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Chapter 1

General Introduction

As internet and multimedia applications become an integral part of everyday home
and business life, the demand for multimedia connectivity and services will continuously
grow and accelerate.' Optical fiber networks currently form the backbone of the telecom,
internet, and telephone networks. Transmitting signals by using infrared light through an
optical fiber is the most effective way to move large amounts of data rapidly over long
distances (Figure 1). As result of this bandwidth need, optical fiber networks are
expanding, moving closer to the end user, allowing the highly desired fiber to the home
(FTTH) networks to become reality. Fiber-based access networks will allow providers to
provide real-time multimedia services such as video, voice, and data services.

The need for increased capacity and speed in transporting and processing information
is driving the development of advanced optical components for applications in broadband
communication and high speed computing. In general, advanced optical components
should operate at high frequency with a broad bandwidth, consume less power, and be
integrated with other optical components.”

The electro-optic (EO) modulator is a key device in optical communication, because it
allows the translation of an electrical signal into an optical signal.’ One way to
accomplish this electrical-to-optical translation is by exploiting the EO effect, which is
the change in the refractive index of a material in response to an applied electric field.

In present technology, lithium niobate (LiNbOs3) is the most widely used EO material
in high-speed optical modulators. These devices, however, operate well at frequencies

below 20 GHz (~20 billion bits per second), but their performance degrades quickly
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above 40 GHz. This restriction is mainly due to the crystalline nature of lithium niobate,
which has discrete properties that cannot be changed substantially, limiting operational

speed and integration of lithium niobate devices with other components.

0101 01010

T ‘ ‘ | ‘ ‘ H ‘ ‘ light signal
o —
/ time
Diode —— Optical ____

Modulator 1 1001010010111010100110 10 Receiver 19

brightness

Laser
optical fiber

’ electrical signal
: . (output)

0101 01010

o 1V
g
= T digital electrical
> signal (input)
ov
—_

time

Figure 1. Schematic representation of the optical communication.

To surpass the current frequency limitations, employment of new EO materials and
devices is necessary. Electro-optic polymers have several distinct advantages that enable
high data rate operation, low operating voltages (low power consumption), and an
extremely broad bandwidth.*® These beneficial properties, along with the ease of
processing and integration with conventional semi-conductor fabrication techniques, have
driven the development and demonstration of optical components made from EO
polymers such as Mach-Zehnder modulators,’ micro-ring resonators (useful as both
modulators and optical filters),” digital optical switches, phase modulators,® linear analog
modulators for cable TV deployment, and directional couplers.

Although questions about the long-term reliability of polymeric devices remain to be
answered, polymeric optical waveguides and EO materials clearly provide excellent tools
for the high-speed photonic applications important to next-generation optical

communications.



General Introduction

This thesis aims to contribute toward long-lifetime device-quality materials with the
synthesis and study of new, thermal and photostable EO polymeric materials. Their
chemical, photochemical, and optical properties are described, together with the

fabrication of prototype EO devices derived there from.

Chapter 2 first gives an introduction to the theory and concepts of nonlinear optics
(NLO). Then it describes the recent developments in the field of second-order NLO
polymers, including chromophore design, and the different approaches for their
incorporation in noncentrosymmetric materials. The different architectures are compared,
together with the requirements for their incorporation into practical EO devices.

Chapter 3 describes the synthesis of a series of highly photostable NLO
chromophores, and the thermal and optical properties of the polymeric materials obtained
by incorporating them as a guest at high loading in a polymer host.

Chapter 4 deals with the synthesis and the properties of thermally and
photochemically stable NLO polycarbonates in which the chromophore is covalently
attached to the polymer backbone. Moreover, the effect of the attachment mode and the
flexibility on the EO properties is studied, together with a comparison with a guest-host
system incorporating the same chromophore as described in Chapter 3.

Chapter 5 describes a versatile, generally applicable approach for the covalent
incorporation of NLO chromophores to a pre-polymerized polycarbonate backbone. In
addition to the synthesis, the characterization, the thermal properties, as well as the
second-order nonlinearity of the synthesized polymeric materials are described.

Chapter 6 deals with the fabrication of microring resonator devices either by direct
photodefinition of the negative photoresist SUS8, incorporating a NLO chromophore, or
by nano imprint lithography.

Chapter 7 describes the preliminary results of the synthesis of NLO chromophores of
which the z-electron bridge is encapsulated by a cyclodextrin, to form an EO active
rotaxane. This encapsulation is expected not only to provide a protection from
photochemical attack of the vulnerable NLO chromophore, elongating its lifetime, but

also to efficiently reduce the unfavorable intermolecular interactions among dipoles.
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Chapter 2

Nonlinear Optical Polymeric Materials

This Chapter reviews the theory and the current state of the art of nonlinear optical
(NLO) active molecules and materials. Focus is on the synthesis of NLO polymers
including chromophore design, the comparison among comprehensive electro-optical
(EO) polymer systems, and the requirements for their incorporation into practical EO

devices.
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2.1 Introduction

Polymeric electro-optic (EO) materials incorporating nonlinear optical (NLO)
chromophores have shown commercial potential as active media in high speed broadband
waveguides for optical switches, optical sensors, and information processors. Meanwhile,
several reviews appeared describing the different aspects of this topic. Some of them
focus more on the different classes of chromophores' (such as charge-transfer molecules,
octopolar compounds, ionic materials, multichromophore systems, and organometallics),
on their design and synthesis, and on the optimization of their intermolecular interactions
to obtain large macroscopic EO activities.”® Other describe chromophore orientation
techniques® (such as static field poling, photoassisted poling, all optical poling, contact
and corona poling), or materials characterization and the steps and techniques required
for EO device fabrication and operation.”®

This Chapter deals with the design of efficient dipolar NLO chromophores and the
different approaches for their incorporation in noncentrosymmetric materials, including
guest-host polymer systems, chromophore-functionalized polymers (side-chain and main-
chain), crosslinked chromophore-macromolecule matrices, dendrimers, and intrinsically
acentric self-assembled chromophoric superlattices. The different architectures will be
compared, together with the requirements (such as large EO coefficient, low optical
absorption, high stability, and processability) for their incorporation into practical EO

devices. First, a brief introduction to nonlinear optics is presented.

2.2 General Background

Nonlinear optics originates from the ability of matter to respond in a nonlinear way to
the interaction with external electromagnetic fields (such as that associated with light).”®
When an external forcing field is applied to a material, it causes a displacement of the
charges in molecules and atoms. In case of a low intensity field, this induced polarization
(P) is linearly proportional to the field strength (£). However, under sufficiently intense

fields (such as laser light), the relationship is no longer linear, and the polarization can be
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expressed as a power series expansion. Thus, the molecular polarization p can be written

as (neglecting quadrupolar terms):

p=aE + PEE + yEEE +--- Eq. 1

where « is the molecular polarizability, while p, 7y, etc. are molecular
hyperpolarizabilities of first order, second order, etc. corresponding to second-, third-,
and higher-order nonlinearities, respectively. On a macroscopic scale, the polarizability

can be expressed as:

P=y"E+y?PEE+ y®EEE +--- Eq. 2

where ys are the macroscopic susceptibilities.

Unlike the first- and third-order terms of the above equations, a requirement to induce
second-order nonlinear optical activity is the non-centrosymmetry, or acentric symmetry
both at the molecular and macroscopic level.” At the molecular level, highly polarizable
materials with absence of symmetry can be easily obtained by connecting strong electron
donors and acceptors by a conjugated © bridge, giving strong charge-transfer molecules.
The application of an electric field will effect the mixing of a neutral ground state and a
charge-separated excited state, thus changing the molecular polarization of the dipole.

In order to achieve electro-optic activity at the macroscopic level, chromophores must
display non-centrosymmetry. To achieve this condition, dipolar molecules should be
oriented to yield acentric chromophore lattices. The most commonly used method is
electric field poling (corona poling or contact poling) of NLO polymers.” The polymer
containing NLO chromophores must first be converted into thin films by spincoating on
conductive substrates. Then, by heating the film close to its glass transition temperature
(Ty), the material becomes softer, allowing dipoles to increase their mobility.
Subsequently, an electric field is applied and the chromophores in the matrix can reorient
towards the electric field. After some time the temperature can be decreased until below
the 7, of the material, while keeping the orienting field applied, eventually resulting in an

acentric ordered lattice. Other used orientation methods include non-centrosymmetric
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crystallization,'® Langmuir-Blodgett-film formation,'' layer-by-layer growth on solid

12-14

supports, >, liquid crystals,”” and incorporation of chromophores into inclusion

compounds (supramolecular alignment).'®

0 = chromophore
[

= host polymer

Heatto T Apply E field Cool tor.t.

Figure 1. Schematic representation of the electric field poling process.

Electro-optic activity arises from the ability of a material to change its refractive
index upon application of an external electric field. Since the refractive index relates with
the speed of the light transiting a material, electro-optic activity can be defined as a
voltage-controlled phase shift of light. Therefore, the application of an electric field will
cause a change in the charge distribution in the material (change of mixing of ground and
excited forms) and thus alter the speed of light propagating through the material. In case
of Boltzmann distributed chromophores, the macroscopic electro-optic activity (r33) of

the material is given by:

_ 2Nfff (w)cos’ §)

n

Eq.3

33

where N is the chromophore number density, f(w) is a local optical field correction

factor from the dielectric nature of the environment surrounding the chromophore, 7 is
the refractive index, and (cos’ @) is the order parameter. If electrostatic interactions

between chromophores are neglected, the order parameter in eq. 3 can be expressed as:

MF
) =—"— Eq. 4
(cos” 6) ST q
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where £ is the Boltzmann’s constant, 7" the poling temperature, x the dipole moment
of the chromophore, and F' (= f)E,) the electric poling field felt by the chromophore. By

combining egs. 3 and 4, the EO coefficient becomes:

L 2Nufif (@) f(0)E,
” 5kTn*

Eq.5

A variety of techniques is being employed to measure the EO activity, 33, including

718 attenuated total reflection (ATR),"” and two-slit interference

ellipsometry,
modulation.”

From eq. 5 it is clear that for a given uf chromophore the EO activity can be
maximized either by increasing the poling field strength E, or by increasing the

chromophore loading (concentration) in the polymer matrix. However, this linear
relationship is only valid at low chromophore concentration, where (cos’ @) and N are
independent. Differently, at higher concentrations, intermolecular electrostatic
interactions among dipoles cannot be neglected, and the relationship between (cos’ ),
N, and E, becomes more complex. Therefore, in order to achieve the maximum EO

activity the product {cos’ @) N has to be optimized.

2.3 Applications of EO Materials

During the past two decades, great efforts have led to a good fundamental knowledge
of the relationship between chemical structure and NLO properties, and thus to the
production of materials with ever increasing performances. Based on these advances,
several devices incorporating polymeric electro-optic materials have been fabricated for
different types of applications including electrical to optical signal transduction, optical
switching in local area networks (LANSs), millimeter wave signal generation, optical
beam steering (for addressing phosphors in flat panel displays), backplane
interconnections for high speed personal computers or wavelength division multiplexing

(WDM).>” Among all these devices, electro-optic modulators play a fundamental role in
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many growing areas of broadband telecommunication and increase the diffusion of
multimedia services such as high quality cable television, telephone, real-time video
conferencing, telemedicine, distance learning, video-on-demand, and ultra fast internet.

A simple device configuration for light modulation based on a second-order NLO
phenomenon is the Mach-Zehnder interferometer (MZ), which acts as an electrical to

optical switch (Figure 2).

EO Material

Unmodulated Light IN\

Electrode

Modulated Light OUT

Figure 2. Schematic representation of a Mach-Zehnder (MZ) modulator.

If no electric field is applied, the input light is split into two beams propagating in
separate arms of the MZ modulator to then recombine at the end of the Y-junction (‘on’-
position). By applying an electric field of a proper intensity to one arm, the refractive
index of this channel will change, resulting in a phase retardation of 7 relative to the
signal traversing the other arm and thus to destructive interference (‘off’-position). Using
this principle, the MZ modulator can transduce the applied electrical signal onto the
optical beam as an amplitude modulation.

The relative phase shift A@ of light passing trough an electro-optic material when an
electric field is applied is given by eq. 6, where 7 is the material refractive index, r its EO
coefficient, L the propagation length (waveguide length), E the strength of the applied

electric field, and 4 is the operation wavelength.

Ap = Eq. 6

10
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The minimum voltage required for a 7 phase shift, called half-wave voltage V7, can be

expressed as:

v - 3/1h
n’rLl

Eq. 7

where / is the electrode spacing and I the overlap integral of the electrical and optical

wave (close to 1).

2.4 Material Requirements

In 2000, an encouragingly low half-wave voltage V; of 0.8 V has been achieved in a
polymer waveguide modulator using highly nonlinear organic chromophores.”’ This
breakthrough, together with a more recent demonstration of a device with exceptional
bandwidths (up to 200 GHz)*, has provided a solid foundation for applying polymeric
EO materials in the future generations of telecommunication networks.

However, apart from large nonlinearities, many other essential parameters, including
a good thermal and photochemical stability, low optical loss (high transparency) and
good processability, need to be simultaneously optimized in order for the active material
to be incorporated in a practical device.

In order for the non-linear optical response to be stable during processing and
operation of chromophore/polymer materials, the chromophores need to be chemically
stable at all temperatures that the system encounters in electric field poling, and should
withstand the fabrication steps needed for device fabrication. Usually, during device
processing the temperature can rise up to 250 °C, while during operation the material is
subject to temperatures around 100 °C for long periods of time.

Moreover, after removal of the poling field, the electro-optical response of the
material should be stable over time. For this reason the glass transition temperature (1)
of the polymer should be high enough in order for the chromophore acentric order to be

kept frozen over device operation.

11
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EO devices are expected to be operational for several years. Therefore chromophores
should possess a sufficient photostability to withstand a high intensity illumination for
long periods of time, without structural degradation, resulting in a loss of non-linearity.

Optical loss of chromophore-containing materials is a key performance parameter in
EO devices. In general, EO polymers must possess a good optical transparency at
datacom wavelengths (840 nm) and telecom wavelengths (1310 and 1550 nm). Optical
loss can be due either to vibrational absorption or to electronic absorption. Vibrational
absorption is mainly due to the C-H overtones coming from the polymer backbone
(especially at low chromophore loadings), while electronic absorption is mainly caused
by the charge transfer (HOMO-LUMO) band of the chromophores. High-£ red-shifted
chromophores could cause some long-wavelength tailing at operative wavelength.” In
general, the optical loss due to chromophore absorption should remain below 1 dB/cm.**
Moreover, both the chromophores and the host polymer must exhibit a good solubility in

spin-casting solvents in order to be converted in optical quality thin films.

2.5 Chromophore Design

In general, second-order NLO materials can be considered as dipolar chromophores
non-centrosymmetrically aligned in poled polymers. Therefore, the most intuitive way of
achieving a large bulk EO response is by optimizing the molecular first
hyperpolarizability £ of the active component. For organic molecules, S is generally
determined in solution, using methods such as electric-field induced second harmonic
generation (EFISH)*® or hyper-Rayleigh scattering (HRS).””*® Commonly used figures
of merit for comparing chromophores are uf8 or up/M,, (M,, is the chromophore molecular
weight).

Oudar and Chemla proposed a simple two-state quantum mechanical model as a
powerful tool to predict the molecular first hyperpolarizability £ in the design of second-

order NLO chromophores™:

B =t — 1), (AE,,)* Eq. 8

12
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where (u,, — u,,) is the difference between the dipole moments of exited and ground
state, 4, the transition dipole moment (transition matrix element between ground and
exited state), and AE,, the HOMO-LUMO energy gap. In the early 1990’s, based on this

model, Marder ef al. developed a structure-function relationship that illustrates how f, for
a given conjugation bridge, can be maximized through an optimal combination of donor
and acceptor strengths, which can be viewed as tuning the degree of mixing between the

neutral and the charge separated form.*®'

They have shown that, by structural
modifications of donor-acceptor polyenes, [ increases in a sinusoidal manner with
molecular parameters like the bond length alternation (BLA), which is defined as the
average of the difference between carbon single and double bond lengths in the
conjugated chromophore core. For a given conjugation bridge there is an optimal
combination of donor and acceptor strengths to maximize the molecular first
hyperpolarizability, and a further increment of the strength will only reduce /.

Quantum mechanical analysis based on these theories has resulted in an incredibly
useful tool for designing chromophores with a large molecular hyperpolarizability. Some
representative examples of chromophores with an ever improved molecular optical
nonlinearity developed over the last decade are reported in Table 1.

The search for new chromophores has focused on the development of various types of
acceptor moieties and conjugated bridges. Mainly, all chromophores developed for EO
applications contain invariably amine-based donors.* Structural modifications have been
explored to improve the solubility, and the thermal or photostability of the chromophores.
It has been noted that the use of a 4-(diarylamino)phenyl electron donor results in a
significant improvement in thermal stability compared to the 4-(dialkylamino)phenyl
substituted derivatives.”>>’ A theoretical comparison on aminophenyl and aminothienyl
donor systems reported recently, provides a useful guideline for the design of improved

NLO chromophores.™

13
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Table 1. uf3 Values for representative NLO chromophores® and rs; values for their guest-host polymers.”

}\’max “B }\vmax ”’B
NLO chromophore (1074 NLO chromophore (1074
(nm) (nm)
esu) esu)
3 TBDMS=-0O NG N
N— )N 475 580 N Y 711 N/A
/ NOW; \ \s/ / o
TBDMS-O CF3
V33 = 13 pm/V V33 = 42 pm/V
DR (30% in PMMA) AJL-8 (25% in APC)
( D 640 6200 695 35000
N Vi C X ~CN
< NC
r33=30 pm/V r33=92 pm/V
(25% in PI) CLD (25% in APC
at 1.06 um)
e~ “Nen
{ { 604 N/A  Teows &~ ) N/A N/A
Oy g,
O r3=36 pm/V Teoms™C r3= 105 pm/V
; o)
T (25% in PQ100) T (17.5% in PMMA)
MeO,
NC / cN 770 13500 @ O N ’ FC 770 N/A
O 2N \_ ) N NI \o\ o
- sl r=55 pm/V @ Y, r33= 106 pm/V
Bu (20% in PC) el (25% in APC)
NC.__cN
Bu,
M\ STS {
Bu 4 QQ 770 6100 462  -315000
NC—7
CN
TCI
Ac—o\_\ NG 2 B CN -
HNOWCN 650 18000 )/O¥<3N 540  -488000
e 8’ e r3=57 pm/V B
e (20% in PMMA r =330 pm/V

at 1.06 um)

TMC-3

(10% in PVP)

*Measured at 1907 nm; ® Measured at 1,3 um, otherwise indicated)
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Although very large hyperpolarizabilities have been obtained with long and
unprotected polyene bridges, these materials are chemically and photochemically
unstable or it is impossible to prepare them in adequate yield and purity, and therefore
they are not suitable for practical applications. On the other hand, chromophores based on
fused ring systems, like naphthalene benzimidazoles,”® or phthalocyanines®”*’ possess a
good nonlinearity and thermal stabilities over 350 °C, but they are poorly soluble in
spincasting solvents and they cannot be effectively poled.

Improvements in thermal and photochemical stability have been achieved by using
conformationally locked polyenes*'** by incorporating the polyene chain into ring
systems like isophorone * or by introducing heterocyclic conjugating units such as
thiazole,* furan, and thiophene.* Many studies have investigated the role of
heteroaromatics and clarified the effect of the nature and the location of the heterocyclic
ring on the charge-transfer (CT) transitional energies of the chromophores, leading to the
development of the ‘auxiliary donor and acceptor’ model.***® This theory correlates the
molecular hyperpolarizability fwith the electron density of the m conjugation, arguing
that electron-excessive/deficient heterocyclic bridges act as auxiliary donors/acceptors
giving larger S values.

Many different acceptor groups have been investigated. Very large nonlinearities have
been achieved using for instance, nitro, cyanovinyl, thiobarbituric acid moieties49, or
strong multicyano-containing heterocyclic electron acceptors.’"?

Highly hyperpolarizable chromophores have been reported using the tricyanovinyl
(TCV) moiety as electron acceptor and various conjugating moieties (x££, as high as 9800
x 10 esu).”> However, the TCV group is very sensitive to chemical attack. To
overcome this, Jen et al.>® prepared a series of thermally and chemically stable
chromophores containing a 2-phenyl-tetracyanobutadienyl acceptor (Ph-TCBD), which
have been demonstrated to be much more stable toward amine nucleophiles than their
tricyanovinyl counterparts. An enormous progress has been achieved since the
introduction of the tricyano-derivatized furan (TCF) acceptor in the late 90°s.>>”7 Its

incorporation in chromophores such as FTC, CLD, and GLD (Table 1) resulted in

chromophore figures-of-merit, zf, as high as 35 000 x 10 esu.?' Moreover, these

15
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chromophores display a good solubility in spin casting solvents, a good processability,
and a thermal stability of approximately 300 °C.

More recently, Marks et al. developed a totally different approach for obtaining very
high fvalues. Their strategy does not focus on extensive planar m conjugation, which is
prone to chemical, thermal and photochemical instabilities,™ but on twisted m-electron
system chromophores. Such unconventional twisted w zwitterionic structures (TM and
TMC) exhibit unprecedented hyperpolarizabilities as large as 15 x higher than reported
previously (uf3 as high as -488 000 x 10™* esu).”%

2.6 Guest-Host Systems

Guest-host systems have been the first NLO polymer systems investigated, since they
can be easily obtained by simply dissolving an EO chromophore in a compatible
amorphous polymeric matrix, to form a solid solution. The selection of polymer host
should be based on a good optical transparency, high thermal stability, and good
solubility in spin casting solvents. In order to obtain a high EO response, the
chromophore should be able to dissolve in the polymer matrix at high loadings, without
phase separation to occur. A high 7, polymer is desirable in order to maintain the
electrical induced noncentrosymmetric order stable over time at device operating
temperatures. Although the 7, of commonly used host polymers is 150-250 °C, the
incorporation of a chromophore will induce plasticization, considerably lowering the T,
of the composite material, and therefore reducing the temporal stability of the EO
response.

A number of different chromophores has been investigated in various low-7, polymer
lattices, such as polycarbonate (PC) or poly(methyl methacrylate) (PMMA), obtaining
very large EO coefficients. An 733 value of 21 pm/V at 1.06 um was achieved by Sun et
al. in PMMA thin films doped at 30-40 wt% with a strong heteroaromatic electron-
acceptor chromophore.”’ A polycarbonate film, containing 20 wt% of a highly NLO-
active compound yielded a very large 733 value of 55 pm/V at 1.06 pm.”® However, the

limited thermal stability of these materials, suggested the use of high-7;, polymers such as

16



Nonlinear Optical Polymeric Materials

polyimidesm’62 and polyquinolines.“’64 On the other hand, since the chromophore is not
covalently connected to the polymer backbone, it can sublimate out of the blend when
high poling and processing temperatures are required. Much improved long-term
stabilities at elevated temperatures have been obtained using highly thermally stable
chromophores such as Ph-TCBD, incorporated as a guest (20 wt%) in the rigid-rod
polyquinoline PQ-100 (7 = 265 °C). An r33 value of 36 pm/V was recorded at 1.3 um
after poling, which remained at ~80% of its original value at 85 °C for over 1000 h.>*

Recently, a very large EO coefficient (r3; = 169 pm/V at 1.3 um) and an excellent
long-term alignment stability at 85 °C under vacuum for more than 500 h have been
demonstrated by incorporating a large 1/ chromophore bearing a 2-dicyanomethylidene-
3-cyano-4,5-dimethyl-5-trifluoromethyl-2,5-dihydrofuran (CF3;-TCF) electron acceptor
into PQ-100 as a guest (25 wt%).**

Together with the development of highly NLO active molecules like CLD and FTC,
amorphous polycarbonate (APC) has been extensively investigated as a host polymer,
due to its low crystallization tendency, good solubility in halogenated solvents and high
glass transition temperature (7, = 205 °C). Its good compatibility with large uf
chromophores, and its high dielectric constant allow EO coefficients as large as 92 pm/V
(25 % CLD-1/APC composite, at 1.06 um) to be routinely obtained. Mach-Zehnder (MZ)
modulators fabricated from CLD-1/APC showed a good thermal stability at 50 °C, an
optical loss of 1.7 dB/cm, and a low modulation voltage (V) of 3.7 V.*® EO modulators
have also been fabricated from 30% CLD-1/PMMA material, demonstrating a ¥, value
of 0.8 V.2! However, due to the low 7, ¢ of this composite, the dynamic thermal stability of
poling induced alignment was only 75 °C, 40 °C lower than for the corresponding APC
material. More recently, really large r3; values (as high as 169 pm/V at 1.31 um) have
been recorded for a series of thermally stable chromophores with a 4-
(diarylamino)phenyl donor and a strong CF3;-TCF electron acceptor incorporated at 25
wt% in APC.”

Furthermore, Garner et al.®® demonstrated the practicality of using polysulfone as a
novel host material. A chromophore-polysulfone system showed a similarly high EO

performance and a lower V; value, compared to the analogous polycarbonate system.
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Moreover, this material combines a reasonably high 7, of 190 °C and a high refractive
index of 1.63 and is a better host than polycarbonate with respect to the photostability.*®
Very recently, it has been reported that a guest-host system, consisting of twisted
n—zwitterionic chromophores TM and TMC in polyvinylphenol (PVP), provided very
large EO responses (733 as high as 330 pm/V at 1.31 um; 10 wt% ), 3-5 x greater than

ever reported.”’

2.7 Side-Chain Systems

Differently than for guest-host systems, in side-chain polymers the NLO
chromophores are covalently attached to the polymer backbone, rather than being simply
dissolved into it. These systems have the advantage that high chromophore loadings (and
therefore high NLO responses) can be obtained, without phase separation, crystallization
or chromophore sublimation. In general, the glass transition temperatures of side-chain
polymers are considerably higher than of a guest-host system with comparable
chromophore loading (no plasticization effect occurs).”’ Therefore an improved thermal
and temporal stability of the poled order is observed, since the chromophore rotational
freedom is restricted by the chemical connection to the polymer.

Many different NLO chromophore-functionalized polymers have been investigated,
including  polymethacrylates,  polystyrenes, poly(acrylamides), polyurethanes,

4,70,71

polyquinolines, polyesters, polyethers, and polyamides. In the next sections, more

attention will be paid to high-7, polyimides.

2.7.1 Polyimides

NLO chromophore-functionalized polyimides have attracted a lot of interest thanks to
their high 7, and excellent temporal stability. Verbiest’>” and Miller’* et al. reported
several highly stable aromatic polyimides (Figure 3) including the synthesis of the PI-1
polymer, which is the first reported example of a processable “donor-embedded” side-
chain polyimide having a very high 7, of 350 °C, and a chemical stability at temperatures
as high as 350 °C. Poled samples of polymer PI-1 have an EO coefficient of 4-7 pm/V (at
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1.3 um) and a much higher orientational stability (up to 225 °C) compared with a true
side-chain polyimide (PI-2) in which a similar chromophore is covalently linked to the

polymer backbone by a flexible spacer.

F3C. CF3 F3C. CF3
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Figure 3. Processable polyimides PI-1 and PI-2.

Davey et al. reported a general, convergent approach for the synthesis of protected
diamine NLO chromophores, which allows of both acid- and base-sensitive
chromophores to be incorporated, using either alkaline or acidic deprotection, into
polyimide backbones.”” The obtained chromophores have been condensed into two types
of high-Ty/high thermal stability polyimide chain structures (Figure 4). The polymers
based on the more rigid 6F-subunit (PI-3a-c), exhibit 7, values in excess of 300 °C,
however, due to the lower inherent mobility, they do not show high nonlinearities (3 =
16-48 pm/V). In contrast, polyimides based on the more flexible TMEG-DA subunit (PI-
4a-c), containing the same chromophore, have lower 7,s (225-265 °C), but an increased
NLO response (7? = 44-82 pm/V), due to the greater structural mobility and poling

efficiency.
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Figure 4. Polyimides PI-3a-c and PI-4a-c.

However, the synthetic methods for aromatic side-chain polyimides include tedious
procedures and the fact that not all chromophores can survive to the harsh imidization
conditions limits their application. To alleviate this problem, Chen et al. developed a
two-step, generally applicable synthetic approach for the synthesis of NLO side-chain
aromatic polyimides, which consists of a one-pot preparation of a preimidized, hydroxyl-
containing polyimide, followed by covalent attachment of a chromophore onto the
backbone of the polyimide via a post-Mitsunobu reaction.”® Using this facile
methodology, NLO side-chain polyimides with a wide variety of pendant NLO
chromophores have been synthesized (PI-5a-c¢, Figure 5) with fine control of the
chromophore loading. The resulting NLO polyimides possess high 7,s (> 200 °C), large
EO coefficients (up to 34 pm/V at 0.63 um and 11 pm/V at 0.83 um), and a long term
stability of the dipole alignment (> 500 h at 100 °C).
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Figure 5. Synthesis and structures of polyimides PI-5a-c.

A new synthetic method for the effective attachment of a wide variety of
chromophores, even highly active ones such as FTC and CLD, to polyimide backbones
has recently been developed by Wright’’ and Guenthner ez al.”® They have shown that the
benzyl alcohol pendant group in the polymers can be chemically modified with a bis-
functional linking agent, like bis(isocyanates) or bis(acid chlorides), to afford reactive
side-chain polyimides. The reactive isocyanate or acid chloride pendant group can then
be easily linked to an alcohol-containing dye (Figure 6). The resulting materials possess
r33 values as high as those achieved in guest-host systems (e.g. 60 pm/V at 1300 nm, for a
FTC functionalized polyimide), whereas having substantially higher 7gs (> 170 °C), and
an enhanced stability of the poling induced order. Mach-Zehnder optical interferometers
have been fabricated with polymers that contained CLD- and FTC-type of chromophores.
Their long-term aging performance (for months at four temperatures ranging form
ambient to 110 °C) has been determined from the increase of the V) value of the
modulator.” Multi-year high-temperature stability was predicted by fitting the data to a

newly developed aging model.
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Figure 6. Synthesis of high-uf chromophore functionalized polyimides.

2.8 Main-Chain Systems

Another approach to attenuate the poled-order relaxation comprises the use of main-
chain polymer systems, in which the chromophores are chemically incorporated in the
polymer backbone itself, rather than being attached as pendant groups. The main
difference between the main-chain and the side chain approach is that large segmental
motion of the polymer backbone is needed for poling and relaxation.*” Main chain NLO
polymers can be divided into three categories (Figure 7): (i) head-to-tail,*' and (ii)
random,*” where the chromophore dipole moments are pointing along the polymer
backbone, and (iii) accordion polymers,” where the dipole moments are nearly
perpendicular to the main chain.

With the purpose of improving processability, thermal stability, and alignment
stability, a wide variety of main-chain chromophoric polymers have been investigated,
including polyurethanes,* polyimides,* polyamides,* carbazoles,” and polyesters.™

However, to date most main-chain polymers show relatively poor processabilities

(including solubility, poling efficiency, etc) and/or low NLO responses. In addition, the
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choice of the chromophores suitable for main-chain incorporation is limited and high
loadings are difficult to achieve. For these reasons, the current researches in the NLO
polymer field are mainly focused on the side chain and cross-linked type. Therefore,

main-chain systems will not be discussed in detail in this review.

i)

Figure 7. Different types of main-chain NLO polymers: (i) Head-to-tail; (ii) random; and (iii) accordion.

2.9 Cross-linked Systems

Covalently attaching chromophores to the polymer backbone or incorporating them
into the backbone, as described in the sections 7 and 8, can effectively increase the
chromophore loading, and prevent phase separation, and thermal relaxation of the
chromophore dipole moment. However, such high-7, materials require high temperature
poling, where chromophore decomposition may occur. Moreover, this process lacks in
flexibility, since to screen potential host polymers and to vary the polymer/chromophore
compositions require tedious batch-to-batch production, which makes it difficult to
precisely control the composition and the properties of the final material.

The use of low-7, cross-linkable materials offers the advantage that the poling
process can be conducted at relatively low temperatures during the hardening process,
ending up with a high-7, noncentrosymmetric material. In general, the cross-linking
process must not degrade the optical quality of the films, like causing defects and poor
uniformity, which could increase the optical loss. The general approaches to lattice
hardening are: (i) photo-induced crosslinking, and (ii) thermally-induced crosslinking.89

Photo-induced crosslinking has the advantage that the lattice hardening process can be
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completely separated from the temperature-dependent poling process. However, the UV
or visible light applied to activate the photo-initiator could be preferably absorbed by the
NLO chromophore, making the exposure ineffective and promoting chromophore
degradation. This drawback has so far limited this development, hence thermally-induced
cross-linking has been applied more widely.’

Since lattice hardening and poling are both temperature dependent processes, fine
tuning of the conditions should be done to simultaneously achieve a high poling
efficiency and a high T7,. Increasing the temperature permits a higher chromophore
mobility to reorient along the poling field. It also antagonistically drives the hardening
process, hence reducing the mobility. On the other hand, the application of a too high
electric field to a soft film can result in material breakdown. This often leads to a trade-
off between poling efficiency and material stability. Thus optimum conditions can be
achieved using stepped poling protocols (where temperature and electric field are
increased in a series of steps).”

Different thermally-induced cross-linking approaches have been investigated, like the

91,92

formation of sol-gel networks, or reactions resulting in polyimides” and

maleimides.”® Thermoset polyurethanes (PU) have been widely studied for EO

. s 90,95
applications.”™

Zhang et al. synthesized a high pf derived isophorone-derived
phenyltetraene chromophore (CLD-5) modified with a hexyl group at the middle of the
n-conjugate bridge to improve the solubility and two hydroxyl terminal groups for
covalent incorporation into cross-linked PU polymer systems.”® The chromophore was
incorporated into a PU matrix based on triethanolamine (TEA) and toluene-2,4-
diisocyanate (TDI) and, after curing and poling, an EO coefficient of 57.6 pm/V at 1.06
um and a dynamic stability till about 80 °C was obtained for the resulting material. By
using more rigid monomeric cross-linkers, the thermal stability could be enhanced up to
133 °C. This gain, however, does not come without a sacrifice in the EO activity. In
addition, from a study on the cross-linking density it is clear that excessive cross-linking
is harmful to electrical poling of a polyurethane material and that cross-linking by itself is

not enough to provide a very high thermal stability of electrical field-induced

chromophore alignment.
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Figure 8. Example of a CLD-5 containing polyurethane.

Sol-gel and PU oligomerization reactions require a strict control of the reaction
conditions, since atmospheric moisture can negatively influence the reaction, causing
phase separation and optical loss. To tackle this problem, a new cross-linking unit,
trifluorovinyl ether (TFVE), has been introduced. TFVE-containing monomeric units can
be converted into perfluorocyclobutane (PFCB) containing polymers by a radical-
mediated thermal cyclopolymerization reaction. These polymers have excellent
properties such as a low dielectric constant, good thermal stability, and optical
transparency.97

A new synthetic strategy for incorporating a wide variety of NLO chromophores into

1°® The chromophore loading can be

PFCB polymers has been developed by Ma et a
tuned by varying the ratio of chromophore-substituted di-TFVE monomer and the tri-
TFVE inert monomer. The obtained mixture is then pre-polymerized at 150 °C,
spincoated to obtain high quality films, and efficiently cross-linked at 180-250 °C. All
resulting NLO PFCB (Figure 9) thermosets possess excellent solvent resistance, large 733
values, and can retain ~80% of their original values at 85 °C for more than 1000 h.

PFCB chemistry, thanks to its versatility, has been applied to different kinds of

material architectures including side-chain polymers, NLO-dendrimers, and dendronized

polymers, as will be described in the next section.
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Figure 9. Structures of the PFCB polymers.

More recently, another lattice hardening approach has been demonstrated using the
thermally-reversible Diels-Alder [4+2] cycloaddition reaction (Figure 10) to provide
significant advantages over the conventional NLO thermosets, such as high poling

efficiency and fine-tuning of the processing temperatures.”*'"

This procedure has mainly
been applied to obtain NLO dendrimers and dendritic polymers, which are described in

the next sections.
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Figure 10. Representation of the Diels Alder cross-linking reactions.
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2.10 Dendritic Systems

In the past decade, much effort has been made to develop polymeric materials
possessing simultaneously large EO coefficients, high thermal and photostabilities, and
low optical losses, which could be suitable for incorporation into practical EO devices.
One major obstacle that limits the development in this area is to efficiently translate high
non-linearities into large macroscopic EO activities. In fact, although the xf values of
chromophores have been improved more than 250-fold, only several times of
enhancement of the 733 value could be achieved. From the ideal-gas model, the EO
coefficient should increase linearly with the chromophore number density (loading) in the
polymer matrix, making a r33 of several hundreds of pm/V theoretically obtainable.'”!
However, molecules with large dipole moments, cannot be treated as non-interacting, and
strong intermolecular dipole-dipole interactions, especially at high chromophore loading
levels, become competitive with the poling induced non-centrosymmetric alignment.'**
104

Recently, theoretical and experimental results by Robinson et al. demonstrated that a
logical approach to improve the maximum achievable EO activity is to modify the shape

> Derivatization of

of the chromophores by introducing bulky substituents.'
chromophores with these inert groups makes them more spherically shaped, limiting
intermolecular electrostatic interactions and hence antiparallel clustering, therefore
enabling higher poling efficiency. Disappointingly, only a slight increase of the 33 could
be achieved using this method.

Chromophore-containing dendritic structures have emerged as an alternative solution
to achieve spherical shape modification of chromophores.'® In spite of any conventional
EO polymer, the void containing structure of dendrimers provides the site isolation
needed for chromophores to independently reorient under the external poling field.'”’
Moreover, these dendritic materials possess a monodisperse and well defined globular

geometry. Their structure is synthetically controllable in size and shape, allowing wide

control over solubility, processability, viscosity, and stability.
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2.10.1 3D-shaped Dendritic NLO Chromophores

One of the very first examples of the spontaneous, non-centrosymmetric organization
of NLO chromophores in dendritic structures has been reported by Yokoyama et al.'®®
They studied the conformational and NLO properties of a series of azobenzene-
containing dendrons, synthesized by introducing 1-15 azobenzene branching units and by
placing aliphatic functionalities at the end of the dendritic chains (Figure 11). HRS
measurements showed that the synthesized dendrons had a cone—shaped conformation,
with each chromophore contributing coherently to the macroscopic EO activity with no
need of application of an external field. In fact the £ measured for the azobenzene
dendron D1 with 15 chromophoric units was 3010 x 107" esu, a value which is more than

20 times larger than that of the individual azobenzene monomer (150 % 107 esu).

(¢}
© R: (CH2)14CH3

COOCH20CH2CH20CH3

D1
Figure 11. Structure of the azobenzene dendron D1.

In order to explore the dendritic effect on the poling efficiency of dipolar NLO
chromophores, Ma et al.'” modified the highly stable Ph-TCBD chromophore with three

highly fluorinated aromatic dendrons (Figure 12). In comparison with the pristine
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analogue, the resulting dendritic chromophore D2 exhibits a 20 °C higher decomposition
temperature and a large blue shift (29 to 42 nm) of the charge-transfer absorption
maximum (Ama), indicating the influence of the fluoro-rich dendrons on the
microenvironment of the core chromophore in solid films. When D2 and Ph-TCBD were
incorporated with the same amount of active component into APC (12 wt%), the poled
films of D2 showed a three times larger EO coefficient (30 pm/V at 1.3 um) than the
pristine chromophore, providing a clear evidence of the improved poling efficiency due

to the dendrons.

D2

Ph-TCBD

r33=10 pm/V at 1.3 um r33 =33 pm/V at 1.3 um

Figure 12. Comparison between dendritic chromophore D2 and its pristine NLO chromophore Ph-TCBD.

More recently, Dalton et al. investigated the EO properties of tri-functional dendritic
chromophores and the effectiveness of theoretical analysis as a guide in the bottom-up
design of such molecular architectures.''’ The analysized structures consisted of three
thiophene-containing FTC-type chromophores, connected to the tri-branched inert core
through flexible spacers. Four tri-arm EO dendrimers were prepared and evaluated to
explore the effects on the EO behavior of end-on relative to side-on chromophore
attachment geometry as well as varying chromophore-to-dendrimer core tether groups

(Figure 13).
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Figure 13. Structures of the FTC-containing dendrimers.

These dendritic materials were dispersed into APC and tested as thin film composites.
The side-on geometry provided a more stable EO signal, requiring larger activation
energies to induce dipole randomization than the end-on type. The differences in average
r33 between side-on and end-on geometries were small but consistent. The EO behavior
depended heavily on the length and rigidity of the moieties used to covalently anchor the
chromophore to the inert host or core. A nearly 3-fold enhancement in EO coefficient
was noted when the short di-ester tether was replaced by a longer, more aliphatic system,
however, a faster thermal decay of 733 was observed.

These experimental findings, together with quantum mechanical modeling, were then
employed to guide the design and synthesis of tri-arm dendritic structures with extended
outer peripherial functionalities.''' The resulting materials were used to fabricate stand-
alone thin films, without the addition of an inert polymer host. These all-dendrimer films
exhibit a high poling efficiency (733/E},) and a stunning linear relationship between 733 and
N. The linear dependence holds even at very high chromophore concentrations (N = 6.45

x 10 chromophores/cm’), yielding a maximum EO coefficient of 140 pm/V (at 1.31
um).
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Figure 14. Structures of tri-arm EO dendrimers D3 and DA4.

2.10.2 Crosslinkable NLO Dendrimers

Low molecular weight multichromophore containing dendrimers (described in the
previous section) have very large 33 values, which is very promising for next generation
EO materials. However, the materials obtained with this approach, have intrinsically low
T,s, which translates into a poor thermal stability of the poling order, and a low solvent
resistance (high solubility in spincasting solvents), which limits their incorporation in
multi-layer polymer optical devices.

To alleviate this problem, Ma et al. developed a NLO dendrimer, having the center
core connected to a Ph-TCBD-containing chromophore and thermally cross-linkable

TFVE-containing dendrons at the periphery (Figure 15).12

The resulting dendrimer DS,
thanks to its relatively high molecular weight (4664 Da), can be directly spin-coated, with
no need of a pre-polymerization process. Moreover, this approach offers the advantage
that the sequential hardening/crosslinking process can be efficiently conducted during
electric field poling, making it possible that large EO coefficients (733 = 60 pm/V at 1.55
um) and long-term alignment stability (over 90% at 85 °C for more than 1000 h) can be

simultaneously obtained.
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Figure 15. Structure of the tri-arm cross-linkable NLO dendrimer D5.

Recently, Sullivan et al. introduced a novel, thermally curable, tri-component
dendrimer glass, which takes advantage of the Diels-Alder cycloaddition reaction to
achieve efficient crosslinking during poling.'"® This tri-component material consists of a
multichromophore dendrimer functionalized with a diene-containing outer periphery
(D6), a guest chromophore that is bis-functionalized with a furan-protected dienophile
(GC), and an optically inert maleimide-based dienophile cross-linking agent (MD)
(Figure 16).
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Figure 16. Structures of the cross-linkable dendrimer D6, the chromophore GC, and optically inert pre-
cross-linker MD.

The optimized tri-component mixture has an r33 of 150 pm/V (at 1.31 um) and a
thermal stability up to 130 °C (a 48 °C improvement over similar uncross-linked
materials). The materials were insoluble in acetone and retained 90% of their original 733
value after 15 months at room temperature.

Using a similar Diels-Alder cycloaddition based approach, Jen et al. developed a
series of cross-linkable dendrimers by functionalization of the AJL8-type chromophore
with diene-containing dendrons which could be cross-linked at a later stage by using a

trismaleimide dienophile (Figure 17).114
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Figure 17. Example of a AJL-8-containing crosslinked EO dendrimer.

The high EO activity and solvent resistance allowed these materials to be processed
through multiple lithographic and etching steps to fabricate a race-track-shaped micro-
ring resonator. By coupling this resonator with a side polished optical fiber a broadband
electric-field sensor with a high sensitivity of 100 mV/m at 55 MHz has been

demonstrated.'"

2.10.3 Side-chain Dendronized NLO Polymers

Although stand alone EO dendritic glasses with high, ever improving poling
efficiencies (EO activities) can be obtained, a drawback is the long and tedious synthesis
needed to produce sufficiently high molecular weight dendrimers with good film forming
properties.

Another approach is to produce dendron-substituted polymers (or dendronized
polymers) by combining the site-isolation effect of dendrimers with the good
processability of linear polymers. This strategy provides a greater flexibility in designing

suitable molecular structures for realizing high performance EO materials.
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Making use of this principle, Jen et al. synthesized the first side-chain dendronized
polymer by attaching TFVE-containing dendritic moieties to a chromophore-
functionalized polystyrene based backbone DP1-a (Figure 18).'"> The poled films of this
polymer showed an 733 of 81 pm/V (at 1.31 um), a value that is about 2.5 times larger
than that of the corresponding pristine side-chain NLO polymer. A similar modification
has also been applied to high pf8 CLD type of chromophores, obtaining dendronized
polymers DP1-b and DP2 with 33 values of 97 and 111 pm/V (at 1.31 um),
respectively.''® Polymer DP2 assembles in a pseudo-cylindrical rigid rod conformation,
which may explain the high poling efficiency. In fact, in such a rigid polymer the chain
entanglement may be reduced, allowing the chromophores a higher freedom to reorient in

the channels of such a cylindrical structure.

DP2
rs3 =111pm/V at 1.3 um

a b DP1-a r3; =81 pm/Vat 1.3 um

DP1-b r33=97 pm/V at 1.3 um Cylindrically-shaped polymer

Figure 18. Side-chain dendronized polymers with thermoset TFVE groups.

In order to improve the thermal stability a high-7, cardo-type polyimide with a
dendronized CLD-type chromophore has been developed.'” A high poling efficiency
was achieved to afford a very large EO coefficient (71 pm/V at 1.3 um); more than 90%
of this value can be retained at 85 °C for more than 650 h.

The synthetic/processing scheme based on the Diels-Alder cycloaddition reaction
described in the previous section has also been employed to generate chromophore-
functionalized side-chain EO polymers in situ during the poling process.” The
advantages of using this approach are the very mild heating conditions, the specificity,

and the absence of ionic species and catalysts. A series of highly efficient EO materials
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has been produced by covalent attachment of maleimide-containing NLO chromophores
onto PMMA-based polymers substituted with pendant anthracene diene groups (PMMA -
AMA).""® Different macromolecular architectures were created by changing the attaching
mode of the chromophore onto the polymer and onto the fluorinated dendritic units. The
obtained polymers showed a good optical quality and processability, fairly high T,s (~
150 °C), and large r33; values (as high as 60 pm/V at 1.31 um). Addition of a
bismaleimide crosslinker (BMI) to the polymer blend resulted in an increase of the
temporal stability and the solvent resistance, without a significant decrease of the poling

efficiency.

W
Poling condition: 150 °C
O Chromophore loading: 20%
rs3 =52 pmN @ 1,311m
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Figure 19. Example of the synthesis of a side chain polymer using Diels-Alder post-functionalization.

110 °C

r3 =45pm/V@ 1,311m

2.11 Self-assembled Systems

The main requirement for molecule-based second order NLO materials is a non-
centrosymmetric organization of the constituent active species. Furthermore, organic
materials should be effectively fabricated in device-applicable (waveguiding) films of
micrometers scale thickness, good optical quality and homogeneity over areas as large as
centimeters squares.

Electric field poling of polymers, as described in the previous sections, is the most

commonly used methodology to achieve polar order of chromophores within the selected
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matrixes. Although this method makes use of strong external forces, it does not take full
advantage of the large nonlinear optical properties (f) of organic chromophores.
Therefore the preparation of bulk materials in which the dipoles are well aligned is still a
hard challenge.

A totally different strategy to achieve acentric film architectures is by self-assembly.
Self-assembled chromophore multilayer structures tend to have an intrinsic molecular
dipolar alignment. It does not require electric field poling to achieve a highly acentric
film, thus eliminating a possible cause of surface damage and defects. Based on this
principle many design strategies have been explored. The most prominent examples are:

liquid crystals,” chirality,''*'%

Langmuir-Blodgett (LB) film growth, head-to-tail
hydrogen bonding, covalent layer-by-layer chemisorption from solution, and vapor

deposition.

2.11.1 Langmuir-Blodgett (LB) Films

The LB technique takes advantage of amphiphilic molecules, having a hydrophilic
head and a hydrophobic tail, to achieve alignment at the air/water interface. This
technique allows films to be deposited with great control at the molecular level, obtaining
well ordered structures with high chromophore number densities and homogeneous
thicknesses.!" Since during deposition, the majority of amphiphilic molecules tend to
adopt a head-to-head or a tail-to tail arrangement (Y-type), which is centrosymmetric, it
1S necessary to manipulate the molecular structure in order to impose non-
centrosymmetric arrangements (X-type or Z-type) (Figure 20). This issue has been
overcome in several ways: alternating optically active layers with inactive spacers, using
complementary dyes with chromophores hydrophobically substituted at opposite ends,
the tail attached to the donor (C,Hzn+;-D-n—A) and acceptor (D-n—A-C,Ha,t1) in
adjacent layers, or chromophores with two hydrophobic end-groups.'?' Some molecules
show a particular non-centrosymmetric Y-type structure called herringbone arrangement,
in which the dipoles are arranged in a plane parallel to the substrate and the alignment is

2

retained in all subsequent layers.'”” The second harmonic intensity increases

quadratically with the number of bylayers. Despite the LB technique has been successful
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in providing waveguiding NLO active thin films consisting of more than 100 monolayers,
several important drawbacks are related to the fragility of the films, such as the low
temporal stability of the dipole order (even at room temperature), the scattering from
microdomains, and the tedious thick films growth. Recently, the use of alternative
approaches to the reduction of molecular mobility, such as polyelectrolyte

5

complexation,'”'** hydrogen-bonding,'*> and photopolymerization'*® have led to LB

films with improved thermal stabilities.

X-type Y-type Z-type

Figure 20. Schematic representation of centrosymmetric (Y-type) and non-centrosymmetric (X-type and Z-

type) LB structures.

2.11.2 Covalent Layer-by-Layer Assemblies

Another approach to make thin-film NLO materials is based on the sequential
construction of covalently self-assembled chromophore-containing multilayer structures

as first introduced by Marks. 27128

The general strategy for superlattice construction
employs three steps (Figure 21-a). Chemisorption of alkyl or benzyl halide containing
trichlorosilane coupling agents (step 1) onto flat, hydroxy-terminated surfaces (e.g. glass,

silicon, organic polymers) provides functionalized surfaces for the polar anchoring of a
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bifunctional chromophore precursor. The quaternization/anchoring process (step ii)
converts the NLO-inactive precursor into the NLO active chromophore. It also creates
surface hydroxyalkyl functionalities that are subsequently used to “lock in” the polar
structure with a capping agent via three-dimensional siloxane network formation. This
“capping” reaction (step iii) planarizes the structure, exposes silanol functionalities
mimicking the original SiO, interface, and thus allows superlattice construction by

iteration of steps i-iii.

a) | — > é é é — — —
Substrate @) (ii) (iif) Repeat XXX

i 111 , : Chromophore
b) . XXX A : Coupling Agent
Substrate (@) i Repeat O : Protecting Group

-------- : Capping Layer

Figure 21. Schematic representation of the three-step (a) and the two-step (b) LbL assembly processes for

chromophoric superlattices.

This layer-by-layer chemisorptive siloxane-based self-assembly approach is
particularly attractive because it offers a greater net chromophore alignment and number
densities than poled films and a much better structural control and stability than LB films.
Molecular orientation is intrinsically acentric. In fact chromophores are covalently linked
to the substrates, and further locked into place with strong covalent cross-links. Hence,
the microstructural orientation is very stable and the films are closely packed and robust.

This three-step assembly method is suitable for a wide range of donor-acceptor

. . 129,1
chromophore precursors, such as stilbazole-, acetylenic-, azobenzene, 2130

or pyrrole-
based'®! chromophores resulting in films with very large NLO/EO responses (2 of 150-

220 pm/V and r33 values as high as ~ 80 pm/V).
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Figure 22. High- 3 chromophoric building blocks used in self-assembled superlattices.

Very recently, a novel type of X-shaped 2D chromophore with extended conjugation
has been used. The resulting self-assembled chromophoric films exhibit a dramatically
blue-shifted optical maximum (325 nm), while maintaining a large EO response (3~) ~
232 pm/V at 1064 nm; r33 ~ 45 pm/V at 1310 nm).'*'*

However, this three-step process is very time consuming and tedious, especially due
to the quaternization reaction which involves inefficient spin-coating followed by
vacuum treatment in an oven at 110 °C, to obtain full chromophore coverage. To enhance
the process efficiency and speed, a greatly improved all-“wet-chemical” two-step
approach has been introduced.® Specifically, the deposition technique (Figure 21-b)
employs the iterative combination of only two steps: (i) self-limiting polar chemisorption
of a protected high-£ chromophore monolayer (¢ ~ 15 min) and (ii) in situ selective
trialkylsilyl protecting group removal, plus capping of each “deprotected” chromophore
layer using octachlorotrisiloxane (z ~ 25 min).

This all-“wet-chemical” two-step process can be efficiently implemented in a vertical
dipping procedure to yield polar films consisting of more than 80 alternating
chromophore and capping layers. Each nanoscale bilayer (chromophore + polysiloxane
layer are ~ 3.26 nm thick) can be grown at least one order of magnitude more rapidly

than using previous siloxane-based solution deposition methodologies.'**

The thermally
and photochemically robust superlattices exhibit very large EO responses (up to (%) 370
pm/V and r33 ~ 120 pm/V determined by SHG measurements at A = 1064 nm)'* and high
chromophore surface densities and have been integrated in frequency doubling

devices,° ultrafast optical switches,"*” and EO phase modulators.'**'*
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Several, alternative self-assembly approaches for producing thermally stable, acentric
chromophoric multilayers have been reported.'**'** The most prominent example is that
developed by Katz er al,'*' which is taking advantage of the zirconium
phosphonate/phosphate coordinative bonding to fix layers of a dye to one another
producing films with a good structural regularity and stability to orientational
randomization up to 150 °C. Another example utilizes the electric-field induced LbL
assembly technique of ionic species, followed by UV irradiation to convert the ionic

bonds between layers into covalent bonds.'*

2.11.3 Hydrogen Bonded and Supramolecular Assemblies

An attractive way of self-assembling, highly EO active organic materials is by using
supramolecular interactions, such as intermolecular hydrogen bonding, to achieve highly
ordered, non-covalently bound, acentric structures under mild conditions.' 14

Saadeh et al. successfully applied this approach to generate a series of polymer-like
materials exhibiting large optical nonlinearities.'” These assemblies were built up
through the spontaneous formation of three parallel hydrogen bonds between a NLO
chromophore bearing two 2,6-diacetamido-4-pyridone moieties (D1-3) and a monomer
with a diimide group or two wuracil groups (A1-3) (Figure 23). These NLO
supramolecular self-assemblies can form amorphous films with a good optical quality, 733
as high as 70 pm/V, and a long-term stability (4000 h) of the second harmonic generation
(SHG) signal at room temperature.

Generally, self-assembled organic thin films are formed in solution. However, the
solution techniques have the disadvantage of being time consuming and limited by the
diffusion and aggregation of molecules that interferes with the deposition process. To

tackle this problem, Gunther ef al. have developed a novel vapor phase deposition

technique, to produce supramolecular assemblies with well defined polar ordering.'
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Figure 23. Structures of monomers A1-3 and DI-3 and synthesis of their supramolecular self-assemblies

SAI-7.

This technique, the so-called organic molecular beam deposition (OMBD), consists of
evaporation of chromophores onto a substrate under high or ultra high vacuum (UHV)
conditions. Suitable molecules must be strongly hydrogen-bonded to one another in a
head-to-tail fashion to form linear supramolecular assemblies in the solid state. The vapor
phase approach offers many advantages over the solution phase one, such as high
chemical purity, faster growing rates, and superior control over growth parameters. Films
can be grown homogeneously over large areas and with a high degree of molecular
ordering and tight molecular packing over thicknesses of about 1 um. However, only low
nonlinearities (d;; = 5 pm/V) could be obtained so far. 151

Significantly larger EO responses have been achieved by Facchetti et al. applying a
similar vapor deposition process to heteroaromatic-based chromophores.'”* Those high-
response molecules contain one pyridine ring as hydrogen-bond acceptor at one end and
at the opposite end either a hydrazobenzoic acid or hydrazophenyl group as hydrogen-
bond donor, making them capable to self-organize in a head-to-tail fashion from the
vapor phase (Figure 24). High quality films, as thick as 700 nm, could be grown in a few

hours either on siloxane-modified substrates or hydroxyl functionalized substrates. The
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EO responses at 1.30 and 1.55 pm (r33 ~ 14-26 pm/V, (#*) 136-320 pm/V) are exceeding

by about two orders of magnitude those of previously reported H-bonded EO films.'*

H-bond
acceptor H-bond donor

Substrate

Figure 24. Graphical illustration of the head-to-tail self-assembly of chromophores by vapor deposition.

Recently, Jen et al. developed a new class of molecular glasses based on the
reversible self-assembly of aromatic/perfluoroaromatic (Ar-Ar') dendron-substituted
nonlinear high-u8 chromophores.** In these molecules (Figure 25) both phenyl and
pentafluorophenyl rings are incorporated as peripheral dendrons on the n-bridge and the
donor-end of the chromophores C1, C2, and C3.

Despite of being not directional and therefore needing an external electric field to
achieve acentric order, complementrary Ar-Ar" interactions have been demonstrated to
improve the poling efficiency of the self-organized molecular glasses. In fact,
chromophore C3 gave the highest 733 value (108 pm/V at 1310 nm) among all monolithic
molecular glasses, due to the favorable Ar-Ar’ interactions. This value is more than two
times larger than those obtained for chromophores C1 or C2 that do not have such
interactions. Moreover, the binary 1:1 composite of C1 and C2 showed an r3; value of
130 pm/V. These poled thin films could retain over 90% of their original r33 values at
room temperature for more than 2 years. On the contrary, the temporal stability of the
glasses without the Ar-Ar' interactions deteriorated dramatically within 1 month.
Although the chromophore number density in these molecular glasses are already very
high (~2% that of the typical guest-host polymers), it is still possible to further enhance
the 33 values of these materials by doping a second chromophore with higher £ in these

glasses, obtaining stunning 733 values (up to 327 pm/V).
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Figure 25. Structures of the glass forming chromophores and a graphical illustration of the alignment of

self-assembled chromophore C3 by Ar-Ar" interactions.

2.12 Conclusions and Outlook

In this Chapter, an overview of the state-of-the art of polymeric NLO materials is
given. The great effort made during the past 20 years has led to a better knowledge of the
influence of chromophore design on material structure-function relationships. In
particular, the theories developed by Dalton and Robinson have provided a better
fundamental understanding of the role of chromophore shape and structure in defining the
maximum achievable EO activity.'” This has led to the development of a new generation
of chromophores, with improved acceptors and conjugated bridges giving better
stabilities, reduced dipole-dipole interactions, and large nonlinearities. Recently, an
alternative approach for obtaining high f values, based on twisted z-zwitterionic
structures, instead of on extensive planar conjugation, has been reported by Marks et al.®’
This new molecular design resulted in unprecedented molecular hyperpolarizabilities, and
thus provides new paradigms for the future molecule-based EO materials.”

Several diverse synthetic approaches to obtain EO materials with acentric symmetry

have been pursued. Among them, poling of guest-host polymers and chromophore-

functionalized polymers have been investigated most intensely. Nevertheless, innovative

44



Nonlinear Optical Polymeric Materials

designs like that involving the development of multichromophore-containing dendritic
materials investigated by Dalton and Jen have been introduced.'"' Such dendritic
materials are of particular interest because of the opportunities for molecular-scale

1" Moreover, a polymer host is not required and stand-alone thin

architectural contro
films can be fabricated with extremely higher loading densities and larger EO activities
than those that have been found in conventional EO materials. These properties, in
combination with a good processability, high stability, and solvent resistance, makes
NLO dendrimers a good candidate for next generation high-performance EO devices.'"

Self-assembly methods proceeding from substrates, such as layer-by-layer
chemisorptive siloxane-based self assembly'* and vapor deposition techniques'>> have
experienced a substantial growth in the past five years. Thanks to intrinsic molecular
dipolar alignment, thermally robust and highly EO active films can be achieved without
the use of external forces. Although prototype devices integrating self-assembly
superlattices have been fabricated, some crucial aspects, such as the ability of growing
optical quality films in the order of micrometers thickness, still needs to be optimized.

While the state-of-the-art in organic electro-optics has advanced considerably during
the past five years in terms of getting materials with large NLO responses and induced
temporal stabilities of the polar order, the problem of chemical (aging) and
photochemical stability (light induced chromophore degradation) requires more
systematic study and better understanding to be solved. The solution of this issue is
critical for organic EO modulators and other devices to become reality. Therefore more
intensive research efforts will be required to realize the full potential of organic EO
materials.

This thesis aims to contribute in this direction with the synthesis and the study of new
thermally and photostable NLO chromophores and polymers. The chemical,

photochemical and optical properties of the EO materials derived therefrom are

described.
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Chapter 3

Enhanced Poling Efficiency in Highly Thermal
and Photostable Nonlinear Optical

Chromophores®

A series of nonlinear optical chromophores based on the highly thermal and photostable
tricyanovinylidenediphenylaminobenzene (TCVDPA) was synthesized and their thermal
and optical properties were investigated. Modification of the TCVDPA chromophore
with bulky groups provides reduction of dipole—dipole interactions and thus great
improvement of the macroscopic electro-optic (EO) response of the polymeric materials
obtained by incorporating these derivatives as a guest at high loading in polysulfone. The
best result was obtained with chromophore 5, bearing fluorinated aromatic substituents,
which shows a doubling of the EO activity at 30 wt% (25 pm/V at 830 nm) compared with
the pristine TCVDPA. The bulkier the chromophore, the lower the induced plasticization
effect (as much as 50 °C difference on the Tg attenuation). Furthermore, all
chromophores in this study possess good processability and exhibit high thermal
decomposition temperatures (highest Td = 360 °C).

" This chapter has been published in: M. Faccini, M. Balakrishnan, M. B. J. Diemeer, Z. P. Hu, K. Clays, 1.
Asselberghs, A. Leinse, A. Driessen, D. N. Reinhoudt, W. Verboom, J. Mater. Chem., 2008, 18, 2141-
2149.

M. Balakrishnan, M. Faccini, M. B. J. Diemeer, W. Verboom, A. Driessen, D. N. Reinhoudt, A. Leinse,
Electron. Lett., 2006, 42, 51-52.



Chapter 3

3.1 Introduction

As outlined in Chapter 2, organic materials exhibiting large electro-optic (EO)
responses (r33) have attracted considerable attention over the past two decades.!”’
However, high nonlinearity is not enough to ensure widescale commercial utilization of
polymeric electro-optic devices. Other essential properties, such as good thermal,
mechanical and photochemical stability, low optical loss (high transparency) and good
processability, need to be simultaneously optimized in order for the active material to be
successfully implemented in a practical device.

Several classes of compounds exhibiting very high thermal stability (over 300 °C)
have been reported.*'® From these studies it emerges that the use of a 4-
(diarylamino)phenyl electron donor results in a significant improvement in thermal
stability compared to the 4-(dialkylamino)phenyl substituted derivatives.''™"

One of the most crucial parameters for the long term efficiency of EO devices is
photostability, since they are expected to last years without significant degradation under
high photon flux. The absorption of photons by molecules under illumination can lead to
changes in their chemical structure and consequent loss of nonlinearity. Several research
groups have done extensive work examining the photostability of EO polymers, taking

into account the influence on the photodegradation of factors such as chromophore

16,17 18-20 17,21

structure, ' wavelength and intensity, and the presence of oxygen.

The general conclusion that can be drawn from these studies is that the most
photostable compounds have a simple benzene 7z-bridge and a tricyanovinyl electron-
acceptor group. More elongated conjugated bridges between the electron-donor and
electron-acceptor groups lead to faster photobleaching. Galvan-Gonzalez et al.*’
identified tricyanovinylidenediphenylaminobenzene (TCVDPA) as the most photostable
structure: it is about two orders of magnitude more stable than the DANS (4-N,N-
dimethylamino-4’-nitrostilbene) chromophore and one order of magnitude more stable
than the azo chromophore ~DR1  (4-[N-ethyl-N-2-hydroxyethyl)amino]-4 -
nitroazobenzene). In fact, it shows no degradation upon irradiation at the absorption

maxima (Amax), NOT it is acting as a sensitizer for the formation of singlet oxygen upon
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radiation with UV. On the other hand, the price to pay for this higher stability is a shorter

conjugation path and therefore a lower second-order nonlinearity compared to extremely

large 113 chromophores like CLD or FTC (Table 1).'® However, it has been reported that

the photostability of such chromophores is quite poor in air,”* and a high-cost packaging

is necessary for shielding the oxygen in the air, which is responsible for the

photodegradation of the chromophore by the formation of singlet oxygen. Given that

photostability is of key importance to the long-term reliability of devices, we strongly

believe that TCVDPA (1) holds a strong competitiveness for EO applications,

particularly for the fabrication of low-cost devices (like EO-based sensors)* operating at

850 nm, where cheap laser sources are available.

Table 1. Comparison of An. and uf3 values of known NLO chromophores®

Amax up d
NLO chromophore UOM, B
(nm) (1 0*® esu)
)Ry DRI 475 800" 30 5x10°
PN e DANS 438 5807 21 2x10°
S;MCN TCVDPA 531  584° 1.7 2x10
Toows-G CLD 695 350007 457  N/A®
AcO CN oN
NS T FIC 650 18000 259  N/A®

AcO

* Measured at 1907 nm unless otherwise indicated; * Measured at 1580 nm; ¢ uf, ¢ B is the number
absorption events needed, on average, to photodegrade a single chromophore molecule; Data taken from

ref.?’; ° Data not available.
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Moreover, the TCVDPA chromophore possesses the unique feature of having a low
absorption window in the UV region (blue window), where most of the chromophores
absorb, which allows UV-crosslinking to be used for photodefinition.”® It has been
demonstrated that the direct waveguide photodefinition of the negative photoresist SU8
containing TCVDPA, using a conventional (I, H, G-line) mask aligner.29 In addition, this
system has the advantage that low temperature poling can be done in the uncrosslinked
state, because the uncured SUS is a low-7 solid.

A major obstacle impeding the development and employment of organic electro-optic
materials is the difficulty of translating a high hyperpolarizability (f) into macroscopic
EO coefficient (733). This is because, in particular at high chromophore number density
(N), dipole—dipole interactions start to become competitive with chromophore dipole-
applied poling field interactions, favoring centrosymmetric arrangements of
chromophores. From both theoretical and experimental analyses the Dalton group has
shown that the maximum achievable EO activity of a chromophore can be greatly
enhanced by modification of its shape. In fact, the derivatization of chromophores with
bulky substituents will make them more spherically shaped and hence limit
intermolecular electrostatic interactions.’®>> These added side groups are only expected
to contribute in minimizing the tendency of the dipoles to cluster in an anti-parallel
fashion, positively affecting the poling efficiency and the macroscopic EO response of
polymeric materials in which these chromophores are incorporated, without having any
influence on the molecular hyperpolarizability.

In this Chapter we describe how the EO response and the poling efficiency of a series
of thermally and photochemically stable TCVDPA-based chromophores (2-6)
considerably improve by shape modification. The chromophores are incorporated as
guests in a high 7, (190 °C) polysulfone (PS) polymer host matrix. The chemical,
photochemical, thermal, linear optical, and non-linear optical (NLO) characterization of

these chromophores and the polymeric materials derived therefrom are described.
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CN CN CN

NC NC NC
~ “CN ~ °CN ~ CN

0 O, 0y 5\%

1
(TCVDPA)

Chart 1. Chemical structures of chromophores 1-6.
3.2 Results and Discussion

3.2.1 Synthesis

The synthesis of the chromophores 2-6 is depicted in Scheme 1. All chromophores
were synthesized using a similar approach: first the formation of the triphenylamine
donor part, substituted with the desired group, followed by tricyanovinylation of the
unsubstituted aryl ring.

The triarylamines were assembled using a copper-catalyzed amination of aryl iodides
following a recently reported procedure.*®>’ Aniline (7) was reacted with 4-iodoanisole
(8) and 1-fert-butyl-4-iodobenzene (9), respectively, in the presence of potassium fert-

butoxide and a catalytic amount of Cul/P(But); complex, to afford the triarylamines 10
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and 11. Demethylation of dimethoxytriphenylamine 10 with BBr; gave the corresponding
bisphenol 12. Subsequent functionalization of the hydroxyl groups in 12 with 1-bromo-2-
ethylbutane and 2,3,4,5,6-pentafluorobenzyl bromide under Finkelstein conditions gave

the dialkoxytriarylamines 13 and 14, respectively.

Scheme 1. Synthesis of chromophores 2-6.°

N

NC/CN
R
© © (a) N (b)
O 6 o T
R R LT
NH, R R

7 8 R=0Me 10 R = OMe 2 R=0Me
9 R = C(CHy)s 11 R = C(CHy)s 3 R=C(CHy);
CN
NC 2 CN

Lo O >
ol Lofon oL

12 13 R = -CH,CH(CH,CH3), 4 R = -CH,CH(CH,CH3),
14 R = -pentafluorobenzyl 5 R = -pentafluorobenzyl
15 R =fluorinated dendron 6 R = fluorinated dendron

*Reagents and conditions: (a) P(But);, Cul, KOtBu, toluene, reflux; (b) TCNE, DMF, rt (c) BBr3;, CHCI;,
rt, then CH;0H; (d) for 13 and 14: K,COs, KI, THF, reflux; for 15: DCC, DMAP, THF, CH,Cl,, rt; (e)
TCNE, DMF, rt.

Derivatization of EO chromophores with highly fluorinated dendrons has been
demonstrated to be an efficient way to provide the spatial isolation needed for more
efficient orientation of the chromophores.”® Fluorinated dendron 18 was synthesized by
reaction of protected dihydroxybenzoic acid 17°° with 2,3,4,5,6-pentafluorobenzyl
bromide to give 17, followed by deprotection of the carboxylic acid by treatment with

zinc dust in glacial acetic acid (Scheme 2). Esterification of the carboxylic acid in
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fluorinated dendron 19 with bisphenol 12 afforded the triarylamine diester 15. Reaction
of the disubstituted triarylamines 10, 11, 13-15 with tetracyanoethylene (TCNE) in DMF

gave the corresponding chromophores 2-6, respectively.

Scheme 2. Synthesis of dendron 18.°

F
F F i
05 0-_CCly (E;b . .
(a) 0 F (b)
— o F — H F
HO OH © o o F
0
16 o
F F
F F
F F
. F F
F
17 18

? Reagents and conditions: (a) pentafluorobenzyl bromide, K,CO;, KI, THF, reflux; (b) glacial acetic acid,
Zn dust, THF, rt.

3.2.2 Linear Optical Properties

UV spectra of chromophores 1-6 were recorded in CH,Cl, and the A, values are

reported in Table 2.
1_0_- | line 365 nm
1 i Gline 405 nm

$ 0.8 :
g ]
L2 0.6 H I|Ane 435n
o H
o ]
o
<

0.0

T T — T T T T T
300 400 500 600 700
Wavelength (nm)

Figure 1. Absorption spectrum of chromophore 6 in CH,Cl,.
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All chromophores studied have a strong charge-transfer band (450-650 nm) in the
visible region of the spectrum. In general, no significant change in the spectrum was
caused by the modification, with 4, lying between 529 and 545 nm. A typical spectrum
is shown in Figure 1. Moreover, all derivatives preserve the lower minimum in the
absorption spectra (around 400 nm), between the charge-transfer band and the higher-
energy aromatic electronic transitions. This blue window allows photo-induced

crosslinking to be used for lattice hardening.

Table 2. Summary of thermal and optical properties of chromophores 1-6

T, ° T, onset” A E? i

(°C) (°C) (nm) M'em™) (107 esu)
1 286 335 539 38500 425 +/- 80
2 296 331 530 24000 428 +/-16
3 292 323 537 30000 424 +/- 25
4 350 360 545 31000 418 +/- 42
5 308 326 536 31000 409 +/- 18
6 355 365 529 33500 275 +/- 17

® The weight loss decomposition temperature, 7, is defined as the point at which 5% weight loss has
occurred in the chromophore; ® The onset temperature of degradation (7, onset) can be calculated from the
intersection of the tangent to the slope of the curve corresponding to the first weight loss event; ¢ A, was
measured in CH,Cl,; ¢ Molar absorptivity in CH,Cl,; © S8 values were measured at 800 nm.

3.2.3 Optical Loss Measurements

Optical losses were measured by the prism coupling method and they are shown in
Figure 2. Slab waveguides were made on 8 um thick silicon oxide on silicon wafers by
spincoating PS and 1 20 % w/w in PS. The resulting film thickness was about 4 um and it
sustains three modes at 1550 nm. As the surface of the spin coated film is extremely
smooth, the loss mechanism is mainly due to material absorption. White light from a
broadband source is coupled into the polymer slab using a prism. After propagating a

certain distance it is out-coupled using another prism and sent to a spectrum analyzer.
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The experiment is repeated varying the distance between the in-coupling and the out-
coupling prisms. By plotting the out-coupled power as a function of the distance of
propagation it is possible to obtain the absorption loss spectra.

In general, device-quality EO materials should possess good optical transparency (low
optical loss), in particular at the main telecom wavelengths (1310 and 1550 nm) and
datacom wavelengths (840 nm). For the PS host polymer the optical loss remains
relatively low (around 1 dB/cm) either at 840, 1310, or at 1550 nm. This retained loss
could probably be addressed to light scattering from particles or roughness due to
polymer processing. When 20 wt % of chromophore 1 is incorporated as guest into a PS
host matrix, the long-wavelength tail of the main absorption peak of the chromophore is
appearing, extending further into the near-IR and therefore causing a high loss of 7.2
dB/cm at 840 nm. Although the high chromophore loading causes big vibrational C-H
overtone absorptions to appear, this does not have a detrimental effect on the optical
transparency at telecom wavelength, which only increases to 1.7 and 1.5 at 1310 and
1550 nm, respectively, making the material well suitable for telecom waveguide

applications.

30

25¢
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Figure 2. Optical loss spectrum of PS and chromophore 1 at 20 wt. % in PS slab waveguides.
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3.2.4 Thermal Analysis

The thermal properties of the chromophores are reported in Table 2. TGA data were
recorded at a heating rate of 20 °C/min. It should be noted that weight loss in these
experiments may be due to sublimation and/or decomposition of the substance.

Thermal stability is a critical parameter for long term efficiency of EO devices. Since
the NLO response has to be stable during processing and operation of the
chromophore/polymer materials, the chromophores need to be chemically stable at all
temperatures that the system encounters in electric field poling, and they should
withstand all fabrication steps needed for device fabrication.

The decomposition temperature of chromophores 1-6 is really high, being above 320
°C for all of them. The highest value, 365 °C, which has been recorded for 6, is among
the highest ever reported for NLO chromophores.

3.2.5 Photobleaching Test

Several research groups have done extensive work examining the photostability of EO
polymers. Previous studies clearly show that the presence of oxygen can greatly increase

the degradation rate of organic chromophores.'”*’

The photodegradation of various
chromophore families has been reported, including stilbenes and azobenzenes. In these
studies the photobleaching measurements were made by using lasers as a light source on
film samples of guest-host polymeric materials.

Here we introduce a straightforward and low-cost qualitative method for the fast
screening of the photostability of new chromophores. These simple photobleaching tests
are carried out by monitoring the decrease in absorbance during irradiation of oxygen-
saturated solutions of chromophores in CDCl; with visible white light. The experiments
were conducted in CDCl; because the singlet oxygen ('O,) has a very long lifetime in this
solvent, so that its effect can be established with greater sensitivity.*' Although being
qualitative, thus producing relative results instead of absolute values, this technique can

give good estimation of the photostability, particularly, when a direct comparison with

chromophores of known photostability B is performed.
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Photobleaching tests were carried out for chromophores 1, 3, and 5, and for the
commercially available NLO chromophores DANS and DR1 (Table 1). In fact, our
measurements are in good relative agreement with the reported data (see Table 1),
showing that the stilbene chromophore DANS degrades very rapidly due to the attack on
the central carbon double bond by oxygen. The most photostable compounds are
characterized by benzene bridges and tricyanovinyl electron-acceptor groups. From the
results reported in Figure 3 it can be noticed that chromophores 1, 3, and 5, are
photostable under our experimental conditions, showing hardly any degradation upon
exposure to white light for 120 min. Moreover, comparing the decay curves of
chromophores 3 and 5§ with that of 1, no significant difference can be noticed. More than
95% of the initial absorbance is retained after 100 min of exposure, showing that
functionalization with bulky side groups does not have a detrimental influence on the
photostability. From these data it can be concluded that chromophores 1-6 possess among

the highest photostabilities reported for D-n-A chromophores.

AIA,

0.1 - —O—DANS

0 20 40 60 80 100 120
Exposure time (min)

Figure 3. Photo-bleaching curves of chromophores 1, 3, 5, DRI, and DANS in CDCl;. A is the absorbance
at time t and A, is the initial absorbance. Photolyses were carried out in 10 mm quartz cuvettes with light
from a 75 Watt halogen lamp. The samples were irradiated at a distance of 10 cm from the light source and

were shielded from daylight.
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3.2.6 Hyper-Rayleigh Scattering Measurements

The Hyper-Rayleigh scattering (HRS) technique was employed to measure f... for
all chromophores at 800 nm (Table 2). Crystal violet chloride (CV) was used as an
external reference. In most of the cases, the hyperpolarizability is quite constant, slightly
above 400 x 107 esu. Apparently, the functionalization at the donor site of the
chromophores, does not have a big influence on £.... However, the sensibly lower value
found for chromophore 6 may be due to the ester bond directly connected to the

diphenylamine moiety, reducing its electron donating ability.

3.2.7 Electric Field Poling and EO Property Measurements

In order to study the substituent effect on the poling efficiency, EO measurements
were performed in PS doped with chromophores 1-6 at different concentrations using
cyclopentanone as a solvent. The resulting solutions were filtered through a 0.2-um filter
and spin-coated onto indium tin oxide (ITO) coated glass wafers. The obtained films
were then baked on a hot plate at 95 °C for 1 hour and in a vacuum oven at 95 °C for 8
hours to completely remove the solvent. A 100 nm layer of gold was then sputtered onto
the films as a top electrode to perform electric-field poling. The films were contact-poled
at the respective T, for 40 min with DC electric field of 100 V/um. The 733 values were
measured using a Teng-Man simple reflection technique at a wavelength of 830 nm.*

The chromophore loading could be varied over a wide range without phase separation
occurring and the resulting materials could easily be processed into films with high
optical quality. As shown in Figure 4, for unmodified chromophore 1, the EO activity
increases linearly with loading up to 15 wt %, after which the curve starts to deviate from
linearity, showing evidence of chromophore-chromophore electrostatic interactions
starting to take place. A similar behavior was noticed for chromophore 2, in which the
methoxy groups are not big enough to significantly affect the interactions, but only
providing a small improvement of about 2 pm/V with respect to 1. Moreover, 1 and 2
remain at lower r33 values compared with other bulky substituted chromophores, like 3, 4,
and 5 (Figures 4), suggesting a significantly higher dipole-dipole interaction already at

low loadings. However, the increment in poling efficiency provided by the fert-butyl
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groups of 3 and the branched alkoxy moieties of 4 is clearly visible already at low
chromophore loadings, whereas at larger concentrations the shape modification is even
more effective showing a nearly doubling of 33 at 35 wt % with respect to 1 (from 12.5
pm/V to 25 pm/V). The best result was obtained with chromophore 5, that provides a
more significant enhancement of the EO response reaching its maximum 733 of 25 pm/V
at already 30 wt %. Probably, the very bulky pentafluorobenzyl groups provide the site
isolation needed for free chromophore reorientation under electric field poling conditions.
In the case of the dendritic chromophore 6, an EO coefficient of only 5.5 pm/V was
obtained at 10 wt %. Even though this chromophore is the bulkiest of the whole series
and thus it is expected to induce the highest poling efficiency, its 733 value recorded at 10
wt % does not even follow the linear slope observed for the smaller fluorinated aromatic
derivative 5. The increment of 733 compared with 1 is only 20% at low loading. This
result suggests that a good compromise has to be found for a given chromophore in order

to achieve the site isolation needed for maximizing the poling efficiency.

rs3 (pm/V)

0 10 20 30 40

Chromophore wt %
Figure 4. r3; at 830 nm as function of the effective concentrations of 1-6 in PS.

It can be concluded that, since the hyperpolarizability is similar for all chromophores,

the enhancements in r3; for the shape modified chromophores are not due to
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improvements at the molecular level, but indeed to reduced electrostatic interactions
between chromophores and hence to a better poling efficiency.

For comparison, 7, has been plotted against the loading density for films made with
chromophores 1, 3, and 6. From the curves shown in Figure 5, a clear decay of the 7, of
the material can be seen upon increasing the chromophore concentration. This is a
common behavior in guest-host systems in which the NLO chromophore, being simply
dissolved in a polymer matrix, can act as a plasticizer and consequently decreases the 7,
of the polymeric material.®> An interesting trend can be noticed in the decay: the bulkier
the chromophore (1 < 3 < 6), the lower its plasticization effect is. In fact, when 1 is
incorporated in PS at 45 wt%, the 7, of the resulting blend drops to 80 °C. Such a low T,
is detrimental for the long term efficiency of a device, causing serious relaxation of the
molecular alignment. Differently, dendritic chromophore 6 at 50 wt % loading displays a
much improved 7, of 130 °C, resulting in a better material for long term device

applications.
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Figure 5. Comparison of the T, for chromophores 1, 3, and 6 incorporated in PS at different

concentrations.
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3.3 Conclusions

A series of nonlinear optical chromophores was synthesized by applying a shape
modification to the TCVDPA chromophore. These changes have led to a decrease of the
chromophore induced plasticization effect and to a great reduction of intermolecular
interactions. Consequently, improved poling efficiencies were observed for most of the
derivatives when incorporated at high loadings in PS host polymer. A doubling of the EO
activity was even obtained for chromophore 5, compared with the pristine TCVDPA,
showing an EO coefficient of 25 pm/V at 830 nm. Moreover, all chromophores exhibit a
good processability and possess among the highest thermal and photochemical stabilities

reported in literature.

3.4 Experimental Section

General Procedures. All chemicals were of reagent grade and used without further
purification. THF was freshly distilled from Na/benzophenone, and CH,Cl, from CaCls,.
All chromatography associated with product purification was performed by flash column
techniques using Merck Kieselgel 600 (230-400 mesh). All reactions were carried out
under an inert argon atmosphere. Melting points (uncorrected) of all compounds were
obtained with a Reichert melting point apparatus and a Kofler stage. 'H and *C NMR
spectra were recorded on a Varian Unity 300 using tetramethylsilane (TMS) or the
corresponding residual solvent signal as internal standard. FAB-MS spectra were
recorded on a Finningan MAT 90 spectrometer with m-nitrobenzyl alcohol (NBA) as a
matrix. Thermogravimetric analyses were conducted using a Perkin-Elmer TGA-7
thermogravimetric analyzer (scanning rate: 20 °C min '). UV-Vis measurements were
carried out on a Varian Cary 3E UV-spectrophotometer.

HRS measurements were performed using the 800 nm fundamental wavelength of a
regenerative mode-locked Ti*" sapphire laser.* Measurements were carried out in
CH,Cl,, with CV as an external reference (fxxx), 338 x 10°° esu in methanol at 800 nm,

taking into account the difference in symmetry (octopolar for CV and dipolar for the

69



Chapter 3

chromophores). The sample was dissolved in CH,Cl, and passed through 0.2 um filters.
Dilute solutions (10°-10° M) were used to ensure a linear dependence of L,/I, 2 on
solute concentration, precluding the need for a Lambert-Beer correction for self-
absorption of the second harmonic generation (SHG) signal. High-frequency
femtosecond HRS was used to assess any multiphoton fluorescence contribution at 400
nm. No fluorescence effects were observed at 400 nm for all chromophores.

For poled films, the 7, is defined as the temperature at which a change in the
reflection of the top gold electrode is first noticed, by heating the sample is on a heating
chuck, raising the temperature in steps of 10 °C and holding for 5 min at each step. The
change of mobility in the material at the 7, causes the gold to buckle, hence losing
perfect light reflectivity.

Compounds 10** and 16®° were prepared according to procedures reported in
literature.

Compound 2. To a solution of 10 (960 mg, 3.14 mmol) in dry DMF (30 mL) was
added tetracyanoethylene (805 mg, 6.28 mmol) and the resulting mixture was stirred at rt
for 12 h. The solvent was removed under reduced pressure and the residue dissolved in
CH,ClI; (100 mL) and then washed with water (3 x 50 mL). The organic layer was dried
over MgSOy and the resulting solid was purified by chromatography (hexane/ CH,Cl,
1/1) to give 2 as a purple solid (1.2 g, 93%): mp 157-160 °C. 'H NMR (CDCls) 6 3.84 (s,
6H, OCH3), 6.84 (d, J=9.3 Hz, 2H, ar-H), 6.95 (d, /= 9.0 Hz, 4H, ar-H), 7.15 (d, J=9.0
Hz, 4H, ar-H), 7.95 (d, J = 9.6 Hz, 2H, ar-H); >°C NMR (CDCls) § 55.5, 100.4, 114.2,
115.3, 116.7, 119.51, 121.9, 128.1, 132.4, 136.8, 155.0, 158.5; MS FAB" m/z 406.1
([M], caled for CpsH gN4O, 406.1), FAB™ m/z 405.9 (M7, calcd 406.1).

4-4’-Di-tert-butyltriarylamine (11) was prepared analogously to compound 10,
starting from aniline (7) (0.48 mL, 5.24 mmol), 1-tert-butyl-4-iodobenzene (9) (2.0 mL,
11.53 mmol), Cul (40 mg, 0.21 mmol), tributyl phosphine (0.10 mL, 0.42 mmol), and
KOtBu (1.9 g, 15.72 mmol). Compound 11 was obtained as a white solid (1.16 g, 62%):
mp 100-102 °C. "H NMR (CDCl;) § 1.39 (s, 18H, C(CHs)3) , 7.01 (t, J = 6.9 Hz, 1H, ar-
H), 7.09 (d, J = 8.4 Hz, 4H, ar-H), 7.14 (d, J = 7.8 Hz, 2H, ar-H), 7.29 (t, J = 7.8 Hz, 2H,
ar-H), 7.32 (d, J= 8.4 Hz, 4H, ar-H); °C NMR (CDCl;) § 31.4, 34.2, 121.8, 123.3, 123.7,
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125.9, 129.0, 145.1, 145.3, 148.1; MS MALDI-TOF m/z 357.5 (IM'], caled for CogHs N
357.5).

Compound 3. Triarylamine 11 (550 mg, 1.54 mmol) was reacted with
tetracyanoethylene (790 mg, 6.16 mmol) following a procedure similar to that used for 2,
giving 3 as a purple solid (0.57 g, 80%): mp >230 °C; 'H NMR (CDCls) d 1.36 (s, 18H,
C(CHj3)3), 6.91 (d, J=9.0 Hz, 2H, ar-H), 7.16 (d, J = 8.4 Hz, 4H, ar-H), 7.44 (d, J = 8.4
Hz, 4H, ar-H), 7.97 (d, J = 9.0 Hz, 2H, ar-H); °C NMR (CDCls) ¢ 31.2, 34.4, 113.2,
113.4, 114.2, 117.4, 126.40, 127.0, 132.3, 139.2, 141.3, 150.3, 154.8; MS MALDI-TOF
m/z 458.1([M "], calcd for C3H3oN, 458.2), FAB™ m/z 458.2 ([M'], 458.1).

Bisphenol 12. A solution of 10 (7.5 g, 24.6 mmol) in dry chloroform (100 mL) was
cooled to 0 °C, and BBr; (98.4 mL 1 M-solution in CH,Cl,, 94.8 mmol) was added
dropwise. After stirring for 1 h at this temperature, the reaction mixture was allowed to
warm up to rt and stirred for 5 h. The reaction was carefully quenched with methanol
using an ice bath. The solvent was removed under reduced pressure and the residue
dissolved in ethyl acetate (200 mL). The resulting solution was washed with a saturated
solution of NaHCO; (2 x 100 mL) and water (2 x 100 mL), dried over MgSQO,, and
evaporated to give 12 as a grey solid (6.8 g, 100%): mp 220-222 °C; 'H NMR (DMSO-
de) 0 6.64 (d, J= 8.4 Hz, 2H, ar-H), 6.70 (d, J = 8.3 Hz, 4H, ar-H), 6.50-6.75 (m, 1H, ar-
H), 6.88 (d, J = 8.3 Hz, 4H, ar-H), 7.09 (t, J = 7.2 Hz, 2H, ar-H), 9.22 (s, 2H, OH); "*C
NMR (DMSO-dg) 6 116.8, 119.0, 119.8, 127.7, 129.5, 139.4, 149.6, 154.61; MS FAB"
m/z 277.1 (IM], caled for C1gH sNO,277.1), FAB m/z 276.0 ((M-H], caled 276.0).

Dialkoxytriarylamine 13. To a solution of 12 (1.5 g, 5.4 mmol) in dry DMF (15 mL)
was added K,CO; (5.9 g, 43.3 mmol) and the mixture was stirred at rt for 30 min. After
the addition of 1-bromo-2-ethylbutane (6.6 mL, 32.5 mmol) and KI (5.4 g, 32.4 mmol),
the reaction mixture was allowed to warm up to 70 °C and stirred for 24 h. After
evaporating the solvent, the residue was dissolved in CH,Cl, (100 mL) and then washed
with a 10% HCI solution until neutral pH and water (3 x 50 mL). The organic phase was

dried over MgSQy, concentrated under reduced pressure and the residue further purified
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by chromatography (hexane/CH,Cl, 4/1) to afford 13 as a colorless oil (1.9 g, 85%): 'H
NMR (CDCls) 6 0.94 (t, J = 7.2 Hz, 12H, CH3), 1.42-1.53 (m, 8H, CH,), 1.68-1.62 (m,
2H, CH), 3.82 (d, J = 5.4 Hz, 4H, OCH,), 6.75-6.86 (m, 5H, ar-H), 6.40 (d, J = 7.8 Hz,
2H, ar-H), 7.03 (d, J = 7.5 Hz, 4H, ar-H), 7.13 (t, J = 7.0 Hz, 2H, ar-H); °C NMR
(CDCl3) § 11.4, 23.6, 41.2, 70.6, 115.4, 120.6, 120.9, 126.6, 129.1, 141.1, 149.1, 155.8;
MS FAB" m/z 445.3 (IM'], calcd for C30H3oNO, 445.3).

Compound 4. Reaction of 13 (780 mg, 1.75 mmol) with tetracyanoethylene (1.3 g,
10.5 mmol) following a procedure similar to that for 2, yielded 4 as a purple solid (717
mg, 75%): mp 130 °C; "H NMR (CDCls) § 0.96 (t, J = 7.5 Hz, 12H, CH3), 1.42-1.50 (m,
8H, CH,), 1.61-1.71 (m, 2H, CH), 3.85 (d, J = 6.0 Hz, 4H, OCH,), 6.84 (d, J = 9.0 Hz,
2H, ar-H), 6.92 (d, J = 8.7 Hz, 4H, ar-H), 7.12 (d, J = 8.7 Hz, 4H, ar-H), 7.93 (d, /= 9.6
Hz, 2H, ar-H); C NMR (CDCls) ¢ 11.4, 23.6, 41.1, 70.6, 79.9, 113.6, 113.8, 114.5,
116.1, 116.9, 119.7, 128.3, 132.6, 137.7, 155.4, 158.6; MS FAB" m/z 546.0 ([M"], calcd
for CssH3sF10N4O; 546.3).

Dialkoxytriarylamine 14. To a solution of 12 (700 mg, 2.52 mmol) in dry DMF (15
mL) was added K,CO; (3.5 g, 25.2 mmol) and the mixture was stirred at rt for 30 min.
After the addition of 2,3,4,5,6-pentafluorobenzyl bromide (1.53 mL, 10.1 mmol) and KI
(1.68 g, 10.1 mmol), the reaction mixture was allowed to warm up to 70 °C and stirred
for 24 h. After evaporating the solvent, the residue was dissolved in CH,Cl, (100 mL)
and then washed with a 10% HCI solution until neutral pH and water (3 x 50 mL). The
organic phase was dried over MgSQO,, concentrated under reduced pressure and the
residue further purified by chromatography (hexane/CH,Cl, 6/4) to afford 14 as a white
off solid (1.40 g, 88%): mp 103-105 °C; "H NMR (CDCls) 6 5.02 (s, 4H, OCH>), 6.80 (d,
J=9.3 Hz, 4H, ar-H), 6.70-6.98 (m, 1H, ar-H), 6.90 (d, J = 8.4 Hz, 2H, ar-H), 6.97 (d, J
= 9.3 Hz, 4H, ar-H), 7.12 (t, J = 8.4 Hz, 2H, ar-H); °C NMR (CDCl;) § 57.8, 110.2,
115.8, 121.4, 121.9, 126.0, 129.0, 138.8, 140.4, 142.3, 142.9, 144.5, 146.9, 148.3, 153.8;
MS FAB" m/z 637.2 (IM'], calced for C3,H,7F1(NO, 637.1).
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Compound 5. Reaction of 14 (1.36 g, 2.14 mmol) with tetracyanoethylene (823 mg,
6.42 mmol) following a procedure similar to that for 2, gave 5 as a purple solid (1.10 g,
68%): mp 207-209 °C; '"H NMR (CDCls) d 5.14 (s, 4H, OCH,), 6.86 (d, J = 9.0 Hz, 2H,
ar-H), 7.01 (d, J = 9.3 Hz, 4H, ar-H), 7.18 (d, J = 9.3 Hz, 4H, ar-H), 7.95 (d, J = 9.0 Hz,
2H, ar-H); °C NMR (CDCl3) 6 57.6, 81.0, 113.0, 113.3, 114.2, 116.3, 117.0, 119.80,
128.3, 132.3, 137.9, 147.0, 154.7, 156.7, MS FAB™ m/z 738.8 ([M'], caled for
C37H6F10N4O, 738.1, FAB™ m/z 738.5 ([M], caled 738.1).

2,2,2-Trichloroethyl 3,5-bis(perfluorobenzyloxy)benzoate (17) was prepared
analogously to 14 starting from 16 (1.6 g, 5.60 mmol), pentafluorobenzyl bromide (2.03
mL, 13.4 mmol), K,COs (7.7 g, 56.0 mmol) and KI (3.7 g, 22.4 mmol) in dry THF (30
mL) instead of dry DMF. Compound 17 was obtained as a colorless oil (1.18 g, 33%). 'H
NMR (CDCly), 6 4.97 (s, 2H, COOCH»), 5.17 (s, 4H, OCH»), 6.82 (t, J = 2.1 Hz, 1H, ar-
H), 7.41 (d, J= 2.1 Hz, 2H, ar-H); MS FAB" m/z 645.4, calcd for Co3HoC13F 004 645.6.

3,5-Bis(perfluorobenzyloxy)benzoic acid (18). To a solution of 17 (1.18 g, 1.82
mmol) in dry THF (6 mL) was added glacial acetic acid (6 mL), and the mixture was
stirred at rt for 10 min. Zn dust (0.74 g, 11.5 mmol) was then added and the resulting
mixture was stirred vigorously for 1.5 h. The reaction mixture was filtered and the filtrate
was poured into water (100 mL). After extracting with diethyl ether, (2 x 50 mL) the
combined extracts were dried over MgSO4 and the solvent removed under reduced
pressure to afford 18 as a white solid (0.94 g, 100%): mp 158-159 °C; 'H NMR (CDCls)
8 5.16 (s, 4H, CHy), 6.79 (t, J = 3.0 Hz, 1H, ar-H), 7.40 (d, J = 3.0 Hz, 2H, ar-H); °C
NMR (CDCl;) 6 58.0, 108.5, 109.6, 131.7, 136.1, 144.3, 147.6, 159.3, 170.7; MS FAB"
m/z 514.1 (IM'], caled 514.0); MS FAB" m/z 514.1 (IM'], calcd for C,;HsF1004 514.0),
FAB m/z 512.8 ([M- H7], calcd 513.0).

Fluorinated Dendron (15). To a solution of 18 (600 mg, 1.17 mmol) in a mixture of
dry CH,Cl; (4 mL) and dry THF (8 mL) was added 13 (147 mg, 0.53 mmol) followed by
4-dimethylaminopyridine (DMAP) (65 mg, 0.53 mmol), and the mixture was stirred at rt
for 15 min. N,N’-dicyclohexylcarbodiimide (DCC) (264 mg, 1.28 mmol) was then added,
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and the mixture was stirred for 48 h. The reaction mixture was filtered, and the filtrate
was evaporated to dryness under reduced pressure. The crude product was purified by
silica gel column chromatography (hexane/ CH,Cl, 1/1) to afford 15 as a yellow solid
(347 mg, 52%): mp 69-71 °C; "H NMR (CDCls) 6 5.18 (s, 8H, OCH>), 6.81-6.83 (m, 2H,
ar-H), 7.02-7.07 (m, 1H, ar-H), 7.07-7.12 (m, 4H, ar-H), 7.12-7.15 (m, 2H, ar-H), 7.16-
7.18 (m, 4H, ar-H), 7.28-7.30 (m, 2H, ar-H), 7.48-7.49 (m, 4H); °C NMR (CDCl;) §
58.0, 108.2, 109.6, 122.5, 123.4, 124.5, 125.1, 129.6, 132.2, 136.1, 139.5, 144.3, 145.8,
146.2, 147.8, 159.4, 164.7; MS MALDI-TOF m/z 1269.1 ([M], caled for CsoHa7F20NOg
1269.0).

Compound 6. To a solution of 15 (300 mg, 0.24 mmol ) in DMF (10 mL) was added
tetracyanoethylene (605 mg, 4.72 mmol), followed by heating at 90 °C for 48 h. The
solvent was removed under reduced pressure and the residue dissolved in CH,Cl, (50
mL). The solution was washed with a saturated brine solution (4 X 100 mL). The organic
layer was dried over MgSO4 and the resulting solid was purified by chromatography
(hexane/CH,Cl, 3/7) to give 6 as a purple solid (279 mg, 86%): mp 103-105 °C ; 'H
NMR (CDCls) 6 5.20 (s, 8H, OCH,), 6.86 (t, J = 2.1 Hz, 2H, ar-H), 7.04 (d, /= 9.3 Hz,
2H, ar-H), 7.26 (d, J = 9.0 Hz, 4H, ar-H), 7.33 (d, J = 9.0 Hz, 4H, ar-H), 7.49 (d, J = 2.1
Hz, 4H, ar-H), 8.00 (d, J = 9.3 Hz, 2H, ar-H); *C NMR (CDCls) § 58.0, 108.3, 109.6,
113.1, 114.2, 118.5, 120.8, 123.7, 128.1, 131.6, 132.5, 138.6, 142.06, 149.4, 154.3, 159.4,
164.3; MS MALDI-TOF m/z 1369.4 ([M], calcd for CesHa6F20N4Og 1370.0)
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Chapter 4

Photostable Nonlinear Optical Polycarbonates

Highly thermal and photostable NLO polymers were obtained by covalently
incorporating the tricyanovinylidenediphenylaminobenzene (TCVDPA) chromophore to
a polycarbonate backbone. NLO polycarbonates with different chromophore attachment
modes and flexibilities were synthesized. In spite of the high loading levels (ranging from
33.1 to 39.8 wt%), the polymers exhibit Tgs as high as 215 °C, representing a significant
improvement of over 100 °C of the material T, compared with that of the guest-host
system containing the same chromophore at similar high loadings. EO coefficients up to
33 pm/V at 830 nm were achieved, and good temporal stability of the dipole alignment at

50 °C was observed.



Chapter 4

4.1 Introduction

In the past decade, a large number of NLO chromophores has been synthesized and
incorporated as a guest in a wide variety of host polymers.''* In particular, amorphous
polycarbonate (APC) has been extensively investigated as a host polymer, due to its low
crystallization tendency, good solubility in spin-casting solvents and high glass transition
temperature (7, = 205 °C)."*!* Moreover, its compatibility with large 18 chromophores
and its high dielectric constant allow a good poling efficiency."

Although the 7, of APC polymers is high, the incorporation of a chromophore will
induce plasticization, considerably lowering the 7, of the composite material, and
therefore reducing the temporal stability of the poling induced alignment.'® Moreover
chromophores can sublimate out of the matrix at high processing temperatures, or could
be dissolved by organic solvents used in fabrication of multilayer devices. One way to
solve these problems is by covalently incorporating the chromophores into high-7,
polymers.'” Surprisingly, in spite of the exceptional properties of polycarbonates when
employed as host, there are only a few reports about the incorporation of chromophores
as a side-chain in a polycarbonate backbone.'®

In the previous Chapter we have described a series of chromophores based on the
highly thermal and photostable tricyanovinylidenediphenylaminobenzene
(TCVDPA)""?° which were incorporated as a guest at high loading in polysulfone.
Although the increase of the chromophore concentration led to higher EO coefficients, it
also resulted in a dramatic decrease of the 7, of the polymeric material, which might be
detrimental for the long term efficiency of a device.

To provide EO materials with improved stability, in this Chapter the TCVDPA
chromophore (17) (Chart 1) is incorporated into a polycarbonate backbone, combining
the good properties of polycarbonates with the improved temporal stability given by
chromophore attachment. The synthesis and the properties of six novel thermally and
photochemically stable NLO polycarbonates in which the TCVDPA chromophore (17) is
either “donor-embedded” into the polymer backbone or linked to it through flexible

spacers is described. Moreover, the effect of the attachment mode and the flexibility on
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the poling efficiency and alignment stability is studied, together with a comparison with a

guest-host system incorporating the same chromophore.
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Chart 1. Structures of NLO polycarbonates.

4.2 Results and Discussion

4.2.1 Synthesis

The synthesis of the necessary dihydroxy-functionalized monomers 3 and 9
containing the triphenyl amine donor group is given in Scheme 1. Monomer 3, having
flexible alkyl chains, was synthesized by reaction of bisphenol 1 with 2-bromo-1-
propanol (2) under Finkelstein conditions. The synthesis of bisphenol monomer 9 starts
with the demethylation of 4-methoxy-triphenylamine (4) with BBr; to give 4-hydroxy-
triphenylamine 5. Saponification of the ester in diarylmethane derivative 6 with KOH
gave 7 having a free valeric acid moiety, which was then reacted with 4-hydroxy-
triphenylamine 5 under DCC coupling conditions to afford ester 8. Cleavage of the
benzyl ether bonds by Pd/C catalyzed reduction with hydrogen gave bisphenol monomer
9.
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Scheme 1. Synthesis of monomers 3 and 9.”
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? Reagents and conditions: (a) K,COs, KI, THF, reflux; (b) BBr;, CH,Cl,, rt; (¢) KOH, ethanol, water,
reflux; (d) dicyclohexylcarbodiimide (DCC), 4-(Dimethylamino)pyridinium-4-toluenesulfonate (DPTS),
CH2C12, rt; (C) Hz, Pd/C, N212CO3, THF, rt.

The general synthetic route for the NLO active polymers is depicted in Scheme 2.
Condensation polymerization of equimolar amounts of the dihydroxy-functionalized
triphenyl amine group containing monomers (1, 3, or 9) with the corresponding bisphenol
(A or Z) bis(chloroformate) (10-A or 10-Z) in solution using pyridine as a base, afforded
the donor containing polycarbonates. Subsequent post-tricyanovinylation by treatment
with tetracyanoethylene (TCNE) gave the corresponding NLO active polymers. The
tricyanovinyl (TCV) groups were introduced in the last stage of the polymer preparation

to prevent the exposure of the chromophores to the harsh reaction conditions.
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Scheme 2. Synthesis of NLO polycarbonates.”
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?Reagents and conditions: (a) pyridine, THF, CH,Cl,, rt; (b) TCNE, DMF, 90 °C.

To prove the introduction of the TCV group, the IR spectra of the 12-Z and 15-Z
polymers are shown in Figure 1 for comparison. In the latter case a strong —CN stretching
band is appearing at 2218 c¢cm™. Upon tricyanovinylation, in the "H NMR spectra the
aromatic protons meta to the amino group shift from about 7.2 in 12-Z to about 7.9 ppm
(doublet) as result of the strong electron-withdrawing effect of the TCV group. The
degree of post-functionalization was determined from the peak area of the protons ortho
to the TCV moiety (marked with (a) in Chart 1) and the peak areas of the methyl protons
of the bisphenol A moieties (b) or the methylene protons of the bisphenol Z units (c). For
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the donor embedded 14-A and 14-Z polymers functionalization proceeded for 73 and
75%, respectively. For the 15-A and 15-Z polymers, having a three-carbon spacer
connecting the triphenylamine donor unit to the polycarbonate backbone, over 80%
tricyanovinylation was obtained. However, for the 16-A and 16-Z polymers, having the

donor attached as side chain, the highest degrees of functionalization were obtained,

3200 2700 2200 1700 1200 700

Wavenumber (cm™)

namely 92 and 88%, respectively.

12-Z

s

15-Z

Figure 1. Infrared spectra of 12-Z and 15-Z.

4.2.2 Thermal Analysis

The thermal properties of the NLO polymers (Chart 1) are reported in Table 1. The
decomposition temperature (74) of all choromophore-containing polycarbonates is in the
range between 329 and 380 °C, being the donor-embedded polycarbonates 14-A and 14-
Z the most stable structures. Due to their more rigid structure, these two polymers, in
spite of the high chromophore loading of over 38 wt%, possess the highest Ts of the
whole series, being 206 and 215 °C, respectively. This result represents a significant

improvement of over 100 °C of the material 7, compared with that of a guest-host system
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incorporating the TCVDPA chromophore (17) at similar high loadings, as reported in
Chapter 3.

While the introduction of flexible alkyl chromophore-polymer tethers can enhance the
chromophore mobility, facilitating the poling process, it is known that it will reduce the
T, of the material.”! For the 16-A and 16-Z polycarbonates, having the chromophore
anchored as side-chain through a valeric acid tether, the 7, drops to 178 and 184 °C,
respectively. However, this drop is even more pronounced when three-carbon spacers are
introduced between the chromophore and the bisphenol moieties, leading to a 7, of 166
°C for polymer 15-A and 172 °C for polymer 15-Z. The higher intrinsic structural rigidity
induced by the cyclohexyl group™ in the bisphenol Z monomer, generally results in
polymers with substantially higher 7,s (6 to 9 °C increment) with respect to those

containing a bisphenol A monomer, having two methyl groups instead.

Table 1. Summary of the thermal, physical, and optical properties the NLO polycarbonates.”

Aona” T;¢ T, M, M,/M, Chrom. 7
content
(mm)  (°C)  (°0) wt%)  (em/V)*
TCVDPA (17) 531 360 85°¢ - - 35in PS¢ 12
14-A 523 371 206 12700 2.3 39.8 15
14-7Z. 523 380 215 14600 1.9 38,6 15
15-A 524 351 166 12400 1.7 37.0 33
15-Z 524 359 172 8300 1.9 36.2 31
16-A 526 329 178 12400 1.8 353 13
16-Z 526 341 184 10900 1.8 33.1 12

* For structures see Chart 1; b Amar Was measured in CH,Cl,; © the onset temperature of degradation (7,
onset) can be calculated from the intersection of the tangent to the slope of the curve corresponding to the
first weight loss event; ¢ measured at 830 nm; © as guest in polysulfone host (data taken from Chapter 3).
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4.2.3 Linear Optical Properties

UV spectra of the NLO polymers were recorded in CH,Cl, and the An.x values are
reported in Table 1. All NLO polycarbonates studied have a strong charge-transfer band
(450-650 nm) in the visible region of the spectrum, with Anax lying between 523 and 526
nm. A typical spectrum is shown in Figure 2. In general a small but consistent blue shift
(5-8 nm) compared with that of the TCVDPA chromophore (17) is noticeable for all
polymers. This can be attributed to the fact that, in the polymer, the chromophore is more
crowdedly surrounded by a low dielectric constant environment. Moreover, all
derivatives have a minimum in the absorption spectra (around 400 nm) between the

charge-transfer band and the higher-energy aromatic electronic transitions.

1.04 ~ —— TCVDPA (17)
| — 14-A

Absorbance

0.0

! 1 ' I — ! I ' I
300 400 500 600 700
Wavelength (nm)

Figure 2. Absorption spectrum of the TCVDPA chromophore (17) and the 14-A polymer in CH,Cl,.

4.2.4 Photobleaching Test

To obtain an estimation of the photostability of the NLO polycarbonates, the
straightforward and low-cost qualitative method described in Chapter 3 was used. It
concerns the monitoring of the decrease in absorbance during irradiation of oxygen-
saturated solutions of chromophore-containing polymers in CDCl; with visible white

light.
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Chart 2. Structures of PMMA-DRI1 (18) and PU-DANS (19) polymers.

Photobleaching tests were carried out for the chromophore-containing 14-A, 15-A,
polymethylmethacrylate-DR1 (PMMA-DR1), and polyurethane-DANS (PU-DANS)
polymers (Chart 2). From Figure 3 it can be seen that the 14-A and 15-A polycarbonates,
containing the highly photostable TCVDPA chromophore, have an exceptional stability
under the experimental condition used. In fact, only 5% decay of the original adsorbance
was noticed after irradiation for 130 min. There is no significant difference in the
photobleaching behavior between the two polycarbonate polymers, indicating the minor
influence of the polycarbonate backbone on the photobleaching process. In comparison,
the PMMA-DR1 (18) and PU-DANS (19) polymers, containing stilbene-based and azo-
based chromophores, show significantly faster degradation rates. This trend reflects the
behavior obtained for the monomeric chromophores (reported in Chapter 3) suggesting
that, for solution experiments, there is little or neglectable influence of the nature of the
polymeric structure on the chromophore degradation rate. This parameter is known to
play a fundamental role in photostability experiments conducted on thin films.”> From
these results it can be concluded that the NLO polycarbonates described in this Chapter

are among the most photostable structures ever reported in literature.
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Figure 3. Photo-bleaching curves of the 14-A, 15-A, PMMA-DRI1 (18), and PU-DANS (19) polymers in
CDCI;. A is the absorbance at time t and Ay is the initial absorbance. Photolyses were carried out in 10
mm quartz cuvettes with light from a 75 Watt halogen lamp. The samples were irradiated at a distance of

10 cm from the light source and were shielded from daylight.

4.2.5 Electric Field Poling and EO Property Measurements

All polymers described have a good solubility in common organic solvents, such as
THF and CH,Cl,. Thin films for EO measurements were prepared as described in
Chapter 3, starting from solutions of the NLO polycarbonates at 10-15 wt% in
cyclopentanone. The r33 values, reported in Table 1, were measured using a Teng-Man
simple reflection technique at a wavelength of 830 nm.*

As an example, Figure 4 shows the poling curve of the 14-A polymer. The poling
curves of all polycarbonates show as a general trend the strong dependence of the EO
coefficient on the poling temperature. The measured 733 value increases linearly with the
poling temperature, reaching a maximum at 10-15 °C below the T, of the material. After
this point, no further increase or even a decrease of the EO coefficient is observed.

Therefore these temperatures were chosen as the poling temperatures.
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Figure 4. Poling curve of the 14-A polymer.

The 14-A and 14-Z polymers, having the highest chromophore loading density of the
series (being 39.8 and 38.6 wt%, respectively), have an r33 value of 15 pm/V. In
comparison, the 15-A and 15-Z polymers exhibit a more efficient poling, with r33 values
of 33 and 31 pm/V, respectively. This probably reflects the intrinsically lower 7, values,
caused by the higher degree of chain flexibility, enabling the chromophore a higher
degree of freedom to reorient under the electric field. These high EO coefficients
significantly outperform that of the 17-polysulfone guest-host system (12 pm/V at 35
wt%), as reported in the previous Chapter. This result can possibly be explained by a
combination of the good poling efficiency provided by the polycarbonate and the
improved shielding of chromophores by the attached polymer backbone.

For the 16-A and 16-Z polymers a higher EO response was expected, due to a
possibly higher poling efficiency provided by the chromophore-to-polymer tethers.
However, disappointing 733 values of 12 and 13 pm/V, respectively, were recorded. From
other studies it is known that the degree of dipolar ordering within a covalently attached
chromophore-host matrix heavily depends on subtle differences in architectural design,
including polymer backbone rigidity, degree of branching, free volume, chromophore
binding mode, and chromophore electrostatic interactions.”>*

To study the effect of the chromophore-to-polymer binding mode and the attachment
flexibility on the temporal stability of the dipole alignment, the decay of the EO
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coefficient at 50 °C was followed over time for poled samples of the 14-A, 15-A, and 16-
A polycarbonates. From Figure 5 it is clear that 14-A and 15-A have the highest temporal
stability, retaining over 90% of their original EO response after 300 h. Differently, for
16-A a faster decay was observed, retaining only 74% of the starting value. These trends
might be understood considering the two factors that contribute to the decay: (i) the 7, of
the polymer, which is related to the energy needed for the whole backbone to increase its
mobility and (ii) the chromophore binding mode, which is related to its degree of
freedom and therefore with the energy needed for the single chromophore to reorient.
While the first factor is predominant at high temperatures (less than 50 °C to the T,), the
latter has a big influence at lower temperatures. Since all polycarbonates in this study
have a T, higher than 160 °C it 1s assumed that at 50 °C the observed decay is due to
differences in the chromophore binding mode.

In case of the 14-A and 15-A polymers the chromophore is part of the polymer main-
chain being covalently bound at two positions. Therefore it requires more energy to relax
back to the centrosymmetric state. However, in case of 16-A the NLO chromophore is
attached as a side appendage to the backbone, giving to it a greater degree of freedom to
reorient independently, without requiring the additional energy needed for the
polycarbonate structure to move with it.

Furthermore, a temporal stability experiment at the same temperature was conducted
with a poled sample of the chromophore 7 at 25 wt% as guest in polysulfone, resulting in
a material with a 7, of 110 °C. A much steeper decay was observed during the first 24
hours after poling, after which a constant but slow decrease took place, resulting in a loss
of 32% of the original EO signal after 250 h.

From these results it can be concluded that the stability of the dipole alignment
increases with the number of chromophore-to-polymer attachment points. Moreover,
direct incorporation of the TCVDPA chromophore into the polymer backbone gives a
higher temporal stability than being attached through a tether.
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Figure 5. Comparison of the thermal decay curves at 50 °C for different EO polymer systems.

4.3 Conclusions

NLO polycarbonates incorporating the TCVDPA chromophore (17) with different
attachment modes and flexibility were synthesized. Chemical bonding of the
chromophore to the backbone allowed high loading levels (ranging from 33.1 to 39.8
wt%) without any plasticization effect. 7, values as high as 215 °C were obtained,
representing a significant improvement of over 100 °C of the material 7, compared with
that of the guest-host system containing the same chromophore at similar high loadings
reported in Chapter 3. Higher poling efficiencies were achieved when a larger degree of
chain flexibility was introduced, with EO coefficients (up to 33 pm/V at 830 nm) that
significantly outperform that of the 17-polysulfone guest-host system. The temporal
stability at 50 °C increases with the number of chromophore-to-polymer attachment
points, retaining up to 92 % of the original 733 value after 300 h of isothermal heating.
Thanks to their excellent photostabilities, combined with their thermal stabilities up to
380 °C, these NLO polycarbonates could represent a step forward toward long-lifetime

device-quality materials.
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4.4 Experimental Section

General Procedures. All chemicals were obtained from commercial sources and
used without further purification. THF was freshly distilled from Na/benzophenone, and
CH,Cl, from CaCl,. All chromatography associated with product purification was
performed by flash column techniques using Merck Kieselgel 600 (230-400 mesh). All
reactions were carried out under an inert argon atmosphere. Melting points of all
compounds were obtained with a Reichert melting point apparatus and a Kofler stage. 'H
and °C NMR spectra were recorded on a Varian Unity 300 using tetramethylsilane
(TMS) or the corresponding residual solvent signal as internal standard. FAB-MS spectra
were recorded on a Finningan MAT 90 spectrometer with m-nitrobenzyl alcohol (NBA)
as a matrix. Thermogravimetric (TGA) analyses were conducted using a Perkin-Elmer
TGA-7 thermogravimetric analyzer (heating rate: 20 °C/min). Differential scanning
calorimetry (DSC) was performed using a Perkin-Elmer DSC-7 instrument at a heating
rate of 20 °C/min. The molecular weights and polydispersities (relative to polystyrene
standards) were determined by PL-GPC-120 (gel permeation chromatograph (GPC) using
THF as eluent. Infrared spectra were taken on a Perkin-Elmer BX FT-IR spectrometer by
incorporating samples in KBr disks. UV-Vis measurements were carried out on a Varian
Cary 3E UV-spectrophotometer.

The synthesis of compound 1 is reported in Chapter 3. Compound 6*° and DPTS

was prepared according to literature procedures.

4,4’-Bis[(3-propanoyl)oxy]tryphenylamine (3). A suspension of 1 (300 mg, 1.08
mmol), KI (718 mg, 3.25 mmol), K,CO3 (598 mg, 3.25 mmol) in dry THF (20 mL) was
stirred for 10 min. Subsequently, 2-bromo-1-propanol (2) (0.211 mL, 2.6 mmol) was
added and the mixture was refluxed over night. After cooling to rt, water was added (50
mL). The mixture was extracted with CHCI; (3 x 50 mL) and then purified with column
chromatography: hexane/ethyl acetate 2/8 to give 3 as a grey solid (60%): mp 63-65 °C;
'H NMR (CDCl3), 6 1.78-1.97 (m, 4H, CH,), 3.67-3.78 (m, 4H, OCHy,), 3.98-4.02 (m, 4H,
OCH,), 6.70-6.85 (m, 7H, ar-H), 6.94 (d, J = 8.7 Hz, 4H, ar-H), 7.06 (t, J = 7.7 Hz, 2H,
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ar-H); °C NMR (CDCl3), 6 32.3, 60.8, 66.3, 115.5, 120.9, 121.4, 126.5, 129.1, 141.6,
148.9, 155.0; MS MALDI-ESI m/z 393.1 (IM ], caled for Co4H,7NO,4 393.4).

4,4-Bis[4’-(benzyloxy)phenyl]valeric Acid (7). A mixture of compound 6 (9.71 g,
17.46 mmol) and potassium hydroxide (5.4 g) in a mixture of ethanol (26 mL) and water
(8 mL) was heated at refluxed for 24 h, cooled, and concentrated. Water (400 mL) was
added to the residue and the mixture acidified with glacial acetic acid and then extracted
with CH,Cl, (6 x 100 mL). The combined extracts were dried with MgSOs and
evaporated to dryness to give 7 as a white-yellow powder (70%): mp 80-82 °C; '"H NMR
(CDCl3), 6 1.61 (s, 3H, CH3), 2.18 (t, J = 7.8 Hz, 2H, CH>), 2.45 (t, J = 7.8 Hz, 2H, CH.,),
5.05 (s, 4H, OCH,), 6.92 (d, J = 7.9 Hz, 4H, ar-H), 7.14 (d, J = 7.95 Hz, 4H, ar-H), 7.32-
7.47 (m, 10 H, ar-H); >C NMR (CDCls), 6 28.1, 30.7, 36.7, 44.7, 70.2, 114.6, 127.2,
127.7,128.8, 133.9, 137.4, 141.3, 157.1, 179.9; MS MALDI-ESI m/z 466.5 ((M']), 489.4
([M+Na']), 505.4 ((IM+K]), calcd for C3;Hz3004 466.2.

4-Hydroxytriphenylamine (5). BBr; (98.4 mL of a 1M-solution in CH,Cl,) was
added dropwise to a solution of 4-methoxytriphenylamine (4) (7.5 g, 24.6 mmol) in dry
chloroform (100 mL) at 0 °C. After stirring for 1 h at this temperature, the mixture was
allowed to warm up to rt and stirred for 5 h. The reaction was carefully quenched with
methanol using an ice bath. The solvent was evaporated and the residue dissolved in ethyl
acetate (150 mL). The resulting solution was washed with a saturated solution of
NaHCO; (2 x 50 mL) and water (2 x 50 mL), dried over MgSQy, and evaporated to give
5 as a green solid in a quantitative yield: mp 108 °C; '"H NMR (CDCl;), 6 6.77-6.89 (m,
2H, ar-H), 6.90-7.06 (m, 8H, ar-H), 7.13-7.35 (m, 4H, ar-H); °C NMR (CDCls), 6 117.4,
125.8,127.1, 130.3, 133.7, 139.4, 146.7, 153.5; MS MALDI-ESI m/z 261.1 ((M"]), 262.1
([M+H]), calcd for C;sH;sNO 261.11.

4,4-Bis[4’-(benzyloxy)phenyl]-1-[4-(triphenylamine)] Valerate (8). To a solution
of 7 (1.96 g, 421 mmol) in dry CH,Cl, (25 mL) was added 5 (1.0 g, 3.83 mmol),
followed by DPTS (250 mg, 4.21 mmol), and the mixture was stirred at rt for 15 min.
DCC (888 mg, 4.21 mmol) was then added and the mixture was stirred for 12 h. The
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reaction mixture was filtered, and the filtrate was evaporated to dryness under reduced
pressure. The crude product was purified by flash chromatography eluting with 7/3
CH,Cly/hexane, to give 8 as a white solid (70%): mp 90-93 °C; "H NMR (CDCls), § 1.71
(s, 3H, CH;), 2.43 (t, J = 7.8 Hz, 2H, CH,), 2.61 (t, J = 7.8 Hz, 2H, CH,), 5.09 (s, 4H,
OCH,), 6.98 (d, J = 8.8 Hz, 6H, ar-H), 7.03-7.15 (m, 8 H, ar-H), 7.22 (d, J = 8.6 Hz, 4H,
ar-H), 7.26-7.50 (m, 14H, ar-H); °C NMR (CDCls), 6 28.1, 30.7, 36.7, 44.7, 70.2, 114.6,
122.3,123.0, 124.3, 125.0, 127.2, 127.7, 128.7, 129.5, 133.9, 137.4, 141.3, 145.7, 145.9,
157.1, 173.8; MS MALDI-ESI m/z 709.3 ([M']), 732.3 ([M+Na']), 748.3 ([IM+K']),
calcd for C4H43NO4 709.32.

4,4-Bis(4’-hydroxyphenyl)-1-[4-(triphenylamine)] Valerate (9). A mixture of 8
(1.0 g, 1.4 mmol), 10% Pd/C (100 mg), and sodium carbonate (86 mg) in dry THF (8.6
mL) was vigorously stirred under an atmosphere of hydrogen until the theoretical amount
of hydrogen was consumed. The reaction mixture was then filtered and evaporated to
dryness, to give 9 as a white solid in quantitative yield: mp 92-94 °C; '"H NMR (CDCl),
0 1.60 (s, 3H, CH3), 2.35 (t, J = 7.7 Hz, 2H, CH,), 2.51 (t, J= 7.7 Hz, 2H, CH,), 6.77 (d, J
= 8.5 Hz, 4H, ar-H), 6.91 (d, J = 8.8 Hz, 2H, ar-H), 6.88-7.08 (m, 12H, ar-H), 7.23 (t, J =
7.9 Hz, 4H, ar-H); °C NMR (CDCl3), 6 28.1, 30.7, 36.7, 44.8, 115.2, 122.3, 123.0, 124.3,
125.0, 128.7, 129.5, 141.2, 145.7, 145.9, 147.9, 153.8, 173.4; MS MALDI-ESI m/z 530.2
(IMTH), 531.2 ([M+H]), 570.2 (IM+K), calced for C3sH3;NO, 529.63.

Polycarbonate 11-A. To a mixture of 1 (2.0 g, 7.21 mmol) and bisphenol A
bis(chloroformate) (10-A) (2.55 g, 7.21 mmol) in a mixture of dry CH,Cl, (20 mL) and dry
THF (15 mL) was added dropwise a solution of pyridine (1.23 mL, 15.14 mmol) in dry THF
(5 mL) at 0 °C. Subsequently, the polymer was stirred overnight at rt. The mixture was
precipitated in methanol (350 mL), filtered and washed with methanol. Drying at 60 °C for
24 h yielded 11-A as a white solid (81%): '"H NMR (CDCl;) 6 1.69 (s, 6H, CH3); 6.95-7.07
(m, 1H, ar-H), 7.09-7.17 (m, 14H, ar-H), 7.19-7.26 (m, 6H, ar-H); IR 1774 (s, C=0), 1225
and 1189 (s, C-O).
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Polycarbonate 12-A was prepared in a similar way from 3 and bisphenol A
bis(chloroformate) (10-A) as a white solid (76%): '"H NMR (CDCl;) 6 1.65 (s, 6H, CH3),
2.13 (m, 4H, CH,), 3.96-4.21 (m, 4H, OCH,), 4.44 (t, J = 6.1 Hz, 4H, OCH,), 6.77-6.87
(m, 4H, ar-H), 7.06 (d, J = 8.7 Hz, 5H, ar-H), 7.16-7.24 (m, 12 H, ar-H); IR 1165 (s, C-
0), 1596 (s, C=C aromatic), 1760 (s, O-COO), 2920 (s, C-H), 3043 (s, C-H, aromatic).

Polycarbonate 13-A was prepared in a similar way from 9 and bisphenol A
bis(chloroformate) (10-A) as a white solid (75%): 'H NMR (CDCl;) ¢ 1.64 (s, 3H, CH3),
1.68 (s, 6H, CHj3), 2.32-2.37 (m, 2H, CH»), 2.53 (t, J = 8.6, 2H, CH,), 6.77 (d, J = 9.1 Hz,
2H, ar-H), 6,91 (d, J = 8.7 Hz, 2H, ar-H), 6.97-7.08 (m, 6H, ar-H), 7.15-7.23 (m, 20H, ar-
H); IR 1162 (s, C-0), 1365 (s, C-H), 1590 (s, C=C aromatic), 1775 (s, O-COO broad),
2976 (s, C-H), 3038 (s, C-H, aromatic).

Polycarbonate 11-Z was prepared in a similar way from 1 and bisphenol Z
bis(chloroformate) (10-Z) as a white solid (82%): "H NMR (CDCls) 6 1.55 (s, 6H, CH,),
2.27 (s, 4H, CHy), 7.03 (br, 1H, ar-H), 7.08-7.17 (m, 14H, ar-H), 7.23-7.29 (br, m, 6H, ar-
H); IR 1774 (s, C=0), 1225 and 1189 (s, C-0O).

Polycarbonate 12-Z was prepared in a similar way from 3 and bisphenol Z
bis(chloroformate) (10-Z) as a white solid (78%): 'H NMR (CDCls) § 1.43 (s, 6H, CH,),
2.12-2.42 (m, 8H, CH,), 3.96-4.20 (m, 4H, OCH,), 4.38-4.53 (m, 4H, OCH,), 7.10 (d, J =
8.5 Hz, 5H, ar-H), 7.16-7.24 (m, 12H, ar-H); IR 1164 (s, C-O), 1597 (s, C=C aromatic),
1760 (s, O-COO0), 2923 (s, C-H), 3043 (s, C-H aromatic).

Polycarbonate 13-Z was prepared in a similar way from 9 and bisphenol Z
bis(chloroformate) (10-Z) as a white solid (75%): '"H NMR (CDCl3) § 1.39-1.67 (m, 9H,
CHp), 2.21-2.36 (m, 6H, CH,), 2.52-2.58 (m, 2H, CH,), 6.91 (d, J = 8.8 Hz, 2H, ar-H),
6.96-7.30 (m, 28H, ar-H); IR 1181 (s, C-O), 1590 (s, C=C aromatic), 1775 (s, O-COO
broad), 2936 (s, C-H), 3040 (s, C-H, aromatic).
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Polycarbonate 14-A. A solution of 11-A (3.0 g) and TCNE (11.7 g, 91.3 mmol) in
DMF (10 mL) was heated at 90 °C for 4 h. After cooling, the polymer was precipitated in
methanol (400 mL). The precipitate was filtered and washed with methanol. Drying yielded
14-A as a purple solid (90%): '"H NMR (CDCls) 6 1.62 (s, 6H, CH,), 6.92 (d, 2H, ar-H), 7.11
(d, 4H, ar-H), 7.14-7.29 (m, 12H, ar-H), 7.89 (d, 2H, ar-H); IR 2219 (s, C=N), 1774 (s,
C=0), 1654 (w, C=C), 1185 (s, C-0O).

Polycarbonate 15-A was prepared in a similar way from 12-A and TCNE as a purple
solid (83%): "H NMR (CDCl;) 6 1.65 (s, 6H, CH3), 2.02-2.32 (m, 4H, CH,), 3.97-4.21 (m,
4H, OCH,), 4.38-4.53 (m, 4H, OCH,), 6.83 (d, J= 8.7 Hz, 2H, ar-H), 6.94 (d, J = 8.3 Hz, 4H,
ar-H), 7.05-7.23 (m, 12H, ar-H), 7.92 (d, J = 9.4 Hz, 2H, ar-H); IR 1165 (s, C-O), 1596 (s,
C=C aromatic), 1760 (s, O-COOQ), 2218 (s, C=N), 2920 (s, C-H), 3043 (s, C-H, aromatic).

Polycarbonate 16-A was prepared in a similar way from 13-A and TCNE as a purple
solid (80%): '"H NMR (CDCls) 6 1.59 (s, 3H, CH3), 1.68 (s, 6H, CH3), 2.33-2.45 (m, 2H,
CH,), 2.50-2.63 (m, 2H, CH,), 6.95 (d, J = 9.1 Hz, 2H, ar-H), 7.07-7.41 (m, 25H, ar-H),
7.96 (d, J=9.3 Hz, 2H, ar-H); IR 1162 (s, C-O), 1365 (s, C-H), 1590 (s, C=C aromatic),
1776 (s, O-COO broad), 2220 (s, C=N ) 2977 (s, C-H), 3038 (s, C-H, aromatic).

Polycarbonate 14-Z was prepared in a similar way from 11-Z and TCNE as a purple
solid (85%): '"H NMR (CDCls) § 1.55 (s, 6H, CH,), 2.27 (s, 4H, CH,), 6.98 (d, 2H, ar-H),
7.17 (d, 4H, ar-H), 7.35-7.21 (m, 12H, ar-H), 7.95 (d, 2H, ar-H); IR 2219 (s, C=N), 1774
(s, C=0), 1654 (w, C=C), 1156 (s, C-O).

Polycarbonate 15-Z was prepared in a similar way from 12-Z and TCNE as a purple
solid (90%): "H NMR (CDCl;) 6 1.43 (s, 6H, CH3), 2.03-2.20 (m, 8H, CH,), 3.96-4.20 (m,
4H, OCH,), 4.38 (t, J = 6.0 Hz, 4H, OCH,), 6.80 (d, J = 8.7 Hz, 2H, ar-H), 6.91 (d, J =
8.3 Hz, 4H, ar-H), 7.23 (m, 12 H, ar-H), 7.93 (d, /= 9.4 Hz, 2H, ar-H); IR 1165 (s, C-0O),
1596 (s, C=C, aromatic), 1760 (s, O-COO), 2219 (s, C=N), 2920 (s, C-H), 3043 (s, C-H,

aromatic).
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Polycarbonate 16-Z was prepared in a similar way from 13-Z and TCNE as a purple
solid (82%): 'H NMR (CDCl3) 6 1.42-1.69 (m, 9H, CH,), 2.17-2.31 (m, 4H, CH,), 2.33-
2.43 (m, 2H, CH,), 2.48-2.61 (m, 2H, CH,), 6.96 (d, J =9.0 Hz, 2H, ar-H), 7.01-7.48 (m,
25H, ar-H), 7.94 (d, J = 8.4 Hz, 2H, ar-H); IR 1181 (s, C-O), 1591 (s, C=C aromatic),
1775 (s, O-COQ, broad), 2220 (s, C=N), 2936 (s, C-H), 3040 (s, C-H, aromatic).
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Chapter 5

Facile Attachment of Nonlinear Optical

Chromophores to Polycarbonates

The first example of covalent incorporation of NLO chromophores to a pre-polymerized
polycarbonate backbone is presented. It is based on the versatile synthesis of a
polycarbonate backbone, followed by chromophore attachment as the last reaction step.
This generally applicable synthetic methodology allows a fine-tuning of the physico-
chemical properties of the resulting material both by modifying the polymer backbone
structure and by varying the chromophore loading level. Chromophores with different
structures and NLO activities were incorporated to give polymers with Tgs as high as 213
°C, good solubilities, and thermal stabilities. Moreover, when a FTC type of
chromophore was incorporated EO coefficients as high as 38 pm/V (at 1300 nm) were

achieved.
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5.1 Introduction

There are two major ways to achieve chemical incorporation of a chromophore into a
polymer.'” One method is to functionalize the chromophore with suitable chemical
groups, to give a monomer that can eventually react to form a co-polymer.*® Although
the so obtained side-chain NLO polymers have shown several advantages, such as a high
temperature alignment stability and good mechanical properties, this approach often
requires tedious procedures for the synthesis of the appropriate chromophore-containing
monomers. The other method is to covalently connect the chromophore, either directly or
using a linker or spacer, to a pre-polymerized macromolecule possessing a suitable
pendent functionality for the attachment.”” This procedure is particularly attractive for
high NLO dyes, which are often prone to chemical degradation under the polymerization
conditions.'*""

In the previous Chapter, a synthetic methodology to side-chain NLO polycarbonates
is reported, requiring the synthesis of donor-containing dihydroxy monomers, followed
by co-polymerization and post-tricyanovinylation. In this procedure, the polycarbonate
backbones were achieved by condensation polymerization of equimolar amounts of a
dihydroxy-containing monomer with the commercially available bis(chloroformates) of
bisphenol A or Z. This class of compounds, however, is expensive and not many
derivatives are readily attainable, requiring the prior laboratory preparation in case
monomers with different properties are needed. Furthermore, the general applicability of
this procedure is limited by the small availability of post-functionalization reactions,
which restricts the selection of chromophores.®

In this Chapter, a recently developed procedure to synthesize polycarbonates is used.
It concerns the polycondensation polymerization of bisphenol derivatives with

213" This methodology has two main

triphosgene (bis(trichloromethyl)carbonate).
advantages over the former one: (i) virtually any dihydroxy-containing monomer can be
used; (i1) the monomer-to-monomer ratio is not limited to equimolarity, but can easily be
varied over a wide range, or even more than two different dihydroxy monomers can be
employed. This results in a greatly improved versatility in tuning the physico-chemical

properties (i.e. rigidity, 7, thermal stability) of the final material.
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Scheme 1. General strategy for the synthesis of side-chain NLO polycarbonates.

2
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To the best of our knowledge, there are no synthetic procedures that provide a
convenient modular approach to attach NLO chromophores to the polycarbonate
backbone. This Chapter deals with a versatile synthesis of NLO side-chain
polycarbonates as depicted in Scheme 1. It is based on the reaction of a carboxylic acid-
containing polycarbonate with appropriately functionalized chromophores. The
introduction of the chromophore in the final reaction step also allows a great flexibility,
both in forming the polymer backbone, and controlling the amount of chromophore
incorporated. In addition to the synthesis, the characterization, the thermal properties as

well as the second-order nonlinearity of the synthesized polymeric materials is described.
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5.2 Results and Discussion

5.2.1 Synthesis

To synthesize a polycarbonate with a pendent anchoring group 4,4-bis(4-
hydroxyphenyl)valeric acid (1) was chosen as diphenolic monomer. It is known that its
carboxylic acid group causes cross-linking and branching when directly polymerized with
phosgene.'* Therefore to obtain well-defined, linear polycarbonates, the carboxylic group
was first protected by esterification with fer#-butanol (Scheme 2). The obtained bisphenol
2 was then condensed with bisphenol Z (4) using triphosgene and pyridine as a base in
the presence of a few mol % of phenol as chain terminator to give polymer 5 with M, in
the range of ~10000 to ~15000 and a polydispersity of ~ 2, and a good solubility."
Subsequently, the fert-butyl groups in polymer S5 were quantitatively cleaved with
trifluoroacetic acid at room temperature, achieving polycarbonate 7 with free pendent
carboxylic acid groups. The completion of the reaction was checked by the consistent
reduction of the C-H stretching band at around 2900 nm in the IR spectrum, and the
complete disappearance of the singlet of the zerz-butyl group at 1.41 ppm in the "H NMR
spectrum.

Polymers that contain fluorine in or along the backbone possess many desirable
physical properties. In general, fluoropolymers exhibit high thermal stabilities, enhanced
chemical resistance, and decreased intermolecular attractive forces (which turns in a
better solubility) compared to their hydrocarbon analogs.'®'” The optical loss by
absorption due to the vibration overtones of the polymer at the key telecommunication
wavelength of 1.3 um is also minimized by substituting hydrogen with fluorine.'®

To obtain a polycarbonate with high fluorine content, bisphenol AF (4) was used,
containing two CF; groups instead of the cyclohexyl moiety in bisphenol Z (3).
Following the same procedure described above, monomer 2 was copolymerized in a 1:2
ratio with bisphenol AF (4) to obtain polycarbonate PC-AF (8) (Scheme 2).

The polycarbonates PC-Z (7) and PC-AF (8) are soluble in polar solvents, such as THF,
DMF, and cyclopentanone, with polymer PC-AF (8) showing the best solubility. This
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might be explained either by the presence of the hexafluoropropylidene moiety reducing

intermolecular packing, or by the smaller content of carboxylic acid groups.

Scheme 2. Synthesis of the PC-Z (7) and PC-AF (8) polycarbonates.”
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* Reagents and conditions: (a) trifluoroacetic anhydride, fert-butanol, THF, rt; (b) triphosgene, pyridine,
THF, CH,Cl,, rt; (¢) CFsCOOH, CH,Cl,, tt.

The synthesis of monohydroxyalkyl TCVDPA type chromophore TCV-OH (15) is
depicted in Scheme 3. In a sequential Hartwig-Buchwald Pd-catalyzed amination, 4-
bromoanisole (9) was first reacted with aniline (10) to give diarylamine 11, which was
then reacted with arylbromide 12 to afford triarylamine 13 having a methoxymethyl
(MOM)-protected hydroxyl group. Subsequent reaction of triarylamine 13 with
tetracyanoethylene (TCNE) in DMF gave chromophore 14. Its MOM protecting group
was then cleaved with bromotrimethylsilane to give chromophore TCV-OH (15). The
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completion of the reaction was proven by the complete disappearance in the 'H NMR

spectrum of the peaks at 3.40 and 3.88 ppm corresponding to the methoxymethyl protons.

Scheme 3. Synthesis of the TCV-OH (15) chromophore.®
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* Reagents and conditions: (a, b) Pdy(dba)s, 1,1’-bis-(diphenylphosphino)ferrocene (DPPF), t-BuONa,
toluene, reflux; (¢) TCNE, DMF, tt; (d) bromotrimethylsilane, CH,Cl,, 0 °C.

The hydroxyethyl-group containing chromophores DR1, TCV-OH, and FTC-OH
(Scheme 4) were attached to the polycarbonate backbones using 1,3-
dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridium-4-toluenesulfonate
(DPTS) as the coupling agents.'” This methodology has been reported to provide efficient
anchoring of high-xf dyes, such as the CLD and FTC type (see Chapter 2), to a wide
variety of polymers and dendrimers.”>* After attaching the chromophores a new peak
appeared in the 'H NMR spectra at about 4.18 ppm, that was assigned to the
oxymethylene protons (-OCH;-) of the ester linkage with the dye. The degree of
functionalization was determined either on the basis of the peak area of the methylene
protons of the pendent group (at 2.0-2.3 ppm) and the area at 4.2 ppm that corresponds to
the -OCH,- protons, or by quantitative analysis of the UV spectra of their solution in
THEF. In all cases, attachment efficiencies of over 70% were obtained (Table 1).

All NLO polymers containing the DR1 and FTC chromophores have a good
solubility in high boiling solvents, such as cyclopentanone. Disappointingly, the PC-Z-
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TCV (16b) and PC-AF-TCV (17b) polymers show a poor solubility. This might be
explained by the chemical sensitivity of the tricyanovinyl (TCV) moiety to nucleophiles,
which may have caused a certain degree of crosslinking under the conditions of the
attachment. This hypothesis is supported by the increase in the M, of the polymer
determined by gel permeation chromathography (GPC). This deficiency may be
overcome either by using a 2-phenyl-tetracyanobutadienyl (Ph-TCBD) moiety having an
aryl group instead of the most reactive CN group in the TCV moiety, resulting in a better
stability to amine nucleophiles® or by employing even milder conditions, such as the

Mitsunobu reaction.>>*°

Scheme 4. Dye attachment to the polycarbonates PC-Z (7) and PC-AF (8).”
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Table 1. Summary of the thermal, physical, and optical properties the NLO polycarbonates.

A’ T&" T, M, My/M, Chrom. rs;
density

(mm)  (°C)  (°O) wt%)  (pm/V)
PC-Z-DR1 (16a) 476 347 202 14500 23 29 22¢
PC-Z-TCV (16b) 526 352 213 36400 4.1 32 -
PC-Z-FTC (16¢) 624 282 186 16200 2.1 35 26¢
PC-AF-DR1 (17a) 475 385 189 16800 2.0 20 16°
PC-AF-TCV (17b) 525 384 198 38900 4.4 22 -
PC-AF-FTC (17¢) 629 303 174 19300 2.4 24 3g¢

* Amae Was measured in THF; ® 7 is defined as the point at which 5% weight loss has occurred in the
polymer; ¢ measured at 830 nm; ¢ measured at 1300 nm

5.2.2 Polymer Physical Properties and Processing

The thermal properties of the polymers were determined by DSC and TGA
measurements. All NLO side-chain polycarbonates have a high 7, (>174 °C) and
excellent thermal stabilities (Table 1). The 7 of these polymers varied from 174-213 °C,
depending on the structure and the density of the attached choromophores. Weight losses
of less than 5% were observed up to 280 °C. In general, the NLO polymers containing
the bisphenol Z monomer show sensibly higher 7, values (11-15 °C) compared with the
corresponding polymers containing the bisphenol AF monomer, while the former ones
possess higher decomposition temperatures Ty’ (21-38 °C). Moreover, the fact that
polymers containing the thermally most stable TCV-OH (15) chromophore (73> 350 °C)
also possess the highest 7, of the NLO polymers, suggests that the thermal properties of
NLO polycarbonates can be further improved if thermally more stable chromophores are
chosen.

UV spectra of the NLO polymers were recorded in CH,Cl, and the Am.x values are
reported in Table 1. All polymers exhibit strong absorption maxima in the visible region
attributed to the 7—z* charge-transfer band of NLO chromophores and show colors

ranging from red to blue (Figure 1).
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Figure 1. Absorption spectrum of the PC-Z-DR1 (16a), PC-Z-TCV (16b), and PC-Z-FTC (16¢) polymers
in THF.

To minimize the optical loss contributed from absorption, it is important to have the
material with its absorption band edge far away from the operating wavelength of EO
devices. Therefore, the PC-Z-FTC (16¢) and PC-AF-FTC (17c¢) polymers are suitable
for use at 1300 nm, while the polymers containing the DR1 and TCV chromophores are
more appropriate to be used at 830 nm. Accordingly, the measurements of the EO
coefficient (r33) were carried out at two different wavelengths, and the results are reported
in Table 1.

Thin films for EO measurements were prepared as described in Chapter 3, starting
from solutions of the NLO polycarbonates at 10-15 wt% in cyclopentanone. The 733
values, reported in Table 1, were measured using a Teng-Man simple reflection
technique.”’

For the PC-Z-TCV (16b) and PC-AF-TCV (17b) polymers it was not possible to
obtain optical-quality thin films, due to the poor solubility in spin-coating solvents,
making any EO coefficient measurement impossible to be performed. For the PC-Z-DR1
(16a) and PC-AF-DRI1 (17a) polymers, containing 29 and 20 wt% of DR1 chromophore,
r33 values of 22 and 16 pm/V (at 830 nm) were measured, respectively.

It has been reported that the 33 values for FTC-based guest-host systems increase up
to 55 pm/V upon chromophore loading, but decrease again when more than ~ 25 wt% is

added.*** For PC-Z-FTC (16c¢), containing 36 wt% of the highly active FTC-OH dye,
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an EO coefficient of 26 pm/V (at 1300 nm) was recorded. This can be attributed to the
detrimental aggregation effects between the highly polar chromophores, which decreases
the EO response at high chromophore loading levels. This hypothesis is in part supported
by the fact that the highest r33 value, being 37 pm/V, was obtained for PC-AF-FTC (17¢)
containing only 24 wt% of chromophore. A similar behavior has been observed for other
polymer systems containing highly active dyes.”*"

This problem may be avoided by incorporation of bulky structures into the polymer
backbone or directly into the chromophore that can ensure site isolation, consequently

avoiding chromophore aggregation at high loading densities.**'*

5.3 Conclusions

A versatile, generally applicable synthetic methodology for side-chain NLO
polycarbonates was developed. This represents the first example of covalent
incorporation of NLO chromophores to a pre-polymerized polycarbonate backbone. This
methodology allows to adjust the polymer backbone structure and to vary the
chromophore loading level in order to fine-tune the physical properties of the resulting
material. The resulting NLO polycarbonates possess a high thermal stability, good
solubility and can be easily processed into films of excellent quality. In spite of the high
chromophore concentrations, fairly high glass transition temperatures were obtained (7,s
as high as 213 °C). Moreover, when a FTC type of chromophore was incorporated EO
coefficients as high as 38 pm/V (at 1300 nm) were achieved. The combination of these
properties provides a great promise for the development of EO devices. Attachment of
bulky spacers or cross-linkable units to the pendent carboxylic acid groups may further

enhance both the poling efficiency and the temporal stability of these materials.

5.4 Experimental Section

General Procedures. All chemicals were obtained from commercial sources and

used without further purification. THF was freshly distilled from Na/benzophenone, and
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CH,Cl, from CaCl,. All chromatography associated with product purification was
performed by flash column techniques using Merck Kieselgel 600 (230-400 mesh). All
reactions were carried out under an inert argon atmosphere. Melting points of all
compounds were obtained with a Reichert melting point apparatus and a Kofler stage. 'H
and °C NMR spectra were recorded on a Varian Unity 300 spectrometer using
tetramethylsilane (TMS) or the corresponding residual solvent signal as internal standard.
FAB-MS spectra were recorded on a Finningan MAT 90 spectrometer with m-
nitrobenzyl alcohol (NBA) as a matrix. Thermogravimetric (TGA) analyses were
conducted using a Perkin-Elmer TGA-7 thermogravimetric analyzer (heating rate: 20
°C/min). Differential scanning calorimetry (DSC) was performed using a Perkin-Elmer
DSC-7 instrument at a heating rate of 20 °C/min. The molecular weights and
polydispersities (relative to polystyrene standards) were determined by PL-GPC-120 gel
permeation chromatograph (GPC) using THF as eluent. Infrared spectra were taken on
Perkin-Elmer BX FT-IR spectrometer by incorporating samples in KBr disks. UV-Vis
measurements were carried out on a Varian Cary 3E UV-spectrophotometer.

DPTS', CLD-OH*’, and compound 12* were prepared according to literature

procedures.

Bisphenol derivative 2. To a solution of diphenolic acid (1) (30.1 g, 0.1 mol) in THF
(100 mL) was added dropwise trifluoroacetic anhydride (50 mL) at 0 °C. Subsequently,

the mixture and stirred for 3 h at rt. Tert-butanol (80 mL) was then added dropwise to the
reaction mixture at 0 °C. Subsequently, the mixture was stirred overnight at rt. A 10%
aqueous K,COj; solution was added until neutral pH. The oil-like product was extracted
with CH,Cl, (2 x 250 mL). The combined organic layers were dried over MgSO,4 and
evaporated to dryness. The crude product was purified by column chromatography
(diethyl ether/hexane v/v 6/4) to give 2 as a white solid (80%): mp 131-132 °C; '"H NMR
(acetone-dg), 0 1.41 (s, 9H, CH3), 1.52 (s, 3H CH3), 2.02 (t, J = 8.2 Hz, 2H, CH;), 2.34 (t,
J=28.3 Hz, 2H, CH,), 6.78 (d, J = 8.6 Hz, 4H, ar-H), 7.06 (d, J = 8.6 Hz, 4H, ar-H), 8.18
(s, 2H, OH); °C NMR (acetone-de), 5 13.4, 27.6, 33.8, 44.4, 79.5, 114.9, 128.3, 140.4,
155.4, 177.4; IR v 831, 1014, 1163, 1195, 1229 (C-0O), 1504, 1709 (COOH), 1773 (O-
COO0), 2971.
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4-Methoxydiphenylamine (11). A mixture of aniline (2.0 g, 21.5 mmol), 4-bromo-
anisol (2.3 mL, 18.1 mmol), Pdy(dba); (311 mg, 0.34 mmol), DPPF (295 mg, 0.53
mmol), +-BuONa (2.9 g, 29.6 mmol) in toluene (50 mL) was refluxed for 24 h. The
toluene was removed in vacuo and the residue was purified by column chromatography
(hexane/ethyl acetate v/v 9/1) to give 11 as a yellow solid (60%): mp 100-104 °C; 'H
NMR (CDCl3), 6 3.83 (s, 3H, CH3), 5.51 (s, 1H, NH), 6.81-6.93 (m, 6H, Ar-H), 7.07 (d, J
= 9.1 Hz, 2H, ar-H), 7.21 (t, J = 7.95 Hz, 1H, ar-H); °*C NMR (CDCls), 6 55.8, 114.9,
116.1, 120.1, 122.5, 129.5, 135.9, 145.4, 155.9; MS MALDI-ESI m/z 199.1 ([M]"), 200.1
([M+H]") calcd for C;3H;3NO 199.1.

Triarylamine 13. A mixture of 4-methoxydiphenylamine 11 (2.3 g, 11.6 mmol), 12
(3.0 g, 11.6 mmol), Pdy(dba); (168 mg, 0.18 mmol), DPPF (160 mg, 0.29 mmol), #-
BuONa (1.6 g, 16.3 mmol) in toluene (50 mL) was refluxed for 24 h. The toluene was
removed in vacuo and the residue was purified by column chromatography (hexane/ethyl
acetate v/v 8/2) to give 13 as a yellow oil (80%): 'H NMR (CDCls), § 3.40 (s, 3H,
OCHs;), 3.78 (s, 3H, OCHs), 3.88 (t, J = 4.8 Hz, 2H, OCH,), 4.12 (t, J = 4.8 Hz, 2H,
OCH,), 4.71 (s, 3H, OCH3), 6.79-6.85 (m, 6H, ar-H), 6.93 (d, J = 8.6 Hz, 2H, ar-H),
7.01-7.04 (m, 4H, ar-H), 7.16 (t, J = 7.95 Hz, 1H, ar-H); °C NMR (CDCls), d 55.4, 55.5,
55.7, 66.2, 67.8, 96.8, 114.8, 120.8, 121.2, 126.4, 126.6, 129.1, 141.3, 141.6, 148.9,
155.0, 155.9; MS MALDI-ESI m/z 379.1 [M]", 402.1 [M+Na]" caled for Cp3HasNO,
379.18.

Chromophore TCV-O-MOM (14). To a solution of 13 (1.5 g, 4.0 mmol) in DMF
(20 mL) was added tetracyanoethylene (2.1 g, 16.0 mmol). The resulting mixture was
stirred at rt for 12 h, and then extracted with a saturated solution of NaHCOj; (3 x 100
mL) and CHCl; (250 mL). The combined organic layers were dried, evaporated to
dryness and the residue was washed with methanol to give 14 as a purple solid (78%): mp
68-70 °C; '"H NMR (CDCls), 6 3.40 (s, 3H, OCHj3), 3.88 (s, 3H, OCHz), 3.91 (t, J = 4.7
Hz, 2H, OCHy), 4.14 (t, J = 4.7 Hz, 2H, OCH>), 6.82 (d, J = 9.3 Hz, 2H, ar-H), 6.94 (t, J
= 8.8 Hz, 4H, ar-H), 7.13 (d, J = 8.8 Hz, 4H, ar-H), 7.92 (d, J = 9.3 Hz, 2H, ar-H); "°C
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NMR (CDCls),  55.4, 55.6, 66.0, 67.9, 96.7, 96.8, 96.9, 113.6, 113.7, 114.5, 115.6,
116.9, 119.7, 128.3, 132.6, 137.0, 137.3, 137.7, 155.3, 157.9, 158.7; MS MALDI-ESI m/z
480.2 ([M]"), 481.2 ([M+H]") caled for C,5H24N404 480.18.

Chromophore TCV-OH (15). To a cooled solution of 14 (1.0 g, 2.1 mmol) in
CH,Cl; (50 mL) was added dropwise bromotrimethylsilane (6 mL). The reaction mixture
was stirred at -20 °C for 2.5 h, and then neutralized with a saturated solution of NaHCO;
(200 mL). After layer separation, the aqueous layer was extracted with CH,Cl, (50 mL).
The combined organic layers were dried over MgSOs and evaporated to dryness.
Recrystalization from ethanol gave TCV-OH (15) as a purple powder (85%): mp 60-63
°C; '"H NMR (CDCls), 6 3.67 (s, 3H, OCH3), 3.79-3.83 (m, 4H, OCH,), 3.92-4.01 (m, 4H,
OCHs;), 6.67 (d, J = 9.3 Hz, 2H, ar-H), 6.78 (t, J = 8.8 Hz, 4H, ar-H), 6.96-7.00 (m, 4H,
ar-H), 7.77 (d, J = 9.2 Hz, 2H, ar-H); *C NMR (CDCls), § 55.7, 55.8, 61.5, 69.8, 113.4,
113.7, 114.4, 115.6, 116.2, 116.9, 119.8, 128.3, 132.6, 137.0, 137.5, 137.8, 155.2, 157.7,
158.7; MS MALDI-ESI m/z 436.4 [M], 437.4 [M+H]", 459.4 [M+Na] calcd for
Ca6H20N403 436.15.

Polymer 5. To a mixture of 2 (1.52 g, 4.5 mmol) and bisphenol Z (3) (1.50 g, 4.5
mmol) in a mixture of CH,Cl, (40 mL) and THF (30 mL) was added triphosgene (925
mg, 3.12 mmol). After stirring for 10 min at rt, the mixture was cooled at 0 °C and a
solution of pyridine (2.4 mL, 29.7 mmol) in dry THF (10 mL) was added dropwise.
Subsequently, the mixture was stirred overnight at rt. The polymer was precipitated in
methanol (500 mL), filtered, washed with methanol, and dried in a vacuum oven for 24 h
at 60 °C (90%): '"H NMR (CDCl3), 6 1.33 (s, 9H, CH3), 1.41-1.52 (m, 6H, CH,), 1.94 (t, J
= 7.5 Hz, 2H, CH,), 2.15-2.22 (m, 5H, CH,), 2.32 (t, /= 7.5 Hz, 2H, CH,), 7.08-7.22 (m,
16H, ar-H); IR v 1162 (C-0O), 1506 (C=C aromatic), 1727 ((CHs)3), 1777 (O-COO), 2937
(C-H), 3043 (C-H, aromatic).

Polymer PC-Z (7). To a solution of polymer 5 (3.0 g) in CH,Cl, (30 mL) was added

trifluoroacetic acid (2 mL), and the reaction mixture was stirred at rt for 3 h.

Subsequently, CH,Cl, was evaporated and the residual liquid was treated with a large
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amount of water. The precipitated polymer was filtered, washed with distilled water
several times, and then dried in a vacuum oven for 5 h at 50 °C (95%): '"H NMR (DMSO-
ds), 0 1.42-1.57 (m, 9H, CH,), 1.87-1.99 (m, 2H, CH,), 2.18-2.39 (m, 6H, CH,), 7.20-
7.24 (m, 10H, ar-H), 7.36-7.39 (m, 6H, ar-H); IR v 1192 (C-0O), 1507 (C=C, aromatic),
1705 (COOH), 1774 (O-COO), 2937 (C-H), 3043 (C-H, aromatic).

Polymer 6. To a mixture of 2 (318 mg, 0.93 mmol) and bisphenol AF (4) (934.7 mg,
2.78 mmol) in a mixture of CH,Cl, (20 mL) and THF (15 mL) was added triphosgene
(386 mg, 1.30 mmol). After stirring for 10 min at rt, the mixture was cooled at 0 °C and a
solution of pyridine (1.05 mL, 13.0 mmol) in dry THF (5 mL) was added dropwise.
Subsequently, the mixture was stirred overnight at rt. The polymer was precipitated in
methanol (350 mL), filtered, washed with methanol, and dried in a vacuum oven for 24 h
at 60 °C (86%): 'H NMR (CDCl), d 1.41 (s, 9H, CH3), 1.63 (s, 3H, CH3), 2.02 (t, J= 8.1
Hz, 2H, CH,), 2.42 (t, J= 8.1 Hz, 2H, CH,), 7.17-7.25 (m, 4H, ar-H), 7.32 (d, /= 9.0 Hz,
6H, ar-H), 7.46 (d, J = 8.5 Hz, 6H, ar-H); IR v 1162 (C-O), 1244 (C-F), 1508 (C=C
aromatic), 1727 ((CH3)3), 1776 (O-COO), 2936 (C-H), 3042 (C-H, aromatic).

Polymer PC-AF (8). To a solution of polymer 6 (3.0 g) in CH,Cl, (30 mL) was
added trifluoroacetic acid (2 mL), and the reaction mixture was stirred at rt for 3 h.
Subsequently, CH,Cl, was evaporated and the residual liquid was treated with a large
amount of water. The precipitated polymer was filtered, washed with distilled water
several times, and then dried in a vacuum oven for 5 h at 50 °C (96%): '"H NMR (DMSO-
ds), 0 1.62 (s, 3H, CH3), 2.03-2.20 (m, 2H, CH»), 2.37-2.51 (m, 2H, CH), 7.20-7.30 (m,
10H, ar-H), 7.45 (d, J = 8.0 Hz, 6H, ar-H); IR v 1192 (C-0), 1244 (C-F), 1507 (C=C,
aromatic), 1706 (COOH), 1774 (O-COO), 2937 (s, C-H), 3043 (C-H aromatic).

Attachment of dyes to PC-Z. A typical procedure is as follows: To a solution of PC-
Z (7) (300 mg) in a mixture of THF (10 mL) and CH,Cl, (10 mL) was added the
chromophore Dye-OH (0.495 mmol) followed by DPTS (29 mg), and the mixture was
stirred at rt for 15 min. DCC (115 mg) was then added, and the mixture was stirred for 12

h. The precipitated urea was filtered off, and the polymer was isolated by precipitation
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into methanol (250 mL) followed by filtration. This procedure was repeated until the
filtrate was colorless. Drying typically yielded 80-85% of the PC-Z-Dye (16a-c)

polymers as powders.

Polymer PC-Z-DR1 (16a). 'H NMR (CDCl;), 6 1.18-1.38 (m, CH3), 1.40-1.98 (m,
CH,), 2.03-2.15 (br m, CH>), 2.21-2.30 (br m, CH3), 2.37-2.43 (br m, CH), 3.41-3.55 (m,
NCH,), 3.60-3.65 (m, NCH>), 4.18-4.28 (m, OCH,), 6.76 (d, J = 9.5 Hz, ar-H), 7.06-7.36
(m, ar-H), 7.39-7.41 (m, ar-H), 7.82-8.00 (m, ar-H), 8.20 (d, /= 9.3 Hz, ar-H).

Polymer PC-Z-TCV (16b). 'H NMR (DMSO-d;) § 1.42-1.69 (m, CH,), 1.61 (s, CH3),
2.10-2.25 (m, CHy), 2.33-2.43 (br m, CH,), 2.48-2.61 (br m, CH,), 3.60 (s, OCHs3), 3.84-
3.90 (br m, OCH,), 4.10-4.18 (br m, OCH;) 6.76 (d, J = 8.9 Hz, ar-H), 6.96-7.45 (m, ar-
H), 7.80 (d, J= 8.7 Hz, ar-H).

Polymer PC-Z-FTC (16¢c). 'H NMR (CDCl3), 6 1.38-1.52 (m, CH,), 1.56 (s, CH3),
1.96-2.19 (br m, CHy), 2.28-2.39 (br m, CHy), 2.99 (s, CH3), 3.48-3.54 (br m, CH,), 4.06-
4.16 (br m, OCHy), 6.44 (d, /=12 Hz, ar-H), 6.54-6.72 (br m, ar-H), 6.75-6.95 (br m, ar-
H), 7.04-7.43 (m, ar-H), 7.66 (d, J = 12 Hz, ar-H).

Attachment of dyes to the polymer PC-AF (8). A typical procedure is as follows:
To a solution of PC-AF (8) (500 mg) in a mixture of THF (15 mL) and CH,Cl, (15 mL)
was added the chromophore Dye-OH (15) (0.482 mmol) followed by DPTS (28 mg), and
the mixture was stirred at rt for 15 min. DCC (102 mg) was then added, and the mixture
was stirred for 12 h. The precipitated urea was filtered off, and the polymer was isolated
by precipitation into methanol (400 mL) followed by filtration. This procedure was
repeated until the filtrate was colorless. Drying typically yielded 80-85% of the PC-AF-
Dye (17a-c) polymers as powders.

Polymer PC-AF-DR1 (17a). 'H NMR (CDCl3), § 1.15 (t, J = 7.2 Hz, CHs), 1.52 (s,
CHs), 1.98-2.05 (br m, CH.), 2.26-2.37 (br m, CH>), 3.38-3.44 (m, NCH,), 3.54-3.61 (m,

113



Chapter 5

NCH;), 4.14-4.22 (m, OCH,), 6.71 (d, J = 8.7 Hz, ar-H), 7.11-7.27 (m, ar-H), 7.39-7.41
(m, ar-H), 7.83 (m, ar-H), 7.22 (d, /= 8.7 Hz, ar-H).

Polymer PC-AF-TCV (17b). 'H NMR (DMSO-ds) 6 1.62 (s, CHs), 1.96-2.11 (br m,
CH,), 2.25-2.39 (br m, CH,), 3.62 (s, OCHs), 3.82-3.88 (br m, OCH,), 4.12-4.19 (br m,
OCH,) 6.76 (d, J = 9.0 Hz, ar-H), 6.96-7.45 (m, ar-H), 7.77 (d, J = 8.9 Hz, ar-H).

Polymer PC-AF-FTC (17¢). '"H NMR (CDCls), § 1.45 (s, CH3), 1.56 (s, CH3), 1.95-
2.10 (br m, CHy), 2.24-2.35 (br m, CH»), 2.93 (s, CH3), 3.52-3.57 (br m, CH3), 4.08-4.16
(br m, OCH,), 6.50 (d, J = 12 Hz, ar-H), 6.60-6.72 (br m, Ar-H), 6.90-6.95 (br m, ar-H),
7.11-7.38 (m, ar-H), 7.66 (d, J = 12 Hz, ar-H).
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Chapter 6

Fabrication of Polymeric Microring Resonators
Using Photolithography and Nanoimprint
Lithography”

This Chapter describes the fabrication of a prototype integrated optical device, namely
an EO microring resonator, by direct photodefinition on negative photoresist SUS,
incorporating the TCVDPA chromophore as guest. The high photostablility of TCVDPA
in combination with its low absorption window in the UV region enables UV-crosslinking
to be used for photodefinition. The resulting device showed EO modulation at 10 MHz
and an excellent photostability. TCVDPA functionalized with epoxy groups allowed
covalent insertion of the chromophore by photopolymerization, resulting in a material
with a 40 °C higher T, The low Tg of the SUS-TCVDPA-epoxy system in the uncross-
linked state enables UV-nanoimprint lithography (NIL) to be used as alternative
technique for the fabrication and replication of devices based on EO polymeric

materials.

* Part of this chapter has been published in: M. Balakrishnan, M. Faccini, M. B. J. Diemeer, E. J. Klein, G.
Sengo, A. Driessen, W. Verboom, D. N. Reinhoudt, Appl. Phys. Lett., 2008, 92.



Chapter 6

6.1 Introduction

Semiconductor and inorganic materials have been extensively investigated to serve as
both passive and active materials in integrated optical devices. Recently, however,
polymers have attracted more attention because their properties can be easily tuned by
chemical modification of the structure or by doping with materials with different
functions and properties.' In addition, their good processability, low optical loss, and ease
of integration with existing fabrication technologies make organic polymeric materials
the most promising candidate for the low-cost fabrication of optical devices.”

Among integrated optical circuits, the microring optical resonator (MR) is a key
device, because it is a highly compact device that allows electrical/optical field
interaction lengths while conserving space.” Moreover, MRs permit multiple functions
such as electro-optical (EO) modulation,® wavelength selective filtering,” and sensing®’
to be performed in the same device. The typical fabrication procedure for polymeric
guiding structures uses reactive ion etching (RIE).* RIE, however, being a dry etching
process, gives rise to a high sidewall roughness, which results in undesired waveguide
scattering losses.

UV photolithography has been extensively used for the fabrication of passive
waveguide structures.®’ Using this technique, differently than with RIE, it is possible to
achieve the high resolution structures required for laterally coupled waveguides such as
in MRs. Moreover, the sidewall roughness is dramatically reduced compared with RIE.

Despite these advantages, photodefinition has hardly been applied for the fabrication
of devices containing EO active polymers due to the poor stability of most of the EO
chromophores to UV light. In fact, the long exposure times required during the
photodefinition process causes photodegradation of the chromophores, which is
detrimental for the device performances.

The highly photostable TCVDPA chromophore (1), however, as described in Chapter
3, possesses the unique feature of having a low absorption window in the UV region
(blue window), where most of the chromophores absorb, which allows to use UV-
crosslinking for photodefinition.'” Direct waveguide photodefinition of the negative

photoresist SU8 containing TCVDPA, using a conventional (I, H, G-line) mask aligner
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has been demonstrated.'’ In addition, this system has the advantage that low temperature
poling can be done in the uncrosslinked state, because the uncured SUS is a low-T} solid.

However, in the resulting cross-linked material the chromophore is not chemically
attached to the polymer matrix, but it is simply incorporated as in a guest-host system,
causing plasticization and therefore lowering the 7, of the material.

In this Chapter the TCVDPA chromophore will be functionalized with epoxy groups.
This modification allows the covalent insertion of the chromophore in the polymer matrix
by a photopolymerization reaction. The resulting SUS-TCVDPA-epoxy (2) system is a
versatile material that can be applied to other microfabrication techniques such as UV-
nanoimprint lithography (UV-NIL). NIL utilizes a master device to reproduce identical
replicas by embossing in a photocurable film.'? The replica device is then cured by UV
light. This fast, low-cost fabrication technique provides the nanometer precision, which is
required for integrated optical device manufacturing."

In this Chapter, the fabrication of laterally coupled microring resonator devices by
direct photodefinition of SU8 doped with the TCVDPA chromophore (1) is decribed.
The active performances of the resulting device are also tested. Moreover, the possibility

of fabricating devices with the SUS-TCVDPA-epoxy (2) system by UV-NIL is explored.

TCVDPA (1) 2 sus

Figure 1. Chemical structures of chromophores TCVDPA (1), 2, and epoxy resin SUS.
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6.2 Results and Discussion

6.2.1 Synthesis

The synthesis of the epoxy-functionalized chromophore 2 is depicted in Scheme 1.
Functionalization of the hydroxyl groups in triarylamine 3 with 4-bromo-1-butene (4)
under Finkelstein conditions gave the bis(but-3-enyloxy)-triarylamine 5. Subsequent
electrophilic aromatic substitution of 5§ with tetracyanoethylene (TCNE) in DMF gave
chromophore 6. The final epoxidation step was performed by treatment of 6 with an
excess of m-chloroperbenzoic acid (m-CPBA) to give TCVDPA-epoxy chromophore (2).
The formation of 2 was confirmed by the appearance of the characteristic multiplets of a

terminal epoxyde moiety between 1.82 and 3.11 ppm in the "H NMR spectrum.

Scheme 1. Synthesis of chromophore 2.°

— @) © (b) (c)
@ + rﬁ — — - 2
H 4 o
= X

6

* Reagents and conditions: (a) K,COs, KI, THF, CH;CN, reflux; (b) TCNE, DMF, rt (¢) m-CPBA, CH,Cl,,
rt.

6.2.2 Optical Properties

UV spectra of the chromophores 1 and 2 were recorded in CH,Cl, and the A, values
are reported in Table 1. As expected, the introduction of epoxy groups to the TCVDPA
chromophore (1) did not cause significant changes in the UV spectrum (Figure 2).
Chromophore 2 preserves the lower minimum in the absorption spectrum (around 400
nm), between the charge-transfer band and the higher-energy aromatic electronic
transitions that is necessary for photo-induced crosslinking to be applied for lattice

hardening.
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The Hyper-Rayleigh scattering (HRS) technique was employed to measure f... for
chromophores 1 and 2 at 800 nm (Table 2). The functionalization at the donor site of the
chromophores, has a small influence on £.... However, a slightly higher value was found
for the epoxy-functionalized chromophore 2, compared to 1, probably due to the ether
bond directly connected to the diphenylamine moiety, slightly increasing its electron

donating ability.

Table 1. Summary of the optical properties of chromophores 1 and 2.

Amas” E’ B¢

(nm) M em™) (10" esu)
1 539 38500 425 +/- 80
2 536 25000 492 +/- 23

? Amax Was measured in CH,Cl,; > Molar absorptivity in CH,Cl,; © S values were measured at 800 nm.

1.04 — 1
0.8 2
0.6

0.4+

Absorbance

0.2

0.0 . T g T g T : T
300 400 500 600 700
Wavelength (nm)

Figure 2. Absorption spectrum of the chromophores 1 and 2 in CH,Cl,.

6.2.3 Simultaneous Cross-linking and Poling

The typical UV lithography process of a negative photoresist, such as SUS8, is shown
in Figure 3. The application of UV light through a contact mask to a spin coated polymer
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thin film, activates the photo-initiator in the resist. The released photoacid causes ring
opening of the epoxy groups, hence cross-linking to start. However, this process is slow
at room temperature and a post-exposure bake step is needed to complete the curing
process. A final development step is required to remove the unexposed regions, which are
not cross-linked, and reveal the fabricated structures. In order to explore the possibility of
obtaining EO-active structures through UV-photodefinition, simultaneous poling and
lattice hardening experiments were carried out in the SUS-TCVDPA (1) system. This
system has a low T,, thus offers the advantage that low-temperature poling can be

conducted in the uncrosslinked state.
) . ﬁ Polymer
Spin coating Si Substrate

soltbate :
Hot plate

LYY
Masked UV H‘* Contact mask
exposure
Post bake ﬁ

Development

<— Hot plate

Figure 3. UV lithography process of the negative photoresist SUS.

Samples were prepared by doping chromophores 1 and 2 into a commercially
available SUS solution in j-butyrolactone. The resulting solutions were filtered through a
0.2-um filter and spin-coated onto indium tin oxide (ITO) coated glass wafers. A 100 nm
layer of gold was then sputtered onto the films as a top electrode to perform electric-field
poling. The films were exposed to UV light before being contact-poled with a DC electric
field of 100 V/um. The r33 values were measured using a Teng-Man simple reflection

technique at a wavelength of 830 nm."*
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Since lattice hardening and poling are both temperature dependent processes, fine
tuning of the conditions should be done to simultaneously achieve a high poling
efficiency and a high 7,. Increasing the temperature permits a higher chromophore
mobility to reorient along the poling field. It also antagonistically drives the hardening
process, hence reducing the mobility."> On the other hand, the application of a too high
electric field to a soft film can result in material breakdown. This often leads to a trade-
off between poling efficiency and material stability. Thus optimum conditions can be
achieved using stepped poling protocols (where temperature and electric field are

. . . 16
increased in a series of steps).

2 25wt% in SU8

Heat Flow (a.u.)

60 80 100 120 140 160 180 200

Temperature (°C)

Figure 4. DSC thermograms for SU8 and chromophore 2 at 25 wt% in SUS.

The simultaneous cross-linking and poling process was first studied on a SUS-
chromophore 2 film. The film was UV exposed and stepwise poling was applied.
However, an EO coefficient of only 1.2 pm/V was measured and the 7, of the material
was only slightly increased to 70 °C, suggesting that chromophore 2 acts as a plasticizer
inhibiting the completion of the crosslinking process under such experimental conditions.
DSC experiments were carried out to better understand the reasons of such a behavior.
SU8 containing 1% w/w of thermal initiator (Nacure XC7321) was scanned between 50

and 250 °C at a scanning rate of 10 °C/min. The graph in Figure 4 shows a large
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exothermic band around 100 °C, that can be attributed to the cross-linking process of the
SUS8. Using similar experimental conditions a sample containing 25 wt% of epoxy-
functionalized TCVDPA chromophore (2) added to the SU8 matrix was scanned, but the
resulting DSC curve shows no peak corresponding to the cross-linking process, probably
due to the presence of the N-containing chromophore into the matrix that inhibits the
completion of the polymerization, neutralizing the photoacid.

To support this hypothesis, as basic initiator imidazole was added to a 25% solution
of 2 in SU8 and cured by DSC at 100 °C for 15 min and then scanned from 25 to 300 °C.
The resulting DSC curve shows a C, change at around 150 °C that can be attributed to the
T, of the resulting SU8-2 cross-linked polymer, demonstrating the ability of chromophore
2 to cross-link with SUS8 using basic initiators.

Since the thermal curing agent used in the DSC experiments, cannot be used in the
UV cross-linking process, as alternative an extra amount of photoinitiator was added to
compensate the neutralization induced by the chromophore.

A film containing 15 wt% of TCVDPA chromophore (1) in SU8 with 3 wt% extra
photoinitiator, was prepared as described above and UV exposed before poling. The
poling voltage was first applied to the sample and the temperature was slowly raised from
room temperature to 90° C in 30 min and maintained at that temperature for 5 min. An 733
of 5 pm/V was measured after poling, which is in good agreement with the results
obtained for the same chromophore as a guest in PS at a similar loading density (see
Chapter 3). The glass transition raised to about 150 °C after simultaneous cross-linking
and poling. However, the glass transition of fully cross-linked SUS is about 200° C. This
reduction may be due to the plasticizing effect of the chromophore which reduces the
glass transition temperature. A parallel experiment was carried out under similar
experimental conditions, but using epoxy-functionalized chromophore 2 (15 wt% in SU8)
in stead of TCVDPA 1. After simultaneous cross-linking and poling the material 7,
increased to 190 °C. This value is 40 °C higher than that of TCVDPA 1, clearly
demonstrating the reduced plasticization effect provided by the introduction of a certain
degree of cross-linking between chromophore and host polymer. This results in the

formation of a TCVDPA (2) side-chain polymer. Moreover, an almost double 733 value
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of 9 pm/V was measured. This might be explained by a better poling efficiency induced
by the epoxy side groups.

6.2.4 Microring Resonator Fabrication by Photodefinition.

A schematic drawing of a microring resonator (MR) is shown in Figure 5. It consists
of a ring waveguide and two straight port waveguides which serve as optical input and
output for the device. The ring and the waveguides are evanescently coupled, therefore a
fraction of the incoming light is coupled to the ring. When the optical path-length of a
roundtrip is a multiple of the effective wavelength, light ‘builds up’ inside the ring and
constructive interference occurs. In this state, the MR is referred as being at resonance
condition. At this condition, periodic notches appear at the output ports of the MR, with
the transmission spectrum at the output port (through port) showing a maximum in
transmission, which corresponds to the resonant wavelengths (Figure 5). When an
external electric field is applied, the effective refractive index (n.y) of the EO polymer

ring waveguide will change and the resonant wavelength will shift.

[— —> |
input through [N\ X/
(O]
g AN
Q.
S
= FSR
drop
[ «— Wavelength
a) b)

Figure 5. a) Schematic representation of a doubly coupled MR; b) Through port transmission spectrum.

The fabrication steps for the MR are shown in Figure 6. A racetrack kind of structure
was used for the ring to increase the coupling between the ring and the bus waveguide.
The radius of the ring was 200 pm to keep the bending losses below 1 dB/cm. The

waveguides were 2 pm wide and 1 pm thick to maintain the monomodal condition. The
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fabrication starts with sputter deposition of the bottom electrode, a 250 nm thick gold
layer, on a silicon wafer. A 6 pm thick bottom cladding layer of VSC (a UV curable
epoxy resin) was spun on top of the electrode, exposed to UV light and cured at 95 °C.
Subsequently, the core layer, SUS-TCVDPA 15 wt%, was spun on the VSC to form a 1
um thick film. The doped SUS8 layer was exposed to UV light through a contact
chromium mask with the MR design. The film was then slightly cross-linked at 60 °C for
15 min and developed. Figure 7 shows the critical coupling section of the MR with the
excellent result of the photodefinition process. A 6 um layer of VSC was spin coated as
top cladding, UV exposed for 15 sec and cross-linked at 60 °C for 5 min. At this
condition, the core layer and the top cladding are only slightly cross-linked. A top gold
electrode was then sputtered and patterned. The processing temperature of the wafer after
exposure of the core SUS-TCVDPA layer was limited to 60 °C to avoid further cross-
linking of the core layer. Simultaneous poling and cross-linking of the MR was carried
out in the same carefully controlled manner as for the unstructured film described in the

previous section.

(=]
= N Development
bottom electrode (gold) (I
Si substrate
Application of
Application of == top cladding (VSC)
5 B R =———————
@ uv Spin-coating of [ 1 ]
PEENNNN BN  SUS15wi% TCVDPA = Sputtering of
top electrode (gold)

J

Simultaneous
poling and crosslinking

Partial crosslinking

|
[

Figure 6. Fabrication steps for SUS-TCVDPA MRs.
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The MR response was studied by coupling-in light from a broadband source emitting
between 1530 and 1560 nm. The light coming out of the through and drop port was
analyzed with a spectrum analyzer. Figure 8 shows the through port response of the MR
with a dip of 11 dB, a free spectral range (FRS)'” of 1 nm, a finesse (F)'® of 6, and a ring

waveguide loss of 25 dB/cm.

a)

Figure 7. a) Microscope picture of a SUS-15 wt% TCVDPA MR; b) Detail of the coupling section with a
500 nm gap; c) SEM picture of the coupling section of a MR with 800 nm gap.

EO modulation up to 10 MHz was at 1550 nm, corresponding with an EO coefficient
of about 11 pm/V. Because of the limitations of the experimental set-up, the modulation
speed could not be further increased. The speed used, however, is sufficient to prove the
pure EO origin of the modulation. In spite of the absence of any packaging or shielding
from oxygen, the device has an extremely high photostability, showing no reduction of
the r33 after illumination with a laser at 1550 nm for 100 h. This result confirms the
exceptional photostability of the TCVDPA chromophore (1), even under high photon

flux.

127



Chapter 6

2 ——Fit
— 0 Measurement
= 1
S,
5 2 B
S -4 - =
o =~ O
e 6 > =
s = >
8 7] o =
g -10
= 12
Z 14 T T T T T

1551.0 1552.0 1553.0
Wavelength [nm] 100 ns/div

a) b)

Figure 8. a) Through port response of the MR; b) EO modulation at 10 MHz.

6.2.5 Microring Resonator Fabrication by NIL.

By taking advantage of the low 7, of the SUS-TCVDPA-epoxy (2) system in the
uncross-linked state, nanoimprint lithography (NIL) can be applied at lower temperature
and pressure’” than in conventional thermal imprints used for EO polymeric

materialsfo’21

shortening imprint time and pattern distortion. The 7, of this patterned MR
structures can then be increased after UV exposure and curing.*

To investigate the ability of patterning nanostructures on this system, preliminary
UV-NIL experiments were carried out. A solution of 15 wt% TCVDPA epoxy (2) in
SUS8 was spin-coated on an approximately 4 cm” diced Si wafer and pre-baked at 90 °C
for 10 min to remove the solvents. The size of the stamp and substrate were always
comparable. Easy separation of stamp and substrate was facilitated by applying a
fluorinated self-assembled monolayer to the stamp surface.” NIL was applied using a
master with 2 ym wide and 1 um thick inverted MR features. The gap between the ring
and the straight waveguide was 1 um. The resulting spin-coated film (approximately 1.5
um thick) film was brought in contact with the master at room temperature, was then
heated at 80 °C and 100 °C and pressure (1-2 MPa) was applied. After 10 min the system
was cooled down to room temperature, the pressure was released and the substrate
detached from the mold with little difficulty, exposed to UV light and cured at 120 °C for

10 min.
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a) S T "

Figure 9. a) Microscope picture of the MR imprinted in SUS-TCVDPA epoxy (2) 15 wt%;, b) detail of the 1

Hm open gap.

The imprinted fims were analyzed by optical microscopy. Figure 9 shows that well
defined microring resonator structures can be imprinted on the SUS-TCVDPA-epoxy (2)
system. Moreover, the critical 1 #m waveguide-ring gaps were successfully patterned.
However, some defects can be noticed, probably due to the removal of the mold before
cross-linking, since the material is still soft. This defect may be reduced by using a
transparent mould, such as glass or quarz, which allow to apply UV light while mould
and substrate are still in contact.

These results indicate that UV-NIL can be successfully applied to the SUS-TCVDPA
epoxy (2) system for making low-cost, high fabrication throughput polymeric optical
devices.

The performances of the device were not tested due to the presence of a thick
background residue of EO polymeric material. Beyond a few hundred nm of residue
insertion losses and waveguide bending losses become unacceptably high, and
waveguides become multimode.”® The thickness of the residue surrounding the
waveguides has to be controlled and maintained at a tolerable level in order to achieve

devices with the desired optical performances.

6.3 Conclusions

A laterally coupled EO microring resonator was fabricated by direct photodefinition

on host SU8 with the TCVDPA chromophore (1) as guest, by exploiting the low UV
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absorption window of the chromophore. The system showed an excellent photostability
under high photon flux and an EO modulation with an 33 of 11 pm/V was demonstrated
at 10 MHz. Functionalization of the TCVDPA chromophore with epoxy groups induced
the formation of cross-links between the chromophore and the host polymer, resulting in
a material with a 40 °C higher T,. Exploratory UV-NIL experiments carried out on the
SU8-TCVDPA-epoxy (2) system showed promising results for the high-volume and low-

cost production of devices based on EO polymeric materials.

6.4 Experimental Section

General Procedures. All chemicals were of reagent grade and used without further
purification. THF was freshly distilled from Na/benzophenone, and CH,Cl, from CacCl,.
All chromatography associated with product purification was performed by flash column
techniques using Merck Kieselgel 600 (230-400 mesh). All reactions were carried out
under an inert argon atmosphere. Melting points of all compounds were obtained with a
Reichert melting point apparatus and a Kofler stage. '"H and >C NMR spectra were
recorded on a Varian Unity 300 using tetramethylsilane (TMS) or the corresponding
residual solvent signal as internal standard. FAB-MS spectra were recorded on a
Finningan MAT 90 spectrometer with m-nitrobenzyl alcohol (NBA) as a matrix. UV-Vis
measurements were carried out on a Varian Cary 3E UV-spectrophotometer. HRS
measurements were performed using the 800 nm fundamental wavelength of a
regenerative mode-locked Ti>" sapphire laser.® Measurements were carried out in
CH,Cl,, with crystal violet chloride (CV) as an external reference (Bxxx), 338 x10™° esu
in methanol at 800 nm, taking into account the difference in symmetry (octopolar for CV
and dipolar for the chromophores). The sample was dissolved in CH,Cl, and passed
through 0.2 um filters. Dilute solutions (10°-10° M) were used to ensure a linear
dependence of ,,/1, 2 on solute concentration, precluding the need for a Lambert-Beer
correction for self-absorption of the second harmonic generation (SHG) signal. High-

frequency femtosecond HRS was used to assess any multiphoton fluorescence
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contribution at 400 nm. No fluorescence effects were observed at 400 nm for all
chromophores.

For poled films, the T, is defined as the temperature at which a change in the
reflection of the top gold electrode is first noticed, by heating the sample is on a heating
chuck, raising the temperature in steps of 10 °C and holding for 5 min at each step. The
change of mobility in the material at the 7, causes the gold to buckle, hence losing
perfect light reflectivity.

Compound 1 was prepared according to a literature procedure.”® The synthesis of

compound 3 is reported in Chapter 3.

4, 4’-Bis(but-3-enyloxy)triphenylamine (5). To a solution of 3 (2.0 g, 7.2 mmol) in
dry CH3CN (300 mL) was added K,COs (20 g, 145 mmol) and the mixture was stirred at
rt for 30 min. After the addition of 4-bromo-1-butene (4) (10.4 mL, 102.0 mmol) and KI
(14.4 g, 86.7 mmol), the reaction mixture was refluxed for 24 h. After evaporating the
solvent, the residue was dissolved in CH,Cl, (250 mL) and then washed with a 10% HCIl
solution until neutral pH and water (3 x 150 mL). The organic phase was dried over
MgSO,, concentrated under reduced pressure and the residue further purified by
chromatography (hexane/CH,Cl, 4/1) to afford 5 as a yellowish oil (65%): 'H NMR
(CDCl3) 6 2.53 (q, J = 6.9 Hz, 4H, CH>), 3.99 (t, J = 6.9 Hz, 4H, OCH>), 5.11 (d, J=10.2
Hz, 2H, =CHH), 5.17 (d, J = 17.1 Hz, 2H, =CHH), 5.91 (m, 2H, CH=CH,), 6.81 (d, J =
9.0 Hz, 4H, ar-H), 6.84-6.90 (m, 1H, ar-H), 7.02 (d, J= 9.0 Hz, 4H, ar-H), 7.16 (t, /= 7.8
Hz, 2H, ar-H); >C NMR (CDCls) d 34.8, 69.1, 115.6, 116.4, 126.2, 130.3, 132.5, 134.7,
137.3, 146.5, 154.2; MS FAB" m/z 385.2 ([M"], calcd for CosH27NO, 385.2).

Chromophore 6. To a solution of 5 (1.5 g, 4.2 mmol) in dry DMF (100 mL) was
added TCNE (1.1 g, 8.5 mmol) and the resulting mixture was stirred at rt for 12 h. The
solvent was removed under reduced pressure and the residue dissolved in CH,Cl, (200
mL) and then washed with water (3 x 100 mL). The organic layer was dried over MgSO,4
and the resulting solid was purified by chromatography (hexane/CH,Cl, 1/1) to give 6 as
a purple solid (94%): mp 80-82 °C; 'H NMR (CDCls) J 2.48 (q, J = 6.9 Hz, 4H, CH,),
3.96 (t, J = 6.9 Hz, 4H, OCH,), 5.00-5.09 (m, 2H, C=CH,), 5.12-5.15 (m, 2H, =CHH),
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5.76-5.90 (m, 2H, =CHH), 6.75 (d, J = 9.3 Hz, 2H, ar-H), 6.85 (d, J = 9.0 Hz, 4H, ar-H),
7.06 (d, J = 9.0 Hz, 4H, ar-H), 7.86 (d, J = 9.3 Hz, 2H, ar-H), °C NMR (CDCls) ¢ 33.5,
67.5, 79.7, 113.3, 113.5, 114.3, 115.9, 116.7, 117.2, 119.5, 128.1, 132.4, 134.1, 136.8,
137.5,155.3, 157.8; MS FAB" m/z 486.2 [M], calcd for C3;HysN40, 486.2.

Epoxy chromophore 2. To a solution of 6 (1.0 g, 2.1 mmol) in dry CH,Cl, (15 mL)
was added m-chloroperbenzoic acid (3.9 g, 22.7 mmol). The resulting mixture was stirred
at 0 °C for 1 h and then stirred at rt for 48 h. After filtration of the precipitate m-
chlorobenzoic acid, the resulting solution was extracted with a NaHSO; (3 x 50 mL) and
a saturated NaHCOs solution (3 x 50 mL). The organic layer was dried over MgSQOy, and
the solvent was evaporated under reduced pressure to afford 2 as a purple solid (90%):
mp 61-63 °C; "H NMR (CDCls) 6 1.82-1.90 (m, 2H, CH,), 2.03-2.14 (m, 2H, CH,), 2.52
(dd, J=2.7, 4.8 Hz, 2H, CH,0), 2.77 (t, J = 4.8 Hz, 2H, CH,0) 3.05-3.11 (m, 2H, CHO),
4.06 (m, J = 4.8 Hz, 4H, CH,), 6.76 (d, J = 9.6 Hz, 2H, ar-H), 6.87 (d, J = 9.0 Hz, 4H, ar-
H), 7.07 (d, J = 9.0 Hz, 4H, ar-H), 7.86 (d, J = 9.6 Hz, 2H, ar-H); °C NMR (CDCls) §
34.2, 48.5, 65.3, 91.8, 114.3, 116.0, 116.2, 119.5, 128.1, 132.3, 134.5, 136.7, 137.6,
145.3, 156.4; FAB" m/z 518.2 [M'], calcd for C3;HasN4O4 518.2.
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Chapter 7

Electro-optic Active

Cyclodextrin-based Rotaxanes

A Preliminary Study

NLO chromophores of which the m-electron bridge is encapsulated by a cyclodextrin
macrocycle, to form an EO active rotaxane, were synthesisezed in water. Preliminary
photobleaching tests demonstrated the enhanced protection against photochemical

attack.
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7.1 Introduction

As outlined in Chapter 2, over the past two decades a wide variety of chromophores
with an ever improved molecular optical nonlinearity has been synthesized and studied.’
Very large hyperpolarizabilities have often been obtained in NLO chromophores with
extended conjugated 7-bridges between the electron donor and acceptor groups.
However, the delocalized electronic structures of NLO chromophores inevitably makes
them vulnerable to attack, because of a reaction with nucleophiles, electrophiles, or
radicals, leading to the loss of their properties.>” Therefore, the environmental reactivity
and operational instability of organic dyes is often regarded as their main limitation.
Blocking this unwanted reactivity is the key motivation for some of the ongoing research
and several strategies have been employed to achieve this goal.

Among them, encapsulation of a conjugated molecule has resulted in substantial
enhancements of the chemical and photostabilities.*” A variety of macrocyclic receptors
form inclusion complexes with rodlike guests; when the guest is long enough to protrude
from both ends of the macrocycle these inclusion complexes are called pseudorotaxanes.
The presence of bulky substituents at both ends of the guest results in a rotaxane
structure, in which the dumbbell-shaped guest is trapped inside the cavity of the

macrocycle (Figure 1).%7

0 ) ¢ >

macrocycle guest pseudorotaxane [2]rotaxane
host inclusion complex

Figure 1. Introduction to the rotaxane therminology.

Mechanically interlocked molecules such as rotaxanes, catenanes, and knots have
attracted a lot of attention as promising candidates for the development of functional
molecular devices of high sophistication.*'® Many complexes of organic cyclic host

11,12

compounds, such as donor-acceptor,' "2 transition metal,*"'* crown ether,"” and hydrogen

bond complexes of cyclic amides,*'® have been used for rotaxane synthesis, but
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cyclodextrin (CD) inclusion compounds have been applied most. CDs are cyclic
compounds consisting of six to eight glucose units, called a-, f-, and y-CD, respectively
(Figure 2). They are known to form inclusion complexes with various low-molecular-
weight compounds, ranging from nonpolar aliphatic molecules to polar amines and
carboxylic acids.'” CDs have a toroidal shape with the primary hydroxyl groups at the
narrow side and the secondary hydroxyl groups at the wide side (Figure 2). CDs offer
several advantages compared to other ring molecules: they are readily available in both
high purities and large quantities. Furthermore, they are water-soluble, biocompatible and
can be functionalized by a wide variety of synthetic methods.'®'* CDs spontaneously
incorporate guest molecules, a necessary prerequisite for rotaxane formation.

Threading a z-system inside the CD macrocycle to form a rotaxane can protect it
from even the smallest and most reactive species, such as singlet oxygen. For example, a
cyanine dye rotaxane, in which the chromophore is locked inside the cavity of a
cyclodextrin is 40-times more stable towards photooxidation than the free cyanine dye.’
Cyanine rotaxanes also display an enhanced redox reversibility as a result of the kinetic
stability of their oxidized and reduced forms. Azo-dye cyclodextrin rotaxanes also exhibit
enhanced chemical and photostabilities. These rotaxanes are more than 100-times less
sensitive towards reductive bleaching, oxidative bleaching, and photobleaching than the
free dye.*

The encapsulation is expected not only to provide a protection from photochemical
attack of the vulnerable NLO chromophore, elongating its lifetime, but also to efficiently
reduce the unfavorable intermolecular interactions among dipoles, which causes anti-
parallel clustering of the chromophores and consequent reduction of the maximum
achievable EO response. Theoretical and experimental findings have demonstrated that
such interactions can be minimized by modification of the shape of the chromophore with
bulky substituents, to obtain oblate-shaped and disk-shaped molecules.”>*' Thus, a CD-
based rotaxane, due to the bulkiness of the CD-macrocycle and to its intrinsically oblate-
shaped structure, might be the perfect candidate. Moreover, supramolecular inclusion has
been recently demonstrated as a promising strategy to increase the second-order

nonlinear optical response of ionic organic chromophores. Incorporation of stilbazolium-
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type dye in an amylose helix has been shown to enhance the hyperpolarizability by an
order of magnitude.*

Kajzar et al. have investigated for the first time the EO properties of several rotaxanes
based on dinitrone and furanamide threads and a benzylic amide macrocycle. These
molecules could be processed into good optical quality films and poled with a static
external field resulting in relatively low ds3 values.?

In this Chapter the synthesis of NLO chromophores of which the z-electron bridge is
encapsulated by a CD ring, to form an EO active rotaxane, is described. The electron

donor and acceptor moieties must be bulky enough to act as stoppers in order to prevent

the macrocycle to slip off from the molecule, leading to an unprotected chromophore

(Figure 2).

electron n-bridge
donor pseudorotaxane

axle

pseudorotaxane + —_—>

electron
acceptor

rotaxane

Figure 2. Schematic representation of the CD macrocycles and the rotaxane assembly applied on a NLO

chromophore.

7.2 Results and Discussion

7.2.1 Synthesis

Our strategy for preparing EO-active rotaxanes is first to synthesize an axle,

containing an electron-donor group. The axle must have the proper length for the
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subsequent threading with &-CD in water, to form a pseudorotaxane (Scheme 2). o-CD
was chosen for its smaller inner cavity that allow to form stronger inclusion complexes
with elongated guests like linear ankanes and conjugated polymethine chains.**
Moreover, it should possess a proper functionality to react with an electron acceptor
25-27

group-containing stopper, ultimately resulting in rotaxane formation.

Two different axles, possessing different electron-donor moieties, were synthesized.

Triarylamine as electron donor.

To synthesize an axle with an appropriate bridge length, the aldehyde functionality of
4-formyltriphenylamine 1°* was elongated via a Wittig reaction with the phosphonium
salt of protected aldehyde 2.%° Subsequent cleavage of the protecting group by a strong
acid gave aldehyde 3 (Scheme 1).

Scheme 1. Synthesis of triarylamine-containing axle 4.°

X
Q0 = QL
N PT/_ @ (® N
+ —_— e
@ -
1 2 3
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L., @ o [1N
© 4

“Reagents and conditions: (a) NaH, THF, rt, 24 h; (b) HCI, THF, rt, 15 min.

Subsequently, the same procedure was applied another time to give triarylamine-
containing axle 4. Its formation was demonstrated by the presence of four —CH=C
hydrogens in the area between 6.21 and 7.19 ppm in the 'H-NMR spectrum, and
confirmed by the molecular peak in the MS FAB" spectrum at m/z 325.2.
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Ferrocenyl group as electron donor.

Organometallic compounds are also used as NLO materials. Recently, ferrocenyl (Fc)
containing chromophores reported the highest EO coefficient for an organometallic
chromophore in a poled polymer matrix, being competitive with those of organic
chromophores.”® Moreover, the Fc moiety combines attractive NLO properties with a
good thermal and photochemical stability, and redox-switching ability. The additional
advantage of the Fc moiety in the EO rotaxane formation are the improved water
solubility of the axle and its bulkiness to act as a stopper.

Using the same elongation procedure, ferrocenecarboxaldehyde 5 was reacted with
phosphonium salt 2 to give, via aldehyde 6, ferrocenyl-containing axle 7. Its formation
was demonstrated by the presence of four -CH=C hydrogens in the area between 6.23
and 7.26 ppm in the "H-NMR spectrum, and confirmed by the molecular peak in the MS
FAB'" spectrum at m/z 267.0.

Scheme 2. Synthesis of ferrocenyl-containig axle 7.°

X S NN
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6 7

5

“Reagents and conditions: (a) NaH, THF, rt, 24 h; (b) HCI, THF, rt, 15 min.

Electron acceptor groups.

In order to form an EO active rotaxane 1,2,4,6-tetramethylpyridinium iodide (8) and
I-methyl-4-lepidinum iodide (9) were chosen as electron acceptors. These charged
compounds are able to react in water with an aldehyde to form a conjugated system. In

addition, they are bulky enough to act as a stopper.
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Rotaxane formation.

In general, the rotaxanes were synthesized by adding the iodine salts 8 or9toa 0.1 M
NaOH solution of the corresponding axle 4 or 7 and a 4-5 fold excess of a-CD. The
reaction mixture was then stirred at 75 °C for 2 days, after which the rotaxane formation

was verified by mass spectrometry (Scheme 3).

Scheme 3. Synthesis of rotaxanes 10 and 12 and their corresponding bare chromophores 11 and 13.
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Reaction between aldehyde 4 and pyridinium salt 8 (Scheme 3) led to the formation

-_—

3

of both rotaxane 10 and the bare chromophore 11. First, the basic aqueous reaction
mixture was extracted several times with CH,Cl, to remove the unreacted aldehyde 4 and
the bare chromophore 11 (partially). During the extraction a precipitate formed, which,

after characterization, turned out to be free o-CD. Characterization of both aqueous and
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organic layers by MALDI MS revealed the presence of rotaxane 10 (and excess of a-CD)
in the aqueous layer.

Several techniques were tried to separate the mixture. Successively, normal phase
silica (Kieselgel 60) with different eluents,” reversed phase silica (RP-18 Fjs4 5) with
different eluents,” precipitation with a water-insoluble anion (PFs/ BFy), and size
exclusion chromatography (SEC)* with Sephadex G-15 (molecular weight range < 1500
D) with as eluent 0.1 and 0.01 M NH4HCO; were utilized. However, all techniques were
not successful. SEC did not give complete separation between the rotaxane and the
excess of free CD, probably due to the too small difference in molecular weights.

A MALDI MS characterization of the aqueous layer showed that the rotaxane 10 was
the most intense peak at m/z 1417, while showing, on the other hand, that free o-CD was
still present (Figure 3). The "H NMR spectrum showed broadened peaks, which could be
due to both the movement of the ring along the axle and the presence of water and excess
of a-CD. Due to this excess of «-CD it was impossible to fully characterize the rotaxane
by 'H NMR spectroscopy and to determine the position of the macrocycle around the

chromophore.
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Figure 3. Mass spectrum of the rotaxane 10 (m/z 1417) and CD mixture.
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Chromophore 11 was independently synthesized in ethanol from aldehyde 4 and
pyridinium salt 8 using a catalytic amount of piperidine as base. The formation of the
chromophore 11 is confirmed by the complete disappearance of the aldehyde peak of the
reagent at 9.61 ppm and by the shift from 6.23 to 6.50 ppm for the terminal -CH=C
proton in the "H NMR spectrum.

Reaction between aldehyde 4 and lepidinium salt 9 (Scheme 3) led, according to the
MALDI MS spectrum, to the formation of the bare chromophore 13 while a signal of the
corresponding rotaxane 12 was lacking. Apparently, the interaction between 4 and o-CD

was too low to give rotaxane formation.

Scheme 4. Synthesis of rotaxanes 14 and 16 and their corresponding bare chromophores 15 and 17.
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Rotaxane 14: Reaction between aldehyde 7 and pyridinium salt 8 (Scheme 4) resulted
in the formation of both rotaxane 14 (m/z 1356) and the bare chromophore 15, according

to the MALDI MS spectrum (Figure 4).
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Figure 4. Mass spectrum of the crude reaction mixture containing rotaxane 14 (m/z 1356).

Reaction between aldehyde 7 and lepidinium salt 9 (Scheme 4) led to the formation of
both rotaxane 16 and the bare chromophore 17, according to the MALDI MS spectrum
(Figure 5). However, for both rotaxanes 14 (m/z 1378) and 16 adequate separation could
not be realized with SEC with as eluent 0.01 M NH4HCO:s.
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Figure 5. Mass spectrum of the crude reaction mixture containing rotaxane 16 (m/z 1378).
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7.2.4 Photobleaching Test

To have a preliminary indication of the expected enhanced photochemical stability
induced by chromophore encapsulation, the straightforward and low-cost qualitative
method described in Chapter 3 was used. It concerns the monitoring of the decrease in
absorbance during irradiation of oxygen-saturated solutions of chromophores with visible
white light. Photodegradation measurements were carried out in a dioxane/water 9/1 v/v
mixture with rotaxane 10 and bare chromophore 11, although rotaxane 10 was not
completely pure.

The trend in Figure 6 clearly shows that the decay in the absorbance of bare
chromophore 11 is faster than that of rotaxane 10, demonstrating the effect of the
protection of the 7-electron bridge in rotaxane 10 by a-CD. The conjugated alkene bonds
are harder to be reached by the singlet oxygen, and thus lead to a reduced

photodegradation reaction rate.

AlAo

0.4 -

0.3 =O= Rotaxane 10

0.2 4 == Chromophore 11

=A= Chromophore 11 + free a—CD
0.1 -
0 T T T T T T
0 20 40 60 80 100 120 140

Exposure time (min)

Figure 6. Photo-bleaching curves of the rotaxane 10, chromophore 11, chromophore 11 + free a-CD in
dioxane/water 9/1 v/v. A is the absorbance at time t and A, is the initial absorbance. Photolyses were
carried out in 10 mm quartz cuvettes with light from a 75 Watt halogen lamp. The samples were irradiated

at a distance of 10 cm from the light source and were shielded from daylight.
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However, since rotaxane 10 is not pure, but contains, as observed by '"H NMR
experiments, an excess of a-CD, a control experiment was performed to clarify whether
this may influence the decay. Therefore a solution of bare chromophore 11 with a 10-fold
excess of a-CD was irradiated under the same conditions. The resulting decay curve
(Figure 6) shows that the decay of bare chromophore 11 is barely influenced by the

presence of the excess of a-CD, validating the results obtained with the first experiment.

7.3 Conclusions

Three EO active rotaxanes having pyridinium salts as electron-acceptor and either
triarylamine or ferrocenyl moieties as electron-donor were synthesized in water. The
distinctive feature of these compounds is the encapsulation of the z-electron bridge of the
NLO chromophores by o~CD. Although their formation could be detected by mass
spectrometry, attempts of purification with different separation techniques were not
successful. Preliminary photobleaching tests were carried out with rotaxane 10 (with
excess of free a-CD) and bare chromophore 11. Although rotaxane 10 was not
completely pure, these experiments demonstrate the enhanced photostability provided by

shielding of the chromophore by encapsulation.

7.4 Experimental Section

General Procedures. All chemicals were of reagent grade and used without further
purification. THF was freshly distilled from Na/benzophenone, and CH,Cl, from CacCl,.
All chromatography associated with product purification was performed by flash column
techniques using Merck Kieselgel 600 (230-400 mesh). Melting points of all compounds
were obtained with a Reichert melting point apparatus and a Kofler stage. '"H NMR
spectra were recorded on a Varian Unity 300 using tetramethylsilane (TMS) or the
corresponding residual solvent signal as internal standard. FAB-MS spectra were

recorded on a Finningan MAT 90 spectrometer with m-nitrobenzyl alcohol (NBA) as a
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matrix. UV-Vis measurements were carried out on a Varian Cary 3E UV-
spectrophotometer.
Compounds 1,” 2%, 8,°% and 9, were prepared according to procedures reported in

literature.

3-(4-Diphenylaminophenyl)-prop-2-enal  (3).”* To a solution of 4-
formyltriphenylamine 1 (1.0 g, 3.7 mmol) in THF (40 mL) was added phosphonium salt
2 (4.2 g, 14.8 mmol). Then, NaH (60% dispersion in mineral oil; 740 mg, 18.5 mmol)
was slowly added and the resulting mixture was stirred at rt for 24 h. Subsequently, HCI1
(10% in water) was added until pH = 1, whereupon the reaction mixture was stirred for
15 min and extracted with CH,Cl, (2 x 100 mL). The organic layer was dried with
MgSO4 and concentrated. The crude product was purified by silica gel chromatography
(ethyl acetate/hexane 2/8) to afford 3 as a yellow solid (75%): 'H NMR (CDCls) & 6.55-
6.63 (dd, J = 8.4, 7.8 Hz, 1H, =CH-CHO), 6.97 (d, J = 8.7 Hz, 2H, ar-H), 7.03-7.22 (m,
6H, ar-H), 7.28-7.35 [m, 5H, (4H, ar-H and 1H, -CH=)], 7.41 (d, J = 8.4 Hz, 2H, ar-H),
9.65 (d, J = 7.5 Hz, 1H, CHO); MS FAB" m/z 299.7 [M'], 300.7 (M" + H), calcd for
C21H17NO 299 4.

5-(4-Diphenylaminophenyl)-penta-1,3-dienal (4) was prepared following the same
procedure used for compound 3 using aldehyde 3 (800 mg, 2.7 mmol), phosphonium salt
2 (3.1 g, 10.7 mmol), NaH (60% dispersion in mineral oil; 536 mg, 13.4 mmol), and THF
(35 mL). Purification with silica gel chromatography (ethyl acetate/hexane 2/8) afforded
4 as a yellow solid (72%): 'H NMR (CDCls) §6.23 (dd, J= 8.1, 7.8 Hz 1H, =CH-CHO),
6.93 (d, J = 8.7 Hz, 2H, ar-H), 7.02-7.14 [m, 6H, (2H, ar-H and 2H, -CH=)], 7.23-7.26
[m, 5H, (4H, ar-H and 1H, —-CH=)], 7.28-7.34 (m, 4H, ar-H), 7.36 (d, J = 8.7 Hz, 2H, ar-
H), 9.61 (d, J = 7.8 Hz, 1H, CHO); MS FAB" m/z 325.2 ([M], calcd for Cy3H;oNO
325.4).

3-Ferrocenyl-prop-2-enal (6) was prepared following the same procedure as for
compound 3. Reagents included ferrocenecarboxaldehyde 5 (3.0 g, 14 mmol),

phosphonium salt 2 (8.1 g, 28.0 mmol), NaH (60% dispersion in mineral oil; 1.7 g, 42
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mmol) and THF (75 mL). Purification with silica gel chromatography (CH,Cl,/hexane
1/1) afforded 6 as a red solid (80%): '"H NMR (CDCls) & 4.15 (s, 5H, CsHs), 4.46-4.59
(m, 4H, CsH,), 6.34 (dd, J = 7.5, 7.8 Hz, 1H, =CH-CHO), 7.40 (d, J = 7.5 Hz, 1H, -
CH=C), 9.69 (s, J = 7.8 Hz, 1H, CHO); MS FAB" m/z 240.0 ((M"-2H], 241.0 (M"-H),
calcd for Ci3H4FeO 242.1).

5-Ferrocenyl-penta-1,3-dienal (7) was prepared following the same procedure used
for compound 3. Reagents included 3-ferrocenyl-prop-2-enal 6 (550 mg, 2.3 mmol),
phosphonium salt 2 (2.0 g, 6.9 mmol), NaH (60% dispersion in mineral oil; 458 mg, 11.5
mmol) and THF (25 mL). Purification with silica gel chromatography (CH,Cl,/hexane
4/6) afforded 7 as a red solid (75%): "H NMR (CDCls) 6 4.09 (s, 5H, CsHs), 4.44-4.58
(m, 4H, CsHy), 6.21 (dd, J = 7.4, 7.8 Hz, 1H, =CH-CHO), 6.76-7.02 (m, 2H, -CH=C),
7.07-7.21 (m, 1H, -CH=C), 9.61 (d, J = 7.4 Hz, 1H, CHO); MS FAB" m/z 266.0 ([M"-
2H], 267.0 (M'-H) calcd. for C;sH;sFeO 268.1)

Chromophore 11. A solution of aldehyde 4 (146 mg, 0.45 mmol), 1,2,4,6-
tetramethylpyridinium iodide (118 mg, 0.45 mmol), and a catalytic amount of piperidine
in absolute ethanol (15 mL) was refluxed for 24 h. After cooling to rt, addition of diethyl
ether (50 mL) led to the formation of a precipitate. The resulting solid was filtered and
washed with ice cold methanol (5 mL). Trituration with water gave chromophore 11 as a
dark solid (45%): '"H NMR (CDCls) §2.94 (s, 6H, CH3), 4.09 (s, 3H, N"-CH3), 6.54-6.56
(m, 2H, -CH=), 7.02-7.16 [m, 12H, (10H, ar-H and 2H, -CH=)], 7.21-7.35 [m, 6H, (4H,
ar-H and 2H, -CH=)], 7.51 (s, 2H, ar-H.,); MS MALDI m/z 443.3, 444.3 (M"-I+H), ([M -
I] calcd for C3,H31N,I 570.5).
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Summary

The research described in this thesis is concerned with the design and synthesis of
new thermally and photostable electro-optic (EO) polymeric materials. In addition,
emphasis is given to the thermal and photostability of these materials, being of critical
importance for the long-term reliability of EO devices.

The importance of EO polymer-based devices to the development of a next-
generation broadband communication network based on optical fibers is outlined in
Chapter 1.

Chapter 2 first gives an introduction to the theory and concepts of nonlinear optics
(NLO). Then it describes the recent developments in the field of second-order NLO
polymers, including chromophore design and the different approaches for their
incorporation in noncentrosymmetric materials. The different architectures are compared,
together with the requirements for their incorporation into practical EO devices.

In Chapter 3 tricyanovinylidenediphenylaminobenzene (TCVDPA) was identified as
the most promising NLO chromophore for its exceptional photostability and used as a
base for structural improvements. A series of derivatives was synthesized applying shape
modification, leading to a reduction of both the unfavorable dipole-dipole electrostatic
interactions and the chromophore induced plasticization effect. Improvements of the
macroscopic EO response were obtained for most of the derivatives when incorporated as
a guest at high loading in polysulfone as host polymer. Specifically, functionalization
with fluorinated aromatic substituents leads to a doubling of the EO activity at 30 wt %
(25 pm/V at 830 nm) compared with the pristine TCVDPA. Furthermore, all
chromophores in this study possess a good processability, and exhibit among the highest
thermal and photochemical stabilities reported in literature.

In Chapter 4 the TCVDPA chromophore was covalently linked to a polycarbonate
backbone, combining the good properties of polycarbonates with the improved stability

of the poling order given by chromophore attachment. NLO polycarbonates with different
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chromophore attachment modes and flexibilities were synthesized resulting in a
significant improvement of over 100 °C of the material 7, compared with the guest-host
system reported in Chapter 3, incorporating the same chromophore at similar high
loadings. Poling efficiency and poling alignment stability are strongly dependent on
structural parameters such as of polymer chain flexibility and the number of
chromophore-to-polymer attachment points. Moreover, high thermal stabilities and
excellent photostabilities were obtained.

Chapter 5 deals with the development of a generally applicable method for the
synthesis of NLO polycarbonates. The modular approach involves first the versatile
formation of a polycarbonate backbone possessing the desired physico-chemical
properties (i.e. rigidity, 7,, thermal stability), followed by the introduction of the
chromophore in the final reaction step. Chromophores with different structures and NLO
activities were incorporated at high loadings, to give polymers with fairly high 7,s and
thermal stabilities, good solubilities, and EO activities as high as 38 pm/V (at 1300 nm).

Chapter 6 describes the fabrication of a prototype integrated optical device, namely an
EO microring resonator, by direct photodefinition on negative photoresist SUS,
incorporating the TCVDPA chromophore as guest. TCVDPA, in contrast to most of the
chromophores, possesses the unique feature of having a low absorption window in the
UV region that allows to use UV-crosslinking for photodefinition without any
chromophore bleaching. The resulting device showed an excellent photostability under
high photon flux and an EO modulation was demonstrated at 10 MHz. Functionalization
of the TCVDPA chromophore with epoxy groups induced the formation of cross-links
between the chromophore and the host polymer, resulting in a material with a 40 °C
higher 7,. UV-nanoimprint lithography (NIL) was explored on the SUS-TCVDPA-epoxy
system as alternative technique for the high-volume and low-cost production of EO
devices.

Chapter 7 describes the preliminary results of the synthesis of NLO chromophores of
which the 7-electron bridge is encapsulated by a cyclodextrin macrocycle, to form an EO
active rotaxane. Three EO active rotaxanes having pyridinium salts as electron-acceptor
and either triarylamine or ferrocenyl moieties as electron-donor were synthesized in

water. Although their formation could be detected by mass spectrometry, attempts of
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purification with different separation techniques were not successful. Preliminary
photobleaching tests demonstrated the enhanced photostability provided by shielding of

the chromophore by encapsulation.

In conclusion, new, highly stable polymeric materials were developed for EO
applications. Some of the polymers presented in this thesis are among the most
photostable structures ever reported, representing a step forward toward long-lifetime
device-quality materials. In addition, the presented methodology for the synthesis of
NLO polycarbonates opens new possibilities for the further development of high
performing organic EO materials. The use of highly photostable chromophores in
combination with UV-photolithography, demonstrated by the successfully fabrication of
a EO modulator device, represents a powerful tool for the high-volume and low cost

production of devices based on EO polymeric materials.
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Samenvatting

Het onderzoek beschreven in dit proefschrift betreft het ontwerp en de synthese van
nieuwe electro-optische (EO) polymere materialen die thermisch en fotochemisch stabiel
zijn. De nadruk ligt op de thermische en fotochemische stabiliteit van deze materialen
aangezien deze eigenschappen bepalend zijn voor hun duurzaamheid.

In het eerste Hoofdstuk wordt ingegaan op het belang welke apparaten gebaseerd op
EO-polymeren hebben voor de ontwikkeling van de volgende generatie breedband
communicatie netwerken die optische vezels als basis hebben.

Hoofdstuk 2 begint met een introductie over de theorie en de concepten van de
nonlineare optica (NLO). Vervolgens worden de recente ontwikkelingen binnen het
gebied van de ‘second-order’ NLO-polymeren beschreven. Ook wordt ingegaan op het
ontwerp van de chromoforen die hiervoor gebruikt worden en de manieren waarop deze
in ‘uit-centrosymmetrische’ materialen verwerkt kunnen worden. De verschillende
architecturen worden vergeleken, en de vereisten voor inbouw in EO instrumenten
worden besproken.

In Hoofdstuk 3 wordt tricyanovinylideendfenylaminobenzeen (TCVDPA) als het
meest geschikt NLO-chromofoor bevonden wat mede te danken is aan de exceptioneel
hoge lichtstabiliteit. Deze structuur is dan ook als basis gebruikt voor de synthese van een
serie derivaten, wat heeft geleid tot chromoforen met een verminderde ongunstige dipool-
dipool electrostatische interactie en een verminderde plastificerende werking. Voor het
overgrote deel van de derivaten wordt een verbetering in de macroscopische EO-respons
gevonden wanneer ze in een hoge concentratie in het polymeer polysulfon worden
verwerkt. Functionalisering met gefluorineerde aromatische substituenten leidt tot een
verdubbeling van de EO-activiteit bij 30 wt % (25 pm/V at 830 nm) in vergelijking met
de pristine TCVDPA. Daarnaast zijn alle hier beschreven chromoforen eenvoudig te
verwerken in de beoogde materialen, en behoren ze tot de categorie chromoforen met de

hoogste thermische en fotochemische stabiliteit bekend in de literatuur.
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Hoofdstuk 4 beschrijft de covalente verankering van het TCVDPA chromofoor aan
een polycarbonaat polymereer. Zo worden de gunstige eigenschappen van het
polycarbonaat gecombineerd met een verbeterde stabiliteit van het chromofoor na
uitrichten Experimenten waarbij het chromofoor op verschillende manieren verankerd
wordt aan de NLO-polycarbonaten resulteren in een verbetering van de Tg waarde van
meer dan 100 °C. Deze waarden zijn aanzienlijk beter dan wanneer hetzelfde chromofoor
in eenzelfde concentratie verwerkt wordt in het polymeer, zoals beschreven in Hoofdstuk
3. De mate van uitrichten en de stabiliteit van de uitlijning zijn sterk afthankelijk van de
structuureigenschappen, keten flexibiliteit en het aantal chromofoor-polymeerbindingen
binnen het polymeer-chromofoor materiaal. Bovendien zijn ook bij deze materialen hoge
thermische en fotochemische stabiliteiten gevonden.

Hoofdstuk 5 behandelt de ontwikkeling van een algemeen toepasbare methode voor
de synthese van NLO-polycarbonaten. In deze methode wordt als eerste een chemisch
zeer toegankelijke polycarbonaatmatrix gesynthetiseerd met de vereiste eigenschappen
(d.wz. de juiste mate van stijtheid, Tg waarde en thermische stabiliteit) gevolgd door de
verankering van een chromofoor als laatste stap. Op deze manier zijn een serie
chromoforen met verschillende structuren en NLO activiteiten met een hoge dichtheid
verankerd in het polymeer. Dit resulteerde in materialen met vrij hoge Tg waarden,
thermische stabiliteiten, hoge oplosbaarheden en met EO activiteiten tot 38 pm/V (bij
1300 nm).

Hoofdstuk 6 beschrijft de constructie van een prototype geintegreerd optisch
instrument, een EO ‘microring resonator’, via directe fotodefinitie op een negatief
fotoresist SU8 waarbij het chromofoor TCVDPA werd gebruikt. In tegenstelling tot de
meeste chromoforen heeft TCVDPA een lage absorptie in het UV gebied. Dit maakt het
gebruik van UV-crosslinking bij de fotodefinitie mogelijk zonder dat het chromofoor
afbreekt. Het gefabriceerde prototype heeft een hoge fotochemische stabiliteit bij een
hoge fotonflux en een EO-modulatie werd gevonden bij 10 MHz. Wanneer het TCVDPA
chromofoor met epoxygroepen werd gefunctionaliseerd vindt er ‘cross-linking’ plaats
tussen het chromofoor en het polymeer, resulterend in een materiaal met een 40 °C

hogere Tg waarde. Als alternatieve techniek voor de eenvoudige constructie van EO

156



Samenvatting

instrumenten werd onderzocht of UV-nanoimprint lithografie (NIL) met het SUS8-
TCVDPA-epoxysysteem gebruikt kan worden.

In Hoofdstuk 7 worden de voorlopige resultaten beschreven van de synthese van NLO
chromoforen waarbij het []-elektronensysteem in een cyclodextrinering gecomplexeerd
zit; op deze manier ontstaat een rotaxaan die EO-activiteit bezit. Drie EO-actieve
rotaxanen met een pyridiniumzout als elektronen-acceptor en een triarylamine- of een
ferrocenylgroep als elektronen-donor werden gesynthetiseerd in water. Met
massaspectrometrie is aangetoond dat de rotaxanen gevormd zijn. Ondanks verscheidene
scheidingprocedures was het onmogelijk om een zuiver product te verkrijgen. Uit de
eerste resultaten blijkt dat de afschermende werking van de cyclodextrinering de

fotochemische stabiliteit van het chromofoor vergroot.

Concluderend kan gesteld worden dat er nieuwe polymere EO-materialen ontwikkeld
zijn met een hoge stabiliteit, waarvan sommige behorend tot diegene met de hoogste
fotochemische stabiliteit tot op heden bekend. Dit betekent een stap voorwaarts naar de
ontwikkeling van materialen en instrumenten met een hoge duurzaamheid. Bovendien
opent de beschreven synthesemethode voor NLO polycarbonaten nieuwe mogelijkheden
voor de verdere ontwikkeling van kwalitatief hoge organische EO-materialen. Uit de
succesvolle constructie van een EO-modulatieinstrument via UV-fotolithografie in
combinatie met fotochemisch stabiele chromoforen blijkt dat dit een veelbelovende
manier is voor de goedkope massa productie van apparaten welke gebaseerd zijn op

polymere EO-materialen.
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