significant material parameters were estimated including
the rate of monomer diffusion.

Following previous work [ZHA 95, KWO 99], Lawrence et al.
[LAW 01b] further developed the NPDD model to take into account the
nonlinear response of the photopolymer materials for steady-state exposure
irradiance [KWO 99].

In 2001, O’Neill ef al. [O’NE 01] examined the use of an acrosol sealant
(varnish) to seal the photopolymer holographic recording material from the
environment. Application of the sealant was found to produce some
deterioration in the optical quality of the resulting holographic optical
elements (HOEs). It was also shown to produce an increased lifetime of the
active material (pre-recording), an increase in the diffraction efficiency from
the resulting diffraction gratings recorded and improved HOE shelf life.
While some of the material characteristics were improved by the
introduction of the varnish layer, an increase in diffuse optical scatter was
observed during replay. This technique was examined in order to replace
coverplating as it was found to be a cheaper and simpler method to seal the
photopolymer recording material from the environment. The coverplating of
material layers, in general, leads to better humidity stability, reduced
inhibition effects and more stable long-term diffraction efficiency.

In 2004, Sheridan et al. [SHE 04] presented a work on a generalized non-
local model with higher harmonic retention. Numerical methods of solution
for the first-order coupled differential equations had up to this point involved
retaining four harmonics, or less, of the Fourier series of monomer
concentration in the calculations. Here, a general set of coupled first-order
differential equations was derived and presented, allowing for the inclusion
of higher harmonics and different material spatial response functions. The
effect of the number of retained harmonics on the values of the monomer
harmonic amplitudes predicted was examined and the effects of varying R,
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the normalized parameter not the response in equation [8.2], and general
material response parameters x (power law parameter) [SHE 04] and o
(non-local parameter) were explored. Retaining different numbers of
harmonics, i.e. 4, 8 and 12, numerical comparisons were carried out and the
resulting simulations were presented in terms of percentage difference versus
the exposure. A number of results were presented, including: (i) as R
decreases, the each harmonic amplitude value increases by a larger
percentage, (ii) as x increases, the percentage difference in each harmonic
increases and (iii) as o increases, the percentage difference in each harmonic
increases slightly. Nonlinear effects in the material (e.g. if F is proportional
to I) between the rate of polymerization and the exposure irradiance were
also examined, however, time variations were omitted.

Kelly et al. [KEL 05a] proposed an extension to the NPDD model
[SHE 00, LAW 02] to account for the temporal response associated with
polymer chain growth in acrylamide (AA)/polyvinyl alcohol (PVA) material.
This was achieved by including an exponential temporal material response
along with the non-local spatial material response function. Previously, all
temporal effects were assumed to be instantaneous, and were neglected.
Using rigorous coupled wave analysis (RCWA) and the Lorentz—Lorenz
expression, the temporal evolution of refractive index modulation was
determined during and after illumination. Comparisons were then made
between the theory and experiment for two models. In the first model, the
dominant termination mechanism was assumed to be bimolecular, while in
the second model, primary termination was assumed to be dominant.
Material parameters were then extracted based on best fits to the
experimental data for both models. For the two models examined, values
for the diffusion coefficient were found to be of the
order, D ~ 107" ¢cm® s”', the non-local spatial response parameter was found
to be o ~ 60 nm and the non-local temporal response parameter
was found to be 7, ~ 0.1 s. The best fits, i.e. higher correlation, to
the experimental data were achieved assuming the primary termination
model.

In the same year, Kelly et al. [KEL 05b] extended the photochemical
analysis of Kwon et al. [KWO 99], and a rate, R, associated with
the generation of primary radicals, R’, was introduced. Primary
radicals, assumed to interact with a monomer M, produce the chain initiation
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species, M;" (where M,-," is denoted by M’). This reaction takes place at the
rate R,.

O’Neill et al. [O’NE 05] examined the temporal evolution of the optically
induced surface relief pattern in AA/PVA-based holographic recording
materials during and after exposure to intense light. In this work, they
examined the effects of coherent exposure energy and mask pattern on the
final surface relief pattern. The temporal evolution of the exposed spot was
estimated. The 44 pm-thick photopolymer layer was exposed using a
24 mJ/cm® beam. It clearly showed that there is rapid initial shrinkage,
~0.34 um, followed by a longer period during which swelling occurs. The
resulting profile was a pedestal ~1.2 pm in height. The effects of varying the
exposure energy on the resulting temporal behavior of the central height
were also examined. The height parameter was defined as the difference
between the heights at the edge and the centre of the exposure. The material
variation increases with increasing intensity as was expected. From an
examination of the effects of exposing the layer with both single-beam and
double-beam (holographic) illumination, it was found that although the
swelling is less for the two beam recording, it is still appreciable. The
examined layers were 47 and 50 pm thick for the double-beam and single-
beam exposures, respectively. The exposure energy in both cases was ~240
mJ/cm®. This result has implications for holographic recording in this
material as shrinkage/swelling of the material can result in Bragg detuning
effects, which are important for slanted gratings recording. This study also
demonstrated that it is possible to use the volume change in holographic
recording materials to produce patterned surfaces.

In 2006, Kelly et al. [KEL 06] further generalized the NPDD model to
include the effects of volume shrinkage of the polymer layer due to
exposure.

In 2007, Gleeson et al. [GLE 07] developed the NPDD model to more
exactly include the effects of both temporally varying photosensitive dye
absorption and oxygen-based inhibition. A detailed examination of
photoinitiation processes taking place during illumination was presented.
Particular attention was paid to the photosensitive dye kinetics and inhibition
effects that dominate at the start of exposure.
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One of the key predictions of the NPDD model [SHE 00, LAW 02] is
that a reduction in the extent of the non-local effects within a material will
improve its high spatial frequency response. In the work presented in 2008
by Gleeson et al. [GLE 08a], the spatial frequency response of an AA/PVA-
based photopolymer was improved through the addition of a chain transfer
agent (CTA), sodium formate. The CTA has the effect of decreasing the
average length of the polyacrylamide (PA) chains formed, thus reducing the
non-local response parameter ¢ while maintaining a high rate of
polymerization. In addition, this work indicated that the chain transfer
kinetic effects introduced by the CTA, which contribute to the increased
localization of the polymerization, include: (i) an increase in the
concentration of the monomer radicals available for bimolecular termination,
and/or (i1) the effects of less than 100% efficiency in the reinitiation process.
A significant reduction in the non-local parameter from 63 to 50 nm was
obtained.

Kelly et al. [KEL 08] proposed an algorithm, using a more rigorous
NPDD formulation, to determine an appropriate holographic data storage
recording schedule based on the physical properties of the AA/PVA
recording medium’s properties. The predictions of the algorithm and the
inverse-square scaling law of holographic diffraction were examined
experimentally for a peristrophic multiplexing scheme. The scaling law was
shown to significantly break down for low numbers of high diffraction
efficiency gratings. Using the algorithm, a good correlation between the
theoretically predicted and experimentally achieved exposure schedules was
found. The largest discrepancy in all cases occurs for the final exposure,
where the reduced monomer concentration available, and possible grating
non-uniformities, strongly affects the exposure schedule time. The
examinations showed that for multiple high diffraction efficiency gratings,
the scaling relationship between the diffraction efficiency of each grating
and the numbers of gratings recorded broke down, but that this could be
explained using Kogelnik’s model.

Further generalizations of the 1D NPDD model were then presented by
Gleeson et al. [GLE 08a, GLE 09]. These included:

1) the time varying photoabsorption [GLE 08b, LIU 11] is included more
physically;



Dyes and Photopolymers 257

2) inclusion of the multiple inhibition effects [GLE 06, GLE 07] during
the early stages of the exposure;

3) removal of the necessity for the steady-state approximation [KEL 05a,
KWO 99, KEL 05b, GLE 06], including the simultaneous effects of both the
primary (i.e. R*-M’) and bimolecular (i.e. M'-M’") termination mechanisms,
results in a more accurate physical representation of the initial transient
behavior at the start of holographic grating formation in photopolymers.

In 2010, Gleeson et al. [GLE 10] further developed the NPDD model
applied to AA/PVA systems to more accurately model the effects of (i) time
varying primary radical production, (ii) the rate of removal of
photosensitizer and (iii) inhibition. For the first time, the spatial and
temporal variations in primary radical generation were included. These
extensions provide a more physically comprehensive theoretical
representation of the processes, which occur during free radical
photopolymerization. The model was also extended to incorporate the effect
of oxygen diffusion from outside the material layer by including a rate of
oxygen replenishment from the surrounding environment. This allowed
accurate modeling of the inhibition effects, which dominate the start of
grating growth. Thus, a comprehensive approach to analyze and optimize the
photopolymer materials under low-intensity condition was provided.

Guo et al. [GUO 11a] examined the effects of photosensitizer diffusion,
i.e. erythrosine B (EB), in AA/PVA material. This was achieved using
simple experimental techniques and by using a 2D diffusion model. The rate
of EB diffusion, D =~ 6.27 x 107'? ¢cm?/s, was estimated. In the literature
[LOU 97, CLO 11a, CLO 11b], the rate of diffusion of the AA monomer in
such photopolymer layers has been reported to be of the order of ~107"
cm’/s. The molecular weight of EB is 879.86 g/mol, while that of AA is
71.08 g/mol. While molecular weight alone does not determine the rate of
diffusion, it would be reasonable to expect EB to diffuse more slowly than
AA. The results indicated that the EB dye molecules diffuse at a rate at least
an order of magnitude slower than the AA monomer.

Sabol et al. [SAB 10] then reported a detailed study on the photoinitiation
process of the photosensitizer, Irgacure 784, used in the epoxy
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resin-based photopolymer [TRE 00]. Irgacure 784 is a type of the titanocene
photoinitiator which has the property that it does not require a coinitiator to
produce the free radical. In this work, the photochemical reactions of
Irgacure 784 involved are thoroughly discussed. Importantly, the
experimental results reported verify that multiple different absorbers are
simultaneously present in the layer at different stages during the exposure.

In 2011, Gleeson et al. [GLE 11a] demonstrated how NPDD-based
modeling of the mechanisms, which occur in AA/PVA photopolymers
during and postexposure, can lead to the development of analysis tools,
which can be used to predict the behavior of many distinct types of material
for a wide range of recording conditions. They reported on work to the
extended their NPDD model, in order to clearly quantify some of the trends,
in which the model predicts and thus be able to analyze their implications for
attempts to improve the photopolymer material performance. The results are
of practical importance when attempting to optimize the performance of a
photopolymer material. As the many types of monomer have diverse
chemical and structural characteristics, knowledge of these characteristics is
necessary. For example, while choosing a monomer, an informed choice can
yield specific improvements in material performance. One of the
implications of the predictions of the NPDD model is that utilizing a
monomer with a large propagation rate constant and low bimolecular
termination rate will produce a higher refractive index modulation, Ang,.
However, it is also desirable to have a monomer with high mobility, i.e. a
fast diffusion rate, in order to increase the dynamic range of the
photopolymer and to maximize the index modulation achievable. One of the
results highlighted in this work is that if the propagation rate is too large, or
the bimolecular termination rate is too small, the optimum refractive index
modulation will not be obtained. These deleterious effects are compounded
further by increased material viscosity as a result of polymerization. In this
work, a qualitative understanding of trends is given quantitative
predictability.

Liu ef al. [LIU 11] have revised the NPDD model to characterize the
behavior of the PQ/PMMA photopolymer material. Based on a detailed
analysis of the photochemical mechanisms present in phenanthrenequinone
(PQ)/poly(methyl methacrylate) (PMMA) photopolymer during holographic
grating formation, a set of rate equations have been derived, which govern
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the temporal and spatial variations of each associated chemical species
concentration. Experimental results are presented, which are then fit using
this model.

Gleeson et al. [GLE 11b] reported results for an impressive new acrylate-
based photopolymer material developed by Bayer Material Science (BMS)
[ROL 10]. The material was examined using various optical techniques and
then characterized using the NPDD model. Refractive index modulation up
to Ang, = 8 x 107 and a very low non-local parameter value of 9.2 nm were
estimated. A comparison between AA/PVA-based and BMS materials shows
that the BMS material has: (i) a substantially faster response of the refractive
index modulation with respect to the recording dosage, especially at lower
power densities; (ii) three times higher refractive index modulation
achievable; (iii) six times smaller non-local response parameter (representing
the spatial spread of the reactive chain ends of the formed polymer coils
during photopolymerization), indicating a much higher resolution, i.e. little
drop-off in material response up to 5,000 lines/mm; and (iv) an improved
performance at high spatial frequencies permitting high diffraction
efficiency reflection holograms to be recorded. This material demonstrated
the capabilities of a new class of photopolymer, which, importantly, can be
produced on an industrial scale as large-area plastic films, offering high
index modulation, full color recording, high light sensitivity and
environmental stability.

The NPDD model has been extended to include the kinetics of chain
transfer and reinitiation, in order to analyze the effects of various CTAs on
the system kinetics and to study their use in reducing the average polymer
chain length [GLE 08a], in free-radical-based photopolymer materials. Guo
et al. [GUO 11b, GUO 11c] studied AA/PVA-based photopolymer material
containing CTAs. The effects of two different types of CTA, i.e. sodium
formate (HCOONa) and 1-mercapto-2-propanol (CH;CH(OH)CH,SH), were
compared. The validity of the extended NPDD model [GUO 11b, GUO 11c]
was examined by applying it to fit the resulting experimental data. It is
confirmed that the average polymer chain length formed is reduced by the
addition of the CTAs, as they reduce the non-local response of the materials.
The most effective material combination used resulted in a reduction in the
non-local parameter, from 61 to 41 nm. Comparing the two types of transfer
agents, the results achieved using 1-mercapto-2-propanol were shown to be
better than those using sodium formate. These CTAs produced improved
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high spatial frequency material response, giving up to ~28% increase in the
refractive index modulation achieved at 3,000 lines/mm.

8.2. Dye study of the photopolymer materials

Photopolymers are highly researched in diverse areas such as data storage
and metrology. They offer significant advantages as holographic recording
media as they are inexpensive, self-processing materials with the ability to
capture low loss and high-fidelity volume recordings of 3D illuminating
patterns. As a result, the study of the dye behavior in the material has
become more crucial and necessary.

In [QI 12], an NPDD model is proposed to study the initiation process
during photopolymerization. Three primary mechanisms are studied: (i) the
dye absorption, (ii) recovery and (iii) bleaching. In order to avoid the
complexities involved in estimating the rate constant of intersystem crossing
ks in going from the excited singlet state dye to the excited triplet state dye,
we are introducing two rates, k,s and k,y, which are the proposed rate
constants of photon absorption in going from the ground state to the singlet
and triplet states, respectively. Four kinds of xanthene dyes (EB, eosin Y
(EY), phloxine B (PB) and rose bengal (RB)) and one thiazine dye
(methylene blue (MB)) are experimentally characterized for use in the
AA/PVA photopolymer.

Figures 8.1-8.3 show the transmission, recovery and bleaching of the five
dyes in an AA/PV A photopolymer. By fitting the experimental date with the
theoretical model, the values of some key material parameters, i.e. molar
absorption, quantum efficiency, recovery and bleaching rate of the dyes, can
be estimated.

In [QI 14b], more studies of the AA/PVA material, involving examining
the kinetics involved within photopolymer materials during holographic
recording, are presented. The behavior of four different photosensitizers in
an AA/PVA photopolymer material is examined in detail using the
developed 1D NPDD model. In order to characterize the photosensitizers
precisely, holographic illuminations with different spatial frequencies and
exposing intensities are applied. The experimental results are fit using the
developed NPDD model.
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Figure 8.1. The normalised transmission characteristics of five different photosensitizers
a) EB (solid line and filled square), b) EY (dot-dash line and filled circle), c¢) PB (short
dashed line and filled triangle), d) RB (dotted line and emptycircle) and e) MB (long dashed
line and empty square) in AA/PVA photopolymermaterial. Both the experimental data points
and theoretlcal fits for exposure intensities of 10mW/cm’ for a), b), ¢) and d) and 4.03
mW/cm’ for e) are shown
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Figure 8.2. The recovery process for five different photo sensitizers: a) EB (solid line and
filled square), b) EY (dot-dash line and filled circle), c) PB (short dashed line and filled
triangle), d) RB (dotted line and empty circle) and e) MB (long dashed line and empty square)
in AA/PVA photopolymer material. Both the experimental data points and theoretical fits for
the exposure intensity of 10 mW/cm for a), b), ¢) and d) and 4.03 mW/cm for e) are shown
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Figure 8.3. The bleaching process for five different photosensitizers: a) EB (solid line and
filled square), b) EY (dot-dash line and filled circle), ¢c) PB (short dashed line and filled
triangle), d) RB (dotted line and empty circle) and e) MB (long dashed line and empty square)
in AA/PVA photopolymer material. All the experimental data points and theoretical fits for
the exposure intensity of 10 mW/cm’ for a), b), ¢) and d) and 4.03 mW/cm’ for e) are shown.
In all the cases, the illuminated area was 0.25 cm

Figure 8.4 presents the five experimental growth curves obtained,
exposing with 7, = 10 mW/cm? for each of the spatial frequencies examined,
using material layers containing the photosensitizer EB. The corresponding
theoretical fits are also presented. As can be seen in Figure 8.4, the gratings
formed are weaker in the high spatial frequency cases due to the face that the
non-local effect plays a more significant role for high spatial frequency
cases.

Similarly, Figure 8.5 presents the first harmonic refractive index
modulation of a material containing EY dye recorded at a spatial frequency
of 2,500 lines/mm, when three different exposing intensities are used. The
experimental behavior observed in Figure 8.5 shows that the gratings formed
will be weaker for higher exposing intensities. We note that in Figure 8.5(b)
(inset), there is a dead band at the beginning of the exposure. This is due to
the inhibition process [QI 12, GLE 10] involving rapid reaction of the
photosensitizer with inhibiting radicals (oxygen) dissolved in the layer. This
effect becomes more pronounced and significant for low-intensity exposures.
By coverplating the material layer [GLE 10], less inhibitor (oxygen) can
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diffuse during exposure from the air above the layer, and thus the effect of
inhibition can be reduced [GLE 10, CLO 11a, CLO 11b].
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Figure 8.4. Growth curves at different spatial frequencies for the material layers containing
EB: a) 500 lines/mm (solid line and filled circle), b) 1,000 lines/mm (dot-dash line and filled
square), c) 1,428 lines/mm (short dashed line and filled triangle), d) 2,000 lines/mm
(dotted line and empty circle) and e) 2,500 lines/mm (long dashed line and empty square)
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Figure 8.5. Growth curves for material layers containing EY: a) (1) Iy= 20 mW/cm’(long
dashed line and filled triangle) and (2) I,= 10 mW/cm’(short dashed line and filled square,
and inset b) Iy= 1 mW/cm’(solid line and filled circle)



264 Dyes and Chromophores in Polymer Science

In this study, it is found that for low spatial frequency cases, the size of
the saturation value refractive index modulation strongly depends on the
absorptivity of the photosensitizer. The mobility of the photosensitizer
appears to become more important for the mid-range spatial frequencies
examined. In the high spatial frequency cases, the results for the different
dyes become more comparable than one another due to the greater
significance of the material non-local response.

In [QI 14a], a newly synthesized photosensitizer, 2-(4-(N,N-
dimethylamino)benzylidene)-1H-indene-1,3(2H)-dione, also referred to as
D 1, is used in an AA/PVA-based photopolymer material and is examined
and characterized using an extended NPDD model. The experimental results
obtained are compared to the corresponding results with a commonly used
xanthene dye, i.e. EB, under the same experiment condition.

Electron spin resonance (ESR) spin trapping (ST) is carried out for the
identification and the quantification of free radicals produced for both EB
and D_1 cases. The hyperfine coupling constants values were estimated from
the simulations of the spectrum using WINSIM, as shown in Figures 8.6 and
8.7. The values of the hyperfine coupling constants, i.e. ay and ay (where
an and ay stand for the hyperfine coupling constants in Phenyl-N-
tertbutylnitrone (PBN) radical adducts for nitrogen and hydrogen,
respectively), depend on the radical generated from EB or D 1. The obtained
results show that the values ay and ay extracted for D_1 case are the same as
those estimated for EB case. Thus, the same radical, i.e. R’, is generated from
D _1 and EB, respectively.

ax=143 G .
D_l PR ay= 25G

3300 3310 3320 3330 3340 3350 3360
B (G)
Figure 8.6. ESR spin trapping spectrum recorded upon irradiation

of a D_1/triethanolamine solution in tert-butylbenzene (irradiation
diode laser 532 nm; under N,); a) before and b) after irradiation
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Figure 8.7. ESR spin trapping spectrum recorded upon irradiation of an EB/
triethanolamine solution in tert-butylbenzene (irradiation diode laser 532 nm;
under N,); a) before and b) after irradiation
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Figure 8.8. The normalized transmission characteristics of a) EB and inset
b) D 1 in AA/PVA photopolymer material with the presence of amine. The
concentration of photosensitizer used in both cases is 1.22 x 10° mol/cn’.
Both  the experimental data points (circles and triangles) and theoretical

fits (solid lines) for exposure intensities of 10 mW/cm® are shown
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Normalized transmittance curves (verses time) for identical EB and D _1
photosensitizer concentrations are given in Figure 8.8. Due to the weak
absorptivity of D 1 (see Figure 8.8(b)), the transmission curve, which, when
t =0, has a large value 7, = 7(z = 0) = 0.75, only increases by approximately
0.01.

Experimental measurements are also made to examine the evolution of

the index modulation, #,(f), in the material layer during exposure, see Figure
8.9.
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Figure 8.9. The refractive index modulation for the material layer
containing a) EB and inset, b) D _1, for I, = 20 mW/cm’ and A = 532 nm.
In both cases, the experimental data points (circles and triangles) and theoretical
fits (solid lines) for a spatial frequency of 1,428 lines/mm are shown

Inspecting Figure 8.9, we see that in the case of D 1, the maximum
saturated first harmonic refractive index modulation value, n,, is smaller
(half) than that found in the EB case. This is mainly due to: (i) the weak
absorptivity of D 1, (ii) the slow constant rate of primary radical production



Dyes and Photopolymers 267

identified and (iii) the larger non-local effect in the D _1 case. It is, in fact,
reasonable that non-locality will play a more significant role in materials
with photosensitizers that have weaker absorptivity. In the case of D 1,
weaker absorptivity means that fewer D 1 molecules become excited and
the lower rate kq results in fewer radicals, R’, being produced. This, in turn,

leads to fewer M, molecules being available to initiate polymer chains. As

a result, fewer photopolymer chains are created, and more monomers
molecules remain available to become attached (polymerized) in the volume
surrounding the growing active polymer chains tips during the propagation
process. Since the chains have greater opportunities to grow and fewer
opportunities to terminate, they grow longer. Therefore, it is reasonable that
the non-local effect becomes stronger for D 1, as longer chains result in
more smearing of the recorded pattern.

In [QI 13a], a very different photopolymer, PQO-doped PMMA
photopolymer material, is studied. A suitably modified kinetic NPDD model is
developed, and the various assumptions made are discussed. These include: (i)
the inclusion of time varying photon absorption, including the absorptivity of a
second absorber, i.e. the singlet excited state of PQ, (ii) the
recovery/regeneration and the bleaching of the excited state PQ, (iii) the non-
local effect and (iv) the diffusion effects of both the ground and excited state
PQ molecules and of the MMA. A set of coupled rate equations are derived,
governing the temporal and spatial variations of each chemical component
concentration. Based on this analysis, simulations describing the normalized
transmission of the material are presented and the predicted effects of the non-
local material response and the diffusion of both the ground state PQ and
excited state PQ molecules during and postexposure are also examined.

In [QI 13b], employing the extended 1D NPDD model developed in
[QI 13a], the temporal and spatial variations of each chemical component
concentration within a PO/PMMA material layer are analyzed. The resulting
simulations are used to predict the material-normalized transmission, non-
local effect and the diffusion of ground and excited states of PQ.
The validity of the proposed model is examined by applying it to fit
experimental data captured when using PO/PMMA layers containing three
different initial PQ concentrations, i.e. 1, 2 and 3 mol.%. The effect of
different exposure intensities is also examined. Material parameter values
are estimated by numerically fitting experimental normalized transmission
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curves and the refractive index modulation growth curves, using the
developed model.

Figure 8.10 shows the normalized transmission characteristics for
samples with different PO concentrations. We note that the transmittance
curves continue to increase postexposure. This takes place due to the
absorptivity of the 'PQ" and the slow intercrossing rate ky. Once the
exposure ends, an amount of 'PQ" still remains in the exposing area and this
continues to be converted postexposure into *PQ’" at the intercrossing rate of
ky. Therefore, an increase in the transmitted intensity is detected.

Figure 8.11 shows the experimental measurements made to examine the
evolution of the index modulations, 7(¢), in the PO/PMMA photopolymer
layer during exposure. It can be observed from Figure 8.11 that in both
cases, n;(t) gradually increases to a maximum value. For the 3 mol.% case,
due to the higher initial PQ concentration, n; grows more quickly [VEN 05],
and the value of n, is larger than that for the 2 mol.% case. If the exposure
continues after n; reaches its maximum saturation value, a decrease in the
rate of growth is observed, which is due to the degradation of the purity
(fidelity) of the sinusoidal shape of the grating formed [VEN 05].
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Figure 8.10. The normalized transmission characteristics for samples with three different PQ
concentrations: a) 1 mol.% (solid line and filled square), b) 2 mol.% (solid line and filled
circle) and c) 3 mol.% (solid line and filled triangle). Both the experimental data points and
theoretical fits for the exposure intensity of 36 mW/cm” are shown
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In [QI 15], based on the theoretical and experimental work presented in
[QI 13a] and [QI 13b], the simulated prediction of the behavior of the
PQO/PMMA  photopolymer post-exposure was studied. The resulting
predicted evolution of the first harmonic refractive index modulation is
examined for both a long time post-exposure and in the case of thermal
treatment post-exposure. Several physical processes are studied, including
the non-local material response and the effects of the diffusion of both the
ground state and excited states PO molecules (during and post exposure).
The effects of the use of different exposing intensities on the final grating
formed are studied. The size of the higher grating harmonic concentration
amplitudes in this final distribution is also discussed.
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Figure 8.11. The refractive index modulation characteristics for samples with two
different PQ concentrations: a) 2 mol.% (dotted line and filled circle) and b) 3 mol.%
(solid line and filled triangle). Both the experimental data points and theoretical fits for a
spatial frequency of 1,428 lines/mm are shown

Figure 8.12 shows the predicted evolution of the spatial distribution of
PQ (two periods) over a long time interval postexposure, i.e. foyp < t <
7 x 10° s. It is therefore 180° out of phase with the exposing pattern and, as
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can be seen, the PO concentration has maxima at the locations of the dark
parts of the illumination fringes. Although the PQ (and 'PQ") molecules
diffuse at a very slow rate, after an extended time postexposure, the fixed
distribution becomes uniform. The refractive index modulation then only
depends on the fixed distribution of PO-PMMA and this distribution is in
phase with the original exposing pattern.
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Figure 8.12. Evolution of the PQ concentration during and post-exposure with
time shown across two grating periods. A <x <A and 0<t<7 x 10°s, /o = 0 and
Dpo = Dipg* = D3pp* = 1.09 x 107" cm’/s, to, = 60's, Iy = 1.152 x 10° mW/cm’

In Figure 8.13, the resulting predicted first harmonic refractive index
changes with time, during and post-exposure (when simulated thermal
treatment is applied), are presented.

The initial negative values indicate the 180° phase shift of the resulting
modulation. As noted due to the diffusion of PQ (see Figure 8.12) (and
both the diffusion and consummation of the 'PQ° molecules), the
distribution post-exposure eventually becomes uniform (i.e. the associated
modulations disappear). As can be seen in Figure 8.13, the index modulation
eventually becomes positive and depends only on the fixed PO-PMMA
distribution. We recall that a negative modulation amplitude indicates a
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grating 180° (m radian) shifted out of phase with the exposing interference
pattern.
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Figure 8.13. Refractive index modulation during and
post-exposure. Simulated thermal treatment is applied post-exposure.
The total exposing intensity used is Iy = 1.152 x 107 mW/em®

8.3. Conclusion

We believe that the work presented in this chapter represents a significant
contribution to the area of holographic recording material and photopolymer
research. The results increase the understanding of the photochemical
and photophysical kinetics, which take place in photopolymers during and
postexposure. The development of the NPDD model reported involves
several significant contributions. The most recent NPDD model has been
demonstrated to more accurately and physically describe and predict the
measured experimental behavior. The model has also been successfully
applied and adapted to explain the behaviors of several different
photopolymer materials. The availability of this model is of practical value
as it permits the study of the further optimizations of material performance.
This is not only true for AA/PVA- and PQO/PMMA-based photopolymer
materials, but many other holographic recording materials.
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Work is ongoing, with several papers recently being published examining
the fundamental nature and modeling of dye absorption in thick layers
[LI 15a, LI 15b]. A 3D NPDD for use in the 3D modeling of the recording
and replay of thick holograms has also recently been published [LI 14a,
LI 14b]. Related work describing the use of AA/PVA to record self-written
waveguides has also recently been presented [LI 14c].
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9

Advanced Strategies for Spatially
Resolved Surface Design via
Photochemical Methods

9.1. Introduction

Encoding chemical information onto surfaces in defined positions is of
key importance for a wide range of applications including cell patterning and
other biomedical, as well as sensor and optoelectronic, devices. In recent
years, a wide range of photopatterning systems have been developed, relying
on a diverse set of chemistries that can be triggered by light [TAS 13,
HOF 08, FOR 12, TRE 14], including systems that allow for a spatially
controlled photopolymerization [POE 13, MUE 14]. Many of the employed
chemistries are triggered by variable wavelength ultraviolet (UV) light, with
only a few examples exist that allow for triggering with visible light
[AN 13, FUK 14, YAM 06]. The ideal light-triggered reaction for surface
patterning should fulfill certain criteria. These should include a facile
synthetic access route to the light-sensitive compounds, rapid reaction rates
(several seconds to minutes) at low photon fluxes at a wavelength preferably
in the visible light or at least low energetic UV regime, a quantitative
conversion at equimolarity of the reactants, and bio-orthogonality. Yet, there
is arguably no single reaction that fulfills all of the above criteria, although
some possess many of them. The most employed reaction class is arguably
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