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University of Washington
Abstract

Theory Guided Design and Molecular Engineering of Organic Materials for Enhanced
Second-Order Nonlinear Optical Properties

Philip A. Sullivan

Chairperson of the Supervisory Committee:
Professor Larry R. Dalton
Department of Chemistry

The last two decades of research in the field of organic 2™-order nonlinear optical
(electro-optic) materials have led to a deeper understanding of salient fundamental
processes. Detailed definitions of critical structure-property relationships have led to the
realization of new materials displaying dramatically enhanced properties. Despite the
many recent advances, some critical problems remain unsolved. Although molecular
nonlinearities () have increased dramatically, bulk nonlinearity values (r;;) have not
increased in proportion. The major impediment to the resolution of this shortcoming is
the difficulty faced in overcoming limited electric field induced molecular ordering
caused by inter-molecular electrostatic interactions. Through the use of sophisticated
statistical and quantum mechanical modeling, materials were designed which
circumvented such detrimental molecular interactions. In the case of chromophore doped
multichromophore dendrimers, these interactions were actually harnessed to enhance
electric field induced dipolar order. As a result of this rational, theory guided design
approach to novel electro-optic materials, unprecedented r;; (> 300 pm/V) was
demonstrated. Design, synthesis, and detailed characterization of these new materials is
presented within this dissertation. Fundamental research toward molecular structure
engineering as well as a new approach to optimization of molecular hyperpolarizability is

presented as well.
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Chapter 1

Introduction To Organic Materials for 2"%-order Nonlinear
Optics

1.1 Introduction

Organic materials for use in 2"-order nonlinear optical (electro-optic)
applications have received much attention in recent years. These materials hold great
promise for performance and cost improvements in areas such as
telecommunications, computing, phased array radar, THz generation, as well as
numerous other new applications."® The major opportunity for implementation of
electro-optic (EO) materials is in the area of electrical-to-optical signal transduction.
An electrical-to-optical signal transducer, also known as an EO modulator, is
basically an optical intensity controller or optical switch. Such a switch can translate
digital or analog electrical signals directly into the optical domain and back. While
the potential bandwidth of optical data transmission is almost unlimited, transduction
between electrical and optical domains remains a critical bottleneck. Organic
materials hold the key to removal of this limitation. Devices that incorporate organic
materials extend the promise of much higher operational bandwidth when compared
to analogous inorganic based devices.”'? Organic EO active materials have many
advanatges over inorganic EO active materials such as lithium niobate. These

advantages include lower cost, improved processing and ease of device integration,
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and better overall performance figures of merit. Unlike crystalline inorganic

materials, synthetic materials can be “made-to-order”. Physical as well as

photophysical properties can be tuned to fit specific requirements.

1.2 Physical Origin of Nonlinear Optical Effects

Nonlinear optical effects alter the way electromagnetic radiation interacts with
matter, effectively changing its properties. The material property that is of greatest
interest for the current discussion is index of refraction. All nonlinear optical effects
are essentially described by electric field induced refractive index modulation. At
optical frequencies (w), the linear polarizability, dielectric constant, and index of
refraction of a material are all directly related. For this discussion of linear and
nonlinear optical effects, the focus will be on optical susceptibility (x™). Optical
susceptibility is a definition of the propagation medium polarization in response to
an incident oscillating optical field of a given w. In the case of linear electric field
response, polarization (P) is given by
P=x"E (1.2.1)
where 'V is the linear optical susceptibility and E denotes the amplitude of the

optical field. Practically, %"

is a second rank tensor relating polarization vector
components to electric field vector components. In order to simplify the included
discussion, an anisotropic medium is assumed and all quantities are treated as scalar.

A more in-depth discussion and more precise notation can be found elsewhere.”

Index of refraction (n,) is related to "’ by



n 2 (w) =1+ 4mx" () (1.2.2)

when E is weak and %V

is field independent. Here, index of refraction is actually a
frequency dependant complex quantity. Nuclear and electronic resonances
associated with molecular structure are coupled with optical field as described by a
harmonic oscillator model. This resonance coupling leads to frequency dependance
of n and k (refraction and absorption). Complex refractive index is described by
n,=n+ik (1.2.3)

in which the real part, n, describes refraction and imaginary, ik, describes

absorption.”

22 T T T T 07

- 06
ir ﬁ —e -KPAS41

Figure 1.2.1: The real and imaginary parts of the complex refractive index of a pure
dendrimer organic EO material (PSLD_41)
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Typical frequency dependence of n and k is illustrated in Figure 1.2.1. A

given Lorentz oscillator exhibits a natural resonance frequency. When
electromagnetic radiation propagating in the medium is of a frequency near to this
natural resonance, the oscillator is strongly coupled with the radiation. Because of
increased coupling, P and %™ with respect to E, are strongly enhanced. Similar
frequency dispersion behavior is displayed by linear as well as higher order
(nonlinear) terms, leading to w dependant EO effects. This will become important in
later chapters.

(n)

Up to this point, ™ has been considered as independent of the magnitude of
E. In the case of high intensity laser radiation, Equation 1.2.1 must be modified to
include higher order polarization response.” When %™ terms where n > 1 are
included, the appropriate description becomes the power series expansion
P=x""E+x":EE+yxEEE + ... (1.2.4)
in which quadratic, x®, and cubic, ¢, nonlinear optical susceptibilities are also
described. When these nonlinear terms are accounted for, Equation 1.2.1 becomes
P=x,E (1.2.5)
in which . is the sum of linear and nonlinear terms, and is now E dependant.
Substituting . into equation 1.2.2 in place of E independent %", yields a
description of refractive index that is both field and frequency dependent.” It is this
E field dependence of n that gives rise to nonlinear optical behavior."

Second order or quadratic susceptibility, x?, is termed first nonlinear optical

susceptibility, cubic, %, represents the second nonlinear optical susceptibility.
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Third-order nonlinear optical or Kerr effects lead to an optical intensity dependent

refractive index. Kerr effects are important in applications such as all-optical
transistors, third harmonic generation, and optical limiting devices. Second-order
nonlinear optical effects are important because they give rise to the linear Pockels
effect (EO effect). The Pockels effect is defined as a linear refractive index change
with respect to a DC or low frequency (RF-THz) as compared to optical w, external
electric field. Unlike % effects, x* dependant processes require bulk material
anisotropy." In order to retain mathematical consistency, the description of nonzero
quadratic susceptibility with respect to a sinusoidal optical E field requires a net
medium polarizability asymmetry. Dissimilar material polarization response must
accompany positive and negative E field vector components.” In the case of organic
materials, such polarizability anisotropy is realized through net dipolar order of
molecular active constituents. Some crystalline materials display inherent structural

anisotropy, but amorphous organic materials must be engineered toward this goal.

1.3 ® and r, in Electric Field Poled Organic EO Materials

2)

Organic materials designed to display high x*“ are generally elaborated by
the dispersion of a “NLO dye” or chromophore, into a transparent host material. This
chromophore must be highly dipolar and display high = electron polarizability. The
resulting composite material is then heated near its glass transition (T,) under the

application of a powerful DC poling field (Figure 1.3.1). Through molecular dipole

orientational response to the poling field, the acentric order necessary for x® is
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obtained. This poling-induced dipolar order is expressed using the order parameter,

<cos’0>, where the angle between the poling axis and the chromophore dipole vector
is denoted as 0.

In an ideal situation in which dipolar units do not interact with one-another or
with their surroundings, dipolar order imparted by electric field poling may be

enumerated using the relation

<cos3 6>=“%kT (1.3.1)

in which the quantity u represents the ground state dipole moment of individual
chromophores. The term kT represents thermally imparted kinetic energy where k is

the Boltzman constant, and T represents temperature.

I Top electrode

l Bottom electrode /U

o = @ ™

Ideal case: < cos® 0> = pE / SkT

Figure 1.3.1: Depiction of a typical organic EO chromophore / polymer composite
material under an applied poling field
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For individual chromophore molecules, a polarization power series

expansion similar to Equation 1.2.4 can be written. Like the previous expression,
first-order and higher order terms can be expressed as a function of E shown by
p=0F + BEE + yEEE + ... (1.3.2)

as before, a, {3, and y represent first, second and third-order polarization response to
E respectively. Again, these terms are second, third and fourth rank tensors that
relate molecular electron density polarization vector components to the vector
components of propagating radiation as well as those of externally applied
potentials. The second-order term, 3, denotes the molecular first hyperpolarizability
for an individual chromophore. The component of 3 along the dipolar axis of the
chromophore is given as §,,,. Assuming bulk material response arises simply from

the combination of constituent chromophore response, B,,, is related to x*,,, by
X’w = NFB,(cos’ 6) (1.3.3)
where N represents the chromophore number density per unit volume of composite
EO material. The term, F, represents a local field factor that is dependant on the
overall dielectric properties of the complex medium.

For second order nonlinear optical materials, the EO coefficient is defined as
r;; and is given in pm/volt. This coefficient denotes the magnitude of refractive
index change with respect to applied E (volts) and is expressed as
Py ==2x" ((n,)" (1.3.4)
Therefore, it follows from the discussion that in order to achieve high ry;, a large

+?_. must be achieved. To have high %?,,,, there must exist a large concentration of
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high B chromophores that are aligned with a high degree of acentric order within

the bulk material.'*'®

1.4 Optimizing Chromophore

Ry

Electron
Donor

n-conjugated bridge

Figure 1.4.1: PAS 38, a classical linear charge-transfer EO chromophore

Typical EO chromophore design is exemplified by the structure shown in Figure
1.4.1 (PAS 38). A m-conjugated bridge is functionalized at either terminus by an
electron-donating moiety and an electron-accepting moiety. This asymmetric
substitution results in a high, substituent-induced, ground state electron density
asymmetry. The m-conjugated nature of the chromophore bridge allows for very
effective communication between donor and acceptor. This communication
facilitates electron density polarization along the dipolar axis of the chromophore.
Electric field determined polarization is energetically favored directionally from
donor to acceptor. Such asymmetric, dipole modified polarizability, is required to
produce a nonzero [3,,, value. This symmetry requirement is analogous to that

necessary to realize a nonzero x®, as described in previous sections.
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The P value of a specific chromophore structure depends on the individual

donor, acceptor and bridge used. The overall combination of these components is
also important. Application of the heuristic two-state model yields some insight into
the mechanistic details of . The two-state model was developed by Oudar and
Chemla in 1977."'® From the model, it can be written that

B < Au(u,,)’ /AE,, (1.4.4)

Au represents the difference in dipole moment between ground and excited state.
The term, ., represents transition dipole moment, and AE,, denotes the energy gap
between molecular HOMO and LUMO. The two-state model considers that the
largest contribution to the electric field polarized state of a chromophore comes from
frontier orbitals. Graphical representation of typical chromophore HOMO and

LUMO electron density is presented in Figure 1.4.2.

LUMO FTTC B, =1378 x 10-%%su p=29.94D

B = molecular first hyperpolarizability

HOMO

Figure 1.4.2: Graphical representation of electron density for chromophore HOMO
and LUMO created using density functional theory quantum mechanical modeling"
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When polarized by an electric field, the admixing of the chromophore
HOMO and LUMO is altered, creating a new ground state. This new ground or
preferred state represents the lowest energy configuration with respect to electron
density localization under the applied field. For evaluation purposes, u., and AE,,
can be probed spectroscopically. Oscillator strength (extinction coefficient, €) is a
good measure for ., and AE,, (bandgap) can be estimated from red-edge absorption
onset or probed electrochemically.”® Typically, a bathochromic shift in A, and
increase in € accompanies increased 8 within a structurally comparable chromophore
series.” It is important to note that continually decreasing AE,, will eventually result
in high electronic absorption and optical loss at operational wavelengths. This fact
leads to a well-known nonlinearity / transparency tradeoff. This tradeoff makes
simultaneous optimization of all molecular parameters imperative for continued
chromophore improvement.

In recent years much effort has been devoted to the optimization of donor,
bridge and acceptor components. Many electron donors have been explored. Some
of the most notable examples are illustrated in Figure 1.4.3. Some recent studies
have evaluated ferrocenyl (Figure 1.4.3a),”*® guanidyl (Figure 1.4.3b),”
azaphosphane (Figure 1.4.3c),' porphyrin (Figure 1.4.3d),”® cycloheptimidazole
(Figure 1.4.3e),”” 1,3-dithiol-rings (Figure 1.4.3f),* **?! tetrathiafulvalene (TTF,
Figure 1.4.3g),’** carbazole (Figure 1.4.3h),'*** and aryl-amine (Figure 1.4.3i,j,k)

electron donor structures. The amine-based systems were found to be most practical
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overall and are still the most widely utilized.' ***” The relatively high-energy

nitrogen nonbonding lone pair of the tertiary amines is particularly well-suited for
the role of electron donor. The lone pair energy is well matched to m* of the
chromophore conjugated network. Alkyl-substituted tertiary amines have typically
shown lower thermal and chemical stability relative to the analogous aryl substituted
counterparts. Therefore, donor modification through aryl substitution provides a

convenient route to improve important qualities associated with donor structure.

é E:/>=~— QQ-
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Figure 1.4.3: Electron donating moieties recently investigated for use in EO
chromophore structures®

Many different bridge structures have been investigated over the past decade.
A large percentage of the most successful chromophoric materials have been based

on either a CLD ({4-]2-(3-Allylidene-5, 5-dimethyl-cyclohex-1-enyl)-vinyl]-
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phenyl}-(dialkyl or diaryl)-amine) polyene-type bridge, or a low AE,, aromatic

bridge, usually the thienyl-vinylene FTC-type bridge. A number of variations can be
seen in Figure 1.4.4. Elongation of these bridging units provides a straightforward
approach to increased 3 values, but at the price of reduced optical transparency.
Recent modifications to the CLD type bridge include molecules such as a, b, and c¢.*
'3 Variations of thiophene-based molecules such as d, e, f, and g have been widely

studied as well.**%

Figure 1.4.4: Examples of high f Chromophore structures based FTC and CLD type
bridges®
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Arguably, the m-conjugated bridge class of the most current importance is

that of the ring-locked tetraenes (CLD) due to their proven superior f and ry
performance.*® However, the FTC bridge has also seen widespread application. Even
though the thienyl-vinylene based FTC bridge offers somewhat smaller 8 values than
CLD based chromophores, versatility in secondary functionalization, high thermal
and photostability, and ease of synthesis keep FTC very popular.”

In addition to electron donor groups and conjugated bridges, electron
acceptor groups have also been heavily explored. Many diverse molecular structures
can be envisioned for use as electron acceptors. This structural diversity presents
many research opportunities. However, the development of both highly active and
sufficiently stable materials is a very challenging endeavor. Many easily synthesized,
highly stable materials exhibit poor electron affinity. Many of the compounds
exhibiting high electron affinity are chemically and thermally unstable. lonic
acceptors such as pyridinium and diazonium salts, can be incorporated into
crystalline or layer-by-layer, sequentially deposited EO materials.* ** Unfortunately,
charged acceptors are of little or no use in electric field poled materials because of
high conductivity caused by mobility of ionic species. Exceedingly high conductivity
limits the application of electric field during poling resulting in significantly reduced
r;;.  Much research into uncharged electron deficient materials has focused
heterocyclic ring based compounds. A wide variety of these structures has been
explored, including barbituric and thiobarbituric acid derivatives (Figure 1.4.5a,b),*

46, 50. 51

* isoxazolones (Figure 1.4.5¢), and oxazolones (Figure 1.4.5d).”
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Figure 1.4.5: Heterocyclic ring based electron acceptor groups™

Nitrile substituent containing acceptor groups have proven to be very electron
deficient as well as stable. Neutral acceptors based on the tricyanovinyl moiety
(Figure 1.4.5¢) have proven stronger than many more complicated heterocyclic
compounds.” The acceptors shown in Figure 1.4.5f and 1.4.5g represent modified
nitrile-based compounds and are quite strong acceptors.>** Recently, the most
successful and widely applied acceptor class has been based on the 2-
cyanomethylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran (TCF) structure and its
derivatives (figure 1.4.5h).>® ***"> The TCF structure can be modified to include

various substituents (CF;) that further augment its performance.

1.5 Translating B into r;
As detailed in Section 1.3, high f is not the only criteria for high material x®

and ry;. It follows from Equations 1.3.3 and 1.3.4 that r;; is directly proportional to
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the chromophore dipolar order within the material. From these relations it also

necessary that EO effects are proportional to the number of chromophores
encountered by propagating radiation over a given distance. Therefore, not only
chromophore f, but also the product of N<cos’8> must be considered when
designing organic EO materials. In order to induce long-range acentric (dipolar)
molecular order, molecular assembly, crystallization, electric field poling, or other
physical alignment techniques must be employed. Nearly perfect alignment is very
difficult to achieve. For this reason, bulk material r;; has not improved proportionally
to the recent dramatic improvements in chromophore 8 values.

Some examples of organic EO crystals exist such as DAST.® The DAST
chromophore (trans-4-[4-Dimethylamino)styryl|-1-mehtylpyridinium p-
toluenesulfonate) is crystallized in a noncentrosymmetric orientation using a specific
counterion.®" *® EO crystals present a seemingly ideal situation where the N<cos’8>
product is maximized, leading to large r;; values. Unfortunately, acentric organic EO
crystals still present similar problems to inorganic EO materials. They are tedious
and time consuming to grow and are also difficult and expensive to process into
working photonic devices.

Like noncentrosymmetric crystallization, self-assembly techniques make use
of the complex interplay among intermolecular or inter-surface potentials to drive
acentric chromophore ordering. Self-assembly eliminates or reduces the need for
application of external forces. Various assembly schemes have been recently

employed toward this goal. Langmuir-Blodgett films employ hydrophobic and
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hydrophilic interactions at layer surfaces to drive acentric ordering.** Films

produced using Langmuir-Blodgett techniques are generally too thin for practical
application and also are thermally and mechanically unstable. Alternatively, the use
of hydrogen bonding to direct chromophore assembly has been explored with some
success as well.*%

One of the most notable examples of organic EO material self-assembly is
that of layer-by-layer siloxane-chemistry-based EO chromophore surface deposition.
To achieve ordered chromophore layer deposition, a glass substrate is functionalized
with a monolayer of an alkyl-halide terminated silane (Scheme 1.5.1)."" ® A
pyridinium acceptor-based dipolar chromophore, which is hydroxyl functionalized at
the donor terminus, is then covalently linked with the monolayer. After a
chromophore layer is attached, a capping layer of alkyl-halide terminated silane is
introduced. The process is then repeated through multiple cycles, allowing the
growth of many layers.

Scheme 1.5.1: Layer-by-layer acentric chromophore deposition through siloxane
based sequential synthesis''
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Using this sequential synthesis technique, ry; values as high as 120 pm/V have

been achieved.” The major drawback to this technique is, again, that of limited
thickness. At a high numbers of layers, error propagation and interchromophore
electrostatic interactions lead to a roll-off in EO effects. The use of two-
dimensional, “large- footprint” chromophore structures has been explored as a
method to combat these problems.”

Electric field poling of organic materials is probably the most convenient and
certainly the most common method employed to induce acentric EO chromophore
ordering. A large electric field is applied to the chromophore-containing material
while it is heated at a temperature near its T,. The material is then cooled under
continued application of the E field. When an organic material is heated near T,,
molecular motion rates can be expected to increase by roughly 10 orders of

magnitude relative to ambient temperature.”

At such high rates of motion,
chromophore dipoles can respond quickly to an applied field. When the material is
cooled again, motion rates slow dramatically and the poled orientation is retained.
There are two primary E field poling configurations: corona and contact poling.
Contact poling requires a capacitor-like sample configuration in which the EO
material is physically bound between the top and bottom poling electrodes. Corona
poling only requires a directly attached bottom electrode. The top electrode consists
of a needle held a short distance from the top of the EO material. When a high

voltage is applied between the bottom electrode and needle, a corona field is

produced. Contact poling requires lower electric fields and is more controllable and
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reproducible.’” Therefore, contact poling has been the most commonly employed

method for general experiments and device fabrication.

Simple chromophore-polymer guest-host composites are some of the most
common EO materials used in both device and experimental configurations. The
guest-host approach provides a facile and affordable way to gain insight into the
performance characteristics of newly synthesized chromophores. However, many
fundamental drawbacks plague polymer-chromophore guest-host composites. Such

drawbacks will be addressed in the following section.

1.6 Optimizing N<cos’0> in Electric Field Poled Organics

When considering polymer-chromophore, guest-host composite materials,
there are several obvious difficulties to be addressed. Material inhomogeneity and
low thermal stability of EO effects are two of the most pronounced problems. In
order to achieve high chromophore loading while maintaining optical quality thin
films, the highly polar chromophore must be highly soluble in the polymer host. If
this condition is not met, aggregation and phase separation lead to poor material
properties.  Interchromophore electrostatic interactions also counteract the applied
poling field at high N. Extensive theoretical work performed by Dalton and
Robinson, er al. has implicated these dipole-dipole interactions as one of the most
severe impediments to high poling induced acentric order."”> 7 As chromophore
dipole moments are increased and interchromophore distance is decreased, dipole-

dipole electrostatic interactions energetically disfavor acentric chromophore
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ordering.

Much research has focused on improving material compatibility and
increasing poling response. Some of the earliest work focused on main-chain and
side-chain polymer architectures. Main-chain polymers incorporate the chromophore
units directly into the material backbone as monomeric units.”*"® In side-chain
polymers the chromophores do not participate directly in the physical structure of the
polymer, but are attached as pendant groups.”®' Polymers in which chromophores
are covalently incorporated help to address the problem of guest-host phase
separation. Higher loading densities can be achieved, but chromophore mobility is
inherently limited by covalent tethering. Intuitively, chromophore mobility is more
limited by the use of a main-chain polymer approach compared to a side-chain
design. Limited mobility leads to lower poling response per chromophore. Therefore,
even though loading density is increased in these systems, ry; is not necessarily
increased proportionally. The side chain approach yields much better rs; values, but
is generally somewhat less thermally stable. It is important to ntote, with some
important exceptions, that higher chromophore mobility is associated with lower
thermal stability.

Though somewhat less pronounced, side-chain polymers still suffer from
high interchromophore electrostatic interactions. Such detrimental electrostatic
interactions can be reduced by limiting minimum interchromophore distance using
steric bulk. One approach to increasing steric bulk involves encasing the

chromophore in a full dendrimer periphery, or alternatively, bulk may be added to
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individual polymer pendants creating dendronized polymer systems. Dendronized

polymers are synthetically less rigorous to produce than discrete multichromophore
dendrimers. They can be realized using polymer post functionalization techniques, or
through a more direct block-copolymer approach.** In some studies a factor of 2
times enhancement in ry; has been noted through the use of side chain dendronized
polymers.*

Discrete Multichromophore dendrimers are more difficult to synthesize than
post-functionalized, dendronized polymers. However, they still represent an
attractive material class (figure 1.6.1). Dendrimers display some unique
characteristics such as high control over chromophore geometry, and potential for
increased chemical and thermal stability of the chromophore units.% %
Multichromophore dendrimers are also monodisperse, which is attractive for
comparative studies due to low batch-to-batch variation. Dendrimers retain many of
the best attributes of polymers while allowing further flexibility in the engineering of
characteristics displayed by individual chromophore molecules.* Chromophore and
host material molecular architecture can play a major role in determining the extent
to which chromophores align with poling. Recent results show that chromophore
shape and specific supramolecular interactions represent extremely important
material design considerations. Theory guided, bottom-up design of chromophore-
chromophore and chromophore-host interaction can be used to create materials in
which electrostatic interaction now favors acentric rather than centric order.*”® Such

nanoscale material design is the major focus of this dissertation.
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Figure 1.6.1: Three-arm multichromophore dendrimer PSLD_41

The thermal stability of the EO effects is also a very important point to
consider when designing materials for practical application. In order to be useful as
the active components in photonic micro-devices, poled materials must retain their
I over an extended period of time at elevated operational temperatures. As was
mentioned earlier, materials that display high chromophore mobility generally
display relatively low glass transition temperatures. Crosslinking chemistry can be
employed to improve thermal stability without decreasing initial chromophore
mobility and reducing poling induced ry;. It is desirable for a material to display

relatively low T, and high chromophore mobility during poling. The material is then
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crosslinked during and after poling resulting in high thermal stability of the poling

induced order. Of the crosslinking (also called lattice hardening) chemistry explored
to date, urethane condensations, trifluorovinyl ether cycloaddition, and Diels-Alder
based methods have been the most successful. Although urethane condensation
chemistry is relatively straightforward, such condensation reactions are undesireable
for use in optical films. Reproducible results are difficult to obtain and by-products
from the crosslinking reaction (water) can be detrimental to film quality.’® '
Trifluoro-vinyl ether cycloaddition chemistry represents an improvement over
urethane condensation." **°** A difficulty faced by this and all thermal crosslinking
schemes is overlap of the curing and poling processes. During poling, a narrow
temperature range exists between optimum poling conditions and dielectric
breakdown. If temperatures required for thermal crosslinking do not coincide
precisely with optimum poling temperature, r;; will be reduced during the
crosslinking process. Diels-Alder based crosslinking chemistry was introduced by
the Jen Reasearch Group to combat this problem. Crosslinking schemes based on
the thermally reversible Diels-Alder (4+2) cycloaddition reaction have the

advantages of thermal reversibility and facile temperature tunability.** ® Unlike

urethane condensation schemes, Diels-Alder crosslinking is by-product free.
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Chapter 2

In-situ Pole-and-Probe Polarization Interferometry
Reflection Apparatus; a Real-Time Method for Evaluating
EO Properties of Poled Organic Thin-Films

2.1 Introduction

Recent interest in organic materials for 2™-order nonlinear optical (electro-
optic) applications has created the need for simple and efficient material
characterization methods. The most widely accepted method for determination of r;
is based on a single beam reflection ellipsometry apparatus. This is referred to as the
“Teng-Man” technique (TMT). The basis for the TMT was introduced independently
by Teng and Man, and also Schildkraut in 1990."? The TMT has since been widely
adopted for the determination of electro-optic (EO) coefficients in electric field poled
organic materials. The TMT is popular because of its cost-effective, relatively simple
setup, and high throughput material screening capability. The TMT also holds the
advantage of non-contact, non-destructive sample measurement over complementary
prism coupling techniques. Modifications to this technique allow in-situ monitoring
of EO behavior during the poling process.” Such real-time monitoring can be
exploitéd for the study of electric field influenced dipolar orientational dynamics.
Poling behavior may be observed in real-time by direct measurement of Pockels
coefficients, allowing optimization of material processing conditions. Thermal

stability of the EO effects induced can be studied in detail, allowing comparison of
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the activation energy required to initiate abrupt dipolar randomization.> ® These

data are particularly interesting for exploration of the mechanistic details of bulk

material EO effects, and their relationship to temporal behavior.”

2.2 Experimental Setup

The experimental setup of the in-situ pole-and-probe polarization
interferometry reflection apparatus has been schematically depicted in
Figure 2.2.1. Samples were fabricated by spin coating EO active materials onto
ITO-coated (transparent electrode) glass slides. Gold top electrodes were then
fabricated through ion coating or vapor deposition. The gold layer served as both an
electrode and reflector for the incident probe beam. The capacitor-like, electrode-
sandwiched sample was mounted on a heating stage along with a similar blank
sample attached to a thermocouple. The temperature of the assembly was controlled
through computer interface by an electronic thermal controller. The cooling rate of
the system was controlled manually. Slow, controlled cooling was effected by means
of a small fan mounted inside the argon-filled sample chamber. Fan speed control
allowed fine-tuning of the slow-cooling process. Fast cooling was initiated by means
of a circulating chiller attached to the heating stage. The incident probe beam (A =
1310 nm) was produced by a small diode laser. This probe beam passed through a
polarizer in order to set the initial polarization to 45° with respect to the laboratory
axis. This initial polarization was optimized to ensure an equal amplitude
contribution from s and p polarizations at the sample. The polarized beam was then

passed through a Soleil-Babinet (SB) compensator that was also computer controlled
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using a linear actuator, allowing adjustment of the s and p wave relative phase
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Figure 2.2.1 Schematic representation of in-situ reflection ellipsometry setup

The probe beam propagated through the sample at an incident angle 6 (Figure 2.2.2)
and was reflected from the gold electrode back through the material to exit the
sample.! Multiple reflected beams arising from hetero-interface reflection were
separated by a series of two irises. Last, the isolated beam was passed through a
second polarizer or “analyzer” that was set 90 ° with respect to the first polarizer.

The beam was collected by a photodetector.
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Figure 2.2.2: Propagation path for optical probe beam in the in-situ TMT

The detector output was amplified using a low-noise preamplifier. The
amplifier output was then split: one output was routed directly to the computer
interface, the other was sent to a lock-in-amplifier. The lock-in output was also
transmitted to the computer interface. A sine-wave generator was connected across
the sample electrodes and a reference signal directed to the lock-in-amplifier for
synchronization. A capacitor-based bandpass filter was constructed to allow DC bias
of the AC measurement waveform. A high voltage power supply was routed through
a low-noise, low-impedance picoammeter, and also to the sample electrodes in order
to measure current flow during application of the poling field. All components were
computer interfaced using PCI-GPIB (IEE-488) or RS232 ports. Two LabVIEW-
based virtual instrument programs, written in-house, allowed manual parameter

determination and subsequent measurement automation.
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2.3 Theory of Static, Ambient Temperature r;; Determination

In order to determine the static ry; of a poled sample, a LabVIEW program
was employed to create and plot a scan of AC (lock-in) and DC (detector) signals
with respect to W,,. The W, scan was created by moving the linear actuator
connected the (SB) compensator through its full range (Figure 2.3.1). The detector
could be expected to respond linearly with incident light intensity as controlled by
bias voltage. Therefore, by measuring detector response, converted from current to
voltage, output light intensity, I, was determined from the DC signal.

This relationship is explained below. I, with respect to W, can be written as

I, =21 sin’(y,, /2) (2.3.1)
where I is the half maximum intensity. The amplitude of the resulting I, vs. ¥,
wave is dependent only on the input intensity and the quality of the optical
components. Corresponding to the magnitude of the linear electro-optic effect
displayed by the poled sample, an AC or modulated signal is superimposed on the
DC output. This AC signal carries the frequency signature given by w,, from the
relation

V=V, sinw,t (2.3.2)
where V, represents the amplitude of the modulation waveform created by the
function generator. This signal can be isolated by the lock-in-amplifier and its
amplitude measured. The amplitude of the AC signal (Al) is linearly dependent on
the magnitude of V. Al, where [, is the half maximum intensity, is proportional to
the r;; displayed by the poled sample. Specifically, the AC signal is related to s and

p polarization differential refractive index change as a function of applied electric



38

field. Such a differential refractive index change results in a shift in W, and an

sps
accompanying increase in intensity at the detector. Strict derivation of the
relationship of W, to I /I, has been described by other authors. "' *® A truncated
version is presented here for explanatory purposes.

The EO induced refractive index change under application of the electric
field E,, for the p polaﬁzation, can be written as
on, =-n’r,E.I2 (2.3.2)
the s wave index change can likewise be written
on, =-n,'n,E./2 (2.3.3)
Using the relationship®
Y, =(4ad/ M[(n,” -sin*0)” = (n,/n,)(n," ~sin’ 6)"*] (2.3.4)
taking into account refraction angle (), and path length changes, it follows that

5
sn, + s (23.5)

on

[ [

- 6IPsp
on

oy,

From symmetry considerations, it is assumed that r;; = 3r,;. For cases where linear
birefringence is low, e.g. poled polymers, the approximation n=n.=n can also be
made. When these approximations are employed, Equation 2.3.5 is simplified and
can be written as

y _4mdryE.  n,sin’6
¥ 34 (n®-sin’g)"

(2.3.6)

where d is the sample thickness, and A is the probe wavelength. When W, is set at

90° or 270°, then I, will be at half maximum intensity, I.. At this ¥, where the

sp?
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curve is most linear, the ratio between the modulated intensity, I, and output

intensity, I, can be taken as
Im /Ic = 61/Js‘p

from this approximation, ®

~ 3M, (nz—sin29)”2a1 1
4nV I n? sin’ @ e

m-c

T3

(2.3.7)

(2.3.8)

all parameters can be determined directly from the measurement (Figure 2.3.1).
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Figure 2.3.1: W, scan plot showing AC and DC detector response for a poled
sample of EO dendrimer created by a full SB compensator actuation cycle

For the calculation of r;;, modulated intensity, I, and output intensity, I,

were directly determined from the amplitude of the AC (lock-in-amp), and DC (DAC

interface), waves respectively. The two waves were analyzed by curve fitting, using

the equation

K, +K;sin(K,x +K,)

(2.3.9)
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where K, is the peak-to-zero sine-wave amplitude, and represents I, directly for

the DC wave. To obtain the correct I, value, K, from the AC wave fit was treated by

lock _in _ sensitivity

(2.3.10)

m — “*lac

full _range _voltage
in order to correct for amplifier gain factor. The value for V, was set by the function
generator and corrected for sample conductivity by directly monitoring the peak-to-

zero voltage applied across the sample electrodes using an oscilloscope.

2.4 Real-Time Poling Behavior Analysis Through in-situ Monitoring

Optimization of the poling conditions for each material was performed
through in-situ monitoring during the poling process. For real-time monitoring of EO
film properties, a second LabVIEW program was created. This program allowed the
simultaneous control of temperature and applied poling voltage while monitoring the
[/1, ratio, time, and current. This monitoring allowed the correlation of poling
conditions with changes in approximate r;;.

Poling voltage was applied by superimposing a DC bias onto the modulation

waveform as shown by

1%

(1)

=V, +V sinw,t (2.4.1)
where Vdc corresponds to the poling field, Ep, and is reported in units of V/um

(inset Figure 2.2.1).



temp(C}

Current (A)

Figure 2.4.1: Real-time plot of the poling behavior of an EO dendrimer sample,

100

20

80

70

60

50

40

1 i

i — 1

300 400 500

2.5 10°

2 10*

A
o
-
(o]
S

1 10*

5000

Q

800 700 800 ego
time (s)

T T
i

T T T 1.2

| — = et A |

i !
—= -Im/lc
- - I
e i

1 I

300 400 500

800 700 800 200
time (s)

ju

41

I/I. « 15 is shown in the lower panel plotted with current (nA), the upper panel
displays the temperature ramp (°C)

Before sample analysis, the output intensity was set to I. by moving the SB

compensator. The [ /I, ratio was then monitored while the sample was heated

according to a temperature ramp program. The poling voltage was adjusted during

the run while limiting the current to an acceptable level (< 0.5 mA). An example of

the plotted output is shown in Figure 2.4.1.
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From the real-time poling plot, it was evident that an optimum poling

temperature existed for each material. By monitoring the current that passed through
a sample as a function of temperature, an abrupt transition, or thermally stimulated
current (TSC), was observed.” This TSC corresponded very well to the glass
transition, T,, observed for each material by differential scanning calorimetry (DSC).
Optimum poling temperature was determined to correspond to the onset of the DSC
measured glass-transition. Final r,;; determination for the poled sample was

accomplished by W, scan after cooling to ambient temperature and removal of E,.

2.5 Study of Dipolar Orientational Dynamics in EO Thin-Films

Thermally-induced randomization of dipolar orientation was also
investigated using the in-situ TMT. The EO coefficients of poled samples were
monitored over time as a function of temperature. Dynamic studies, as well as
isothermal studies, were performed. The dynamic thermal stability experiment was
performed by monitoring the EO coefficient of a previously poled sample during a
temperature ramp. This type of experiment illustrated at what temperature, abrupt
dipolar randomization, as measured by loss of r;;, occurred. An example of the data
obtained is shown in Figure 2.5.1. This experiment was useful for comparison of the
thermal stability of EO effects among several materials.

Crosslinking chemistry has recently been given high research priority in the
field of organic EO materials.”!' Lattice-hardening, or post-poling curing, can
greatly improve the thermal and temporal stability of EO effects in organic materials,

increasing useful device lifetime. The example shown (Figure 2.5.1) illustrates the
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difference in thermal stability between an un-crosslinked dendrimer /

chromophore composite sample and a sample that was cured through Diels-Alder
“click-chemistry”-based crosslinking. A difference of 48 °C in thermal stability is
observed between the two materials. These results illustrate both the utility of the
crosslinking technique and the power of the in-siru TMT for material property

characterization.
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Figure 2.5.1 Dynamic thermal stability experiment performed on crosslinked
(d4pas69) and uncrosslinked (41_124 25%) samples

In addition to dynamic thermal stability experiments, isothermal experiments
were also very useful. Isothermal EO coefficent stability experiements were
somewhat more precise. Similar to DSC experiments, dynamic experiment results

varied slightly depending on the temperature ramp rate (10 °C / min is typical).
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Isothermal data was also used in accordance with the time-temperature

superposition principle for the study of the activation energies of thermal transitions
in materials that display significant differences in glass transition behavior.>’

An isothermal experiment was performed by heating a poled sample at a
stable, elevated temperature below its T,, and monitoring I,/I. as a function of time.

Data plotted for such an experiment is illustrated in Figure 2.5.2.
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Figure 2.5.2 Isothermal ri; stability study performed at 65 °C over 4 hrs on pure
dendrimer (PSLD_41) and doped dendrimer (41_124 15%) samples

2.6 Conclusions

The TMT or simple reflection ellipsometry technique represents a powerful
and convenient tool for the evaluation of EO properties in electric field poled organic
materials. Modification of the standard TMT to include in-situ, time-resolved

monitoring allows quick optimization of processing conditions and brings about a
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deeper understanding of EO mechanisms. Data obtained from isothermal r;; decay

measurements clearly show Arrhenius decay behavior at temperatures below Tg.
This type of behavior is very characteristic of a dipole orientational relaxation
behavior.”

Unlike SHG experiments, the TMT experiment evaluates Pockels tensor
elements directly. This increases the applicability of the findings to expected
material behavior when incorporated into a finished photonic device. The in-situ
TMT is a very powerful and convenient technique both for applied material science

as well as fundamental study.

2.7 Experimental Section

Thin Film Fabrication And Spin Coating Procedures: ITO slides were
half-masked with vinyl adhesive tape and etched by submersion in a 1:1 conc. HCI :
DI-H,0 solution for 2 hours. The masking tape was removed and the slides were cut
into 1 x 1 inch squares. Each 1-inch square (now half ITO coated) was individually
washed using DI-H,0 and standard glassware detergent. The squares were then
placed in a vertical holder and submerged in an ultrasonic bath filled with isopropyl
alcohol. The squares were sonicated for 5 minutes. The cleaning bath was then
changed to acetone and sonication was continued for an additional 5 minutes. The
half-ITO squares were then removed and solventl evaporation was allowed. EO
materials were dissolved in their respective spin coating solvents at the desired
weight percent in pre-cleaned vials. The solutions were allowed to dissolve for the

appropriate amount of time (several hours for APC) and then filtered using a 0.2-um
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filter. Each slide was placed on the spin coater chuck and the full ITO area and

half of the etched side were coated with EO material solution. The coating
procedure was accomplished using a half-length Pastuer pipette held slightly above
the slide surface. EO material solution was applied by coating in a circular motion
from outside in. Samples were spun at appropriate speeds for each material, yielding
1 to 2 um film thickness. Samples were soft-baked in air on a hotplate for 5 minutes
at 75 °C and then cured under full vacuum at 65 — 85 °C for 12 hours. Film
thicknesses were determined using a surface profilometer. Gold electrodes were
then deposited directly atop the films (= 120 nm) by ion (sputter) coating, using a
three-electrode mask. Each l-inch square was then cut into three separate samples.

Finally, wire leads were attached to the ITO and gold electrodes using silver paint.

Measurement Component Configuration for In-Situ TMT: The computer
interface for the measurement was accomplished using a LabVIEW virtual
instrument (vi). This vi controlled all of the various components of the instrument.
The J-Kem Scientific Model 210 temperature controller was equipped with a T-type
thermocouple and was interfaced using a serial RS232 port. The temperature
controller regulated the heating rate of two 1/4 inch 100 watt, 120 volt AC cartridge
heaters connected in parallel. The Newport Motion Controller (MM4005) was
equipped with a Newport CMA-12pp linear actuator to cycle the SB compensator.
The motion controller was computer interfaced using IEE-488 PCI-GPIB. A
Keithley 6485 Picoammeter was employed for current measurement also through

[EE-488 PCI-GPIB. Poling voltage was supplied by a Stanford Research Systems
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PS350 / 5000V-25 W power supply. The sinewave modulation waveform was

generated by a (Stanford Research Systems, DS335), 3.1 MHz synthesized function
generator. The DC power supply, picoammeter, and function generator were
interconnected using the bandpass filter circuit illustrated in Figure 2.7.1.

This filter circuit allowed for the simultaneous application of poling and modulation
voltage according to Equation 2.4.1. The circuit contains built-in protection diodes
to limit voltage across individual components. The 8.5 mW probe beam was
produced by a 1310 nm diode laser (LaserMax, 1300-10). All optics and mounts
were purchased through ThorLabs Inc. The output beam was detected using an
InGAs photodetector. The detector signal was amplified using a low-noise

preamplifier (Stanford Research Systems, SR570).
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Figure 2.7.1: Bandpass filter cicuit allowing DC bias of the modulation waveform
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The modulated signal was measured by monitoring the amplifier output

using a Lock-in-amplifier (Stanford Research Systems, SR830 DSP) synchronized to
1KHz using the function generator synch output. Outputs from the preamplifier and
lock-in-amplifier were routed through a shielded connector block (National
Instruments BNC-210) to a DAQ card (National Instruments NI-PCI-6036E). Poling
and modulation voltages were monitored directly at the sample electrodes using an

oscilloscope (Agilent, 54610B, 500 Mhz) with a 10 M2 voltage probe.
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Figure 2.7.2: Schematic diagram of heating stage for sample attachment

Schematics for the sample stage are shown above in Figure 2.7.2. The

assembly was mounted on a X — Y translation stage attached to a 360° rotation stage.
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The rotation stage was set at 45° with respect to the probe beam. The cartridge

heaters were inserted within the heating block and isolated from the mounting

assembly by a thin teflon sheet.

In-situ Monitoring of the Poling Process: A sampie was mounted onto the
heating stage, glass side down, with the gold electrode placed over the horizontal
slot. The probe beam was centered on the electrode using a 650 nm alignment beam.
The irises were aligned to block the unwanted reflection from the glass surface.
Electrode leads were then attached to the power terminals with the gold lead attached
to the cathode minimizing charge injection. The sample chamber was then sealed
and flushed with argon. A full SB compensator scan was performed in order to
determine the position at which W, led to I, or half maximum intensity on the I,
curve. The compensator was then set to this position and stopped. A small voltage
(= 40 V/um) was then applied using the DC power supply with the modulation
voltage set to 10 volts peak-to-zero. A temperature ramp was then initiated along
with LabVIEW data collection. Maximum I/I. was observed just before T,,. At T, a
poling voltage drop was observed corresponding to an abrupt decrease in sample
resistance according to Ohm’s Law. This voltage drop was accompanied by a
decrease in I/l indicating that optimum poling temperature had been surpassed.
The data obtained was then plotted to give a graphical representation similar to
Figure 2.3.2. From this plot, optimum poling temperature was determined, and
poling conditions were revised accordingly. Following the optimized protocol,

samples were treated as before. After poling, the samples were cooled to ambient
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temperature, the E, voltage was removed, leaving only V,,. The SB compensator

was then returned to its zero position and scanned through its full range to calculate
the resultant r;;.

Dynamic Thermal r;; Decay Experiment: A sample of EO material was
poled as above. After the sample was equilibrated at room temperature and its rs;
measured, its thermal stability was evaluated. The poling field was removed, and the
SB compensator was again set to give an output intensity equal to I.. The real-time
LabVIEW monitor program was initiated and a temperature ramp was begun (10 °C
/ min). The I./I. output was then recorded until a sharp drop ending in a near-zero
value was recorded. The output was then normalized and plotted. The onset of the

fast decay transition was noted as the dynamic thermal stability of the material.

Isothermal Elevated Temperature r,; Stability Measurement: Each EO
material composition was poled as noted previously. A typical sample was poled
using an optimized procedure. After optimum EO value was reached and the sample
was equilibrated under heating, the thermal controller setpoint was reduced. The
sample was allowed to cool to the desired temperature and the poling field was
removed. The I /I, ratio was then recorded for a predetermined time period.
Thermally-induced decay rates were evaluated at a series of temperatures for each
EO material. The data was then analyzed to determine various thermal stability

parameters.’
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Chapter 3

Novel Dendritic Chromophores for Electro-optics;
Influence of Binding mode and Attachment Flexibility on
EO Behavior

Reproduced in part with permission from Chem. Mater. 2006, 18, 344-351,
Copyright 2006 American Chemical Society

3.1 Introduction

Multichromophore dendritic EO materials were recently introduced as a
method for forcing chrbmophore separation through steric interaction, thus reducing
detrimental dipole interactions. These materials consist of EO-active, dipolar
chromophores covalently bound to form a dendritic structure. This arrangement acts
to site-isolate each active unit within the internal free volume created by the
dendrimer." ? Site isolation allows each individual chromophore to reorient more
independently in response to the external poling field. This reduction of
intermolecular electrostatic interactions allows for increased active chromophore
number density in the formulation of a composite material, thus enhancing electro-
optic response.” Dendritic encapsulation, as well as the use of dendronized
sidechain EO polymers created by post-funtionalization, have recently been shown to
lead to large EO coefficients and improved material qualities.*® EO materials in
which active chromophores are covalently bound also present benefits such as
reduction of chromophore-polymer phase separation, enhanced thermal stability of

EO effects, and the possibility of using covalent attachment to augment external
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ordering forces.'" ! Covalent chromophore attachment may also be implemented

to introduce initial asymmetry, or to scaffold innovative architectural design in order
to facilitate supramolecular self-assembly. The degree of dipolar ordering within a
covalently attached chromophore-host matrix, and the resulting macroscale
properties, can be expected to be heavily dependant on subtle differences in
architectural design.” ' It is thus necessary to explore such dependences in detail. In
particular, in the design of photonic materials based on a dendritic architecture, there
exist many fundamentally different possibilities for the covalent attachment of
dipolar, high B chromophores to inert matrix building blocks. One important design
feature is dipolar orientation with respect to the matrix or dendrimer core.'> A second
is the nature, especially length, flexibility, and polarity, of the spacer group chosen to
facilitate chromophore attachment.

To begin exploration of such fundamental architectural design parameters,
four dendritic EO chromophores were designed, prepared, and evaluated. A set of
two chromophores was first constructed incorporating a succinate di-ester,
chromophore-core tether group. These dendritic chromophores were designed in
such a way that they differed only in the dipolar orientation of the active units with
respect to the chromophore-core tether group. In one dendritic chromophore the
active unit dipoles were oriented normal to the tether group (side-on), and in the
other they were oriented parallel to the tether group (end-on). The dendritic
chromophores were also compared against the corresponding free chromophore
FTC. To investigate the effects of tether group composition, and to more precisely

compare thermal relaxation behavior, two additional dendritic chromophores were
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then designed using information gathered thus far. These dendritic chromophores

were again constructed in side-on and end-on fashion but with a longer, more
flexible, mono-ester, chromophore-core tether group derived from a hexanoic acid.
A thiophene containing, FTC type chromophore was chosen as the EO active
unit for construction of all dendritic chromophores in this study because of its
robustness as well as its relatively large p value.’ Thin film composites of the
dendritic compounds as well as FTC dispersed into amorphous polycarbonate (APC),
were deposited atop ITO-coated glass substrates, and evaluated for differences in EO
activity. The dynamic behavior of EO response was observed using an in-situ pole-
and-probe, single beam polarization interferometry reflection apparatus.'® '* Signal
decay times were employed to estimate the activation energies associated with
relaxation of the dipolar, chromophore lattice. The effect of binding geometry, and

tether group composition on EO behavior was thus investigated.

3.2 Evaluation of EO Behavior as Dendrimer APC Composite Films

Each dendritic chromophore was mixed with solid APC (6.14x10"
chromophore active molecules in 0.09g of APC). The solid components were then
dissolved into cyclopentanone (8% total solid weight). The solutions were stirred,
filtered, and then spin-cast onto ITO coated glass slides. Film thicknesses were
measured to be 2.2- 2.5 um using a surface profilometer (KOSAKA, ET-3000).
Gold was then deposited at the surface of the polymer-composite film to create both
a reflective surface for measurement and an electrode for application of poling and

modulating fields.



55
The EQO measurement method used was a modification of the standard

reflection technique used for measuring EO effects in thin films and calculating
corresponding 133 values.'® ' The experimental setup employed has been described
more fully in chapter 2. For standard EO measurement the film was contact poled
and an AC voltage (10 Vs at 1 kHz) was applied to the sample.'* The modulated
signal intensity (/,) was simultaneously monitored. The linear EO coefficient r33 is

directly proportional to 7,,/I. and was calculated using

1
2202
L P et /NS (3.2.1)
4V, I.n sin“6

r. 33
In this equation, n is the refractive index at the probe beam wavelength
(A=1300 nm), I, is the amplitude of EO modulation, ¥,, is the AC voltage applied
and I, is the intensity of incident light where the phase retardation between Tg and
Twm is 90°
DC biased or in-situ measurements were performed by mounting the sample
on a hot stage and applying a combination of a constant DC poling field (adjustable)
and an AC modulating field, as represented by
V(t)y=Vpe +V,sinar (3.2.2)
This method allows for simultaneous poling and probing of the sample while

monitoring sample temperature and current flow.
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3.3 Physical and PhotoPhysical Properties of Succinic Ester Tether Based
Multichromophore Dendrimers

The first two dendrimers (figure 3.3.1), were based on a 1,1,1-tris-(succinic

acid phenyl ester)ethane core. This core incorporated a relatively short, inflexible,

succinic acid ester, chromophore-core tether group.
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Figure 3.3.1: Free chromophore FTC (I), side-on dendritic chromophore (PSLD-
138, II), and end-on dendritic chromophore (AALD-1062, III).

Synthesis of the side-on EO-active moiety (6), began by Horner-Emmons
olefination of (4-bromo-2-thienylmethyl)phosphonate with aldehyde 1 to produce
donor-bridge 2. In order to create an attachment point, a low temperature kinetic
formylation reaction was used to produce aldehyde 3. The aldehyde was reduced
quantitatively to give 3-hydroxymethylene substituted donor-bridge 4. Product 4

was then formylated once again to give structure 5. Knoevenagel condensation of the
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2-cyanomethylene-3-cyano-4, 5, S-trimethyl-2, 5-dihydrofuran (TCF) acceptor to

aldehyde 5 was performed to yield chromophore 6, as a copper-like solid.'® '* The 3-
hydroxymethylene unit in chromophore 6 was then used to ring-open succinic
anhydride. This reaction produced the carboxylic acid functionalized chromophore 7.
Molecule 7 was then attached to 1,1,1-tris(4-hydroxy-phenyl)ethane to create the

side-on dendritic chromophore PSLD- 138 (II, Scheme 1).

Scheme 3.3.1. Synthesis of side-on dendritic chromophore PSLD-138 (II)*
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*Conditions: (i) ‘BuOK, THF, RT overnight, 90% (ii) (a) n-BuLi, Et,O -78 °C, 3hr;
(b) DMF, RT, 18hr, 67% (iii) NaBHs/NaOH, MeOH/THF 0 °C-RT, quant.) (iv) (a)
n-BuLi, THF, -78 °C, 3hr (b) DMF, RT, 18hr, 87% (v) NH4OAc/EtOH, 50 °C, 12hr
(80%) (vi) DMAP, Py, DCM, RT, 6hr, 96% (vii) DCC/DPTS, THF/DCM, RT, 24hr,
88%.
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Synthesis of the end-on type EO-active moiety (AALD-1062, compound

III), proceeded in an analogous manner. The only variation was the creation of an
attachment point on the donor side of the molecule rather than the bridge.

UV-visible absorption spectroscopy revealed that side-on compound II had a
Amax 0f 672 nm in chloroform solution and 655 nm in an APC film. This was very
similar to FTC (I), which exhibited a Apax of 672 nm in chloroform and 659 nm in
APC film. End-on compound III showed a Amax of 635 nm in chloroform and 627
nm in APC. This trend was also observed through cyclic voltametry analysis.?’ Free
FTC records a HOMO-LUMO energy gap E; = 1.529 €V, while the dendritic
chromophores II and III were found to exhibit E; = 1.503 eV, and E; = 1.606 ¢V
respectively. The largest energy gap was displayed by end-on compound III while
side-on compound II displayed an energy gap similar to FTC. This difference can be
understood by the presence of the electron withdrawing ester group at different sites
on the dipolar, conjugated system. Such an explanation was supported by 'H NMR
data (Figure 2). Doublet b (Jy.u = 15.5Hz, trans C=C, 1H), can be assigned to
vinylic protons closest to the chromophore electron-accepting moiety. These proton
resonances exhibit a substantial downfield shift for side-on compound II. This shift is
caused by a reduction of electron density at this site effected by the proximity of the
ester tether group. Doublet a (Jyy = 8.3Hz, phenyl, 2H), was assigned to phenyl ring
protons closest to the amine electron-donor portion of the chromophore. Doublet a
shows a relative downfield shift for protons in this position on end-on compound III.
This shift results from attachment of the ester tether group close to the amine donor,

reducing electron density at this site. The end-on attached system can be expected to
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be affected to a greater extent due to more effective communication between the

nonbonding nitrogen lone pair and ©* of the ester. No other pronounced shift
differences were observed in proton resonances between dendritic EO-active
moieties. These specific differences in "H NMR spectra support the hypothesis that
observed differences in optical E; can be attributed largely to intra-molecular effects

rather than differing external interactions.
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Figure 3.3.2: Aromatic region of "H NMR spectra of dendritic chromophores II and
III

Variable angle spectroscopic ellipsometry measurements were performed on
APC films containing FTC, and dendritic compounds II and III (6.14x1019

chromophore active molecules in 0.09 g of APC). These data were used in
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combination with the absorption spectra of each film to accurately determine the

real and imaginary part of refractive index at 1300 nm. Using consistent
measurement conditions these samples containing FTC, side-on compound II, and
end-on compound III, displayed refractive indices of 1.68, 1.64, and 1.62,
respectively. The larger refractive index displayed by samples containing free
chromophore FTC relative to samples containing dendritic compounds II and III, is
consistent with a greater dielectric constant and larger 1%-order (linear)
susceptibility. Due to a greater freedom of motion, bulk linear polarization is more
easily induced in samples containing free chromophore FTC. Consistently, films
containing side-on compound II display a higher refractive index than is recorded for
samples containing end-on compound III. This refractive index data was then used
for calculation of the EO coefficient.

Melting and glass transition temperatures were obtained for pure samples of
the EO materials by differential scanning calorimetry. FTC displayed a melting and
probable decomposition point at 242 "C, but showed no Tg. Dendritic chromophores
IT and III displayed almost identical Ty of 110 °C regardless of the difference in the
binding mode of the chromophore. Additionally, measurements of a thermally
stimulated flowing current were performed using APC films containing comparable
loading of the active materials (concentration noted above). This experiment was
used to determine the temperature at which an abrupt spike in current was observed
under applied dc voltage. This “transition temperature” (Ty;), can be used to help
determine the optimum poling temperature for the EO experiments. The Values of

Ty can be expected to correlate closely with the temperature required for an abrupt
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increase in degree of molecular freedom within the host matrix corresponding to

energy required to overcome intermolecular interactions such as Van der Waals
forces. This Ty is also an indication of proximity to the material dielectric breakdown
point for a given temperature and electric field. The lowest temperature transition

occurred for the sample containing FTC at 129 °C, followed by sample containing

end-on III at 158 °C, then the highest by the sample of side-on II at 163 °C.

For the study of electro-optic activity, an equal number (concentrations noted
previously) of active units (EOQ-active moieties) of pure materials FTC, succinic acid
ester tether based dendritic chromophores side-on II, and end-on IIT were dissolved
into amorphous polycarbonate (APC). In order to observe optimized EO coefficients
as well as dynamic behavior, a real-time pole and probe modification to the simple
reflection setup was used. Under a poling field of 70V/um, FTC demonstrated the
highest average r3; (= 25 pm/V) of the three, while samples containing side-on II and
end-on III displayed lower average r3; values of » 9, and = 5§ pm/V, respectively.

For the purpose of evaluating the temperature at which dipolar relaxation, or
loss of EO signal is initiated, a dynamic, thermally induced relaxation experiment
was performed. Fresh films of dendrimers II and III, as well as FTC in APC were
poled to reach their respective maximum EO signal as previously described. The
samples were cooled with continued application of the DC poling field. The poling
field was then removed and a temperature ramp (5 °C / min) was initiated while
observing I,/I.. The resulting data traces were normalized and plotted against one
another. Data corresponding to thin film APC composites of FTC (I), succinic acid

based side-on (II), and end-on (III), is shown in figure 3.3.3.
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Figure 3.3.3: Thermally induced EO signal decay transitions for APC films
containing side-on (II), and end-on (III) dendritic chromophores, as well as FTC (I)

The data shows that the highest temperature was required to initiate abrupt
dipolar relaxation in the side-on attached dendritic chromophore II samples
(approximately 130 °C). A temperature of approximately 110 °C was required to
initiate fast relaxation of a sample containing FTC, and 120 °C was required for
samples of end-on III. This suggested that the activation energy required for dipole
relaxation and thus randomization was smaller for the end-on than for the side-on

dendrimer samples.
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An isothermal decay study at 105 °C was also performed using APC

samples containing FTC, and each of the two succinic acid based dendritic

chromophores (Figure 4).
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Figure 3.3.4: Isothermal EO stability data for APC films containing, FTC (I),
succinic acid tether based side-on (II), and end-on (IIT) * Temperature : 105 °C

Conditions similar to those that could be encountered by a working EO
device were approximated by this experiment. After poling, the samples were cooled
to 105 °C, and the EO signal decay was monitored with respect to time. The data
obtained shows that the dendrimer systems indeed demonstrate much more thermally
stable EO properties than the simple guest-host system exemplified by FTC / APC
composites. The sample composed of FTC in APC shows a fast and dramatic decay
whereas the decay rate is greatly retarded for samples composed of dendritic

chromophores in APC.
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3.4 Physical and PhotoPhysical Properties of Hexanoic Acid Ester Tether Based
Multichromophore Dendrimers

Noting the greatly lowered EO activity of the succinic acid tether group
based dendritic chromophores compared to their free chromophore counterpart, a
longer, more flexible, tether unit seemed desirable. In order to realize this idea, two
new dendritic chromophores were designed and synthesized based on a 1,1,1-tris-(6-

phenoxy-hexanoic acid ester)ethane core.

Scheme 3.4.1: Synthetic scheme for hexanoic acid ester based dendritic

chromophores IV and V?
“(\1
HO\&/\:\/‘Br — /OW& (h) 5 i E :
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PSLD-31 AAI..D-1 104
v

Conditions: (i) H,SO4, MeOH, overnight, Quant. (ii) NaH, DMF, 90 °C, 12hr,
>99% (iii) NaOH, Acetone, 5hr, 89% (iv) DCC, DPTS, CH,Cl,, 24hr, RT, 25-68%
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Synthesis of PSLD-31 (side-on dendrimer IV), and AALD-1104 (end-on
dendrimer V) is illustrated in scheme 3.4.1. Esterification of 6-bromo-1-hexanoic
acid (8), was performed overnight using methanol and catalytic sulfuric acid to yield
6-bromo-1-hexanoic acid methyl ester (9). The standard Frechet-type tri-phenol
core, (1,1,1-tris(4-hydroxy-phenyl)ethane), was then tri-functionalized with 9 using
sodium hydride under Williamson conditions to produce 10. This tri-ester core was
then saponified to produce 1,1,1- tris(6-phenoxy-hexanoic acid)ethane (11), a
compound bearing three carboxylic-acid terminated, highly flexible, aliphatic tether
groups. Side-on type chromophore (6) bearing a center-affixed hydroxyl group,
identical to that of the active moiety in side-on compound II, was then attached to
each tether group again under mild esterification conditions to yield hexanoic acid
ester (HE) tether group based, side-on, 1% generation dendrimer PSLD-31 (IV). A
similar procedure was followed in preparation the HE-end-on, 1% generation
dendrimer AALD-1104 (V). Both dendritic materials were obtained as metallic blue
solids. Side-on IV exhibited a Amax = 679 nm in CHCls;, somewhat red-shifted
relative to @ Amax = 640 nm for end-on V. This data was consistent with the previous
succinate ester based dendrimers. Both side-on IV and end-on V were dissolved into
solutions of APC and cyclopentanone so that each formulation contained an equal
number of active molecules with respect to weight of APC, in the same
concentration as above. Thin film samples were then fabricated using the new

dendrimers.
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Thermally Stimulated Current (TSC) transition temperatures (Ty) were

observed as before. Unlike the previous succinate ester based dendritic
chromophores II and III, the new compounds IV and V displayed significantly
different Ty values. Samples composed of side-on dendritic chromophore IV in APC
show a T, of approximately 120 °C. End-on V in APC displayed T, of
approximately 110 °C. As before, higher poling temperatures were required for Side-
on IV based samples under the same poling field. Thermal analysis by DSC also
revealed a lower Tg of 90 °C for pure end-on compound V while pure side-on IV

displayed a Ty of 125 °C.

Table 3.4.1: Average and maximum r33 values for Succinate dendritic chromophores
IT and III, and hexanoic-acid ester dendritic chromophores (IV and V), and free
chromophore FTC, doped into APC.

Compound  Spacer E,(V/um) Tg°C) Time(min) r331(\;$(/v) - é;;ef'v) a
Side-on II  diester 70 110 15 10 9
End-onIII  diester 70 110 15 7 5
Side-on IV HE 70 125 15 35 27
End-onV HE 70 90 15 26 20
FTC - 70 - 15 30 25

?Average value of 5 fresh samples poled under identical conditions.

Observation of equilibrium EO values revealed that under identical
experimental conditions, differences in ry; between side-on and end-on geometries

were small, but they were consistent over multiple samples. The average r3; value
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obtained for samples of side-on IV under a DC poling field of 70 V/um was 27

pm/V. The average r3; for end-on V was 20 pm/V. EO properties are tabulated in
table 3.4.1, a maximum r3; value is shown in addition to an average determined from
the values of five freshly poled samples in order to illustrate approximate range in
r33. The values obtained using hexanoic acid tether based dendritic chromophores IV
and V represent a significant improvement over previous succinic acid tether based

dendritic chromophores II and III.
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Figure 3.4.1: Thermally induced EO signal decay transitions for APC samples
containing hexanoic acid tether based dendritic chromophores IV and V heated at a
ramp rate of 10 °C/min

Dynamic thermal decay experiments were again performed using samples of
the new materials. The resulting data shows that a higher temperature was again

required to initiate abrupt dipolar relaxation in the side-on attached dendrimer IV
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samples. Somewhat lower temperatures were required to initiate fast decay in

samples of dendrimers IV and V than in samples containing dendrimers II and III.
This behavior was expected due to the more aliphatic nature (longer chain length and
increased flexibility) of the hexanoic acid ester tether in IV and V. A temperature of
approximately 108 °C was required to initiate fast relaxation of a sample containing
end-on V, and 114 °C was required for samples of side-on IV. Again the side-on
type compound consistently displayed a more thermally stable EO signal

(figure 3.4.1).

In order to more precisely compare average activation energies for initiation
of dipolar relaxation between the side-on and end-on binding geometries, EO decay
curves of the two new hexanoic acid tether group based compounds were recorded at
various elevated temperatures, normalized, and plotted. Data was gathered for
samples containing dendritic chromophores IV and V at experimental temperatures
of 109, 114, 119 °C. These data were then analyzed by curve fitting, using the
Kohlrausch-Williams-Watts (KW W) stretched exponential function.
(q,/1),=U,/1,),+Ad, /1)exp(-t/7)") (3.4.1)

Where 1 represents relaxation time, and B represents a stretching parameter.
The KWW function yields an average relaxation time <t> given by*" 2
<z>=(t/ B/ p) (3.4.2)

Activation energies (Kcal/mol) for dipolar relaxation were then estimated from a
linear plot of log <t> vs. 1/T. Isothermal decay data for APC samples containing

compounds IV and V are depicted in figure 3.4.2.
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Comparison of average relaxation times <t>, reveals that side-on IV

exhibits much larger average activation energies (303 Kcal/mol compared to 125
Kcal/mol, (table 3.4.2). This data emphasizes the point that the side-on chromophore
attachment geometry provides improved thermal EO signal stability when compared

with the end-on attached arrangement.

End-on V

(ra)(r3s)o

0.94

Time (s) Time (s)

Figure 3.4.2: Data plots depicting EO decay of poled APC samples containing
dendritic chromophores IV and V heated at constant temperatures of 109, 114, and
118 °C.

As an amorphous polymeric film is heated near its glass transition, molecular
motion rates may be expected to increase abruptly by nearly 10 orders of
magnitude.”® This high rate of molecular motion promotes both ordering in the
presence of an electric field, and relaxation to a preferred state without. The energy
required to cause this increase in average molecular motion depends on many
factors. These factors may include polymer main chain rigidity, degree of branching,

free volume, chromophore binding mode, and chromophore electrostatic
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interactions.”> 2 Upon poling, the dipolar order induced within the guest-host,

dipolar chromophore system induces intra- and intermolecular strain. The nature and
magnitude of this strain is strongly dependent on chromophore shape, and the nature
of the interaction of the dipolar unit with its surroundings.

Table 3.4.2: Isothermal decay data: relaxation time (t), average relaxation time

(<t>), stretching parameters (B), and activation energies (E.), for dendritic
chromophores IV, and V

end-on V side-on IV
temperature
(s) <t>(s) b 7 (8) <1>(s) b
118 °C 47.39 817.54 0337 133.37 666.57 0.3506
114 °C 67.66 1369.50 0.300 454.55 14354.25 0.227
109 °C 409.33 32669.02 0.256 2327.21 6037700.72 0.150
Ea
(Kcal/mole) 124.57 302.84

3.5 Conclusions

Four novel dendritic chromophores were synthesized. These dendritic EO-active
materials were dispersed into APC and tested as thin-film composites using a real-
time, in-situ pole and probe EO measurement apparatus. The results demonstrate a
dependence of EO behavior on chromophore tethering orientation. The side-on type
dendritic chromophore showed greater thermal stability (higher activation energy for
dipolar randomization), than the end-on. The differences in average ry; between side-
on and end-on geometries were rather small but consistent. EO behavior was shown
to depend heavily on the length and rigidity of the moieties used to covalently anchor
the chromophore to the inert host or core. A nearly three-fold enhancement in EO

coefficient was noted when the short-diester tether group was replaced by a longer,
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more aliphatic system. Changes in tether group rigidity might be expected to also

affect the magnitude of the r3; difference between side-on and end-on attachment
geometry but the data obtained suggest that these effects are small. The major
differences are observed in thermal stability data. The hexanoic acid based molecules
IV and V displayed r3; values that were very comparable to those of FTC while
maintaining much improved thermal EQO stability. All four dendrimer systems
exhibited much slower thermally induced EO signal decay rates as compared to free
chromophore FTC. This study demonstrates the importance of seemingly subtle
design changes in the nanoscale architecture of dendritic chromophore systems for
2nd-order nonlinear optics. It also suggests intelligently designed dendritic EO
chromophores as promising candidates for further development.

In future experiments we seek to further explore the use of these dendritic effects
in the rational design of new materials with greatly amplified EO coefficients.
Incorporation of chromophores with enhanced hyperpolarizabilities is in progress. In
addition, amplification of the dendrimer site-isolation effect can be achieved through
the addition of bulky second-generation dendrons to the outer periphery, thereby
increasing the degree of chromophore encapsulation. The use of an optically inert
host polymer matrix inherently reduces EO material performance through restrictive
effects, compatibility problems, and reduced active chromophore content per unit
volume. An attractive goal and potential improvement may be found in polymer-free,
all dendrimer thin-films. In addition to the high thermal stability of EO effects
demonstrated by dendritic chromophore architectures, lattice hardening chemistry

can be envisioned to further improve thermal properties.
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3.6 Experimental Section

General: All commercially available starting materials were purchased from
Aldrich, or ACROS Co. and used without further purification unless otherwise
stated. HPLC grade tetrahydrofuran and diethyl ether were purchased from Fisher
chemical and distilled from sodium and benzophenone immediately before use.
HPLC grade methylene chloride was also purchased from Fisher and distilled from
CaH prior to use.

All reactions were performed under an argon atmosphere unless otherwise
stated. Alkyl lithium reagents were purchased from ACROS and titrated using 4-
biphenylmethanol according to literature method.”> Diethyl (4-bromo-2-
thienylmethyl)phosphonate,  diethyl (2-thienylmethyl)phosphonate,26 and 2-
cyanomethylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran (TCF),”” were prepared

according to literature procedure.

Synthetic details for Succinate acid ester based dendritic chromophores II and
III;

{4-[2-(4-Bromo-thiophen-2-yl)-vinyl]-phenyl}-diethyl-amine (2): An oven
dried, mag.-stirred, 250 mL RBF was charged with a solution of diethyl-4-bromo-2-

thienylmethylphosphonate (29.0 g, 93.0 mmol), and 4-(N,N-
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diethylamino)benzaldehyde (11.0 g, 62.1 mmol) in 100 mL freshly distilled THF.

Potassium tert-butoxide (105 mL, 1.00 M soln. in THF) was added dropwise over
0.5 hr. The mixture was allowed to stir for 12 hrs and 100 mL NaCl (sat’d) was
added. The organic phase was separated and extracted with dichloromethane (DCM).
The organics were then combined and dried over MgSO,, filtered, and the solvent
was removed in vacuo. The resulting crude product was then purified by silica gel
column chromatography (5% EtOAc/Hexane) to yield 10.0 g (99.0%) of a bright
yellow solid. m.p.= 80 °C, '"H NMR (300.1 MHz, CDCl;): & (ppm) 7.36 (d, J = 8.73
Hz, 2H), 7.02 (s, 1H), 6.95 (d, J = 16 Hz, 1H), 6.89 (d, /=16 Hz, 1H), 6.46 (d, J =
8.73 Hz, 2H), 3.41 (q, J = 6.9 Hz, 4H), 1.22 (t, /= 6.9 Hz, 6H).

3C NMR (75 MHz, CDCL): & (ppm) 147.77, 145.10, 130.11, 127.99, 126.14,
123.55, 119.64, 115.59, 111.33,110.01, 44.42, 12.68.

HRMS (ESI): exact mass calcd for C;sH;sBrNS [M+H]+, 336.0404. Found, 336.0409.

5-[2-(4-Diethylamino-phenyl)-vinyl]-thiophene-3-carbaldehyde (3): A
solution of n-BuLi (1.6 M in hexanes) was titrated using 4-biphenyl methanol as the
indicator and found to be 1.20 M.! An oven dried, mag.-stirred 250 mL RBF was
charged with 3-bromo-5-{4-[N,N-diethylamino]styryl}thiophene (2) (9.10 g, 27.1
mmol). This was dissolved in 100 mL freshly distilled diethyl ether and was then
cooled to —78°C (dry ice/acetone). The n-BuLi (22.0 mL, 27.1 mmol) was then added
dropwise over 15 min. The reaction temp was raised slightly by addition of more

acetone to the bath. The reaction was stirred for 10 min. and then quenched with dry
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DMF (20.2 mL, 260 mmol) by dropwise addition. The cooling bath was removed

for 10 min. and then NH4Cl1 (sat’d, 100 mL) was added. The organics were separated
and the aqueous phase was extracted with EtOAc. The organics were then combined,
dried of MgSOy4, and the solvent removed in vacuo. The crude product was purified
by silica gel column chromatography (5% EtOAc/Hexane) to yield 7.0g (90%) of a
non-flourescent, yellow, crystalline solid. m.p. = 84 'C

'H NMR (300.1 MHz, CDCl;): & (ppm) 9.84 (s, 1H), 7.88 (d, J =9 Hz, 1H),
7.36 (m, 3H), 6.98 (d, J = 16 Hz, 1H), 6.90 (d, J = 16 Hz, 1H), 6.67 (d, /=9 Hz,
2H), 3.41 (q, /= 6.9 Hz, 4H), 1.21 (t, /= 6.9 Hz, 6).

BC NMR (75 MHz, CDCL): & (ppm) 184.99, 147.87, 146.15, 143.41,
134.54, 131.19, 128.05, 123.34, 120.86, 115.67, 111.61, 44.41, 12.65.

HRMS (ESI): exact mass calcd. for C17H;0NOS [M+H]+, 286.1266. Found,

286.1255.

{5-[2-(4-Diethylamino-phenyl)-vinyl]-thiophen-3-yl}-methanol (4): A 250
mL, 2-neck, mag.-stirred, RBF was equipped with an addition funnel and charged
with NaBH, (0.400 g, 10.5 mmol). An aqueous solution of NaOH (8 mL, 0.2N) was
then added and the mixture was cooled to 0 °C (ice bath). A solution of 5-[2-(4-
diethylamino-phenyl)-vinyl]-thiophene-3-carbaldehyde (3) (7.00 g, 24.6 mmol)
dissolved in 1:1 THF/MeOH (40 mL) was then added dropwise. The reaction was
stirred for 30 minutes and the cooling bath was removed. After 1 hour the reaction
was quenched by the slow addition of NH4Cl (sat’d). The organics were separated

and the aqueous phase was extracted with EtOAc. The organics were then combined,
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dried of MgSQy, and the solvent removed in vacuo. The reaction was quantitative

by NMR and the product was used without further purification. m.p. =97 'C

'H NMR (300.1 MHz, CDCl3): 8 (ppm) 7.36 (d, J = 9 Hz, 2H), 6.99 (m, 3H),
6.87 (d, /=16 Hz, 1H), 6.68 (d, /=9 Hz, 2H), 3.91 (q, /= 7.2 Hz, 4H), 1.19 (t, J =
6.9Hz, 6H).

BC NMR (125.1 MHz, CDCLy): & (ppm) 147.5, 145.01, 142.70, 129.05,
127.78, 123.94, 119.41, 116.93, 111.73, 60.88, 44.42, 12.62.

HRMS (ESI): exact mass calcd. for C;7H22NOS [M+H]", 288.1422. Found,

288.1408.

5-[2-(4-Diethylamino-phenyl)-vinyl]-3-hydroxymethyl-thiophene-2-
carbaldehyde (5): In a 250mL, oven dried, mag.-stired RBF, {5-[2-(4-
diethylamino-phenyl)-vinyl]-thiophen-3-yl}-methanol (4) (5.61 g, 19.5 mmol) was
dissolved in freshly distilled THF (30 mL). The solution was then cooled to —78°C
(dry ice/acetone). n-BuLi (40.7 mL, 48.9 mmol, 1.2M sol’n. in hexanes) was then
added dropwise over 15 minutes. After addition a light green color was observed.
The mixture was allowed to stir for 1 hour and then quenched with dry DMF (7.57
mL, 97.7 mmol). The reaction was allowed to warm to room temperature overnight.
A saturated solution of NaCl (100 mL) was then added. The organics were separated
and the aqueous phase was extracted with DCM. The organics were combined, dried
of MgSOQy, and the solvent removed in vacuo. The crude product was purified by
silica gel column chromatography (5% EtOAc/DCM) to yield 5.35g (87%) of a red,

oily, solid. m.p. =125°C
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'H NMR (300.1 MHz, CDCls): & (ppm) 9.82 (s, 1H), 7.39 (d, J = 9 Hz,

2H), 7.09 (d, J = 15.9 Hz, 1H), 7.04 (s, 1H), 6.92 (d, J = 15.9 Hz), 6.65 (d, J= 9 Hz,
2H), 4.83 (s, 2H), 3.40 (t, J= 7.2 Hz, 4H), 1.21 (t, J = 6.9 Hz, 6H).

BC NMR (125.1 MHz, CDCly): & (ppm) 182.27, 154.31, 151.46, 148.39,
133.95, 128.78, 126.42, 122.75, 115.19, 111.53, 59.50, 44.46, 12.66.

HRMS (ESI): exact mass calcd for C;gH;,NO,S [M+H]+, 316.1371. Found,

316.1365.

2-[3-Cyano-4-(2-{5-[2-(4-diethylamino-phenyl)-vinyl]-3-hydroxymethyl-
thiophen-2-yl}-vinyl)-5,5-dimethyl-SH-furan-2-ylidene]-malononitrile (6): A
mag.- stirred, 25mL RBF was charged with 5-[2-(4-diethylamino-phenyl)-vinyl]-3-
hydroxymethyl-thiophene-2-carbaldehyde (5) (5.00 g, 15.8 mmol), 3-cyano-5,5-
dimethyl-2-dicyanomethylene-4-methyl-2,5-dihydrofuran (TCF) (3.48 g, 17.4
mmol), and NH4OAc (=10 mol%). This mixture was dissolved in 60 mL absolute
ethanol. The reaction was heated to 50 "C overnight. The ethanol was removed in
vacuo and the crude product was purified by silica gel column chromatography (10%
EtOAc/DCM) to afford 5.30g (67%) pure product. m.p. = 220 C

'H NMR (500 MHz, CDCl;): & (ppm) 8.13 (d, J=15.5 Hz, 1H), 7.45 (d, J =
9 Hz, 2H), 7.20 (s, 1H), 7.19 (d, /=16 Hz, 1H), 7.14 (d, /= 16 Hz, 1H), 6.67 (d, J =
9 Hz, 2H), 6.53 (d, J = 15.5 Hz, 1H), 4.66 (s, 2H), 3.39 (q, J = 7 Hz, 4H), 1.75 (s,

6H), 1.12 (t, J = 7Hz, 6H).
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BC NMR (125.1 MHz, CDCL3): & (ppm) 177.28, 174.65, 154.33, 152.87,

148.76, 138.44, 135.14, 132.68, 129.70, 128.79, 123.03, 115.96, 113.59, 112.83,
112.10, 111.87, 111.25, 98.71, 95.25, 58.20, 52.81, 44.27, 26.08, 13.00.
HRMS (ESI): exact mass caled for CyoH30N40,S [M+H]+, 497.2011. Found,

497.2005.

Succinic acid mono-{2-[3-Cyano-4-(2-{5-[2-(4-diethylamino-phenyl)-
vinyl]-3-hydroxymethyl-thiophen-2-yl}-vinyl)-5,5-dimethyl-SH-furan-2-
ylidene]-malononitrile }ester (7): An oven dried, mag. stirred, 100 mL RBF was
charged with chromophore (6) diethyl-donor funtionalized FTC (4.00 g, 8.06 mmol),
succinic anhydride (1.21 g, 12.1 mmol), and DMAP (1.00 g, 8.06 mmol). This
mixture was then dissolved in 100 mL of freshly distilled methylene chloride. Dry
pyridine (2.00 mL, excess) was added dropwise. Pyridine was previously distilled
under reduced pressure and stored over solid KOH. The reaction was stirred for 6
hours, followed by TLC (20% EtOAc/DCM), and then diluted with NH4Cl (sat'd),
and the organic phase was separated. The organics were then washed with DI water
and the solvent was removed in vacuo. The crude product was purified by silica gel
column chromatography using a solvent step gradient starting with 10%
EtOAc/DCM to remove S.M. and moving to 10% MeOH/DCM to elute product.
Purification yielded 5.2 g (100%) of a blue solid. m.p. =208 °C

'H NMR (300 MHz, CDCls): 8 (ppm) 7.94 (d, J = 15.6 Hz, 1H), 7.36 (d, J =

9 Hz, 2H), 7.03 (s, 1H), 7.029 (d, J = 15.6 Hz, 1H), 6.91 (d, /= 15.6 Hz, 1H), 6.66
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(d, J=9 Hz, 2H), 6.55 (d, /= 15.6 Hz, 1H), 5.18 (s, 2H), 3.42 (q, /= 7.2 Hz, 4H),

2.68 (s, 4H), 1.75 (s, 6H), 1.21 (t, J= 6.9 Hz, 6H).

BC NMR (75 MHz, CDCly): & (ppm) 175.71, 173.40, 172.28, 152.84,
148.83, 148.19, 144.65, 137.47, 136.73, 135.26, 134.81, 129.22, 128.79, 124.32,
122.63, 114.94, 112.36, 112.19, 111.71, 111.67, 110.99, 97.34, 96.58, 58.34, 55.51,
44.54,29.16, 26.48.

HRMS (ESI): exact mass calcd for C33H33N405S [M+H]", 597.2171. Found,

597.2169.

1,1,1-Tris-(succinic acid mono-{2-[3-Cyano-4-(2-{5-[2-(4-diethylamino-
phenyl)-vinyl}-3-hydroxymethyl-thiophen-2-yl}-vinyl)-5,5-dimethyl-SH-furan-2-
ylidene}-malononitrile} ester-phenyl) ethane (PSLD-138, side-on dendritic
chromophore II): An oven dried, mag.- stirred, 100mL RBF was charged with (7)
(4.88 g, 8.20 mmol), 1,3-dicyclohexcharbodiimide (1.79 g, 8.66 mmol), DPTS (0.69
g, 2.34 mmol), and 1,1,1-tris(4-hydroxy-phenyl)ethane (0.72 g, 2.34 mmol). This
mixture was dissolved in a mixture of freshly distilled THF (75 mL) and DCM (75
mL). The reaction was stirred overnight, washed with NaCl (sat'd) and then DI
water. The organic phase was separated and dried over MgSQO, and concentrated in
vacuo. The dark blue crude residue was then purified by silica gel column
chromatography (5% THF/DCM) to yield 4.21g (88%) of a deep blue solid. Ty =
110°C, Amax (CHCI3) = 672nm

'H NMR (500 MHz, CDCls): & (ppm) 7.95 (d, J = 15.5 Hz, 3H), 7.34 (d, J =

9 Hz, 6H), 7.01 (m, 12H), 6.91 (m, 9H), 6.65 (d, J = 9 Hz, 6H), 6.53 (d, J= 15.5 Hz,
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3H), 5.18 (s, 6H), 3.42 (q, J = 6.5 Hz, 12H), 2.9 (t, J= 5.5 Hz, 6H), 2.79 (t, /=7

Hz, 6H), 2.06 (s, 3H), 1.74 (s, 18H), 1.21 (t, J= 6.9 Hz, 18H).

C NMR (125.1 MHz, CDCly): & (ppm) 175.72, 173.35, 171.87, 171.15,
170.81, 152.88, 148.84, 148.77, 146.12, 144.36, 136.66, 135.33, 134.96, 129.59,
129.28, 128.73, 122.53, 120.80, 114.83, 112.42, 112.25, 111.80, 111.63, 111.06,
97.40, 96.59, 67.99, 60.41, 58.54, 55.48, 51.55, 44.55, 29.25, 29.06, 26.47, 25.64,
12.74.

MALDI-TOF: [M+H], 2041.175, [M+Na], 2064.231, HRMS (ESI): exact
mass calcd for C;19H110N 1201553 [M+H]+, 2041.7297. Found, 2041.7375. EA (CHN)
analysis calcd for Cy19H 09N12015S3 ; C, 69.98; H, 5.33; N, 8.23%. Found; C, 69.28,

H, 5.60; N, 7.97%.

Scheme 3.6.1: Synthesis of succinic acid ester tether based end-on type dendritic
chromophore III (AALD-1062)
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{4-[2-(thiophen-2-yl)-vinyl}-phenyl}-N-Methyl-N-(2-tert-
butyldimethylsiloxy)-ethylamine (13). An oven dried, mag.-stirred, 2000mL RBF
was charged with  4-[N-methyl-N-(2-(tert-butyldimethylsiloxy)ethylamino)]
benzaldehyde (12) (35.58 g, 121.4 mmol), and thiophen-2-ylmethyl-phosphonic acid
diethyl ester (64.14 g, 273.8 mmol) in 500 mL freshly dissolved THF. A separate
oven dried, mag. stirred, 500 mL RBF was charged with Potassium tert-butoxide
(32.5 g, 290 mmol) in 350 mL freshly distilled THF. This solution was transferred
under argon into the 1000 mL flask. The mixture was allowed to stir overnight at
room temperature at which time 125 mL NH4CI (sat'd) and 50 mL water were added.
The organic phase was separated and the aqueous phase was extracted with diethyl
ether. The combined organics were dried over MgSQ,, filtered, and the solvent
removed in vacuo. The resulting solid was washed with methanol and filtered to
yield 18.0 g (40%) of yellow crystals. Compound matches literature

characterization.?®

2-{4-[ N-Methyl-N-(2-(tert-butyldimethylsiloxy)ethylamino)-phenyl}-
vinyl}-thiophene-5-carboxaldehyde (14): An oven dried, mag.-stirred, 500 mL
RBF was charged with {4-[2-(thiophen-2-yl)-vinyl]-phenyl}-N-Methyl-N-(2-tert-
butyldimethylsiloxy)-ethylamine (13) (10.0 g, 25.8 mmol). This was dissolved in
150 mL of freshly distilled THF and cooled to —78 'C (dry ice/acetone).
Approximately 1.5 equivalents of n-BuLi (20.6 mL, 51.6 mmol) was added dropwise

over 20 min. Reaction continued at —78°C for 3hr, and then was removed from the
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ice bath. Immediately DMF (3.20 mL, 43.9mmol) was added slowly and allowed

to stir overnight at room temperature. The reaction was diluted with 200 mL of THF
and 200 mL of Brine. Organics were separated and the aqueous phase extracted with
dichloromethane. The combined organics were then dried over MgSQy, filtered, and
the solvent removed in vacuo. The resulting solid was washed with methanol and
filtered to yield 9.44g (88%) of a orange/red solid. m.p. =80 C

'H NMR (300 MHz, CDCls): & (ppm) 9.833 (s, 1H), 7.648 (d, J = 3 Hz, 1H),
7.396 (d, J = 9 Hz, 2H), 7.06 (m, 3H), 6.700 (d, J = 9 Hz, 2H), 3.806 (t, J = 6 Hz,
2H), 3.536 (t, J= 6 Hz, 2H), 3.062 (s, 3H), 0.901 (s, 9H), 0.039 (s, 6H).

BC NMR (125.1 MHz, CDCL): & (ppm) 182.32, 154.35, 149.73, 140.13,
137.66, 133.65, 128.47, 124.97, 123.57, 115.93, 111.84, 60.52, 54.63, 39.25, 25.92,
18.26, -5.35.

HRMS (ESI): exact mass calcd for CyH; O,NSSi [M+H]+, 401. 1844.

Found, 401.1842.

2-[3-Cyano-4-(2-{5-(4-[ N-methyl-N-(2-(tert-butyldimethylsiloxy)ethyl)]-
aminophenyl)vinyl}-thiophen-2-yl)-vinyl]-5,5-dimethyl-SH-furan-2-ylidene]-
malononitrile (15): A mixture of 2-{4-[ N-Methyl-N-(2-(tert-
butyldimethylsiloxy)ethylamino)-phenyl]-vinyl}-thiophene-5-carboxaldehyde  (14)
(3.75 g, 9.35 mmol), 2-cyanomethylene-3-cyano-4, 5, 5-trimethyl —2, 5-dihydrofuran
(TCF) (2.14 g, 10.8 mmol), and ammonium acetate (0.72 g, 9.35 mmol) were
dissolved in 8mL of dry THF. To this solution was added 50 mL of ethanol, which

was stirred for 2 hr. The reaction was stirred for 48 hr, then diluted with 200 mL of
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DCM and neutralized with solid ammonium chloride. This mixture was stirred for

30 min, after which sodium bicarbonate was added to neutralize. The Mixture
separated and the organics dried over MgSQs, then condensed in vacuo. The mixture
was filtered through a short silica gel plug to remove excess salt. The solvent was
removed and the dark residue was purified by silica gel column chromatography
using DCM ramped to 10% ethyl acetate. The product was further purified via
recrystallization from DCM/ethanol to produce a green-copper like powder at 81%
yield (4.415g, 7.58mmol). m.p. = 247 C

'H NMR (CDCls, 300 MHz): & (ppm) 7.794 (d, J = 15.6 Hz, 1H), 7.400 (m,
3H), 7.058 (m, 3H), 6.729 (d, /=9 Hz, 2H), 6.584 (d, /= 15.6 Hz, 1H), 3.820 (t, /=
6 Hz, 2H), 3.559 (t, /= 6 Hz, 2H), 3.088 (s, 3H), 1.771 (s, 6H), 0.902 (s, 9H), 0.042
(s, 6H).

BC NMR (125.1 MHz, CDCL): & (ppm) 176.270, 173.473, 154.980,
150.590, 139.889, 137.847, 135.370, 129.371, 127.421, 123.766, 116.132, 112.799,
112.345, 112.106, 111.568, 97.476, 96.209, 60.955, 56.014, 55.009, 39.764, 39.681,
26.961, 26.335, 26.288, 18.665, -4.931.

HRMS (ESI): exact mass calcd for C33H3gO,N,SSi [M+H]", 582.2484.

Found, 582.2467.

2-[3-Cyano-4-(2-{5-(4-[ N-methyl-N-(2-
hydroxyethyl)lJaminophenyl)vinyl}-thiophen-2-yl)-vinyl]-5,5-dimethyl-SH-
furan-2-ylidene]-malononitrile (16): 2-[3-Cyano-4-(2-{5-(4-[N-methyl-N-(2-(tert-

butyldimethylsiloxy)ethyl)]-aminophenyl)vinyl}-thiophen-2-yl)-vinyl]-5,5-dimethyl-
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5H-furan-2-ylidene]-malononitrile (15) (1.52 g, 2.60 mmol) was dissolved in 15

mL acetone and then 1.5 mL 1.0 N HCI (1.8 mmol) was introduced. The reaction
was monitored by TLC for 6 hr, at which time triethylamine (0.25 mL, 1.8 mmol)
was added to neutralize. To the partially concentrated solution was added 25 mL of
water to crystallize the product. Filtration of the product was followed by 24 hr under
high vacuum to produce a dark green powder in 98% yield (1.22 g, 2.54 mmol).

Compound matches literature characterization.”®

Succinic acid mono-{2-[3-Cyano-4-(2-{5-(4-[ N-methyl-NV-(2-
hydroxyethyl)Jaminophenyl)vinyl}-thiophen-2-yl)-vinyl]-5,5-dimethyl-SH-
furan-2-ylidene]-malononitrile}ester (17): To an oven dried round bottom flask
equipped with a magnetic stirrer were added 2-[3-Cyano-4-(2-{5-(4-[N-methyl-N-(2-
hydroxyethyl)]Jaminophenyl)vinyl}-thiophen-2-yl)-vinyl]-5,5-dimethyl-SH-furan-2-
ylidene]-malononitrile (16) (160 mg, 0.341 mmol), succinic anhydride (51.0 mg,
0.512 mmol), and 4-(dimethylamino)-pyridine (DMAP) (42 mg, 0.341 mmol). The
solids were dissolved in 8mL of freshly distilled DCM, and then a catalytic amount
of dry pyridine (0.15mL) was added dropwise. The reaction was allowed to proceed
overnight, at which time the reaction was quenched with saturated ammonium
chloride. DCM was added and the organic phase was separated and washed with DI
water. The organics were dried over MgSQO4 and the solvent removed in vacuo. The
residue was purified via silica gel column chromatography starting with a eluent

system of 20% ethyl acetate in DCM ramped to 40% to remove unwanted materials.
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The product was removed by changing the eluent system to 5% methanol in DCM

to produce a blue solid at a 94% yield (182 mg, 321 mmol) m.p. = 165 C

'H NMR (CDCls, 300 MHz): § (ppm) 7.785 (d, J = 15.9 Hz, 1H), 7.429 (d, J
= 9 Hz, 2H), 7.386 (d, J = 3.9 Hz, 1H), 7.069 (m, 3H), 6.765 (d, J = 8.7 Hz, 2H),
6.600 (d, J = 15.6 Hz, 1H), 4.333 (t, J = 6 Hz, 2H), 3.685 (t, J = 5.7 Hz, 2H), 3.069
(s, 3H), 2.640 (m, 4H), 1.771 (s, 6H).

HRMS (ESI): exact mass calcd for C3;Hy305N4S [M+H]", 568.1780, Found,

568.1782.

1,1,1-Tris-( succinic acid mono-{2-[3-Cyano-4-(2-{5-(4-[N-methyl-/V-(2-
hydroxyethyl)Jaminophenyl)vinyl}-thiophen-2-yl)-vinyl}-5,5-dimethyl-5SH-
furan-2-ylidene]-malononitrile}ester)-phenyl)ethane = (AALD-1062, end-on
dendritic chromophore III): 4-Succinate-({[(V-[2-ethyl])-N-methyl aminophenyl]-
4-vinyl}-thiophen-2-yl)-5-vinyl)-2-dicyanomethylene-3-cyano-5,5-dimethyl-2,5-
dihydrofuran (17) (94 mg, 0.16 mmol), 1,3-dicyclohexylcarbodiimide (DCC) (39.7
mg, 0.192 mmol), DPTS (13.4 mg, 0.046 mmol), and 1,1,1-tris-(4-hydroxy-
phenyl)ethane (13.9 mg, 0.046 mmol) were added to an over dried round bottom
flask and dissolved in 4 mL of freshly distilled DCM and 2 mL dry THF. Reaction
stirred overnight at room temperature, and then washed with saturated NaCl and then
water. Organics were dried over MgSO, and condensed via rotary evaporation. The
residue was purified via silica gel column chromatography using an eluent system
3% THF in DCM to produce a blue solid at 56% yield (51 mg, 0.026 mmol). T, =

110°C
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'H NMR (CDCls, 300 MHz): & (ppm) 7.749 (d, J = 15.6 Hz, 3H), 7.403

(d, J=9 Hz, 6H), 7.344 (d, J = 3.9 Hz, 3H), 6.999 (m, 19H), 6.754 (d, /= 9 Hz, 6H),
6.580 (d, J = 15.6 Hz, 3H), 4.350 (t, J = 6 Hz, 6H), 3.767 (m, 6H), 3.693 (t, J= 5.7
Hz, 6H), 3.058 (s, 9H), 2.809 (t, J = 6.6 Hz, 6H), 2.669 (t, J = 6.6 Hz, 6H), 2.089 (s,
3H).

*C NMR (CDCl;, 75 MHz): & (ppm) 175.841, 173.167, 171.975, 170.904,
154.077, 149.841, 148.797, 146.053, 139.503, 137.757, 137.623, 134.492, 129.580,
128.879, 127.185, 124.019, 120.843, 116.261, 112.381, 112.234, 111.835, 111.112,
97.182, 96.033, 67.982, 61.784, 55.590, 51.572, 50.720, 38.673, 29.234, 29.077,
26.485.

HRMS (FAB): exact mass calcd for C);3HoO1sN12S: [M+H]", 1957.63,
Found, 1957.7. MALDI-TOF MS [M+H]" found 1957.474. EA (CHN) analysis

caled for Ci13HgeN12015S3; C, 69.31; H, 4.94; N, 8.58%. Found; C, 68.93; H, 5.30;

N, 8.30%.
1
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Figure 3.6.1: UV-Vis absorption spectra for FTC (I), and dendritic chromophores 11
and III.
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Table 3.6.1: UV-Vis absorption and cyclic voltametry data for FTC and dendritic
chromophores II and III.

Absorption
Amax (nm) Cyclic Voltametry Spectroscopic
Data
CHCl, Filmin EY2, Eiomo  Ewmo AEqy Acutoff =
APC (eV) (eV) (nm) (eV)
FTC 672 0.227 -5.027 -3.498 1.529 811 1.609

Side-On 672 655 0.196 -4.996 -3.493 1.503 825 1.628
End-On 635 627 0.276 -5.076 -3.470 1.606 772 1.707

gfynthetic details for hexanoic acid ester based dendritic chromophores IV and
5

1,1,1-Tris(6-phenoxy-hexanoic acid methyl ester)ethane (10)- An oven
dried, magnetically-stirred, 500 mL 2-neck RBF was charged with 1,1,1-tris(4-
hydroxy-phenyl)ethane (3.62g, 12.0mmol), then placed under high vacuum for 30
min. The solid was dissolved in 150 mL dry DMF, and the 6-bromo-hexanoic acid
methyl ester (10.0 g, 47.8mmol) was added. After stirring at RT for 10 min NaH
(1.91g (60% in oil), 47.8mmol) was added and the mixture heated to 90 °C. The

reaction mixture was stirred overnight, diluted with DI water, and extracted with
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DCM. The organics were combined, dried over MgSQO,, and condensed in vacuo.

The yellow oil was purified using a short silica gel column (5% EtOAc/Hexanes-
20% EtOAc/Hexanes) to yield 6.64g (80%) of a clear liquid.

'H NMR (300 MHz, CDCL3): & (ppm) 6.97 (d, J = 8.7 Hz, 6H), 6.75 (d, J =
8.7 Hz, 6H), 6.93 (t, J = 6.6 Hz, 6H), 3.66 (s, 9H), 2.34 (t, J = 7.5 Hz, 6H), 2.09 (s,
3H), 1.76 (m, 6H), 1.70 (m, 6H), 1.51 (m, 6H).

BC NMR (75 MHz, CDCly): & (ppm) 173.91, 157.02, 141.74, 129.56,
113.60, 76.50, 51.39, 50.58, 33.84, 28.99, 25.52, 24.69.

HRMS (ESI): exact mass calcd for C4;Hss09 [M+H]+, 691.3846. Found, 691.3841.

1,1,1-Tris-(6-phenoxy-hexanoic acid)ethane (11)- A 250ml RBF was
charged with 10, and dissolved in 25mL of 1IN KOH in EtOH and 10 mL THF. After
24hr at RT, 30 mL of 1N KOH in water was added. After 24hr, a solution of 1N HCl
was added until pH ~6. The product was extracted with EtOAc, combined, dried over
MgSQ,, and condensed in vacuo. A cream colored solid was purified by rinsing the
product with a small amount of DCM, to yield 5.56 g (89%) of an ivory solid.

'H NMR (300 MHz, CDCl;): § (ppm) 6.96 (d, J = 8.7 Hz, 6H), 6.76 (d, J =
8.7 Hz, 6H), 3.94 (t, J = 6.3 Hz, 6H), 2.38 (t, /= 7.2 Hz, 6H), 2.09 (s, 3H), 1.78 (m,
6H), 1.70 (m, 6H), 1.52 (m, 6H)

BC NMR (75 MHz, DMSO): & (ppm) 174.88, 157.06, 141.71, 129.65,
114.04, 67.66, 50.59, 34.12, 30.87, 29.00, 29.70, 24.78

HRMS (ESI): exact mass calcd for CigHy90g [M+H]+, 649.3377. Found,

649.3366.
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1,1,1-Tris-(6-phenoxy-hexanoic acid ({2-[3-cyano-4-(2-{5-[2-(4-
diethylamino-phenyl)-vinyl]-3-hydroxymethyl-thiophen-2-yl}-vinyl)-5§,5-
dimethyl-SH-furan-2-ylidene]-malononitrile} ester)ethane ( PSLD-31, side-on
dendritic chromophore IV): An oven dried, mag.- stirred, 100 mL RBF was
charged with 1,1,1-tris-(6-hexanoic acid-4-phenyl)ethane (11), (0.15 g, 0.23 mmol),
2-[3-cyano-4-(2- {5-[2-(4-diethylamino-phenyl)-vinyl]-3-hydroxymethyl-thiophen-2-
yl}-vinyl)-5,5-dimethyl-5 H-furan-2-ylidene]-malononitrile, (0.37 g, 0.75mmol), 1,3-
dicyclohexylcarbodiimide (0.17 g, 0.84 mmol), and DPTS (0.67 g, 0.23 mmol). This
solid was then dissolved in a mixture of freshly distilled THF (4 mL) and methylene
chloride (10 mL). The reaction was then stirred overnight, washed with NaCl (sat)
and then DI water. The organic phase was separated and dried over MgSO, and
concentrated in vacuo. The dark blue crude residue was then purified by silica gel
column chromatography (5% THF/DCM) to yield 0.320g (68%) of a deep blue solid.
Tg = 125 °C, Amax (CHCL3) = 679 nm

'H NMR (300 MHz, CDCls): & (ppm) 8.03 (d, J = 15.5 Hz, 3H), 7.38 (d, J =
8.4 Hz, 6H), 7.14-6.96 (m, 15H), 6.76 (d, J = 8.4 Hz, 6H), 6.67 (d, J = 8.4 Hz, 6H),
6.59 (d, J = 15.5 Hz, 3H), 5.17 (s, 6H), 3.92 (t, /= 5.7 Hz, 6H), 3.43 (dd, J, = 6.9
Hz, J, = 6.3 Hz, 12H), 2.40, (t, J = 6.9 Hz, 6H), 2.08 (br-s, 3H), 1.80 (s, 27H), 1.76-
1.66 (m, 6H), 1.53-1.48 (m, 6H), 1.22 (t, /= 6.9 Hz, 18H).

BC NMR (75 MHz, CDClLy): & (ppm) 175.68, 173.29, 173.18, 156.96,

152.91, 148.85, 144.83, 141.76, 136.76, 135.40, 134.81, 129.59, 129.23, 128.73,
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122.63, 114.90, 113.58, 112.32, 112.21, 111.65, 110.97, 67.47, 44.54, 33.98,

28.96, 26.54, 25.67, 24.61, 12.70.
MALDI-TOF: [M+H], 2083.71, [M+Na], 2106.71 (m/z).
EA (CHN) analysis calcd for Ci25H126N12012S3; C, 72.02; H, 6.09; N, 8.06%.

Found; C, 70.67; H, 6.09; N, 7.81%.

1,1,1-Tris-(6-hexanoic acid-4-[({{N-[2-ethyl](-N-methyl aminophenyl)-4-
vinyl]-thiophen-2-yl}-5-vinyl)-2-dicyanomethylene-3-cyano-5,5-dimethyl-2,5-
dihydrofuran]-phenyl)ethane (AALD-1104, End-on dendritic chromophore V):
An oven dried, mag.- stirred, 100 mL two-neck RBF was charged with 1,1,1-tris-(6-
hexanoic acid-4-phenyl)ethane (11) (0.234g, 0.361mmol), 2-[3-cyano-{5-(4-[N-
Methyl-N-(2-hydroxyethyl)Jaminophenyl)vinyl}-thiophen-2-yl)-vinyl]-5,5-dimethyl-
5H-furan-2-ylidene]-malononitrile (0.600 g, 1.24 mmol), 1,3-
dicyclohexylcarbodiimide (0.313 g, 1.52 mmol), and DPTS (0.106 g, 0.361 mmol).
The mixture was dissolved in freshly distilled THF (10 mL) and DCM (15 mL). The
reaction was stirred for 48hr, washed with NaCl (sat.), and the organic layer
collected. The aqueous layer was extracted with DCM, and the combined organics
were washed with water, dried over MgSQ,, and condensed in vacuo. The dark blue
crude solid was purified by silica gel column chromatography (5% THF/ DCM) to
yield 0.182 g (25%) of a deep blue solid. Tg = 90 °C, Amax (CHCl3) = 640 nm

'H NMR (300 MHz, CDCls): & (ppm) 7.74 (d, J = 15.6 Hz, 3H), 7.37 (d, J =

9 Hz, 6H), 7.33 (d, J = 3.9 Hz, 3H), 6.87 (m, 27H), 6.54 (d, /= 15.6 Hz, 3H), 4.27
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(t, J = 6 Hz, 6H), 3.88 (t, J = 6 Hz, 6H), 3.65 (m, 6H), 3.03 (s, 9H), 2.28 (t, J = 7.2

Hz, 6H), 2.07 (s, 3H), 1.73 (s, 18H), 1.60 (mm, 24H)

BC NMR (75 MHz, CDCL): & (ppm) 175.79, 173.46, 173,04, 157.02,
154.12, 149.88, 141.74, 139.42, 137.58, 134.57, 129.59, 128.87, 127.10, 124.03,
116.22, 113.61, 112.30, 112.20, 111.84, 111.60, 111.07, 97.076, 96.12, 67.54,
61.198, 55.84, 50.79, 50.60, 38.65, 34.10, 30.08, 29.02, 26.51, 25.69, 24.58.

MALDI-TOF: Exact mass calcd for Cj;9H;14N12012S; [M+Na], 2023.44.
Found [M+Na]", 2023.209,

EA (CHN) analysis calcd for C;19H114N12012S3; C, 71.45; H, 5.74; N, 8.40%.

Found; C, 70.22; H, 5.80; N, 7.78%.

Instruments: Absorption spectra of thin film composite samples as well as
those of chromophore solutions (chloroform, conc. 1x10* mole/L) were obtained
using a HP 8453, photodiode array type UV-VIS spectrophotometer at 190-1100 nm.
Melting temperatures and glass transition behavior were measured using a Perking
Flmer 7 differential scanning calorimeter (DSC) under nitrogen flow at a
temperature ramp rate of 5 °C per minute. 'H and '>C NMR spectra were recorded
using either a 300 or 500 MHz Bruker Avance NMR spectrometer using deuterated
chloroform or DMSO purchased from Cambridge Isotope Laboratories, Inc.
Spectroscopic ellipsometry measurements were performed on thin films using a
Woollam VASE model incorporating an auto reader in the range of 310-1550 nm
(0.8-4.0 eV), recording at incidence angles of 65, 70, and 75 degrees. The pseudo-

dielectric functions were fit using non-linear Levenberg-Marquardt algorithm using



91
WVASE32 software. Elemental analysis was performed by Prevalere Life

Sciences, Inc., Whitesboro NY. High resolution mass analysis was performed on a
thermo-electron carburation Finnigan LTQ-FT electro-spray ionization or a JEOL
HX-110 fast atom bombardment (2 point calibration with PEG 600, resolution
10000, matrix; 3-nitrobenzyl alcohol), mass spectrometer as indicated (all samples
within 0.5ppm). MALDI-TOF analysis was performed on a Bruker Daltonics

Autoflex MADI-TOF (matrix; a-CCA), mass spectrometer.

Thin film fabrication for EO study; Each dendritic chromophore was
mixed with solid APC (6.14x10'° molecules in 0.09 g of APC). The solid
components were then dissolved into cyclopentanone (1:1) with 8% total solid
weight. The solutions were stirred, filtered, and then spin-cast onto ITO coated glass
slides. Film thicknesses were measured to be 2.2- 2.5 pum using a surface
profilometer (KOSAKA, ET-3000). Gold was then deposited at the surface of the
polymer-composite film to create both a reflective surface for measurement and an

electrode for application of poling and modulating fields.

Thermally stimulated current measurements under applied DC poling
field; DC current profiles were examined under applied DC electric field as a
function of increasing temperature. The same sample configuration as detailed in the

film fabrication section was also used in this experiment. Current was measured

using a Keithley 2400 sourcemeter by applying a poling voltage of E, = 70 V/um
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while continuously monitoring temperature using a Keithley Digital Multimeter

2000 (k-couple). Current data was integrated using a computer interface.

Isothermal EO signal decay experiment; Each sample was poled to its
maximum 133 value, and then cooled to 105°C. When the r3; value was stable, the dc

poling field was removed and the decay curves were observed.
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Chapter 4

2" order NLO Properties of Amorphous Organic Glasses
and Composites Based on Multichromophore Dendrimers

4.1 Introduction

Materials exhibiting large electric field poling induced nonlinear
susceptibilities (x®), and therefore, large electro-optic coefficients (r;;) have
ordinarily been elaborated through the dispersion of highly dipolar chromophoric
materials throughout an optically inert, polymeric host material matrix. Large
electro-optic (EO) coefficients require both high chromophore number density and
efficient acentric molecular ordering. Extensive experimental as well as theoretical
study has implicated interchromophore electrostatic (dipolar) interaction, guest-host
incompatibility, and chromophore shape as major factors affecting poling induced
order.' Increased chromophore number density commonly magnifies the severity of
these effects resulting in the appearance of an optimum loading density.
Chromophore densities greater than this optimum result in reduced poling induced
order, and thus lower r,;.2

In order to control these potentially detrimental effects, material systems
must be engineered at the molecular level employing first-principals theory guided

design. Chromophore shape can be modulated by asymmetric substitution with
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specifically designed dendritic units, modifying supramolecular and

intramolecular (electrostatic) interactions. Covalent modification may also be used to
address compatibility problems by attachment of the chromophore to the host
material or by creation of dendritic or hyperbranched molecular structures. Such
well-designed molecular architectures have demonstrated significantly enhanced r;;
as compared to analogous guest-host blends.’

Multichromophore dendrimers are of particular interest due to the
opportunities for molecular-scale architectural control. Alteration of chromophore
and successive dendrimer generation binding geometry, attachment flexibility, and
polarity, can very effectively direct both internal and external molecular interactions.
“37 Theoretical analysis can be used as a guide in the bottom-up design of materials
which exploit this control to achieve greatly increased active chromophore number
density with no loss of poling induced ordering efficiency.

In this chapter | have examined the electro-optic properties of such multi-
chromophore dendrimers and demonstrate the effectiveness of theory-guided
molecular engineering. Multiple chromophore containing dendritic materials were
used to fabricate stand-alone thin films with extremely high chromophore content,
which exhibit dramatically enhanced poling efficiency, p (r/E;). Dramatic
improvements were then further augmented by application of these dendritic
materials as host matrices for further incorporation of an additional, highly active
guest. Employing this principle, massive loading densities were achieved resulting

in unprecedented ry; values (= 300 pm/V).
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4.2 Chromophore Shape Effects; Theory Guided Design

The coefficient of the second-order term in the power series expansion
describing bulk material polarization response to an externally applied electric field,
x'?, is given by
X' = NB..,(COS’6) (4.2.1)

The term, N, represents number density of active chromophore units each having a
molecular first hyperpolarizability tensor with the element §3,,, oriented along the
dipolar axis of the molecule. The angle of the dipole vector with respect to applied
DC poling field is given by 8. Thus, <cos’0> relates dipole orientation to poling
field and incident EM radiation, and represents the overall dipolar order obtained
throughout the material during the poling process. Using this relation it is possible to
express an electric field induced refractive index change in terms of X(Z’ (-w,w, 0) and
the electro-optic coefficient ry; using
1y =2z I(n)? (4.2.2)
where n, represents refractive index. Proportionality constants depend on the inherent
dielectric properties of each material lattice.

From the above equation it is noted that an increase in N, holding all other

parameters constant, results in an accompanying linear increase in x

and therefore
also in ry;. However, through previous experimental analysis, this relationship is only
obeyed at very low chromophore number density. Analysis using statistical

mechanics modeling based on a point-dipole approximation leads to the implication

of interchromophore electrostatic interactions as an important factor in determining
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such sub-linear behavior.®® Guest compatibility with the host environment will

also play a critical role due to modification of interchromophore interaction through
effective solvation.

Chromophore-poling Therl.nal' Chromophore-chromophore
field interaction randomization electrostatic interaction

)@@J Q@ oL

Acentric ordermg lsotl;oplc Centric ordering

— j
I T R

“eos30s —pFSKT ; <cos3e> =
= pPIOEpSKT N

Figure 4.2.1: Analytical model of point-dipole response to a poling field, left;
neglecting dipole-dipole interactions (W), right; including W*”?

From the point-dipole based mode! (Figure 4.2.1), neglecting dipole-
dipole electrostatic potentials (W), it is found that <cos’8> is independent of
chromophore number density. When W is included, the model reveals a <cos’6>
attenuated by a factor proportional to N. Increasing N reduces the average distance
between dipolar chromophores, increasing W. When N becomes large, electrostatic
potentials begin to drive centric ordering, eventually becoming dominant, ultimately
limiting achievable order and attenuating r;;. From this simple analysis, correctly
accounting for W, it immediately becomes evident that the limiting factor in

achieving high ry,, is the N<cos’6> product, designated as the loading parameter.
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The point-dipole model does not consider the effects molecular shape

may have in determining the nature and magnitude of the various potential functions

associated with preferred chromophore orientation. This model is therefore of limited

utility. A more detailed, and much more complex approach, requires the use of

pseudo-atomistic Monte Carlo molecular dynamics modeling to simulate interactions

among many molecules.'” Pseudo-atomistic molecular modeling of large systems

such as dendrimers is computationally intensive. Modeling of this type requires

consideration not only of W, but also nuclear repulsive (steric) forces, Van der Waals

interactions, and potential functions associated with rotation about covalent bonds.
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Figure 4.2.2: Monte-Carlo analysis of <cos’0> with respect to chromophore number

density"’

Using Monte Carlo simulations to explore the dependence of loading

parameter as affected by the chromophore aspect ratio, it has been demonstrated that
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molecular shape plays a critical role (Figure 4.2.2)."> Molecular shape regulates

the relative energy contributions from differing electrostatic interactions. These
contributions make up the overall potential energy distribution that defines
equilibrium dipolar order in molecular ensembles under the influence of an external
electric field. A prolate, or rod-like chromophore in which the long aspect
corresponds to the dipolar axis, favors side-side intermolecular interaction. The
lowest energy arrangement for this type of dipole interaction corresponds to anti-
parallel, centric ordering, resulting in reduced <cos’8>. A prolate shape therefore
displays a low optimum loading parameter. Spherically symmetric shape reduces
side-side interactions while maintaining favorable head-tail interactions. An oblate,
or center-thick aspect ratio brings about the possibility of enhanced dipolar order
resulting from electrostatic interaction.'’ Interchromophore side-approach is severely
disfavored, allowing head-tail interactions to dominate, driving acentric order and

resulting in poling response above the independent particle limit.

4.3 Multichromophore Dendrimers; Material Design and Synthesis
Multi-chromophore dendrimers offer many distinct advantages over
analogous polymer or small molecule based molecular designs. Dendrimers display
better overall mechanical stability and film forming properties than small molecules
yet retain many of their desirable characteristics. Chromophore containing
dendrimers are monodisperse and display little batch to-batch variability, providing
highly consistent, repeatable results. Dendritic structures also offer unique

characteristics such as globular shape, large internal free-volume, and an outer
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periphery capable of providing physical isolation of contents within. These

attributes not only offer the ability to control molecular structure, solubility and

processibility, they can also be employed to enhance photo-stability as well as to

minimize optical loss."”
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Figure 4.3.1: Muitichromophore EO dendrimers PSLD_33 and PSLD_41
accompanied by small molecule chromophore CF;-FTC

Previous work has focused on the optimization of intramolecular design
parameters of three-arm dendritic chromophores.' In this report previous findings
have been employed in order to guide the design and synthesis of three-arm dendritic
structures with extended outer peripheral units. These dendritic materials were

designed for use in the fabrication of stand-alone amorphous thin films. Figure 4.3.1
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illustrates the structures of the two three-arm dendrimers (PSLD_41 and

PSLD_33), considered herein. Also depicted for comparison is the analogous small

molecule EO chromophore CF;-FTC.

Scheme 4.3.1: synthesis of CF,-FTC type chromophore unit 7°
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“Conditions: i) NaBH,, NaOH, MeOH, 0 °C-RT, quant.; ii) Hcl (conc.), 0 °C 2 hrs,
quant.; iii) P(OEt),, 90 °C 36 hrs, quant.; iv) 7, t-BuOK, THF, RT overnight, 90%; v)
n-BuLi, DMF, Et,0, -78 °C, 70%; vi) NaBH,, NaOH, MeOH/THF, 0 °C 2 hrs,
quant.; vii) n-BuLi, DMF, THF, -78 °C 2 hrs, 87%; viii) CF,-phenyl-TCF, EtOH,
RT 24 hrs, 62%

Both PSLD_41 and PSLD_33 incorporate three chromophore units based on
the CF;-FTC design. The aryl-amine terminated thienyl-vinylene donor bridge
(FTC-type) was chosen because it is robust, offers facile asymmetric
functionalization, and displays large B values.'> '® The electron acceptor moiety, 2-
cyanomethylene-3-cyano-4-methyl-5-triffuoromethyl-5-phenyl-2, 5-dihydrofuran

(CF;-Phenyl-TCF), is one of the strongest to date.'™'® Scheme 4.3.1 details the
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synthesis of the chromophore unit. Synthetic procedures are similar to those

reported previously with modifications to include asymmetric functionality. '*

Scheme 4.3.2: Synthesis of three-arm dendrimers PSLD_33 and PSLD_41°
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*Conditions: i) DCC / DPTS, DCM : DMF, reflux 48 hrs, 50%; ii) IN HCI (MeOH
soln.), acetone, RT 2.5 hrs, quant.; iii) DCC / DPTS, DCM : DMF, reflux 48 hrs,
62%

Scheme 4.3.2 outlines the synthetic route chosen for the elaboration of
dendrimers PSLD_33 and PSLD_41. Synthesis of the tri-hexanoic acid core was
reported previously." Use of this core has been shown to lead to materials exhibiting
good thermal and mechanical properties while allowing efficient poling. Three
equivalents of chromophore 7 were attached to the core by esterification in the
presence of DCC and DPTS to produce tri-TBDMS (‘Butyl-dimethyl-silyl)
functionalized three-arm dendrimer PSLD_33. The resulting material was then

purified by silica gel column chromatography followed by reprecipitation. The

TBDMS groups were then removed under mildly acidic conditions. The resulting
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tri-hydroxyl dendrimer was then functionalized with three equivalents of the

pentafluoro phenyi containing Frechet-type dendron (FD), to yield PSLD_41, which
was again purified by column and reprecipitation. Synthetic material identity and
purity was confirmed by 'H and "C NMR, MALDI-TOF mass spectrometry, and

elemental analysis.

4.4 Evaluation of Physical and Photophysical Properties of Multi-chromophore
Dendrimer based Amorphous Glasses

UV-visible absorption spectroscopy performed on the two dendrimers as well
as CF;-FTC yielded the results listed in Table 4.4.1. Shown also are thermal data
obtained by differential scanning calorimetry (DSC). Dendrimers PSLD_33 and
PSLD_41 displayed distinct glass transition temperatures while only a melting point
was observed for the small molecule chromophore CF;-FTC.

The absorption maxima corresponding to each compound, both from‘ a
solution in chloroform and from a thin solid film are shown. Compound CF;-FTC
was dispersed into Poly [bisphenol A carbonate-co-4, 4’-(3,3,5-trimethylcyclohexyl-
idene) diphenol carbonate|, (APC), at a loading density that delivered optimized r;
(25% by weight, 1.78 x 10*° molec. / cc). Both PSLD_33 and PSLD_41 were spin
cast on glass slides as solutions of pure compounds. Very comparable absorption
maxima were recorded for CF;-FTC and the PSLD_33 dendrimer, both in
chloroform and in thin film. The line shape corresponding to chromophore mt-n* is

somewhat broadened for the PSLD_33 pure film as expected (Figure 4.4.1)
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Figure 4.4.1: UV-Vis-NIR absorption spectra of dendrimer PSLD_33 (pure film)
and CF;-FTC (25% by wt. In APC) on glass

Both spectra corresponding to PSLD_33 and CF;-FTC display a pronounced
bathochromic shift in chloroform solution (= 20 nm). These solvatochromic shift
data suggest that individual chromophore units in CF;-FTC and PSLD_33 materials
are affected by very similar dielectric environments. Similar spectra recorded for
both APC and pure dendrimer films suggest that these chromophore environments
are comparable as well, which may be surprising given the much higher N
corresponding to PSLD_33 pure film. PSLD_41 exhibits a relatively large
hypsochromic shift in A, as compared to CF;-FTC and PSLD_33. This shift may
result from a combination of intermolecular and intramolecular effects.'*'® Decreased
solvatochromic dependence is apparent for PSLD_41 when changed from solution to

film. Attenuated solvatochromic shift implies that the chromophore units comprising
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PSLD_41 are effectively shielded from the surrounding environment by the

extended peripheral structure.”

Table 4.4.1: Thermal and UV-Vis Absorption data for EO compounds

Compound T, (°C) T, (°C) Amay (CHCI3) nm Aoy (film)*nm

CF,-FTC --- 182 758 738
PSLD_41 103 --- 724 720
PSLD_33 85 --- 759 734

*film de}ta for CF;-FTC were collected using 25% by wt. chromophore / APC
composites

Evaluation of the electro-optic properties of CF;-FTC / APC composites and
pure films of PSLD_33 and PSLD_41 was performed using a modification of the
standard single-beam polarization interferometry reflection apparatus. The
instrument was modified to simultaneously monitor the modulated signal intensity
(1), and incident intensity (I.), in real-time during poling. '* *' Such modification
allowed in-situ optimization of processing conditions. Samples of each material were
prepéred by solution spin-casting onto ITO-coated glass slides. Gold electrodes (d =
200 nm) were then deposited atop the films. EO measurements were performed at
A = 1310 nm, and r,; measurements were recorded after cooling and removal of the
poling field. Values were calculated by sine wave fitting of lock-in-amplifier and
direct current detector response curves as a function of the relative phase angle (W)

between T and Ty,
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Figure 4.4.2: r;; data for CF,-FTC (25% in APC) and PSLD_33 and PSLD_41 pure
films as a function of applied poling voltage.

The slope of a linear plot of r;; with respect to electric field E, (V/um)
applied at optimum poling temperature defines the poling efficiency, p (r;,/E,, 10'®
m*/V?), of a given material. Poling efficiency determines the r;; obtained through
application of a known poling voltage. However, maximum p does not necessarily
guarantee maximum EO activity. Secondary material properties such as resistivity
often also depend on N and can limit the maximum E, that can be applied before
dielectric breakdown occurs.

Electro-optic activity has been experimentally confirmed as linearly
dependant on E,. The magnitude of the applied field determines <c0s’8>. Therefore,
by substituting into Equation 4.2.1 it can be written that

ry <NB,_E um (4.4.1)
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where u represents chromophore dipole moment, and m is defined as the

ordering efficiency of the material and is given by

m «(cos’ 6)/E , u (4.4.2)

Ordering efficiency (m) denotes the extent of dipolar order produced within the bulk
material in terms of E, and is proportional to 1/kT. In the case where m is
independent of N, p should increase linearly according to increased N, resulting in a
high loading parameter.

The p values determined for CF;-FTC in APC, and pure dendrimer films of
PSLD_33 and PSLD_41 were determined as 0.42, 1.03, and 1.42 x 10'® m¥V?
respectively (Figure 4.4.2). Using the molecular weight of the active chromophore
portion of each material (AMW = 554.58 g/mol) and a density of 1 g/cc, N was
determined for all three materials. These values were then normalized against the

25% CF;-FTC / APC composite samples and are presented below in table 4.4.2

Table 4.4.2: comparison of N and p for chromophore / APC composite and
dendrimer materials

compound N (x 10® molec/cc) p=ry,/E, (p/pn)/(NJ/N,)*

CF;-FTC/APC 1.78 0.42 ---
PSLD_41 4.6 1.03 0.95
PSLD_33 6.8 1.42 0.89

“subscripts ¢ and m denote CF,-FTC / APC composite and pure dendrimer material
values
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The data illustrated that for PSLD_41 films, normalized p divided by

normalized N {(p./p.)/(N/N,)} was approximately unity. A value of unity suggests
that the dendrimer structure very effectively isolated individual chromophore units
while allowing highly efficient poling response. Such effective isolation yielded an
increase in r;; that was linear with high N. The slightly lower than linear value of
(p/Pm)/(NJ/N,) = 0.89, determined for PSLD_33 still indicated a dramatic
improvement in N<cos’8> as compared to the CF;-FTC composite. Maximum
repeatable ry; values for PSLD_33, PSLD_41, and CF;-FTC / APC were found to be
approximately 118, 90, and 52 pm/V respectively. From this analysis, the
advantages of the dendronized material as compared to the APC composite material
were immediately clear. These data illustrated a three-fold enhancement of r,;
resulting from the molecular engineering of dendrimer encapsulated chromophore

architecture.

Pseudo-Atomistic
Monte Carlo

NN’(O‘:I# o
Pi-segments treated by united
o, atom approximation
A Sigma-fully atomistic

Figure 4.4.3: Representation of PSLD_41 dendrimer showing atom labels, correct
Van der Waals radii, and fixed spheroid pi-segments
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In order to further our understanding of the enhancement in r;; brought

about by the highly engineered dendrimer structures, statistical mechanics was again
employed. To simulate and examine poling induced order in the mutli-arm
dendrimers under consideration, pseudo-atomistic Monte Carlo molecular dynamics
simulations were used as before. The pi-conjugated structures of the chromophore
units within the dendrimers were approximated as prolate spheroid structures that
mimic the chromophore length, aspect ratio, and dipole moment. Sigma segments
were treated completely atomistically, using correct bond and rotation potentials.
Using this approach, an individual PSLD_41 dendrimer molecule was digitally

reproduced (Figure 4.4.3).

<c0s30> = 0.3

30% reduction in W

Figure 4.4.4: Simulation of poling induced order in a multiple dendrimer ensemble
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After the single dendrimer model was completed, the single molecule

structure was then duplicated and simulations were performed considering many
such structures interacting with each other as well as the poling field (Figure 4.4.4).
Potential functions such as Van der Waals forces, intermolecular as well as
intramolecular dipole-dipole electrostatic interactions, and nuclear repulsive (steric)
forces were accounted for. Realistic chromophore densities were approximated and
kinetic energy corresponding to thermal excitation was introduced. Through such
modeling, it was found that <cos’6> in the range of 0.2-0.3 was expected in electric
field poled thin films consisting of the PSLD_41 dendrimer. Order parameters in
this range for systems having chromophore density as high as 4.6 x 10” molecules
per cubic centimeter correspond to a reduction in interchromophore electrostatic
interaction of more than 30% as compared to analogous guest-host composite
materials.

In addition to modified electrostatic potentials, molecular dynamics models
also imply that covalent chromophore tethering leads to fundamental changes in the
molecular lattice. Covalently bound dipoles can no longer access all available
orientation states. Tethering prevents total free rotation and redefines appropriate
limits of integration when considering molecular 8, leading to an Ising-like lattice
structure. This modified lattice increases the favorability of an overall dipolar,
aligned state, allowing further decrease in the dependence of m and thus of <cos’6>

on N.
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4.5 Multichromophore Containing Dendrimers as Active Host Matrices
Results outlined in the previous section imply that an intelligently designed
nanoscale superstructure allows the introduction of very high chromophore density
into organic electro-optic materials without encountering the previously reported rs;
roll-off behavior. In this section, the potential for applying these dendrimer-based
materials as EO-active host matrices was explored. Materials for EO in which the
highly dipolar chromophore constituents are covalently bound display reduced phase
separation and chromophore-host compatibility problems. It is therefore reasonable
to assume that this type of material represents a more homogeneous, more polar
environment, as compared to a guest-host material. Improved homogeneity and
increased polarity make these materials excellent candidates as EO active host

materials.

YLD_124 YLD_130
Amax(CHCI;) = 786 nm Apax(CHCL,) = 820 nm

TBDMSQ, TBDMSQ,

/_I

TBOMSO TBDMSO

CN

Cs0HgaFaN4O3Si;
Exact Mass: 880.44

CsgHg7F3N4O2SSis
Exact Mass: 988.44

Figure 4.5.1: Guest chromophores YLD_124 and YLD_130

Highly miscible blends of dendrimers and high § EO chromophores have
been demonstrated. Effective solvation of the guest chromophore contributes to the

shielding of electrostatic interaction. From this solvation, in combination with an
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imperfect match in dipole length and magnitude between guest and host

chromophores, a reduction in the overall energy of poling induced ordered states
within the material is expected.

In order to the study the behavior of dendrimer — guest composite materials,
two more high § chromophores (YLD_124 and YLD_130) were introduced (figure
4.5.1). Synthesis of these materials has been presented elsewhere.”* Both
YLD_124 and YLD_130 exhibit substantially red-shifted absorbance maxima as
compared to CF;-FTC (Figure 4.5.2). These materials exhibit higher EO activities
than CF,;-FTC when loaded at optimum N in APC. As noted previously, such small
molecules do not display glass transition behavior, rather, distinct melting points are

observed at 172 °C (YLD_124) and 212 °C (YLD_130).
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Figure 4.5.2: UV-Visible absorption spectra for YLD_124, YLD_130, compared
against CF;-FTC in CHCl, solution
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In order to asses EO activity of PSLD_41/ YLD_124 composite films, a

series of samples was prepared by systematically increasing the loading percentage
of YLD_124 co-dissolved with PSLD_41 in |,1,2-trichloroethane. The solutions
were then spin-cast onto ITO-coated glass slides and top electrodes were fabricated
as before. Preliminary examination of the resulting thin films by UV-Visible
absorption spectroscopy revealed a bathochromic broadening and moderate spectral

distortion as a result of increased loading of YLD_124 (Figure 4.5.3).
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Figure 4.5.3: UV-Vis-NIR absorption spectra for films of PSLD_41 loaded
increasingly with YLD_124 (x 10*° molec./cc, corrected for film thickness)

In order to probe the origin of the spectral distortion associated with
YLD_124 addition, the spectra obtained were first analyzed mathematically. The
spectra were fit and then decomposed into two separate contributions. These

contributions were then compared to the spectra arising from YLD_124 in APC, and
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pure film spectra of PSLD_41, each normalized by chromophore concentration

(see experimental section). It was found that by comparison, the spectral
contribution associated with PSLD_41 was almost unchanged by the addition of
YLD_124. The spectral contribution resulting from YLD_124 was broadened
modestly, but was still relatively unchanged. Linear combination of the normalized
spectra of pure PSLD_41 dendrimer and YLD_124 in APC spectra, assuming
constant density, resulted in very satisfactory reproduction of the broadening
associated with the material blends.

In order to examine the favorability of excited-state charge transfer among
guest and host chromophores, electrochemical data were obtained using cyclic
voltammetry (Table 4.5.1). Electrochemical data allows comparison of the electron
affinity (E,), ionization potential (I,), and band-edge offsets of potentially absorptive
species.” These data allow qualitative estimation of the free energy associated with
charge transfer that could potentially impact electro-optic properties. Intermolecular
charge-transfer and ground or excited state molecular orbital overlap could
significantly impact molecular 3. Depending on specific aggregate photophysics,
absorptive processes and optical transparency at operational wavelengths may also
be influenced.

From the data collected it is apparent that AE determined from absorption
onset is significantly overestimated as compared to electrochemical data. An
interesting point to note is that a comparable AE is calculated for PSLD_41 and

YLD_124 by CV, while UV data shows AE to be considerably larger for PSLD_41.
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Table 4.5.1: Electrochemical and spectroscopic analysis of I, (HOMO) and E,
(LUMO) levels of YLD_124, YLD_130, and PSLD_41

Electrochemical analysis® Spectroscopic analysis
compound HOMO LUMO AE LUMO AE Cut-off
(eV) (eV) (eV) (nm)
ferrocene  -0.4235 ---
YLD_124  -5.036 -4.069 0.967 -3.767 1.269 977
YLD_I130 -4.834 -4.085 0.749 -3.629 1.205 1029
PSLD_41 -5.182 -4.105 0.958 -3.745 1.437 909

*data collected from 10~ M soln. in CH,Cl, and referenced against ferrocene standard

The dendrimer structure itself may contribute to the observed deviation from
expected trends. The aromatic stabilization of the thienyl-vinylene bridge slightly
reduces both HOMO and LUMO energies in PSLD_41 leading to a small band offset
as compared to the tetraene bridge-based YLD_124. The longer bridge of YLD_130
leads to a narrowing of the AE gap due to both an increase in HOMO and decrease in
LUMO energies resulting from increased conjugation length. This is reflected by
reduced AE demonstrated by both spectroscopic and electrochemical analysis.
Despite small band offsets between PSLD_41 and YLD_124 excited state
charge transfer would not be expected to be extremely favorable. Values calculated
for HOMO and LUMO offsets are 0.15 eV and 0.04 eV respectively. These
electrochemical potentials are not comparable to the 0.3 — 0.4 eV coulombic
attraction potential binding photogenerated excitons.” even if closely associated
aggregates exist in the dendrimer / guest thin films, charge separation rates are
expected to be retarded. Extremely low extinction coefficients at the measurement
wavelengths of 1310 and 1550 nm should also lead to low population of excited

states further disfavoring intermolecular excited state charge transfer contributions.
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One potential uncertainty that is not completely accounted for by the data

presented above is that of aggregate contribution to molecular hyperpolarizability.
Intermolecular charge transfer does not seem favorable if molecules are treated under
a long-range electronically coupled monomer approximation. However, recent
quantum mechanical and experimental analysis obtained from asymmetric porphyrin
aggregates suggest that intermolecular orbital overlap may influence B.%%

After careful analysis of the absorption spectra derived from PSLD_41 /
YLD_124 composites, refractive index change as a function of doping was
investigated using Variable Angle Spectroscopic Ellipsometry (VASE).
Measurements relating refractive index to extinction coefficient were performed on

samples of pure PSLD_41 and samples of 25% by weight (1.91x10* molec. / cc)

YLD_124 in PSLD_41. The data obtained are plotted in figure 4.5.4.
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Figure 4.5.4: Refractive index (n) and extinction coefficient (k) as a function of
wavelength for PSL.D_41 pure films and PSLD_41/YLD_124 25%
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Refractive indices of PSLD_41 at 0.799 eV (1550 nm) and 0.944 eV (1310
nm) were determined to be 1.71 and 1.73 respectively. Indices of the 25% YLD_124
loaded films were calculated to be 1.73 and 1.77. Such index changes are expected
to accompany an increase in chromophore loading. The dielectric environment and
linear susceptibilities are altered by the increase in density of highly polarizable,
highly dipolar chromophores within the material matrix. The index data obtained
was then used for calculation of ry;.

Measurement of ry; was performed as before. Using the in-situ reflection
apparatus, poling conditions were optimized. The EO behavior of the PSLD_41 /
YLD_124 sample range was then systematically characterized with respect to N and
E, Two series of APC composite samples of CF;-FTC and YLD_124 were also
prepared and evaluated for comparison. Within each series, excluding pure
dendrimers, the guest loading density was incrementally increased until p values
could not be satisfactorily determined. The results are presented in figure 4.5.5. All
values presented assume approximately 15% error from film thickness and poling
voltage measurements.

The data show that the slopes of p vs. N found for PSLD_41 and CF;-FTC/
APC are very comparable at low loading. These data imply that, in the dilute limit,
where dipoles are dispersed homogenously and interact only weakly, 8, and u are
unchanged. More importantly, in the dilute limit, ordering efficiency (m, equation
4.4.2) is comparable between the dendrimer structure PSLD_41! and free

chromophore composite of CF,-FTC in APC. However, as N increases to 2.9 x 10%



120
molec. /cc, CF;-FTC reaches a maximum consistent p value of 0.63. Optimum

ry; of 52-55 pm/V is obtained from samples where p = 0.42 (1.79 x 10* molec./cc).
At higher N, p value determination becomes very imprecise and r;; is diminished.
No such behavior is observed for PSLD_41 or PSLD_33 samples. Due to synthetic
limitations, the maximum N investigated for the dendrimer system was 6.8 x 10%°
molec. / cc (inherent N of PSLD_33). Here, a p value of 1.34 is recorded. This p
value was only slightly less than linear with respect to increased N. These findings
further support the hypothesis that chromophore isolation and nanoscale environment
homogeneity are enhanced when dipolar units are incorporated into dendritic

structures such as PSLD_41 or PSLD_33.
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Figure 4.5.5: Poling efficiency vs. chromophore N for CF;-FTC in APC, pure
dendrimers PSLD_41 and PSLD_33, and a sample series containing increased
loading of guest YLD_124 in PSLD_41 host
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When the PSLD_41 / YLD_124 sample series was examined, striking

results were obtained. A very large increase in the slope of p vs. N was recorded in
addition to an over 3-fold increase in p. Maximum ry; values reproducibly observed
for this sample series were in the range of 245 — 285 pm/V. Barring optical
enhancement, an increase in the slope of p vs. N must indicate a large increase in the
product of upm as shown below.

7/ E,N < upm (4.5.1)

In a situation where this increase is due mostly or only to an increase in ordering
efficiency, the new slope corresponding to YLD_124 loaded into a PSLD_41 host
exceeds that expected for the independent particle limit. A slope greater than the
independent particle limit suggests that electrostatic interactions are acting to drive

the ordering of the dopant.
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Figure 4.5.6: p vs. N plots for YLD_124 / APC and ((YLD_124 / PSLD_41) -
(PSLD_41))



122

For comparison of the inherent upm differences between CF,-FTC and
YLD_124, respective p vs. N values were compared by examining the poling
behavior of the YLD_124 / APC series. In order to evaluate the change in p vs. N of
YLD_124 in an APC host with respect to a PSLLD_41 dendrimer host, the
contribution from the dendrimer p, normalized for material content percentage, was
subtracted from the total. This approximation was made assuming that the PSLD_41
value was unchanged by the dopant. Figure 4.5.6 illustrates the hypothesis of greatly
enhanced m of YLD_124 when poled in a PSLD_41 host. An enhancement factor of
2.5 was observed between YLD_124 in APC and in a PSLD_41 composite when the
PSLD_41 host contribution was removed.

Table 4.5.2 lists B values that were experimentally determined by spectrally
resolved Hyper Raleigh Scattering (HRS) measurements recorded at an excitation
wavelength of 1.9 um. The u values shown were obtained using Density Functional
Theory (DOFT) quantum mechanical modeling. Values of p / N are included as well.
When compared to that of CF;-FTC in APC, the p / N of YLD_124 in APC is
enhanced by a factor of 2.64. The ufy product calculated for YLD_124 using
tabulated values is a factor of 2.6 greater than that of CF;-FTC. These differences in
up account very well for the experimentally determined differences in p / N between
the two small-molecule / APC composites. However, they do not account for the

enhancement factor of 2.5 between YLD _124 in APC and YLD 124 in PSLD 41.



123
Table 4.5.2: BHRS, calculated u, and p/N values for free chromophores,
dendrimers and composites thereof

compound Bigrs (x 10-30 esu)® u (D)’ p/N
CFE;-FTC 2997 26.1 0.222
YLD_124 7087 28.7 0.585
PSLD_33 and 41 --- --- 0.199
41/ 124 --- --- 1.378

“Burs values are recorded @ A = 1.9 um using FTC standard
°u values are calculated using DFT (Dmol®) in gas phase

Very simple analysis, excluding changes in photophysical properties,
supports the hypothesis that when YLD_124 is introduced in to the PSLD_41 host,
greatly increased dopant m is observed. This dramatic increase in ordering efficiency
is therefore associated with a more favorable electrostatic environment. Improved
guest-host compatibility, enhanced chromophore isolation, disfavored side-to-side
dipolar interactions and greatly favored head-to-tail interaction, may all contribute to
a situation in which intermolecular electrostatic interaction actually favors acentric
chromophore order.

However, as mentioned previously, at this time it is extremely difficult to
account for resonance effects that may be magnified by solvatochromic shift and line
broadening associated with intermolecular interaction. Recent literature reports also
suggest that at higher loading, increased intermolecular s-orbital overlap could
enhance p values. % At small intermolecular distances, contributions from
intermolecular orbital overlap associated with H or J aggregation may play a
significant role. Anti-parallel or slipped J-aggregates may be expected to induce a
red shift in absorbance spectra and an increase in 3. It is interesting to note that this

type of aggregation may be associated with head-to-tail, donor-to-acceptor and
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slipped interactions. Aggregation of this or similar nature can be projected to not

only enhance P, but also to contribute to increased order. Previous examination of
UV-Vis absorption spectra suggests that such aggregation effects have less of an
influence on the molecular orbital picture than they do ordering. The UV data
discussed previously also suggest that aggregate molecular orbital overlap
contributions are small. Pronounced changes in absorption spectra should
accompany any significant intermolecular electron density delocalization.

The possibility also exists that chromophore 3 values may be influenced by
their immediate dielectric environment. As N is increased, the dielectric constant of
the composite material can be expected to increase. Changes in external
environment will have a direct impact on the relative admixing of chromophore
ground and excited states. This altered ground state will also affect the nature of
molecular orbital contribution to the electric field polarized state, influencing

hyperpolarizability.

4.6 Preliminary exploration of poling induced order in PSLD_41/YLD_124
and PSLD_41 / YLD_130 composite films

To obtain some preliminary estimation of the poling induced order obtained
in PSLD_41 / YLD_124 composite samples a technique based on Attenuated Total
Reflection (ATR) was employed. ATR uses the same sample configuration as the
reflection technique making sample measurement convenient and comparable. The
ATR technique for measuring EO coefficients is a prism coupling technique. The

sample is pressed against a high index prism (in this case rutile) by a pneumatic
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piston. An AC modulation waveform is then applied to the sample electrodes.

The prism-sample assembly is then rotated to find a coupling angle (critical angle)
with respect to the incident laser beam. At this critical angle, incident light is
coupled into the EO film and reflected intensity is attenuated. At this angle, a
modulation waveform frequency-correlated refractive index dithering can be
measured by a lock-in-amplifier. The intensity of the lock-in response can then be
compared to the derivative (slope) of the reflected intensity attenuation curve, and
based on this ratio, EO coefficients are calculated. ATR has the distinct advantage of
independent determination of both r; and r;;. The anisotropy between these tensor
components can be used as probe of <cos’8>. In the reflection based polarization
interferometry technique (Teng-Man), r33/r;; is assumed to be 3 based on
experimental measurement and order parameters theoretically derived from the
isotropic model. ™

The tensor component ry; represents the EO coefficient in which the electric
field of incident light oscillates in a plane parallel to the poling axis (Ty for ATR).
In this orientation, the f3,,, of chromophores oriented by poling and therefore material

@ is allowed maximum interaction. Likewise, r; represents interaction with

X
polarized light in which the e-field oscillates in a plane perpendicular to the poling
axis (Tg for ATR). The ratio of rs;/r,; should increase in response to increased order
parameter. Several samples of PSLD_41 / YLD_130 composite material were
measured. A typical example, values were measured for a 25% by wt. (59% of total

N), YLD_124 in PSLD_41 sample that was poled at E, =75 V/um. The r;; for this

sample measured by reflection was 285 pm/V. Using the ATR method r;; and 13
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were determined to be 244 pm/V and 79 pm/V respectively, yielding an ry3/r;

ratio of 3.09. Discrepancy in the absolute value of r;; between reflection and ATR
can be attributed to increased conductivity when sample is placed under pressure (20
psi) against the prism for ATR measurement. Simply maintaining poling induced
order at such increased density represents a rather dramatic improvement in organic
EO material performance. An ry; / 1|5 ratio of approximately 3 at such high N may

suggest a substantially increased dopant ordering efficiency.

A: unpoled B:poled

n 1550nm = 1.785 n, 1550nm = 1.852; n, = 1.787
n 1310nm = 1.821 n, 1310nm = 1.912; n, = 1.821

Figure 4.6.1: Biaxial optical constants for 25% by wt. YLD_130 in PSLD_41, A:
unpoled sample, B: sample poled by corona field

Composite materials consisting of PSLD_41 and YLD_130 were briefly
explored as well. Preliminary HRS data indicated that YLD_130 displayed

enhanced hyperpolarizability as compared to YLD_124. Thorough studies were not
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performed due to concerns about measurement accuracy caused by increased

optical absorption at probe wavelengths. The effects of this absorption on reflection
apparatus based r;; and HRS derived B measurements are not fully understood.
Preliminary r;; measurements of a 25% YLD_130 in PSLD_41 composite yielded p
values of 4.6 and maximum r;; of 430 pm/V.

Using VASE the poling induced birefringence of this material was evaluated
(Figure 4.6.1). A sample was corona poled and then biaxial optical constants were
evaluated using polarized light. The data was then compared to an unpoled sample.
The poled sample indeed displayed significant birefringence. Unfortunately, relating
linear to nonlinear polarizability is nontrivial. It is therefore difficult to relate this
data directly to an order parameter relevant to EO behavior. Nevertheless, further

research is currently underway to help understand the problem.

4.7 Device Testing of PSLD_41/ YLD_124 Composites

Large ry;, values displayed by dendrimer / chromophore composite materials
immediately led to interest in photonic microdevice based testing. Preliminary
testing was accomplished through a collaborative project involving the research
group of professor Axel Scherer at the California Institute of Technology.

The test configuration consisted of a new device design based on a slotted
waveguide micro-ring resonator.” A slotted ring was fabricated in silicon on
insulator (SOI). The top silicon layer was doped with 10'® phosphorous atoms per
cm’ in order to achieve a resistivity of approximately 0.025 ohm-cm. This layer

served as both the waveguide structure as well as the poling and modulating
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electrodes (Figure 4.7.1). The slot width was 110nm deep by 100nm wide. After

fabrication, the slot was filled with EO material by solution casting. The slotted
waveguide design allowed the bulk of the optical intensity to be confined to the low
index region between the silicon outer rails. The electric field associated with the
optical mode can be magnified to values near 10° V/m using this type of
configuration.’ Inset A in Figure 4.7.1 shows modeling of this mode

nanoconfinement.
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Figure 4.7.1: Panel a: model of device cross-section displaying optical mode, panel
b: electrode contact structure for applying poling and modulating fields, panel c: full
device view showing electrical and optical inputs, panel d: resonator structure

Samples were tested using YLD_124, 25% in APC as well as YLD_124,
25% in PSLD_41 as EO active material components. Testing revealed optical

modulation at high Mhz frequencies (limited by test electronics) corresponding to 33
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pm/V for the YLD_124 / APC composite and 79 pm/V for PSLD_41 / YLD_124

composites at a test wavelength of 1550 nm. In addition to pockel’s effect
modulation, these devices also recorded the first demonstration of nonlinear optical
rectification at sub-milliwatt optical power levels. Previous demonstrations of this
direct, zero bias, optical detection have required kilowatt power levels from pulsed
laser sources.

Nonlinear optical rectification is essentially the reverse process of pockel’s
effect optical modulation. Modulated optical intensity input is converted to
modulated electrical signal output. These results bring about the possibility of
optical modulation and detection using the same device configuration, fully
integrated on-chip with silicon electronics. Optical detectors based on this
configuration could potentially compete with current III-V semiconductor-based
devices, allowing increased bandwidth and decreased processing complexity and

cost.

4.8 Photo-Stability of Dendrimer / Guest Composites

Telecommunications, computing, and other industrial applications require
that photonic devices must display reasonable stability and functionality over many
years of continuous operation. Parameters that determine this functionality and
ultimately define device lifetime include the photochemical stability of the EO active
material . * %

The relative photostability of PSLD_41 and PSLD_41 / guest composites

fabricated using YLD_124 in PSLD_41 and YLD_130 in PSLD_41was detefmined.
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Standard figures of merit (FOM) were measured by exposure of the materials to

1550 nm radiation. The FOM of the dendrimer and dendrimer composite materials
were then compared to APC composites of CF,-FTC and YLD_124. Dendrimer
PSLD_41 was measured as a pure film. Dendrimer / chromophore composites were
measured at 25% loading by weight. Similar concentrations of the analogous
chromophores were studied in APC for a baseline comparison. Full experimental

details for the pump-probe measurements were presented elsewhere by D. Bale ez

al.34

Table 4.8.1: photostability FOM for EO materials in Air A = 1550 nm

sample FOM: B/o x 10¥ m?
PSLD_41 (pure film) 3747
CF,-FTC/ APC21% 8+2

PSLD_41/YLD_12425% 28+7
YLD_124/ APC 25% S5+2
PSLD_41/YLD_13025% 13+3

Photodecay kinetics were determined using the previously described
literature model.” Following these guidelines, material photodegradation was
assesed using the effective lifetime, T, as definéd following
N,/N,_ =exp(-t/T) (4.8.1)
here N, defines chromophore concentration after 1550 nm light exposure, N, denotes
initial chromophore concentration and t represents time. The photostability FOM,

B/o, is related to effective lifetime by

t=Blon (4.8.2)
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where o represents chromophore single-photon absorption cross-section, B! is

the quantum yield for photobleaching, and n is photon flux.

Greater B/o values indicate enhanced photostability.’> *® Data for the systems
considered here is presented in table 4.8.1. Photostability FOMs show that the
dendrimer based PSLD_41 and composite materials represent a quite substantial
improvement as compared to APC composites. Comparison of PSLD_41 with CF;-
FTC shows the most dramatic improvement. Chromophore YLD_124 in APC shows
reduced photostability compared to CF;-FTC in APC. It is therefore reasonable to
assume that the reduced photostability demonstrated for dendrimer / chromophore
composites as compared to pure dendrimer is a result of the addition of the less
stable guest. Increased lattice density as well as dendritic encapsulation may account

for enhanced photochemical stability in these materials.

4.9 Thermal Stability of r,, in PSLD_41/ YLD_124 Composites

Thermal stability measurement procedures using an in-situ r,; determination
apparatus have been thoroughly discussed in chapters 2 and 3."*" The temperature
at which an abrupt increase in current is observed during poling (T,) can be taken as
the onset of material glass transition. The value of T, varies according to the thermal
properties of the specific material used, and also on the level of guest chromophore
doping. Plasticization effects are generally observed when a guest chromophore is
loaded into a host material. Examples of T, experimental results are illustrated in
figure 4.9.1. Values of T,, for pure film samples of PSLD_41 were found to be very

comparable with T, for doped dendrimer samples of 25% by weight YLD_124 in
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PSLD_41. Optimum poling temperatures for the two materials were therefore

also very similar (= 95 °C). The data demonstrated that glass transition temperature

was not depressed as much as expected from the initial T, of 103 °C of the pure

PSLD_41: Ttr =99 °C PSLD_41/ YLD_124 25%:
T, = 95°C
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Figure 4.9.1: Thermally stimulated current experiments for determination of T, of
pure PSLD_41 films and PSLD_41/ YLD_124 (25% by wt)

Thermal stability was investigated further through dynamic thermal stability
experiments performed at a temperature ramp rate of 10 °C/min. The results are
presented in figure 4.9.2. The onset of abrupt thermally induced dipolar
randomization was recorded for pure PSLD_41 at approximately 92 °C. A value of
83 °C was recorded for a 25% by weight sample of YLD_124 in PSLD_41. Roughly
a 10 °C difference is observed. The observed plasticization behavior is consistent

with expectation for guest host systems.
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Figure 4.9.2: Dynamic thermal stability experiments performed for PSLD_41 and
25% by weight YLD_124 in PSLD_41 (10 °C/min)

4.10 Conclusions

Multichromophore dendrimer based organic materials for 2 " order nonlinear

optical applications offer great insight into fundamental material properties.
Excellent agreement with theory demonstrates the power of the rational design
process for the creation of materials with tailored photo-physical properties.
Dendritic structures containing covalently attached EO chromophores offer good
isolation from intermolecular electrostatic interaction while allowing for efficient
poling field induced dipolar ordering. These materials exhibit dramatic improvement
in the N<cos’0> product through a decoupling of poling efficiency and chromophore

number density.
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Introduction of a guest chromophore into the dendrimer matrix leads to

startling results. Preliminary analysis suggests that an ordered host lattice such as
the multichromophore dendrimer PSLD_41 may give rise to guest chromophore
ordering efficiency greater than that expected for non-interacting dipoles. This
implies that dipolar interaction actually augments acentric dipolar order rather than
attenuating it. Future work will be focused on a greater understanding of this
phenomenon. Various experiments are currently underway to further probe dopant
effects on the molecular lattice as well as lattice effects on the dopant. Experiments
such as determination of the concentration dependence of the r;,/r); ratio are being
performed both experimentally using ATR and theoretically by simulation.

In addition to ordering efficiency studies, probing the effects of chromophore
environment on f is also underway. The polarity and nature of the environment
surrounding each chromophore can be expected to perturb relative location of ground
state electron density as well as the mixing of the various ground and exited states.
Intermolecular contributions to hyperpolarizability are also possible. Frequency
Agile Hyper Rayleigh Scattering experiments in different solvent environments are

currently underway.

4.11 Experimental Section
Pseudo-Atomistic Monte Carlo Simulations. Calcualtions were performed
in collaboration with the Bruce H. Robinson research group and are detailed

elsewhere, 81112
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Synthesis General. All solvents were purified by distillation prior to use

unless otherwise stated. Commercially available chemicals were used as received
unless otherwise stated. All alkylithium reagents were titrated by literature procedure
prior to use. Glassware was base treated and oven or flame dried. All reactions were

performed under inert atmosphere.

Diethyl (2-thienylmethyl)phosphonate (1): was prepared according to

literature procedure.'

{4-[2-(4-Bromo-thiophen-2-yl)-vinyl]-phenyl}-[2-(tert-butyl-dimethyl-
silanyloxy)-ethyl]-methyl-amine (3): An oven dried, mag.-stirred, 250 mL RBF
was charged with a solution of p-(N,N-diethylamino)benzaldehyde (15), (17.62 g,
56.27 mmol), and Diethyl (4-bromo-2-thienylmethyl)phosphonate (24), (11.01 g,
37.51 mmol) in 100 mL freshly distilled THF. Potassium tert-butoxide ( 63.77
mL,1.0 M soln. In THF) is added dropwise over 0.5 hr. The mixture was allowed to
stir for 12hrs and 100mL NaCl (sat) was added. The organic layer was separated and
the aqueous layer was extracted with DCM. The Combined organics were dried over
MgSO,, filtered, and the solvent was removed in vacuo. The resulting crude product
was then purified by silica gel column chromatography (5% EtOac/Hex) to yield
15.1 g (90%) of a bright yellow solid.

'H NMR (500 MHz, CDCl,): 8 7.37 (d, j = 9 Hz, 2H), 7.03 (d, j = 1 Hz, 1H),

6.96 (d, j = 15.5 Hz, 1H), 6.92 (d, j =2 Hz, 1H), 6.90 (d, j = 15.5 Hz, 1H), 6.72 (d, j
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=9 Hz, 2H), 3.836 (t, j = 6.5 Hz, 2H), 3.55 (t, j = 6.4 Hz, 2H), 3.07 (s, 3H), 0.958

(s, 9 H), 0.092 (s, 6 H)ppm.

C NMR (500 MHz, CDCl,): & 149.17, 145.01, 130.03, 127.84, 126.31,
124.15, 119.78, 115.94, 111.88, 110.03, 60.56, 54.74, 39.27, 25.98, 18.32, -5.29
ppm.

HRMS (ESI): exact mass caled for C,;H;;N O Si S [M+H]", 452.1079,

Found, 452.1079.

5-[2-(4-{[2-(tert-Butyl-dimethyl-silanyloxy)-ethyl]-methyl-amino}-

phenyl)-vinyl]-thiophene-3-carbaldehyde (4): A solution of n-BuLi (1.6 M in
hexanes) was titrated using 4-biphenyl methanol as the indicator and found to be 1.2
M. An oven dried, mag.-stirred 250 mL RBF was charged with {4-|2-(4-Bromo-
thiophen-2-yl)-vinyl|-phenyl}-|2-(tert-butyl-dimethyl-silanyloxy)-ethyl |-methyl-

amine (16), (5 g, 11.04 mmol). This was dissolved in 100mL freshly distilled diethy]
ether. The solution was then cooled to —78°C (dry ice / acetone). Exactly 1
equivalent of n-BuLi (9.3 mL, 11.04 mmol) was added dropwise over 15 minutes.
The reaction temp was raised slightly by addition of more acetone to the bath. The
reaction was stirred for 10 minutes and then quenched with dry DMF (8.6 mL, 110.4
mmol) by dropwise addition. The cooling bath was removed for 10 minutes and then
NH,CI (sat, 100 mL) was added. The organics were separated and the aqueous phase
was extracted with EtOAc. The organics were then combined, dried of MgSO,, and

the solvent removed in vacuo. The crude product was purified by silica gel column
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chromatography (5% EtOAc/Hex) to yield 3.0 g (7.47 mmol, 67%) of a non-

flourescent, yellow, crystalline solid.

'‘H NMR (500 MHz, CDCl,): & 9.84 (s, 1H), 7.89(s, 1H), 7.36 (d, j = 9 Hz,
2H), 7.35 (s, 1H), 6.98 (d, j = 15.5 Hz, 1H), 691 (d, j = 15.5 Hz, 1H),6.70 (d, j =9
Hz, 2H), 3.81 (t, j = 6 Hz, 2H), 3.53 (t, j = 6 Hz, 2H), 3.05 (s, 3H), 0.92 (s, 9H), 0.06
(s, 6H) ppm.

C NMR (500 MHz, CDCl;): 8 184.99, 149.28, 146.04, 143.40, 134.69,
131.13, 127.89, 123.95, 121.02, 116.03, 111.85, 60.52, 54.69, 39.24, 25.93, 18.28, -
5.34 ppm.

HRMS (ESI): exact mass calcd for C,, H;, N O, Si S [M+H]J", 402.1923,

Found, 402.1915.

{5-[2-(4-{[2-(tert-Butyl-dimethyl-silanyloxy)-ethyl]-methyl-amino}-
phenyl)-vinyl]-thiophen-3-yl}-methanol (5): A 250 mL, 2-neck, mag.-stirred, RBF
was equipped with an addition funnel and charged with NaBH, (0.2 g, 5.28 mmol).
An aqueous solution of NaOH (4 mL, 0.2 N) was then added and the mixture was
cooled to 0°C (ice bath). A solution of 5-|2-(4-{|2-(tert-Butyl-dimethyl-silanyloxy)-
ethyl|-methyl-amino}-phenyl)-vinyl|-thiophene-3-carbaldehyde (17), (3.0 g, 7.47
mmol) dissolved in 1:1 THF/MeOH (40 mL) was then added dropwise. The reaction
was stirred for 30 minutes and the cooling bath was removed. After | hour the
reaction was quenched by the slow addition of NH,CI (sat). The organics were

separated and the aqueous phase was extracted with EtOAc. The organics were then
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combined, dried of MgSO,, and the solvent removed in vacuo. The reaction was

quantitative by NMR and the product was used without further purification.

'H NMR (300 MHz, CDCl,): 8 7.35 (d, j = 9 Hz, 2H), 6.99 (m, 3H), 6.80 (d, j
= 16.2 Hz, 1H), 6.70 (d, j = 9 Hz, 2H), 4.65 (s, 2H), 3.79 (t, j = 6 Hz, 2H), 3.51 (t, j =
6 Hz, 2H), 3.03 (s, 3H), 0.916 (s, 9H), 0.056 (s, 6H) ppm.

®C NMR (500 MHz, CDCl,): & 148.91, 144.85, 142.72, 129.02, 127.64,
124.77, 124.07, 119.44, 117.30, 111.96, 60.83, 60.56, 54.76, 39.25, 25.98, 18.32, -
5.29 ppm.

HRMS (ESI): exact mass caled for C,, Hyy, N O, Si S [M+H]|+, 404.2080,

Found, 404.2069.

5-[2-(4-{[2-(tert-Butyl-dimethyl-silanyloxy)-ethyl]-methyl-amino}-
phenyl)-vinyl]-3-hydroxymethyl-thiophene-2-carbaldehyde (6): In a 250 mL,
oven dried, mag.-stirred RBF, {5-]2-(4-{[2-(tert-Butyl-dimethyl-silanyloxy)-ethyl |-
methyl-amino}-phenyl)-vinyl|-thiophen-3-yl }-methanol (18), (3.0 g, 7.47 mmol)
was dissolved in freshly distilled THF (30 mL). The solution was then cooled to
—78°C (dry ice/acetone). n-BuLi (14.44 mL, 2.30 mmol, soln. in hexanes) was then
added dropwise over 15 minutes. After addition a light green color was observed.
The mixture was allowed to stir for I hour and then quenched with dry DMF (1.74
mL, 22.41 mmol). The reaction was then allowed to warm to room temperature
overnight. A saturated solution of NaCl (100 mL) was then added. The organics
were separated and the aqueous phase was extracted with DCM. The organics were

then combined, dried of MgSO,, and the solvent removed in vacuo. The crude
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product was then purified by silica gel column chromatography (10%

EtOAc/Hex) and then repurified, again by column (DCM). To yield 2.76 g (5.26
mmol, 70%) of a red, oily, solid.

'H NMR (500 MHz, CDCl,): 8 9.75 (s, 1H), 7.39 (d, j =9 Hz, 2H), 7.12 (d,
= 15.5 Hz, 1H), 7.08 (s, |H), 6.97 (d, j = 15.6 Hz, 1H), 6.70 (d, j = 8 Hz, 2H), 4.86
(s, 2H), 3.81 (t, j = 6 Hz, 2H), 3.54 (t, j = 6 Hz, 2H), 3.07 (s, 3H), 0.91 (s, 9H), 0.06
(s, 6H) ppm.

C NMR (300 MHz, CDCl,): 6 182.19, 153.97, 151.67, 149.79, 134.01,
133.83, 128.55, 126.45, 123.49, 115.63, 111.86, 60.53, 59.30, 54.60, 39.20, 25.91,
18.24, -4.98, ppm.

HRMS (ESI): exact mass calcd for C,;H,,N O, Si S [M+H]", 432.2029,

Found, 432.2019.

2-[4-(2-{5-[2-(4-{[2-(tert-Butyl-dimethyl-silanyloxy)-ethyl}-methyl-amino}-

phenyl)-vinyl]-3-hydroxymethyl-thiophen-2-yl}-vinyl)-3-cyano-5-phenyl-5-

trifluoromethyl-5H-furan-2-ylidene]-malononitrile (7): A mag.- stirred, 25 mL
RBF was charged with 5-[2-(4-{|2-(tert-Butyl-dimethyl-silanyloxy)-ethyl|-methyl-
amino }-phenyl)-vinyl]-3-hydroxymethyl-thiophene-2-carbaldehyde (19), (2.00 g,
4.64 mmol), and 2-(3-Cyano-4-methyl-5-phenyl-5-trifluoromethyl-5H-furan-2-
ylidene)-malononitrile; compound with methane (TCF) (1.53, 4.85 mmol). This
mixture is then dissolved in 5 mL absolute ethanol. The reaction was heated to 50 °C

overnight. The ethanol was removed in vacuo and the crude product was purified by
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silica gel column chromatography (10% EtOAc/DCM), to yield a metallic blue

solid (2.00 g, 2.74 mmol, 60%). A= 757.00 nm,

'H NMR (300 MHz, CDCl,): & 8.16 (d, J = 15.3 Hz, 1H), 7.56 (br s, 5H),
7.38 (d, J =8.7 Hz, 2H), 7.12 (d, J = 15.9 Hz, 1H), 7.07 (s, 1H), 6.97 (d,J = 159
Hz, 1H), 6.71 (d, J = 8.7 Hz, 2H), 6.55 (d, J = 15.3 Hz, 1H), 4.65 (s, 2H), 3.82 (t,J =
5.4 Hz, 2H), 3.57 (t,J = 6 Hz, 2H), 3.10 (s, 3H), 0.89 (s, 9H), 0.03 (s, 6H), ppm.

C NMR (300 MHz, CDCL,): 8 175.42, 161.23, 156.70, 154.55, 150.87,
138.86, 137.15, 133.55, 131.49, 129.99, 129.65, 128.30, 126.72, 122.94, 120.19,
115.42, 112.22, 111.74, 111.34, 111.02, 110.63, 60.60, 58.86, 56.97, 54.59, 39.32,
25.87, 18.21, -4.89, ppm.

HRMS (ESI): exact mass calcd for C;g H,y N, O; F; Si S [M+H], 729.2543,

Found, 729.2528.

1,1,1-Tris-(6-hexanoic acid-4-phenyl)ethane (8): Tri-acid dendrimer core was

synthesized according to literature procedure. '

PSLD_33: An oven dried, mag.- stirred, 100mL two-neck RBF was charged with
(31) (0.221 g, 0.341 mmol), (d2.pas.27) (0.820 g, 1.13 mmol), 1,3-
dicyclohexylcarbodiimide (0.260 g, 1.26 mmol), and DPTS (0.10 g, 0.341mmol).
After 1hr of drying under a high vacuum, the mixture was dissolved in freshly
distilled THF (10 mL) and DCM (15 mL). The reaction was stirred for 48 hr, washed
with NaCl (sat.), and organic layer collected. The aqueous layer was extracted with

DCM, and the combined organics were washed with water, dried over MgSO,, and
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condensed in vacuo. The dark blue crude solid was purified by silica gel column

chromatography (5% THF/ DCM) to yield 0.182 g (25%) of a deep blue solid. T, =
96 °C, _ax = 759 nm (CHCI,)

'H NMR (300 MHz, CDCl,): 8 7.89 (J = 15.3 Hz), 7.58-7.54 (m, 15H), 7.39
(d, J =9 Hz, 6H), 7.13 (d, J = 15.9 Hz, 3H), 7.03 (s, 3H), 6.98, (d, J = 8.7 Hz, 6H),
6.96 (d, ] = 15.9 Hz, 3H), 6.77 (d, ] = 8.7 Hz, 6H), 6.68 (d, J = 8.7 Hz, 6H), 6.64 (d,
J =15.3 Hz, 3H), 4.92 (d, J = 3 Hz, 6H), 3.94 (t, ] = 6.3 Hz, 6H), 3.81 (t, ] = 6 Hz,
6H), 3.56 (t, J = 6 Hz, 6H), 3.10 (s, 9H), 2.35 (t, J = 7.2 Hz, 6H), 2.09 (br-s, 3H),
1.87-1.79 (m, 6H), 1.72-1.67(m, 6H), 1.55-1.49 (m, 6H), 0.89 (s, 27H), 0.03 (s,
18H), ppm.

MALDI-TOF: [M+Nal, 2804.476 (m/z).

EA (CHN) analysis calcd for C,ssH,5,FoN,,0,55;Si5; C, 66.93; H, 5.76; N,
6.04%. Found; C, 67.92; H, 5.96; N, 5.89%.

Amax (CHCL) = 759 nm ; A, (flm) =734 nm

T,=85°C

PSLD_40 (9): A 50mL RBF is charged with d2.pas.33 (0.19 g) and acetone
was added to dissolve (4 mL). IN HCI (0.5 mL) was then added. The reaction was
allowed to proceed for 2.5 hr. The mixture was then neutralized with NaHCO, and
product collected by filtration. The blue solid was obtained in quantitative yield and

used without further purification.
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PSLD_41: An oven dried, mag.- stirred, 100mL two-neck RBF was

charged with (d2.pas.40) (0.10 g, 0.041 mmol), (dendronl) (0.084 g, 0.164 mmol),
1,3-dicyclohexylcarbodiimide (0.038 g, 0.184 mmol), and DPTS (0.030 g, 0.20
mmol). After 1hr of drying under a high vacuum, the mixture was dissolved in
freshly distilled THF (10 mL) and DCM (15 mL). The reaction was stirred for 48 hr,
washed with NaCl (sat.), and organic layer collected. The aqueous layer was
extracted with DCM, and the combined organics were washed with water, dried over
MgSO,, and condensed in vacuo. The dark blue crude solid was purified by silica gel
column chromatography (2.5% THF/ DCM) to yield 0.1 g (0.025 mmol, 62%), of a
deep blue solid.

'H NMR (500 MHz, CDCl,): 8 7.93, (d, J = 15.5, 3H), 7.58-7.54 (m, 15H),
7.39 (d, ] =9 Hz, 6H), 7.21 (d, J = 2.5 Hz, 6H), 6.99 (s, 3H), 6.98 (d, ] =7 Hz, 6H),
6.96 (d, J = 15.5 Hz, 3H), 6.87 (d, J = 15.5 Hz, 3H), 6.83 (d, ] =9 Hz, 6H), 6.77 (d, J
=9 Hz, 6H), 6.71 (t,J = 2.5 Hz, 3H), 6.66 (d, J = 15.5 Hz, 3H), 4.99 (s, 12H), 9.86
(dd, J, = 13 Hz, J, = 6.5 Hz, 6H), 4.54 (t, ] = 5.5 Hz, 6H), 3.93 (t, ] = 6.5 Hz, 6H),
3.86 (t,J =5.5 Hz, 6H), 3.13 (s, 9H), 2.36 (t, ] = 7.5 Hz, 6H), 2.09 (br-s, 3H), 1.82-
1.76 (m, 6H), 1.73-1.67 (m, 6H), 1.53-1.47 (m, 6H), ppm.

EA (CHN) analysis calcd for CyoH,35F30N,0,,S;; C, 61.16; H, 3.46; N,
4.28%. Found; C, 60.86; H, 3.25; N, 4.46%.

Amax (CHCLL) =726 nm; A, (flm) =720 nm

T, =103 °C
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Chemical Analysis: CHN analysis was performed by Prevalere Life

Sciences, Inc., Whitesboro NY. 'H and >C NMR, UV-Vis NIR spectroscopy, and

thermal analysis were performed as reported previously. '

Thin Film Fabrication Techniques and EQ Measurements: Real time
pole and probe r;; measurement details have been reported previously.'"* Samples of
each material were prepared by solution spin-casting onto ITO-coated glass slides
gold electrodes (d = 200 nm) were then deposited atop the films. EO measurements
were performed at A = 1300 nm, and r,; measurements were recorded after cooling
and removal of the poling field. Values were calculated by sine-wave fitting of lock-
in-amplifier and direct current detector response curves as a function of the relative
phase angle (W¥,,) between TE and TM. Values for r;; were then calculated from [,

and I, values using

2 s 2 2
= 3;\1’” 2 (n .S“; 9) « Im /I( (4‘9 l)
4nv, I.n sin“ @

£

where V. is measured directly at the sample electrodes during poling.

Variable Angle Spectroscopic Ellipsometry: Index measurements
performed using VASE were performed in collaboration with the Dong Hoon Choi
research group at Korea University, Seoul Korea. Measurements were performed
using a Woollam VASE model with auto reader in the range of 310-1550 nm (0.8-

4.0 eV), with incidence angles of 65, 70, and 75 degrees. The pseudo-dielectric
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functions were fit using non-linear Levenberg-Marquardt algorithm using

WVASE32 software.

Singular Value Decomposition of UV-VIS NIR Spectra: Curve-fitting was

performed by Prof. Bruce Robinson.
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Figure 4.11.1: Experimental data for PSLD_41 film, and YLD_124 in APC,
components PCl and PC2 are the two base components from the mathematical

decomposition of Figure 4.5.3.

Shown in Figure 4.8.1 are actual data for a film of PSLD_41 (P41) and
YLD_124 (Y 124) in APC normalized by chromophore number density. Also shown
are spectra of the mathematically decomposed components of the UV-Vis NIR

spectra for PSLD_41 / YLD_124 composites (Figure 4.5.3). The spectra for
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very similar in

PSLD_41 and PC1 are identical, YLD 124 in APC and PC2 are

shape, PC 2 is somewhat broadened.
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Figure 4.11.2: Mathematical reproduction of figure 4.5.3 spectra resulting from

linear combination of PSLD_41 and YLD_124 spectra
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Chapter S

Exploration of a Series-Type Multifunctionalized NLO
Chromophore Concept

5.1 Introduction

Multiple charge transfer nonlinear optical chromophores are attractive
candidates for NLO active materials because they may show significantly enhanced
first hyperpolarizability (f), while still exhibiting only modest increases in ground
state dipole moment (y,). A small number of non-classical chromophores containing
multiple donor and acceptor substituents such as A-shaped, Y-shaped, and X-shaped
two dimensional charge transfer chromophores have been developed. All of these
designs show hyperpolarizability contributions from large off-diagonal B-tensorial
components." They exhibit an improved nonlinearity-transparency trade-off
compared to one-dimensional dipolar chromophores.” Little is known about the
effect of adding additional donor or acceptor groups to a system that already exhibits

a large hyperpolarizability.

5.2 Theory of Multiple Charge Transfer Chromophore Design
Two examples of one-dimensional dipolar molecules are the chromophores

FTC and FTTC (Figure 5.2.1). For this discussion these structures will serve as
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controls with which to compare multifunctional molecules that possess the same

basic backbone.

N (N
( L )
FTC PAS 38 (FTTC)

Figure 5.2.1: Examples of typical donor-bridge-acceptor, linear chromophores

An important point to consider when designing a multiple donor/acceptor
chromophore is how the donating and accepting substituents communicate with one
another. Different substitution patterns may vary the degree to which a particular
electron configuration contributes to electric field induced molecular polarization.

Two models for substitution patterns that can be envisioned are as shown below

(Figure 5.2.2).
A parallel model A
D D
series model
A ©

A © A ©
D/\/K/A — %DA%\?A %)/ ZA

D D D

®

Figure 5.2.2: Schematic representation of parallel and series concepts

A parallel arrangement is one in which both donor and acceptor pairs are in
conjugation with each other before charge transfer. A series-type arrangement
allows for a larger contribution from a second donor and acceptor pair as the

chromophore is polarized in the presence of an external electric field.
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x-CN

1 2 3 (PAS 25)

Figure 5.2.3: Examples of three series-type structures, 2-donors & I-acceptor, 1, 1-
donor & 2-acceptors, 2, 2-donors & 2-acceptors, 3

During polarization, the second active substituent or pair that was not in
maximum conjugation in the ground state becomes a part of the conjugated system

and hence contributes to {3.

Figure 5.2.4: Example of a 1D linear control, 4, and a parallel substituted
multifunctional NLO-phore, 5

Figure 5.2.3 shows three series-type molecular architectures considered
herein. Shown for comparison (Figure 5.2.4) is an example of a parallel-type
structure and its linear counterpart. Polarization primarily results from the admixing

of chromophore ground and excited states. It has been suggested that chromophore
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polarization behavior can be viewed from a frontier orbital theory perspective as

shown by the two state model (equation 5.2.1).> This theory suggests that the charge-
transfer polarized state can be described by a combination of ground and excited
states. Of these occupied and unoccupied molecular orbitals, the highest occupied
molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO), will
contribute most significantly. This idea can be written as

B = Aulu, ) IAE,, ‘ (5.2.1)

Au represents the difference in dipole moment between the ground and
polarized states, W, is the transition dipole moment and AE,, is the difference in
energy between the HOMO and the LUMO. Optimizing any of the parameters in
Equation 2, increases f. Thei transition dipole moment can be thought of as a
measure of the extent of admixing of HOMO and LUMO levels. Au can be viewed
as a measure of the change in localization of electron density between ground and
polarized states, essentially a measure of the overall polarizability of the
chromophore. If u,is large, and AE,, is small, there exists a relatively small energy
difference between ground and polarized states. This small energy difference leads to
electron density being less localized on the donor side of the molecule and being
more evenly distributed along the dipolar axis from donor to acceptor in the

unpolarized state, leading to a reduced Au.

5.3 Density Functional Theory (DFT) based Molecular Modeling Results
Density functional theory (DFT) quantum mechanical modeling can be used

to evaluate ground and excited state electron density localization. From these data a
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qualitative picture of molecular orbital contribution to § can be derived. From

inspection of Figure 5.3.1, effective ground state electron density delocalization is
noted. The HOMO and LUMO representations shown for FTTC exemplify typical
one-dimensional donor-bridge-acceptor based chromophore design. The largest
amount of electron density is localized on the donor side in the HOMO diagram and
on the acceptor side in the LUMO diagram. The donor and acceptor pair is
positioned to have maximum communication with each other through the delocalized
m-electron system in the ground state. This leads to a significant portion of the total
electron density being distributed along the dipolar axis of the molecule in the
unpolarized state, resulting in reduced asymmetry. This illustrates the mutually

exclusive behavior between u.,and Au in conventional, 1D chromophore design.

LUMO

FTTC: B,,,=1378x 10"*%su p =29.94D*

Figure 5.3.1: Representation of the DFT-calculated HOMO and LUMO for linear
NLO-phore FTTC
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Due to the fact that a linear molecule is of finite length, increased ground state

electron density localization can lead to a large shift of electron density upon
polarization and thus, a large Au and f3. Therefore, to realize high 3, a balance must
be struck between ground state electron density asymmetry and the extent of
admixing of ground and excited states. Large ground state electron density
localization leads to a large Au only if effective charge polarization can be achieved.
For effective polarization of electron density, a large u., must be simultaneously
realized. A series substitution pattern is a novel approach to the simultaneous

optimization of u., AE,, and Au.

\ X

B...= 492 x 10¥%su p = 28.8D

Figure 5.3.2: Representation of the DFT-calculated HOMO and LUMO for parallel-
type structure 5

A parallel type multiply-substituted NLO-phore, shown for comparison (figure
5.3.2), shows orbital pictures that are much the same as seen in the linear example.

This compound exhibits a relatively modest calculated increase in
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hyperpolarizability (20% enhancement in f3,,,) compared to its linear control

example but the dipole moment is actually decreased.

For all three series-type multiple charge transfer chromophores shown, unlike
linear and parallel design, only one pair of donor and acceptor groups is in maximum
conjugation in the ground state. During polarization, the second active substituent or
pair is brought into a greater degree of conjugation and hence contributes more
significantly to the first hyperpolarizability (). Structure 1 is composed of two N,N-
diethylaniline-p-vinylene donors linked in the 2 and 3 positions of a thiophene ring.
One tri-cyano-furan (TCF) electron acceptor is placed in the 5 position to
compliment the two donors. The single acceptor of 1 is most effectively conjugated
with the donor substituent located in the 2 position of thiophene. This is evidenced
by the observation that electron density of this donor is less localized and more
distributed along the conjugated system as seen in the HOMO diagram (figure 5.3.3).
DFT calculations show that all three series chromophores exhibit similar
characteristics. One donor, acceptor, or pair is in greater conjugation than the others
in the ground state. The LUMO diagram of 1 suggests that upon polarization,
electron density from only one of the donor substituents can be highly displaced to
the acceptor side of the molecule. Calculations show this molecule to have the
smallest hyperpolarizability of the three series type structures. The double donor and
single acceptor substitution pattern exemplified by 1 also shows the least
enhancement (15% increase in p,,, compared to its | dimensional control FTC) of the
three series substitution patterns studied. Similar analysis of 2 shows that upon

polarization all electron density available can be effectively shifted toward the
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double electron acceptor substituted side of the tri-substituted thiophene bridge

(figure 5.3.4). This molecule would be expected to possess a much greater Au than
that of FTC and that of molecule 1. Hyperpolarizability calculations show a 52%
increase in f3,,, over FTC for 2.

The most dramatic calculated enhancement of hyperpolarizability comes
from a series substitution pattern made up of two complete donor acceptor pairs
(figure 5.3.5). A calculated 156% increase in hyperpolarizability compared to FTTC
is observed for molecule 3. The HOMO energies of chromophores containing
aromatic bridge components are reduced by the aromatic stabilization within each
component. If the polarized state is to resemble the charge separated (quinoidal)
resonance structure that can be drawn for the molecule, this aromatic stabilization
must be overcome upon polarization. This stabilization must therefore be seen to

reduce u. and increase AE,,, thus reducing the hyperpolarizability.

Molecule 1:8

=444 x 10¥%su p= 26.72D

22z

Figure 5.3.3: Representation of the DFT-calculated HOMO and LUMO for series
type structure, 1
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In series type multifuntionalized chromophores the electron donor and

acceptor pair that is in maximum communication in the ground state should aid in
overcoming aromatic stabilization energy, thus increasing u.,. The most effective
series type chromophore is therefore one that can take advantage of this reduced
energy polarizable state by donating as well as accepting more electron density. This
combination will maximize ., helping in the optimization of {3. Steric strain in these
multiple charge transfer chromophores may also contribute towards decreasing the

HOMO-LUMO energy gap as compared to the coplanar linear chromophores.

Molecule 2: B,,, = 585 x 10*%esu p=29.74D

Figure 5.3.4: Representation of the DFT-calculated HOMO and LUMO for series
type structure, 2
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The slightly reduced coplanarity of the molecules may decrease the efficiency of

the m-orbital overlap and increase the HOMO energy increasing AE,,. However
reduced planarity may also reduce the electronic communication between the donor

and the acceptor that may lead to a decrease in first hyperpolarizability (B).

Molecule 3: B,,, = 3522 x 10 °esu p=29.90D

Figure 5.3.5: Representation of the DFT-calculated HOMO and LUMO for series
type structure, 3

The difference between the dipole moments and the hyperpolarizabilities of
molecules 1, 2, 3 and 4, are substantial. Series-type designs incorporating two pairs
of electron donor/acceptor substituents show the largest enhancement among the
designs studied. The series molecule, 3, displays the highest calculated first
hyperpolarizability. Chromophore 3 shows almost 3 times enhancement in 8,4, in
comparison to the linear FTTC chromophore constructed from the same donor,
bridge and acceptor. Calculated values are tabulated below (Table 1). All of the
multifunctional molecules possess ground state dipole moments that are lowered or

only modestly enhanced by the addition of active substituents.



160
Table 5.3.1: Calculated electronic data for compounds discussed above

Molecule Dipole Moment Hyperpolarizability (calc)
(u)(Cale.) (D) Brrs Bzzz
FTC 25.97 175 386
FTTC 29.94 605 1378
1 26.72 199 444
2 29.74 258 585
3 29.90 1789 3522
4 25.3 114 411
5 28.8 163 492

Geometries were optimized using DFT calculations, and the structures shown are
optimized geometries. Geometries were optimized to an accuracy of 10* Ha using
DMol* °, a density functional program, utilizing a numerical basis set familiar in
Hartree-Fock theory. Geometry optimization and all subsequent calculations were
performed with the RPBE® Hamiltonian. The hyperpolarizability was calculated by
applying external fields with magnitudes 0.001 au and 0.002 au along the +X, +Y,
and +Z coordinate axes. In all, 13 calculations were performed for each molecule in
its fixed optimized geometry. The resulting dipole vectors were analyzed using the
method of Sim, et al.’, and the hyper-Rayleigh scattering value of the
hyperpolarizability was calculated from the 3 tensor using the equations of Cyvin,
Rauch, and Decius. ” Both molecules 1 and 2 are slightly twisted owing to the steric

hindrance in the ortho positions of thiophene.
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5.4 Synthesis of Multiple Charge Transfer Chromophores and Linear
Analogs

Scheme 5.4.1: Outline of synthetic scheme for molecule 3 (PAS 25)*

Molecule 3 (PAS 25)

*Conditions: (i) ‘BuOK, THF, 0 °C — RT 12 h, 30%; (ii) (a) n-BuLi, THF, -78
°C 1 h; (b) DMF, RT 12h, >95%; (iii) neopentyl glycol, TsOH, C¢H;, reflux 12 h,
quant; (iv) (a) n-BuLi, THF, -78 °C 1 h; (b) Cul, THF -20 °C; (c) iodo-methyl
phosphonate, —20 °C 12 h, 72%; (v) ‘BuOK, THF, 0 °C - RT 12 h, 99%; (vi) H,SO,
(IN), THF, reflux 2 h, 80%; (vii) Et;N, CHCl;, reflux 12 h, 30%
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The synthesis of Molecule 3 (PAS 25) is outlined in Scheme 5.4.1. This
particular molecular design was used because of facile synthetic access. Noting the
selection of commercially available starting materials and drawing on prior synthetic
knowledge, the 2,3-thienyl vinylene linkage used for both double donor and double
acceptor portions of PAS-25 (3) was thus envisioned. Synthetic access to molecules

1 and 2 was also explored but will not be discussed here.
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Figure 5.4.1: ORTEP representation of single crystal x-ray diffraction data for
double donor, 8
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The starting material 2,3-thiophene dicarboxaldehyde 7 was purchased

from Sigma Aldrich, but can be prepared in three steps from 3-thiophene bromide.
Tandem olefination by Horner-Waddsworth-Emmons modification of the Wittig
reaction using 4-diethylamino-benzyl-diethyl phosphonate affords the double
electron donor substituted thiophene divinylene moiety in 18 — 30% yield. Figure
5.4.1 shows a representation of single crystal x-ray diffraction data for double donor
8. From this data atomic distances and torsion angles can be calculated. This data is
in good agreement with optimized geometries obtained from DFT calculations. From
inspection of the crystal structure, it is apparent that double bond portions of the
molecule do not display a high degree of twist with respect to the thiophene ring, as
might be expected due to steric constraints. The two phenyl rings are somewhat out
of planarity. However, they do not exhibit higher torsion angles than would be seen
in a similar linear chromophore.

Although the final structure does not seem highly crowded, low yields
obtained from the Horner-Emmons reaction in the synthesis of 8 may be due to steric
hindrance during formation of the 4-member oxyphosphetane ring familiar in Wittig
type chemistry. Excess unreacted phosphonate is recovered from the reaction
mixture even when excess base is used. Some preliminary test results suggest that
the yield of this reaction may be somewhat improved by the use of 4-diethylamino-
benzyltriphenylphosphonium bromide. This compound is the Wittig salt analog of
the Horner-Emmons phosphonate initially used for the reaction. The reason for this
improved yield may stem from a difference between the two reactions in the rate-

determining step. The electrophilicity of the phosphonium anion of the Horner-
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Emmons phosphonate compared to the Wittig-salt is reduced. Causing the

formation of the O-P bond between the ylide phosphonium and carbonyl oxygen to
become the rate-determining step in the Horner-Emmons reaction. This means thét
before the formation of the 4-member oxyphosphetane ring, the Horner-Emmons
reaction is reversible and equilibrium dependant. In contrast, the formation of the C-
C bond between ylide carbon and carbonyl carbon is the rate-determining step in the
analogous, classic Wittig reaction. This means that compared to the formation of the
C-C bond, the O-P bond formation in the Wittig case is very fast and thus addition to
the aldehyde carbonyl is irreversible.”

In the second step of the synthesis, the 5 position of double donor thiophene 8
is lithiated at low temperature using n-butyl lithium. This lithiated species is then
quenched with anhydrous dimethyl formamide and hydrolyzed to produce the 5-
formyl double donor species 9. In order to create two functional aldehydes for future
Knoevenagel addition of electron accepting groups, protected phosphonate 11 is
synthesized, again starting from dialdehyde 7. The dialdehyde is protected using neo-
pentyl glycol under dehydrating conditions to form the diacetal derivative 10. This
product is then lithiated and added to a slightly warmer, air free, solution of copper
iodide in THF to form the cuprate of the protected thiopene aldehyde. This cuprate
is then used to displace iodine in an SN, fashion from lodo-methyl phosphonate to
form the phosphonate 11 according to a modified literature procedure.” Phosphonate
11 can then be used to couple with aldehyde 9, again through Horner-Emmons
chemistry. The removal of the protecting groups from structure 12 can be effected by

multiple procedures. Cleavage can be promoted via a one-pot method by addition of
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3N sulfuric acid directly to the reaction mixture, or 12 can be first purified and

then deprotected. The one-pot method gives only 46% yield. If product 12 is isolated
it is found that the Horner-Emmons olefination is very high yielding and 12 can be
deprotected to give 13 in improved yield. A deprotection procedure using pyridinium
tosylate as the catalyst'® was also investigated and found to remove one protecting
group quickly (18hrs) and quantitatively (as confirmed by '"H NMR), but the other is
left intact over several days at reflux. The last step in the synthesis of molecule 3
involves a tandem Knoevenagel condensation between 13 and two equivalents of 3-
cyano-5,5-dimethyl-2-dicyanomethylene-4-methyl-2,5-dihydrofuran (TCF) electron
acceptor moiety. This reaction is typically carried out in chloroform using a catalytic
amount of a tertiary amine base while the solvent is dehydrated by passage through a
soxhlet extractor filled with activated 4 angstrom molecular sieves. By TLC, a very
polar, dark colored product is produced which can be purified by silica gel column
chromatography to yield molecule 3 (PAS 25) as evidenced by MALDI-TOF mass

spectrometry (Figure 5.4.2).



ot ] PRIT Sullive/Dalton £2.2.9 166

14000 -
13000

10000 -

N NeT N
s000 A Molecule 3 (PAS 25) o/ CM
i CsgHs2NgO5S,
Exact Mass: 956.37
000 - Mol. Wt.: 857.22
4000 470.4
2000 179.4
814 !s 0'167 o g 433 H
Ei4.8 (—z—l LR_T 151,
: il RV | -

¥ T 1 T T T
400 $00 800 1000 =z
Jaxport /home/dats /Aalton _group/U2-1-3/1ReL/pdata/l  unknown Wed Jul 30 09:56:42 2003

Figure 5.4.2: MALDI-TOF data showing 956.4 m/z molecular cation of Molecule 3

The synthesis of PAS 38 (FTTC) is more straightforward (Scheme 5.4.2).
Olefination of 2-thiophene carboxaldehyde 14 is effected as before under Horner-
Emmons conditions using phosphonate 6. Carbonylation of donor-bridge 15
proceeds in high yield under standard conditions to produce 16. In order to extend
the system by one thienyl vinylene carboxaldehyde unit via a one-pot method, 18 is
synthesized starting from 2-thiophene carboxaldehyde. The aldehyde is protected in
quantitative yield with ethylene glycol using p-toluenesulfonic acid monohydrate as
a catalyst and dehydrating by azeotropic distillation in benzene to produce 17. This
product is then converted to the corresponding Horner-Emmons phosphonate in an
analogous manner to that used in synthesis of 11. Low yields of 18 are obtained due
to the deprotection of the aldehyde during purification on silica gel or neutral

alumina. The deprotected product can be isolated and reprotected using analogous
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conditions to the original protection with either a large excess of ethylene glycol

or a lesser excess of neopentyl glycol. Either phosphonate can then be used to effect
olefination of 16 with in situ deprotection of the aldehyde to produce 19. The
neopentyl protecting group requires more stringent conditions to remove and
removal results in some decomposition of product. Removal of the ethylene glycol
protecting group in situ proceeds quickly and cleanly. Final product chromophore

PAS 38 is produced by Knoevenagel condensation with the TCF acceptor.

Scheme 5.4.2: Synthetic scheme for linear control chromophore PAS 38 (FTTC)*
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PAS 38 (FTTC)

*Conditions: (i) ‘BuOK, THF, 0 °C — RT 12 h, 90%; (ii) (a) n-BuLi, THF, -78
°C 1 h; (b) DMF, RT 12h, >95%; (iii) TsOH, C.H, reflux 12 h, quant; (iv) (a) n-
BuLi, THF, -78 °C 1 h; (b) Cul, THF -20 °C; (c) iodo-methyl phosphonate, —20 °C
12 h, 50%:; (v) (a) ‘BuOK, THF, 0 °C — RT 12 h; (b) H,SO, (IN), THF, 99%; (vi)
Et;N, CHCL;, reflux 12 h,
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5.5 Photophysical Characterization

After completion of the synthesis of PAS 25 and PAS 38 the two
chromophores were analyzed using a femtosecond Hyper-Rayleigh Scattering (HRS)
system with excitation wavelength of 780nm and 1300nm. HRS is a technique used
to measure molecular first hyperpolarizability () by observing the intensity of the
frequency-doubled signal relative to a standard. This technique is a solution
measurement that does not require orientation of the chromophores. HRS gives {3 via
equation 5.5.1 where [ is the signal intensity and N represents number density. Using
HRS, B is measured directly, unlike Electric Field Induced Second Harmonic
Generation (EFISH) which gives a value roughly proportional to the product of

hyperpolarizability and dipole moment (uf3).

2 2
lsample Nsample <ﬁ m'"[’[?> + Nsolvenf <ﬁ .mlvem>

2
Isnlvent Nm[‘,e,,, <ﬁ ..m[vem>

(5.5.1)

Some phenomena that must be considered when interpreting HRS data are
multi-photon fluorescence (MPF) and dispersion processes. MPF can be reasonably
subtracted from spectrally-resolved HRS signals. Dispersion processes that lead to
resonance enhancement are much more difficult to correct for mathematically.
Resonant enhancement effects occur most severely when the frequency doubled
signal falls near the chromophore A,,,. The contribution of this enhancement to
observed HRS signal is best understood by taking measurements using different
excitation wavelengths that lead to a frequency doubled signal that differs in relation

to chromophore A, . Figure 5.5.1 shows PAS 38, PAS 25, their A, in chloroform,
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and HRS data. Also shown for comparison are two other similar three-ring

systems DMC3-97, and PAS 54. For PAS 38, data is shown for measurement at
780nm and at 1300nm. Excitation at 780nm and 1300nm correspond to frequency-

doubled signals at 390nm and 650nm respectively.

S
N
\ /N on 780 nm; 3165
DMC3-97 N\ /N on 1300 nm: 11366
s \__A_/" Xmax=655nm
O CN

780 nm: 3876
1300 nm: 12166
Amax = 734 nm

780 nm: 6679
1300 nm: 13863
amax = 675 nm

780 nm: -------
1300 nm: 9534
Amax = 424 nm

Figure 5.5.1: HRS data corresponding to PAS 25, linear control PAS 38, and two
similar three-ring examples for comparison

All B values are reported relative to chloroform. Using a 780nm excitation
beam the value for PAS 38 is 6679 times that of chloroform (solvent), using
1300nm, the value doubles to 13863. At 1300nm the HRS signal (650nm) falls
almost exactly on the A,, (675nm) of PAS 38. This signal doubling illustrates the

problem of resonance enhancement. Currently there is only HRS data for PAS 25
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using 1300nm. Here the value of f§ is 9534 times that of chloroform with a A,

of 424nm. The 650nm HRS signal falls much farther away from A, of PAS 25.

This implies that the value for this chromophore is not significantly enhanced and

not easily compared to PAS 38 at this wavelength. Observing a blue shifted

maximum absorbance and a strong HRS signal for PAS 25 is an encouraging result.

In house, this is by far the highest  value reported for a chromophore with a similar

Amax- Table 5.5.1 shows HRS data for comparison with PAS 25

Table 5.5.1: HRS values of several chromophores for comparison (given relative to

chloroform).

Chromophore Amax(NM) B(780nm) B(1300nm)
pNA 348 303 66
DR1 479 1292 783

PAS -25 4924 e 9534
PAS-38 675 6679 13863
OLD-1 754 12943 17312

EZ-FTC 674 9929 15607

PAS 25 exhibits a A, that is blue shifted relative to DR1 but shows a

hyperpolarizability more than ten times greater. Data at 780nm would probably

show an enhanced hyperpolarizability for PAS 25.
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Figure 5.5.2: Extinction coefficients vs. wavelength comparison

Extinction coefficients corresponding to PAS 25, and linear control chromophores
PAS 38 and PAS 54 are shown in figure 5.5.2. The largest is observed for x-shaped
PAS 25.

Three absorption bands bands are displayed in the absorption spectra of x-
shaped chromophore PAS 25. Figure 5.5.4 compares the absorption spectrum of
PAS 25 with that of the dialdehyde precursor. A bathochromic shift is observed in all
absorption bands corresponding to the addition of the acceptor moieties. The brqad
peak at approximately A = 800 nm may be associated with molecular aggregation.’
An attempt to test this hypothesis was made through dilution of a standard solution

in chloroform. At low concentrations, signal-to-noise ratios for the UV-Vis
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spectrophotometer available was rather poor. In addition, the low solubility of

PAS 25 may cause aggregation to extend into the very high dilution regime.
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Figure 5.5.4: UV-Vis spectra of dialdehyde bridge precursor and PAS 25

5.6 Conclusions

Two-dimensional Multiple charge transfer chromophores represent a novel
approach to the optimization of f§ without correspondingly increasing dipole
moment. Optical nonlinearity may also be improved without the corresponding
bathochromic shift in Amax that is typically observed in conventional linear
chromophores. These advantages hold the promise of simultaneously improved ry;
and optical loss. In order to adequately explore these possibilities more work must
be done toward materials with sufficient solubility and stability for more detailed

characterization.
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The novel x-shaped, series type, multiple charge transfer chromophore

was designed using quantum mechanical modeling. The compound was then
synthesized and characterized along with analogous linear control compound, PAS
38. Although the maximum absorbance of PAS 25 was blue-shifted as compared
with that of PAS 38, Bgs Was not dramatically reduced. Unfortuanately, PAS 25
displayed poor solubility and an extremely complicated UV-Vis absorption
spectrum. These two complications prevented unambiguous analysis of
photophysical properties. However, the results obtained as well as recent
independent reports show promise. This concept is therefore attractive for continued

research.

5.7 Experimental Section

General: All starting materials were purchased from Aldrich, or Alfa Aesar
and used without further purification unless otherwise specified. All NMR data was
obtained using Bruker Avance 300, 301, or 500Mhz, nuclear magnetic resonance

spectrometers.

2,3-{(N,N-diethyl amino)styryl}thiophene (8): An oven dried, mag stirred,
500mL round bottomed flask (RBF) was charged with p-(N,N-diethyl amino)benzy!
ethylphosphonate 6 (9.4g, 31.372mmol), and 2,3-thiophene dicarboxaldehyde 7
(2.0g, 14.26mmol). This mixture was then dissolved in freshly distilled THF (60mL).
While stirring, a 1.0M solution of Kot-bu in THF (32.8mL, 32.8mmol), was added

dropwise over 0.5hrs. The mixture was allowed to stir overnight and then quenched
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with a saturated solution of NaCl. The organic layer was separated and the

aqueous layer extracted with DCM (2x30mL). The organics were then combined,
dried over magnesium sulfate, and the solvent removed in vacuo. The crude
red/brown oil was then purified by silica gel column chromatography (10%
EtOac/Hex), to yield 1.13 g (18%) of a fluorescent yellow, crystalline solid.

'H NMR (200 MHz, CDCl;): 8 7.36 (dd, J, = 1.8 Hz, J, =7 Hz, 4 H), 7.23 (d,
J =144 Hz, 1H), 7.21 (d,J = 5.4 Hz, 1H), 7.09 (d, J = 16.2 Hz, 1H), 7.02 (d, ] = 5.4,
1H), 6.82 (d, J = 15.8 Hz, 1H), 6.79 (d, ] = 15.8 Hz, 1H), 6.64 (dd, J, = 1.6,J), =7

Hz, 4H), 3.36 (q,J = 7.6 Hz, 8H), 1.17 (t, ] = 6.8 Hz, 12H), ppm.

E.A. Calcd for C ,gH;,N,S: C, 78.09; H, 7.96; N, 6.50. Found: C, 78.10; H,

7.65; N, 6.53. Single crystal X-ray diffraction data available.

2,3-{(N,N-diethyl amino)styryl}thiophene-S-carboxaldehyd (9): An oven
dried, mag. Stirred, 100mL RBF was charged with 8 (1.13g, 2.63mmol). Freshly
distilled THF (25mL) was added to dissolve the solid. The reaction vessel was
cooled to ~780C (dry ice/acetone). A 2.5M solution of n-buty! lithium in pentane
(1.15mL, 2.89mmol), was added dropwise over 0.5hrs. The reaction was then stirred
for 1.5hrs and anhydrous DMF (0.405mL, 3.42mmol) was added. The solution was
then allowed to warm to RT overnight, and quenched with aqueous NaCl. The
organic layer was separated, and the aqueous phase was extracted with DCM. The

organics were combined and dried over magnesium sulfate and the solvent removed
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in vacuo. The red, solid, crude product was then purified by silica gel column

chromatography (DCM), to yield 1.19g, 99% of 9.

'H NMR (500 MHz, CDCl): 8 9.8 (s, 1H), 7.88 (s, 1H), 7.43 (dd, J, = 5 Hz,
J,=1.6 Hz, 4H), 7.23 (d,J = 6.4‘Hz), 7.09 (d,J = 16 Hz, 1H), 7.04 (d, J = 16 Hz),
6.94 (d, J = 16 Hz, 1H), 6.70 (t, J = 10 Hz, 4H), 3.42 (q, 5Hz, 8H), 1.27 (1,] = 6.7
Hz, 12H), ppm.

“C NMR (500Hhz, CDCI3)£ & 182.68, 148.19, 147.67, 147.25, 138.73,
137.08, 135.70, 133.25, 130.77, 128.68, 127.94, 124.25, 123.54, 115.17, 114.02,

111.70, 111.58, 44.48, 29.75, 12.69, ppm.

2,3-thiophene di-neopentyl acetal (10): A mag. Stirred 250mL RBF, was
equipped with a Dean-Stark trap and charged with 2,3-thiophene dicarboxaldehyde 7
(lg, 7.13mmol), and noepentyl glycol (1.63g, 15.69mmol). The mixture was
dissolved in benzene (50mL), a catalytic amount of p-toluenesulfonic acid
monohydrate (0.0136g, 0.0713mmol) was added, and the mixture was heated at
reflux overnight (140°C). After cooling to RT, the reaction mixture was washed with
NaHCO; (SAT). The organics were then separated and dried over MgSQO,, and the
solvent removed in vacuo to yield analytically pure, white crystals of 10 in
quantitative yield.

'H NMR (200 MHz, CDCl;): 6 7.14 (a-b q, J, = 5.6 Hz, J, = 7.1 Hz, 2H), 5.82

(s, 1H), 5.56 (s, 1H), 3.70 (m, 4H), 3.50 (m, 4H), 1.24 (s, 6H), 0.742 (s, 6H), ppm.

E.A. Calcd for C,(H,,0,S: C, 61.51; H, 7.74. Found; C, 61.60; H, 7.71
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(2,3-di-noepentyl acetal)-thiopene-S-methylphosphonate (11): A flame
dried, mag. Stirred, 100mL RBF was charged with 10 (0.93g, 2.9mmol), freshly
distilled THF (20mL), was then added to dissolve. The solution was then cooled to
—78°C (dry ice/acetone). A solution of n-BuLi (1.16mL, 2.9mmol, 2.5M in Hex),
was then added dropwise over 0.5hrs. A yellow color was observed upon addition.
A second RBEF, treated as above was charged with Cul (0.55g, 2.9mmol), evacuated,
and backfilled with nitrogen. Dry THF (20mL) was again added to dissolve. The
second flask was then cooled to —20°C (ethylene glycol/dry ice). After 1hr, the
contents of flask 1 were transferred via cannula to flask 2. The mixture was then
stirred for 2 hours at which time N,N-diethyl-methyliodophosphonate was added in
one portion. The cooling bath was then removed and reaction was allowed to
proceed overnight. The reaction was then qunched with NaHCO3 (SAT), the
organics were separated, and successively washed with H,O and Brine. The organics
were then dried over magnesium sulfate and the solvent was removed in vacuo. The
crude oil product was then purified on a short silica gel plug (1) 20% EtOAc/Hex, 2)
EtOAc) to yield 0.96g (71%) of 11.

'H NMR (500 MHz, CDCl,): 8 6.94 (s, 1H), 5.743 (s, 1H), 5.46 (s, 1H), 4.0
(t, J = 8Hz, 4H), 3.66 (m, 4H), 3.52 (m, 4H), 3.2 (d, J = 21.5Hz, 2H), 1.2]1 (m, 12H),

0.71 (s, 6H), ppm.
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(trans)-5-[2,3-( {N,N-diethylamino styrl}thiophen-2-yl)-vinyl]-

thiophene-2,3-di-neopentyl acetal (12): A 250mL RBF, flame dried, magnetically
stirred, was charged with 9 (0.8g, 1.74mmol), and 11 (1.22g, 2.61mmol). This
mixture was dissolved in freshly distilled THF (50mL). A solution of Kot-bu
(2.8mL, 2.8mmol, 1M soln. in THF) was then added dropwise over a period of
20min. The reaction was followed by TLC (20% EtOAc/Hex) The product is
fluorescent orange and lower rf than S.M. After 2hrs organics were separated and
aqueous layer extracted with DCM. The organics were then combined and dried over
MgSO, and solvent removed in vacuo. Crude product was pure by 'H NMR and used
without further purification.

'H NMR (200MHz, CDCl,): 8 7.36 (dd, J, = 1.8Hz, J, = 7Hz, 4H), 7.2 (d, ] =
16Hz, 1H), 7.14 (d, J = 15.5Hz, IH), 7.13 (s, IH), 7.0(d , J = 16Hz, I|H), 6.99(d, ] =
16.1Hz, 1H), 6.92 (d, J = 16Hz, 1H), 6.89 (d, ] = 16Hz, 1H), 6.81 (d,J = 5Hz, 1H),
6.71 (dd, J, = 2.2Hz, J, = 8.8Hz, 4H), 5.88 (s, 1H), 5.58 (s, IH), 3.70 (m, 4H), 3.50

(m, 4H), 3.42 (q, J = 7Hz, 8H), 1.26 (m, 18H), 0.837 (s, 6H), ppm.

(trans)-5-[2,3-( {N,N-diethylamino styrl}thiophen-2-yl)-vinyl]-thiophene-
2,3-di-carboxaldehyde (13): A 200mL RBF, mag. Stirred, equipped with a reflux
condenser, was charged with 12 (0.8g, 1.04mmol) and THF (10mL) was added to
dissolve. DI H,O (2mL), and H,SO, (2mL, 6N), were then added. The mixture was
heated to reflux and followed by 'H NMR. After 2hrs the reaction mixture was
cooled to RT and neutralized with NaHCO,; (SAT). The organics were separated and

the aqueous phase extracted with DCM. The organics were then recombined and
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dried over magnesium sulfate, and the solvent was removed in vacuo. The dark

red/brown crude product was then purified by silica gel column chromatography
(10% EtOAc/DCM) to yield 0.5g (80%), of a deep red solid.

'H NMR (200MHz, CDCl,): & 10.46 (s, 1H), 10.36 (s, 1H), 7.51 (s, 1H), 7.43
(d, J = 8.8Hz, 4H), 7.35 (s, 1H), 7.27 (d, J = 15.8Hz, 1H), 7.25 (d, J = 16Hz, 1H),
7.07 (d, J = 16Hz, 1H), 6.93 (d, J = 15.6Hz, 1H), 6.90 (d, J = 15.6Hz, 1H), 6.87 (d, ]
= 15.6Hz, 1H), 6.71 (dd, J, = 2.4Hz, J, = 9Hz, 4H), 3.43 (q, J = 7Hz, 8H), 1.24 (t,J =

7Hz, 12H), ppm.

(trans)-5-[2,3-( {N,N-diethylamino styrl}thiophen-2-yl)-vinyl]-thiophene-
2,3-vinyl- (2-dicyanomethylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran)
(PAS-25): A 100mL, mag stirred RBF was equipped with a soxhlet extractor filled
with 4 angstrom molecular sieves, and then charged with 13 (0.160g, 0.27mmol).
Chloroform was then added (20mL) to this solution was then added 2-
dicyanomethylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran (0.118g, 0.592mmol).
A catalytic amount of triethylamine was introduced into the reaction mixture and the
system was allowed to reflux overnight. The system was then cooled to RT and
washed with NaHCO3 (SAT). The organic layer was separated and the aqueous
phase was extracted with DCM. The organics were dried over magnesium sulfate
and the solvent removed in vacuo. The crude product was then purified by silica gel

column chromatography (20% EtOAc/DCM), and then by precipitation from hot
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DCM by slow addition of MeOH to yield 0.080g (30%) of a dark brown solid.

MALDI-TOF analysis: m/z = 956.4 (m+), 957.4 (m+H).

Amax ( shimadzu UV- 1601 UV-visible spectrophotometer) = 424nm

Breiaiive to chloroform (1300nm) = 9534

(trans)-5-[2-( 5-Pryolidin-1-yl-phenyl-2-yl)-vinyl]- 2-[(2-thiophen-2-yl)-
vinyl-2-vinyl-2-(2-dicyanomethylene-3-cyano-4,5,5-trimethyl-2,5-
dihydrofuran)]- thiophene (PAS-38, FTTC): A 100ml RBF, mag stirred is
equipped with a small soxhlet extractor apparatus filled with activated 4 angstom
molecular sieves. The apparatus is then charged with (trans)-5-|2-( 5-Pryolidin-1-yl-
phenyl-2-yl)-vinyl]- 2-[(2-thiophen-2-yl)-vinyl-2-vinyl-2-(2-dicyanomethylene-3-
cyano-4,5,5-trimethyl-2,5-dihydrofuran)|- thiophene 5.8g (14.74mmol), and 2-
dicyanomethylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran 3.5g (17.68mmol). To
this mixture is added 40mL chloroform and triethylamine 0.5mL (3.54mmol). The
mixture is then heated at reflux for 24hrs. The chloroform is then removed in vacuo
and the product purified by silica gel column chromatography (50% EtOac/DCM). .

'H NMR (DMSO, 500 MHz) 8.95 (d, J = 15.5Hz, 1H), 8.61 (d, J = 4Hz), 8.3
(d, J = 16Hz), 8.22 (s, 2H), 7.902-8.110 (m, 4H), 7.69 (d, J = 15.5Hz, IH), 7.54 (d.J
= 15.6Hz, 1H), 7.5 (m, 2H), 3.36 (m, 4H), 1.799 (s, 6H), 1.103 (t, 6H),

LRMS m/z found = 576.2

Amax ( shimadzu UV- 1601 UV-visible spectrophotometer) = 673nm

Breaiive t0 chloroform = 6679 (+/- 418)
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(1300nm) = 13863

B.rs (esu) P. Kaatz and D.P. Shelton = 1069(+/-67) x 107°

Burs (esu) K.Clays and A. Persoons = 3273 (+/- 204) x 107

(trans)-1-[5-(2-thiophen-2-yl-vinyl)-thiophen-2-yl]-pyrolidine ' A 250ml,
2 neck RBF, flame dried, mag stirred, is equipped with an addition funnel and
charged with 4.0g (22.07mmol) of 5-pyrolidin-1-yl-thiophene-2-carboxaldehyde.
150mL dry THF is added and mixture is stirred to dissolve. 10.86g (46.34mmol)
diethyl(2-thienylmethyl)phosphonate is added to the solution. Potassium tert-
butoxide (48.554mL, 1.0M soln. in THF) is then added dropwise through the
addition funnel over a 30min period. The reaction is allowed to stir overnight,
quenched with brine, and extracted with diethyl ether. The organics are separated
and dried over mag sulfate. Solvent is removed by rotovap. Crude product is
recrystalized from cyclohexane to afford 4.22g, ( 74% yield) of yellow/brown
crystals.

'H NMR (CDCl, 500 MHz), 7.036 (d, 1H, J = 4.8 Hz), 6.92 (m, 2H), 6.85
(m, 2H), 6.71 (d,1H, J = 3.3 Hz), 6.68 (d, 1H, 16 Hz), 5.58 (d, 1H, J = 3.5 Hz), 3.28

(t,4H,J =5 Hz), 2.01 (m, 4H)

(trans)-5-[2-( 5-Pryolidin-1-yl-thiophen-2-yl)-vinyl]-thiophene-2-

carbaldehyde '' A vacuum dried, mag stirred, 250mL RBF, is charged with 4.2g
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(16.2mmol) of (trans)-1-|5-(2-thiophen-2-yl-vinyl)-thiophen-2-yl|-pyrolidine.

150mL freshly distilled THF is added and stirred to dissolve. Solution is cooled to -
78 C (dry-ice/acetone). n-buLi (22.7mL, 1.6M soln. In hexane), is added dropwise
over a 10min period. The reaction mixture is then stirred for 2 hours. DMF (3.78mL,
48.6mmol) is added in 1 portion. Reaction is allowed to warm to RT overnight
(12hrs), then quenched with brine and extracted with diethyl ether. Organics are
dried over magnesium sulfate and solvent is removed in vacuo. Crude product is
purified on silica gel column (DCM mobile phase) to yield 4.5g (96%) of bright red
product.

'H NMR (CDCl; 500 MHz), 9.8 (s, 1H), 7.59 (d, 1H, J = 4.0 Hz), 7.14 (d,
1H, J=15.6 Hz), 6.97 (d, 1H,J = 4.0 Hz), 6.85 (d, 1H,J =4.2 Hz), 6.60 (d, 1H, ] =

15.6 Hz), 5.93 (d, 1H, J =4.0 Hz), 3.28 (t,4H, J =5 Hz), 2.01 (m, 4H

(trans)-5-[2-( 5-Pryolidin-1-yl-thiophen-2-yl)-vinyl]- 2-[(2-thiophen-2-yl)-
vinyl]- thiophene A 250ml, 2 neck RBF, flame dried, mag stirred, is equipped with
an addition funnel and charged with 1.65g (5.7mmol) of (trans)-5-[2-( 5-Pryolidin-1-
yl-thiophen-2-yl)-vinyl|-thiophene-2-carbaldehyde. 150mL dry THF is added and
mixture is stirred to dissolve. 2.0g (8.55mmol) diethyl(2-thienylmethyl)phosphonate
is added to the solution. Potassium tert-butoxide (8.8mL, 1.0M soln. in THF) is then
added dropwise through the addition funnel over a 30min period. The reaction is
allowed to stir overnight, quenched with brine, organics are separated. Water layer

extracted with DCM and the combined organics are dried over mag sulfate. Solvent
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is removed by rotovap. Crude product is purified by column chromatography on

silica (DCM), to afford 1.8g (85%).

'H NMR (CDCl, 500 MHz), 7.13 (d, 1H, J = 5.5 Hz), 6.99 (d, 1H,J = 5.0
Hz), 6.96 (m, 2H), 6.936 (d, 1H, J =5 Hz), 6.87 (d, 1H, J = 15.5 Hz), 6.835 (d, 1H,J
=5.2 Hz), 6.73 (d, 2H, J =5 Hz), 6.53 (d, 1H, J = 15.6 Hz), 5.59 (d, 1H, J = 5 Hz),

3.28 (t,4H, J =5 Hz), 2.01 (m, 4H)

(trans)-5-[2-( 5-Pryolidin-1-yl-thiophen-2-yl)-vinyl]- 2-[(2-thiophen-2-yl)-
vinyl-2-carboxaldehyde]- thiophene A vacuum dried, mag stirred, 250mL RBF, is
charged with 1.8g (4.87mmol) of (trans)-5-|2-( 5-Pryolidin-1-yl-thiophen-2-yl)-
vinyl |- 2-|(2-thiophen-2-yl)-vinyl |- thiophene. 150mL freshly distilled THF is added
and stirred to dissolve. Solution is cooled to -78 C (dry-ice/acetone). n-buLi
(4.26mL, 1.6M soln. In hexane), is added dropwise over a 10min period. The
reaction mixture is then stirred for 2 hours. DMF (1.13mL, 14.61mmol) is added in 1
portion. Reaction is allowed to warm to RT overnight (12hrs), then quenched with
brine and extracted with diethyl ether. Organics are dried over magnesium sulfate
and solvent is removed in vacuo to yield 1.53g (79%) of bright red product. Product
is pure by '"H NMR and used without further purification.

'H NMR (CDCl; 500 MHz) 9.8 (s, 1H), 7.605 (d, 1H, J =4.5 Hz), 7.17 (d,
1H,J =15.5),7.06 (d, IH,J=5.1 Hz),6.95 (d, IH,J =3.5Hz),692 (d, IH, ] = 15.6
Hz), 6.86 (d, 1H, J = 16.5 Hz), 6.763 (d, 2H, J = 3 Hz), 6.53 (d, 1H, J = 15.5 Hz),

5.59 (d, IH,J =5 Hz), 3.28 (t,4H, J =5 Hz), 2.01 (m, 4H)
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(trans)-5-[2-( 5-Pryolidin-1-yl-thiophen-2-yl)-vinyl]- 2-[(2-thiophen-2-

yb)-vinyl-2-vinyl-2-(2-dicyanomethylene-3-cyano-4,5,5-trimethyl-2,5-
dihydrofuran)]- thiophene A 100ml RBF, mag stirred is equipped with a small
soxhlet extractor apparatus filled with activated 4 angstom molecular sieves. The
apparatus is then charged with (trans)-5-|2-( 5-Pryolidin-1-yl-thiophen-2-yl)-vinyl |-
2-|(2-thiophen-2-yl)-vinyl-2-carboxaldehyde - thiophene 1.45g (3.65mmol), and 2-
dicyanomethylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran 0.873g (4.38mmol). To
this mixture is added 40mL chloroform and triethylamine 0.1mL (0.73mmol). The
mixture is then heated at reflux for 24hrs. The chloroform is then removed in Vacuo
and the product purified by silica gel column chromatography (40% EtOac/DCM). .

'H NMR (CDCl; 500 MHz) 7.739 (d, 1H, J = 15.5Hz), 7.335 (d, 1H, J =
3.5Hz), 7.159 (d, 1H, J = 15.5Hz), 7.03 (d, IH, J = 4.5Hz), 6.98 (d, 1H, J = 3Hz),
6.945 (d, 1H, J = 15.5Hz), 6.8565 (d, IH, ] = 15.5Hz), 6.790 (m, 2H), 6.557 (d, 1H, J
= 15.5Hz), 6.525 (d, 1H, J = 15.5Hz), 5.628 (d, 1H, J = 4Hz), 3.312 (t, 4H, J =
6.5Hz), 2.034 (m, 4H), 1.79 (s, 6H);

LRMS M/z expected = 578.77, M/z found = 578.1

Amax ( shimadzu UV- 1601 UV-visible spectrophotometer) = 735.5nm

Bretaiive tO chloroform (780nm) = 3876+/- 281

(1300nm) = 12166

Burs (esu) P. Kaatz and D.P. Shelton = 620(+/-45) x 107

Bugrs (esu) K.Clays and A. Persoons = 1899 (+/- 138) x 107
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