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ABSTRACT

Two-photon absorption is the process in which a molecule absorbs two photons
simultaneously. The two key advantages of two-photon processes over one-photon
processes are the possibility of excitation of materials with high three-dimensional spatial
resolution and deep light-penetration into absorbing materials. Based on bond-cleavage
reactions activated by photon-induced intramolecular electron transfer, two-photon
activatable acid and radical initiators and two-photon removable protecting groups have
been successfully designed and synthesized for photopolymerization and three-
dimensional microfabrication and for biomedical photo-triggers. The optical and
chemical properties of synthesized molecules, such as quantum yield of acid generation,
initiation efficiency of photopolymerization, and photolysis efficiency, have been studied
by using a variety of physical and analytical techniques under one-photon conditions.
The two-photon characteristics and applications of these molecules are being investigated

in collaboration with other groups.
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1. INTRODUCTION

1.1 Two-photon absorption
1.1.1 Introduction to two-photon absorption

One-photon absorption (OPA) occurs when the energy of the incident photon
satisfies the Bohr condition (Figure 1.1). In 1931, Maria Goeppert-Mayer established the
theoretical framework for two photon absorption (TPA)." In this process, a molecule
simultaneously (in an order of 107" seconds) absorbs two individual photons (without
populating to a real intermediate state or Eigen state), and is excited to a two-photon
excited state at an energy that is equal to the sum of the two-photon energies (Figure 1.1).
The energies of the two photons may be equal or differ, and the following discussion will
focus on degenerate TPA, wherein the photon energy values are equal because this case
is more amenable to theoretical investigations for the structure-property relationships of

centrosymmetric molecules, and is relevant to most potential applications.

Sy
82 :
\ rapid internal
y conversion
hV2
two-photon = =/f= = =
absorption /
hv
one-photon
hvi absorption
So

Figure 1.1 Jablonski diagram for two-photon and one-photon absorption.
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In case of a centrosymmetric chromphore, the selection rules for OPA and TPA
are mutually exclusive; hence, OPA and TPA are shown to access different states (Figure
1.1). However, according to Kasha’s rule,2 which states that fluorescence almost always
occurs from the relaxed S; state (i.e. the vast majority of organic compounds), TPA is
expected to afford same photochemical and photophysical processes as one-photon
absorption, regardless of whether TPA accesses the same state as OPA.

There are three key advantages of two-photon absorption over one-photon
absorption that are essential for many of its potential applications. First, the TPA
probability has a quadratic dependency on the intensity of the incident irradiation
(TPAxI?) since two photons are absorbed simultaneously. On the other hand, the
probability of one-photon absorption depends linearly on the intensity of the incident
irradiation (OPA«xI). Second, two-photon absorption can be spatially controlled with
three-dimensional pinpoint resolution (Figure 1.2). The intensity of the incident
irradiation in the vicinity of a focused beam falls off as the square of z, the light
propagation distance from the focal plane (Ieccz %). Since one-photon absorption depends
linearly on 1, its light intensity falls off as the square of the distance (OPAcxcz2). On the
other hand, the two-photon absorption depends on I’, which indicates two-photon
absorption decreases much more steeply (TPAccz ™) in the vicinity of focus. As a result,
two-photon absorption can be confined to a small region around the focus, with a volume

on the order of A°, where A is the wavelength of the incident laser light.
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/

Figure 1.2 (a) Pinpoint 3D resolution of two-photon absorption. (b) The photograph
shows fluorescence from a solution of chromophore excited with wavelength appropriate
for TPA (top) and OPA (below).

Third, two-photon absorption can be carried out with deeper penetration in
materials that would absorb light by one-photon absorption at the same transition energy
(Figure 1.3). Since two-photon absorption only occurs at a small region around the focus,
materials absorb weakly along the path of the two-photon beam except at the focus. In
addition, the wavelength of two-photon excitation is typically roughly twice as that
required for one-photon excitation of the same materials. The scattering for light at the
TPA wavelength is generally reduced by a factor of 16 since the scattering efficiency is
proportional to A~*. As a result, the optical transparency of materials and decreased light
scattering at two-photon excitation wavelengths allow the light penetrate deeper into

absorbing materials.
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Figure 1.3 Photograph illustrating deeper penetration of light by two-photon absorption
(upper spot) as compared to one-photon absorption (lower spot) in a more concentrated
solution of the fluorescent chromophore shown in Figure 1.2.

Because the rate of two-photon absorption is only significant at high intensities

027 photon/cm?s), this process was not experimentally observed until ruby

(typically 1
lasers were invented in 1960.*” Thirty years after Maria Goeppert-Mayer’s two-photon
theory,' Kaiser and Garrett first confirmed laser-induced two-photon fluorescence in
CaFQ:Eu2+ crystals in 1961.° Shortly thereafter, Peticolas, Goldsborough and Reickhoff
monitored two-photon absorption in organic crystals and solutions in 1963.”* The
applications of two-photon absorption were demonstrated for the first time by Rentzepis
in optical data storage’ in 1989, and Webb in microscopy'® in 1990. However, the scope
of TPA applications was limited by the relatively small cross-sections of two-photon
absorbing materials known at that time. Subsequently, there have been considerable

efforts made to understand both theoretically and experimentally the structure-property

relationships for TPA chromophores, and many new organic chromophores with



25

enhanced TPA cross-sections have been developed (section 1.2). Over several decades,
TPA molecules and materials have been widely applied in both material science and

biological science. The major areas include three-dimensional microfabrication and

11-14 18-20

optical storage, optical power limiting,">"" frequency up-converted lasing,

10,21-25 26-28

fluorescence microscopy, and photodynamic therapy. Two reviews of the TPA
applications®" have been published recently. Literature reviews of two-photon cationic
polymerization and two-photon radical polymerization will be presented in Chapter 3 and

4, respectively.
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1.1.2  Structure-property relationships

Structure-property relationships for TPA chromophores have been studied with
the objective of achieving large TPA cross-sections at a variety of wavelengths. There are
two basic design strategies that are widely investigated, which are symmetrical

31-36

quadrupolar chromophores, and asymmetrical dipolar chromophores.***"*" Different

molecule architectures, which are constructed using these two basic motifs, have also

been developed, such as octupolar, dendritic, and multi-branched chromophores,‘m’45 48-58

and oligomers and polymers.”®®’

In general, large cross-sections of TPA chromophores can be enhanced by
extending the conjugation length of n bridge, increasing the strength of donors and/or
acceptors, or improving the molecular planarity. However, there is no single design
strategy valid for all applications since each has its own requirements in addition to large
TPA cross-sections. For example, in the TPA fluorescence microscopy application, a
high fluorescence quantum yield is desirable. On the other hand, reduced or quenched

emission is required for the power limiting application. Moreover, it is desirable to be

able to tune the TPA maximum wavelength as well as the cross-section.
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1.1.3  Two-photon absorbing molecules/materials

An ideal two-photon chromophore for a certain application should have a large
cross-section at the particular TPA wavelength required for the interest, as well as any
other specific requirements for the application. A commonly used unit of TPA cross-
section (8) is GM (the Goeppert-Mayer, where 1 GM = 107 em"*s/photon). The major
measurement techniques for degenerate TPA, where the two photons have the same
energy, include non-linear transmission, two-photon excited induced fluorescence,’® and
open-aperture Z-scan.®”® For non-degenerate TPA, where the two photons have different
energies, a pump-probe technique with a white-light continuum (WLC) probe beam®” has
been developed recently. However, care must be taken to ensure that the data obtained
from some techniques reflect the true cross-section, and do not contain contribution from
other effects, such as excited state absorption. Two-photon absorbing molecules/materials
have been reviewed previously in the literature.”’ In this section, some representative
two-photon chromophores will be briefly reviewed to illustrate the structure-property

relationships of two-photon absorbing molecules.
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1.1.3.1 Quadrupolar chromophores
Simple quadrupolar chromophores have a conjugated n-bridge with two electron-

donors (or electron acceptors) on both ends, i.e. D-n-D or A-n-A motifs (Figure 1.4).

donor _ donor acceptor _ acceptor

Figure 1.4 D-mn-D or A-n-A motifs for quadrupolar chromophores.

Marder and Perry pioneered the study for structure-property relationships of
quadrupolar chromophores (Figure 1.5).'”?2%"" Symmetrical attachment of electron-
donors in the 4 and 4’ positions of #rans-stilbene 1 (18 GM at 488 nm)’*"* afforded 2
(200 GM at 600 nm),*’ thus increasing the TPA cross-section of 2 relative to that of 1 by
an order of magnitude. Chromophore 3 (995 GM at 730 nm) was obtained by extending
the m-bridge from stilbene to distyrybenzene, which resulted in an almost five times

. 3133
larger cross-section.”

Based on the hypothesis that the enhancement of quadrupole
moment would increase TPA cross-section, the motif of D-A-D was introduced by
attaching electron-acceptors in the center of the n-bridge, for example in chromophore 4.
The result that 4 (1,750 GM at 830 nm)’' has almost double the cross-section of 3
demonstrates the strategy is effective in increasing . Further studies along this path
confirmed that the symmetrical attachment of electron acceptors/donors at the n-bridge to

give increased quadrupole moment did indeed enhance the 6 values, and chromophore 5

(5,300 GM at 970 nm)*®”" is a more extended example. Furthermore, in a recent study
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using squaraines as acceptors at the center largely increased the cross-section, such as 6

(33,000 GM at 1050 nm).”

Bu,
O\ N Q \ B 2 D
18GMat488nm Bu N 200 GM at 600 nm
O O\
O\ Q
ey \

3 D-n-D NG
995 GM at 730 nm 4 D-A-D
1,750 GM at 830 nm

5 D-A-D
5,300 GM at 970 nm

6 D-A-D
33,000 GM at 1050 nm

Figure 1.5 Representative D-n-D and D-A-D chromophores. The & values for 1 — 5 were

measured using a two-photon-induced fluorescence method,’'***%"" and that of 6 by Z-

scan.74

The A-n-A and A-D-A chromophores have been less widely investigated. Two
examples are provided here. Chromophore 7 with a perylene core has a cross-section as
high as 8,000 GM at 1050 nm.” Chromophore 8, which has strong electron acceptors at
both ends and electron donors at the center of m-bridge, was also found to show a large

TPA cross-section (4,400 GM at 975 nm).>!
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Figure 1.6 Representative A-m-A and A-D-A chromophores. The 6 value for 7 was
measured using a two-photon-induced fluorescence method,’' and that for 8 by Z-scan.”

1.1.3.2 Dipolar chromophores
Dipolar D-n-A chromophores containing a conjugated core end-capped by an

electron-donor at one side and an electron-acceptor at the other side have also been

34,37-46

donor acceptor

Figure 1.7 D-m-A motif for dipolar chromophores.

investigated (Figure 1.7).

Two examples are shown in Figure 1.8. The cross-section maximum of
chromophore 9 (200 GM at 909 nm) obtained from fs Z-scan data is identical to that of
D-n-D chromophore 2 (200 GM at 600 nm) using two-photon fluorescence method,*® but
at a considerably larger two-photon wavelength. The cross-section of chromophore 10 for
degenerate TPA (~900 GM at 1440 nm) was estimated from the non-degenerate & value

measured using the WLC pump-probe method.*’
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Figure 1.8 Representative D-n-A chromophores. The 6 value for 9 was measured using
fs Z-scan method.*® The degenerate & of 10 was estimated from a non-degenerate & that
was measured by using the WLC pump-probe method.*’

1.1.3.3 Octupolar chromophores and other architectures

Octupolar chromophores based on a core attached with three TPA substitutents

44,51

were calculated to have large cross-sections, and significant electronic coupling

between the arms can enhance 8.** Some other molecular designs have also been

44,45 48-58

investigated, including dendrictic and multibranched chromophores, and

oligomers and polymers.”*®’

An example from Spangler’s group is shown in Figure 1.9.* The octupolar
chromophore 12 and a conjugated dendrimer 13 were synthesized by using 4,4’-
bis(diphenylamino)stilbene 11 as building block. The Om.x ratio of the dm.x over the
number of constituent TPA chromophores increases with the chromophore size, which

: 45,53
suggests a cooperative enhancement.”™
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Figure 1.9 Dipolar 11, octupolar 12 chromophores and dendritic chromophore 13.%

Porphyrin oligomers and polymers also show large TPA cross-sections.””®

Anderson and co-workers have demonstrated that a porphyrin dimer (11,000 GM at 880
nm) has much higher cross-section than monomeric porphyrin (20 GM at 850 nm) using

the TPA fluorescence induced method.*>%
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1.2 Photoinduced electron transfer
1.2.1 Introduction to photoinduced electron transfer

Electron transfer is a process by which an electron moves from one atom or
molecule to another one. In photoinduced electron transfer (PET), the electron is moved
between a photo-excited state and a neighboring ground state. Schematic examples of
PET are shown in Figure 1.10. The excited state, marked by the star, can be either an
electron-donor (D*) or an electron-acceptor (A*). Oxidative electron transfer can occur
when the neighboring species (A) has a lower LUMO energy than that of the excited
molecule, and the excited electron of D* can be transferred to the LUMO of the
neighboring molecule. On the other hand, reductive electron transfer can occur when the
neighboring species has a higher HOMO energy (D) than that of the excited molecule
(A*), and an electron in the HOMO of the neighboring species can be transferred to the
HOMO of the excited molecule. As a result, in both cases, a radical ion pair of a radical
cation (D*") and a radical anion (A"") is formed, which may separate to give free radical

ions or undergo a back electron transfer.

oxidative
PET
LUMO - —
9 Q
— P — reductive
Q PET
HOMO
= . Q0
Q0 D™* Q0 Qo -

A AT A

Figure 1.10 Schematic of oxidative and reductive photoinduced electron transfer.
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1.2.2  Two-photon induced electron transfer

The proposed state-energy diagram for two-photon induced electron transfer is
shown in Figure 1.11. Two-photon excitation promotes an electron from a TPA
chromophore either (a) into the excited state S; from which electron transfer typically
occurs, or (b) into a higher state S, followed by internal conversion that allows relaxation
to S;. The efficiency of electron transfer is determined by the rate constant for electron
transfer (k.;), which competes with the rate constant for back electron transfer (kz.,) and

the rate constants for radiative (k,,4) and non-radiative (kyon-rqq) decay of Sy

S n N
A :
E c
S, y
\]ft
i i krad + knon-rad Charge-tranSfer
g state
kbet
So
TPA chromophore

Figure 1.11 State-energy diagram for two-photon induced electron transfer.
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1.2.3  Marcus theory
Marcus Theory, originally developed by Rudolph A. Marcus, is currently the

dominant theory of electron transfer in chemistry.’®”

There are two key points of the
theory. (1) There are two regions, the normal region and the inverted region, along the
thermodynamic driving force coordinate (—AGy) (Figure 1.12). In the normal region, the
rate constant for electron transfer (k) increases when driving force increases (AGy is
getting more negative); in the inverted region, when AG, becomes even more negative, ke
decreases. The inverted region was controversial from the time the theory was proposed
in 1956'° until the experimental observations by Miller over twenty years later.””®' (2)
The reorganization energy (A) is the energy required to move the electron from an

electron donor to an electron acceptor without moving the nuclei, which is intimately

related to the activation energy for thermal electron transfer process (AG”) (Figure 1.13).

Inkg

inverted
region

normal
region

v

Figure 1.12 The rate of electron transfer as a function of thermodynamic driving force.
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The basic relationship of Marcus theory is expressed in Eq 1.1, where k., is the
rate of electron transfer, Vpj, is electronic coupling between donor and acceptor, k; is the
Boltzmann constant, T is thermal temperature, A is the reorganization energy, and AGyis

the thermodynamic driving force.

ket ¢ Vpa® exp—[(AGo+ A )* / (4 M T) ] Eq 1.1

The relationship between the AGgand A can be visualized using potential energy surfaces
as a function of the nuclear coordinates of the system (Figure 1.13). The left parabola
represents the potential energy surface for the nuclear motion of the reactants in the initial
state when the electron is still on the donor molecule or group; the right parabola
represents the potential energy surface for the nuclear motion of the products in the final
state after the electron has been transferred from the donor to the acceptor. The
intersection of two parabolas is the point where the energy is the same whether the
electron is at the reactant or the product, corresponding to the transition state for
thermally activated electron transfer. The free energy required to reach this transition

state configuration is the energy of activation (AG™), which can be calculated by Eq 1.2.

AG" = (L + AGy)* /4 A Eq 1.2
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Figure 1.13  Relationship between free energy (AG) and unclear motion for diabatic
exergonic electron transfer.
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1.2.4  Estimation of free energy of electron transfer
To ensure efficient electron transfer for PET, the charge-transfer state should be at

lower energy than the S, state, i.e. the free energy of electron transfer (AGy) should be

negative. AG can be estimated using the Rehm-Weller equation (Eq 1.3).*

AGo=F [El/z(D/m-)— EI/Z(A—-/A) —Ew©0 —Ecou] Eql.3

F is the Faraday constant. E..y (a positive value) is the Coulombic stabilization
energy that is often neglected based on the assumption of the formation of solvent-
separated free ions. E( ) is the energy of the relaxed excited state and can be estimated as
the energy at which the one-photon absorption onset of the chromophore is seen or at
which normalized fluorescence and one-photon absorption spectra intersect. El/z(D/m.) 1S
electrochemical half-wave potential corresponding to the oxidation process in which one
electron is removed from the electron donor. Em(A_./A) 1s electrochemical half-wave
potential corresponding to the reduction process where one electron is put into an
electron acceptor group. Eql.1 shows that kg is larger when AGg is more negative in the
normal Marcus region. Therefore, the AGy trend obtained from Eql.3 can be used to

estimate the trend of k.. The more negative the AGy, the larger k.
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1.3  Research goals and organization of the thesis
1.3.1 Research goals and design strategy

Accomplishing photochemically induced processes using two-photon absorption
has two advantages over using OPA: high 3D resolution and increased deep penetration.
Structure-property relationships for TPA have been investigated, leading to development
of many TPA chromophores with large cross-sections which have been utilized in a
variety of applications. The research goal of the thesis is to extend their applications in
three-dimensional microfabrication and to explore their potential for new biomedical
applications using photoinduced electron transfer. The general design strategy consists of
a TPA chromophore and a photocleavable group, which are connected via a linker
(Figure 1.14). The hypothesis is that the electron is transferred from the excited TPA
chromophore to the photocleavable group, which is chosen such that after receiving an
electron, it will undergo a bond cleavage process to release the species of interest, such as

acids, radicals and protected molecules.

linker twbo-ph?.ton electron
absorption transfer
D= Dl ==

photocleavable excited TPA
group chromophore

& S clé):\:]adge D Ce
WD 3 =D 3 .

charge separated state

TPA chromophore

Figure 1.14 General design strategy of TPA chromophores with photoreactive groups.
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1.3.2  The organization of the thesis

The reminder of the thesis contains the following four chapters.

Chapter 2 describes the study of one-photon acid generators and their mechanism
of acid generation for the subsequent design of efficient two-photon acid generators. It
includes a literature review of UV-labile photoacid generators, the design and synthesis
of target one-photon acid generators, their photochemical properties, and quantum
chemical calculations.

Chapter 3 is concerned with developing efficient two-photon acid generators for
improvements in the resolution of three-dimensional microabrication. It contains a
literature review of polymerization initiated by two-photon acid generators, the design
and synthesis of target two-photon acid generators, studies of their photochemical
properties under one-photon conditions, and the preliminary results of two-photon
studies.

Chapter 4 is concerned with developing efficient two-photon radical generators
for three-dimensional microabrication applications. It covers the study of UV-labile
molecules for the identification of efficient photocleavable molecules, the study of the
model molecules with attached UV-labile molecules to understand the linker effects, and
the study of two-photon radical generators. For each section, the design, synthesis, and
one-photon photochemical studies of target molecules have been performed. The
preliminary results of two-photon studies of two-photon radical generators are also

presented.
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Chapter 5 describes the development of two-photon removable protecting groups
for potential biomedical applications. It consists of a literature review of photocleavable

protecting groups, the design and synthesis of two-photon removable groups, and their

photochemical studies under one-photon conditions.
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2. ONE-PHOTON ACID GENERATORS
2.1 Photoacid generators for cationic polymerization

Photoacid generators are molecules that can generate acids upon irradiation by
light. Photoacid generators are used extensively to initiate cationic polymerization, which
will be reviewed in this section, and are also widely used in photoresist formulations,
especially in positive tone resists, which will be discussed in chapter 3.

Over the past twenty years, significant developments have been made in the area
of photoinitiated polymerization. Photoinitiated polymerization has been demonstrated to
occur through two major routes: photoinitiated free radical polymerization and
photoinitiated cationic polymerization. Photoinitiated cationic polymerization (also called
cationic photopolymerization) have been applied to photoresists, stereolithography, and
holography, and as well as in the curing of coatings and adhesives due to its
advantageous characteristics, including insensitivity to the presence of oxygen, the
possibility for use of solvent free conditions, and high polymerization rates.

Photoinitiated cationic polymerizations can be initiated by strong Brensted acids,
carbocations, and trialkyloxonium salts. However, the most common usage of the term
“cationic photoinitiators”, as defined in most literature papers and books, is essentially
limited to that of photoacid generators. Following this convention, in this section, all
cationic photoinitiators used are referred to photoacid generators. Their major types and
their initiation mechanisms for direct photolysis will be discussed. In the rest of the

thesis, photoacid generators will be used.
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2.1.1 Aryldiazonium salts
The photosensitivity of aryldiazonium salts was first observed in 1966.* Since

then, a variety of aryldiazonium salts have been synthesized and investigated as cationic

84-91 1 92,93

photoinitiators. The proposed photodecomposition process is shown in Figure 2.
Upon UV irradiation, an aryl halide, nitrogen, and a free Lewis acid are produced
following the fast fragmentation process. The Lewis acid may directly initiate a cationic

polymerization, or may react with a hydroxyl species, such as water or alcohol, to yield a

Bronsted acid.

— + hv
= . + N
R\/\ / N_N BF4 R\/\ / F BF3 + 2

H*  + ROBF;

Figure 2.1 Photodecomposition of aryldiazonium salts.

The decomposition quantum yield of aryldiazonium salts is relatively high (0.3 —
0.6).*® The spectral response of aryldiazonium salts may be varied from the ultraviolet to
the blue region of the visible spectrum by appropriate substitution on the aryl ring."’
However, the disadvantages of aryldiazonium salts include their limited thermal stability
and the release of nitrogen gas during the photolysis.”* When the sample’s viscosity
increases during polymerization process, the nitrogen gas formed by photolysis cannot all
be released effectively, which results in tremendous increase of the optical scattering and
the reduction of the light penetration into the sample, leading to incomplete

polymerization.
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2.1.2  Onium salts
An onium salt consists of a cationic moiety (R,0O") and an anion (MX, ), where

the cationic moiety (R,O") includes a positively charged heteroatom (O") linked to alkyl
y

R,O*MX,,”

R = alkyl or aryl
O*=1I", 8", Br, CI", Se", As", N*, P*, etc
MX,, = BF4, PFg", AsFg, SbFg, etc

or aryl groups (R) (Figure 2.2).

Figure 2.2 General chemical structures of onium salts.

In the past twenty-five years, a large number of onium salts have been synthesized
and characterized, and their photodecomposition mechanisms have been investigated.
The major onium salts described in the literature will be reviewed in this section,
including diaryliodonium, diarylchloronium, and diarylbromonium salts; triarylsulfonium
and  triphenylselenonium  salts;  dialkylphenacylsulfonium  and  dialky-4-
hydroxyphenylsulfonium salts; phosphonium and arsonium salts; and pyridium and

isoquinonium salts.

2.1.2.1 Diaryliodonium salts

Ddiaryliodonium salts with counterions SbFs, AsFs , PF¢, and BF4 ", represent an

92,95-105

important group of cationic photoinitiators. The cation and anion portions of a

diaryliodonium salt determine the different critical functions (Figure 2.3).106
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properties stability (initiation efficiency) (propagation rate)

Figure 2.3 General formula and functions of diaryliodonium salts.

The cation is typically the light-absorbing component, and its structure determines
the photochemistry, including the absorption characteristics, the photosensitivity
(quantum yield), and the ultimate thermal stability. The anion does not affect the
decomposition rate of cationic photoinitiators, but it plays important roles in the
polymerization, especially propagation. The nature of the anion controls the strength of
the acid formed during photolysis, which determines its initiation efficiency, as well as
controls the character of the propagating ion pair, which impacts the polymerization
kinetics, such as propagation rate. The larger the negatively charged anion, the more
loosely it is associated with the propagating cationic species, and the more active the
propagating cationic species is in the polymerization. Thus, an order of reactivity (SbFs
> AsF¢ > PFq¢ >BF, ) has been observed for the anion.”

Simple diaryliodonium salts have limited solubility in non-polar solvents and

have shown toxicity. Some modifications have been made to solve these problems.

1107,108 109,110

Introduction of long alky or alkoxy chains to the aryl ring of diaryliodonium
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109
As an

salts shows improved solubility in various organic solvents, such as toluene.
additional advantage, the substitution of alkoxy chain with eight or more carbon atoms
leads to a biologically non-toxic salt.'” Diaryliodonium salts with replacement of toxic
arsenic and antimony counterions with tetrakis(pentafluorophenyl)borate have
demonstrated low toxicity, as well as exceptional solubility in nonpolar media including
silicone oils.""" Moreover, another approach to increase the solubility and compatibility
in formulations of diaryliodonium salts is to incorporate them into either in the backbone

112-114

of polymers or as a pendant group of polymers.' "

The mechanism for photodecomposition under direct irradiation has been studied

by several groups during the past twenty years_%’m

The recent re-investigation has led to
a better understanding of the mechanistic details. In general, upon irradiation,
diaryliodonium salts can undergo either/both homolytic and heterolytic cleavages of the
carbon-iodine bond. The final photoproducts could form by following either cage or
escape pathways. 17118

The cage pathway is shown in Figure 2.4."'” Both products formed by homolytic
or heterolytic cleavages recombine within the primary solvent cage to produce a
cyclohexadienyl cation intermediate, which subsequently regains aromacity upon losing a
proton to give iodobiphenyl and the acid. All three possible iodobiphenyl isomers were

detected. The 2-substituted isomer was the major product, and the rearranged isomers of

3-iodobiphenhyl and 4-iodobiphenyl accounted for 10 — 25%.
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Figure 2.4  Mechanism for photodecomposition of diaryliodonium salts: the cage
pathway.

The escape pathway is shown in Figure 2.5. A phenyl cation and iodobenzene pair
was obtained by heterolytic cleavage, and a phenyl radical and iodobenzene radical
cation pair was obtained by homolytic cleavage. The study of thermodynamic stability
for the products of both cleavages showed that the phenyl radical and iodobenzene
radical cation pair was slightly more stable. For heterolytic cleavage, the phenyl cation
reacts with the solvent via electrophilic attack to generate an aryl compound. For the
homolytic cleavage, the phenyl radical abstracts a hydrogen atom from the solvent to

form benzene.
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Figure 2.5 Mechanism for photodecomposition of diaryliodonium salts: the escape
pathway.

The discovery of diaryliodonium salts as convenient and efficient cationic
photoinitiators has led to the development of diarylchloronium and diarylbromonium
salts (Figure 2.6).'""?! Diaryliodonium salts have been shown to be highly efficient
cationic photoinitiators, but unfortunately they are less thermally stable and more difficult

to prepare than diaryliodonium salts.

W s WAL e WS

Figure 2.6 Diarylchloronium and diarylbromonium salts.
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2.1.2.2 Triarylsulfonium salts
Triarylsulfonium salts incorporating non-nucleophilic counterions (SbFs, AsFg,

97,110,122-131 .
T The combination of some

PFs, or BF4) are nearly ideal photoinitiators.
desirable features, including thermal stability, excellent photosensitivity, solubility in
common organic solvents, synthetic accessibility, and low toxicity, has made them very
attractive as cationic photoinitiators.

The photodecomposition of triarylsulfonium salts upon direct irradiation is the
best understood of all the cationic photoinitiators. Triplet quenching was not observed in

132

either sensitized experiment or photo-Chemically Induced Dynamic Nuclear

Polarization (CIDNP)133 experiments used to investigate radical intermediates, **'*
indicating the photolysis occurs predominantly from the excited singlet state. The
investigation shows that photoproducts are formed by either cage or escape pathways,
which are both significant. The cage/escape ratio increases significantly in solution with
the increasing solvent polarity and the increasing viscosity in the resist formulations.

The escape pathway is shown in Figure 2.7. Homolytic cleavage yields a
diphenylsulfonyl radical cation, which abstracts a hydrogen atom from the solvent after
escape from the solvent cage. The decomposition of the protonated diphenylsulfide
produces the diphenylsulfide and a Brensted acid.'* Heterolytic cleavage generates
diphenylsulfide and a phenyl cation that attacks the solvent to give the acid.'”® The
detection of the substituted benzene from the reactions of both the phenyl radical and the

phenyl cation with solvent supported the above mechanism.'*® However, there are two

arguments against the proposed mechanism. First, quantitative product analysis showed
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the ratio of acid and diphenylsulfide was 3:1 instead of the 1:1 ratio predicted by this
mechanism.”*'"® Second, no heterolysis products were observed, but only a singlet
diphenylsulfonyl radical cation/phenyl radical pair formed by homolysis was identified

by a CIDNP study.'*

20 L [0, 0. 0L 0.
St

heterolytic cleavage homolytic cleavage
l l R-H
. R
S + MX,” *
| R |

w OO
H'MX,  + ©/R @—s@ + H'MX,~

Figure 2.7 Mechanism for photodecomposition of triarylsulfonium salts: the escape
pathway.

Later on, studies based on extensive product analysis indicated the cage pathway
(Figure 2.8) was dominant."**"*” Recombination with rearrangement of both heterolytic
and homolytic products in the solvent cage yields three phenylthiobiphenyl isomers and a
stoichiometric amount of acid. The rearrangement products, 3- and 4-(phenylthio)-
biphenyl, accounted for 60 — 70% of the total products in comparison with 20% for the
iodonium analogue. This shows the high reactivity of diphenylsulfide toward

electrophilic substitutions.
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Figure 2.8  Mechanism for photodecomposition of triarylsulfonium salts: the cage
pathway.

Like their triarylsulfonium salt analogs, triphenylselenium salts (Figure 2.9) are

also efficient cationic photoinitiators although toxic and considerably more costly to

e
q

122,138
prepare.

Figure 2.9 Triphenylselenium salts.
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2.1.2.3 Dialkylphenacylsulfonium and dialky-4-hydroxyphenylsulfonium salts
As with their triarylsulfonium salt counterparts, dialkylphenacylsulfonium

OLI39-145 and dialky-4-hydroxyphenylsulfonium salts?146-148 (Figure 2.10) are found

salts
to be attractive cationic photoinitiators due to their excellent thermal stability and high
photosensitivity. However, their poor solubility in most cationic monomer systems has
limited their practical applications. Recently, dialkylphenacylsulfonium salts bearing long

alkyl chains that confer solubility in both polar and nonpolar solvents have been

prepared.'*!

Figure 2.10 Dialkylphenacylsulfonium salts and dialkyhydroxyphenylsulfonium salts.

In contrast to diaryliodonium and triarylsulfonium salts, the photodecomposition
of dialkylphenacylsulfonium salts is reversible.**'** The proposed mechanism is shown
in Figure 2.11. The first step involves hydrogen abstraction via a typical Norrish II
process. The intramolecular radical/radical cation undergoes a facile intramolecular
electron transfer to give a carbonium ion, which subsequently loses a proton to generate
an ylide and an acid. The ylide is a base, and it could react with the acid formed to

regenerate the starting material.
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Figure 2.11 Mechanism for photodecomposition of dialkylphenacylsulfonium salts.

The photodecomposition of dialkylphenacylsulfonium salts is also reversible. The
rapid dissociation of the excited state generates a strongly solvated Bronsted acid and a
slightly basic resonance-stabilized ylide. These two products can recombine to give the

starting salt in a thermal process. (Figure 2.12)

OH o) o}
hv
MX,," -~ + H'MX,
\
st R N
R Ry R1/S Ro R1/S\R2
ylide

Figure 2.12 Mechanism for photodecomposition of dialkyl-4-hydroxyphenylsulfonium
salts.



54

2.1.2.4 Phosphonium and arsonium salts

Methyl- and phenyl-acylmethyl triphenylphosphonium salts (Figure 2.13) have

150,151

been reported to initiate cationic polymerization of cyclohexene oxide, styrene,'**

153

and p-methyl styrene efficiently. > Upon irradiation, the phosphonium salts decompose

to produce a Brensted acid and a resonance-stabilized ylide (Figure 2.13)."°%!%

QH, T,
R-C-C —P MX,  R=CHgor CgHs

0
R-C-C——p ~>R-C-C—P ‘—’R—C:C—PL@
¢ H + HMX,

Figure 2.13 Mechanism for photodecomposition of phosphonium salts.

Phenylacylmethyl triphenylarsonium salts containing SbFs and PFs anions
(Figure 2.14) are useful photoinitiators for the cationic polymerization of styrene and

cyclohexene oxide."""'*?

Figure 2.14 Phenylacylphenyl arsonium salts.
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2.1.2.5 Pyridinium and isoquinonium salts

Pyridinium and isoquinonium salts (Figure 2.15)"**'°*'5% have been used to

o« . . . . . . . . 155,156
photoinitate cationic polymerization of various oxirane and vinyl ether monomers. ™

Ph

/(j MX,,~ | b - ©® MX
§ n o MX,, Nt Mo
OR or

Figure 2.15 Pyridinium and isoquinonium salts.

The photodecomposition mechanism for isoquinonium salts is shown in Figure
2.16."°*"7 The photolysis of an isoquinonium salt occurs via a rapid N—O bond cleavage,
forming a radical cation and a radical. The radical cation abstracts a hydrogen atom from
the solvent to generate an acid and another radical. Both radicals could initiate
polymerization in the presence of radical monomers. In the absence of radical monomers,
they may be quenched by recombination or abstraction from solvent, and the subsequent

cleavage of the N—H bond gives an acid initiator.

X
- h .
(;@ N Mxn Y > A + MXn_ + °0OR radical

OR ~_Ne initiator
¢ R'-H
N radical
_ NtH MXa +  *R' initiator

X .
+ H'mx, acid
_N n initiator

Figure 2.16 Mechanism for photodecomposition of isoquinolinium salts.
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2.1.3  Organometallic salts: the iron arene complexes
Organometallic salts were introduced to the family as a new class of cationic
photoinitiators in the 1980s. The most widely used organometallic derivatives as cationic

.o . . J . 158-161
photoinitiators are iron arene complexes with weakly nucleophilic anions. A

158

representative example of this class is Irgacure 261 (Figure 2.17). " It has the absorption

maximum at 440 nm, and absorbs up to 580 nm,'®” and the varying ligand structures from
isopropylbenzene to naphthalene and anthracene causes a further red-shift.'®*'®

The mechanism for photodecomposition of Irgacure 261 is shown in Figure
2.17.'% Photolysis of Irgacure 261 results in the removal of the uncharged
isopropylbenzene ligand and the formation of the coordinatively unsaturated iron cation,
which is a Lewis acid. The subsequent incorporation of three epoxide groups yields a
relatively stable iron (II) complex. The cationic species formed in this way is responsible
for the cationic polymerization. Since the mechanism involves the essential participation

of the monomer, their applications appear restricted to those monomers that can

efficiently bond to the coordinatively unsaturated iron center.

© @ a © ©

PF - _
F‘e S Fe' PFg R /F|e\ PF6  heat el PFe
o 7 0T T R e

Irgacure 261 ©_< R R R R

Figure 2.17 Mechanism for photodecomposition of Irgacure 261.
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2.2 Photoacid generators via photoinduced electron transfer

Saeva has studied photoacid generation from aryl dialkyl sulfonium salts via

85-93 65

photoinduced electron transfer. In Saeva’s review,'® the photoacid generators
(PAGs) were divided into two classes (Figure 2.18). In class 1, the sulfonium group is
directly attached to the light-absorbing chromophore. Due to the strong electron-
withdrawing ability of the sulfonium group, the absorption properties of the chromophore
are modified in class 1 PAGs. In class 2, the sulfonium group is separated from the light-
absorbing chromophore via a linker. As a result, the light-absorbing ability of the

chromophore is not significantly affected. In this section, we will focus on the

mechanism of class 1.

[ chromophore J

[ chromophore ]
|
st

R4 R> |

St MX,~
R R, "

class 1 class 2

Figure 2.18 Two classes of sulfonium salts as acid generators.

A schematic of the orbital energy diagram described in the Figure 2.19 based on

' The photochemical excitation of the chromophore involves the

previous studies.
promotion of an electron from the m-orbital (the local highest occupied orbital of the
chromophore moiety) to the m*-orbital (the local lowest unoccupied molecular orbital of

the chromophore moiety). In the case where the energy of the o*-orbital of the S—-C bond

is lower than that of the n*-orbital, the photoinduced electron transfer occurs from the *-
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orbital to the o*-orbital. Sufficient orbital overlap between the m*-orbital and the o*-
orbital can be readily achieved by rotation around an aryl-sulfur single bond, which
facilitates the electron transfer. Once the o*-orbital is populated, bond cleavage occurs
provided the rate constant of bond cleavage (ks.) is faster than the rate constant of the

back electron transfer (BET) to the m-orbital to repopulate the molecular ground state

(kbet)-
energy ™
PET
ket
kbc
hv ) o* -
7 bond
Kpet ,* cleavage
,»° BET
¥
r -l
chromophore c
moiety sulfonium

group

Figure 2.19 A schematic of the orbital energy diagram for class 1 PAGs.

Saeva studied the photoacid generation of naphthyl dialkylsulfonium salts in
detail, and proposed a mechanism of ¢ sulfur-alkyl bond (S—C) breaking concerted with

1% The photoproducts of the photoreaction were investigated to

acceptance of an electron.
understand the photodecomposition mechanism. The proposed mechanism is shown in
Figure 2.20. Homolytic cleavage of the S—C o-bond leads to a radical fragment/radical

cation pair in a solvent cage. Both the recombination of the radical cation with the radical

and hydrogen abstraction from the solvent would produce the acid and corresponding
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byproducts. The quantum yields of acid generation ranged between 0.10 and 0.24. The

stronger the electron-withdrawing ability of the leaving group (R group in the Figure

2.20), the higher quantum yields.
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Figure 2.20 Mechanism for photodecomposition proposed by Saeva.
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2.3  Research goals
2.3.1 Previous research in our group
Encouraged by the results from Saeva’s study, our lab hypothesized that quantum

yields of photoacid generation could be enhanced by incorporating functionalities that
stabilize the radical cation generated by photolysis of the S—C bond. A triarylamine was
selected for this purpose, since the radical cations could be stabilized via electron transfer
from amine to the sulfonium to form more stable nitrogen based radical cations (Figure
2.21). Moreover, triarylamine salts are essentially non-basic (pK, [asN H) ~ -5),'® and
thus does not react with the photoacid generated, which could allow for the acid to
initiate cationic polymerization efficiently.

© R v @ T @ N
O Cu O™, [TT
MX,~ .
MX,,

MX,,~
Model molecule

Figure 2.21 Stabilization of the radical cations by triarylamine substituent.

The molecules with both dimethyl 14 and methylbenzyl 15 substituents on the
sulfonium at the meta position of triarylanimes have been synthesized and investigated by
our group (Figure 2.22), and the high quantum yields for acid generation (~0.45) have

been obtained.'®’
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2.3.2 Research goals

The goal of this research is to provide further information about this class of
photoacid generators for mechanistic studies, and to serve as a simple model system to
guide the development of two-photon acid generators. To achieve this goal, the effects of
sulfonium substituents with different electron-withdrawing ability at different positions
relative to amine on the quantum yield of photoacid generation were planned and studied.
The target molecules, including both meta and para series, are shown on Figure 2.22. An
additional example to the meta series is 16, which has a methyl(p-cyanobenzyl)
substituent that is more electron withdrawing than in 14 and 15. For the para series, the
corresponding dimethyl 17, methylbenzyl 18, and methyl(p-cyanobenzyl) 19 sulfonium
salts were the targets. The free energy change of electron transfer, fluorescence
quenching of the molecules due to electron transfer, and quantum yields of photoacid

generation were also measured and/or calculated.

'3 CF3803
CF3SO3°
meta series para series
14 R=CH;, 17 R=CHj
15 R=CH206H5 18 R= CH206H5
16 R =CHCgHs5-p-CN 19 R = CH,CgH5-p-CN

Figure 2.22 Target molecules of one-photon acid generators.
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2.4 Synthesis of photoacid generators
2.4.1 Synthesis of a meta-substituted sulfonium salt

To study the electron withdrawing effect on acid generation in the meta series,
compound 16 was prepared (Figure 2.23). The amination of 1,3-dibromobenzene and
diphenylamine catalyzed by the palladium and bis(diphenylphosphino)ferrocene (DPPF)
complex produced 3-bromo-N,N-diphenylaniline 20 in 56% yield. Then compound 20
was lithiated by fert-butyl lithium at —78 °C, followed by addition of sulfur after the
temperature was raised to room temperature. Once the solid sulfur was completely
consumed, o-bromo-p-tolunitrile was added. Purification afforded the product 21 in 65%
yield. The reaction of methyl trifluoromethanesulfonate and 21 at —78 °C in the dark gave

the desired product 16 in 75% yield.

/@\ N 'BuLi, THF, -78 °C

toluene, 90 °C

20 56%

CN
CF3SO3CH3 9H3
CH,Cl,, -78 °Ctort ©/ \©/ CF3S03~

16 75%

Figure 2.23 Synthesis of triarylamine sulfonium salt 16.
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2.4.2 Synthesis of para-substituted sulfonium salts

For the para-series, the corresponding dimethyl 17, methylbenzyl 18, and
methyl(p-cyanobenzyl) 19 sulfonium salts were prepared (Figure 2.24). 1,4-
Dibromobenzene was reacted with diphenylamine catalyzed by the palladium and DPPF
complexes to give 4-bromo-N,N-diphenylaniline 22 in 58% yield. By using similar
reaction procedures as shown in Figure 2.24, the monoalkylated sulfonium products 23 —
25 were obtained in 80%, 72% and 70% yields respectively, and the dialkyl-substituted

sulfonium salts 17 — 19 were obtained in 65%, 49% and 95% yields respectively.

N © BuLi, THF, -78 °C
r Pdy(dba);, DPPF, NaO'Bu N S, XR, rt
toluene, 90 °C
Br

22 58%

\ CF3S0;CH3 )
s N
sR CH,Clp, ~78 °C to 1t ©/ \©\
S

.R
|
) ] CHs
23 R=CH, X =1,80% 17 R = CHg, 65%

24 R = CHPh, X =Br, 72% 18 R = CH,Ph, 49%
-— = _ 2 y -
25 R = CH,yCgH4p-CN, X =Br, 70% 19 R = CH,CgH4p-CN, 95%

Br\©\
B

Figure 2.24 Synthesis of the para-substituted triarylamine sulfonium salts 17 — 19.
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2.5  Photochemical studies

The absorption and fluorescence spectra, and cyclic voltammetry were measured.
Relative fluorescence intensities (Ig) were calculated, the free energy change for electron
transfer (AG) was estimated, and quantum yields of acid generation (®y:) were

determined. Photochemical results are summarized in Table 2.1.

Meta substituted salts Para substituted salts

14 15 16 17 18 19
T 293 293 292 321 331 334
nm
Emax 1.69 1.80 1.68 1.81 1.74 1.81
10'M'em™
Jmax 379 376 493 439 451 438
nm
Dyt 0.48 0.41 0.48 0.23 0.26 0.22
+0.05
Iy 0.02 0.02 _ 0.17 0.08 0.07
AGe ~57.9 — - -21.9 -27.9 —
kJ mol™

Table 2.1 One-photon physical data for photoacid generators 14 — 19 in acetonitrile.
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2.5.1 Absorption spectra

The absorption spectra for PAGs 16 — 19 are shown in Figure 2.25. The maximum
absorption wavelengths of para series are somewhat red-shifted relative to those of the
meta series. This observation suggests a more extensive delocalization of the © system of
para substitution, which is consistent with stabilization of the n*-orbital by the sulfonium

electron-withdrawing group at the para- position.
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Figure 2.25 Absorption spectra of photoacid generators 16 — 19 in acetonitrile.
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2.5.2 Fluorescence quenching

Fluorescence spectra of PAGs 17 — 19 are shown in Figure 2.26. The relative
fluorescence intensity (Ig) was defined as the maximum fluorescence intensity of the
sulfonium salts relative to that of their parent chromophore, triphenyalamine 26, at the
same concentration. For the meta series, the dimethyl and methylbenzyl PAGs showed
substantially quenched fluorescence with an Iy value of 0.02 for both.'®® For the para-
substituted series, the Iy values were 0.17 for dimethyl, 0.08 for methylbenzyl, and 0.07
for methyl(p-cyanobenzyl) PAGs. The p-cyanobenzyl group is the most electron-
withdrawing group among the three derivatives, and therefore should stabilize the radical
the most efficiently. Thus, the para-substituted p-cyanobenzyl salt has the lowest I value

in the series. In general, the Ig-values for meta-substituted salts were lower than that for

para-salts.
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Figure 2.26 Fluorescence spectra of photoacid generators 17 — 19 in acetonitrile.
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2.5.3 Free energy change for electron transfer

The free energy change of electron transfer can be estimated by using the Rehm-
Weller equation (Eq 1.3, section 1.2.4).%* In the case of the electron transfer from the
excited state of the triphenylamine moiety to the sulfonium group, the real reduction peak
potential Ered(A_./A) is used for the estimation since the reduction peak is irreversible. Both
EI/Z(D/D+o) and Ered(A-./A) values can be measured from electrochemical data. Eg) was
estimated as the energy at which the one-photon absorption onset of the chromophore is
seen. Considering the neglect of E,,and the conversion of energy units, the free energy

change for electron transfer (AGe;) was estimated by Eq 2.1.

AGe=23.06 [E"pipiey— E®awm)] —Eoo)  Eq2.1

The AGg values of the para-substituted PAGs with methyl or benzyl groups are
about the same (-21.9 and —27.9 kJ mol™"), which are less negative than its meta-
substituted analog (-57.9 kJ mol ™). This indicates that the meta-dimethyl PAG has more

a favorable electron transfer driving force.
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2.5.4 Quantum yield of acid generation

The quantum yield of acid generation was determined by using the Scaiano’s
method,' """ and the measurement details are described in section 2.8.1.

A quantum yield of acid generation for the meta-substituted methyl p-
cyanobenzyl PAG is 0.48, which is the same as those of the dimethyl and methylbenzyl
meta-substituted PAGs and triphenyl sulfonium triflate in the literature'® within the
uncertainty (£0.05). The result shows the more stabilization of the radical fragment by
more electron-withdrawing p-cyanobenzyl group does not enhance the acid generation.

For the para-substituted PAGs, the acid generation quantum yields of all three
PAGs (~0.25) were also identical within the uncertainty (£0.05), which is almost half as

those of their meta- analogs.
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2.6 Quantum-chemical calculations

Quantum-chemical calculations of meta- and para-triphenylamine dimethyl
sulfonium salts, 14 and 17, have been conducted by Dr. F. Furche (Universitéit Karlsruhe,
Germany), Dr. E. Zojer and P. Pacher (Technical University of Graz, Austria), and Dr.
Brédas (Georgia Technology Institute).

The ground states of 14 and 17 show the expected propeller-type structure (Figure
2.27). The phenyl ring that is attached to the sulfonium group is referred to a Ph’, and the
other two are called Ph. The Ph’ plane forms a 25 — 30 degree angle relative to that of the

nitrogen and the ipso carbon atoms of two Phs.
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Figure 2.27 Optimized ground state structures of 14 and 17.
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The quantum-chemical calculations are based on time dependent density
functional theory, and the contour plots of the frontier orbitals of 14 (Figure 2.28) and 17
(Figure 2.29) are qualitatively similar. The important similarities and differences are

highlighted below.

Figure 2.28 HOMO (lower) and LUMO (upper) of 14 in the ground state geometry Sy
(left) and the excited state geometry S; (right).

Figure 2.29 HOMO (lower) and LUMO (upper) of 17 in the ground state geometry Sy
(left) and the excited state geometry S; (right).
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For both PAGs, the first excited state (S;) may be described as a state in which an
electron is promoted from HOMO to LUMO. Once formed, the Franck-Condon S; state
undergoes a relaxation process to minimize its energy. This leads to the rotation of the
least squares plane formed by the sulfur atom and the carbon atoms of Ph’ into a position
perpendicular to that of the nitrogen and the two ipso carbon atoms of Phs. The orbital
distributions indicate the charge transfer from triphenyl amine group to the sulfonium
group.

On the other hand, the optimized geometry of the LUMO of S; excited state
shows some sulfur-methyl (S—CHj3) o* character from the contour plots of the frontier
orbitals of 14 and 17. The occupation by an electron of the LUMO weakens, but does not
break, the S-CHj; o-bonds. The calculated bond lengths show that the S—-CH; bonds of
both 14 and 17 in the S, state are longer than that in the Sy state. The lengthening of the
S—CH; bond of 14 in the relaxed S; state is more extreme than that of 17. This indicates
the S—CHj3 bond breakage of 14 may be easier. The fact that the S—CH3; bond does not
break in the relaxed excited state suggests there is a barrier to bond cleavage. While
calculation of the barrier is beyond the scope of the current work, we can compare the
barrier of bond cleavage based on the Hammond postulate. Homolytic cleavage is
calculated to be exothermic from the relaxed excited state, whereas it is endothermic
from the ground state. The Hammond postulate states that in the exothermic reaction, the
transition state will resemble the starting material. For both PAGs, it suggests that the

structure of transition state resembles that of the relaxed excited state. The bond



72

lengthening in the relaxed excited state of 14 indicates the greater bond length of the
transition state of 14, which means a lower barrier in 14 versus 17 according to the
Hammond postulate. In addition, the calculated oscillator strengths for fluorescence of 14
and 17 are 0.00 and 0.02 respectively, suggesting that fluorescence of 17 may compete to
some extent with cleavage. All these results are consistent with the experimental
observation that the meta-substituted PAGs have higher quantum yields of acid

generation than that of para- substituted ones.
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2.7  Discussion and conclusions

Three substituted groups with different electron-withdrawing ability (methyl,
benzyl and p-cyanobenzyl) were studied at the both para and meta positions of the
triphenyl sulfonium salts. Within the uncertainties of measurements (£0.05), the acid
generation quantum yields of all three para-substituted PAGs were identical (~0.25), and
those for all their meta- analogs were also considered the same (~0.45). Thus, functional
groups of methyl, benzyl and p-cyanobenzyl do not affect the quantum yield of acid
generation.

The acid generation quantum yields of PAGs with meta sulfonium substituents
are almost twice as high as their para analogs (0.45 versus 0.25). Other photochemical
data also support this result. The free energy change for the electron transfer of the meta-
dimethyl PAG is more than two times larger than its para-substituted analog (-57.9
versus —21.9 kJ molfl). This indicates that the meta PAG has a more favorable electron
transfer driving force, and its corresponding lower relative fluorescence intensity (0.02)
in comparison with the para- analog (0.17) suggests the higher electron transfer
probability for the meta- PGA. In addition, the quantum-chemical calculations support
the sulfur-methyl bond cleavage, and predict the higher quantum yields of acid
generation of meta-substituted PAGs. Among the three meta PAGs, the triphenyl amine
dimethyl sulfonium salt was selected for the preparation of two-photon acid generators

for its comparably convenient synthesis.
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2.8  Experimental: Quantum yield of acid generation

General experimental. Absorption spectra were run on a Hewlett-Packard model
8453 spectrophotometer. The fluorescence spectra were collected on a Jobin Yvon Spex
Fluorolog—III fluorimeter. The photon parameters were measured by using a multi-
functional optical meter of Newport model 1835—C. All electrochemical experiments
were conducted using a BAS Model 100B/W cyclic voltammetry unit. The electrodes
used were a glassy-carbon working electrode, a platinum auxiliary wire, and a Ag/AgCl
pseudo-reference electrode. The supporting electrolyte was 0.1 M tetrabutylammonium
hexafluorosphonate. The spectrophotometric grade acetonitrile (Aldrich) were used as

received in all the measurements.

The quantum yield of acid generation is defined as the number of acid molecules
created per photon absorbed. In this measurement, the concentration of the test solution
was kept sufficiently low to ensure that all the photons that reach the solution are
absorbed by the molecules. The monochromatic xenon lamp of Fluorolog-III fluorimeter
was used as the irradiation source. The relative intensity of the light reaching the sample
was measured as the reference current, which is generated by the internal reference
detector of the instrument. The reference current is linearly proportional to the dose rate
(number of photon delivered to the cuvette per unit time, photon s ). The dose rate can
be adjusted by changing the slit width of the monochromator. The absolute dose rate over
a range of slit widths was determined by Dr. S. Kuebler. The absorption rate (the rate at

which photons are absorbed, photon s™') was determined by using the well-established



75

ferrioxalate actinometry method.'”” The dose rate measurements were corrected to take
into account the reflection loss from the cuvette windows. In this way, a calibration curve
was obtained for the dose rate (photon s7") at the sample as a function of the reference

current (LWA). Thus, the slope of the dose rate calibration curve determined the power

"' nA™") of a certain wavelength within a range of silt widths. The

parameter (photon s~
uncertainty of power parameter measurement by this method was 0.3. The absorbed

photon number was calculated by the following photon calibration equation (Eq 2.2).

absorbed photon = power parameters x reference current x time Eq2.2
number (photon s™'pA™) (A) s)

The acid number generated by the PAGs was measured by using rhodamine B

base (RB) as an indicator.'”*!"!

The lactone ring opening of RB upon protonation
generates its acid form (RB"), which shows a characteristic maximum absorbance at 555

nm (Figure 2.30). The acid concentration was quantitatively determined by using the

absorbance at 555 nm of RB".

O (0] COOH
T, L L0
Et JEt - Et~ Sy -Et
\ll\l 0 rl\] N N
Et Et

| o |
Et Et

RB RB*

Figure 2.30 Protonation of Rhodamine B base (RB).
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An acid calibration equation was determined by titration of a solution of RB (2.5
x 107 M, acetonitrile) with a solution of p—toluenesulfonic acid (2.0 x 107 M,
acetonitrile). Each time, a known amount of the acid solution was added, and the
absorbance of RB' at 555 nm was recorded. The acid calibration curve was then plotted
by absorbance at 555 nm versus acid concentration. The calibration equation of acid
concentration versus the absorbance at 555 nm (Eq 2.3) was determined by the average of

all six measurements within the uncertainties.

acid concentration = 9 67 10°x absorbance +2.25x 10° Eq2.3
(mol L1

The acid number generated by the PAGs is calculated by the product of the acid

concentration, the volume of the test solution and the Avogadro’s number N, (Eq 2.4).

acid number =  acid concentration x volume x N 4 Eq2.4
generated (mol L) L) (H* mol™)

For the actual measurements, the irradiation wavelength of the fluorimeter was set
to 294 nm for the meta-substituted salts and 330 nm for the para-substituted derivatives
based on their maximum absorption wavelengths. The power parameters were measured
to be 4.15 x 10" photon s pA™" at 294 nm and 3.89 x 10" photon s™' pnA™" at 330 nm.
A sample solution of a PAG (1.5 x 107" M, acetonitrile) was prepared, and was irradiated
at the excitation wavelength. Immediately after irradiation for a certain time, the

reference current was recorded, and the RB solution (50.0 ul, 2.5 x 10 M, acetonitrile)
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was added to the cuvette. The absorption spectrum of the solution was measured and the
absorbance at 555 nm was recorded. The photon number absorbed by the PAGs was
calculated by the Eq 2.2, and the acid number generated by the PAGs upon irradiation
was calculated by the Eq 2.3 and Eq 2.4. A plot of acid number versus photon number
was linear, and the slope indicates the value of the quantum yield of acid generation
(Figure 2.31). The total uncertainty of the quantum yield of acid generation was 0.05,

taking into account of the uncertainties of power parameter and acid concentration.

y =0.2586x + 7TE+15

3.0E+16 -
y = 0.4786x + 4E+15
2.5E+16 -
_ 2.0E+16 |
[0}
g y =0.2192x + 5E+15
S 1.5E+16 -
ie]
Q
< 1.0E+16 | 14
15
=0.2327x + 8E+14
5.0E+15 - y *16
=17
0.0E+00

0.0E+00 3.0E+16 6.0E+16 9.0E+16 1.2E+17

Photon number

Figure 2.31 Measurement of quantum yield of acid generation of the PAGs 14 — 17.
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2.9  Experimental: synthetic procedures

General experimental. NMR spectroscopy was performed using either a
DRX-500 MHz or Varian Unity Plus—300 MHz spectrometer. Mass spectrometry (MS)
was performed by the MS Instrument Facility at the University of Arizona. The
combustion experiments for elemental analysis were performed by Desert Analytics,
Tucson, Arizona. Flash chromatography was performed using 40 — 63 um silica gel
(EMD Chemical, Inc.). TLC was performed on precoated plates containing a fluorescent
indicator (silica gel 60 F»s4, EMD Chemicals, Inc.) All reagents and solvents including
dry solvents and anhydrous solvents in Acroseal bottles were purchased from readily
available suppliers (Aldrich, VWR), and were used as received. The general precautions
for preparation of light sensitive compounds mentioned in this section include wrapping
the reaction flask with aluminum foil and performing the subsequent workup and
purification in the dark under the weak red light. These precautions are applied in all

cases where it is indicated that the compound is light sensitive.

Br- : S N

ZCN

4-((3-Bromophenyl)thio)methylbenzonitrile. To a solution of sodium
methoxide prepared from sodium (0.23 g, 10 mmol) in anhydrous methanol (20 ml) was
added 3-bromobenzenethiol (1.00 g, 5.02 mmol) at room temperature under nitrogen
pressure. After 30 min, a solution of a-bromo-p-tolunitrile (0.99 g, 5.1 mmol) in

anhydrous methanol (20 mL) was added dropwise, and then the reaction mixture was



79

stirred overnight. After quenching with an aqueous sodium hydroxide solution (2.0 M)
until the solution was basic, the reaction mixture was extracted with diethyl ether (3 x 30
mL). The combined organic layers were washed with aqueous saturated brine and were
dried over magnesium sulfate. After filtration and concentration by using rotary
evaporation, the pure product (1.25 g) was obtained in 82% yield after flash column
chromatography (hexane: ethyl acetate 8:1). 'H NMR (500 MHz, chloroform-d) & 7.55
(d, J=8.5 Hz, 2H), 7.40 (t, J= 2.0 Hz, 1H), 7.35 (d, /= 8.0 Hz, 2H), 7.31 (dt,J= 7.5 Hz,
J=1.5Hz, 1H), 7.16 (d, J = 8.0 Hz, 1H), 7.10 (t, J = 7.5 Hz, 1H), 4.10 (s, 2H). °C NMR
(125 MHz, chloroform-d) 6 142.4, 137.1, 132.4, 132.1, 130.2, 129.8, 129.3, 128.4, 122.6,

118.5, 110.9, 38.5. The data were consistent with the literature data.'”

N
JQ,
4-Bromo-/NV,N-diphenylaniline. To a solution of #ris(dibenzylideneacetone)
dipalladium(0) (Pd,(dba);) (0.54 g, 0.59 mmol) and bis(diphenylphosphino)ferrocene
(DPPF) (0.41 g, 0.74 mmol) in dry toluene (100 mL) was added 1,4-dibromobenzene
(27.92 g, 118.3 mmol) under nitrogen pressure at room temperature. After 10 min,
sodium tert-butoxide (13.40 g, 0.14 mol) and diphenylamine (10.32 g, 59.20 mmol) were
added. The reaction mixture then was heated to 90 °C, and was stirred for 24 hours under

nitrogen pressure. After quenching with water (100 mL), the mixture was extracted with

diethyl ether (3 x 100 mL) and the combined organic layers were dried over magnesium
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sulfate. The pure product (11.41 g) was obtained in 58% yield after flash column
chromatography (1% ethyl acetate in hexane). '"H NMR (500 MHz, chloroform-d) &§7.32
(d, J=8.5 Hz, 2H), 7.25 (d, /= 7.5 Hz, 4H), 7.03 (t,J = 7.5 Hz, 8H), 6.94 (d, J = 9.0 Hz,

2H). The data were consistent with the literature data.!*17

SN

3-Bromo-/V,N-diphenylaniline. To a solution of #ris(dibenzylideneacetone)
dipalladium(0) (Pd,(dba);) (0.40 g, 0.44 mmol) and bis(diphenylphosphino)ferrocene
(DPPF) (0.30 g, 0.53 mmol) in dry toluene (100 mL) was added 1,3-dibromobenzene
(10.63 g, 43.70 mmol) under nitrogen pressure at room temperature. After 10 min,
sodium tert-butoxide (6.70 g, 64.3 mmol) and diphenylamine (5.00 g, 29.2 mmol) were
added. The reaction mixture then was heated to 90 °C, and was stirred for 24 hours under
nitrogen pressure. After quenching with water (100 mL), the mixture was extracted with
diethyl ether (3 x 100 mL) and the combined organic layers were dried over magnesium
sulfate. The pure product (5.30 g) was obtained in 56% yield after flash column
chromatography (1% ethyl acetate in hexane). '"H NMR (500 MHz, chloroform-d) §7.27
(t,J=8.0 Hz, 4H), 7.19 (t,J= 1.0 Hz, 1H), 7.11 — 7.04 (m, 8H), 6.97 (dt, J=7.0 Hz, J =

2.0 Hz, 1H). The '"H NMR data were consistent with the literature data.'”®'"’
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4-(3-(Diphenylamino)phenylthio)methylbenzonitrile. To a solution of 3-
bromo-N, N-diphenylaniline (3.56 g, 11.0 mmol) in dry tetrahydrofuran (150 mL) at —78
°C, under nitrogen pressure was added terz-butyl lithium (14.2 mL, 1.7 M, 24.20 mmol).
After 30 min, the reaction mixture was allowed to slowly rise to room temperature. Then
sulfur (0.41 g, 12 mmol) was added with a brisk stream of nitrogen passing through the
open system to exclude air. When sulfur was consumed, o-bromo-p-tolunitrile (2.18 g,
11.0 mmol) was added, and the mixture was stirred at room temperature for 1 hour. The
solvent was removed under reduced pressure, and water (100 mL) was added to the
residue. The mixture was extracted with diethyl ether (3 x 100 mL) and the combined
organic layers were dried over magnesium sulfate. The pure product (2.78 g) was
obtained in 65% yield after flash column chromatography (2% and then 5% ethyl acetate
in hexane). "H NMR (500 MHz, chloroform-d) &§7.62 (d, J = 6.5 Hz, 2H), 7.31 — 7.24
(m, 6H), 7.14 — 7.05 (m, 8H), 6.98 (d, J = 7.5 Hz, 1H), 6.89 (d, J = 6.5 Hz, 1H), 3.85 (s,
2H). °C NMR (125 MHz, chloroform-d) & 147.9, 146.6, 141.3, 136.4, 131.5, 129.4,
128.9, 128.7, 123.9, 122.7, 121.1, 120.9, 120.3, 117.9, 110.5, 41.8. MS (EI+) m/z (rel
intensity, %) 392 (M", 49), 243 (M'-SCH,PhCN, 100). HRMS (FAB+) m/z: Calcd. for
Ca6H2oN2S (M") 392.1347, Found 392.1350. Anal. Caled. for C,6HyN,S: C, 79.56; H,

5.14; N, 7.14. Found: C, 79.77; H, 5.20; N, 7.23.
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(3-(Diphenylamino)phenyl)(4-cyanobenzyl)methyl  sulfonium  trifluoro-
methanesulfonate. To a solution of 4-(3-(diphenylamino)phenylthio)methylbenzonitrile
(1.08 g, 2.75 mmol) in dry dichloromethane (30 mL) under nitrogen at —78 °C was added
methyl trifluoromethanesulfonate (0.41 mL, 0.59 g, 3.6 mmol). The reaction mixture was
stirred for 30 min at the same temperature, and then it was allowed to slowly rise to room
temperature overnight. After the solvent was removed by rotary evaporation, diethyl
ether (2 x 50 mL) was added to wash the product. The oily product was dried under high
vacuum, and the solid pure product (1.15 g) was obtained in 75% yield. The product is
light sensitive. 'H NMR (500 MHz, chloroform-d) §7.58 (d, J = 8.0 Hz, 2H), 7.55 (dd, J
=8.0 Hz, /= 1.0 Hz, 1H), 7.47 (t, J = 8.0 Hz, 1H), 7.35 (d, /= 8.0 Hz, 2H), 7.30 (t, J =
7.5 Hz, 4H), 7.23 (dd, J = 8.5 Hz, J = 1.5 Hz, 1H), 7.15 (t, /= 7.5 Hz, 2H), 6.92 (d, J =
8.5 Hz, 4H), 6.74 (t, J =2 Hz, 1H), 5.30 (d, /= 12.5 Hz, 1H), 4.92 (d, J = 12.5 Hz, 1H),
3.42 (s, 3H). °C NMR (125 MHz, chloroform-d) & 149.6, 145.5, 132.8, 132.7, 132.5,
131.5, 129.9, 125.9, 125.4, 125.4, 122.7, 122.0, 120.1, 117.8, 113.8, 50.6, 25.8 (A carbon
peak from CF; was not observed. HRMS (FAB+) m/z: Caled. for C7;Hp3N,S
(M+—CF3803) 407.1582, Found 407.1577. Anal. Calcd. for C,sH»3N,03S,: C, 60.42; H,

4.16; N, 5.03. Found: C, 60.04; H, 4.08; N, 4.75.
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4-(Methylthio)-N,N-diphenylaniline. To a solution of 4-bromo-N,N-
diphenylaniline (1.05 g, 3.24 mmol) in dry tetrahydofuran (50 mL) at —78 °C under
nitrogen pressure was added tert-butyl lithium (4.2 mL, 1.7 M, 7.3 mmol). After 30 min,
the reaction mixture was allowed to slowly rise to room temperature. Then sulfur (0.13 g,
3.9 mmol) was added with a brisk stream of nitrogen passing through the open system to
exclude air. When sulfur was consumed, methyl bromide (0.61 g, 4.2 mmol) in dry
tetrahydrofuran (2 mL) was added, and the mixture was stirred at room temperature for 1
hour. The solvent was removed by rotary evaporation, and water (50 mL) was added to
the residue. The mixture was extracted with diethyl ether (3 x 60 mL) and the combined
organic layers were dried over magnesium sulfate. The product (0.75 g) was obtained in
80% yield after flash column chromatography (1% ethyl acetate in hexane). '"H NMR
(500 MHz, chloroform-d) 67.23 (t, J = 8.0 Hz, 4H), 7.19 (d, J = 8.5 Hz, 2H), 7.09 (d, J =
9.0 Hz, 4H), 7.04 — 7.00 (m, 4H), 2.48 (s, 3H). “C NMR (125 MHz, chloroform-d) &
147.6, 145.6, 129.2, 128.6, 124.7, 124.6, 124.0, 122.7, 16.9. MS (EI+) m/z (relative
intensity, %) 323 (M, 100), 276 (M'—CHs, 86). HRMS (FAB+) m/z: Calcd. for
C19H{7NS (M+) 291.1082, Found 291.1088. Anal. Calcd. for CoH;7NS: C, 78.31; H,

5.88; N, 4.81. Found: C, 78.39; H, 5.79; N, 4.46.
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4-(Benzylthio)-NV,N-diphenylaniline. To a solution of 4-bromo-N,N-
diphenylaniline (2.85 g, 8.80 mmol) in dry tetrahydrofuran (100 mL) at —78 °C under
nitrogen flow was added ters-butyl lithium (11.4 mL, 1.7 M, 19.4 mmol). After 30 min,
the reaction mixture was allowed to slowly rise to room temperature. Then sulfur (0.31 g,
9.7 mmol) was added with a brisk stream of nitrogen passing through the open system to
exclude air. When sulfur was consumed, benzyl bromide (1.51 g, 8.80 mmol) was added,
and the mixture was stirred at room temperature for 1 hour. The solvent was removed
under reduced pressure, and water (100 mL) was added to the residue. The mixture was
extracted with diethyl ether (3 x 100 mL) and the combined organic layers were dried
over magnesium sulfate. The pure product (2.31 g) was obtained in 72% yield after flash
column chromatography (1% ethyl acetate in hexane). 'H NMR (500 MHz, chloroform-
d) 67.36 —7.27 (m, 9H), 7.24 (d, J = 9.0 Hz, 2H), 7.14 (d, J = 7.5 Hz, 4H), 7.08 (t, J =
7.5 Hz, 2H), 7.02 (d, J = 8.5 Hz, 2H), 4.05 (s, 2H). °C NMR (125 MHz, chloroform-d) &
147.4, 146.9, 137.8, 132.3, 129.2, 128.9, 128.4, 127.0, 124.5, 124.3, 123.9, 122.9, 40.3.
MS (EI+) m/z (rel intensity, %): 367 (M", 65), 276 (M —CH,Ph, 100). HRMS (FAB+)
m/z: Calcd. for CosHp NS 367.1395 (M") Found 367.1393. Anal. Caled. for C,5Hy NS: C,

81.70; H, 5.76; N, 3.81. Found: C, 81.61; H, 5.73; N, 3.86.
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4-(4-(Diphenylamino)phenylthio)methylbenzonitrile. To a solution of 4-
bromo-N, N-diphenylaniline (5.56 g, 17.2 mmol) in dry tetrahydrofuran (150 mL) at —78
°C under nitrogen pressure was added tert-butyl lithium (22.2 mL, 1.7 M, 37.7 mmol).
After 30 min, the reaction mixture was allowed to slowly rise to room temperature. Then
sulfur (0.62 g, 18 mmol) was added with a brisk stream of nitrogen passing through the
open system to exclude air. When sulfur was consumed, o-bromo-p-tolunitrile (3.40 g,
17.2 mmol) was added, and the mixture was stirred at room temperature for 1 hour. The
solvent was removed under reduced pressure, and water (80 mL) was added to the
residue. The mixture was extracted with diethyl ether (3 x 150 mL) and the combined
organic layers were dried over magnesium sulfate. The product (4.71 g) was obtained in
70% yield after flash column chromatography (2% and then 5% ethyl acetate in hexane).
"H NMR (500 MHz, chloroform-d) 67.56 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H),
7.27 (t,J=17.5 Hz, 4H), 7.12 (d, J = 8.5 Hz, 2H), 7.06 (m, 6H), 6.93 (d, J = 8.5 Hz, 2H),
4.02 (s, 2H). *C NMR (125 MHz, chloroform-d) & 147.6, 147.2, 143.7, 133.3, 132.1,
129.6, 129.3, 126.2, 124.6, 123.3, 123.3, 118.8, 110.7, 40.4. MS (EI+) m/z (rel intensity,
%): 392 (M", 32), 276 (M'—=CH,PhCN, 100). HRMS (FAB+) m/z: Calcd. for CagH0N,S
(M") 392.1347, Found 392.1350. Anal. Calcd. for CosHyoN>S: C, 79.56; H, 5.76; N, 7.14.

Found: C, 79.35; H, 5.07; N, 7.09.
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(4-(Diphenylamino)phenyl)dimethylsulforium trifluoromethanesulfonate. To
a solution of 4-(methylthio)-N,N-diphenylaniline (0.51 g, 1.77 mmol) in dry
dichloromethane (20 mL) wunder nitrogen at -78 °C was added methyl
trifluoromethanesulfonate (0.15 mL, 0.22 g, 1.8 mmol). The reaction mixture was stirred
for 30 min at the same temperature, and then it was allowed to slowly rise to room
temperature overnight. After the solvent was removed by rotary evaporation, diethyl
ether (60 mL) was added to the residue. White crystals were formed slowly. Filtration
followed by washing with diethyl ether (3 x 30 mL) afforded the pure product (0.77 g) in
96% yield. The product is light sensitive. "H NMR (500 MHz, chloroform-d) §7.67 (d, J
= 8.5 Hz, 2H), 7.37 (t, J = 8.0 Hz, 4H), 7.22 (t, J = 7.5 Hz, 2H), 7.17 (d, J = 8.5 Hz, 4H),
7.06 (d, J=9.5 Hz, 2H), 3.29 (s, 6H). °C NMR (125 MHz, chloroform-d) 5 153.5, 145.2,
131.1, 129.9, 126.5, 125.9, 120.2, 111.1, 29.9. A carbon peak from CF; was not
observed. HRMS (FAB+) m/z: Calcd. for CyHaoNS (M'—CF3S03) 306.1316, Found
306.1316. Anal. Calcd. for C, HyoF3sNOsS,: C, 55.37; H, 4.43; N, 3.07. Found: C, 54.98;

H, 4.43; N, 3.07.
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(4-(Diphenylamino)phenyl)methylbenzylsulfonium trifluoromethane-
sulfonate. To a solution of 4-(benzylthio)-N, N-diphenylaniline (0.75 g, 2.0 mmol) in dry
dichloromethane (20 mL) under nitrogen pressure at —78 °C was added methyl
trifluoromethanesulfonate (0.35 mL, 0.50 g, 3.1 mmol). The reaction mixture was stirred
for 30 min at the same temperature, and then it was allowed to slowly rise to room
temperature overnight. After the solvent was removed by rotary evaporation, diethyl
ether (2 x 50 mL) was added to wash the product. The oily product was dried under high
vacuum, and the solid product (0.53 g) was obtained in 49% yield. The product is light
sensitive. "H NMR (500 MHz, chloroform-d) §7.44 (d, J = 8.5 Hz, 2H), 7.36 — 7.26 (m,
9H), 7.20 (t, J=17.5 Hz, 2H), 7.13 (d, J = 7.5 Hz, 4H), 6.97 (d, J = 8.5 Hz, 2H), 5.07 (d, J
=12.5 Hz, 1H), 4.79 (d, J = 12.0 Hz, 1H), 3.27 (s, 3H). °C NMR (125 MHz, chloroform-
d) 0153.5, 145.1, 132.0, 130.9, 129.9, 129.2, 127.2, 126.5, 126.4, 125.9, 119.9, 108.3,
51.9, 26.0 (A carbon peak from CF3; was not observed). HRMS (FAB+) m/z: Calcd. for
Cy6H24NS (M'—CF3S03) 382.1629, Found 382.1634. Anal. Calcd. for Cp7;H,F3NO;S,: C,

61.00; H, 4.55; N, 2.63. Found: C, 60.08; H, 4.61; N, 2.65.
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(4-(Diphenylamino)phenyl)(4-cyanobenzyl)methyl  sulfonium  trifluoro-
methanesulfonate. To a solution of 4-(4-(diphenylamino)phenylthio)methylbenzonitrile
(0.92 g, 2.3 mmol) in dry dichoromethane (20 mL) under nitrogen at —78 °C was added
methyl trifluoromethanesulfonate (0.40 mL, 0.58 g, 0.40 mmol). The reaction mixture
was stirred for 30 min at the same temperature, and then allowed to slowly rise to room
temperature overnight. After the solvent was removed by rotary evaporation, diethyl
ether (60 mL) was added to the residue. White crystals were formed slowly. Filtration
followed by washing with diethyl ether (3 x 30 mL) afforded the pure product (1.02 g) in
95% yield. The product is light sensitive. "H NMR (500 MHz, chloroform-d) §7.58 (d, J
= 8.5 Hz, 2H), 7.47 — 7.37 (m, 8H), 7.24 (t, J = 7.0 Hz, 2H), 7.14 (d, J = 9.0 Hz, 4H),
6.96 (d, J= 8.5 Hz, 2d), 5.22 (d, J=12.5 Hz, 1H), 4.95 (d, J=12.5 Hz, 1H), 3.37 (s, 3H).
C NMR (125 MHz, chloroform-d) & 153.8, 144.8, 133.1, 132.8, 132.1, 131.5, 130.1,
126.6, 126.3, 119.6, 117.9, 113.8, 106.8, 50.8, 27.1 (A carbon peak from CF; was not
observed). HRMS (FAB+) m/z: Calcd. for Cy7H3N,S (M+—CF3803) 407.1582, found
407.1593. Anal. Calcd. for CysH23F3NOsS,: C, 60.42; H, 4.16; N, 5.03. Found: C, 60.04;

H, 4.23; N, 4.86.
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3. TWO-PHOTON ACID GENERATORS
3.1 Introduction to two-photon induced polymerization

Due to the current demand for device miniaturization, particularly in
microelectromechanical systems, the development of new fabrication techniques to free-
form fabricate three dimensional microstructures, pattern a variety of materials, and
couple nano- and micro-scale objects to each other has attracted intense attention.'”®!”
Two-photon induced polymerization has unique merits arising from intrinsic advantages
of two-photon absorption. First, the probability of two-photon absorption depends
quadratically on light intensity. By using focused laser beams, the excitation can be
confined to a volume around the focal point (V) approximately the cube of the two-
photon excitation wavelength (V oc 1%)."¥ Subsequent photo-induced processes, such as
fluorescence or chemical reactions, can therefore also be localized in this small volume.
Secondly, the two-photon excitation can potentially be performed in the visible or near-
infrared wavelength region, where common monomers and polymers have negligible
linear absorption. As a result, laser beams at these wavelengths penetrate more deeply
into materials, and directly induce polymerization within the focal volume without
affecting the surrounding medium.

Two-photon polymerization was first experimentally reported in 1965 by Pao and
Rentzepis.'® They successfully polymerized p-isopropyl- and chlorine-styrene through
direct two-photon excitation of the monomers using pulsed Ruby laser (694 nm) with a
peak power of 3 x 10~ W. Several subsequent reports in this area are scattered in the

182-184

literature. In 1997, two-photon induced polymerization was applied in three-
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dimension lithographic microfabrication (3DLM),"" which brought two-photon curable
resins into the realm of micro-nanofabrication. Since then, high-fidelity micro-
nanostructures with complex three-dimensional forms and feature sizes as small as 100 —
200 nm have been produced by two-photon induced polymerization.'***!®!% These
achievements have demonstrated the potential of two-photon induced polymerization for
3DLM.

In general, photoinduced polymerization reactions are classified into two
categories: radical photopolymerization and cationic photopolymerization. Their
initiation reactions that are typically used for laser 3DLM are shown in Figure 3.1. Resins
containing acrylate monomers or oligomers undergo radical type reactions. Most current
work in patterning structures using two-photon radical polymerization has utilized
commercial acrylate resins and conventional photoinitiators.'"'®> In Chapter 4, two-
photon radical polymerization will be reviewed, and the results from our group on the
development of two-photon radical generators will be discussed. Cationic
photopolymerization, which is generally based on the ring opening of the oxirane or
epoxide group, has been less fully explored than radical polymerization. In this chapter,
the application of two-photon cationic polymerization in 3DLM, especially the
development of two-photon acid generators, will be presented.

R ' )

*R . R R
— = X H* ..
C=0 C=0 \QO — \QO H

/
R'O R'O

radical type cationic type

Figure 3.1 Initiation reactions typically used for laser 3DLM.
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3.2  Two-photon acid generators
3.2.1 Introduction

Cationic polymerization generally features with high polymerization efficiency
upon light irradiation, fast reaction time, low dark polymerization, and less shrinkage
after polymerization to facilitate the high 3DLM fidelity.”® As discussed previously in
Chapter 2, photoacid generators are the major player for initiation of photon-induced
cationic polymerization. In addition, photoacid generators have also been used in positive
tone resist approach for 3DLM, as the lower viscosity products produced can be easily
washed away during the development, which is important for the fabrication of
complicated structures. Thus, current research efforts in this area are largely devoted to
synthesis of highly efficient two-photon acid generators and two-photon
sensitizers.'> 18187 I this section, the concepts of the negative/positive tone resist
3DLM will be introduced, then the two-photon acid generators and their applications
reported in the literature will be reviewed, and finally the contribution from our group to

this area will be discussed.
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3.2.2 Negative and positive tone resists

Photoresists are light-sensitive materials that are classified into two groups,
negative tone resists and positive tone resists. A negative tone resist is a type of
photoresist in which the portion that is exposed to light becomes relatively insoluble to
the developer, for example by polymerization or cross-linking, and the unexposed portion
is soluble in the developer. The developer solution removes only the unexposed portions,
leaving behind the structure on the surface wherever it is exposed as shown in the Figure
3.2. If a mask is used for negative tone resists, the final structure contains the inverse (or
photographic "negative") of the pattern of the mask.

light

WL

mask [ [ | N
- m
irradiation after irradiation after development

Figure 3.2 Negative tone resist approach.
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Positive tone resists behave in just the opposite manner. A positive tone resist is a
type of photoresist in which the portion that is exposed to light becomes soluble to the
developer, for example by decomposing polymers, and the portion that is unexposed
remains insoluble to the developer. The exposed resist is then washed away by the
developer solution, leaving the unexposed area on the surface. In other words, "whatever
shows, goes." As a result, the final structure is the complement of the exposure pattern.
The schematic diagram of the positive tone resist approach for fabrication is shown in the
Figure 3.3.

light

WU

mask [ [ |
e M e O

irradiation after irradiation after development

Figure 3.3 Positive tone resist approach.
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3.2.3 Literature review of two-photon acid generators

Positive tone resist 3DLM may be useful in manufacturing micro-channel-based
structures, such as micro-fluidic devices and waveguide-based micro-optical circuits. It
proves to be more efficient for generation of micro-channels within the structure by
excavating rather than depositing materials. In addition, positive tone resist 3DLM
minimizes the shrinkage and distortion that are normally encountered in negative tone
resist 3DLM. Two-photon acid generators could be used with positive tone resist 3DLM
and react with a functionality of the insoluble resins, making the exposed region of the
resin more soluble in a developer. However, there are few reports of two-photon induced
positive tone resist 3DLM published, which are briefly reviewed here.

Belfield have used a commercially available PAG, diaryliodonium (CD-1012,
Figure 3.4 a) to initiate cationic polymerization of multifunctional epoxide monomers
K126 (a mixture of poly(bisphenolA-co-epichlorohydrin), glycidyl end-capped and 3.,4-
epoxycyclohenylmethyl 3,4-epoxycyclohexanecarboxylate).”” The resin consisted of
K126 (99%) and CD-1012 (1%). The two-photon excitation wavelength was 775 nm
with an 150 fs pulse width and a repetition rate of 1 kHz. Microstructrues of lines were
achieved with a linewidth of 18 pum, and a spacing that progressively increased from
bottom to top, beginning at 72 um (Figure 3.4 b). Since the TPA cross-section of
CD-1012 is small (16 GM),"™® it expected that high excitation powers and long exposure

times would be required.
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CD-1012

Figure 3.4  (a) Chemical structure of CD-1012. (b) Optical microscopy image of
microstructures formed by using CD-1012.%

Boiko used a resin consisting of isopropylthioxanethone (ITX) (Figure 3.5) as a
TPA sensitizer, CD—-1012 as an initiator, and K126 as the monomer. The resin was
irradiated at 710 nm with an 150 fs pulse width."® A polymerization threshold of 1 GW
cm > with a dynamic range bigger than 100 damage-free was reported. ITX facilitated the
activation of CD—1012 in the near-IR region, but the low TPA cross-section of ITX (5

GM)"®® limited the rate of polymerization.

Figure 3.5 Isopropylthioxanethone (ITX), a mixture of 2 and 4 isomers.
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3.2.4 Two-photon acid generator developed by our group
3.2.4.1 Motivation

Two-photon acid generators produce acids subsequent to two-photon absorption
of radiation from intense laser pulses. Previous work has shown that two-photon acid
generators can be used for both two-photon induced cationic polymerization and 3DLM
by a positive tone resist approach. Most current work has used commercially available
photoinitiators, which normally have low two-photon sensitivity because they often have

small TPA cross-sections, typically less than 20 GM.'™®

Due to the low TPA sensitivity
results, high excitation power and long exposure time are required, which can lead to
optical damage of the structure. These drawbacks limit the scope of two-photon induced
3DLM for widespread applications. To make two-photon induced 3DLM a more widely

applicable technique, the development of two-photon acid generators with high TPA

cross-section has been explored by our group.

3.2.4.2 Molecular design

For efficient high-fidelity microfabrication of structures, short exposure times and
low excitation intensities are highly desirable to avoid optical damage of microstructures.
A large TPA cross-section and a high quantum yield for acid generation (@u:) could

facilitate these requirements. Therefore, the desired two-photon acid generators would

31,33

contain a TPA chromophore with a large cross-section, a functionality with a high

165,166,169,190

quantum yield of acid generation, and a mechanism to ensure that the

excitation of the chromophore can lead to activation of the chemical ‘functionality.u’180
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The TPA chromophore 27 (Figure 3.6) with a large TPA cross-section (805 GM
at 745 nm)>> was chosen as a good candidate for the TPA chromophore moiety from
amongst the pool of molecules with two-photon absorption property that our group has
synthesized and studied. Based on Saeva’s study on aryl dialkylsulfonium PAGs,'®>'°%!*
our group has designed and synthesized triphenylamine dialkylsulfonium PAGs with
different alkyl sulfonium subsitutents at two different positions of triarylamines, and
investigated their photochemistry properties and efficiency of quantum yield of acid
generation, which has been discussed in Chapter 2. As a result, triphenylamine
dimethylsulfonium salt 28 (Figure 3.6) was selected as the model molecule for the design
of two-photon acid generators due to its high quantum yield of acid generation (0.48)'®
and synthetic convenience. The mechanism for acid generation has been studied in detail

165,190
by Saeva, >

and was discussed in Chapter 2.

Figure 3.6 Model molecules 27 and 28 for the design of two-photon acid generators.
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3.2.4.3 Two-photon acid generator and its applications

According to our design strategy and studies above, a two-photon acid generator
with a bis(styryl)benzene TPA core (BSB-S;) (Figure 3.7) was synthesized by replacing
the triphenylanime of 28 with the TPA chromophore 27. BSB—S; has achieved our design

strategy, which showed a high TPA cross-section (690 GM at 710 nm) and a high

187

quantum yield for acid generation (0.50 + 0.05).

Figure 3.7 Chemical structure of BSB-S,.

BSB-S; has been demonstrated to be highly efficient in two-photon induced

cationic polymerization.'*'

BSB-S; (10 mM) was used to initiate the polymerization of
the resin, which consists of SU-8 (80 wt%) and 4-vinyl-1-cyclohexene diepoxide (20
wt%), and irradiated with 5 ns laser pulses at 745 nm in a defined pattern. SU-8 is a
commercially available photoresist for cationic polymerization. Free-standing columns of

cross-linked polymers were observed after removal of the monomer (Figure 3.8). The

width of the smallest feature is 60 pm.""!
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Figure 3.8 SEM image of columnar structures produced with SU-8 and BSB-S,.""

BSB-S; has been also used in positive tone resist microfabrication to produce
complex microstructures. Tetrahydropyranyl methacrylate (THPMA) and methyl
methacrylate (MMA) were used to synthesize a copolymer poly(THPMA-co—-MMA)
(Figure 3.9), where MMA provides the strength and optical clarity, and THPMA

provides the acid-catalyzed solubility-change.

GHs  OHs GHs  GHs
< CH—€ )0.4 ( ¢ )06 ( CH,—C )0.4 {Cf )os
CI::O (|3:O H* (I;:O (I;:O
Q _ - OH 0
o  CHs CHj
insoluble in developer soluble in developer

poly(THPMA-co-MMA)

Figure 3.9 Decomposition of poly(THPMA—-co—MMA) upon acid exposure.



100

A 50-um-thick film of BSB-S, (4 wt%) in poly(THPMA—-co—-MMA) was exposed
at 745 nm with tightly focused pulse laser (80 fs) at an average power of 40 uW and a
linear scan speed of 50 um s™'. Acids were released from BSB-S; in the exposed regions,
and the tetrahydropyranyl protecting group was hydrolyzed by an acid-catalyzed
deprotection reaction to give carboxylic acid groups, which makes the polymer soluble in
the base aqueous solution. After exposure, the film was baked for 1 minute at 90 °C, and
then the exposed resin was dissolved in an aqueous tetramethylammonium hydroxide
solution (0.26 M). The final structure, which consisted of twelve parallel channels buried

10 um below the surface with connecting reservoirs on both ends, was obtained (Figure

3.10).'%7

grating with burried channels
vertical cross-section

T

film surface 10 um below surface

b —————

Figure 3.10 Two-photon fluorescence microscopy images of three-dimensional
microchannel structure fabricated by using BSB=S,.""’
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3.3  Research goals

The diffraction-limited focal volume is proportional to the third power of the
excitation wavelength (Vocd?). Thus, decreasing the excitation wavelength can lead to
smaller focal volumes, which, in principle, can result in improvement of the resolution
for 3DLM.'® Bearing this in mind and encouraged by the previous results from BSB=S,,
our goal was to develop the short wavelength two-photon acid generators as well.

By using two-photon fluorescence, Perry measured a TPA cross-section of 280
GM at 532 nm for the biphenyl chromophore 29 (Figure 3.11),"? and Belfield measured
a maximum TPA cross-section of 260 GM at 610 nm for the fluorene chromophore 30
(Figure 3.1 1).' These values are favorably large in comparison with those of

commercial photoacid generators, which are typically less than 20 GM.'®®

They also have
shorter two-photon absorption wavelengths (532 nm for 29 and 600 nm for 30) than that
of 27 (745 nm) due to their shorter conjugation length. In the case of 29, the significant
bond twist (35 degree) between the two central phenyl rings in the core out of plane'”*

as determined from both quantum-chemical calculations and the X-ray crystal structure

also contributes to the absorption maximum blue-shift.

QO Qe
SV @‘“

Figure 3.11 Target short-wavelength two-photon absorbing chromophores.
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According to the previous molecular design principle, the target biphenyl 31 and
fluorene 32 PAGs (Figure 3.12) were designed by replacing triphenylamine of the model

molecule of the one-photon acid generator 28 with the TPA chromophores 29 and 30.

T PN @@

2SbFg Q 2SbFg

Bu —S+ _S{

Figure 3.12 Target molecules of short-wavelength two-photon acid generators 31 and
32.

In this research, the target molecules 31 and 32 were synthesized, their quantum
yields of acid generation were measured, and their ability to initiate epoxide
polymerization was investigated. Their application to 3DLM by using two-photon
initiation is being conducted in collaboration with Dr. Perry’s group, and the preliminary

results have been obtained.
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3.4 Synthesis of short wavelength two-photon acid generators
3.4.1 Synthesis of the biphenyl two-photon acid generator

Synthesis of the biphenyl PAG 31 is shown in Figure 3.13. 3-Bromobenzenethiol
was deprotonated by sodium methoxide and further reacted with iodomethane to give 1-
bromo-3-(methylsulfanyl)benzene 33 in 94% yield.'® The coupling of aryl halides with

195-197 \was used first for the

alkyl amines catalyzed by palladium (0) and DPPF complex
reaction between 33 and 4-butylaniline to form 34 in 98% yield, and then was used for
the coupling between 34 and 4,4'-dibromo-biphenyl to give product 35 in 44% yield. The
alkylation of 35 with methyl triflate gave the corresponding triflate salt 36 in 83%

yield."*'® The subsequent anion-exchange to replace the triflate anion with the less

nucleophilic hexafluoroantimonate anion afforded the target biphenyl PAG 31.'¢

NaOMe, Mel /©\ H2N4< >*Bu
e
Br S

_—
Pd,(dba);, DPPF, NaO'Bu
33 94% toluene, 90 °C
Bu

\
s
. s~ ) Q Q
oo -O-Cr
Bu Pd,(dba)s, DPPF, NaO'Bu Q

34 98% toluene, 90 °C 35 44%

\
S*t— Bu Bu S\

; NaSbFg

CF3S04CHj é
_— N N ——_— " 316%

CH,Cl,, ~78°C acetone
2CF3S05”

—_— ot
Bu 36 83% X

Br SH

Figure 3.13 Synthesis of two-photon acid generator 31.
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3.4.2 Synthesis of the fluorene two-photon acid generator

Synthesis of the biphenyl PAG 32 is shown in Figure 3.14, and uses a similar
procedures shown in Figure 3.13. The 9 position of 2,7-dibromofluorene was first
methylated under basic conditions, forming 37 in 90% yield. The following reactions
were conducted using similar reaction procedures shown in Figure 3.31. The TPA
chromophore with sulfide substitution 38 was obtained by performing the coupling
catalyzed by the palladium-DPPF complexes.'”"®" The subsequent S-methylation by
methyl triflate gave the triflate salt 39 in 86% yield. The subsequent anion-exchange by

using an excess aqueous sodium hexafluoroantimonate provided the fluorene PAG 32 in

80% yield.
' DMSO, KOH 34
Br Br —— Br
Mel, H,O Pda(dba);, DPPF, NaO'Bu
37 90% toluene, 90 °C

Bu

\
S Bu
' (CFISOiCH;
qoog j Q
CH,Cly, ~78 CH,Ch, 78°C
2CF4S05”

Bu 38 46% S Bu 39 86% —s+
\ \
NaSbFg
acetone 32 80%

Figure 3.14 Synthesis of two-photon acid generator 32.



105

3.5 One-photon photochemical studies

The photochemical properties of the PAGs described above under one-photon
irradiation were studied, specifically the quantum yield of acid generation and initiation
of epoxide polymerization. The photochemical results are presented in this section, and
are summarized in Table 3.1. The discussion of photochemical experiment details will be

described in the next section.

Two-photon acid generators Amax Emax Dy °
(nm) (10* M 'em™) (£0.05)

BSB-S,'" 392 5.50 0.50

31 340 4.55 0.45

32 355 3.38 0.43

“All measurements were conducted in acetonitrile. ° @y : quantum vyield of acid
generation (section 3.8.1).

Table 3.1  One-photon physical data for two-photon acid generators 31 and 32 vs
BSB-S, in acetonitrile.
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3.5.1 Absorption spectra

The absorption maxima of 31 and 32 are blue-shifted in comparison with BSB—S,
as were expected due to the decreased conjugation length (Figure 3.15). The wavelengths
of the absorption maxima for 31 (340 nm) and 32 (355 nm) are shorter than that of
BSB-S; (392 nm), and as a result, their peak two-photon absorption wavelengths are also

expected to be shorter.

60000 - BSB-S2
—_—31
50000 - 32
40000 -
5
— 30000 -
=S
w
20000 -
10000 -
0 T T T T
270 320 370 420 470

Wavelength (nm)

Figure 3.15 Absorption spectra of BSB—S; 31, and 32 in acetonitrile.

3.5.2  Quantum yield of acid generation

The quantum yield of acid generation of the known PAG BSB-S, was determined
to be 0.49, which was idential to the literature value of 0.50 within the uncertainty
(+0.05)."®” The same measurement was applied to the short wavelength PAGs 31 and 32,
and the @y, of 31 (0.45 £ 0.05) and 32 (0.43 £ 0.05) are considered to be essentially the

same to that of BSB-S,.
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3.5.3 Polymerization under one-photon conditions
The polymerization of cyclohexene oxide has been investigated, using both
biphenyl 31 and fluorene 32 PAGs as initiators under one-photon conditions. The

polymerization curve was plotted as conversion versus time (Figure 3.16).

100 - .

L 2
L 4

Conversion (%)

0 10 20 30 40 50 60

Reaction time (min)

Figure 3.16 One-photon polymerization of cyclohexene oxide (7.87 M) initiated by 31
(6.60 x 10 M) and 32 (6.36 x 10> M) irradiated at 300 nm.

The conversion curve shows that the biphenyl PAG 31 rapidly initiated cationic
polymerization, and the conversion reached 93% after 10 min. The fluorene PAG 32
afforded a reasonable conversion with a lower initiation rate. It may be due to smaller
extinction coefficient of the fluorene (2.45 x 10* M'em™) than the biphenyl (3.67 x 10*

M 'em™) PAG at 300 nm.
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3.6 Two-photon induced polymerization studies

The studies of two-photon induced polymerization were performed by Dr. M.
Rumi in Dr. Perry’s group. The two-photon induced polymerization of 4-vinyl-1-
cyclohexene dioxide at 520 nm was studied using both the literature system (CD-1012
/ITX 1:1.7)"® and our systems (31 and 32) as initiators. For a given exposure time, the
polymerization threshold energy can be defined as the average of the lowest and highest
pulse energy for which the polymerization was observed and not observed, respectively.
The results in Figure 3.17 indicated that at 520 nm, the resins containing 31 and 32 have
similar polymerization threshold, whereas the threshold for the CD—-1012/ITX resin is
1.2 — 1.8 times larger. Therefore, the PAGs 31 and 32 are more efficient than
CD-1012/ITX to polymerize 4-vinyl-1-cyclohexene dioxide with excitation at 520 nm.
Further characterization of the properties of initiators 31 and 32 under two-photon

excitation conditions is on the way.
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Figure 3.17 Threshold energies of initiation systems 31, 32 and CD-1012/ITX.
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3.7  Conclusions and future work

The short-wavelength two-photon acid generators with biphenyl 31 and fluorene
32 cores have been synthesized. Measurements have demonstrated that the maximum
one-photon absorption wavelengths of 31 (340 nm) and 32 (355 nm) are shorter than that
of the known BSB-S; (392 nm)."*” The acid quantum yields of acid generation of 31
(0.45) and 32 (0.43) are the same as that of BSB=S, (0.50)'®" within the uncertainty
(£0.05). The polymerization of cyclohexene oxide initiated by 31 and 32 under one-
photon irradiation showed that they effectively initiated cationic polymerization.

The two-photon maximum absorption wavelengths of 31 and 32 are anticipated to
be shorter than that of BSB—S, (710 nm). Their applications in two-photon induced
polymerization and positive tone resist 3DLM are being conducted in collaboration with
Dr. M. Rumi. The preliminary results show that two-photon induced polymerization of

189 at 520 nm.

epoxide initiated by 31 and 32 is more efficient than the literature system
More research will be conducted in two-photon induced polymerization. The application

of PAGs 31 and 32 with positive tone resist 3DLM will be included in the future

directions of this thesis.
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3.8 Experimental: photochemical measurements

The absorption spectra were collected on a Hewlett-Packard model 8453
spectrophotometer. The fluorescence spectra were collected on a Jobin Yvon Spex
Fluorolog—III fluorometer. A Rayonet photochemical reactor (Model #RPR-100),
manufactured by the Southern New England Ultraviolet Company, was used as a light
source for photopolymerization studies. Spectrophotometric grade acetonitrile and

dichloromethane were purchased from Aldrich or Acros, and were used as received.

3.8.1 Quantum yield of acid generation

The quantum yield of acid generation is defined as the rate of acid generation
(number of H™ generated per unit time) by a PAG in a solution upon irradiation divided
by the rate of absorption (number of photon absorbed per unit time) by the molecule.

The monochromated xenon lamp of Fluorolog—III fluorometer was used as the
irradiation source. The relative intensity of the light reaching the sample was measured
(as current) on the internal reference detector of the fluorometer. The reference current is
linearly proportional to the dose rate (number of photon delivered to the cuvette per unit
time), and the dose rate can be controlled by adjusting the slit width of the
monochromator. The absolute dose rate over a range of slit widths was determined by Dr.
S. Kuebler. The absorption rate (the rate at which photons are absorbed, photon s™') was
determined by using the well-established ferrioxalate actinometry method.'’”” The dose

rate measurements were corrected to take into account the reflection loss from the cuvette
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windows. In this way a calibration curve was obtained for the dose rate at the sample as a
function of the reference current.

The irradiation wavelength was set to 355 nm for the biphenyl 31 and fluorene 32
PAGs and at 400 nm for BSB-S, based on their absorption properties. The slopes of the
dose rate calibration curves were found to be 4.05 x 10" photon s'nA™" at 355 nm and
3.78 x 10" photon s'pA™" at 400 nm. The transmittance through an empty cuvette was
measured at the irradiation wavelength, and the square root of the average transmittance
was used to correct for the reflection losses and determine the number of photons that
reach the solution in the cuvette. The reference currents were read from the fluorometer.
The dose rate (#photon s™') can then be obtained as the product of the power parameter
(photon sﬁluAfl), the average reference current (nA) and the square root of the

transmittance (Eq 3.1).

doserate = Ppower parameters x reference current x  tansmittance > Eq 3.1
(#photon s~ 1) (photon s 'pA™h (HA)

Rhodamine B base (RB) was used as an acid indicator.'” As the acid form (RB")
of RB exhibits and absorption maximum at 555 nm changes in absorbance at 555 nm can
beused to monitor a change in acid concentration. Solutions of RB (2.5 x 107> M),
hydrogen chloride (2.0 x 107" M), and PAG (2.0 x 10~*M) in acetonitrile were prepared.
The PAG solution (2 mL) was irradiated with stirring in the fluorometer for a certain
time, and the reference current was recorded. After irradiation, the RB solution (50 pL)

and hydrogen chloride solution (40 pL) were added, the absorption spectrum was
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measured, and the absorbance at 555 nm was recorded. Figure 3.18 displays the
absorbance at 555 nm for the three PAG molecules investigated, as a function of
irradiation time. It can be seen that the absorbance increases linearly with time. The lines

in the figure are best fits to the data.

25 4
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2.0 y =0.0093x + 0.5357
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Figure 3.18 Absorbance of PAGs at 555 nm for 31, 32 and BSB-S,, measured over time
to determine the concentration of acid generated in acetonitrile.

The acid rate (#H" s™'") can then be calculated by Eq 3.2. The slope of the straight
line fit divided by the extinction coefficient for RB" (1.19 x 10° M'cm™', as measured by
Dr. K. Braun) and the pathlength corresponds to the concentration of acid generated per

unit time. This number multiplied by the solution volume and Avogadro’s number (N4)

yields the acid rate.

‘ slope (s_l)
acid rate = x volume (L) x N4 #H mol'")  Eq3.2

HH's ™) € (mol_chm_l) 1 (cm)
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The quantum yield of acid generation was obtained from the rate of acid
generation (#H" s™') divided by the rate of photons absorption (#photon s'). The
uncertainty for the measurement of the acid rate was +0.05, taking into account of the
uncertainties of dose rate measurement, acid rate measurement, and transmittance

correction.
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3.8.2 Polymerization under one-photon conditions

A Rayonet photochemical reactor was fitted with a merry-go-round apparatus,
and was equipped with eight lamps at 300 nm as light sources for both PAGs. A solution
of monomer (7.87 M for both 31 and 32) and PAGs (6.60 x 10~ M for 31, and 6.36 x 10~
M for 32) in a vial was prepared in dichloromethane. After the solution was degassed by
purging with nitrogen, the vial was put into the photochemical reactor. After a certain
irradiation time, the vial was taken out of the photochemical reactor, and ammonia (0.5
mL, 2.0 M in methanol) was added immediately to quench the polymerization. Then the
polymers were washed with methanol, cut into small pieces, filtered and dried in the
vacuum oven (50 °C) for roughly two days. The weight of the isolated polymers was
measured. The conversion was calculated by the weight of the isolated polymer divided
by the weight of the monomers. The polymerization curve was plotted by conversion

versus time.
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3.8.3 Dose-array measurements of two-photon induced polymerization thresholds

The efficiency of our PAG 31 and 32 in polymerizing 4-vinyl-1-cyclohexene
dioxide under two-photon excitation conditions was investigated by Dr. Rumi in Prof.
Joseph W. Perry’s lab. For comparison, a literature PAG system CD-1012/ITX was also
studied.

The photoresist was prepared by dissolving the initiators (7 mM) in the neat
monomer. PAG 31 did not fully dissolve at 7 mM. A cell was made by sandwiching a
500 um thick o-ring between two glass substrates. The cell was filled with the
photoresist. An array of points in the cell was irradiated with focused 6 ns laser pulses at
520 nm (10 Hz repetition rate) to determine the threshold pulse energy for the onset of
polymerization for various exposure times. The pulse energy was varied between 0.15
and 0.40 mJ per pulse and the exposure time between 5 s and 200 s. The diameter of the
beam at the sample size was about 60 um. After exposure, the cell was disassembled and
rinsed with propylene glycol methylether acetate and ethanol, and imaged with an optical
microscope. The occurrence of polymerization was judged by the presence of free-

standing columns of cross-linked material on the glass surface after solvent wash.
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3.9  Experimental: synthesis procedures

General experimental. NMR spectroscopy was performed using either a DRX-
500 MHz or Varian Unity Plus 200 MHz and 300 MHz spectrometers. Mass
spectrometry (MS) was performed by the MS Instrument Facility at the University of
Arizona. The combustion experiments for elemental analysis were conducted by Desert
Analytics, Tucson, Arizona. Silica gel (40 — 63 um, EMD Chemical, Inc.) was used to
perform flash column chromatography. TLC was performed on pre-coated plates
containing a fluorescent indicator (silica gel 60 F,s4, EMD Chemicals, Inc.) All reagents
and solvents including dry solvents and anhydrous solvents in Acroseal bottles were
purchased from Aldrich or Acros, and were used as received. The general precautions for
preparation of light sensitive compounds mentioned in this section include wrapping the
reaction flask with aluminum foil and performing the subsequent workup and purification
in dark under the weak red light. These precautions are applied in all cases where it is

indicated that the compound is light sensitive.

Br:S/

1-Bromo-3-(methylsulfanyl)benzene. To a solution of sodium methoxide
prepared from sodium (0.45 g, 43 mmol) in anhydrous methanol (20 ml) was added 3-
bromobenzenethiol (1.60 ml, 15 mmol) at room temperature under nitrogen flow. After
30 min, iodiomethane (1.23 ml, 19.5 mmol) was added dropwise, and then the reaction
mixture was stirred overnight under nitrogen pressure. After quenching with addition of a

2.0 M aqueous solution of sodium hydroxide until the solution was basic, the mixture was
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extracted with diethyl ether (3 x 60 mL). The combined organic layers were washed with
brine and dried over magnesium sulfate. The product (2.70 g) was obtained in 89% yield
after flash column chromatography (1% and then 3% ethyl acetate in hexane). '"H NMR

(300 MHz, chloroform-d) 67.25 (m, 4H), 2.42 (s, 3H). The data were consistent with the

literature data.'®

D \©/S\
Bu =

N-(4’-Butylphenyl)-3-(methylsulfanyl)aniline. To a solution of
tris(dibenzylideneacetone)dipalladium (0) (Pdy(dba);) (0.14 g, 0.15 mmol) and
bis(diphenylphosphino)ferrocene (DPPF) (0.12 g, 0.18 mmol) in dry toluene (20 mL)
under nitrogen pressure at room temperature was added 1-bromo-3-
(methylsulfanyl)benzene (2.03 g, 10.0 mmol). After 10 min, sodium fert-butoxide (2.19
g, 22.0 mmol) and 4-butylaniline (2.4 mL, 2.3 g, 15 mmol) were added. The reaction
mixture was then heated to 90 °C, and was stirred for 7 h under nitrogen pressure. After
quenching with water (80 mL), the mixture was extracted with diethyl ether (3 x 60 mL),
and the combined organic layers were dried over magnesium sulfate. The product (2.35
g) was obtained in 86% yield after flash column chromatography (2% and then 4% ethyl
acetate in hexane). "H NMR (300 MHz, chloroform-d) §7.16 — 6.75 (m, 8H), 2.56 (t, J =
7.5 Hz, 2H), 1.58 (quintet, J = 7.8 Hz, 2H), 1.36 (sextet, J = 7.8 Hz, 4H), 0.93 (t, J= 7.4
Hz, 3H). C NMR (75 MHz, chloroform-d) & 144.4, 139.9, 139.4, 136.5, 129.6, 129.2,
119.2, 118.1, 114.3, 113.1, 34.9, 33.8, 22.3, 15.7, 14.0. The data were consistent with the

literature data.'”’
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Br O'O Br

2,7-Dibromo-9,9-dimethyl-9H-fluorene. To a solution of 2,7-dibromofluorene
(14.86 g, 44.48 mmol) in DMSO (200 mL) at the room temperature, was added
potassium hydroxide (16.64 g, 0.27 mmol). Then iodomethane (8.4 mL, 19 g, 0.13 mmol)
was slowly added over 10 min, and water (40 mL) was added dropwise over 2 hours. The
reaction was exothermic. After the reaction mixture had returned to room temperature,
the mixture was extracted with water (3 x 200 mL), and then the aqueous phase was
extracted with dichloromethane (4 x 250 mL). The combined organic layers were dried
over magnesium sulfate. The product (14.01 g) was obtained in 90% yield after flash
column chromatography (hexane). 'H NMR (200 MHz, chloroform-d) &7.56 — 7.47 (m,
6H), 1.46 (s, 6H). >C NMR (50 MHz, chloroform-d) §155.3, 137.2, 130.3, 126.2, 121 .4,

121.2,47.3, 26.8. The data were consistent with the literature data.'”®1%
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4,4'-Bis((4-butylphenyl)(3-(methylsulfanyl)phenyl)amino)-biphenyl. To a
solution of #ris(dibenzylideneacetone) dipalladium (0) (Pd,(dba);) (0.28 g, 0.30 mmol)
and bis(diphenylphosphino)ferrocene (DPPF) (0.21 g, 0.36 mmol) in dry toluene (60 mL)

under nitrogen pressure at room temperature was added 4,4’-dibromobiphenyl (3.20 g,
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10.1 mmol). After 10 min, sodium tert-butoxide (4.39 g, 44.2 mmol) and N-(4-
butylphenyl)-3-(methylsulfanyl)aniline (6.00 g, 0.12 mmol) were added. The reaction
mixture then was heated to 90 °C, and was stirred for 22 h under nitrogen pressure. After
quenching with water (100 mL), the mixture was extracted with diethyl ether (3 x 100
mL), and the combined organic layers were dried over magnesium sulfate. The product
(2.72 g) was obtained in 44% yield after flash column chromatography (hexane, 0.1%,
0.2% and then 0.4% ethyl acetate in hexane). "H NMR (300 MHz, acetone-ds) &7.44 (d,
J = 8.7 Hz, 4H), 7.14 — 6.73 (m, 20H), 2.55 (t, J = 7.5 Hz, 4H), 2.31 (s, 6H), 1.57
(quintet, J = 7.2 Hz, 4H), 1.34 (sextet, J = 7.2 Hz, 4H), 0.90 (t, J = 7.2 Hz, 6H). *C NMR
(75 MHz, acetone-ds) o 149.2, 147.4, 145.7, 140.5, 139.1, 135.2, 130.4, 130.2, 127.9,
1259, 124.6, 121.6, 120.7, 120.6, 35.6, 34.4, 23.0, 15.3, 14.2. HRMS (FAB+) m/z:
Calcd. for C46H4gN>S» (M+) 692.3259, Found 692.3241. Anal. Calcd. for C4H4sN»S,: C,
79.72; H, 6.98; N, 4.04. Found: C, 79.70, H, 7.04, N, 4.05.
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\
2,7-Bis((4-butylphenyl)(3-(methylsulfanyl)phenyl)amino)-9,9-

\

dimethyl-fluorene. To a solution of fris(dibenzylideneacetone) dipalladium (0)
(Pdy(dba)s) (0.12 g, 0.11 mmol) and bis(diphenylphosphino)ferrocene (DPPF) (0.11 g,

0.16 mmol) in dry toluene (25 mL), under nitrogen pressure, at room temperature, was
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added 2,7-dibromo-9,9-dimethyl-9H-fluorene (1.51 g, 4.28 mmol). After 10 min, sodium
tert-butoxide (1.82 g, 18.8 mmol) and N-(4-butylphenyl)-3-(methylsulfanyl)aniline (2.33
g, 8.57 mmol) were added. The reaction mixture then was heated to 90 °C for 23 h under
nitrogen pressure. After quenching with water (50 mL), the mixture was extracted with
diethyl ether (3 x 50 mL), and the combined organic layers were dried over magnesium
sulfate. The product (1.44 g) was obtained in 47% yield after flash column
chromatography (hexane, 0.2% and then 0.5% ethyl acetate in hexane). It is a light
sensitive compound. '"H NMR (300 MHz, acetone-ds) & 7.56 (d, J = 8.1 Hz, 2H), 7.23 —
6.74 (m, 20H), 2.57 (t, J= 7.5 Hz, 4H), 2.33 (s, 6H), 1.59 (quintet, J = 7.5 Hz, 4H), 1.342
—1.30 (m, 10H), 0.92 (t, J = 7.2 Hz, 6H). *C NMR (75 MHz, acetone-ds) 5 156.4, 150.3,
148.1, 146.7, 141.1, 139.5, 135.6, 131.0, 130.8, 126.4, 121.8, 121.0, 120.7, 120.1, 48.1,
36.3, 35.1, 27.9, 23.7, 16.0, 14.9. HRMS (FAB+) m/z: Caled. for C4HsN2S; (M)
732.3572, Found 732.3540. Anal. Calcd. for C4Hs,N2S,: C, 80.28; H, 7.15; N, 3.82.

Found: C, 80.22, H, 7.22, N, 3.80.
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4,4'-Bis((4-butylphenyl)(3-(dimethylsulfonio)phenyl)amino)-biphenyl
ditrifluoromethanesulfonate. To a solution of 4,4"-bis((4-butylphenyl)(3-

(methylsulfanyl)phenyl)amino)-biphenyl (2.43 g, 3.51 mmol) in dry dichloromethane (50
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mL) under nitrogen pressure at —78 °C was added methyl trifluoromethanesulfonate (0.52
mL, 4.6 mmol). The reaction mixture was stirred for 30 min at —78 °C, and then allowed
to slowly rise to room temperature overnight under nitrogen pressure. The pure product
(2.97 g) was obtained in 83% yield from recrystallization by adding diethyl ether to a
dichloromethane solution. The product is light sensitive. '"H NMR (300 MHz, acetone-dj)
07.73 -7.85 (m, 10H), 7.32 — 7.12 (m, 14H), 3.43 (s, 12H), 2.64 (t, /= 7.8 Hz, 4H), 1.62
(quintet, J = 7.5 Hz, 4H), 1.41 (sextet, J = 7.5 Hz, 4H), 0.94 (t, /= 7.5 Hz, 6H). °C NMR
(75 MHz, chloroform-d) 6 150.0, 145.0, 143.0, 140.5, 136.6, 132.2, 130.0, 128.2, 125.9,
125.5, 125.4, 125.3, 120.4, 119.6, 35.1, 33.5, 29.1, 22.4, 13.9 (The carbon peak from
CF;SO;~ was not observed). HRMS (FAB+) m/z: Caled. for CysHs3N2S,
(M'=2CF;S0;-H) 721.3650, Found 721.3637. Anal. Calcd. for CsoHs4FsN2O4S,: C,

58.81; H, 5.33; N, 2.74. Found: C, 59.22; H, 5.39; N, 2.69.
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2,7-Bis((4-butylphenyl)(3-(dimethylsulfonio)phenyl)amino)-9,9-
dimethyl-fluorene ditrifluoromethanesulfonate. To a solution of 2,7-bis((4-
butylphenyl)(3-(methylsulfanyl)phenyl)amino)-9,9-dimethyl-fluorene  (1.38 g, 1.89
mmol) in dry dichloromethane (20 mL) at —78 °C under nitrogen atmosphere was added

methyl trifluoromethanesulfonate (0.28 mL, 2.5 mmol). The reaction mixture was stirred
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for 30 min at —78 °C, and then it was allowed to slowly rise to room temperature
overnight under nitrogen pressure. The product (1.72 g) was obtained in 86% yield from
recrystallization by adding diethyl ether to a dichloromethane solution. The product is
light sensitive. '"H NMR (300 MHz, dimethyl sulfoxide-ds) & 7.73 (d, J = 8.1 Hz, 2H),
7.56 — 7.54 (m, 6H), 7.29 — 6.99 (m, 14H), 3.18 (s, 12H), 2.58 (t, J = 7.5 Hz, 4H), 1.57
(quintet, J = 7.5 Hz, 4H), 1.39 — 1.27 (m, 10H), 0.91 (t, J = 7.2 Hz, 6H). *C NMR (125
MHz, dimethyl sulfoxide-ds) ¢ 155.2, 149.0, 145.6, 143.6, 139.0, 134.5, 131.4, 129.8,
127.6, 125.3, 125.0, 124.0, 121.2, 121.1, 120.9, 119.0, 46.7, 34.3, 33.0, 28.0, 26.6, 21.8,
13.8 (The carbon peak from CF;SO;3; was not observed). HRMS (FAB+) m/z: Calcd. for
CsiHs7NS;  (M'—2CF3SO3-H)  761.3963, Found 761.3949. Anal. Caled. for

C53H53F6N206SQI C, 5998, H, 5.51; N, 2.64. Found: C, 59.71; H, 5.51, N, 2.64.

\SL Bu
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Bu 781
4,4'-Bis((4-butylphenyl)(3-(dimethylsulfonio)phenyl)amino)-biphenyl
dihexafluoroantimonate. To a solution of 4,4-bis((4-butylphenyl)(3-
(dimethylsulfonio)phenyl)amino)-biphenyl ditrifluoromethanesulfonate (0.98 g, 0.96
mmol) in acetone (10 mL) was added a solution of sodium hexafluoroantimonate (2.10 g,
8.11 mmol) in water (20 mL). The reaction mixture was stirred for 2 hours at room

temperature in the dark. Removal of acetone by evaporation left a solid precipitate in
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water, and the water was decanted. The solid was re-dissolved in acetone (10 mL). This
procedure was repeated three times. Subsequent to the last ion exchange, the resultant
solid was washed with water extensively to remove excess sodium hexafluoroantimonate.
Then the solid was dissolved in a minimum amount of acetone. Filtration through Celite
gave a clear solution. Precipitation by adding diethyl ether gave an oily product at the
bottom of the flask and a white cloudy solution. After the storing the flask at — 30 °C
overnight, the clear solution was decanted and the solid was washed by diethyl ether
three times. Then the final product (0.79 g) was obtained in 69% yield after drying under
vacuum at 50 °C overnight. The product is light sensitive. "H NMR (500 MHz, dimethyl
sulfoxide-ds) 67.64 — 7.56 (m, 10H), 7.25 — 7.06 (m, 14H), 3.21 (s, 12H), 2.59 (t, J=7.5
Hz, 4H), 1.58 (quintet, J = 7.5 Hz, 4H), 1.34 (sextet, J = 7.0 Hz, 4H), 0.92 (t, J = 7.5 Hz,
6H). >C NMR (125 MHz, dimethyl sulfoxide-ds) & 148.5, 145.3, 143.4, 139.2, 134.8,
131.8, 129.8, 127.7, 127.6, 125.7, 125.5, 124.3, 122.3, 121.2, 34.2, 33.0, 28.1, 21.8, 13.8.
HRMS (FAB+) m/z: Caled. for Cy4HsiN»S; (M —2SbF¢—CH;3) 707.3494, Found
707.3468; Calcd. for Cy4sHigN2S, (M'-2SbF-2CH3) 692.3255, Found 692.3253. Anal.
Calcd. for CsgHsaF12N2S,Sby: C, 48.26; H, 4.56; N, 2.35. Found: C, 48.47; H, 4.75; N,

2.32.



124

\
St Bu

QN r\% §7N/\

N 7/

o 7 N\
\ 7 2SbFg" <3

Bu —87

2,7-Bis((4-butylphenyl)(3-(dimethylsulfonio)phenyl)amino)-9,9-
dimethyl-fluorene dihexafluoroantimonate. To a solution of 2,7-bis((4-butylphenyl)(3-
(dimethylsulfonio)phenyl)amino)-9,9-dimethyl-fluorene ditrifluoromethanesulfonate
(1.67 g, 1.57 mmol) in acetone (10 mL) was added a solution of sodium
hexafluoroantimonate (2.10 g, 8.11 mmol) in water (20 mL). The reaction mixture was
stirred for 2 hours at room temperature in the dark. Removal of acetone by evaporation
left a solid product in water and the water was decanted. The solid was re-dissolved in
acetone (10 mL). This procedure was repeated three times. Subsequent to the last ion
exchange, the resultant solid was washed with water extensively to remove excess
sodium hexafluoroantimonate. Then the solid was dissolved in a minimum amount of
acetone. Filtration through Celite gave a clear solution. Precipitation by adding diethyl
ether gave an oily product at the bottom of the flask and the white cloudy solution. After
the storing the flask in =30 °C overnight, the clear solution was decanted and the solid
was washed by diethyl ether three times. Then the final product (1.5 g) was obtained in
80% yield after drying under vacuum at 50 °C overnight. The product is light sensitive.
'H NMR (500 MHz, dimethyl sulfoxide-ds) & 7.73 (d, J = 7.5 Hz, 2H), 7.56 — 7.52 (m,

6H), 7.28 (d, J = 1.5 Hz, 2H), 7.23 (d, J = 8.0 Hz, 4H), 7.13 (dt, J= 7.0 Hz, J = 2.0 Hz,
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2H), 7.07 (d, J = 8.5 Hz, 4H), 7.00 (dd, J = 8.0 Hz, J= 2.0 Hz, 2H), 3.18 (s, 12H), 2.58 (t,
J=1.5Hz, 4H), 1.57 (quintet, J = 7.0 Hz, 4H), 1.29 — 1.37 (m, 10H), 0.91 (t, J= 7.5 Hz,
6H). >C NMR (125 MHz, dimethyl sulfoxide-ds) & 155.2, 149.0, 145.1, 143.5, 139.0,
134.5, 131.4, 129.8, 127.6, 125.3, 124.9, 124.0, 121.1, 120.9, 119.0, 46.6, 34.2, 33.0,
28.0, 26.5, 21.8, 13.8. HRMS (FAB+) m/z: Calcd. for CsHsN,S; (M —2SbFe—H)
761.3963, Found 761.3966; Calcd. for CsoHssNaS, (M—2SbF¢—CH3) 747.3807, Found
747.3787; Anal. Calcd. for C5;HsgF12N»S,Sby: C, 49.61; H, 4.73; N, 2.27. Found: C,

49.77; H, 4.85; N, 2.31.
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4. TWO-PHOTON RADICAL GENERATORS
4.1 Two-photon radical polymerization
4.1.1 Conventional two-photon radical generators and sensitizers

Two-photon induced polymerization was introduced in section 3.1. Based on the
types of monomers/oligomers that have been used for polymerization, two-photon
induced polymerization can be classified into cationic and radical polymerization. Resins
consisting of oxirane or epoxide monomers/oligomers undergo two-photon cationic
polymerization, and this has been reviewed in section 3.2. Resins containing acrylate
monomers/oligomers are among those that can undergo two-photon radical
polymerization. Recently, some high-fidelity microstructures with complex three-
dimensional forms and small feature sizes (100 — 200 nm) have been produced by two-
photon radical polymerization.'""'>*"#>1%¢ These achievements have demonstrated the
potential of two-photon radical polymerization in 3DLM, and several representative
applications will be presented in this section.

Most current work has been involved pattering structures by using conventional
photoinitiators.'"'®> Kawata used a commercially available resin (SCR500) to fabricate
the first complex three-dimensional microstructure by two-photon induced
polymerization."" SCR500 consists of urethane acrylate monomers/oligomers and the two
conventional photoinitiators, i.e. (1-hydroxy-cyclohexyl)-phenyl-methanone (HCPM)
and 2-benzyl-2-dimethylamino-4-methyl-1-(4-morpholin-4-yl-phenyl)-pentan-1-one
(BDMP) (Figure 4.1 a). The radicals are generated via an a-cleavage process (Figure 4.1

b) upon irradiation at 790 nm by using 200 fs laser. The microstructure obtained was a
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spiral coil of 7 um diameter and 50 pm long with a line cross-section 1.3 pm x 2.2 pm

@ (2 ﬁ@&)
3/2
5 NS

HCPM BDMP

(b) 9 hv 9

Figure 4.1 (a) Chemical structures of HCPM and BDMP. (b) The mechanism for
radical generation.

(Figure 4.2).

Figure 4.2 Scanning electron microscopic images of a spiral coil made by two-photon
radical polymerization. (a) The entire view. (b) The magnified view.'*

Later on, Kawata made further progress using SCR500."*'® The resin was
irradiated at 780 nm by using 150 fs pulse laser to produce a micro-bull with 7 pm high

and 10 pum long (Figure 4.3).
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Figure 4.3 The SEM images of the micro-bull from the different view angles. °

Belfield reported on two-photon radical polymerization using a different radical
generator system.” The oligomers were commercially available ethoxylated bisphenol A
dimethylacrylate (SR349). The initiation system comprised of 5,7-diiodo-3-butoxy-6-
fluorone (H-Nu 470) as a two-photon sensitizer and an electron donor, N,N-dimethyl-
2,6-diiopropylaniline (DIDMA), as a co-initiator (Figure 4.4, top). The resin (H-Nu 470/
DIDMA/ SR349) was irradiated at 775 nm with 150 fs pulses, and the microstructure

was obtained with features of 9 pm in width separated by 50 um (Figure 4.4, bottom).
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@

9um width and 50 um spacing higher magnification of (a)

Figure 4.4  Top: structures of H-Nu 470 and DIDMA. Bottom: the micrograph of
polymerized microstructure.®

The authors proposed a mechanism™** based on a single-photon photochemistry
study of the initiation system (Figure 4.5):** H=Nu 470 was promoted to its excited state
by two-photon excitation at 775 nm; an electron was transferred from DIDMA to the
excited state of H-Nu 470; and the subsequent proton transfer resulted in the formation
of an arylamine bearing a free radical localized on the a-methylene carbon, which then

initiated the radical polymerization.
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Figure 4.5 Single-photon initiation mechanism proposed by Belfield.
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Li used 7-diethylamino-3-(2’-benzimidazolyl)coumarin (DEDC) as a sensitizer
and diphenyliodonium hexafluorophosphate (DIHP) as an initiator (Figure 4.6).%°' This
radical generator system was used to fabricate a microstructure of a two-layer log stack
with 4 pm period under the irradiation of 76 MHz, 800 nm and 120 fs laser pulses (Figure
4.6).°' The proposed mechanism involves electron transfer from the excited DEDC to
DIHP, generating an active phenyl radical. The cross-section of DEDC was determined
to be 29.5 GM using two-photon fluorescence measurements.

Hi

N (b) '
@ 1) e -
e as
—)
Et,N (e JNe)
DEDC DIHP Apm

Figure 4.6 (a) Structures of DEDC and DIHP. (b) The microstructure of a two-layer log
stack with 4 pm period.””!

The conventional radical generators and sensitizers used in these studies typically
have small TPA cross-sections (less than 20 GM).'®® Their low two-photon sensitivity
requires high excitation power and long exposure time, which may result in optical
damage of the structures, which limit the application scope of two-photon radical

polymerization in 3DLM.
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4.1.2 Two-photon chromophores with large cross-sections

To facilitate the acceptance of two-photon radical polymerization as a commonly
applicable technique in 3DLM, efforts have been made to develop two-photon absorbing
chromophores with large cross sections. The Perry, Brédas and Marder groups have both
theoretically predicted and experimentally investigated the structure-property
relationships of two-photon chromophores, and reported many two-photon chromophores

: L3133
with large cross-sections.””

Furthermore, they have successfully fabricated
microstructures by two-photon radical polymerization via direct irradiation of two-photon
chromophores.12 The hypothesis for the initiation mechanism was that electron transfer
from the excited chromophores to monomers/oligomers initiated radical polymerization.
The intermolecular electron transfer from photoexcited 4,4’-bis(N, N-di-n-butylamino)-£-
stilbene 40 (Figure 4.7) to various electron acceptors was experimentally studied and
confirmed by steady-state fluorescence quenching, fluorescence lifetime shortening, and
appearance of electronic absorption bands due to the formation of the radical cation of
40. Additionally, the covalently linked chromophore-acceptor systems 41 — 44 were
synthesized by replacing one or more of the amino-bound alkyl groups in 40 with
different electron acceptors. Efficient intramolecular electron transfer was then confirmed
by the same experimental methods. The threshold for photopolymerization of a
commercial triacrylate (SR9008) initiated by 40 was shown to be only 30% of that using
many conventional UV  radical photoinitiators,202 such as benzil, 1-[4-
(methylthio)phenyl]-2-methyl-2-morpholinopropan-1-one  (MP) and  4,4-bis(N,N-

dimethylamino)benzophenone (DABP).
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Figure 4.7 Molecules for the studies of two-photon initiated radical polymerization.

Based on the results, two chromophores 45 and 46 (Figure 4.8) with large cross-
sections (900 GM at 730 nm for 45, and 1250 GM at 775 nm for 46) ** were selected for
3DLM. The resins consisted of photoinitiators (0.1%, 45 or 46), triacrylates (70%,
SR9008 and SR368 in 3:1 ratio), and poly(styrene-co-acrylonitrile) (29.9%) as a polymer
binder. The resins were irradiated by using laser pulses (50 fs duration, 76 MHz
repetition frequency, 0.35 pum radial spot size) at wavelengths near the two-photon
absorption peak of the initiators (730 nm for 45 and 775 nm for 46). The three-
dimensional microstructures that were obtained are shown in Figure 4.9. The use of 45
and 46 in photopolymerization resulted in an order-of-magnitude improvement in two-

photon sensitivity, relative to benzil, MP and DABP. These results have opened a path
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towards radical polymerization in 3DLM using two-photon chromophores with large

cross-sections.

50 pm 30 um

Figure 4.8 Three-dimensional microstructures produced by two-photon initiated radical
polymerization. (a) Photonic bandgap structure. (b) Magnified top-view of structure in a.
(c) Tapered waveguide structure. (d) Array of cantilevers."

In order to improve the resolution of 3DLM, a subsequent study based on the
same initiation mechanism was performed by using a two-photon chromophore with a
shorter excitation wavelength, such as 4-4’-bis(di-n-butylamino)biphenyl 47 (Figure
4.9).>” Since the diffraction-limited focal volume is proportional to the third power of the
excitation wavelength, decreasing the excitation wavelength can lead to smaller focal
volumes, which can improve 3DLM resolution.'® The molecule 47 has a shorter peak
two-photon excitation wavelength (520 nm) than 45 (730 nm) due to its shorter

conjugation length, while retaining a reasonably large two-photon cross-section (200 GM
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at 520 nm).”** Thus, chromophore 47 was selected as the radical generator for resolution
enhancement.
Bu, Bu
aeaWa
Bu Bu
47

Figure 4.9 Structure of two-photon chromophore 47.

The resin contained the initiator (0.1%, 45 or 47) and triacrylates (99.9%, SR9008
and SR368 in 1:1 ratio). Two different laser systems were used. The 80 fs pulses (82
MHz repetition rate at 730 nm) were employed for the 45-triacrylate resin, and the 100 fs
pulses (1 kHz repetition rate at 520 nm) were applied for the 47-triacrylate resin. The
width of lines fabricated at threshold powers for both resins are shown in Figure 4.10. A
roughly 2.4 times reduction in the feature size was obtained at 520 nm irradiation of 47 in
comparison of 730 nm excitation of 45. The results are consistent with the idea that the

resolution is fundamentally tied to the excitation wavelength.

Figure 4.10 SEM magnified images of a single line fabricated at threshold powers. (a)
730 nm excitation of 45-triacrylate resin. (b) 520 nm excitation of 47-triacrylate resin.**’
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After the microfabrication conditions were optimized, woodpile-type photonic
crystal structures were fabricated by using 47-triacrylate resin at 520 nm (Figure 4.11).
The lateral line-to-line spacings were (a) 0.85 um and (b) 0.5 um, and axial layer to layer

spacing was 0.34 um.

Figure 4.11 SEM overview images of woodpile-type photonic crystal structures using

47-triacrylate resin fabricated with 520 nm excitation at (a) 0.60 uW and at (b) 0.45
203

uWw.
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4.2 Research goal and molecular design strategy
Our group and collaborators have successfully applied two-photon chromophores
with large cross-sections for radical polymerization in 3DLM via direct electron transfer

12203 I order to

from the excited two-photon chromophores to monomers/oligomers.
extend the applications, the research goal of this Chapter is to design, synthesize, and
characterize two-photon radical generators. The design strategy was to covalently attach a
radical generator to a two-photon chromophore via a linker. Upon irradiation, electron
transfer from the excited two-photon chromophore to the radical generator moiety might
lead to the generation of radicals, which would initiate radical polymerization in 3DLM.
Several advantages were expected for this design strategy. First, it provides the flexibility
to choose two-photon chromophores according to the excitation wavelength of interest.
Second, if radical initiation is faster than initiation through direct electron transfer to the
monomer, the polymerization threshold energy would be lower and the microfabrication
speed would be faster, which would lead to a decrease in the necessary applied pulse
energy and reduction of structural damage. Third, this strategy could be used to explore
the polymerization of different monomers. The direct electron transfer mechanism
requires that the charge-transfer state formed by electron transfer to the monomer should
have a lower energy than the excited state of the two-photon chromophore, which limits
the selection of monomers; this would not be the case for radical generators.

Two-photon acid generators were prepared by attaching sulfonium salts to two-
photon chromophores, and acids were successfully generated via a mechanism described

by electron transfer from the excited two-photon chromophores to the sulfonium
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group.'®'® In the literature, sulfonium salts were reported to function as both acid

97,110,122,124-127,129,131 205-211

generators and radical generators. By using the same design
strategy, we sought to synthesize two-photon radical generators by covalently attaching
sulfonium salts to two-photon chromophores via a linker.

To achieve this goal, the research was divided into three sections. In section 4.3,
both radical generation and electron acceptor abilities of tripheylsulfonium salts are
determined. In section 4.4, model molecules, designed to study the linker effects on
polymerization efficiency, are described. In sections 4.5 and 4.6, synthesis of two-photon

radical generators, their behavior under one-photon conditions, and their properties under

two-photon conditions, in collaboration with Dr. Perry’s group, are also investigated.
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4.3 Study of UV-labile radical generators
4.3.1 Literature review
The photolysis mechanism of tryarylsulfonium salts upon irradiation has been

proposed in the literature (Figure 4.12).%'?

The photoinduced cleavage of a sulfur-carbon
bond forms an aryl radical (Ar’) and a diarylsulfonium radical cation (Ar,S™). The
subsequent reaction of Ar,S™" with solvent or monomer produces a secondary radical
fragment (Y'). The acid (H'X) is then generated following the formation of
triarylsulfide. The radicals generated can also recombine. The proposed mechanism
suggests that triarylsulfonium salts could generate both acids and radicals, which could
initiate either cationic or radical polymerization, or initiate both simultaneously. In

addition, it indicates that acid generation and radical generation are two competitive

processes.

Ar<t _Ar Ar
> X hv_ \$J5 X+ Are®
Ar Ar
YH
i (solvent/ monomer)
Ar\+/H
$ XT + Yo
Ar

l

ArZS + H*X~

Figure 4.12 Proposed photolysis mechanism for triarylsulfonium salts.
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Triarylsulfonium salts exhibit excellent thermal and light stability in the dark
compared to conventional free-radical photoinitiators. In fact, they have been used as
inhibitors to prevent spontaneous free radical polymerization of unsaturated polyes‘[ers.213
However, when they are exposed to light in the presence of vinyl monomers, rapid
radical polymerization is observed.*>?% In addition, triarylsulfonium salts can initiate
simultaneously radical and cationic polymerizations, which can provide a broader
spectrum of resist materials whose properties can be modified by choosing combinations
of both types of monomers.

Crivello demonstrated that tris(4-methoxyphenyl) sulfonium hexafluoroarsenate
and benzoin-n-butyl ether both initiated polymerization of methyl methacrylate. The
polymerization rate of benzoin-n-butyl ether was higher in the beginning due to faster
photolysis, but the two rate curves converged at longer irradiation, and their overall rates
were comparable at this limit. The simultaneous radical and cationic polymerizations in
the presence of both methyl methacrylate and cyclohexene oxide were also been studied
for triphenylsulfonium salts with different anions. The BF4 salt only gave poly(methyl
methacrylate) and no poly(cyclohexene oxide), but the AsFs and PFg salts afforded both
poly(cyclohexene oxide) and poly(methyl methacrylate) (96:4 ratio). Thus, they
suggested that triarylsulfonium salts bearing non-nucleophilic counterions (SbF¢, AsF¢ ,
PFs) were efficient acid generators, and those bearing relatively more nucleophilic or
basic anions (Cl, Br, I', BF4 ) were efficient radical generators.zo5 Kondo reported that
benzyl diphenylsulfonium tetrafluoroborate initiated polymerization of both styrene and

206

methyl methacrylate.”” Later on, they studied anion effects (Cl, Br, I, BFs) of
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triphenylsulfonium salts on radical polymerization efficiency of both styrene and methyl
methacrylate.208 Their results show that the CI', Br, and BF, salts initiated radical
polymerization for both monomers, but I salt did not work for either. Furthermore, the
decreasing order of initiation efficiency (Br > ClI" > BF,) applied for both radical
polymerizations. Timpe studied an initiation system that consisted of various sensitizers
and triphenylsulfonium tetrafluoroborate, which initiated photopolymerization of methyl

methacrylate.*”’



142

4.3.2 Research goal and molecular design

Triarylsulfonium salts were selected as both radical generators and electron
acceptors for the design of two-photon radical generators. Triarylsulfonium salts bearing
subtitutents with different electron densities at different positions relative to the
sulfonium group were designed and synthesized. The research goal here is to understand
the effects of their structures on the efficiency of radical polymerization and on the ability
of different sulfonium species to act as acceptors in electron transfer reaction.

The target molecules 48 — 52 are designed for this purpose (Figure 4.13).
Butylsulfinyl (—SBu) is an electron-donating group, and butylsulfonyl (-SO,Bu) is an
electron-withdrawing group. They were attached at two different positions (meta- and
para-) to the sulfonium group of triarylsulfonium salts to give the target molecules 48 —
51. The molecular 52 has no substituent at corresponding positions. Br~ was selected as
the anion according to the research results in the literature.””® Studies of both the electron

transfer aspect and the polymerization aspect were performed.

F £ F
Br Br- -
Y OO0 o0
R R
48 R=SBu 50 R=SBu 52
49 R=S0,Bu 51 R=S0,Bu

Figure 4.13 Target Molecules 48 — 52.
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4.3.3 Synthesis

The meta-substituted triarylsulfonium salts 48 and 49 were synthesized in four
steps (Figure 4.14).2'* 3-Bromobenzenethiol was reacted with 1-bromobutane under basic
conditions to form (3-bromophenyl)butylsulfane 53. The Grignard reagent was prepared
by the reaction of 53 and magnesium metal, which was then treated with sulfurous
dichloride to give sulfoxide 54. The sulfonium salt with the butylsulfinyl substituent 48
was prepared by the reaction of 54 and the Grignard reagent formed by 4-fluoro-1-
bromobenzene and magnesium metal in the presence of chlorotrimethylsilane. The

compound 48 was oxidized by oxone to afford the butylsulfonyl substituent sulfonium

salt 49.
C4HoBr, K2COs3 BuS Mg, SOCl;  Bys qs? SBu
- ~ Bu 2
HS acetone THF, 0 °C \©/ \©/
Br
o 53 98% 54 53%

( > © _oxone Br-

+

BuO,S S SO,Bu
Mg, TMSCI, THF methanol \©/ \©/

48 53% 49 43%

Figure 4.14 Synthesis of the meta-substituted triarylsulfonium salts 48 and 49.
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The triarylsulfonium salts with butylsulfinyl 50 and butylsulfonyl 51 substituents
at the para- position were synthesized by using the same reaction conditions as their

meta- analogs (Figure 4.15).

=0

C4HgBr, Ko.COs Mg, SOCI, S
HSOBr — BuSOBr
acetone THF,0°C  pys

55 93% 56 53%

( : _oxone Br
S
Mg, TMSCI, THF /©/ methanol /O/ \©\
BUS BUOZS SO2BU

SBu
50 72% 51 70%

Figure 4.15 Synthesis of the para-substituted triarylsulfonium salts 50 and 51.
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4.3.4 Photochemical studies

For 48 — 52, their absorption spectra, extinction coefficients, and reduction
potentials were measured, and their fluorescence quenching was studied. Based on these
results, three representative molecules 50 — 52 were selected to study the efficiency of
radical polymerization of methyl methacrylate. The photochemical results are

summarized in Table 4.1.

Amax Emax - Ed™®  Fluorescence Polymer
(nm) (10* M'em™) (V)  quenching™®  yield ™ (%)
48 239,273,313 3.54,2.22,0.41 -2.03 0.67 -
49 249(sh)” 1.27(sh)"® ~-1.71 0.00 -
50 312 2.77 -2.13 0.70 5
51 236 2.81 ~1.62 0.00 48
52 234 1.80 ~1.95 0.69 25

*The measurements were conducted in acetonitrile. "sh: shoulder peak and extinction
coefficient at shoulder wavelength. “E..q: reduction peak potentials relative to FeCpf/ 0
(scan rate 50 mV/s). 9See details in section 4.3.4.3. °The yield of
poly(methylmethacrylate). The solution of MMA (0.067 M) and initiator (1.0 mol% of
MMA) in acetonitrile was irradiated at 350 nm. The yield without initiator was 3%.

Table 4.1 One-photon physical data for radical generators 48 — 52.
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4.3.4.1 Absorption spectra

The absorption spectra of 48 — 52 were taken (Figure 4.16). For molecule 49, only
a shoulder peak could be described, and the absorptivity at the shoulder wavelength is
reported in the table. The strongest absorption maxima are around 240 nm, except that for
50 while is about 70 nm red-shifted relative to others. The results were consistent with

the more extensive delocalization of the m system of 50 due to the electron-donating

group (—SBu) at the para-position of the positively charged sulfonium group.

40000
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20000 -

e (M'cmi?)
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Figure 4.16 Absorption spectra for 48 — 52 in acetonitrile.
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4.3.4.2 Reduction potentials

The cyclic voltammetry behavior of all the radical generators 48 — 52 were
investigated using ferrocene as an internal standard. For all compounds, only irreversible
reduction peaks were found, and no oxidation peaks were observed. The reduction peak
potentials (Eq) relative to ferrocenium/ferrocene (FeCp, ) are listed in the Table 4.1.

The data show that the same substituent at different positions (meta- vs para-)
does not significantly affect the reduction potentials, and there is only about 0.1 V
difference between the effects of —SBu or —SO,Bu groups at the different positions. For
the substituents with different electron density (—SBu or —SO,Bu) at the same position,
the difference was relatively larger (~0.3 — 0.5 V). Compounds 49 and 51 with the
electron-withdrawing group (—SO,Bu) are more easily reduced than un-substituted 52.
On the other hand, compounds 48 and 50 with the electron-donating group (—SBu) are
less easily reduced in comparison with 52. The reduction potentials suggest that 51 is the

best candidate from the point of view of electron transfer.
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4.3.4.3 Fluorescence quenching study

To further investigate the abilities of 48 — 52 to act as electron acceptors, their
ability to quench the fluorescence of the two-photon chromophore 45 was investigated.
We define the relative fluorescence intensity (Ig) as the maximum fluorescence intensity
of 45 at a certain concentration of quencher relative to that of 45 without any quenchers.

At molar ratio of quencher to fluorophore of 4000:1, the Iy values for —SBu
compounds 48 and 50, and the un-substituted compound 52 were about the same (~0.70),
indicating 30% of fluorescence of 45 was quenched by 48, 50 and 52. At the same molar
ratio, the Iy values of the —SO,Bu compounds 49 and 51 were found to be zero, which
indicates that the fluorescence quenching was 100% at this ratio. These results suggest
molecules with electron-withdrawing groups have higher quenching efficiency than those
with electron-donating groups. To compare the quenching efficiency of 49 and 51 (both
with the —SO,Bu group), the dependence of Iy upon the molar ratio of quencher to
fluorophore was studied (Figure 4.17). The graph shows that at the same molar ratio, the

para-substituted 51 is slightly more efficient than the meta- substituted 49.
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Figure 4.17 Fluorescence quenching of 49 and 51.

The fluorescence quenching results suggest that the most efficient fluorescence
quencher is 51 with an —SO,Bu group at the para position of the sulfonium group, which
is consistent with the cyclic voltammetry studies. Thus, the molecule 51 has the lowest
reduction potential and highest fluorescence quenching efficiency among these five
molecules 49 — 52 which indicates that this compound is the best electron acceptor.

Compound 51 appears to be the best candidate based on electron transfer considerations.
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4.3.5 Efficiency of radical polymerization

The proposed design requires that triarylsulfonium salts function as both electron
acceptors and radical generators. In this section, the efficiency of their radical generation
of 50 — 52 for a polymerization aspect will be examined.

Radical generators 50 — 52 with different substituents at the para-position were
selected for the study of polymerization of methyl methacrylate. The solution consisted
of methyl methacrylate as a monomer, a triphenylsulfonium salt as a radical generator,
and acetonitrile as the solvent. After degassing, the solution was irradiated so that the
monomers could polymerize. The isolated polymers were collected by precipitation in
methanol. The yields of isolated polymers, normalized for the different light dose
received by the different compounds (section 4.7.3), are listed in Table 4.1. The yield of
poly(methylmethacrylate) without initiator is 3%, 5% for 50 with an electron-donating
substituent (—-SBu), 25% for un-substituted 52, and 48% for 51 with an electron-
withdrawing substituent (—-SO,Bu), suggesting that 51 is the most efficient radical
generator.

The radical photopolymerizations of different monomers (acrylonitrile, methyl
methacrylate, and styrene) photoinitiated by 51 were studied. The activity order of these
monomers is acrylonitrile > methyl methacrylate > styrene. The yield of isolated
polymers is 95% using 51 vs 0% using no initiator for acrylonitrile, 48% vs 3% for
methyl methacrylate, and 2% vs 5% for styrene. The trend of polymer yields is consistent

with that of the monomer activity.
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4.3.6  Conclusion

The triarylsulfonium salt 51 with an electron-withdrawing group at the para-
position relative to the sulfonium group is the most easily reduced and has the highest
fluorescence quenching efficiency. This suggests that 51 is a good electron acceptor from
the point of view of excited-state electron transfer. The study of radical polymerization of
methyl methacrylate showed that the polymerization initiated by 51 gave the highest
polymerization yield, which suggests that 51 is also an efficient radical generator for the
polymerization aspect. Therefore, the molecule 51 was considered as the best candidate

building block for incorporation into two-photon radical generators.
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4.4 Study of model molecules
4.4.1 Research goals and molecules design

Compounds 57 (Figure 4.18) have been reported to successfully initiate the
radical polymerization of pentaerythritol tetraacrylate,”'' however, there have been no

other studies on these compounds.

/ N\ ;+
R—N N S X~ R = alkyl, aryl groups,

or sensitizers
57

Figure 4.18 Radical generators reported in the literature.

For our design of two-photon radical generators, piperazine was chosen as a
linker between the two-photon chromophore and radical generator. To understand the
linker effects on the efficiency of radical polymerization, three model molecules 58 — 60
were designed and synthesized by covalently attaching triarylsufonium salts to 1-

phenylpiperazine (Figure 4.19), and their photochemical properties and polymerization

R
g 58 R = SBu
S

Br 59R =H
60 R = SO,Bu

efficiencies were studied.

OO

Figure 4.19 Target model molecules 58 — 60.
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4.4.2  Synthesis of model molecules

Model molecules 58 and 59 were prepared by the reaction of 4-fluorophenyl
diphenyl sulfonium derivatives 50 and 52 with excess 1-phenylpiperadine in DMSO at
100 °C (Figure 4.20)2""  For the electron deficient molecule 60, the reaction was

performed at room temperature to prevent the decomposition of the product (Figure 4.20).

F

100 °C R=SBu 58 81%
100°C R=H 59 89%

DMSO rt R=S0,Bu 60 73%
R = SBu
R=H 52
R =S0,Bu 51

Figure 4.20 Synthesis of target molecules 58 — 60.

The PFs salt 61 was prepared by anion exchange of 59 with aqueous potassium
hexafluorophosphate solution to study the anion effects (PFs vs Br) on polymerization

efficiency (Figure 4.21).

59 @ 61 81% @

Figure 4.21 Synthesis of 61.
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4.4.3  Study of anion effects

Triarylsulfonium salts can be used as either acid or radical generators, depending
on their anions. The AsFs and PF¢ salts were reported as effective acid generators, and
those bearing relatively more nucleophilic or basic anions (Cl, Br, I', BF4") could be
effective radical generators.””” The Br~ salt was reported the most efficient salt among the
CI', Br, I', and BF, salts for initiation of radical polymerization of both styrene and

208 To test literature conclusions for our model molecules, the

methyl methacrylate.
molecules 59 with Br™ and 61 with PFs were employed for radical polymerization of
methyl methacrylate. The polymerization solution of methyl methacrylate, a radical
generator and acetonitrile was irradiated and was allowed to propagate after the solution
was degassed. The isolated polymers were collected by precipitation in methanol. The
isolated polymer yield is 5% for 61 with PFs and 12% for 59 with Br. The results
indicate that Br is a more efficient anion than PFs for polymerization of methyl

methacrylate, and our result is consistent with the literature conclusions. Thus, Br~ was

selected as the anion for the design of two-photon radical generators.
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4.4.4 Photochemistry Study

For the three model molecules 58 — 60, their absorption spectra and quantum
yields of acid generation were measured. The photolysis products were analyzed, and
their efficiency for radical polymerization was examined. The photochemical results are

summarized in Table 4.2.

Initiators Amax. Emax. Dy P Polymer yield * ¢
(nm) (10*M'em™) (+0.05) (%)
58 305 4.94 0.04 10
59 320 2.29 0.07 14
60 391, 329 1.90, 1.07 0.02 6

“The measurements were conducted in acetonitrile. "®Pys: quantum yield of acid
generation (section 4.7.2). “The yield of poly(methylmethacrylate). The solution of MMA
(0.067 M) and initiator (1.0 mol% of MMA) in acetonitrile was irradiated at 350 nm. The
yield without initiator was 3%.

Table 4.2 One-photon physical data for radical generators 58 — 60.
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4.4.4.1 Absorption spectra

The absorption spectra were measured for 58 — 60 (Figure 4.22). The absorption
maxima for 58 (305 nm) and 59 (320 nm) are close. That of 60 is 70 — 85 nm red-shifted
with a second absorption maximum (329 nm) close to those of 58 and 59. The extinction

coefficients of 58 and 60 were similar, but that of 59 is doubled.
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Figure 4.22 Absorption spectra for 58 — 60 in acetonitrile.

4.4.4.2 Quantum yield of acid generation

As discussed in section 4.3.1, it is known that triarylsulfonium salts can function
as both acid generators and radical generators. From the proposed mechanism (Figure
4.13), acid generation and radical generation are competitive. Thus, if model compounds

58 — 60 are efficient radical generators, they should have low quantum yields of acid
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generation. To confirm this assumption, quantum yields of acid generation were
measured for 58 — 60 by using the method that was described in Section 3. It was found
that 58 — 60 have very low quantum yields of acid generation (ranged from 0.02 to 0.07),
and are identical within uncertainties (+0.05). Thus, 58 — 60 could be effective radical

generators.

4.4.4.3 Photoproduct analysis

The photoproducts of 59 and 60 were analyzed. The molecules were photolyzed
in acetonitrile with an immiscible cyclohexane layer on top with continuously purging
nitrogen though the acetonitrile layer. The photoproducts in both layers were studied by
GS-MS. For 59, the molecular masses observed in the acetonitrile layer were 186, 237,
314, 317, 347, and 423, while 186 was also observed in the cyclohexane layer. The
corresponding molecules are shown in Figure 4.23. The photoproduct results suggest that
both possible cleavage pathways (a, b) occurred, and three radical recombination
processes were observed. For pathway a, no recombination was observed because the
1,4-diphenylpiperazine radical is stabilized by two nitrogen atoms. For pathway b,
recombination between benzene radical and sulfonium radical cation was observed
because benzene radical is not very stable. In addition, the recombination of 1,4-
diphenylpiperazine radical with bromide anion/radical was also observed.

For 60, the molecular masses from the acetonitrile layer were observed as 197,
237, 317, 427, and 467, while 427 was also present in the cyclohexane layer. The

corresponding molecules are shown in Figure 4.24. Two possible cleavage pathways (a,
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b) were observed, and no recombination processes occurred for both pathways.
Butylsulfonylbenzene radical is more stable than benzene radical due to the electron-
withdrawing ability of the butylsulfonyl group.’’> So the recombination between
butylsulfonylbenzene radical and its corresponding sulfonium radical cation in pathway b
was not observed. The recombination between butylsulfonylbenzene radical and 1,4-
diphenylpiperazine radical was also not observed. However, the recombination of 1,4-

diphenylpiperazine radical with bromide anion/radical was still observed.

@@@EQ ~
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Figure 4.23 Photolysis products of 59.
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Figure 4.24 Photolysis products of 60.

The photoproduct analysis suggests that the stabilization of butylsulfonylbenzene
radical relative to benzene radical could reduce radical recombination. But on the other
hand, it also could reduce the reactivity of butylsulfonylbenzene radical. At this point it is

not known which effect plays a more important role in radical polymerization.

4.4.4.4 Polymerization

After degassing a solution of methyl methacrylate and a radical generator in
acetonitrile, polymerization was initiated via irradiation. The isolated polymers were
collected by precipitation from methanol. The yields of poly(methylmethacrylate) are
normalized for the different light dose received by the different compounds (section

4.7.3). The yield without initiator is 3%, 9% for 58 which is functionalized with a —SBu
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group, 14% for un-substituted 59, and 5% for 60 which bears a —SO,Bu group.
Compound 60, with the —SO,Bu group, gave a lower polymer yield than 58 and 59. This
may be due to the stabilization of butylsulfonylbenzene radical by the electron-
withdrawing substituent (—SO,Bu) in comparison to the benzene radical formed from 58.
The stabilization of this radical could inhibit radical recombination, but also could
decrease the activity of the butylsulfonylbenzene radical. Compound 59 gives the highest
yield, suggesting that 59 is the most efficient of the model molecules for the radical

polymerization of methyl methacrylate.
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4.4.5 Conclusion

The model molecules 58 — 60 were synthesized. Their quantum yields of acid
generations show that they are poor acid generators, which suggests that they may be
good radical generators. The photoproduct analysis suggests both cleavage pathways (a,
b) occurred. From the isolated yields of polymerization of methyl methacrylate, the
model molecule 58 without any substituent has the highest yield. Thus, model molecule

59 was chosen for the design of a two-photon radical generator.
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4.5  Long wavelength two-photon radical generators
4.5.1 Research goal and molecular design

The target molecules for this section are listed in Figure 4.25. Based on the
literature and our studies of triarylsulfonium salts, model molecules, and anion effects,
the target molecule 62 was designed by covalently attaching triphenylsulfonium bromide
to two-photon chromophore 45 through a piperazine linker. Compound 63*'®?'7 was used
to study the effects of the piperazine bridge on polymerization. The polymerization
ability of 45, 62 and 63 was tested under one-photon conditions, and the polymerization

threshold energies of 62 and 45 were measured under two-photon conditions.

Figure 4.25 Target molecules for long-wavelength two-photon radical generators
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4.5.2 Synthesis

The synthesis of 62 is shown in Figure 4.26.*'® 1,4-Dimethoxybenzene was
reacted with formaldehyde in hydrobromic acid to give 64. The reaction of 64 with
triethylphosphite gave 65. The Horner-Emmons reaction was performed, coupling 4-N, N-
di-n-butylbenzaldehyde to one of the phosphonate groups of 65 to afford 66. A second
Horner-Emmons reaction between 66 and tert-butyl 4-(4-formylphenyl)piperazine-1-
carboxylate was employed to produce 67. Deprotection of 67 under acid conditions gave
68, which has an amine group at one end of the chromophore where the sulfonium salt
can be attached. The nucleophilic substitution reaction of 68 and 4-fluoro-

triphenylsulfonium hexafluorophosphate provided the target molecule 62.

OMe OMe OMe
(CH,0)/HBr \/@ABF P(OEt); PO(OEt),
o~ Br — (EtO),0P
AcOH, 70°C reflux
OMe OMe OMe
64 61% 65 85%

el oo 7O OO
OHC N N
B/N CHO BU N\ O VAR
u u
> PO(OEt),
MeO

KO'Bu, THF, 0°C 66 79 KO'Bu, THF
(0]
Bu, O OMe
B/N \ O \ /—\ 0O HCI
u
OO, =
MeO o 700, oBu THF
Ph
F‘<j>*3\+ PFs
Ph
62 41%
MeO / DMSO, 100 °C

68 87%

Figure 4.26 Synthesis of target molecule 62.
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4.5.3 Photochemical study
The absorption spectra and fluorescence spectra were measured for 45, 62, and

2.2 The efficiencies

63. The fluorescence quantum yields were measured for 45 and 6
toward radical polymerization of methyl methacrylate were studied. The photochemical

results are summarized in Table 4.3.

2 Emax. FRANC Relative  Polymer yield °
mm)  (10*M'em™) (nm) D™ (%)
45 429 7.40°" 516 1.00 0
63 422 7.10 534 _ 0
62 422,329  7.60,3.91°" 537 0.86 4

“The measurements were conducted in acetonitrile. °Relative fluorescence quantum
yields @p were calculated based on literature data.?'®  °The yield of
poly(methylmethacrylate). The solution of the initiator (0.2 mol%) in neat methyl
methacrylate was irradiated at 419 nm. The yield without initiator is 2%.

Table 4.3 One-photon physical data for 45, 62, and 63.

Absorption and fluorescence spectra of 45, 62, and 63 are shown in Figure 4.30.
The absorption spectra show that molecules 62 and 63 with the piperazine linker have the
same absorption maximum wavelength (422 nm), which is 7 nm blue-shifted relative to
that of chromophore 45 without the piperazine linker (429 nm) (Figure 4.27). A
secondary absorption maximum wavelength was only observed for 62 (329 nm), which is

consistent with the absorption maximum of the corresponding model molecule 59 (320
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nm). The maximum extinction coefficients for these three molecules are very similar. The
results suggest that the piperazine linker effectively decouples the chromophore moiety
from the triphenylsulfonium group. The fluorescence maxima were 516 nm for 45, 534

nm for 63, and 536 nm for 62.
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Figure 4.27 Absorption and fluorescence spectra of 45, 62, and 63 in acetonitrile.

The fluorescence quantum yield of two-photon radical generator 62 is 0.86
relative to the chromophore 45, which suggests that probability of electron transfer from
the chromophore moiety to the triphenylsulfonium group is low. The polymerization of
initiators in neat methyl methacrylate shows that the two-photon radical generator 62 has

slightly higher yield, but does not have other substantial advantages.
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4.5.4 Two-photon studies
The two-photon studies of 45 and 62 were performed by Dr. Braun in Dr. Perry’s

group, and the data are shown in the Table 4.4.

JEs@) @ Simax’ Threshold © Threshold ¢
(nm) (107° cm*sphoton ™) (mW) (mW)
45 715 740 0.36 0.58
62 705 730 0.46 0.58

“*The measurements were conducted in acetonitrile. "The TPA cross-sections (J) were
measured using a two-photon-induced fluorescence method with +15% uncertainty. “The
resin of the initiator (12 mM) in neat SR454 was irradiated at 730 nm. ¢ The resin of the
initiator (12 mM) in neat SR9008 was irradiated at 730 nm.

Table 4.4 Two-photon measurement data for 45 and 62.

The two-photon absorption maximum of 62 (705 nm) was found to be blue
shifted compared to that of 45 (715 nm). For a given exposure time, the polymerization
threshold energy can be defined as the average of the lowest and highest pulse energy for
which the polymerization was observed and not observed, respectively, which was
determined using dose-array measurement that has been described in section 3.8.3.
Smaller threshold energy was expected for two-photon radical generator 62 than for
chromophore 45. Both molecules in neat commercial acrylates (SR454 and SR9008)
were irradiated at 730 nm, at which the cross-section for 45 and 62 is similar. The
thresholds of 62 were slightly higher than (0.46 vs 0.36 in SR454) or the same (0.58 in
SR9008) as those of 45. The results indicate that two-photon radical generator 62 does

not provide an advantage for initiating radical polymerization under these conditions.
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4.5.5 Conclusion

The attachment of triphenylsulfonium salts to chromophore 45 has little or no
effect on the radical polymerization threshold power under two-photon conditions. The
polymerization mechanism of 62 may be inferred to be similar to that of 45, i.e. through
direct electron transfer to the monomers. The key piece of evidence supporting this
assumption is a small reduction of the fluorescence quantum yield (14%) of 62 relative to
that of 45. It suggests that probability of electron transfer from the excited state of the
chromophore moiety to the charge transfer state of the triphenylsulfonium group is

relatively small. Thus, the probability of radical generation is low.
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4.6  Short-wavelength two-photon radical generator
4.6.1 Research goal and molecular design

Based on the same molecular design strategy of 62, a target two-photon radical
generator 69 (Figure 4.28) was designed, bearing a two-photon chromophore based on a

diaminobiphenyl core with short conjugation, and with bromide as an anion based on the

S; Br-
Bu, Bu /\ Q
OO OO
Bu Bu (S
47 59

Figure 4.28 Target molecules for short-wavelength two-photon radical generator.

study in section 4.4.3.

Bu,
W) )N )
BuU __/

69

There are two motivations for design of a two-photon radical generator with a
shorter conjugation chromophore. First, one possible reason for the poor fluorescence
quenching and poor radical generation of compound 62 may be insufficient driving force
for electron transfer from the excited state of the chromophore moiety to the sulfonium
acceptor. The biphenyl chromophore 47*%° has shorter conjugation than 62. The shorter
conjugated molecule would be expected to have a higher excited state energy, which

would give a larger driving force for electron transfer, leading to an increased rate of
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electron transfer from the excited state of the chromophore moiety to the sulfonium
acceptor. Secondly, a 2.4 times reduction in feature size has been obtained using 520 nm
irradiation of 47 in comparison with 730 nm excitation of 45, which illustrates that the

h.2® It indicates that

resolution is fundamentally tied to the excitation wavelengt
compound 69 could, therefore, similarly be used for shorter wavelength excitation. The
biphenyl chromophore 47 and the phenylpiperazine-substituted triphenylsufonium salt 59

were studied along with the target molecule 69 to understand the contribution from both

parts of 69.
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4.6.2 Synthesis

The synthesis of target molecule 69 is shown in Figure 4.29. The nitration of 4-
bromobiphenyl was performed in concentrated sulfuric acid and nitric acid to give 4-
bromo-4'-nitro-biphenyl 70. The subsequent reduction was accomplished by tin (II)
chloride to afford 4'-bromobiphenyl-4-amine 71. The alkylation of anime group of 71
under basic conditions afforded (4'-bromo-biphenyl-4-yl)-dibutyl-amine 72. The coupling
between 72 and alkyl amines was catalyzed by palladium (0) to provide 73. The
subsequent deprotection of 73 under acid conditions produced 74, a corresponding amine
salt with 3HCI. The nucleophilic substitution between 74 and 4-fluorophenyl diphenyl
sulfonium triflate gave salt 75 with triflate anion. The following anion exchange by
washing with potassium bromide provided the target two-photon radical generator target
molecule 69.

conc. HNOg, conc. H,SO,4 SnCl, 2H,0, HCI
Br O,N Br E——
AcOH, 75 °C EtOH, reflux

70 47%

/ \ O

HN N

"BuBr, K,CO3, KI  Bu, —  OBu
HN BT 8-crown-6, MPD N O O Br
e Bu PdCIy[P(CHaCHa)sl
71 90% 72 60% NaO'Bu, toluene, 100 °C

/ \ HCI Bu, /N

N_/< o — N N NH*3HCI
OBU  gioac  Bu
73 93% 74 65%

Ph
FOS\+ CF3803” Buy, N\ Q KBr
Ph B/NN NOS* CF3S05 — > 69 89%
u
DMSO, 100 °C @
75 52%

Figure 4.29 Synthesis of target molecule 69.
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4.6.3 Photochemical studies

The absorption spectra, fluorescence spectra, and relative fluorescence quantum
yields were measured for 47 and 69. The data for 59 were measured in section 4.4. The
efficiency of radical polymerization of methyl methacrylate for 47, 59 and 69 was

studied. The photochemical results are summarized in Table 4.5.

PR Emax’ FEN Relative Yield
(nm) (10*M'em™) (nm) Dp™? (%)
47 320 3.90 407 1.00 2
59 320 2.29 _ _ 14
69 324 5.63 401 0.44 15

*The measurements were conducted in acetonitrile. "Relative fluorescence quantum yield
@py, the corrected value is 0.71 (section 4.7.5) “The yield of poly(methylmethacrylate).
The solution of the initiator (0.1 mol%) in neat methyl methacrylate was irradiated at 350
nm.

Table 4.5 One-photon physical data for 47, 59 and 69.

The absorption spectra were measured (Figure 4.30). Chromophore 47, sulfonium
salt 59, and target molecule 69 all absorb at similar wavelength (320 — 324 nm). Under
one-photon excitation, it would be difficult to distinguish between radical generation of
69 arising from direct excitation of the sulfonium group and from the excitation of the

chromophore moiety followed by electron transfer.
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Figure 4.30 Absorption spectra for 47, 59, and 69 in acetonitrile.

Although at the first sight, there appears to be more fluorescence quenching in 69
(@ = 0.44, Table 4.5) than in the longer system 62 (@g = 0.86, Table 4.4), this figure is
misleading. The absorption of 69 arises from both the chromophore moiety and the
sulfonium group, and its extinction coefficient maximum (5.63 x 10* M'cm™) is almost
equal to the sum of those of 47 (3.90 x 10* M'cm™) and 59 (2.29 x 10* M'em™). Thus
only about 63% of the absorbance of 28 can be attributed to the chromophore moiety,
assuming % absorbance = emax (47)/[Emax (47) + €max (89)] x 100%. This fact suggests that
the fluorescence quantum yield of the chromophore moiety in 69 is reduced to 0.71 of
that in the free chromophore 47. Thus, the degree of fluorescence quenching of 69 (29%),
potentially attributable to electron transfer, is similar to, but slightly higher than that in 62

(14%).
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The solution of the initiator (0.1 mol% of monomers) in neat methyl methacrylate
was degassed, irradiated at 350 nm, and was allowed to polymerize. The polymers were
isolated and collected by precipitation in methanol. The yields of
poly(methylmethacrylate), normalized for the different light dose received by the
different compounds (section 4.7.3) are 2% for chromophore 47, 14% for sulfonium salt
59 and 15% for target molecule 69. The similar values for 59 and 69 suggest that under
one-photon conditions, the polymer yield increase for 69 over 47 can be attributed to
direct photo-excitation of the sulfonium group of 69. Since the absorption spectra of 47,
59, and 69 all overlap, only limited conclusions may be drawn from the polymerization
results under one-photon conditions. In particular, the yields of 47 and 59 show that
polymerization of direct sulfonium excitation is more efficient than that through direct
electron transfer from the excited chromophore to monomer. The similarity of the yields
of 59 and 69 means that any difference in the efficiencies arising from chromophore

excitation is small compared to the role played by direct sulfonium excitation.
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4.6.4 Two-photon studies

The initiators for two-photon induced polymerization were excited at 510 nm by
using fs pulsed lasers. Under two-photon conditions, the chromophore excitation
becomes the dominant mechanism for photoinitiation, assuming negligible
triphenylsulfonium excitation at 510 nm. In addition, two-photon studies are, of course,
more directly relevant to the intended applications in two-photon polymerization. The
measurement of polymerization threshold energies of 47 and 69 under two-photon

induced polymerization (Figure 4.31) was performed by V. Chen in Dr. Perry’s group.

3.50
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3.00 - A 69

2.50 {
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0.00
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Experiment sets

Figure 4.31 Two-photon polymerization threshold energies for 47 and 69.

For a given exposure time, the polymerization threshold energy can be defined as
the average of the lowest and highest pulse energy for which the polymerization was

observed and not observed, respectively. The resin for two-photon microfabrication
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contained the radical initiator (47 or 69, 0.1%) in triacrylates (SR9008:SR368 in 1:1
ratio), which was excited at 510 nm using laser pulses. Three sets of experiments were
performed for both initiators, and each set for both initiators was run on the same day
with the same experimental setup. Slight variation of thresholds from day-to-day may be
caused by the changes in the optical alignment (for accommodating other experiments).
However, over all three sets of experiments, the threshold for 69 is consistently 20%
lower than 47 (Figure 4.31). More work is under way to characterize further the

properties of initiators 69 under two-photon excitation conditions.
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4.6.5 Discussion

Irreversible reduction peaks were observed by cyclic voltammetry spectra for both
62 (-2.04 V) and 69 (—1.99 V). The driving force for electron transfer from the excited
chromophore moiety to the sulfonium group (AG.) was calculated for both 62 (—61.3 kJ
mol™") and 69 (~142.0 kJ mol ") based on the equation in section 2.5.3. Compound 62 has
a reasonably large electron-transfer driving force, but has a relatively high fluorescence
quantum yield (@g = 0.86) relative to the corresponding free chromophore 45, and shows
no threshold advantages over 45 under two-photon excitation. The same trends are
applied to 69, which has much larger driving force, but slightly improved fluorescence
quenching (@p = 0.71) and two-photon thresholds (20% lower) in comparison to
chromophore 47.

The low fluorescence quenching seen for 69, despite increasing driving force,
suggests electron transfer across the piperazine bridge is inherently rather inefficient. It is
perhaps due to poor electronic coupling caused by the rigid nature of the bridge, which
leads to poor orbital overlap between the local LUMO of sulfonium group and the local

LUMO of the chromophore moiety.
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4.6.6 Conclusion

The two-photon radical generator with shorter conjugation 69 has slightly lower
relative fluorescence quantum yield (0.71 when corrected for both chromophore and
sulfonium contribution to the absorbance) compared to the longer system 62 (0.86).
Under our one-photon excitation conditions, the radical polymerization yields of 47, 59,
and 69 suggest that direct excitation of the sulfonium group of 69 dominates. Since the
three compounds absorb at similar wavelength (320 — 324 nm), radical generation of 69
arising from direct excitation of the sulfonium group and from the excitation of the
chromophore moiety followed by electron transfer is not be distinguished under one-
photon excitation. However, the two-photon studies of 47 and 69 were performed using
irradiation at 510 nm, at which the excitation of the chromophore moiety of 69 is
expected to be the dominant mechanism for photoinitiation. The polymerization threshold
energy of 69 under two-photon induced polymerization is only 80% high as that of 47. In
comparison with the same thresholds of the longer system 62 and its free chromophore 45
(section 4.5.4), this small but consistent difference in thresholds between 69 and 47 may
indicate that the electron transfer mechanism plays a role for 69 to some extent, which is

consistent with relative fluorescence quenching results.
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4.7  Experimental: photochemical experiments

General experimental. Absorption spectra were run on a Hewlett-Packard model
8453 spectrophotometer. The fluorescence spectra were collected on a Jobin Yvon Spex
Fluorolog—III fluorimeter. A Rayonet photochemical reactor (Model #RPR-100),
manufactured by the Southern New England Ultraviolet Company, was used for
photopolymerization studies. All electrochemical experiments were conducted using a
BAS Model 100B/W cyclic voltammetry unit. The electrodes used were a glassy-carbon
working electrode, a platinum auxiliary wire, and a Ag/AgCl pseudo-reference electrode.
The supporting electrolyte was 0.1 M tetrabutylammonium hexafluorosphonate. The
spectrophotometric grade acetonitrile (Aldrich) were used as received in all the

measurements.

4.7.1 Fluorescence quenching

The example of the fluorescence quenching study for 52 is described below.
Other fluorescence quenching experiments were performed in a similar way. Stock
solutions of fluorophore 45 (~5.5 x 107° M in acetonitrile) and quencher 52 (~5.5 x 107
M in acetonitrile) were prepared. The solution of 45 (2 mL) and a certain amount of
solution 52 were added to a volumetric flask, and then diluted to 5 mL by adding
acetonitrile. The fluorescence spectra were taken, and the intensities at 504 nm were
recorded. The fluorescence intensity at 504 nm of the fluorophore-quencher solution over

that of the fluorophore 45 without the quencher was calculated as the relative
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fluorescence intensity. The relative fluorescence intensity was plotted against the molar

ratio of quencher 52 to fluorophore 45 (Figure 4.32).

1.00 ¢
.
'S

>
2
< 'Y
€ 0.80
[0]
[$]
C
[0]
[$]
® S
S
=)
=
_“2-‘ 0.60 -
T
4 .

0.40 , , , , ,

0 1000 2000 3000 4000 5000

Molar ratio of quencher-fluorophore

Figure 4.32 Fluorescence quenching study of 52.

The quencher-fluorophore solutions of molar ratio 4000:1 were prepared for all
the quenchers 48 — 52. Their relative fluorescence intensity at 504 nm was calculated
(Table 4.1). For 49 and 51, their relative fluorescence intensity was zero at this molar
ratio (4000:1). By adjusting the concentration and molar ratio, relative fluorescence

intensity versus molar ratio were plotted for 49 and 51.
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4.7.2  Quantum yield of acid generation

The quantum yield of acid generation was measured and calculated by using the
method that was described in Section 3.8.1. The acid concentrations of 58 — 60 were
measured (Figure 4.33), and their quantum yields of acid generation were calculated as

0.04 for 58, 0.07 for 59, and 0.02 for 60.
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Figure 4.33 Measurement of acid concentration in acetonitrile.
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4.7.3 Polymerization of methyl methacrylate

Methyl methacrylate was distilled under vacuum. Solutions of methyl
methacrylate (2.5 mL) and initiators (ranged from 0.1 to 1.0 mol% of monomers for
different measurements, see each section) in acetonitrile (0.5 — 1.0 mL, see each section)
as solvent were prepared in a Schlenk flask. For neat polymerization, no solvent was
added. The solutions were degassed by three freeze/pump/thaw cycles. The samples were
placed in a “merry-go-around” holder which was rotated continuously to provide even
illumination throughout the polymerization period. The entire apparatus was placed into a
Rayonet photochemical reactor with six lamps. After 2.5 hours irradiation, the polymer
solutions were kept in the dark at room temperature for 17 hours to allow for propagation.
The polymers were precipitated by adding the solutions to cold methanol. The polymers
were isolated by filtration, washed with methanol, and then dried under vacuum at 60 °C
overnight. The yield of isolated polymers was from the ratio of the polymer weight to the
monomer weight. '"H NMR was measured to confirm that the polymer was poly(methyl
methacrylate).

The light dose that was absorbed by initiators in the polymerization solution was
estimated by the equation #photons o | ¢ (/ —10™) dA, where ¢ is photon density of the
lamp obtained from the power-density spectrum of lamp. A is the absorbance of the
polymerization solution calculated from Beer’s Law (A = &lc), where ¢ is the extinction

coefficient of initiator in mol™' L cmfl, [ is the diameter of the flask in cm, and c is the

initiator concentration in mol L™).
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4.7.4  Photoproduct analysis
Photoproducts analysis were analyzed following the literature procedures of

221
Saeva.

To a solution of compound 60 (25 mg) in acetonitrile (2 mL) in a quartz
cuvette, was added cyclohexane (4 mL) to form two immiscible layers. The solution was
placed into a Rayonet photochemical reactor equipped with six lamps (350 nm). The
acetonitrile layer was irradiated for 2.5 hours and the cyclohexane layer was wrapped
with black tape to avoid irradiation. Nitrogen was continuously purged through the
acetonitrile layer during the irradiation. The cyclohexane layer was removed periodically
and replaced with fresh cyclohexane. The nonionic photoproducts that were generated in
the acetonitrile layer were removed, and the secondary photochemistry was prevented.
Both the collected cyclohexane layer and the acetonitrile layer were analyzed using GC-

MS. For compound 59, the concentration of 59 in acetonitrile solution was the same as

that of 60, and the measurement followed the same procedures.
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4.7.5 Relative fluorescence quantum yield

The excitation wavelength, integration rate, slit width, and data collection
wavelength range were the same for both 47 and 69. The measurement of fluorescence
quantum yield 47 is described here.

The dilution solutions of 47 in acetonitrile were prepared, and their absorbance
recorded at 320 nm followed by fluorescence spectra with an excitation wavelength at
320 nm. The absorbance at 320 nm of the stock solution A (47 in acetonitrile) was
accurately recorded. The stock solution B was prepared by diluting the stock solution A
(2 mL) in a volumetric flask (25 mL). The test solutions (a, b, c) were prepared by
diluting the solution A (3, 2, 1 mL) in volumetric flasks (10 mL). The solutions (d and e)
were prepared by diluting the solution a (2, 1 mL) to 10 mL. The absorbance at 320 nm
of solutions (a — e¢) were calculated from the absorbance of the initial stock solution A
assuming Beer’s Law. The fluorescence spectra (a — €) were taken, and the integrations of
the area under the spectra were calculated. The fluorescence integration was plotted
against the absorbance at 320 nm of the solutions, and the slope of the curve was
recorded, as shown in Figure 4.34.

The fluorescence quantum yield of 69 was measured using the same method.
Since the molecule 69 (A 324 nm, &max 5.63 x 10* Mflcmfl) contained the chromophore
moiety (47, Amax 320 nm, &max 3.90 x 10* M_lcm_l) and the triphenylsulfonium group (59,
Amax 320 N, gnax 2.29 x 10* Mflcmfl), the absorbance of 69 has contribution form both
the chromophore moiety and the triphenylsulfonium group, which have the same

absorption maxima. The extinction coefficient of 69 was almost equal to the sum of those
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of 47 and 59. Our purpose is to measure the fluorescence induced by the absorption of the
chromophore moiety of 69 for the electron transfer study. Thus, the absorbance of the
chromophore moiety of 69 could be calculated by using the extinction coefficient of 47
divided the sum of those of 47 and 59, which was 63%. After the correction of
absorbance of 69, the fluorescence integration was plotted against the absorbance of the
solution at 320 nm attributable to the chromophore, and the slope of the plot was
recorded. The relative fluorescence quantum yield of 69 over 47 was obtained by

calculating the slope ratio of 69 to 47, which is 0.71.
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Figure 4.34 Measurement of fluorescence quantum yields of 69 and 47.
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4.7.6  The measurement of two-photon induced polymerization threshold

The measurements of the polymerization threshold energies of 47 or 69 were
performed by V. Chen in Dr. J. Perry’s group. The resin for two-photon microfabrication
contained initiator (47 or 69, 0.1%) in triacrylates (SR9008:SR368 in 1:1 ratio). The
samples were prepared by sandwiching the resin between a methacrylate modified
microscope slide with a 15 micron spacer and a cover slip on the other side. The samples
were mounted onto a 3D translation stage (Newport, XPS). Laser excitation at 510 nm
was achieved by using frequency-doubling the 1020 nm excitation from MaiTai (Spectra-
Physics) using a second-harmonic generation crystal, with the fundamental blocked using
two short-pass 550 nm filters. Laser light was delivered into the sample using a 60 X oil-
immersion objective (Nikon, 1.4 NA).

Laser exposures were performed at various powers to first determine the
polymerization threshold energy, which were approximately 2.5 mW for 47 (Figure 4.35,
a) and 2.0 mW for 69 (Figure 4.35, b). Based on the initial thresholds, at least three
powers above and three below the thresholds with 0.25 mW increment were applied to
the samples to determined the actual thresholds. The test structure for these experiments
was a woodpile-type photonic crystal structure with parameters set to 200 nm lateral
spacing and 100 nm vertical spacing with writing speed of 1 mm/s.

Three sets of experiments were performed for each initiator. Each set included
fabricating one sample of each initiator on the same day with the same experimental

setup. Slight variation of thresholds from day-to-day may be caused by the changes in the
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optical alignment (for accommodating other experiments). However, over all three set

experiments, the threshold for 69 is consistently lower than 47.

(a)

Figure 4.35 Threshold measurements of (a) 47 and (b) 69.
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4.8  Experimental: synthetic procedures

General experimental. NMR spectroscopy was performed using either a DRX-
500 MHz or Varian Unity Plus-300 MHz spectrometer at the University of Arizona. Mass
spectrometry (MS) was performed by the MS Instrument Facility at the University of
Arizona. The combustion experiments for elemental analysis were conducted by Desert
Analytics. Silica gel (40 — 63 um, EMD Chemical, Inc.) was used to perform flash
column chromatography. TLC was performed on pre-coated plates containing a
fluorescent indicator (silica gel 60 F,s4, EMD Chemicals, Inc.) All reagents and solvents
including dry solvents and anhydrous solvents in Acroseal bottles were purchased from
readily available suppliers (Aldrich and Acros), and were used as received. The general
precautions for preparation of light sensitive compounds mentioned in this section
include wrapping the reaction flask with aluminum foil and performing the subsequent
workup and purification in dark under weak red light. These precautions are applied in all

cases where it is indicated that the compound is light sensitive.

BUSO

Br
1-Bromo-3-butylsulfanyl-benzene. To acetone (50 mL), were added 3-
bromothiophenol (5.00 g, 26.4 mmol), 1-bromobutane (4.9 mL, 39.6 mmol), potassium
carbonate (7.30 g, 52.8 mmol) and potassium iodide (0.22 g, 1.32 mmol). The reaction
mixture was heated to reflux under nitrogen for 2 days. After cooling to room

temperature, the mixture was extracted with diethyl ether three times. The combined
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organic layers were washed with water, and then dried over magnesium sulfate. After
condensation to remove the solvent, 1-bromobutane was removed by using a vacuum
pump to remove. The purification by column chromatography (hexane) afforded a
colorless liquid (7.00 g) in 98% yield. 'H NMR (400 MHz, acetonitrile-ds) 57.46 (s, 1H),
7.30 (d,J=7.6 Hz, 1H), 7.26 (d, J= 7.2 Hz, 1H), 7.18 (t, J= 7.8 Hz, 1H), 2.95 (t,J=17.2
Hz, 2H), 1.57 (quintet, J = 7.2 Hz, 2H), 1.42 (sextet, J = 7.2 Hz, 2H), 0.90 (t, /= 7.2 Hz,
3H). *C NMR (100 MHz, acetonitrile-d;) & 141.0, 131.5, 130.8, 129.1, 127.5, 123.3,

32.9,31.6,22.5, 13.8.2!* The data were consistent with the literature data.?*

@)

Bus\©/s\©/38u

Bis(3-butylthiophenyl) sulfoxide. The Grignard reagent was prepared by the
reaction of 1-bromo-3-butylsulfanyl-benzene (6.74 g, 27.5 mmol) and magnesium metal
(0.67 g, 27.5 mmol) in THF (35 mL). The reagent was added to the solution of thionyl
chloride (0.91 mL, 12.5 mmol) in diethyl ether (10 mL) at 0 °C. The reaction mixture was
then stirred overnight. The reaction mixture was extracted with diethyl ether three times.
The combined organic layers were washed with aqueous hydrogen chloride solution and
then water. After drying over with magnesium sulfate, the purification by column
chromatography (dichloromethane: hexane 3:1) afforded a pale brown solid (2.51 g) in
53% yield. "H NMR (400 MHz, acetonitrile-d;) & 7.55 — 7.53 (m, 2H), 7.44 — 7.36 (m,
6H), 2.96 (t, /= 7.2 Hz, 4H), 1.54 (quintet, J = 7.2 Hz, 4H), 1.39 (sextet, J = 7.2 Hz, 4H),
0.88 (t, J = 7.2 Hz, 6H). °C NMR (100 MHz, acetonitrile-ds) & 148.2, 140.7, 131.1,

130.9, 123.3, 121.8, 32.7, 31.6, 22.6, 13.9. HRMS (FAB+) m/z: calcd. for C;0H»70S3
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(MH") 379.1224, Found 379.1256.'* The compound was used for next step without

further purification.

. Br
Bu8\©/8\©/88u

Bis-(3-butylsulfanyl-phenyl)-(4-fluoro-phenyl)-sulfonium bromide. Grignard
reagent was prepared from the reaction of 4-fluoro-1-bromobenzene (1.44 g, 8.25 mmol)
and magnesium metal (0.20 g, 8.3 mmol) in THF (7.5 mL) in a dark flask. At room
temperature, bis(3-butylthiophenyl) sulfoxide (1.26 g, 3.30 mmol) was added to the
Grignard reagent, and then trimethylsilyl chloride (1.05 mL, 8.25 mmol) was added.
After stirring for 2 h, the aqueous hydrobromic acid solution (5 wt%) was added to
quench the reaction, and diethyl ether was added to dilute the organic layer. Then the
mixture was extracted with aqueous hydrobromic acid solution (5 wt%) three times. The
combined aqueous layers were extracted with dichloromethane three times. All the
combined organic layers were dried over magnesium sulfate and concentrated. The white
oil was washed with diethyl ether until crystals were formed. The white crystal (0.82 g)
was collected by filtration in 53% yield. The product is light sensitive. '"H NMR (400
MHz, acetonitrile-d;) 6 7.76 (dd, J = 8.4 Hz, J = 4.4 Hz, 2H), 7.68 (d, J = 7.2 Hz, 2H),
7.59 (t, J = 8.0 Hz, 2H), 7.49 (t, J = 8.4 Hz, 2H), 7.45 (s, 2H), 7.34 (d, J = 8.0 Hz, 2H),
2.94 (t, J = 7.2 Hz, 4H), 1.54 (quintet, / = 7.2 Hz, 4H), 1.36 (sextet, J = 7.2 Hz, 4H),

0.87 (t, J = 7.2 Hz, 6H). '*C NMR (100 MHz, acetonitrile-ds) & 143.9, 135.6, 135.5,
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133.6, 132.6, 128.9, 132.6, 128.9, 1279, 126.3, 120.1, 119.9, 120.1, 119.9, 32.4, 32.1,
22.5, 13.8. HRMS (FAB+) m/z: calcd. for CycH30FS; (M+—Br) 457.1494, Found

457.1499. Anal. Calcd. for Co6H30BrFSs: C, 58.09; H, 5.62. Found: C, 57.87; H, 5.59.>'*

F

Br-

BUOZSUSUSOZBU
Bis(3-(butylsulfonyl)phenyl)(4-fluorophenyl)sulfonium  bromide. Bis-(3-
butylsulfanyl-phenyl)-(4-fluoro-phenyl)-sulfonium bromide (0.179 g, 0.33 mmol) was
dissolved in methanol (4 mL). Then a solution of potassium monopersulfate (1.23 g, 1.98
mmol) in water (4 mL) was added to the mixture at 0 °C. After stirring for 4 hours at
room temperature, water was added to dilute the mixture, then the solution was extracted
with dichloromethane three times. The combined organic layers were washed with water,
and were dried over sodium sulfate. After removing solvent, the pale yellow crystal
(0.086 g) was collected in 43% yield by filtration. The product is light sensitive. '"H NMR
(400 MHz, acetonitrile-d3) ¢ 8.30 (d, J = 7.6 Hz, 2H), 8.23 (s, 2H), 7.97 (t, J = 8.0 Hz,
2H), 7.90 (t, J = 8.2 Hz, 2H), 7.85 (dd, J = 8.4 Hz, J = 4.4 Hz, 2H), 7.53 (t, J = 8.0 Hz,
2H), 3.21 (t, J = 7.6 Hz, 4H), 1.54 (quintet, J = 7.6 Hz, 4H), 1.36 (sextet, J = 7.6 Hz,
4H), 0.87 (t, J= 7.6 Hz, 6H). *C NMR (100 MHz, acetonitrile-d;) & 143.6, 136.7, 136.2,
136.1, 135.2, 133.9, 131.9, 127.2, 120.4, 120.2, 56.0, 25.2, 22.0, 13.7. HRMS (FAB+)

m/z: caled. for Co1H30FO4S3 (M'=Br) 521.1290, Found 521.1299.2"
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BuS@Br

1-Bromo-4-butylsulfanyl-benzene. To acetone (200 mL) in a three necked
round-bottomed flask equipped with a reflux condenser was added 4-bromothiophenol
(20.0 g, 105 mmol), 1-bromobutane (19.6 mL, 158 mmol), potassium carbonate (29.2 g,
210 mmol), and potassium iodide (0.88 g, 5.3 mmol). The reaction mixture was heated
under nitrogen to reflux for 3 days. After cooling to room temperature, the mixture was
extracted with diethyl ether three times. The combined organic layers were washed with
water three times. The organic layer was dried over magnesium sulfate. After
concentrated by rotary evaporation, the product (24.02 g) was obtained in 93% yield. 'H
NMR (400 MHz, acetonitrile-d;) 6 7.41 (d, J = 8.2 Hz, 2H), 7.19 (d, J = 8.4 Hz, 2H),
291 (t,J=7.2 Hz, 2H), 1.52 (quintet, J = 7.2 Hz, 2H), 1.44 (sextet, /= 7.2 Hz, 2H), 0.89
(t, J = 7.2 Hz, 3H). C NMR (100 MHz, acetonitrile-d;) & 137.7, 132.7, 130.7, 119.4,

33.1,31.7,22.5, 13.8.2!* The data were consistent with the literature data.?*

(0]

oL
BuS SBu

Bis(4-butylthiophenyl) sulfoxide. The Grignard reagent was prepared by the
reaction of 1-bromo-4-butylsulfanyl-benzene (21.58 g, 88 mmol) and Mg turnings (2.14
g, 88 mmol) in THF (110 mL). The reagent was added to the solution of thionyl chloride
(2.9 mL, 40 mmol) in THF (30 mL) at 0 °C, and the reaction mixture was stirred
overnight. The reaction mixture was extracted with diethyl ether three times. The

combined organic layers were washed with aqueous hydrogen chloride and then water.
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The organic layer was dried over magnesium sulfate. The pale brown solid (7.96 g) was
obtained in 53% yield after purification by flash column chromatography
(dichloromethane: ethyl acetate 20:1). 'H NMR (400 MHz, acetonitrile-d;) 57.51 (d, J =
8.4 Hz, 4H), 7.33 (d, J = 8.0 Hz, 4H), 2.94 (t, /= 7.2 Hz, 4H), 1.56 (quintet, J = 7.2 Hz,
4H), 1.40 (sextet, J = 7.2 Hz, 4H), 0.88 (t, J = 7.2 Hz, 6H). >C NMR (100 MHz,
acetonitrile-d;) 6 143.6, 143.1, 128.4, 125.8, 32.3, 31.5, 22.6, 13.8. HRMS (EI+) m/z:
caled. for CyoH»608S5 (M+) 378.1179, Found 378.1176. Anal. Calcd. for CooH60S3. C,

63.45; H, 6.92. Found: C, 63.16; H, 6.92.2!

gt Br-
BuS : : SBu

Bis-(4-butylsulfanyl-phenyl)-(4-fluoro-phenyl)-sulfonium bromide. Grignard
reagent was prepared from the reaction of 4-fluoro-1-bromobenzene (8.75 g, 50 mmol)
and magnesium metal (1.22 g, 50 mmol) in THF (40 mL). Bis(4-butylthiophenyl)
sulfoxide (7.66 g, 20 mmol) was added to the Grignard reagent at room temperature, and
then trimethyl silyl chloride (6.35 mL, 50 mmol) added to the mixture at 25 °C. After 4 h,
the aqueous hydrobromic acid solution (5wt%) was added to quench the reaction, and
then diethyl ether was added to dilute the organic layer. The reaction mixture was
extracted with aqueous hydrobromic acid solution (5 wt%) three times. The combined
aqueous layers were extracted with dichloromethane three times. The combined organic

layers were dried over magnesium sulfate and concentrated. The residue was washed
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with diethyl ether until the white crystals were obtained. The product (7.49 g) was
collected in 72% yield by filtration. The product is light sensitive. 'H NMR (400 MHz,
acetonitrile-d3) 07.77 — 7.73 (m, 2H), 7.58 — 7.51 (m, 8H), 7.46 (t, J = 8.8 Hz, 4H), 3.05
(t, J=7.2 Hz, 4H), 1.65 (quintet, J = 7.2 Hz, 4H), 1.46 (sextet, J = 7.2 Hz, 4H), 0.92 (t, J
= 7.2 Hz, 6H). °C NMR (100 MHz, acetonitrile-ds) & 149.2, 134.9, 134.8, 132.2, 128.9,
120.1, 119.8, 119.6, 31.6, 31.1, 22.6, 13.8. HRMS (ESI+) m/z: calcd. for CycH3oFSs
(M+—Br) 457.1493, Found 457.1437. Anal. Calcd. for C,cH3FBrSs: C, 58.09; H, 5.62.

Found: C, 57.91; H, 5.88.>'*

gt Br-
BuO,S : : SO,Bu

Bis(4-(butylsulfonyl)phenyl)(4-fluorophenyl)sulfonium bromide. Bis-(4-
butylsulfanyl-phenyl)-(4-fluoro-phenyl)-sulfonium bromide (0.538 g, 1.0 mmol) was
dissolved in methanol (12 mL) and cooled to 0 °C. A solution of potassium
monopersulfate (3.684 g, 6.0 mmol) in water (12 mL) was added the reaction mixture.
After reaction was stirred 4 hours at room temperature, water was added to dilute the
reaction mixture. The mixture was then extracted with dichloromethane three times. The
combined organic layers were washed with aqueous potassium bromide solution (20
wt%) three times, and water. The organic layer was dried over sodium sulfate. After
removing solvent, the oily crude product was washed with diethyl ether, and the pale

yellow crystal (0.420 g) was obtained in 70% yield by filtration. The product is light
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sensitive. "H NMR (400 MHz, acetonitrile-ds) 58.16 (d, J = 8.8 Hz, 4H), 7.97 — 7.91 (m,
6H), 7.53 (t, J = 8.8 Hz, 4H), 3.26 (t, J = 7.2 Hz, 4H), 1.61 (quintet, J = 7.2 Hz, 4H), 1.39
(sextet, J = 7.2 Hz, 4H), 0.87 (t, J = 7.2 Hz, 6H). >°C NMR (100 MHz, acetonitrile-ds) &
146.1, 136.6, 136.5, 133.4, 131.7, 131.2, 120.4, 120.2, 55.8, 25.1, 22.0, 13.7. HRMS

(ESI+) m/z: caled. for CogH3FO4S; (M —Br) 521.1290, Found 521.1289.2'

O
are=aar
D

Diphenyl(4-(4-phenylpiperazin-1-yl)phenyl)sulfonium bromide. The solution
of 4-fluorophenyl diphenyl sulfonium triflate (5.16g, 12 mol) and 1-phenylpiperadine (11
mL, 72 mol) in DMSO (150 mL) was heated at 100 °C overnight. The water was added to
dilute the reaction mixture, and then the solution was extracted with dichloromethane
three times. The combined organic layers were washed with aqueous hydrobromic acid
solution (5 wt%), aqueous potassium bromide solution (20 wt%) and water three times
respectively. The organic layer was dried over sodium sulfate. After removing solvent,
the oily crude product was washed with diethyl ether until the crystals appeared. The
yellow solid product (5.40 g) was obtained in 89% yield by filtration. The product is light
sensitive. 'H-NMR (400 MHz, acetonitrile-d3) 07.79 — 7.77 (m, 2H), 7.70 (t, J = 8.4 Hz,
4H), 7.61 (d, J = 8.8 Hz, 4H), 7.54 (d, /= 9.2 Hz, 2H), 7.26 (t, /= 8.8 Hz, 2H), 7.16 (d, J
= 9.2 Hz, 2H), 6.96 (d, J = 8.0 Hz, 2H), 6.84 (t, J = 7.2 Hz, 1H), 3.58 — 3.56 (m, 4H),

3.31 — 3.28 (m, 4H). *C NMR (100 MHz, acetonitrile-d;) & 155.6, 151.9, 134.9, 134.3,
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132.2, 131.2, 130.1, 127.5, 120.6, 116.9, 116.4, 107.3, 49.2, 47.3. HRMS (ESI) m/z:

Calcd. for CogHa7N,S (M'—Br) 423.1895, Found 423.1888.

O
OO
O

Diphenyl(4-(4-phenylpiperazin-1-yl)phenyl)sulfonium hexafluorophosphate.
diphenyl(4-(4-phenylpiperazin-1-yl)phenyl)sulfonium bromide (1.30 g, 2.58 mmol) was
dissolved in dichloromethane (100 mL). The solution was washed with aqueous
potassium hexafluorophosphate (20 wt%) and water three times respectively. The organic
layer was dried over sodium sulfate. After removing solvent, the oily crude product was
washed with diethyl ether, and the yellow solid (1.19 g) was obtained in 81% yield by
filtration. The product is light sensitive. 'H-NMR (400 MHz, acetonitrile-d;) 57.79 (t, J
=17.2 Hz, 2H), 7.70 (t, J = 8.0 Hz, 4H), 7.60 (d, /= 7.6 Hz, 4H), 7.54 (d, J = 9.2 Hz, 2H),
7.26 (t,J=7.2 Hz, 2H), 7.15 (d, /= 9.2 Hz, 2H), 6.97 (d, J = 8.0 Hz, 2H), 6.84 (t, /= 7.2
Hz, 1H), 3.58 — 3.56 (m, 4H), 3.31 — 3.28 (m, 4H). °C NMR (100 MHz, acetonitrile-d;)
0155.7,152.0, 134.9, 134.3, 132.2, 131.2, 130.1, 127.5, 120.7, 116.9, 116.4, 107.3, 49.2,
47.3. HRMS (ESI+) m/z: Calcd. for CogHy7N,S (M'—PFg) 423.1895, Found 423.1880.
Anal. Calcd. for CosH,7FsN,PS: C, 59.15; H, 4.79; N, 4.93. Found: C, 59.03; H, 4.80; N,

5.08.21
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SBu

avevated

SBu
Bis(4-(butylthio)phenyl)(4-(4-phenylpiperazin-1-yl)phenyl)sulfonium
bromide. The solution of bis-(4-butylsulfanyl-phenyl)-(4-fluoro-phenyl)-sulfonium
bromide (2.688 g, 5 mmol) and 1-phenylpiperadine (4.6 ml, 30 mmol) in DMSO (30 ml)
was heated at 100 °C overnight. After cooling to room temperature, water was added to
dilute the reaction mixture, and the solution was extracted with dichloromethane three
times. The combined organic layers were washed with aqueous hydrobromic acid
solution (5 wt%), aqueous potassium bromide solution (20 wt%) and water three times
respectively. The organic layer was dried over sodium sulfate. After removing solvent,
the oily crude product was washed with diethyl ether, and a yellow solid (2.69 g) was
obtained in 81% yield by filtration. The product is light sensitive. 'H NMR (400 MHz,
acetonitrile-d;) 0 7.54 — 7.46 (m, 10H), 7.26 (t, J = 8.0 Hz, 2H), 7.14 (d, J = 9.2 Hz, 2H),
6.96 (d, J = 8.0 Hz, 2H), 6.84 (t, J = 7.5 Hz, 1H), 3.56 — 3.54 (m, 4H), 3.29 — 3.27 (m,
4H), 3.04 (t, J = 7.2 Hz, 4H), 1.65 (quintet, J = 7.2 Hz, 4H), 1.46 (sextet, J = 7.2 Hz,
4H), 0.92 (t, J = 7.2 Hz, 6H). >*C NMR (100 MHz, acetonitrile-d;) & 155.5, 151.9, 148.1,
133.9, 131.4, 130.1, 128.8, 122.2, 120.6, 116.9, 116.4, 108.4, 49.2, 47.4, 31.7, 31.2, 22.6,

13.8. HRMS (ESI+) m/z: Caled. for C36H43N,S3 (M'—Br) 599.2588, Found 599.2626.
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SO,Bu
Bis(4-(butylsulfonyl)phenyl)(4-(4-phenylpiperazin-1-yl)phenyl)sulfonium

bromide. The solution of bis(4-(butylsulfonyl)phenyl)(4-fluorophenyl) sulfonium
bromide (1.203 g, 2 mmol) and 1-phenylpiperadine (1.8 ml, 12 mmol) in DMSO (10 mL)
was stirred at room temperature for 3 h. After cooling to room temperature, water was
added to dilute the reaction mixture, and the solution was extracted with dichloromethane
three times. The combined organic layers were washed with aqueous hydrobromic acid
solution (5 wt%), aqueous potassium bromide solution (20 wt%) and water three times
respectively. The organic layer was dried over sodium sulfate. After removing solvent,
the oil was washed with diethyl ether, and the yellow solid (1.08 g) was obtained in 73%
yield. The product is light sensitive. 'H NMR (400 MHz, acetonitrile-ds) & 8.14 (d, J =
8.8 Hz, 4H), 7.88 (d, J = 8.8 Hz, 4H), 7.63 (d, J = 9.2 Hz, 2H), 7.26 (t, J = 7.2 Hz, 2H),
7.18 (d, J=9.2 Hz, 2H), 6.96 (d, J = 8.0 Hz, 2H), 6.84 (t, /= 7.2 Hz, 1H), 3.63 — 3.60
(m, 4H), 3.32 — 3.29 (m, 4H), 3.26 (t, J = 7.2 Hz, 4H), 1.60 (quintet, / = 7.2 Hz, 4H),
1.36 (sextet, J = 7.2 Hz, 4H), 0.87 (t, J = 7.2 Hz, 6H). >°C NMR (100 MHz, acetonitrile-
d3) 0 156.3, 155.9, 151.9, 145.5, 135.4, 133.2, 132.5, 131.4, 130.1, 120.6, 116.8, 116.4,
55.8,49.1, 47.2, 25.1, 21.9, 13.7. HRMS (ESI+) m/z: Calcd. for C3sH43N204S; (M'—Br)

663.2385, Found 663.2463.
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OMe

1,4-Bis-bromomethyl-2,5-dimethoxy-benzene. To a suspension of 1,4-
dimethoxybenzene (15.82 g, 0.11 mol) and paraformaldehyde (7.46 g, 0.24 mol) in acetic
acid (220 mL), was added hydrobromic acid (70 mL, 30 wt% in acetic acid). The reaction
solution was heated to 70 °C for 4 h. After cooling to room temperature, the reaction
mixture was poured to water (1.5 L), and the crude product was collected by filtration.
The product (22.32 g) was obtained in 61% yield by washing with hot methanol. 'H
NMR (500 MHz, chloroform-d) 6 6.85 (s, 2H), 4.51 (s, 4H), 3.85 (s, 6H). The data were

consistent with the literature data.??**%

e
| PO(OEt),
(Et0),0P._

OM
X
=
OMe

Tetraethyl (2,5-dimethoxy-1,4-phenylene)bis(methylene)diphosphonate. A
solution of 1,4-bis-bromomethyl-2,5-dimethoxy-benzene (11.99 g, 12.22 mmol) and
triethyl phosphite (50 mL) was refluxed for 18 h. After cooling to room temperature, the
reaction solution was stored in the freezer for 2 hours. The product was crystallized from
triethyl phosphite. The excess triethyl phosphite was decanted, and the residue was

washed with hexane (3 x 80 mL). The product (13.70 g) was obtained in 85% yield after

filtration and dried. "H NMR (500 MHz, chloroform-d) & 6.86 (d, J = 1.5 Hz, 2H), 3.98
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(dq, J = 7.5 Hz, 8H), 3.75 (s, 6H), 3.20 (s, 2H), 3.16 (s, 2H), 1.20 (t, J = 7.5 Hz, 12H).
The data were consistent with the literature data.>*®

Bu OMe

\

N —
Bu \ \ /

MeO

PO(OEt),

(E)-Diethyl 4-(4-(dibutylamino)styryl)-2,5-dimethoxybenzylphosphonate. To
a solution of 4-(dimethylamino)benzaldehyde (0.98 g, 1.0 mL, 4.2 mmol) and tetraethyl
(2,5-dimethoxy-1,4-phenylene)bis(methylene)diphosphonate (2.81 g, 6.41 mmol) in dry
THF (80 mL), was added potassium tert-butoxide (6.5 mL, 6.0 mmol, 1.0 M in 2-methyl-
2-propanol) at 0 °C. After stirring at 0 °C for 2 hours, the reaction solution was quenched
by adding water (50 mL). THF was removed by evaporation, and the aqueous layer was
extracted with dichloromethane until the color of the aqueous layer was only slight
yellow or colorless. The combined organic layers were washed with water, and dried over
magnesium sulfate. The product (1.52 g) was obtained by flash column chromatography
(ethyl acetate) in 79% yield. 'H NMR (500 MHz, chloroform-d) & 7.39 (d, J = 8.5 Hz,
2H), 7.20 (d, J = 16.5 Hz, 1H), 7.07 (s, 1H), 6.98 (d, J = 16.0 Hz, 1H), 6.90 (d, J = 2.5
Hz, 1H), 6.61 (d, J = 9.0 Hz, 2H), 4.04 (dq, J = 7.0 Hz, 4H), 3.86 (s, 3H,), 3.83 (s, 3H),
3.21 - 3.29 (m, 6H, 2NCH;), 1.58 (quintet, J = 8.0 Hz, 4H), 1.36 (sextet, J= 7.5 Hz, 4H),
1.26 (t, J = 7.5 Hz, 6H), 0.95 (t, J = 7.5 Hz, 6H). '"H NMR (125 MHz, chloroform-d) &
151.4, 150.5, 147.7, 128.9, 127.7, 126.7, 126.7, 124.93, 119.1, 119.0, 118.0, 114.7, 114.7,

111.5, 62.0, 56.4, 50.8, 29.5, 27.2, 26.1, 20.4, 16.4, 14.0. HRMS (FAB+) m/z: Calcd. for
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C29H44NO5P (M+) 517.2957, Found 517.2967. Anal. Calcd. for C29H44N05P2 C, 6729, H,

8.57; N, 2.71. Found: C, 7.01; H, 8.71; N, 2.68.

O'Bu

tert-Butyl 4-(4-(4-(4-(Dibutylamino)styryl)-2,5-dimethoxystyryl)phenyl)
piperazine-1-carboxylate. To a solution of (F)-diethyl 4-(4-(dibutylamino)styryl)-2,5-
dimethoxybenzylphosphonate (2.25 g, 4.35 mmol) and 4-N-tert-butoxycarbonyl-
piperazinobenzaldehyde (1.26 g, 4.35 mmol) in THF (50 mL), was added potassium tert-
butoxide solution (4.5 ml, 1.0 M) in THF at 0 °C. The mixture was stirred for 5 hours at 0
°C and allowed to rise to ambient temperature. The reaction was quenched by addition of
water (40 mL), and the mixture was extracted with ethyl acetate three times. The
combined organic layers were dried over magnesium sulfate. After removal of solvent,
the product (2.03 g) was obtained by purification of flash chromatography (ethyl
acetate:hexanes 3:7) in 72% yield. "H NMR (500 MHz, acetone-ds) §7.44 (d, J = 8.5 Hz,
2H), 7.37 (d, J = 9.0 Hz, 2H), 7.34 (d, J = 16.5 Hz, 2H), 7.26 (s, 1H), 7.25 (s, 1H), 7.20
(d, J=14.0 Hz, 1H), 7.18 (d, /= 18.0 Hz, 1H), 7.15 (d, /= 16.5 Hz, 1H), 6.97 (d, J=9.0
Hz, 2H), 6.68 (d, /= 9.0 Hz, 2H), 3.91 (s, 1H), 3.90 (s, 1H), 3.54 (t, /= 5.0 Hz, 4H), 3.35
(t, J=7.5 Hz, 4H), 3.18 (t, J = 5.0 Hz, 4H), 1.59 (quintet, J = 7.5 Hz, 4H), 1.46 (s, 9H),
1.37 (sextet, J = 7.5 Hz, 4H), 0.95 (t, J = 7.5 Hz, 6H). *C NMR (125 MHz, acetone-ds) &
155.0, 152.3, 152.0, 151.7, 148.8, 130.5, 129.8, 128.9, 128.5, 128.1, 127.9, 126.7, 126.1,

121.0, 118.6, 1169, 1127, 109.6, 109.3, 79.7, 56.6, 56.5, 51.3,
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49.5, 286, 209, 14.3. HRMS (ESI+) m/z: Caled. for C41H56N304 (MH+) 654.4271,
Found, 654.4239. Anal. Calcd. for C41Hs5N304: C, 75.31; H, 8.48; N, 6.43. Found: C,

75.30; H, 8.50, N, 6.62.28

Bu

\

an Me
By N/ \ O \ —
MeO /

N,N-Dibutyl-4-(2,5-dimethoxy-4-(4-(piperazin-1-yl)styryl)styryl)aniline. To a
solution of fert-butyl 4-(4-(4-(4-(dibutylamino)styryl)-2,5-dimethoxystyryl)phenyl)
piperazine-1-carboxylate (1.53 g, 2.34 mmol) in THF (50 mL) was added hydrochloric
acid (15 mL, 2M). The mixture was heated to reflux for 6 hours and allowed to cool to
room temperature. The solution was neutralized with aqueous sodium hydroxide solution,
and extracted three times with the mixture of diethyl ether and dichloromethane (8:2).
The combined organic layers were dried over anhydrous magnesium sulfate. After
removal of solvent, the product (1.11 g) was obtained by recrystallization (toluene and
hexanes) in 86% yield. "H NMR (500 MHz, chloroform-d) § 7.47 (d, J = 8.5 Hz, 2H),
7.41 (d,J=9.0 Hz, 2H), 7.34 (d, /= 16.5 Hz, 1H), 7.25 (d, J = 16.0 Hz, 1H, overlap with
solvent peak), 7.11 (s, 1H), 7.10 (s, 1H), 7.04 (d, J = 16.5 Hz, 1H), 7.02 (d, J = 16.5 Hz,
1H), 6.91 (d, J=9.0 Hz, 2H), 6.63 (d, J = 8.5 Hz, 2H), 3.92 (s, 3H), 3.91 (s, 3H), 3.30 (t,
J=17.5 Hz, 4H), 3.20 (br, 4H), 3.05 (br, 4H), 1.59 (m, 4H), 1.37 (m, 4H), 0.97 (t,J="7.5
Hz, 6H). >C NMR (125.7 MHz, chloroform-d) & 151.3, 151.1, 151.0, 129.4, 128.9,
128.0, 127.8, 127.4, 127.1, 125.9, 125.0, 120.4, 118.0, 115.8, 111.5, 108.8, 108.5, 56.5,

56.4,50.8, 50.1, 46.1, 29.5, 20.3, 14.0. HRMS (ESI+) m/z: Caled. for C3¢H4sN3;0, (MH")
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554.3747, Found, 554.3724. Anal. Calcd. for C3¢H47N30,: C, 78.08; H, 8.55; N, 7.59.

Found: C, 77.71; H, 8.52, N, 7.54.2'8

(4-(4-(4-(4-(4-(Dibutylamino)styryl)-2,5-dimethoxystyryl)phenyl)piperazin-1-
yD)phenyl)diphenylsulfonium hexafluorophosphate. The solution of N, N-dibutyl-4-
(2,5-dimethoxy-4-(4-(piperazin-1-yl)styryl)styryl)aniline (0.80 g, 1.5 mmol) and 4-
fluorotriphenylsulfonium hexafluorophosphate (0.61 g, 1.5 mmol) in DMSO (5 ml) was
heated to 100 °C for 6 hours. After cooling to room temperature, the mixture was poured
into an aqueous potassium hexafluorophosphate solution (5 wt%). The yellow solid was
filtrated and washed with water. The crude material was washed with methanol two
times. The pure product (0.85 g) was obtained by purification of flash column
chromatography (hexanes:dichloromethane 1:1, and then dichloromethane) in 41% yield.
The product is light sensitive. 'H NMR (500 MHz, chloroform-d) & 7.69 (t, br, J = 7.2
Hz, 2H), 7.65 (t, J = 8.0 Hz, 4H), 7.56 (d, J = 8.0 Hz, 4H), 7.53 (d, J = 9.0 Hz, 2H), 7.46
(d, J=9.0 Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 7.33 (d, J = 16.5 Hz, 1H), 7.25 (d, J=16.5
Hz, 1H), 7.0 — 7.15 (m, 6H), 6.87 (d, J = 9.0 Hz, 2H), 6.62 (d, J = 8.5 Hz, 2H), 3.91 (s,
3H), 3.89 (s, 3H), 3.56 (t, br, 4H), 3.34 (t, br, 4H), 3.92 (t, /= 7.5 Hz, 4H), 1.58 (m, 4H),
1.36 (m, 4H), 0.96 (t, J = 7.2 Hz, 6H). 'C NMR (125 MHz, chloroform-d) & 154.5, 151.3,

151.1, 149.6, 147.7, 134.1, 133.3, 131.4, 130.1, 129.9, 129.0, 127.8, 127.5, 126.1, 125.7,
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125.0, 120.7, 117.9, 115.8, 115.7, 111.5, 108.9, 108.4, 105.7, 56.5, 56.4, 50.7, 48.2, 46 .4,
29.5, 20.3, 14.0. HRMS (FAB+) m/z: Caled. for CssHgoN30,S (M'—PFy), 814.4406,
Found, 814.4418. Anal. Calcd. for Cs4HgFsN3O,PS: C, 67.55; H, 6.30; N, 4.38. Found:

C, 67.88; H, 6.36, N, 4.28 *'®

o))

4-Bromo-4'-nitro-biphenyl. To a solution of 4-bromobiphenyl (28.03 g, 0.12
mol) and concentrated sulfuric acid (35.20 g, 98 wt%, 0.35 mol) in acetic acid (220 mL),
was added concentrated nitric acid (12.01 g, 70 wt%, 0.13 mol) drop by drop. Then the
reaction mixture was heated to 75 °C for 15 hours. After cooling to room temperature, the
reaction mixture was filtrated. The product (15.00 g) was obtained from recrystallization
(ethanol) in 47% yield. "H NMR (500 MHz, chloroform-d) §8.29 (d, J= 9.0 Hz, 2H),
7.70 (d, J=9.0 Hz, 2H), 7.63 (d, J = 8.5 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H). °C NMR
(125 MHz, chloroform-d) 6 142.3, 146.3, 137.6, 132.3, 128.9, 127.6, 124.2, 123.5. The

data were consistent with the literature data.??’

)

4'-Bromo-biphenyl-4-ylamine. The solution of 4-bromo-4'-nitro-biphenyl
(8.56g, 30.8 mmol), concentrated hydrochloric acid (25 mL, 75 wt%), and ethanol (180
mL) was heated to reflux for 10 min. Then tin (II) chloride dihydrate (35.40 g, 0.16 mol)
was added during 30 min. The reaction mixture was boiled for 2 h. After cooled to room
temperature, the saturated sodium hydroxide aqueous solution was added till the pH was

13. The mixture was extracted with diethyl ether (3 x 150 mL), and the combined organic
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layers were dried over magnesium sulfate, and concentrated. The recrystallization from
ethanol afforded the product (15.01 g) in 90% yield. 'H NMR (500 MHz, chloroform-d)
07.48 (d, J= 8.5 Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H), 7.35 (d, /= 8.5 Hz, 2H), 6.73 (d, J =
9.0 Hz, 2H), 3.69 (br, 2H). °C NMR (125 MHz, chloroform-d) & 146.1, 139.9, 131.6,

130.1, 127.9, 127.7, 120.2, 115.3. The data were consistent with the literature data.??’

(4'-Bromo-biphenyl-4-yl)-dibutyl-amine. To a solution of 4'-bromo-biphenyl-
4-ylamine (0.23 g, 0.93 mmol) in anhydrous 1-methyl-2-pyrrolidinone (10 mL), were
added 1-bromobutane (0.30 mL, 0.38 g, 2.9 mmol), potassium carbonate (0.39 g, 2.8
mmol), 18-crown-6-ether (0.23 g, 0.89 mmol), and potassium iodide (0.12 g, 0.72 mmol)
at room temperature. After the reaction mixture was heated to reflux for 20 h, the saturate
brine solution (30 mL) was added to quench the reaction. The solution was extracted with
diethyl ether (3 x 50 mL). The combined organic layers were dried over magnesium
sulfate and concentrated. The product (0.20 g) was isolated by column chromatography
(hexane) in 60% yield. '"H NMR (500 MHz, acetone-ds) & 7.50 (m, 4H), 7.45 (d, J = 9.0
Hz, 2H), 6.73 (d, J = 9.0 Hz, 2H), 3.34 (t, J = 7.5 Hz, 4H), 1.59 (quintet, J = 7.5 Hz, 4H),
1.37 (sextet, J = 7.5 Hz, 4H), 0.95 (t, J = 7.5 Hz, 6H). '>°C NMR (125 MHz, chloroform-
d) 0 147.8, 140.2, 131.6, 127.6, 127.6, 126.3, 119.6, 111.9, 50.8, 29.5, 20.4, 14.0. The

data were consistent with the literature data.??’
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Bu, N9
OO
Bu " 0OBu

tert-Butyl 4-(4'-(dibutylamino)biphenyl-4-yl)piperazine-1-carboxylate. To a
solution of (4'-bromo-biphenyl-4-yl)-dibutyl-amine (4.14 g, 11.5 mmol) and fert-butyl 1-
piperizinecarboxylate (5.52 g, 28.8 mmol) in dry THF (55 mL), were added sodium tert-
butoxide (2.86 g, 0.13 mmol) and dichlorobis(tri-o-tolylphosophine)-palladium (II)
PdCl,[P(CcH4CHs3),]2 (0.49 g, 0.63 mmol) at room temperature under nitrogen. The
reaction mixture was heated to 100 °C for 18 hours. After cooling to room temperature,
the saturate brine solution (100 mL) was added to quench the reaction. The mixture was
extracted with diethyl ether (3 x 100 mL). The combined organic layers were dried over
magnesium sulfate and concentrated. The product (4.84 g) was isolated by column
chromatography (hexane and then 5% ethyl acetate in hexane) in 93% yield. 'H NMR
(500 MHz, acetone-ds) 6 7.44 (d, J = 8.5 Hz, 2H), 7.41 (d, J = 9.0 Hz, 2H), 6.98 (d, J =
8.5 Hz, 2H), 6.72 (d, J = 9.0 Hz, 2H), 3.54 (t, J = 5.0 Hz, 4H), 3.33 (t, / = 7.5 Hz, 4H),
3.12 (t, J=5.0 Hz, 4H), 1.59 (quintet, J = 7.5 Hz, 4H), 1.46 (s, 9H), 1.38 (sextet, J = 7.5
Hz, 4H), 0.95 (t, J = 7.5 Hz, 6H). °C NMR (125 MHz, acetone-ds) & 155.0, 150.6,
148.0, 133.7, 128.4, 127.6, 127.0, 117.6, 113.0, 79.7, 51.3, 50.1, 44.9 (br), 44.1 (br), 30.3,
28.6, 20.89, 14.3. HRMS (FAB+) m/z: Caled. for CyoHy3N30, (M) 465.3355, Found
465.3362. Anal. Calcd. for CooH43N30,: C, 74.80; H, 9.31; N, 9.02. Found: C, 74.96; H,

9.40, N, 9.04.
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N,N-Dibutyl-4'-(piperazin-1-yl)biphenyl-4-amine trihydrochloride. Hydrogen
chloride gas was put through the solution of fert-butyl 4-(4'-(dibutylamino)biphenyl-4-
yl)piperazine-1-carboxylate (0.18 g, 0.40 mmol) in ethyl acetate (10 mL) for 10 min. The
solution was heated to remove the hydrogen chloride gas, and then was concentrated by
evaporation. Minimal dichloromethane was added to completely dissolve the solid, and
diethyl ether was added until no more white solid was precipitate. After filtration, the
solid was collected. The precipitation was repeated three times, and the solid was dried
under vacuum to give the product (0.12 g) in 65% yield. '"H NMR (500 MHz, dimethyl
sulfoxide-ds and 3 drops of water-d,) 6 7.78 (d, J = 8.5 Hz, 2H), 7.61 (d, J = 8.5 Hz, 2H),
7.07 (d, J = 8.5 Hz, 2H), 3.48 (t, /= 7.5 Hz, 4H), 3.40 (t, /= 5.0 Hz, 4H), 3.21 (t, J=5.0
Hz, 4H), 1.35-1.25 (m, J = 7.5 Hz, 4H), 1.20 (sextet, J = 7.5 Hz, 4H), 0.75 (t, J = 7.0 Hz,
6H). >C NMR (125 MHz, dimethyl sulfoxide-ds and 3 drops of water-d>) & 150.4, 141.5,
137.1, 130.2, 128.3, 128.1, 123.2, 117.0, 58.1, 45.7, 43.3, 27.2, 19.7, 14.0. HRMS (ESI+)
m/z: Calcd. for CosH36N3 (MH+—3HC1) 366.2909, Found 366.2898. Anal. Calcd. for

Co4H33CI3N3: C, 60.96; H, 8.06; N, 8.76. Found: C, 61.06; H, 8.41; N, 8.76.

(4-(4-(4'-(Dibutylamino)biphenyl-4-yl)piperazin-1-yl)phenyl)diphenyl

sulfonium trifluoromethanesulfonate. A solution of N,N-dibutyl-4'-(piperazin-1-
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yl)biphenyl-4-amine trihydrochloride (0.79 g, 2.2 mmol) and 4-fluorophenyl diphenyl
sulfonium triflate (0.93 g, 2.2 mmol) in DMSO (25 mL) was refluxed at 100 °C for 4 h.
The separation by column chromatography (dichloromethane: methanol 30: 1, and then
20: 1) afforded the product (0.87 g) in 52% yield. '"H NMR (500 MHz, acetone-ds) 57.84
—7.72 (m, 12H), 7.46 (d, J = 9.0 Hz, 2H), 7.42 (d, J = 9.0 Hz, 2H), 7.27 (d, J = 9.0 Hz,
2H), 7.00 (d, J = 9.0 Hz, 2H), 6.72 (d, J = 9.0 Hz, 2H), 3.62 (t, J = 5.0 Hz, 4H), 3.34 —
3.31 (m, 8H), 1.57 (quintet, J = 7.5 Hz, 4H), 1.37 (sextet, J = 7.5 Hz, 4H), 0.93 (t, J="7.5
Hz, 6H). *C NMR (125 MHz, acetone-ds) & 155.5, 150.0, 147.8, 134.8, 134.4, 133.4,
132.1, 131.2, 128.2, 127.7, 127.6, 127.0, 117.1, 116.4, 113.0, 107.5, 51.2, 49.3, 47.2,
30.2, 20.8, 14.3. HRMS (FAB+) m/z: Calcd. for C4HygN3S (M'—CF3S03) 626.3569,
Found 626.3588. Anal. Calcd. for C43H4sF3N30,S,: C, 66.56; H, 6.23; N, 5.42. Found: C,

66.38; H, 6.08, N, 5.31.

(4-(4-(4'-(Dibutylamino)biphenyl-4-yl)piperazin-1-yl)phenyl)diphenyl
sulfonium bromide. The solution of (4-(4-(4'-(dibutylamino)biphenyl-4-yl)piperazin-1-
yl)phenyl)diphenylsulfonium trifluoromethanesulfonate (0.879 g, 1.13 mmol) in
dichloromethane (20 mL) was washed by the aqueous potassium bromide solution (20
wt%) three times and then water three times. The solution was dried over mgansium
sulfate. The product (0.712 g) was obtained in 89% yield after the solvent was removed

by evaporation. 'H NMR (400 MHz, acetone-ds) 57.88 — 7.77 (m, 12H), 7.46 (d, J= 8.8
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Hz, 2H), 7.42 (d, J = 8.8 Hz, 2H), 7.33 (d, J = 8.8 Hz, 2H), 7.00 (d, J = 8.8 Hz, 2H), 6.72
(d, J = 8.8 Hz, 2H), 3.67 — 3.64 (m, 4H), 3.34 — 3.31 (m, 8H), 1.57 (quintet, J = 7.6 Hz,
4H), 1.37 (sextet, J = 7.6 Hz, 4H), 0.93 (t, J = 7.6 Hz, 6H). *C NMR (100 MHz, acetone-
ds) 5155.5, 150.0, 147.9, 134.8, 134.5, 133.5, 132.1, 131.4, 128.2, 127.9, 127.6, 127.0,
117.2, 116.5, 112.9, 107.7, 51.2, 49.4, 47.3, 30.2, 20.8, 14.2. HRMS (FAB+) m/z: Calcd.

for C4,H4sN3S (M'—Br) 626.3565, Found 626.3538.
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5. TWO-PHOTON REMOVABLE PROTECTING GROUPS
5.1  Historical review
A protecting group (or protective group) is a group introduced into a molecule by
chemical modification of a functional group in order to obtain chemoselectivity in a
subsequent chemical reaction. Protecting groups are important in mutistep organic

228229 photoremovable

synthesis and in mechanistic studies of biological processes.
protecting groups (also known in the literature as photolabile, photocleavable,
photoreleasing, photoactive, or photosensitive protecting groups) are protecting groups
that can be removed by irradiation with light. The advantages of photoremovable
protecting groups include spatial and temporal control, and mild reaction conditions. For
example, in the fabrication of solid-state DNA arrays, the possibility of spatial control

allows for surface modification with different patterns.>***!

Temporal control has
allowed for the first time-resolved image of an enzymatic reaction.””> A short historical
review of the development of photoremovable protecting groups will be described in this
section.

In 1962, the first successful development of photoremovable protecting groups
was reported by Barltrop.”*> Free glycine was released from benzyloxycarbonylglycine
upon irradiation with ultraviolet light (254 nm). Subsequently, a number of
photoremovable protecting groups have been developed for various functional groups,
including carboxylic acid, alcohol, amine, ketone, and phosphate residues. In 1970,

Sammes briefly mentioned two possible approaches of designing photoremovable

protecting groups.234 One was to use various intramolecular photorearrangement
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reactions,235

and another involved the greater activity of the excited states of aromatic
compounds compared to that of their ground states.”***” With a focus on these two
approaches, Amit summarized photoremovable protecting groups up to 1973.%** Until this
time, photoremovable protecting groups were still in the developmental stage, and were
used predominately in synthetic chemistry.

In the late 1970s, the increased understanding of the nature of photochemical and
photophysical processes and the improvement of techniques in the field of
photoremovable protecting groups had extended their applications in various biochemical
systems. Photoremovable derivatives of natural substrates were first called “caged
compounds” by Kaplan, and this terminology has been extensively used. Kaplan®® and
Engels** successfully achieved rapid photorelease of ATP from o-nitrobenzyl caged
ATP in intracellular media. In the 1980s, the reviews by Pillai**'** and Zehavi**
illustrated the applications of photoremovable protecting groups not only in organic
synthesis, but also in the synthesis of peptides, polysaccarides, carbohydrates, and
nucleotides.

In the last fifteen years, considerable progresses have been made in understanding
and improving existing protecting groups, developing new ones, and finding extensive
applications. The recently adopted term ‘phototrigger”, which refers to the very rapid
release of substrates, has become more acceptable for newer photoremovable protecting
groups. In the early 1990s, several excellent reviews by Adams** Corrie,*”

245,246

Trentham and Givens’”’ have covered the areas of synthesis, physiology and

molecular chemistry, and biochemistry. In 1998, a volume of Methods in Enzymology
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with twenty-seven papers was devoted to caged compounds.**® Since 2000, the reviews
by Wirz,”* Bochet,?° Falvey,251 and Givens™>*>® have appeared. In 2005, a book
entitled “Dynamic Studies in Biology” was published in this area.”* Some recent

applications of photoremovable protecting groups have been found in photorelease of

i 257260 pi o :
neurotransmitters,”****>*® photorelease of calcium,”’ kinetic study of protein
- . 232,263 .
folding,”*'**  time-resolved X-ray crystallography,”* two-photon  induced
- . 230,231,269-271
photorelease,”**?*® and synthesis of molecular arrays.>**>3!26%7
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5.2 Literature review for photoremovable protecting groups

Sheehan®” and Lester’” have set benchmarks for evaluation of the efficient
photoremoval protecting groups: 1) The attachment of a photoremovable protecting
group to a substrate should be easily achieved in a very high yield by a general synthetic
procedure, especially for synthetic applications. For the biological studies, the substrate,
protected substrate, and photoproducts should have good aqueous solubility. 2) The
departure of the protecting group from the substrate should be a primary photochemical
process. 3) The protected substrate, as well as the photoproducts, should be inert or
benign, and stable to the photolysis environment, such as the media, other reagents and
products. 4) Excitation wavelengths should be longer than 300 nm, where the absorption
of media, substrate, or photoproducts would be weak. 5) The chromophores should have
reasonable absorption coefficients at the irradiation wavelength. 6) The quantum yield of
photorelease should be high. These six criteria are seldom met in their entirety, but they
do serve as excellent guidelines. In this section, representative photoremovable protecting
groups in the literature based on o-nitrobenzyl, benzoin, phenacyl, and coumaryl groups

and their photolysis mechanisms will be reviewed and discussed.



213

5.2.1 The o-nitrobenzyl group and its derivatives
o-Nitrobenzyl groups are the most widely applied photoremovable protecting
groups. Barltrop first reported the release of benzoic acid by irradiating o-nitrobenzyl

3 Kaplan introduced o-nitrobenzyl caged ATP into physiological media.”

benzoate.
Since then, o-nitrobenzyl groups have been used to protect a variety of functional groups,
such as carboxylic acids, alcohols, amines, and phosphates. Now over 40 nitrobenzyl-
protected biomolecules are commercially available.*** The commonly used

249
1.

photoremovable o-nitrobenzyl protecting groups are shown in Figure 5 The most

popular one is 6-nitroveratroyloxycarbonyl (NVOC), first reported by Patchornik.””*

NO, MeO NO, MeO: C :NOz
L L (0] L
MeO : T MeO \ﬂ/
R R (0]
R=H,CH3, COzH R = H, CH3
NO2
0O NO, O o_L
< (@) L \ﬂ/
o g O,N 0
Me O O

L = leaving group

Figure 5.1 Commonly used o-nitrobenzyl photoremovable protecting groups.

The photorelease mechanism of o-nitrobenzyl groups has been studied and proven
to be a Norrish type-II-like reaction (Figure 5.2).>”>*”” The Norrish type-1I nomenclature

was originally applied to the irradiation of carbonyl compounds, and this process leads to
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a highly active 1,2-biradical species, followed by an intramolecular abstraction of a y-

hydrogen atom and formation of a 1,4-biradical as a primary photoproduct.”’®

U v—H aY

Y
H=C hv H=C, abstraction G
A Ch — Q cp — HQ, CB
/C—Ca -/C—Ca /C. Cu
1,2-biradical 1,4-biradical

Figure 5.2 Norrish type-II photoreaction.

The mechanism of o-nitrobenzyl group cleavage is based on the irradiation of the

nitro group instead of the carbonyl group (Figure 5.3). The excited nitro group abstracts a

hydrogen atom intramolecularly, and the following electron redistribution leads to the

aci-nitro form, which rearranges to release the protected group (HOAc) to form o-

nitrosobenzaldehyde. The generation of a benzylic carbonyl group is the driving force for

the release of the protected group. The photoproduct, o-nitrosobenzaldehyde, can

undergo a secondary photoreaction to generate azobenzene-2,2’-dicarboxylic acid.”>*"

Hence, the overall efficiency of photodeprotection is reduced. This side-reaction can be

eliminated by adding an a-substituent (either an alkyl or an aryl group) to the benzylic

methylene group of o-nitrobenzyl groups.
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~ HOAc N
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Figure 5.3 Photorelease mechanism of o-nitrobenzyl protected acitic acid.

The high quantum yield and the extended absorption at wavelengths longer than
300 nm are the distinctive advantages of using o-nitrobenzyl groups. However, there are
still several limitations, such as the highly absorbing reactive nitroso byproduct, the slow
release rate, and the instability of the caged compounds in biological systems prior to

photolysis. >’
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5.2.2  The benzoin (desyl) group and its derivatives
The benzoin (also called desyl) group was first reported as a photoremovable

protecting group by Sheehan.”!

It has been used to protect acids, alcohols, amines, and
phosphates. The most common ones in this category are the un-substituted benzoin
group256’281'286 and the 3',5'-dimethoxybenzoin (3°,5’-DMB) group (Figure 5.4) 245287293
The studies of the photorelease mechanism are sometimes in apparent contradiction to
each other, but have shown that the photorelease strongly depends on the substituents on

aromatic rings, solvents, and leaving groups. Several representative mechanisms will be

presented in this section.

OMe
benzoin 3',5'-DMB

Figure 5.4 Commonly used benzoin type photoremovable protecting groups.

Sheehan first studied the photolysis of benzoin acetate, and the proposed
mechanism that is shown in Figure 5.5.%®' Its mechanism was identified as a biradical
process initiated by an n—n* transition of the carbonyl group. The subsequent photolytic
cyclization of benzoin acetate yields a 2-substituted benzofuran with concurrent loss of

the protected group (HOACc) at the a position of the carbonyl group.
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OAc O OAc O
O hv
o) O

lOAc
O A O - HOACc . . O
0] 0]
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Figure 5.5 Photorelease mechanism for benzoin protecting group proposed by Sheehan.

Later on, Sheehan further studied the effects of substitution on different positions
of the benzylic ring on the photorelease efﬁciency.288 The results show that substitution
at the 3’ or 5’ position significantly accelerated the reaction, but that at the 4’ position did
not have this effect. They proposed a modified mechanism (Figure 5.6). The electron-
donating (methoxy) group matched the electrophilic nature of the n—n* carbonyl singlet
excited state, which facilitated the formation of an oxetane intermediate through a
Paterno-Biichi reaction, i.e. a [2 + 2] olefin and carbonyl photocycloaddition. The loss of
the acetate group was assisted by ring opening, and formation of benzofuran was favored
by rearomatization. The optimal structure was found to be the 3',5'-dimethoxybenzoin
group. The advantages of the near quantitative chemical yield, very high release rate, and
high quantum yield made the 3°,5’-DMB group a very attractive member of the benzoin

family.
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Figure 5.6 Modified photorelease mechanism proposed by Sheehan.

Corrie and Wan proposed a new singlet mechanism from a nanosecond laser flash

293 Their data indicate that an

photolysis study of several 3',5'-dimethoxybenzoin esters.
intramolecular exciplex was formed between the electron-rich 3°,5’-dimethoxy
substituted benzene ring and the electron-deficient n—n* singlet excited state of the

carbonyl group, and a short-lived cationic intermediate at 485 nm was identified by the

laser flash photolysis study supporting this conclusion (Figure 5.7).

OO
O
oMé

Figure 5.7 Photorelease mechanism of 3',5'-dimethoxybenzoin group .
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Chan  reported the  photochemistry of a  water-soluble  3'.5'-
bis(carboxymethoxy)benzoin (BCMB) acetate (Figure 5.8).** Irradiation of the BCMB
acetate first generates the biradical intermediate, which further reacts by two pathways:
acetoxy migration followed by rearomatization gave benzofuran via path a, while
nucleophilic attack by water produces BCMB via path b. The photoproduct ratio of

bezofuran to BCMB is 3:7.

OAc O o)
RO hv RO ° °
® —
O MeOH/H,0 o)
OR OR
R = CH,COOH
a/

Figure 5.8 Photorelease mechanism of 3',5'-bis(carboxymethoxy)benzoin group
proposed by Chan.
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Givens and Wirz proposed the photorelease mechanism of benzoin diethyl

phosphate (Figure 5.9).%*

The lowest triplet excited state was detected by subpicosecond
pump-probe spectroscopy, which was formed by two competitive paths. Path a
dominated in most solvents except water and fluorinated alcohols, and the 2-
phenylbenzofuran was generated with the release of protected group via a biradical

species. In water or fluorinated alcohols, such as trifluoroethanol, the nucleophilic

substitution product, trifluoroethyl benzoin ether, was formed as a major product via the

path b.

I
EtO—IID—OEt

0 O hv  ISC
SR

l CF3CH,;0OH

l ~ OP(OEt),0H

GH,CF;
0

S9a, S
0 o

Figure 5.9 Photorelease mechanism of proposed by Givens and Wirz.
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The advantages of using benzoin groups as photoremovable protecting groups are
high release rates and high chemical and quantum yield. The inert benzofuran
photoproduct absorbs light around 300 nm. Thus, the photoreaction can be conveniently
monitored by UV spectroscopy. At the same time, benzofuran can also act as an internal
light absorber to decrease the photorelease efficiency. The major drawback is the
introduction of a new chiral center that would result in a diastereomeric mixture of the

protected species when the substrate contains chiral centers.
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5.2.3 The phenacyl group and its derivatives
Sheehan first reported the use of p-methoxyphenacyl group as a photoremovable
protecting group for the release of benzoic acid, several amino acid derivatives, and

272

peptides.”’ The continued investigations of p-methoxyphenacyl group have been

290 297 . 298-301 (.
Futura,”’ and Givens. Givens has

reported by Epstein,” Baldwin,”° Pirrung,
extensively studied the p-hydroxyphenacyl group as a fast release trigger for a variety of
bioactive molecules, such as ATP,**® phosphate,”® glutamine,’® GABA,*" the dipeptide

Als—Ala,’®*°" and the nonapeptide Bradykinin.*"'

The photorelease mechanism has been
controversial over the years, and is not yet well established. Several representative
examples will be discussed in this section.

Sheehan proposed that a direct homolysis of a carbon-oxygen bond yielded two
radical species that abstract a hydrogen atom from ethanol to produce p-

methoxyacetophone and the corresponding protected group (Figure 5.10).%7

0]

(0]

(0] R .
o by CH, , °"O__R
o — hig
MeO MeO 9

(@)
H abstraction HO R

XX
Ty
MeO

Figure 5.10 Photorelease mechanism proposed by Sheehan.
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Givens has comprehensively explored the photorelease efficiency of p-substituted

phenacyl phosphates (Figure 5.11).°%

A short-lived triplet excited state was identified by
quenching experiments. The protected group was released and a spirodienedione was

formed with the help of direct neighboring group assistance. The subsequent rearranged

photoproduct p-hydroxyphenylacetic acid was generated by nucleophilic hydrolysis.

0o 3

HO

Figure 5.11 Photorelease mechanism proposed by Givens.

The triplet state mechanism proposed by Givens was challenged by a singlet state

mechanism proposed by Corrie and Wan based on a photorelease study of p-

302

hydroxyphenacyl acetate.”” They suggested that a singlet excited state underwent

excited-state intramolecular proton transfer (ESIPT), assisted by solvent, to form its
conjugate base (Figure 5.12). Recently, laser flash-photolysis studies by Conrad, Givens

and Wirz again confirmed that a very short-lived triplet indeed existed.’”
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Figure 5.12 Photorelease mechanism proposed by Corrie and Wan.

There are several features that make p-hydroxyphenacyl a promising
photoremovable protecting group: the p-hydroxyphenacyl protected compounds can be
synthesized in a straightforward fashion by wusing commercially available p-
hydoxyacetophenone, and they are soluble in aqueous media and stable in biological
buffers. Unlike the nitrobenzyl groups, the main photo-byproduct, p-hydroxyphenacetic
acid, is water-soluble and nontoxic, its UV absorption is blue-shifted with respect to its
precursor, and the photorelease rate is fast. In contrast to the benzoin groups, the p-
hydroxyphenacyl group does not have a chiral center, and the formation of diastereomers
when attaching to a chiral substrate is avoided. However, the absorption coefficient of the
p-hydroxyphenacyl group at wavelengths greater than 320 nm is low. Conrad therefore
synthesized the 3,5-dimethoxy-p-hydroxyphenacyl group to increase the absorption

maximum wavelength to 400 nm.*%
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5.2.4 The coumaryl group and derivatives

Coumaryl groups are relatively new development in this family. Coumarin is the
parent compound, and there are four major structures that have been reported as
phototriggers, —namely  7-alkoxy,®**7%3!® ¢ 7_dialkoxy,*'**'***!  6-bromo-7-

314,315,318,330,331

alkoxy,’'****** and 7-dialkyamino groups (Figure 5.13).

5 4

6 \3

coumarin . 2

5 O O

1

L L L L
RO 0 Yo RO 0" RO o o RN 0 0
7-alkoxy 6,7-dialkoxy 6-bromo-7-alkoxy 7-dialkyamino

Figure 5.13 Coumarin and coumaryl protecting groups.

About 20 years ago, Givens first reported that 7-methoxycoumarin-4-ylmethanyl
(MCM) diethylphosphate ester can be photolyzed to generate a fluorescent
electrophile.” The objective of this study was not to use as a photocleavable group, but
to use the fluorescence of the coumaryl group, but did not intend to use it as a
photoremovable protecting group. Ten years later, Furuta reinvestigated the MCM group,
viewing it as a caged compound, and demonstrated the photorelease of carboxylic acids
from MCM esters (Figure 5.14).%°” Since then, the applications of the MCM group as a

photoremovable protecting group have been studied.?”=06-307:312-314.322.332
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Q
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Figure 5.14 Photorelease of carboxylic acids from MCM esters.

The photorelease mechanism of MCM esters was proposed by Bendig (Figure
5.15).133" Excitation of the coumaryl chromophore to its singlet excited state is
followed by carbon-oxygen bond cleavage to form an ion pair in a solvent cage. The lack
of evidence for the cleavage step precluded unambiguous assignment of homolytic vs
heterolytic cleavage. The formation of fully solvated ions from the ion pair in the solvent
cage competes with the recombination of the ion pair. MCM and the deprotected

molecule are released from the solvated ions.

.OR OR 71 e eOR1!
H,C HC CH,

hv homolysis
oL, ™ O e
HzCO o~ "o H3CO o 0 H3CO o~ "o

\recombination l heterolysis /

*CH,
HyCO 0" o
CH,OH *CH,

“OH H*
X - N + "OR — HOR
H3CO 0" "o H3CO 0" "o

Figure 5.15 Photorelease mechanism for MCM esters proposed.
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Coumaryl protecting groups have the following advantages over other groups
described here: large extinction coefficients at wavelength longer than 350 nm; high
photolysis efficiencies upon UV irradiation; fast photolysis kinetics; acceptable stability

in the dark; and a practically useful two-photon excitation cross-section (section 5.3.2).
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5.3 Photoremoval via photoinduced electron transfer

The absorption maxima of the four most widely used photoremovable protecting
groups are normally at wavelengths shorter than 350 nm, but structural modifications can
increase the absorption range to around 400 nm. In addition, the species that undergoes
bond cleavage is directly photoexcited. Recently, photoinduced electron transfer (PET)
has been applied to the design of photoremovable protecting groups. A photoinduced
electron-transfer system consists of a sensitizer that controls light absorption and a
photoremovable protecting group that determines bond cleavage. The spatial separation
of light absorption and bond cleavage allows the two steps to be optimized
independently. However, the offset between the energy levels of the sensitizer and the
photoremovable group should be optimized to achieve efficient electron transfer. Major

investigations in this area include photorelease of amines from tosylamides,”***** ketones

335-337 338
1,

and aldehydes from dithiany secondary amines from 2-bromoethylacetate,”” and

alcohols from benzylic ethers,®® alcohols, phosphates, and carboxylic acids from
phenacyl esters.****

Among these studies, Falvey’s investigation of photorelease of alcohols,
phosphates and carboxylic acids from phenacyl esters by photoinduced electron transfer

have received the most extensive attention.’*’3%*

The proposed sensitized reductive
photorelease mechanism is shown in Figure 5.16.>** The electron transfer from the singlet
excited state of the sensitizer, N,N-dimethylaniline, to the phenacyl ester creates a pair of

radical ions. Rapid elimination of carboxylate anion gives a phenacyl radical. The

subsequent hydrogen atom transfer from the sensitizer cation radical to the phenacyl
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radical provides acetophenone and an iminium ion that is hydrolyzed to N-methylaniline.

0]

. O._R ;)
hy g © +©j§°worR
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N “oe™> electron transfer il

_ bond
- RCOO l cleavage
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H
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Figure 5.16  Photorelease mechanism for the dimethylamine-sensitized deprotection
proposed by Falvey.

Falvey studied photocleavage via intermolecular electron transfer between a
sensitizer and a phenacyl protected substrate. The representative sensitizers used in his

study were 9,10-dimethylanthracene, N,N,N’,N'-tetramethylbenzene-1,4-diamine, and
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N,N-dimethylaniline. They reported 80 — 100% vyields of acid release,”** and 60 — 80%
release yields for alcohols.**
Encouraged by these results, sensitizers were covalently attached to the phenacyl

344

protected substrates via an ester linker (Figure 5.17).”"" The efficiency of photocleavage

has been investigated. The aniline system showed moderate quantum yield of acid (0.02),

and the anthracene system failed to produce a detectable amount of acetic acid.

o o

Figure 5.17 Photorelease via intramolecular electron transfer.
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5.4  Research goal
5.4.1 Literature review of two-photon removable protecting groups

The two-photon absorption has several advantages (section 1.1) for
photoremovable protecting groups. For biological applications, it is desirable to excite
chromophores at near-IR wavelength, particularly those in the range 700 — 1100 nm. For
tissues without hemoglobin, melanin, or chlorophyll, water is the principal absorber. The
transparency window (700 — 1100 nm) exists due to the low extinction coefficient of
water in this range. TPA wavelengths are typically roughly twice those required for one-
photon excitation of the same materials so many TPA wavelengths can be excited in the
biological window, where tissues absorb weakly along the path of the two-photon beam
except at the focus where TPA occurs. Light scattering at TPA wavelengths is also
generally reduced by a factor of 16 since the scattering efficiency is proportional to A
Consequently, out-of-focus absorption does not occur and near-IR wavelengths reduce
light scattering. In addition, two-photon absorption can be spatially controlled to a small
region around the focus, which can be as small as ~ 1 um®. This is approximately similar
to the volume of a bacteria cell, and is typically smaller than that of a mammalian cell or
neuron. This advantage makes excitation in sub-regions of a cell in a complex tissue

conceivable.
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Some caged compounds with two-photon sensitivities and their TPA cross-
sections are listed in Figure 5.18, including DMNB,*** CNB,*' NEP,*** MNI,**’ Bh¢,**

Bhe-diol,**® and BHQ.**®

CO,H CH3
N\
Meo:©\/\l_ : By . ©\)\L MeO L
MeO NO, NO, NO, NO,
DMNB 0.03 GM 740 nm CNB* R4 NPE 0.019 GM 640 nm MNI 0.06 GM 720 nm
O%Rz
L (e}
X
Br
Br SN X _ L
~ o) N
0 0" o 0 o © Br
Bhc 0.72 GM 740 nm Bhc-diol 0.90 GM 740 nm BHQ 0.59 GM 740 nm

Figure 5.18  Caged compounds with their two-photon cross-sections at the given
wavelengths. (*Cross-section of CNB not reported).

Tsien has suggested that for caged compounds, their TPA cross-sections should

be larger than ca 0.1 GM to be biologically useful.**

Nitrobenzyl-based compounds
(DMNB, CNB, NEP, MNI) are the most widely used photoremovable protecting groups;
however, they are not very sensitive to two-photon excitation. Coumaryl protecting
groups, especially Bhe and Bhe-diol, have better two-photon sensitivity, and have been
used to cage neurotansmitters,322 DNA and RNA,323 diols,324’349 alcohols,318 cyclic
nucleotide monophosphates,®® ketones and aldehydes,”” an inhibitor of nitric oxide

325,350

synthase and protein synthesis,”" and carboxylates and phosphates.**’
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5.4.2 Research goal

The research goal of the work described in this chapter is to study a new
molecular design strategy for two-photon removable protecting groups. The design
strategy reported in the literature has used direct two-photon excitation of photocleavable
groups, i.e. photocleavable groups that also act as two-photon absorbers. The
disadvantages of this design include (1) the very small TPA cross-sections (typically less
than 1 GM) of the known photocleavable groups that have been investigated, which
require the use of high laser power and may, in turn, lead to tissue destruction; (2) two-
photon excitation wavelengths which are determined by the choice of photocleavable
groups. To overcome these disadvantages, a new molecular design strategy is studied in
this chapter, wherein a TPA chromophore with large cross-section is covalently attached
to a photocleavable group. The hypothesis is that the electron will be transferred from the
excited TPA chromophore to the photocleavable group, i.e. two-photon induced electron
transfer will occur. After receiving an electron, the photocleavable group undergoes a
bond cleavage process to release the protected molecule.

For the o-nitrobenzyl groups, the by-product is toxic, and various modifications
have been made to trap the by-product or make it less harmful. The major drawback for
the benzoin groups are the poor solubility and introduction of a chiral center in protected
molecules. The phenacyl groups combine the advantages of the above two groups, and do
not suffer these disadvantages. Additionally, photorelease of phenacyl groups using
photoinduced inter- and intra-molecular electron transfer has been studied (section 5.3).

Therefore, the phenacyl group was selected as the photocleavable group for our
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molecular design. Many TPA chromophores with large cross-sections in the near-IR
range of interest have been developed (section 1.1 and 1.2). TPA chromophore 45 (900
GM at 730 nm)* (Figure 5.19) was selected as a two-photon sensitizer. Acetic acid, a
simple acid, was chosen as the protected molecule. The research focuses on the study of
the efficient linkage between TPA chromophore 45 and the phenacyl group, and
comparing the efficiency of chromophores in which the phenacyl group is attached
through two different positions of 45. The photochemical studies performed in this
chapter have all been conducted under one-photon conditions, and the two-photon studies

will be conducted by our collaborators.
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5.5  First generation of molecular design
5.5.1 Molecular design

According to the design strategy described in the literature for one-photon
sensitized phenacyl protected molecules (Figure 5.19),*** target two-photon removable
protected molecule 76 is designed by covalently linking TPA chromophore 45 to the
photocleavable phenacyl group bearing the protected moiety, acetic acid. The model
molecule 77 is designed to attach 45 to a phenacyl group without the protected moiety for
fluorescence quenching studies (section 5.5.3.2). Phenacyl esters with substituents of
different electron-withdrawing/donating ability at the para position, i.e. 78 with electron-
donating group (—OCHs), 79 un-substituted (—H), and 80 with electron withdrawing
group (—CO,CH3), are chosen to study the photorelease efficiency via intermolecular

electron transfer between 45 and 78 — 80.

R = OCHj 78
R=H 79
R=CO,CH; 80

Figure 5.19 Target molecules of first generation molecular design.
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5.5.2 Synthesis
Compounds 78 — 80 were synthesized by the reaction of the appropriate
substituted 2-bromo-1-phenylethanone and sodium acetate in methanol, affording 2-(4-
methoxyphenyl)-2-oxoethyl acetate 78 in 82% yield, 2-oxo-2-phenylethyl acetate 79 in
88% yield, and methyl 4-(2-acetoxyacetyl)benzoate 80 in 72% yield (Figure 5.20).
0

Br O _CH; R=OCH; 78 82%
/©)\/ _NaOGAc hig R=H 79 88%
. MeOH o) R=CO,CH; 80 72%

R

Figure 5.20 Synthesis of 78 — 80 for intermolecular electron transfer studies.

Target molecule 76 and model molecule 77 were synthesized by attaching the
phenacyl protected compounds 82 and 83 to TPA chromophore 84 via an ester linker.

4-Acetylbenzoyl chloride 83 is commercially available, and the synthesis of 82 is
shown in Figure 5.21. The reaction between 4-(2-bromoacetyl)benzoic acid and sodium
acetate in methanol produced 4-(2-acetoxyacetyl)benzoic acid 81 in 77% yield. The
subsequent reaction of 81 and thionyl chloride afforded 2-(4-(chlorocarbonyl)phenyl)-2-
oxoethyl acetate 82 in 56% yield. Compound 82 was purified by washing the product

with water, and was used for next step without further purification.

(0] (0]
Br O-_CH, O-_CHj
NaOAc \ﬂ/ SOCI \ﬂ/
HO HO o) ==73 cl o)
MeOH reflux
O e} O

81 77% 82 56%

Figure 5.21 Synthesis of 82.
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Figure 5.22 shows the synthesis of target molecule 76 and model molecule 77.
Synthesis of compound 66 is shown in Figure 4.28 and was discussed in section 4.5.2.
The Horner-Emmons coupling between 66 and 4-((2-hydroxyethyl)(methyl)amino)
benzaldehyde formed the TPA chromophore 84, which has a hydroxyl group at one end
for subsequent reaction with acetyl chloride. The reactions between chromophore 84 and
acetyl chloride derivatives 82 and 83 in benzene gave the target molecule 76 in 66% yield

and model molecule 77 in 71% yield, respectively.

Bu,
O
O
66 MeO

CoH4OH
OHC‘Q’N\ J KO'Bu, THF, 0°C

o T,

O(OEY),

dry benzene, DMAP
76 66% 77 71%

Figure 5.22 Synthesis of target molecule 76 and model molecule 77.
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5.5.3 Photochemical studies

Absorption and fluorescence spectra were measured for chromophores 45, 76, and
77. Fluorescence quantum yields for chromophore 45 and model molecule 77 were
measured, and the relative fluorescence quantum yield was calculated based on the
measurements. The reduction potentials for 76 and 77 were also measured. The data are

summarized in Table 5.1.

Jas Emax FL Relative
nm 10*M'em™ nm Og*
45 429 7.40%7 516 1.00
76 249,427 7.75 519 _
77 249, 425 7.65 519 0.02

“Relative fluorescence quantum yields @ (details in section 5.7.1).

Table 5.1 One-photon physical data for 45, 76, and 77 in acetonitrile.

5.5.3.1 Absorption and fluorescence spectra

Absorption spectra of 45 and 78 — 80 are shown in Figure 5.23. The absorption
maxima of interest are 272 nm for 78, 291 nm for 79, and 249 nm for 80. Photolysis of
chromphore 45 and phenacyl esters 78 — 80 was conducted using lamps with an emission
maximum at 419 nm. The lamp emission is seen at wavelength excess of 390 nm, while
phenacyl esters only absorb significantly below 320 nm. Thus only the TPA

chromophore 45 significantly absorbs light from the lamp.
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Figure 5.23 Absorption spectra of 45 and 78 — 80 in acetonitrile.

Since absorption and fluorescence spectra for 76 and 77 are almost identical, only
those of 76 are shown, together with those of 45, in Figure 5.24. The absorption spectrum
of 76 has peaks (249 and 427 nm), which are similar to those of phenacyl ester 80 (249
nm) and chromophore 45 (429 nm). The maximum of extinction coefficients for 45, 76,
and 77 are similar, and their fluorescence maxima can be considered the same. These
results suggest that the ester linker effectively decouples the chromophore moiety from

the phenacyl group of 76.
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Figure 5.24 Absorption and fluorescence spectra of 45 and 76 in acetonitrile.

5.5.3.2 Relative fluorescence quantum yield

Since the photocleavage of 76 may complicate the measurement of fluorescence
quantum yield, model molecule 77 was used for the measurement instead. The relative
fluorescence quantum yield of 77 over 45 is 0.02 (section 5.7.1). The significant
reduction of the fluorescence quantum yield (98% reduction) of 77 relative to that of 45
suggests that the probability of electron transfer from the excited state of the
chromophore moiety to the phenacyl group is high. Thus, assuming the radical anion of

phenacyl group to be unstable, the cleavage probability should be high as well.
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5.5.3.3 Reduction potentials

An irreversible reduction peak (—1.96 V, vs. FeCp,™, scan rate 50 mV/s) was
found for 76, consistent with the instability of the protected phenacyl moiety with
cleavage. The driving force for electron transfer from the excited chromophore moiety to
the phenacyl group (AGy) for 76 is estimated as —62.4 kJ mol™' based on the calculation
discussed in section 2.5.3. The results suggest that target molecule 76 has a reasonably

large excited-state electron-transfer driving force.

5.5.3.4 Photolysis

To demonstrate photolysis via intermolecular electron transfer, a solution of
chromophore 45 as a sensitizer, a phenacyl ester 78 — 80 as a cleavable compound, and
hexamethyldisiloxane as an internal standard was prepared in benzene-ds. After the
sample was sealed in a NMR tube, degassed, and irradiated at 419 nm for a given time,
'H NMR spectra were taken to follow the photolysis process. The relative integration of
the unconverted phenacyl ester and the photoproduct (acetic acid) was plotted versus the
irradiation time. For photolysis for compounds 76 via intramolecular electron transfer,
the same method and conditions were applied. The experimental details are described in
section 5.7.2.

The photolysis of 76 and the system 45/80 did not produce acetic acid (Figure
2.25). However, the system 45/78 and 45/79 did release acetic acid (Figure 5.26 and
Figure 5.27). For these two systems, phenacyl ester (78 or 79) disappeared and acetic

acid appeared with increasing of irradiation time. Both 76 and 80, in which photolysis
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was not observed, have an electron-withdrawing group (—CO,CHs) at the para position of
phenacyl group/ester. On the other hand, both 78 and 79, in which photolysis did
proceed, have either no substituent for 79 or an electron-donating group (—-OCH3) for 78

at the same position.

[e) 1.51ppm

" PR
HysC”~ “OH

Photoproduct

1.51ppm

O\H/CH;., by | j\
0 /= HC" "OH

o} 80 Photoproduct

Figure 5.25 Photolysis of 76 and the system 45 and 80.
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Figure 5.26 Photolysis of the system 45 and 78.
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Figure 5.27 Photolysis of the system 45 and 79.
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5.5.4 Discussion and conclusion
Based on the molecular design strategy described in the literature for an one-

photon removable protected compound,’**

a two-photon version 76 was synthesized by
attaching TPA chromophore 45 to phenacyl ester via an ester linker. Absorption and
fluorescence spectra suggest that the linker effectively decouples the chromophore
moiety from the phenacyl group of 76. Model molecule 77 was synthesized using the
same design as that for 76 without the protected group for the measurement of
fluorescence quantum yield. The 98% reduction of the fluorescence quantum yield of 77
relative to that of 45 suggests that the rate of electron transfer from the excited state of
the chromophore moiety to the phenacyl group is competitive with fluorescence, which is
consistent to the reasonably large driving force for electron transfer (—62.4 kJ mol ™)
estimated for 76 from electrochemical and optical data. However, the photolysis of 76 did
not release the protected acid under our conditions.

The photolysis mechanisms in Figure 5.10 and 5.11 have been proposed by two
different research groups. While these mechanisms differ in the proposed roles of singlet
or triplet excited state in the excitation process, they both agreed that the electron
donating group at the para position (—OH in these cases) assists the release of the
protected groups. In the literature, photolysis via intermolecular electron transfer between
a sensitizer, such as 9,10-dimethylanthracene and N, N-dimethylaniline, and a phenacyl
protected acids gave 80 — 100% release yields for acids.*** However, for the literature

molecules, in which a sensitizer (anthracene and N,N-dimethylaniline) was attached to

phenacyl protected acids via an ester linker (Figure 5.17), the photolysis via
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intramolecular electron transfer gave low quantum yield of acid release (0.02) for the
aniline system, but failed to produce the detectable amount of acids for the anthracene
system.***

The failure of 76 to undergo efficient photocleavage may be related to the ester
linker, which is electron-withdrawing group at the para position of the phenacyl group of
76. To experimentally prove the hypothesis, phenacyl esters with different substituents at
the para position, e.g. 78 with an electron-donating group (-OCHj), 79 with no
substituent (—H), and 80 with an electron withdrawing group (-CO,CHj3), were designed
and synthesized. The photolysis via intermolecular electron transfer from the excited state
of chromophore 45 to phenacyl esters 78 — 80 was tested. Photolysis of 45 and 80 (—
CO,CHjs; substituent) did not release the protected acid, like the compound 76 that has an
ester linker at the phenacyl group. However, for 78 (no substituent) and 79 (-OCHj;
substituent), photolysis of 45/78 and 45/79 released the protected acid. Based on the

studies in this section, a second generation of two-photon removable system was

designed.
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5.6 Second generation of molecular design
5.6.1 Molecular design

The hypothesis from the study in section 5.5 is that the ester linker in 76, an
electron-withdrawing group at the para position of the phenacyl group is responsible for
the failure to achieve photocleavage. A new molecular design strategy was developed to
use an electron donating ether linker instead. Target molecules 85 and 86 were designed
by attaching the phenacyl group to either the amine donor or n-bridge of chromophore 45
via an ether linker (Figure 5.28). The photolysis efficiency of both compounds will be

compared.

Figure 5.28 Target molecules 85 and 86.
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5.6.2 Synthesis

The synthesis of target molecule 85 is shown in Figure 5.29. TPA chromophore
84 was reacted with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, triphenylphosphite, and
tetrabutyl amonium bromide, giving the bromide 87. The reaction of 2-bromo-1-(4-
hydroxyphenyl)ethanone and sodium acetate afforded 2-(4-hydroxyphenyl)-2-oxoethyl

acetate 88. The reaction between 87 and 88 gave the target molecule 85.

(0]
/@)‘\/Br
HO
DDQ, PhsP, "Bu,NBr l lNaOAc
dry CH2C|2 EtOH
(0]
Br /©)J\/O\H/CH3
N\ HO ©
88 72%
87 829 K,COs
82% \ 18-crown-6 /
acetone
85 48%

Figure 5.29 Synthesis of target molecule 85.

The synthesis of target molecule 86 is shown in Figure 5.30. 3-(4-
Methoxyphenoxy)propan-1-ol reacted with formaldehyde in hydrobromic acid to give 3-
(2,5-bis(bromomethyl)-4-methoxyphenoxy)propyl acetate 89. The reaction of 89 with

triethylphosphite  gave  3-(2,5-bis((diethoxyphosphoryl)methyl)-4-methoxyphenoxy)
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propyl acetate 90. Compound 89 was purified washing with water, and compound 90 was
purified using vacuum distillation to remove excess triethylphosphite. Both 89 and 90
were used for the reaction of next step without further purification. The Horner-Emmons
reaction was performed, coupling 4-(dibutylamino)benzaldehyde to 90 to afford

chromophore 91. Following the same procedures in Figure 5.24, target molecule 86 was

obtained.
OMe
(CH0),,, HBr P(OEt)3 O(OEt),
AcOH, 70°C Reflux el (E©0)0P
OC3HEOH OC3HgOAC OC3HgOAC

89 66% 90 65%

DDQ, PhsP, "Bu,NBr

dl'y CH2C|2

88

86 65%
K,CO3, 18-crown-6

acetone

Br

Figure 5.30 Synthesis of target molecule 86.
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5.6.3 Photochemical studies
Absorption and fluorescence spectra were measured for chromophores 85 and 86.

The photolysis for 85 and 86 were tested. The data were summarized in Table 5.2.

iabs e /1ﬂ
nm 10° M 'em™ nm
45 429 7.40%" 516
85 272,429 3.11,7.76 509
86 274, 431 3.06, 7.37 506

Table 5.2 One-photon physical data for 85 and 86 in acetonitrile.

5.6.3.1 Absorption spectra and fluorescence spectra

The absorption and fluorescence spectra of 45, 85 and 86 are shown in Figure
5.31. The absorption maxima of interest are 272 and 429 nm for 85, and 274 and 432 nm
for 86, which are similar to those of phenacyl ester 78 (272 nm) and chromophore 45
(429 nm). The extinction coefficients and the fluorescence spectra of 45, 85 and 86 are
also similar. Therefore, the ether linker effectively decouples the chromophore moiety

from the phenacyl group of 76.
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Figure 5.31 Absorption and fluorescence spectra of 45, 85 and 86 in acetonitrile.

5.6.3.2 Photolysis

The photolysis of 85 and 86 was conducted under the same conditions that of 76
(section 5.5.4). The experiment details are described in section 5.8.2. Both donor-
attached molecule 85 and mn-bridge-attached molecule 86 underwent successful photolysis
with the irradiation of lamps at 419 nm (Figure 5.32 and Figure 5.33). After 90 min
irradiation, 92% of 86 disappeared based on NMR results, however, only 47% of 85 was
gone. The results indicate that the photolysis of the m-bridge-attached molecule 86 is

more efficient than that of the donor-attached molecule 85.
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Figure 5.32 Photolysis of 85.
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Figure 5.33 Photolysis of 86.
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5.6.4 Conclusions

New two-photon removable protected compounds were obtained by covalently
attaching TPA chromophore 45 to the phancyl ester via an ether linker instead of an ester
linker. The donor-attached 85 and the m-bridge-attached 86 were synthesized based on
this molecular design. The photolysis results show that both 85 and 86 released the
protected acid upon irradiation, and the m-bridge-attached 86 is more efficient than the

donor-attached 85.
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5.7 Experimental: photochemical measurements

General experimental. Absorption spectra were run on a Hewlett-Packard model
8453 spectrophotometer. The fluorescence spectra were collected on a Jobin Yvon Spex
Fluorolog-III fluorimeter. The photon parameters were measured by using a multi-
functional optical meter of Newport model 1835-C. All electrochemical experiments
were conducted using a BAS Model 100B/W cyclic votalmmetry unit. The electrodes
were a glassy-carbon working electrode, a platinum auxiliary wire, and a Ag/AgCl
pseudo-reference electrode. The supporting electrolyte was 0.1 M tetrabutylammonium
hexafluorosphonate in solution. The spectrophotometric grade acetonitrile and

dichloromethane (Aldrich) were used as received in all the measurements.

5.7.1 Relative fluorescence quantum yield

The excitation wavelength, integration rate, slit, and data collection wavelength
range were set all the same for both TPA chromophore 45 and model molecule 77. The
fluorescence quantum yields of 45 and 77 were measured using the method described in
section 4.7.5 (Figure 5.34 for 77 and Figure 5.35 for 45). The relative fluorescence
quantum yield of 77 over 45 was obtained by calculating the slope ratio of 77 to 45,

which was 0.02.
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Figure 5.34 Measurement of fluorescence quantum yield of 77.
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5.7.2  Photolysis

The Rayonet photochemical reactor, equipped with fourteen lamps with
absorption maximum at 419 nm as light sources, was used for test the photolysis of
photoremovable compounds. The lamp emission spectrum starts at 390 nm, and the
absorption of phenacyl esters ends at 320 nm. Thus, the lamp emission only irradiated the
TPA chromophore 45, not the phenacyl esters.

'H NMR spectra were taken to follow the photolysis process. For photolysis via
intermolecular electron transfer, a solution of chromophore 45 as a sensitizer (1.5 x 107
M), phenacyl ester 78 — 80 (1.5 x 10~ M), and hexamethyldisiloxane (3 pL) as an
internal standard in benzene-ds (2 mL) was prepared. The solution (0.5 mL) was
transferred to a sealed NMR tube through a mini-filter, and was purged with nitrogen gas
for about 15 min. A '"H NMR spectrum was recorded, and the areas of corresponding
peaks relative to hexamethyldisiloxane were determined and recorded. After different
irradiation time, the relative peak areas of the unconverted phenacyl ester and the
photoproduct (acetic acid) were recorded at different irradiation time. The relative peak
area at certain irradiation time is divided by that before the irradiation, and the results
were plotted versus the irradiation time. For photolysis of 76, 85, or 86 via intramolecular
electron transfer, a solution of the chromophore (1.5 x 107> M) and hexamethyldisiloxane
(3 uL) as an internal standard in benzene-ds (2 mL) was prepared, and the rest is the same

as above.
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5.8 Experimental: synthetic procedures

General experimental. NMR spectroscopy was performed using either a DRX-
500 MHz or Varian Unity Plus 200MHz and 300 MHz spectrometers. Mass spectrometry
(MS) was performed by the MS Instrument Facility at the University of Arizona. The
combustion experiments for elemental analysis were conducted by Desert Analytics,
Tucson, Arizona. Silica gel (40 — 63 um, EMD Chemical, Inc.) was used to perform flash
column chromatography. TLC was performed on pre-coated plates containing a
fluorescent indicator (silica gel 60 F,s4, EMD Chemicals, Inc.) All reagents and solvents
including dry solvents and anhydrous solvents in Acroseal bottles were purchased from
readily available suppliers (Aldrich and Acros), and were used as received. The general
precautions for preparation of light sensitive compounds mentioned in this section
include wrapping the reaction flask with aluminum foil and performing the subsequent
workup and purification in dark under the weak red light. These precautions are applied

in all cases where it is indicated that the compound is light sensitive.

0O
H;CO ©

2-(4-Methoxyphenyl)-2-oxoethyl acetate. To a solution of sodium acetate (9.845
g, 0.120 mol) in methanol (100 mL), was added 2-bromo-1-(4-methoxyphenyl)ethanone
(4.454 g, 1.94 mmol) in methanol (200 mL) dropwise though a dripping funnel at room
temperature. The reaction solution was then heated under reflux for 2 hours. After

cooling to room temperature, the reaction solution was removed by evaporation. Water
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was added, and extracted with ethyl acetate three times. The combined organic layers
were dried over magnesium sulfate, and the product (3.32 g) was obtained in 82% yield
after purification by column chromatography (hexane : ethyl acetate 4:1 and then 2:1).
This compound is light sensitive. 'H NMR (300 MHz, chloroform-d) &7.86 (d, J = 8.7
Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 5.27 (s, 2H), 3.85 (s, 3H), 2.20 (s, 3H). 'C NMR (75
MHz, chloroform-d) §190.5, 170.4, 163.9, 129.9, 127.1, 113.9, 65.7, 55.5, 20.5. The data

were consistent with the literature data.>>>

(0]

2-Oxo-2-phenylethyl acetate. To a solution of acetic sodium acetate (2.081 g,
0.026 mol) in methanol (80 mL), were added 2-bromo-1-phenylethanone (5.20 g, 26.0
mmol) in methanol (50 mL). After 2 hours, the reaction solution was washed with 10%
hydrogen chloride aqueous solution three times and then saturated sodium three times.
The organic layers were dried over magnesium sulfate. A white solid product (4.08 g)
was obtained by recrystallization in diethyl ether in 88% yield. This compound is light
sensitive. 'H NMR (400 MHz, chloroform-d) & 8.09 (d, J= 8.0 Hz, 2H), 7.88 (d, J= 8.0
Hz, 1H), 7.47 (d, J = 8.0 Hz, 2H), 5.32 (m, 2H), 2.20 (s, 2H). "H NMR (100 MHz,
chloroform-d) 6 192.1, 170.4, 134.1, 133.9, 128.8, 127.7, 65.9, 20.5. The data were

consistent with the literature data.>>>

o\n/c:H3

H4CO 0
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Methyl 4-(2-acetoxyacetyl)benzoate. A solution of sodium acetate (3.40 g, 0.024
mol) and methyl 4-(2-bromoacetyl)benzoate (3.65 g, 14.3 mmol) in methanol (100 mL)
was stirred at room temperature for 5 hours. Water was added to quench the reaction. The
reaction solution was extracted with ethyl acetate three times, and dried over anhydrous
magnesium sulfate. The product (2.56 g) was obtained in 76% yield after column
chromatography (hexane: ethyl acetate 4:1). This compound is light sensitive. 'H NMR
(400 MHz, chloroform-d) 6 8.13 (d, J = 8.0 Hz, 2H), 7.94 (d, J = 8.0 Hz, 2H), 5.32 (s,
2H), 3.94 (s, 3H), 2.21 (s, 3H). 'C NMR (100 MHz, chloroform-d) §191.8, 170.4, 165.9,
137.3, 134.6, 130.0, 127.7, 66.1, 52.6, 20.5. The data were consistent with the literature

data.>>*

o\n/cH3
HO )
o

4-(a-Acetoxyacetyl)-bezoic acid. To a solution of sodium acetate (14.78 g, 180.2
mmol) in methanol (200 mL), was added 4-(2-bromoacetyl)benzoic acid (3.12 g, 12.8
mmol) in methanol (400 mL) dropwise though a dripping funnel at room temperature.
The reaction solution was then heated under reflux for 1 h. After cooling to room
temperature, the reaction solution was removed by evaporation. Water was added to
dissolve the white solid, and then aqueous sulfuric acid solution (5% wt%) was added
until precipitation completed. The resulting white precipitate was collected by filtration,

washed with water, and dried under vacuum. The product (2.13 g) was obtained in 75%

yield. 'H NMR (500 MHz, chloroform-d) 6 8.20 (d, J = 8.0 Hz, 2H), 7.99 (d, J = 8.5 Hz,
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2H), 5.34 (s, 2H), 2.23 (s, 3H). 'C NMR (125 MHz, chloroform-d) 6 191.8, 170.4, 169.1,
138.0, 133.4, 130.7, 127.8, 66.1, 20.5. The data were consistent with the literature

data.344’355

O\n/CHg

Cl @)
)

2-(4-(Chlorocarbonyl)phenyl)-2-oxoethyl acetate. The solution of 4-(a-
acetoxyacetyl)-bezoic acid (3.27 g, 14.7 mmol) in thionyl chloride (25 mL) was heated to
reflux for 17 hours. The thionyl chloride was remove by distillation and decomposed by
adding saturated potassium hydroxide aqueous solution. The residue was washed with
water, and the product (1.98 g) was obtained in 56% yield after filtration. 'H NMR (500
MHz, chloroform-d) 6 8.21 (d, J = 8.5 Hz, 2H), 8.00 (d, J = 8.5 Hz, 2H), 5.32 (s, 2H),
2.22 (s, 3H). 'C NMR (125 MHz, chloroform-d) & 191.5, 170.3, 167.7, 138.9, 137.1,
131.6, 128.1, 66.1, 20.5. The compound was used for next reaction without further

purification.

Bu

\ @)
()
=Y
MeO

Me H

@)
’
=
2-((4-(4-(4-(Dibutylamino)styryl)-2,5-dimethoxystyryl)phenyl)(methyl)
amino)ethanol. To a solution of (£)-diethyl 4-(4-(dibutylamino)styryl)-2,5-
dimethoxybenzylphosphonate (0.37 g, 0.80 mmol) and 4-((2-

hydroxyethyl)methylamino)benzaldehyde (0.15 g, 0.80 mmol) in dry THF (15 mL), was
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added potassium tert-butoxide (2.4 mL, 2.4 mmol, 1.0 M in 2-methyl-2-propanol) at 0
°C. After stirring at 0 °C for 4 hours and at room temperature for 3 hours, the reaction
was quenched by adding water, and extracted with ether and dichloromethane until the
color of the aqueous layer was only slight yellow or colorless. The combined organic
layers were washed with water, and dried over magnesium sulfate. The column
chromatography (hexane: ethyl acetate 2: 1) afforded the product (0.26 g) in 61% yield.
"H NMR (500 MHz, acetone-ds) §7.38 (d, J = 9.0 Hz, 2H), 7.37 (d, J = 9.0 Hz, 2H), 7.25
(d, J=16.5 Hz, 1H), 7.24 (s, 2H), 7.23 (d, J = 16.5 Hz, 1H), 7.14 (d, J = 16.5 Hz, 1H),
7.13 (d, J=16.5 Hz, 1H), 6.74 (d, J = 9.0 Hz, 2H), 6.68 (d, J = 9.0 Hz, 2H), 3.90 (s, 6H),
3.73 (t, J = 6.5 Hz, 2H), 3.50 (t, J = 6.5 Hz, 2H), 3.35 (t, J/ = 7.5 Hz, 4H), 3.02 (s, 3H),
1.59 (quintet, J = 7.5 Hz, 4H), 1.38 (sextet, J = 7.5 Hz, 4H), 0.95 (t, J = 7.5 Hz, 6H). °C
NMR (125 MHz, acetone-dg) 6 152.1, 152.0, 149.9, 148.7, 129.5, 129.4, 128.5 127.3,
127.1, 126.7, 126.1, 118.9, 118.6, 112.8, 112.6, 109.2, 109.1, 59.9, 56.5, 56.4, 55.4, 51.2,
39.2, 20.9, 14.3. HRMS (FAB+) m/z: Calcd. for CisHyN2O3 (M') 542.3508, Found
542.3525. Anal. Calcd. for C3sH4N2O;5: C, 77.45; H, 8.54; N, 5.16. Found: C, 77.06; H,

8.66; N, 5.16.
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2-((4-(4-(4-(Dibutylamino)styryl)-2,5-dimethoxystyryl)phenyl)(methyl)
amino)ethyl 4-(2-acetoxyacetyl)benzoate. A solution of  2-((4-(4-(4-
(dibutylamino)styryl)-2,5-dimethoxystyryl)phenyl)(methyl) amino)ethanol (0.21 g, 0.39
mmol), acetic acid 2-(4-chlorocarbonyl-phenyl)-2-oxo-ethyl ester (0.28 mg, 1.2 mmol)
and 4-dimethylaminopyridine (DMAP) (0.15 g, 1.2 mmol) in dry benzene (20 mL) was
heated to reflux for 2 h. After cooling to room temperature, the reaction mixture was
quenched by adding the saturated sodium chloride solution (50 mL), and then was
extracted with ethyl acetate (3 x 50 mL). The combined organic layers were dried over
magnesium sulfate. The product (0.19 mg) was isolated by column chromatography
(hexane: ethyl acetate 8: 1 and then 4:1) in 66% yield. This compound is light sensitive.
'H NMR (500 MHz, acetone-ds) 5 8.03 (s, 4H), 7.40 (d, J = 8.0 Hz, 2H), 7.37 (d, J= 9.0
Hz, 2H), 7.27 (d, J = 16.5 Hz, 1H), 7.25 (s, 1H), 7.24 (s, 1H), 7.23 (d, J = 16.5 Hz, 1H),
7.15(d, J=16.5 Hz, 1H), 7.14 (d, /= 16.5 Hz, 1H), 6.84 (d, /= 8.5 Hz, 2H), 6.67 (d, J =
9.0 Hz, 2H), 5.40 (s, 2H), 4.55 (t, J = 5.5 Hz, 2H), 3.90 — 3.86 (m, 8H), 3.34 (t, / = 8.0
Hz, 4H), 3.08 (s, 3H), 2.11 (s, 3H), 1.58 (quintet, J = 7.5 Hz, 4H), 1.37 (sextet, J = 7.5

Hz, 4H), 0.95 (t, J= 7.5 Hz, 6H). B3C NMR (125 MHz, acetone-ds) 0192.9, 170.4, 165.9,
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152.1, 152.0, 149.8, 148.7, 138.5, 135.11, 130.6, 129.6, 129.3, 128.6, 128.5, 128.4, 127.5,
127.4, 126.9, 126.1, 119.5, 118.6, 113.3, 112.6, 109.30, 109.1, 67.1, 63.5, 56.5, 56.5,
38.7, 20.9, 20.3, 14.3. HRMS (FAB+) m/z: Calcd for CysHssN,O7; (MH') 747.4009,
Found 747.4001. Anal. Calcd. for C4Hs4sN-O7: C, 73.97; H, 7.29; N, 3.75. Found: C,

73.61; H, 7.19; N, 3.59.

2-((4-(4-(4-(Dibutylamino)styryl)-2,5-dimethoxystyryl)phenyl)(methyl)
amino)ethyl 4-acetylbenzoate. A solution of 2-((4-(4-(4-(dibutylamino)styryl)-2,5-
dimethoxystyryl)phenyl)(methyl) amino)ethanol (98 mg, 0.18 mmol), 4-acetyl-benzoyl
chloride (41 mg, 0.22 mmol) and 4-dimethylaminopyridine (DMAP) (69 mg, 0.56 mmol)
in dry benzene (30 mL) was heated to reflux for 2 h. After cooling to room temperature,
the reaction mixture was quenched by adding the saturated sodium chloride solution (50
mL), and then was extracted with ethyl acetate (3 x 30 mL). The combined organic layers
were dried over magnesium sulfate. The product (88 mg) was isolated by column
chromatography (hexane: ethyl acetate 4: 1) in 71% yield. '"H NMR (500 MHz, acetone-
de) 0 8.01 (s, 4H), 7.40 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.0 Hz, 2H), 7.27 (d, J = 16.5
Hz, 1H), 7.25 (d, J = 16.5 Hz, 1H), 7.24 (s, 2H), 7.15 (d, J = 16.5 Hz, 1H), 7.12 (d, J =

16.5 Hz, 1H), 6.82 (d, J = 9.0 Hz, 2H), 6.67 (d, J = 9.0 Hz, 2H), 4.53 (t, /= 5.5 Hz, 2H),
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3.90 (s, 6H), 3.84 (t, J = 7.5 Hz, 2H), 3.33 (t, J = 7.5 Hz, 4H), 3.07 (s, 3H), 2.57 (s, 3H),
1.58 (quintet, J = 7.5 Hz, 4H), 1.36 (sextet, J = 7.5 Hz, 4H), 0.95 (t, J = 7.5 Hz, 6H). "°C
NMR (125 MHz, acetone-ds) & 197.5, 166.1, 152.1, 152.0, 149.8, 148.7, 141.3, 134.5,
130.4, 129.6, 129.3, 128.9, 128.5, 128.4, 127.4, 126.9, 126.1, 119.5, 118.6, 113.3, 112.60,
109.3, 109.1, 63.4, 56.6, 56.5, 51.5, 51.2, 38.8, 30.3, 26.9, 20.9, 14.3. HRMS (FAB+)
m/z: Caled for CusHs5pN;Os (M+) 688.3876, Found 688.3893. Anal. Calcd. for

C44Hs2N2Os: C, 76.71; H, 7.61; N, 4.07. Found: C, 76.63; H, 7.76; N, 4.11.

2-(4-Hydroxyphenyl)-2-oxoethyl acetate. A solution of sodium acetate (19.05 g,
0.14 mol) and 2-bromo-1-(4-hydroxyphenyl)ethanone (16.65 g, 0.074 mol) in ethanol
(150 mL) was stirred at room temperature for 1 hour. The solvent was removed by
evaporation. Water was added to the reaction residue, and the mixture was extracted with
ethyl acetate three times. The combined organic layers were dried over anhydrous
magnesium sulfate. The product (10.57 g) was obtained in 72% yield after column
chromatography (hexane: ethyl acetate 4:1, then 2:1). 'H NMR (400 MHz, chloroform-d)
57.80 (d, J = 8.0 Hz, 2H), 6.92 (d, J = 8.0 Hz, 2H), 5.27 (s, 2H), 2.22 (s, 3H). 'C NMR
(100 MHz, chloroform-d) 6 190.8, 170.9, 161.0, 130.4, 127.0, 115.7, 65.8, 20.7. The data

were consistent with the literature data.>>>
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N-(2-Bromoethyl)-4-(4-(4-(dibutylamino)styryl)-2,5-dimethoxystyryl)-/V-
methylaniline. To the solution of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (0.641 g,
2.77 mmol) and triphenylphosphite (0.742 g, 2.80 mmol) in dry dichloromethane (15
mL), was added tetrabutyl amonium bromide (0.936 g, 2.78 mmol) at room temperature.
After 10 min, 2-((4-(4-(4-(dibutylamino)styryl)-2,5-dimethoxystyryl)phenyl)(methyl)-
amino)ethanol (1.021 g, 1.88 mmol) in dry dichloromethane (5 mL) was added to the
reaction mixture. After 2 hours, the solvent was removed by evaporation, and the product
(0.936 g) was obtained in 82% yield after purification by column chromatography
(hexane : ethyl acetate 6:1). "H NMR (400 MHz, acetone-dg) 8 7.42 (d, J = 8.8 Hz, 2H),
7.37 (d, J= 8.8 Hz, 2H), 7.32 — 7.23 (m, 4H), 7.16 (d, /= 16.4 Hz, 1H), 7.13 (d, /= 16.4
Hz, 1H), 6.76 (d, J = 8.8 Hz, 2H), 6.67 (d, J = 8.8 Hz, 2H), 3.90 (s, 6H), 3.80 (t, /= 7.6
Hz, 2H), 3.59 (t, J = 7.2 Hz, 2H), 3.34 (t, J = 7.2 Hz, 4H), 3.06 (s, 3H), 1.56 (quintet, J =
7.6 Hz, 4H), 1.36 (sextet, J = 7.6 Hz, 4H), 0.95 (t, J = 7.6 Hz, 6H). >°C NMR (125 MHz,
acetone-dg) 0 152.1, 151.9, 148.8, 148.7, 129.6, 129.1, 128.5, 127.7, 127.4, 126.9,
126.0, 119.59, 118.5, 112.9, 112.6, 109.3, 109.1, 56.5, 54.7, 51.2, 38.8, 30.2, 20.8, 14.3.
HRMS (EI+) m/z: Caled for C35H4sBrN,,O; (M+) 604.2664, Found 604.2698. Anal. Calcd.

for C3sHa4sBrN,O,: C, 69.41; H, 7.49; N, 4.63. Found C, 69.52; H, 7.71; N, 4.65.
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2-(4-(2-((4-(4-(4-(Dibutylamino)styryl)-2,5-dimethoxystyryl)phenyl)(methyl)
amino)ethoxy)phenyl)-2-oxoethyl acetate. The solution of N-(2-bromoethyl)-4-(4-(4-
(dibutylamino)styryl)-2,5-dimethoxystyryl)-N-methylaniline (1.120 g, 1.85 mmol), 2-(4-
hydroxyphenyl)-2-oxoethyl acetate (0494 g, 2.54 mmol), potassium carbonate (2.118 g,
15.35 mmol) and 18-crown-6 (0.2 g) in acetone (100 mL) was heated to reflux for 18
hours. After cooling to room temperature, the solid in the reaction mixture was removed
by filtration and the solution was removed by evaporation. The product (0.638 g) in 48%
yield was obtained after purification by column chromatography (hexane : ethyl acetate
7:1). This compound is light sensitive. 'H NMR (400 MHz, acetone-dg) 57.92 (d, J = 8.8
Hz, 2H), 7.41 (d, J = 8.8 Hz, 2H), 7.39 (d, J = 8.8 Hz, 2H), 7.32 — 7.25 (m, 4H), 7.16 (d,
J=16.4 Hz, 1H), 7.14 (d, /= 16.4 Hz, 1H), 7.03 (d, J = 8.8 Hz, 2H), 6.77 (d, J = 8.8 Hz,
2H), 6.67 (d, J = 8.8 Hz, 2H), 5.3 (s, 2H), 4.28 (t, J = 5.6 Hz, 2H), 3.90 (s, 6H), 3.82 (t, J
= 5.2 Hz, 2H), 3.33 (t, J = 7.2 Hz, 2H), 3.07 (s, 3H), 2.11 (s, 3H), 1.56 (quintet, J = 7.6
Hz, 4H), 1.36 (sextet, J = 7.6 Hz, 4H), 0.96 (t, J = 7.6 Hz, 6H). °C NMR (125 MHz,
acetone-dg) 0 191.2, 170.4, 163.9, 152.0, 151.96, 149.4, 148.6, 130.8, 129.5, 129.2,

128.5, 128.4, 128.4, 127.3, 127.2, 126.9, 126.0, 119.3, 118.5, 115.3, 113.0, 112.5, 109.2,



267

109.0, 66.8, 66.6, 56.5, 56.4, 52.0, 51.2, 39.3, 30.2, 20.8, 20.4, 14.3. HRMS (ESI+) m/z:
Caled for CasHssN>Og (MHY) 719.4006, Found 719.4054.

Me

Br
Br

OC3HgOAC

3-(2,5-Bis(bromomethyl)-4-methoxyphenoxy)propyl acetate. To a suspension
of 3-(4-methoxyphenoxy)propan-1-ol (5.02 g, 0.027 mol) and paraformaldehyde (14.51
g, 0.48 mol) in acetic acid (60 mL), was added hydrogen bromide (55 mL, 33% wt in
acetic acid, 0.31 mol). The reaction solution was heated to 70 °C for 2 h, and then was
poured into ice water. The white solid was obtained by filtration, and then washed with
water and methanol. The product (7.41 g) was obtained in 66% yield from
recrystallization from methanol. 'H NMR (500 MHz, chloroform-d) & 6.85 (s, 1H), 6.84
(s, 1H), 4.50 (s, 2H), 4.49 (s, 2H), 4.30 (t, J = 6.0 Hz, 2H), 4.07 (t, J = 6.0 Hz, 2H), 3.85
(s, 3H), 2.14 (quintet, J = 6.0 Hz, 2H), 2.06 (s, 3H). HRMS (EI+) m/z: Calcd for
Ci14H3sBr,O4 (M+) 407.9527, Found 407.9547. The compound was used for next reaction
without further purification.

Me

PO(OEt),
(EtO),0P

OCsH@OAC
3-(2,5-Bis((diethoxyphosphoryl)methyl)-4-methoxyphenoxy)propyl acetate. A
solution of 3-(2,5-bis(bromomethyl)-4-methoxyphenoxy)propyl acetate (3.13 g, 7.63

mmol) and triethyl phosphite (30 mL) was refluxed for 18 h. Triethyl phosphite was
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removed by vacuum distillation, and the product (2.59 g) was purified by column
chromatography (dichloromethane: methanol 30:1) in 65% yield. 'H NMR (500 MHz
chloroform-d) 6 6.89 (s, 1H), 6.87 (s, 1H), 4.23 (t, J = 6.0 Hz, 2H), 3.99 — 3.97 (m, 8H),
3.76 (s, 3H), 3.19 (s, 2H), 3.15 (s, 2H), 2.07 (quintet, J = 7.5 Hz, 2H), 2.02 (s, 2H), 1.20
(t, J = 7.5 Hz, 12H). HRMS (EI+) m/z: Calcd for CyHsgP,019 (M") 524.1940, Found

524.1815. The compound was used for next reaction without further purification.

3-(2,5-Bis(4-(dibutylamino)styryl)-4-methoxyphenoxy)propan-1-ol. To a
solution of 3-(2,5-bis((diethoxyphosphoryl)methyl)-4-methoxyphenoxy)propyl acetate
(2.59 g, 4.94 mmol) and 4-(dibutylamino)benzaldehyde (2.5 mL, 10 mmol) in dry THF
(20 mL), was added potassium tert-butoxide (13.0 mL, 13.0 mmol, 1.0 M THF) at 0 °C.
After stirring at 0 °C for 2 hours and was allowed to warm to room temperature
overnight. The reaction was quenched by adding water, and extracted with
dichloromethane three times. The combined organic layers were washed with water, and
dried over magnesium sulfate. The column chromatography (hexane : ethyl acetate 7:1
and then 3:1) afforded the product (1.24 g) in 39% yield. 'H NMR (500 MHz, acetone-dy)
o0 7.35(d, J=9.0 Hz, 4H), 7.25 (s, 1H), 7.24 (d, /= 16.5 Hz, 1H), 7.22 (d, J = 16.5 Hz,

1H), 7.21 (s, 1H), 7.14 (d, J = 16.5 Hz, 1H), 7.11 (d, J = 16.5 Hz, 1H), 6.66 (d, J = 9.0
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Hz, 4H), 4.17 (t, J = 6.5 Hz, 2H), 3.88 (s, 6H), 3.82 (m, 2H), 3.32 (t, J = 7.5 Hz, 8H),
2.04 (quintet, J = 6.0 Hz, 2H) 1.57 (quintet, J = 7.5 Hz, 8H), 1.35 (sextet, J = 7.5 Hz,
8H), 0.94 (t, J = 7.5 Hz, 12H). >C NMR (125 MHz, acetone-ds) & 152.1, 151.5, 148.7,
129.4, 128.5, 128.4, 127.5, 127.2, 126.2, 126.1, 118.8, 118.6, 112.6, 110, 109.1, 66.9,
59.4, 56.5, 51.3, 51.2, 33.7, 30.3, 20.9, 14.3. HRMS (FAB+) m/z: Calcd for C42HgN,O3
(MH") 641.4682, Found 641.4690. Anal. Calcd. for C4HgN,Os: C, 78.48; H, 9.44; N,

4.37. Found: C, 78.48; H, 9.55; N, 4.39.

4,4'-(1E,1'E)-2,2'-(2-(3-Bromopropoxy)-5-methoxy-1,4-phenylene)bis
(ethene-2,1-diyl)bis(V,N-dibutylaniline). To the solution of 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (1.601 g, 7.05 mmol) and triphenylphosphite (1.854 g, 7.06 mmol) in
dry dichloromethane (20 mL), was added tetrabutyl aminium bromide (2.354 g, 7.08
mmol) at room temperature. After 10 min, 3-(2,5-bis(4-(dibutylamino)styryl)-4-
methoxyphenoxy)propan-1-ol (3.011 g, 4.69 mmol) in dry dichloromethane (5 mL) was
added to the reaction mixture. After 2 hours, the solvent was removed by evaporation,
and the product (2.691 g) was obtained in 82% yield after purification by column
chromatography (hexane : ethyl acetate 7:1). '"H NMR (400 MHz, acetone-ds) 8 7.39 —

7.35 (m, 4H), 7.29 — 7.22 (m 4H), 7.15 (d, J = 16.4 Hz, 1H), 7.12 (d, J = 16.4 Hz, 1H),
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6.67 (d, J = 8.8 Hz, 4H), 4.22 (t, J = 6.4 Hz, 2H), 2.49 (s, 3H), 3.78 (t, J = 6.4 Hz, 2H),
3.34 (t, J = 7.6 Hz, 8H), 2.04 (quintet, J = 6.0 Hz, 2H), 1.58 (quintet, J = 7.6 Hz, 8H),
1.38 (sextet, J = 7.6 Hz, 8H), 0.95 (t, J = 7.6 Hz, 12H). >*C NMR (100 MHz, acetone-ds)
5152.3, 151.0, 148.6, 129.6, 129.5, 128.5, 128.4, 127.7, 127.3, 126.0, 125.9, 118.4,
112.5, 110.9, 109.0, 67.6, 56.5, 51.2, 33.5, 31.5, 30.2, 20.8, 14.3. HRMS (EI+) m/z:
Calcd for C4Hs59BrN,O, (M+) 702.3760, Found 702.3723. Anal. Calcd. For

C4HsoBrN,O,: C, 71.67; H, 8.45; N, 3.98. Found C, 71.78; H, 8.47; N, 4.05.

2-(4-(3-(2,5-Bis(4-(dibutylamino)styryl)-4-methoxyphenoxy)propoxy)phenyl)-
2-oxoethyl acetate. The solution of 4,4'-(1E,1'E)-2,2'-(2-(3-bromopropoxy)-5-methoxy-
1,4-phenylene)bis(ethene-2,1-diyl)bis(V, N-dibutylaniline) (1.051 g, 1.49 mmol), 2-(4-
hydroxyphenyl)-2-oxoethyl acetate (0.363 g, 1.87 mmol), potassium carbonate (2.005 g,
14.49 mmol) and 18-crown-6 (0.025 g) in acetone (50 mL) was heated to reflux for 18
hours. After cooling to room temperature, the solid in the reaction mixture was removed
by filtration and the solution was removed by evaporation. The product (0.787 g) in 65%
yield was obtained after purification by column chromatography (hexane : ethyl acetate

7:1). This compound is light sensitive. 'H NMR (400 MHz, acetone-ds) 5 67.92 (d, J =
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8.8 Hz, 2H), 7.36 — 7.34 (m, 4H), 7.29 — 7.21 (m 4H), 7.16 — 7.08 (m, 4H), 6.67 (dd, J =
8.8 Hz, J = 2.0 Hz, 4H), 5.33 (s, 2H), 4.40 (t, J = 6.4 Hz, 2H), 4.29 (t, J = 6.4 Hz, 2H),
3.89 (s, 3H), 3.32 (t, J = 7.6 Hz, 8H), 2.36 (t, J = 6.0 Hz, 2H), 2.11 (s, 3H), 1.58 (quintet,
J =17.6 Hz, 8H), 1.38 (sextet, J = 7.6 Hz, 8H), 0.94 (t, J = 7.6 Hz, 12H). *C NMR (100
MHz, acetone-dg) & 191.2, 170.4, 164.3, 152.7, 151.2, 148.7, 130.8, 129.6, 129.5, 128.5,
128.4, 128.2, 127.7, 127.3, 126.1, 126.0, 118.5, 118.4, 115.4, 112.6, 110.9, 109.0, 66.6,
66.0, 56.5, 51.2, 30.2, 30.1, 20.9, 20.4, 14.3. HRMS (ESI+) m/z: Caled for Cs;HgoN2Og
(MH") 817.5113, Found 817.5159. Anal. Caled. For Cs;HggN,Oq: C, 76.44; H, 8.39; N,

3.43. Found C, 76.29; H, 8.35; N, 3.49.
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6. CONCLUSIONS AND FUTURE WORK

The two key advantages of two-photon processes as compared to one-photon
processes are that they offer the possibility to excite materials with high three-
dimensional spatial resolution and allow light to penetrate more deeply into absorbing
materials. These features make two-photon absorbing chromophores attractive to both
material and biomedical applications. To achieve the desired properties for any particular
application, the right molecular design is the key, which requires an understanding of
structure-property relationships, choice of a design strategy, synthesis of the designed
molecules, and characterization of their properties using a variety of physical and
analytical techniques. This is the path of the thesis. Using photon-induced intramolecular
electron transfer, two-photon acid and radical initiators for the applications in three-
dimension lithographic microfabrication and two-photon removable protecting groups for
potential biomedical applications have been designed, synthesized and characterized
under one-photon conditions. Their applications under two-photon conditions are under
investigation by our collaborators.

Triphenylanime sulfonium salts 14 and 15 (Figure 2.22) have high quantum yields

for acid generation.'®

To further understand the cleavage mechanism of this class of
photoacid generators and to guide the development of two-photon acid generators,
sulfonium salts 16 — 19 (Figure 2.22) bearing substituents with different electron-
withdrawing ability at para- and meta- positions relative to amine have been designed,

synthesized, and characterized. The acid generation quantum yields of PAGs with meta

sulfonium substituents are almost twice as high as their para analogs. Quantum-chemical
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calculations of the two representative molecules 14 and 17 performed by our
collaborators support the sulfur-methyl bond cleavage, and predict the higher quantum
yields of acid generation of meta-substituted PAGs, which are the first examples of
quantum-chemical calculations for this type of molecules in the literature.

The efficient two-photon acid generator BSB-S, (Figure 3.7) with a
bis(styryl)benzene TPA core has been used to fabricate buried parallel microchannels
(Figure 3.10)."" To improve the resolution of this type microfabrication, short-
wavelength two-photon acid generators 31 and 32 (Figure 3.12) have been designed and
synthesized. Their quantum yields of acid generation are the same as that of BSB—S,. The
polymerization of cyclohexene oxide initiated by 31 and 32 under one-photon irradiation
showed that they effectively initiated cationic polymerization. The preliminary results
show that two-photon induced polymerization of epoxide initiated by 31 and 32 is more

efficient than the literature system189

at 520 nm (Figure 3.17), and further studies under
two-photon conditions are ongoing by our collaborators.

In order to improve the efficiency of two-photon radical polymerization, two-
photon radical generator 62 (Figure 4.25) was designed and synthesized. However, its
threshold energy is not more efficient than TPA chromphore 45 for two-photon induced
radical polymerization."” A small reduction of the fluorescence quantum yield (14%) of
62 relative to that of 45 suggests that rate of electron transfer from the excited state of the
chromophore moiety to the charge transfer state of the triphenylsulfonium group is

219
1.

relatively smal A possible solution would be to attach electron-withdrawing groups

on the aryl ring of triarylsulfonium group to increase the driving force for electron
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transfer and thereby increase the rate. First, trarylsulfonium salts substituted by groups
with different electron-withdrawing ability at different positions 48 — 52 (Figure 4.13)
were designed and studied. The results shows that compound 51 with an electron-
withdrawing group at the para- position relative to the sulfonium group is both a good
electron acceptor from the point of view of excited-state electron and also an efficient
radical generator for initiation of polymerization. Second, the model molecules 58 — 60
(Figure 4.19) were designed to study the piperazine linker effects on radical
polymerization. The results show that the compound 59 with electron-withdrawing group
has lower isolated yield of radical polymerization than 58 without any substituent. The
photoproduct analysis suggests that the radical stabilization by electron-withdrawing
group may reduce its reactivity. Another solution was made to increase the energy level
of excited state of TPA chromophore, which would facilitate the electron transfer. Two-
photon acid generator 69 (Figure 4.28) was designed and studied for this purposes by
attaching a short-wavelength TPA chromophore to the sulfonium group. The
polymerization threshold energy for 69 is consistently 20% lower than that for 47 under
two-photon induced polymerization (Figure 4.31). More work is under way to
characterize further the properties of initiators 69 under two-photon excitation conditions.
However, the slightly improved fluorescence quenching (29%) of 69 relative to its
corresponding TPA chromophore 47 suggests electron transfer across the piperazine
bridge is inherently rather inefficient. It is perhaps due to poor electronic coupling caused
by the rigid nature of the bridge, which leads to poor orbital overlap between the local

LUMO of sulfonium group and the local LUMO of the chromophore moiety. Encouraged
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by the molecular design of two-photon removable groups (Chapter 5), for future study, a
new molecular design strategy is suggested to attach the TPA chromophores to the

sulfonium group by using a flexible chain, for example the compounds 93 and 94 (Figure

6.1).

Figure 6.1 Future molecular designs for two-photon radical generators.

In the literature, the most biologically useful two-photon removable protecting
groups are coumarin based molecules (Figure 5.18), which have the largest two-photon
cross section (~0.1 GM) among the existing photoremovable groups. In addition, both
light-absorbing and cleavage occur at the same coumaryl molecules for two-photon
studies. Falvey’s design strategy of photoinduced electron transfer under one-photon
conditions has used a sensitizer that is responsible for light absorption and a
photoremovable protecting group that facilitates bond cleavage.’***** A lot of cleavage
examples via intermolecular electron transfer have been demonstrated, but there are very
limited investigations for the cleavage via intramolecular electron transfer.*** Building on

Falvey’s design concept, the design strategy in this thesis was to attach efficient TPA



276

chromophores with large cross-sections to photocleavable groups using a covalent linker
to achieve two-photon induced cleavage via intramolecular electron transfer. First, the
two-photon removable protecting molecule 76 (Figure 5.19) was designed using the ester
linker in the literature,”** but the photocleavage of 76 did nor occur under our conditions.
The direct photolysis mechanisms (Figure 5.12, Figure 5.11) show that the electron
donating group at the ester position of compound 76 assists the release of the protected
groups. The failure of 76 to undergo efficient photocleavage may be related to the ester
linker. Second, to experimentally prove the hypothesis, molecules 78 with electron-
donating group (—OCHs), 79 un-substituted (—H), and 80 with electron withdrawing
group (—CO,CH3) (Figure 5.19) were designed, and the photolysis via intermolecular
electron transfer from the excited state of chromophore 45 to phenacyl esters 78 — 80
show that photolysis of 45/80 did not release the protected acid, but photolysis of 45/78
and 45/79 released the protected acid efficiently. Third, based on the intermolecular
photolysis studies, a new molecular design of 85 and 86 (Figure 5.28) was developed by
attaching the photocleavage group to either the amine donor or m-bridge of chromophore
45 via an ether linker. The photolysis results show that both 85 and 86 released the
protected acid, but the n-bridge-attached 86 is more efficient than the donor-attached 85.
Therefore, the attachment of the photocleavable group to m-bridge of the TPA
chromophore using an ether linker efficiently releases acid via intramolecular electron
transfer under one-photon conditions. The future directions of this research are to further

understand the photolysis of 85 and 86, to extend the photorelease of amines, alcohols,
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and phosphates by using the same molecular design, and to conduct the photorelease
under two-photon condition, and eventually to develop the biomedical applications.
Overall, two-photon activatable acid and radical initiators and two-photon
removable protecting groups have been successfully designed and synthesized for
photopolymerization and three-dimensional microfabrication and for biomedical photo-
triggers, based on bond-cleavage reactions activated by photon-induced intramolecular
electron transfer. The optical and chemical properties of synthesized molecules have been
studied by using a variety of physical and analytical techniques under one-photon
conditions, and their two-photon characteristics and applications are being investigated in

collaboration with other groups.
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