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Abstract

Structure Function Paradigms of Organic Electrooptic Materials

Peter V Johnston

Chair of the Supervisory Committee:
Professor of Chemistry Gary Drobny

Chemistry

Organic Electrooptic Materials have been demonstrated and commercialized as active com-

ponents in telecommunications systems. Application of organic materials to electrooptic

switching devices could result in large gains in terms of size weight and power figures of

merit. This is because organic materials exhibit large electrooptic coefficients, ultra-fast

femto-second response times, submicron chipscale integration, and highly tunable absorp-

tion via synthetic manipulation of the sp2 hybridized π system responsible for electroopic

response; however, due in part to deficiencies in thermal stability and preferential non-

centrosymmetric bulk-phase ordering, these materials have not been able to overcome engi-

neering barriers to realize their full potential. This work approaches the problem of thermal

stability by invoking structure function paradigms of organic materials and re-engineering ex-

isting molecular structures with large electrooptic response for improved device performance.

Incremental changes in molecular structure are observed to have significant effects on glass

transition temperature, poling efficiency, maximum electrooptic coefficent, and device con-

ductance, with minimal changes in optical properties in the bulk phase. A notable increase

in glass transition temperature with no significant reduction in electrooptic response is ob-

served. [1] Solid-state device engineering concepts to eliminate unwanted current during the

poling process are presented with experimental evidence to support the efficacy of reducing

current, and thus increasing the electric field, during poling. [2] Real device measurements

are also included to demonstrate the full potential of state-of-the art materials. [3]
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1

Chapter 1

INTRODUCTION TO ORGANIC ELECTROOPTIC MATERIALS
FOR TELECOMMUNICATIONS

1.1 Organic Eectrooptics for Telecommunications

1.1.1 Global Telecommunication

Global Telecommunication (telecom) in the 21st century is limited by the efficacy of the

materials and systems that facilitate electrical-optical-electrical signal transduction. The

telecom network stands today as a conglomeration of transcontinental optical cables and

venerable copper-wire telephone technologies, the latter of which are rapidly being phased

out in order to meet increasing demand for high-speed bandwidth. The need for electroop-

tic (EO) transduction is both a result of a co-evolution of technology with infrastructure,

and the various conveniences and limitations of electrical versus optical signal carriers and

processors. Unlike electronics, guided optical communications offers very large bandwidth,

low long-range attenuation, and predictable performance over very large distances; however,

short-range information processing and storage needs are most conveniently met with elec-

tronics. Electrooptic materials (EOM) are thus required as active components in telecom-

munication systems to seamlessly integrate electronic devices and optical networks into a

global communication platform. [6–9]

1.1.2 Limitations of Current Technologies

Electrical to optical signal transduction can be explained in terms of modulation of an optical

signal by an applied DC electric field. Intensity, phase, and polarization of an optical field

can all be modulated through a change of the material properties with respect to the applied

field.

The Mach-Zehnder interferometer is one example of an intensity modulation device. [10]

In such a device the signal beam is concentrated into a waveguide structure comprised of
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the EO material. The path of the waveguide is split into two channels where a DC field is

applied, causing a change of the index of refraction of the material. The voltage required to

off set the phases of light in each channel such that a maximum destructive interference is

observed, Vπ, is the voltage that coresponds to a phase shift of π; at this voltage when the two

channels are recombined into a single waveguide the result is destructive interference. Such

a device can be used to modulate the intensity of light as it travels through the waveguide

structure, and this change in intensity is then translated as a binary 1 or 0 digital output,

often referred to as on-off keying. [6]

1.1.3 Lithium Niobate and Other Current Technologies

The current commercial EOM of choice for telecommunications applications is lithium nio-

bate (LiNbO3). There are also several commercially available organic and inorganic elec-

trooptic crystals, including beta barium borate (BaB2O4), lithium triborate (LiB3O5), potas-

sium dideuterium phosphate (KDP), and 4-N,N-dimethylamino-4’-N’-methyl-stilbazolium

tosylate (DAST) to name a few. The organic materials found in this work are intended to

be incorporated into a device as an amorphous film (i.e., non-crystalline), and are similar

in molecular structure to materials that have already been commercialized by companies

such as Lumera, Soluxra, and Gigoptix; however, at the time of writing this, it is likely that

these products have not reached the level of commercial success enjoyed by LiNbO3. The

success of LiNbO3 is largely based on it’s robust and transparent character. LiNbO3 is an

inorganic crystalline material and must be recrystallized from a melt at temperatures above

1257 ◦C (far above device operating temperatures). The crystal must then be carefully cut

into thin chip-scale sized wafers, polished, and painstakingly placed into an EO device; this

process makes it quite difficult to scale down device footprints beyond the limitations of

the mechanical component required to assemble a device in this way. Additionally, due to

the very high dielectric constant, velocity mismatch is problematic. EO response is high

compared to other crystalline materials, but low compared to state of the art OEMs. The

EO activity of LiNbO3 is related to movement of ions within the crystal lattice at rates

measurable in milliseconds. These limitations all result in suboptimal device path-lengths
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on the order of 10 cm. Yet, despite its limitations, LiNbO3 is favored commercially, because

it is highly stable at device operating temperatures, and has little or no absorption at tele-

com wavelengths, and because industry has developed around these limitations. LiNbO3

is sturdy and predictable but cannot sustain demand for more bandwith. The bandwidth

crisis associated with the first internet boom in the late 1990s and early 2000s was largely

ameliorated with clever engineering such as wave division multiplexing, but as demand for

band width continues to grow and both consumer and military applications require more

and faster data transfer by smaller and lighter devices we are approaching another band-

width bottle-neck. LiNbO3 has reached the limit of efficacy in terms of chip-scale and power

consumption, and will simply not meet projected demand due to inferior EO susceptibility,

velocity mismatch and rigid processing requirements described above. [6,11] The increasing

trend in global demand for smaller, faster, more energy efficient commercial communication

devices inevitably leads to the discussion of organic materials.

1.1.4 Advantage, Trade-offs, and Evolution of Organics

OEMs display significant advantages over their inorganic analogues in terms of processing,

fabrication, and device operation. OEMs can be solution processed and spun cast onto de-

vices, circumventing the need for high temperature melt crystallization, cutting, polishing,

etc., and thus allowing for even smaller chip foot prints. The optical and mechanical prop-

erties of organic materials are highly tunable for specific device applications, architectures,

and fabrication methods through alteration of the molecular and resulting supermolecular

structure. Under optimal poling conditions the highest performing OEMs have been shown

to have EO activity over an order of magnitude larger than that of LiNbO3. Electroop-

tic activity of OEMs is a result of perturbing the π electron system, which is measurable

in terms of femtoseconds, orders of magnitude faster than the ionic motions of lattice ele-

ments responsible for EO response in LiNbO3; this translates to broader bandwidth, lower

power consumption per bit, smaller device footprints, and more flexibility with regards to

processing methods than commercial inorganic materials. [12] Additionally, lower dielectric

constants of organic materials translates to better velocity matching which in turn trans-
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lates to less complex device structures. It’s actually quite amazing, considering all of these

exciting features of OEMs, that there has not been a revolution in the industry already.

1.1.5 Challenges in Developing High Performance Organic Electrooptic Materials

Despite the various advantages listed above, LiNbO3 remains the most widely used commer-

cial material; several major challenges remain for OEMs. Absorption at telecom wavelengths

can sometimes be problematic and must be considered. More problematic however, is that

organics with spectacular molecular nonlinearity generally do form acentric crystals, and

therefore must be processed in a manner that traps them in an amorphous state, and then

poled at elevated temperatures in an electric field to introduce the requisite acentric order of

the bulk phase. [2,12–15] Poling organic material in a device can be experimentally challeng-

ing and, if the glass transition temperature, Tg, of the OEM is near or below the operating

temperature of the device, the material will undergo catastrophic in-situ de-poling. To break

the commercial barrier and surpass the commercial success of LiNbO3, OEMs must be both

high-performing and thermally robust.

1.1.6 Historical Advances

Early research into OEMs was limited to acentric crystalline materials. [16,17] In the 1980s

it was realized that organic molecules with large optical nonlinearity (chromophores) could

be doped into an organic polymer and oriented in an electric field at or near the Tg of

the polymer. [18, 19] Doping a chromophore into an amorphous plastic host eliminated the

need to grow acentric crystals as well as the phonon absorption associated with lattice

interactions observed in crystalline materials, and served as a platform to minimize inter-

chromophore interactions through the concept of loading density and site isolation. Doping

molecules into a polymer host allowed the study of molecules with increased dipoles and

non-centrosymmetric crystal structures.
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Inverse Doping of Polymeric Materials Onto Chromophore Structures

In the early 2000s the prevalent paradigm was that EO chromophores required a host ma-

terial. Host materials included polymethyl methacrylate (PMMA) or poly-carbonate (APC

or BPC) among other more exotic specialized host systems. [5] The polymer host served two

functions. First, it provided a matrix to isolate chromophores from one another and thus re-

duce intermolecular interactions that favor non-centrosymmertic ordering (referred to as site

isolation effects). Second, the host provided stability and transparency required for device

fabrication and operation. [20, 21] By 2010 monolithic and binary chromophore molecular

glasses were demonstrated as high performance EO materials that did not require a host;

however, this was often at the expense of both conductivity and thermal stability. [22–24]

The increase in EO activity and poling efficiency achieved by removing the polymer host

from the system can be largely attributed to dramatic increases in number density. These

and other figures of merit can be further enhanced by careful engineering of the molecular

structure exterior to the chromophores electronic structure. Additionally, poling of mono-

lithic materials allow for probing of the intrinsic properties of the chromophore, which may

be valuable information relative to our understanding of guest-host systems.

Intelligent inverse doping is carried out by invocation of structure function paradigms

in organic materials via the addition of moieties covalently linked to the chromophore at

various synthetically accessible attachment points (figure 1.1), provided that those moieties

induce energetically favorable acentric order, increase thermal stability, increase localized

fields, and reduce leakage current during poling. Individual molecular subunits of polymeric

materials with high Tg can be incorporated into the molecular structure of an electrooptic

chromophore and the resulting material will likely have a higher Tg. Individual molecular

subunits of polymeric materials with low conductivity can be incorporated into the molecu-

lar structure of a high-beta chromophore and the resulting material will likely have a lower

conductivity. One must simply look towards the literature for organic polymers with the

desirable traits and master the synthetic process required to produce a hybrid material.

This approach has been proven to lead to higher number density materials with improved

ordering and increased thermal stability as well as increased polarization at the Tg; indeed,
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while there are many parameters that can be affected by this approach, some monolithic

materials have been reported to have improved order over others. [22,23,25] While it is desir-

able to eliminate unnecessary fabrication steps, material properties of monolithic materials

can be further improved post-poling through lattice-hardening via the introduction of cross

linkable moieties, but this is also a matter of invoking structure function paradigms with

the additional consideration of post-polarization reactivity. [22,24,26]

1.1.7 Overcoming Challenges in Device Integration

As mentioned above, LiNbO3 is challenging to incorporate into devices with exceedingly

small foot prints. OEMs also face challenges in terms of device fabrication and integration.

Solution processing is a highly favorable trait. The organic material is readily dissolved

in an appropriate organic solvent and applied to a surface with wave-guiding features, such

as silicon strip or slot waveguide (figure 4.1). The resulting film is then dried in vaccuo. In

this way organic material can be applied to slot waveguides as small as 40 nm in width, [27]

that is at least 32 times smaller than the wavelength of the light in the slot! Spin casting

from solution phase, however, generally results in an isotropic material with no second-order

electrooptic response. Low melt-temp acentric organic crystals have been deployed [28],

but to date chromophores with very large molecular electrooptic response are, with a few

exceptions, found to crystallize in a centrosymmetric fashion, if they display a crystal phase

at all. [22, 29, 30] For these reasons it is necessary to pole OEMs at the material’s Tg. This

problematic fabrication step has often led researchers to discrepancies regarding the efficacy

of one material as it pertains to multiple unique device architectures. The requisite poling

temperature and depoling temperature figures of merit are governed by the preferred (or

available) fabrication methods and the device operating temperature respectively.

The intrinsic electronic properties of the material deployed as the electrodes, the distance

in which the field is distributed, and additional fabrication requirements (such as cure temp

or the introduction of cladding layers) must all be considered before a novel material can be

launched commercially.

Maximizing acentric order and minimizing optical loss in materials with exceptionally
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large EO susceptibilities while maintaining the desired mechanical and optical properties

required for device fabrication and functionality are crucial to the commercial viability of

organic EO materials over inorganic EO materials like LiNbO3. The chapters that follow

demonstrate experimental control over material properties through synthetic modification of

known chromophore structures (chapter 2), address the issues of conductivity during poling

as a device engineering issue (chapter 3), and give examples of real working devices that

incorporate organic EO materials (chapter 4).
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Chapter 2

STRUCTURE-FUNCTION RELATIONSHIP EXPLORATION FOR
ENHANCED THERMAL STABILITY AND ELECTRO-OPTIC

ACTIVITY IN MONOLITHIC ORGANIC NLO CHROMOPHORES [1]

2.1 Abstract

We have developed a series of novel monolithic materials based on molecules previously ex-

plored as dopants in guest-host systems to study intrinsic structure-function relationships

in organic electro-optic (EO) materials. In a library of EO molecules with varied bridge

segments, molecular modification of the donor with bis(tert-butyldiphenylsilyl) groups led

to improvement in formation of amorphous films and led to enhanced poling efficiency.

Further modification to include a carbazole site-isolation group on the bridge effectively re-

duced intermolecular interactions, led to a material with poling efficiency of approximately

3 (nm/V )2, and an increased glass transition temperature to 20-40 ◦C higher than similar

reported monolithic materials. This level of thermal stability is comparable to common

guest/host systems, which incorporated poly(methyl methacrylate) (PMMA) as the host.

Our research showed that π-bridge length and type impacted first molecular hyperpolar-

izability, β, of a chromophore, which is accordingly reflected in the EO response. These

findings further promote the utility of monolithic materials for their increased EO behav-

ior and improved thermal stability, making this material system a competitor of guest-host

systems in commercial applications.[http://dx.doi.org/10.1039/C6TC00358C]

2.2 Introduction

Decades of research have resulted in structure-function paradigms regarding organic electro-

optic (EO) materials, [24,31–33] a critical component of optoelectronic devices for telecom-

munications, computing and sensing. [34–37] Molecular structures that give rise to large

optical nonlinearity have been developed; however, one major challenge is the realization of

large EO coefficients (r33) when integrating glassy materials with large molecular hyperpo-
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larizability (β) into a real device architecture. Several parameters should be improved for

optimum r33: β, number density (ρN ) and acentric order (〈cos3 θ〉). When acentric order

is introduced by electric field poling, [19, 38] strong dipole-dipole interactions among chro-

mophores must be minimized to optimize 〈cos3 θ〉. [39,40] Guest-host material systems were

heavily utilized in organic EO materials research previously. [20,23] Such systems allow the

EO chromophore to be diluted in a polymer host, which minimizes the interchromophore

electrostatic attraction and allows for higher 〈cos3 θ〉 during electric field poling. The chro-

mophore loading in guest-host systems is typically ∼25 wt%; however, increasing ρN is

desirable if the product ρN 〈cos3 θ〉 is to be increased. The limitation of r33 associated with

guest-host systems motivates further investigation of improved EO materials with maximized

ρN 〈cos3 θ〉.

Monolithic-chromophore molecular glasses, with the host polymer entirely removed yet

the chromophore remaining amorphous, have shown promising EO performance in the

state-of-the-art silicon-organic hybrid (SOH) and plasmonic-organic hybrid (POH) mod-

ulators. [3,25,41–44] Recent studies have confirmed effective approaches to increase acentric

order of such high number-density (ρN > 4 × 1020molecules/cm3) materials, leading to

greatly improved ρN 〈cos3 θ〉. One of these approaches takes advantage of self-assembling

side chains (e.g. aryl-perfluoroaryl units or coumarin-based mesogens) attached to the chro-

mophore that can cooperatively interact through introduced dipolar or quadrupolar interac-

tions. [45–49] However, these chromophore modifications and absence of polymer host can

result in a lower than desirable glass transition temperature (Tg), which should be improved

to satisfy Telcordia standards for EO telecom switching devices. [50] A second approach takes

advantage of a design feature that relies on bulky bis(tert-butyldiphenylsilyl) bis(TBDPS)

functional groups on the donor end of the chromophore. A recent study showed that a

simple modification of the donor of a benchmark CLD-class chromophore, [51] -switching

from tert-butyl-dimethy-silyl (TBDMS) ether functional groups to TBDPS-resulted in a new

monolithic material (JRD1) able to achieve an extraordinarily high EO activity of r33 ∼ 500

pm/V . [2] This paper builds on that concept. New monolithic chromophores with the same

bis(TBDPS)-containing donor units have been designed, synthesized, and analyzed. En-

hanced EO activity as well as improved thermal stability is pursued. The effect of bridge
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Figure 2.1: A series of EO chromophores studied in this paper.

substitution and different bridge types on EO performance, Tg, thermal stability, and film

quality will be discussed.

The structures of the chromophores for this study (Figure 2.1) all have a dialkylarylamino

electron donor and a tricyanofuran (TCF) electron acceptor connected by a π-conjugated

bridge. Our earlier work [2] demonstrated the feasibility of using YLD-124 as a neat chro-

mophore; whereas previously, it was thought that YLD-124 needed to be doped into a

polymer host to form stable amorphous films that could be poled efficiently. The poling ef-

ficiency (r33/Ep) of neat YLD-124 (1.4 ± 0.1 nm2/V 2) is about 40% higher than YLD-124

dispersed at 25 wt% in host polymer poly(methyl methacrylate) (PMMA) (∼1 nm2/V 2).

We initially found it surprising that YLD-124 was a good film-forming material as a neat

chromophore because it readily forms crystals when purified, as evidenced by DSC analysis
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Figure 2.2: Individual molecule from YLD-124 crystal structure. All double bonds along the
bridge are transoid (Figure 2.36 shows two molecules in the unit cell which are antiparallel
and are enantiomers). Grey=carbon, brown=hydrogen, orange=fluorine, blue=nitrogen,
red=oxygen, green=silicon.

Table 2.1: Dipole moment (µz) and hyperpolarizability (β) calculated using LC-BLYP/6-
31+G* in vacuo; given according to the perturbation convention. Frequency-dependent β is
computed at 1310 nm.

Structure µz βzzz(0)× 10−30esu βzzz(−ω;ω, 0)× 10−30esu

YLD124 22.0 460 641

JRD1 21.4 483 680

JRD5 20.3 476 664

JRD2 17.6 87.9 108

KRD2 20.0 341 463

(Figure 2.25) and the recently obtained x-ray-quality crystals (x-ray crystal structure shown

in Figure 2.2 and more information in Figure 2.36 and Tables 2.1).

In spite of YLD-124’s tendency to crystallize-also measured by DSC (melting point =

176.4 ◦C)-spin casting YLD-124 from the solvent 1,1,2-trichloroethane results in an optically

clear and shiny film that poles efficiently. Both poled and unpoled films have remained glassy

with no visible signs of crystallization or phase separation for over a year.

In spite of the success with neat films of YLD-124, we sought a way to ensure that the EO

material would not crystallize during long-term use. The molecule was modified to prevent

close packing: four methyl groups on the donor were replaced with four phenyl groups,
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forming the TBDPS groups of molecule JRD1. The volume of a molecule of JRD1 (834.588

cm3/mol) calculated by density functional theory was 28% larger than that of YLD-124

(653.946 cm3/mol). JRD1 was indeed amorphous and showed a significant increase in poling

efficiency, attaining an efficiency of 3.1 ± 0.1 (nm/V )2 as a neat chromophore. YLD-124

should have a higher efficiency based on its higher number density if order is about the same,

given that β and dipole moment are nearly equivalent for YLD-124 and JRD1 according to

theoretical calculations (Table 2.1). But the poling efficiency of YLD-124 is lower, which

suggests that the bulky substituents on the donor of JRD1 enables better mobility and can

effectively reduce electrostatic interactions between chromophores, and provide needed space

for the reorientation of the dipole vector during poling, and boost acentric order as a result.

Previously, functionalization of the bridge of NLO chromophores with bulky substituents

has been shown to diminish unwanted intermolecular electrostatic interactions and increase

the degree of poling of higher density chromophores. [52, 53] Therefore, we decided to add

another site isolation group to the bridge area of the JRD1 molecule. According to current

paradigms, [54] additional chromophore substituents with high flexibility and many degrees

of rotational freedom, such as alkyl chains, could lower the Tg below a desirable tempera-

ture (i.e. lower the stability temperature of the poled chromophore film). [48] Therefore, we

decided to introduce a large, rigid, fused ring moiety, that of a carbazole, a commonly-used

functional group in high Tg organic polymers, for its ease of synthesis and likelihood to have

little electronic influence on the chromophore’s π-bridge system. Density functional theory

calculations of the carbazole-containing chromophore JRD5 predicted that the carbazole

substituent decreased the chromophore’s hyperpolarizability by only 2% (Table 2.1). [54,55]

Furthermore, calculated HOMO and LUMO orbital images are very similar for JRD1 and

JRD5 with only a very small extension onto the carbazole framework, HOMO LUMO energy

levels for the two are less than 0.08 eV apart, and the calculated HOMO-LUMO gap differ-

ence is less than 0.04 eV (Figure 2.40). A carbazole substituted bridge unit 1 was synthesized

through successful SN2’ nucleophilic attack of carbazole anion on 4-bromoisophorone (Figure

2.3). 13C NMR spectroscopy showed that the C-3 chemical shift, which is very sensitive to

the electron-donating or withdrawing effect of the substituent at the C-2 position, [55] was

159.50 ppm for 1, which is very similar to that of the unsubstituted isophorone, 160.4 ppm,
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Table 2.2: Summary of the physical, spectroscopic, and nonlinear optical properties of 5 EO
chromophores.

ρN
a Tg- Td b λCHCl3max r33/Ep Best r33/pm/Vd

EO Material /molx× 1020cm−3 /◦C nm /(nm/V )2 no barrier, BCBc

YLD124b 6.83 81-208 786 1.4±0.1 118±29, 242±37

JRD1b 5.33 82-226 784 3.1±0.1 314±55, 556±90

JRD5 4.65 101-233 778 2.9±0.1 188±32, 214±46

JRD2 6.12 60-272 630 0.3±0.1 22±5, NA

KRD2 5.52 75-240 762 1.4±0.1 150±20, NA

a) Number density calculations assume a material density of 1 g cm−3. b) Td: the decom-

position temperature. c) See ref [2]. d) The errors are standard errors for the entire data

sets. Additional information for the poling results are shown in Table 2.9 and Figure 2.45.

indicating that the carbazole is less electron donating than an alkoxy or alkyl substituent.

The carbazole is rotated by 70◦ according to the crystal structure of 1, and 89◦ according

to the calculated structure of JRD5, and therefore does not interfere with the extended π

character of the bridge. The rest of the chromophore synthesis followed the same procedure

as for JRD1, creating JRD5. Two other chromophores with different bridge types were also

developed as controls: one is called JRD2, having the same acceptor and donor as JRD1,

but lacking an extensive conjugated π bridge. Another, KRD1, shares the same acceptor

and donor as JRD1, but with a thiophene bridge, referred to as “FTC-type”. Chromophore

syntheses and characterization are detailed in section 2.5. This study provides a broad un-

derstanding of the impacts on material properties caused by different bridge sizes, types,

and functionalization and donor steric bulk for monolithic EO materials.

Layered, parallel plate devices for electric field poling and r33 measurement were fab-

ricated with the following device architecture: indium tin oxide (ITO)/EO material/gold.

ITO (45 nm thick, resistivity ≥ 100 ohms/sq.) was purchased coated on glass from Thin

Film Devices. Solutions of monolithic chromophores in 1,1,2-trichloroethane solvent were

filtered through a 0.2 µm PTFE filter and spun cast on ITO/Glass substrates. The films
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Figure 2.3: Synthesis of carbazole substituted bridge for JRD5.

were then dried on a hot plate at 65 ◦C for half an hour, and then further cured in a vacuum

oven at 65 ◦C overnight, resulting in 1-1.7 µm thick films. A 60 nm thick gold layer was

sputter coated as the top electrode to complete the poling structure.

An in-situ electric field poling configuration incorporated with a Teng-Man ellipsometry

apparatus was employed for monitoring the real-time parameters (e.g. current, voltage,

temperature) during chromophore alignment and measurement of r33 at 1310 nm. [13, 56]

The samples were poled under DC electric fields ranging from 40-105 V µm−1while heating

from room temperature to the poling temperature (Tp, closely related to Tg) at a rate of 10
◦C min−1. The temperature was held at Tp where poling occurred for about 5 min and then

cooled well below Tp before the poling field was removed.

Important parameters for comparison between JRD1 and JRD5 are listed in Table 2.2.

Poling efficiency is regarded as the standard to appraise the EO performance of different

chromophores, since r33 scales linearly with the applied poling field. Of note is that, unlike

polymer guest-host systems, the conductance of devices fabricated from monolithic materials

during poling is significant, causing a notable drop in voltage across the EO layer. So, the

average electric field during poling was used in the calculation for a more accurate estimation

of intrinsic poling efficiency. [2] JRD5 has a poling efficiency of 2.9 ± 0.2 (nm/V )2, which is

nearly identical with the result of JRD1 3.1 ± 0.1 (nm/V )2, within the experimental error,

and twice as large as the poling efficiency of YLD-124 as a neat film. Because these three

molecules have similar β values inferred from the shared CLD-type molecular motifs [57]

and βzzz calculations (Table 2.1), the increases for JRD1 and JRD5 can be attributed to

the improvement in 〈cos3 θ〉. YLD-124 is seemingly not able to obtain a thermodynamic
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equilibrium value during poling and is kinetically trapped, while the TBDPS groups of

JRD1 and JRD5 facilitate greater molecular mobility. [58] ρN 〈cos3 θ〉 for JRD1 and JRD5 is

remarkably about twice that of YLD-124. It is also worth noting that DLD136, a CLD-type

chromophore with bis(TBDPS) groups attached on the bridge has a poling efficiency (1.7

(nm/V )2) far less than JRD1 despite having a similar ρN (4.95 × 1020 molecules/cm3) and

β. [48] This underscores the importance of proper placement of the TBDPS group.

With the additional carbazole modification of the bridge, the Tg of JRD5 increases to

101 ◦C. This result is comparable to guest/host systems of YLD124 and PMMA at around

25% loading. JRD5 is thus expected to have equivalent thermal stability to previously

studied guest/PMMA materials because the relaxation of poled order is closely related to

Tg. [59] This is an important advance considering the low-Tg barrier of high performance

monolithic chromophores reported so far. In addition, thin films derived from JRD1 and

JRD5 showed excellent film quality and could be kept at ambient temperature for a long term

without any observable phase separation or cracking. JRD5 films, especially, had better film

quality with less dispersion and fewer surface irregularities (i.e., pinholes) than JRD1 during

fabrication. In contrast, an alternative CLD-type chromophore HD-BB-MOM (Figure 2.4)

was designed with rigid site isolation groups similar to JRD5, but instead of TBDPS groups,

a benzyl ether-containing unit was used. Because of the high flexibility of the benzyl ether

groups, [60] HD-BB-MOM had good solubility and was amorphous as a neat material, and

the rigid fluorene and naphthalene units increased the Tg to 101 ◦C, the same as JRD5.

However, the film formation of HD-BB-MOM was not very good; tiny pinholes resulted in

over half of the devices having electrical shorts, and for the devices that were successful, the

poling efficiency, 1.1 ± 0.2 (nm/V )2, was far below JRD1 and JRD5 in spite of a similar ρN

(4.83 × 1020 molecules/cm3) and comparable β. We conclude that the two bulky TBDPS

groups of JRD1 and JRD5 properly placed at the donor end promote smooth film formation,

amorphous character, efficient poling, and are an important design element in monolithic,

high number density chromophores.

Bridge size and type influenced the optical properties (e.g. wavelength of maximum ab-

sorption, λmax). Because β generally increases as λmax increases [61,62] the bridge type also

had a strong impact on EO performance. YLD-124, JRD1, and JRD5 have similar λmax
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Figure 2.4: Molecular structure of the comparative chromophore HD-BB-MOM.

values within 10 nm of one another in chloroform solution. JRD2 exhibited a significantly

blue-shifted absorption due to the presence of a much shorter diene bridge compared to the

tetraene bridge of the CLD-type chromophores. Accordingly, the poling efficiency of JRD2

was only one tenth of the result of JRD1. From another aspect, it is interesting that a

molecule as small as JRD2 formed films of reasonable quality and was successfully poled as

a monolithic system. This confirms the effect of TBDPS groups on the physical properties

of monolithic chromophores in this series. The same theory also applies to KRD1, a chro-

mophore with thiophene replacing some of the bridge architecture of JRD1. While KRD1

is amorphous by DSC, the TBDMS analog is not (melting point = 180 ◦C). [63] The poling

efficiency of KRD1 was 1.4 ± 0.1 (nm/V )2, half of that of JRD1, consistent with the ratio of

β measurements for CLD and FTC based chromophores, and in r33 measurements of CLD

and FTC based chromophores in host-guest systems. [51,63,64] However, the differences in

β were not reflected in poling efficiency comparison between KRD1 and YLD-124, which

once again proves the efficacy of the bulky TBDPS groups in maximizing ρN 〈cos3 θ〉. Col-

lectively, this group of five chromophores shows that the β value, as a function of bridge size

and type, together with acentric order enhanced by donor steric size ultimately determined

the EO performance of a chromophore.

2.3 Conclusions

In conclusion, a new generation of monolithic organic EO chromophores based on the intro-

duction of bis(TBDPS) units is reported for the study of structure-function relationships.
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The EO performance and the auxiliary properties (e.g. viscoelastic properties, film quality)

of the monolithic materials could be improved through site isolation by the modification

of substituents. JRD5 has a poling efficiency approximately equal to that of JRD1 (∼3

(nm/V )2) while having a higher glass transition temperature, comparable to that of the

popular NLO guest/PMMA polymer system. JRD5 is a rare example of a single-component

chromophore to have a poling efficiency of ∼3 (nm/V )2 and a Tg > 100 ◦C, which is aston-

ishing; others meeting these criteria have been binary chromophore mixtures. [52] This is

a significant achievement not only because the poling efficiency is among the highest ones

reported so far, but also the significant improvement in the aspect of thermal stability for

high number-density chromophores. This improvement (demonstrated in this work) bodes

well for future discoveries that will raise the Tg even further. This can be accomplished

through implementation of Diels-Alder cross linking, for example, and the ability to tune

and control the Tg, which we have shown here, will be important for coordinating the poling

and crosslinking temperatures. [65–67] This work demonstrates the importance, subtlety,

and feasibility of proper molecular design to improve EO material properties.

2.4 Experimental

General information: Chemicals used were purchased from Sigma Aldrich, Acros, Alfa Aesar,

or TCI and used without further purification unless otherwise noted. 1,1,2 trichloroethane

(TCE) was purified via vacuum distillation prior to use. ITO/glass slides were purchased

from Thin Film Devices, Inc. Optical profilometry measurements were carried out on an

NT-2000 model profilometer, provided by WYKO Corporation. In situ Teng-Man ellipsom-

etry was carried out on a home built device. [21] UV-visible Absorption Spectroscopy was

obtained on a Shimadzu 1601 or a Varian Cary 5000 spectrometer. Differential Scanning

Calorimetry (DSC) data was acquired on a TA Instruments Q100 with heating and cooling

under nitrogen at rates of 10 ◦C per min. Thermogravametric Analysis (TGA) data was

acquired on a TA Instruments Q500 with heating under nitrogen at 20 ◦C per min. TGA

and DSC analyses were carried out at the Advanced Materials Science and Engineering

Center (AMSEC) at Western Washington University. High-Resolution Mass Spectrometry

(HRMS) was performed using a Waters Micromass Quattro Premier XW instrument using
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Figure 2.5: Synthetic route to CLD class chromophores

electrospray ionization to acquire a high resolution spectrum. 1H NMR spectra were ac-

quired using a Bruker AVance ugseries instrument running at 300 MHz or 500 MHz. All
13C NMR spectra were acquired on a Bruker AVance 500 MHz instrument.

2.5 Synthetic Details

The synthesis of organic ring-locked tetraene donor-π-acceptor molecules was accomplished

via the trinary convergent synthesis of the donor, the bridge, and the acceptor. Once these

three components are synthesized, they can be assembled in any order. [68] Several authors

have previously published syntheses outlining various substitutions and methods to syn-

thesize various analogues of this class of molecules. [51, 69–72] Here we present a detailed

method for the synthesis of YLD-124 with recent modifications and additional details for
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Figure 2.6: Structures of five molecules examined in this study.

the synthesis of analogues. In some cases, where the molecules were not new or reaction

methods were the same, characterization of intermediates was limited to TLC.

2.5.1 YLD-124

3-[2-[4-[bis(2-hydroxyethyl)amino]phenyl]ethenyl]-5,5-dimethyl-2-cyclohex-en-1

-one (S-3a): This two step reaction first couples the α, β unsaturated ring-locked bridge

unit to the aldehyde donor resulting in extended conjugation and then removes the remain-

ing acetate protecting groups. Two routes are employed. In the case of YLD-124 and JRD1,

isophorone is the bridge unit being coupled to S-1a (prepared according to literature meth-

ods). [73] The methoxide route outlined below or some variation of the Claisen-Schmidt

condensation is sufficent; [30,51,74] however, an alternative route was employed for JRD5 as

outlined below. [75] The condensation reaction can be accomplished quite effectively (con-

version up to 90% were observed by 1H-NMR) using sodium metal and methanol. The

introduction of sodium metal drives the reaction by eliminating residual water while gener-

ating dry methoxide in-situ. The reaction is carried out in a dual-neck round bottom flask

fitted with a reflux condensor at constant atmospheric pressure under the protection of inert

gas with an exterior ice bath. Clean sodium (20 g, 833 mmol) reacts with dry methanol
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(250-300 mL) to produce sodium methoxide, hydrogen gas, and heat. The resulting mixture

is cloudy and white in color. Isophorone is then added (9.5 mL, 63 mmol) and the solution

is heated to reflux under protection of nitrogen. The solution is a dark red color. Dry S-1a

is then added (17 g, 58 mmol) and the reaction is refluxed overnight. The resulting mixture

must then undergo hydrolysis to completely remove the acetate protecting groups. Resid-

ual methanol is removed by rotary evaporation to prepare for simultaneous hydrolysis and

liquid-liquid extraction. After rotary evaporation, the dark-red, crude reaction mixture from

the previous step is diluted with a large excess of 0.1 N HCl, followed by titration with 1.0

M acetic acid until a sharp color change is observed. The color change presumably marked

the point at which the acetate protecting groups were fully removed, a mixture of protected,

half protected, and de-protected products was produced when the hydrolysis step was not

undertaken (as observed by TLC and NMR). The resulting organic material is extracted

from the biphasic mixture in a separatory funnel by minimal aliquots of dichloromethane

(DCM) or chloroform, which is then removed under reduced pressure. Further purification

can be accomplished by diluting the resulting solids with diethyl ether spiked with 2% to

5% ethyl acetate (EtOAc). The dilution with ether/EtOAc is accompanied by the precipita-

tion of salts (presumably sodium acetate or other sodium based salts) that are conveniently

separated using a fritted funnel. Residual salts remaining in the organic layer are then

washed away using small aliquots of water or brine. The ether/EtOAc and product mixture

is then dried of residual water using magnesium sulfate, and the solvent is removed by rotary

evaporation followed by 12 hours in a vacuum oven at 60 ◦C. The resulting crude organic

material can either be further purified by flash column chromatography, [76] precipitation,

or crystallization from either EtOAc or acetone. 40% yield. MS (ESI) (M+H, C20H27NO3):

calcd, 330.20 [M+H]+; found, 330.4 [M+H]+.

3-[2-[4-[bis[2-[[(1,1-dimethylethyl)dimethylsilyl]oxy]ethyl]amino]phenyl]-ethenyl]-

5,5-dimethyl-2-cyclohexen-1-one (S-4a): Silyl protection is carried out in flame dried

glassware by adding tert-but1Himethylsilyl chloride (4.0 g, 27 mmol) to mixture of imidazole

(2.4 g, 35 mmol) and dry dimethyl formamide (DMF, 9 mL). [29,77] S-3a (2.0 g, 6 mmol) is

then added. The reaction is stirred overnight with gentle heating. The reaction is quenched

with water, diluted with a mixture of hexanes and EtOAc, and then washed with brine to



22

remove residual DMF and imidazole. Flash chromatography is used to complete the purifi-

cation and residual solvents are removed by rotary evaporation followed by 12 hours in a

vacuum oven at 60 ◦C. [29,76,78] 99% conversion by TLC, overall yield: 90%.

2-[3-[(1E)-2-[4-[bis[2-[[(1,1-dimethylethyl)dimethylsilyl]oxy]ethyl]amino]phenyl]-

ethenyl]-5’,5’-dimethycyclohex-2-en-1-ylidene]-acetonitrile (S-5a): All glassware is

flame dried prior to assembly. A multi-neck round-bottom flask is fitted with a reflux con-

denser and a stir rod. The flask is charged with 60% sodium hydride suspension (0.2 g, 6

mmol) and placed under the protection of inert gas at a constant one atmosphere of pres-

sure and lowered into an ice bath. Dry, degassed THF is added via syringe (20 mL). Diethyl

cyanomethylphosphonate (1.0 mL, 6 mmol) is added drop-wise via syringe producing bubbles

of hydrogen gas. The solution is cloudy white. Once the diethyl cyanomethylphosphonate is

completely added, the ice bath is removed and the reaction is brought to room temperature.

The solution is then clear. Dry S-4a (1.2 g, 2 mmol) is dissolved in dry degassed tetrahy-

drofuran (THF), then added to the mixture via cannula transfer and the reaction is refluxed

overnight. [48,79,80] The reaction is then cooled, quenched with water, and residual THF is

removed by rotary evaporation. The resulting mixture is diluted with a mixture of hexanes

and EtOAc. Residual salts are removed via liquid/liquid extraction. The resulting organic

layer is dried using magnesium sulfate and flash chromatography is performed. Residual

solvent is then removed via rotary evaporation and the product is placed in a vacuum oven

at 60 ◦C overnight to dry. 99% conversion by TLC, 80% yield overall. MS (ESI) (M+H,

C34H56N2O2Si2): calcd, 581.39 [M+H]+; found, 581.6 [M+H]+.

2-[3-[2-[4-[bis[2-[[(1,1-dimethylethyl)dimethylsilyl]oxy]ethyl]amino]phenyl]ethen-

yl]-5,5-dimethyl-2-cyclohexen-1-ylidene]-acetaldehyde (S-6a): A single neck round

bottom flask is flame dried and placed under the protection of an inert gas. The flask is

charged with pure, dry S-5a (2.3 g, 4 mmol). Dry and degassed toluene is added (100 mL).

The reaction vessel is lowered into a bath of dry ice and acetone and allowed to chill. Di-

isobutylaluminum hydride (DiBAl-H) is added to the mixture drop-wise (6.9 mL, 1 M) and

the solution turns a dark red color. The reaction is allowed to react for two hours or moni-

tored by thin layer chromatography (TLC). Hydrolysis is then accomplished by the addition

of damp silica (10 g, about 10% water by mass), which is added to the reaction mixture and
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the reaction is allowed to return to room temperature while being stirred overnight. The

resulting mixture is then diluted with hexane/EtOAc, dried with magnesium sulfate, filtered

through a coarse grain filter paper, and placed onto a large flash chromatography column.

Residual solvent is removed via rotary evaporation and the product is dried in a vacuum

oven at 60 ◦C overnight. [30,81] 58% yield. MS (ESI) (M+H, C34H57NO3Si2): calcd, 584.39

[M+H]+; found, 584.7 [M+H]+.

2-[4-(3-[3-[2-(4-[Bis-[2-(tert-butyl-dimethyl-silanyloxy)-ethyl]-amino]-phenyl)-vi-

nyl]-5,5-dimethyl-cyclohex-2-enylidene]-propenyl)-3-cyano-5-phenyl-5-trifluoro-

methyl-5H-furan-2-ylidene]-malononitrile (YLD124): A round bottom flask is flame

dried, fitted with a reflux condenser, placed under the protection of nitrogen, and charged

with dry CF3-Ph-TCF acceptor (0.4 g, 1 mmol) and aldehyde (0.7 g, 1 mmol). Ethanol is

dried with magnesium sulfate and added to the reaction vessel via a filtered syringe. The

reaction vessel is lowered into an oil bath and refluxed for 20 minutes. The vessel is then

cooled in an ice bath and residual ethanol is removed via rotary evaporation. The resulting

mixture is purified using flash column chromatography and precipitation from a concentrated

DCM solution in excess cold methanol. [30, 81] 20% yield. Desired product was confirmed

by TLC, UV-Vis, ESI-MS and 1H NMR and X-ray crystallography. [74]
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2.5.2 CF3-Ph-TCF Acceptor
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Figure 2.7: Synthesis of CF3-Ph-TCF Acceptor (S-7).

[3-cyano-4-methyl-5-phenyl-5-(trifluoromethyl)-2(5H)-furanylidene]-propanedi-

nitrile (CF3-Ph-TCF Acceptor S-7): CF3-Ph-TCF acceptor was prepared by the ap-

plication of tert-butyl lithium (200 mL 1.7 M (340 mmol) in THF) to ethyl vinyl ether (27.2

mL, 284 mmol) at -78 ◦C, followed by addition of 2,2,2-trifluoroacetophenone (26.6 mL, 188

mmol) to form the desired ketol, which is then purified by vacuum distillation. [82] 84%

yield, GCMS (M+, C10H9F3O2): calcd, 218.06; found, 218. The recovered ketol (25 g ketol,

115 mmol) was then condensed with malononitrile (14.9 g, 240 mmol) in a solution of sodium

ethoxide in dry ethanol. [83] The resulting solution was condensed via rotary evaporation to

remove most of the ethanol, followed by flash chromatography using DCM as the principle

solvent. Two distinct fractions were observed, one pale green and one light brown. Both

were positive for the desired product by GCMS (M+, C16H8F3N3O): calcd, 315.06; found,

315. Further purification was carried out by precipitation of a white powder in cold hexanes.

24% yield.

2.5.3 JRD1

3-[2-[4-[bis(2-hydroxyethyl)amino]phenyl]ethenyl]-5,5-dimethyl-2-cyclohex-en-1

-one (S-3b): Prepared from the synthesis of YLD-124 outlined above.
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3-[2-[4-[bis[2-[[(1,1-dimethylethyl)diphenylsilyl]oxy]ethyl]amino]phenyl]-ethenyl]-

5,5-dimethyl-2-cyclohexen-1-one (S-4b): tert-Butyl(chloro)diphenylsilane (42.5 mL,

163 mmol) was added dropwise to a solution of imidazole (23 g, 337 mmol) and dry DMF

(235 mL). S-3b (22.5 g 68.1 mmol) was then added and the reaction was stirred overnight.

The resulting mixture was diluted with EtOAc and ether, washed with cold water, dried

with sulfates of magnesium and sodium, then purified via flash chromatography and used in

the next reaction without further characterization. 90% yield.

2-[3-[(1E)-2-[4-[bis[2-[[(1,1-dimethylethyl)diphenylsilyl]oxy]ethyl]amino]phenyl]-

ethenyl]-5’,5’-dimethycyclohex-2-en-1-ylidene]-acetonitrile (S-5b): Diethyl cyano-

methylphosphonate (23.6 mL, 146 mmol) was added dropwise to a solution of sodium hydride

suspension (4.9 g, 60% m/m, 123 mmol) in THF. Ice was used to cool the reaction during

the addition and then warmed to room temperature and re-submerged into an ice bath for

the addition of S-4b. A concentrated solution of S-4b was added via cannula transfer (13.1

g, 16 mmol). The product was identified by TLC and moved to the next reaction without

further purification. 90% yield.

2-[3-[2-[4-[bis[2-[[(1,1-dimethylethyl)dimethylsilyl]oxy]ethyl]amino]phenyl]ethen-

yl]-5,5-dimethyl-2-cyclohexen-1-ylidene]-acetaldehyde (S-6b): A single neck round

bottom flask is flame dried and placed under the protection of nitrogen. The flask is charged

with S-5b (10 g, 12.1 mmol) and toluene is added. The reaction is chilled with dry ice

and acetone. DiBAl-H is added drop-wise. The reaction is allowed to react for two hours.

Hydrolysis is then accomplished by addition of damp silica (14.0 g, about 10% water by

mass) followed by stirring overnight. Product was identified via TLC (∼50% yield), purified

via flash chromatography and moved to the final reaction without further characterization.

40% yield overall.

2-[4-(3-[3-[2-(4-[Bis-[2-(tert-butyl-diphenyl-silanyloxy)-ethyl]-amino]-phenyl)-vin-

yl]-5,5-dimethyl-cyclohex-2-enylidene]-propenyl)-3-cyano-5-phenyl-5-trifluorome-

thyl-5H-furan-2-ylidene]-malononitrile (JRD1): The synthesis of JRD1 is essentially

identical to that of YLD124. The change in silyl ether protecting group, i.e., the substitution

of two methyl groups with two phenyl groups, instills a notable decrease in polarity compared

to that of YLD124 which is especially apparent when selecting solvents for thin-layer and
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flash chromatography. CF3-Ph-TCF acceptor (3.1 g, 9.8 mmol) and S-6a (6.8 g, 8.1 mmol)

are refluxed in ethanol for 20 minutes followed by rotary evaporation and flash chromatog-

raphy. 34% yield. The desired product is further purified by precipitation overnight from a

concentrated solution of DCM into cold excess hexanes. MS (ESI) (M+, C70H71F3N4O3Si2):

calcd, 1128.5011; found, 1128.4998. 1H NMR δH(500 MHz; CDCl3; Me4Si) 7.61 (8 H, d,

J=7.7 Hz, Ar-H), 7.50 (5 H, m, Ar-H), 7.42 (4 H, t, J=7.5 Hz, Ar-H), 7.34 (8 H, t, J=7.4

Hz, Ar-H), 7.18 (2 H, d, J=8.7 Hz, Ar-H), 6.88 (1 H, d, J=15.9 Hz, C-H), 6.72 (1 H, d,

J=15.5 Hz, C-H), 6.38 (1 H, s, C-H), 6.31-6.33 (4 H, m, C-H, Ar-H), 3.75 (4 H, t, J=6.1

Hz, C-H2), 3.50 (4 H, t, J=6.1 Hz, C-H2), 2.40 (2 H, s, C-H2), 2.31 (1 H, d, J=16.5 Hz,

C-H), 2.22 (1 H, d, J=16.2 Hz, C-H), 1.04 (18 H, s, C-H3), 1.02 (3 H, s, C-H3), 0.96 (3 H,

s, C-H3). 13C NMR δC(125 MHz; CDCl3; Me4Si) 175.93, 161.90, 159.19, 152.54, 149.47,

146.60, 136.65, 135.61, 133.28, 131.22, 130.38, 129.94, 129.83, 129.59, 129.56, 128.66, 127.79,

126.76, 125.55, 124.13, 122.22 (Q, 1JCF=285 Hz), 115.40, 112.03, 111.86, 111.69, 111.17,

95.67 (Q, 2JCF=30.3 Hz), 93.78, 60.86, 56.68, 52.94, 39.89, 39.64, 31.65, 28.62, 28.14, 26.85,

19.11.

2.5.4 JRD5

4-[Bis-[2-(tert-butyl-diphenyl-silanyloxy)-ethyl]-amino]-benzaldehyde (S-1c): De-

protected benzaldehyde (S-1a) was recovered from the synthesis of YLD124 (6.42 g, 31 mmol)

and added to a solution of tert-butyldimethylsilyl chloride (17.5 mL, 67 mmol) and excess

pyridine, then stirred overnight. The reaction was diluted with a mixture of hexanes/ EtOAc

and washed with copious amounts of brine, passed through a silica plug, and precipitated

in cold methanol. Product was identified by TLC and moved to the next reaction without

further purification. Overall yield 90%.

3-[2-(4-[Bis-[2-(tert-butyl-diphenyl-silanyloxy)-ethyl]-amino]-phenyl)-vinyl]-2-car

bazol-9-yl-5,5-dimethyl-cyclohex-2-enone (S-3c): Trimethylsilyldiethylammonium route:

An alternative route to condense the bridge unit of JRD5 with the donor was explored. [75]

This was in part due to the unpredictability of the sodium methoxide route employed previ-
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ously, and also to avoid working with sodium metal and harsh reaction conditions that may

produce side reactions with the modified bridge. The reaction was carried out by mixing

lithium perchlorate (0.72 g, 6 mmol) and N,N-diethyltrimethylsilylamine (1.9 mL, 10 mmol)

and the desired aldehyde (4.9 g, 7 mmol) for ten minutes under nitrogen, followed by ad-

dition of the bridge unit. Minimal THF was used as a solvent. The reaction mixture was

purified via flash column chromatography and the desired material was identified by TLC.

90% yield.

[3-[2-(4-[Bis-[2-(tert-butyl-diphenyl-silanyloxy)-ethyl]-amino]-phenyl)-vinyl]-2-ca

rbazol-9-yl-5,5-dimethyl-cyclohex-2-enylidene]-acetonitrile (S-5c): This reaction was

carried out in a manner identical to that pertaining to YLD124 and JRD1 described above.

Diethyl cyanomethylphosphonate (6.24 ml, 39mmol) was added to a solution of THF and

60% NaH suspension (1.5 g, 38 mmol). A solution of S-3c (5.0 g, 5 mmol) in THF was

then added via cannula transfer and the reaction was refluxed overnight. The reaction was

quenched with water and residual THF was removed via rotary evaporation. The result-

ing mixture was diluted with ethylacetate/hexanes, and residual salts were extracted with

cold water. The product was dried with magnesium sulfate and then purified by flash chro-

matography. Residual solvent was stripped via rotary evaporation followed by 24 hours under

vacuum at 60 ◦C. 90% yield. MS (ESI) (M+, C66H71N3O2Si2): calcd, 1016.50 [M+Na]+;

found, 1016.9[M+Na]+.

[3-[2-(4-[Bis-[2-(tert-butyl-diphenyl-silanyloxy)-ethyl]-amino]-phenyl)-vinyl]-2-ca

rbazol-9-yl-5,5-dimethyl-cyclohex-2-enylidene]-acetaldehyde: (S-6c) A round bot-

tom flask is charged with S-5c (4.9 g, 5 mmol) and fitted with a reflux condenser. Dry

degassed toluene is added (100 mL) and the reaction is cooled to -78 ◦C. DiBAlH in toluene

is then added (8.5 mL 1.0 M). The reaction is stirred for 2 hours and monitored by TLC.

Damp silica is then added (7 g, 10% water) and the reaction is stirred and allowed to come

to room temperature overnight. Product was identified by TLC. 57% yield.

2-[4-(3-[3-[2-(4-[Bis-[2-(tert-butyl-diphenyl-silanyloxy)-ethyl]-amino]-phenyl)-vin-

yl]-2-carbazol-9-yl-5,5-dimethyl-cyclohex-2-enylidene]-propenyl)-3-cyano-5-phen-

yl-5-trifluoromethyl-5H-furan-2-ylidene]-malononitrile (JRD5): JRD5 was synthe-

sized as outlined above for YLD124 and JRD1 with additional preparation of the bridge
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unit and modification of the Claisen-Schmidt condensation step outlined above in the sec-

tion labeled trimethylsilyldiethylammonium route. [75] CF3-Ph-TCF acceptor (1.1 g, 3.5

mmol) and S-6c (2.8 g, 2.8 mmol) are refluxed in ethanol for 20 minutes followed by rotary

evaporation and column chromatography. 36% yield. MS (ESI) (M+, C82H78F3N5O3Si2):

calcd, 1293.5590; found, 1293.5604. 1H NMR δH(500 MHz; CDCl3; Me4Si) 8.24 (2 H, dd,

J=7.8 Hz, 3 Hz), 7.54 (8 H, dd, J=8.1 Hz, 1.4 Hz), 7.38-7.48 (7 H, m), 7.32-7.36 (5 H, m),

7.22-7.30 (10 H, m), 7.05 (2 H, dd, J=8.1 Hz, 4.7 Hz), 6.87 (1 H, d, J=15.9 Hz), 6.53 (2

H, d, J=9.1 Hz), 5.92 (1 H, d, J=14.9 Hz), 5.87 (1 H, d, J=15.9 Hz), 5.77 (2 H, d, J=9.1

Hz), 5.62 (1 H, d, J=12.2), 3.59 (4 H, t, J=6.7 Hz), 3.29 (4 H, t, J=6.6 Hz), 2.75 (2 H, s),

2.66 (1 H, d, J=15.9 Hz), 2.56 (1 H, d, J=15.9 Hz), 1.26 (3 H, s), 1.21 (3 H, s), 0.99 (18

H, s). 13C NMR δC(125 MHz; CDCl3; Me4Si) 175.55, 162.54, 153.50, 149.44, 148.92,

146.43, (141.18, 141.14), 138.69, 135.53, 133.13, 131.22, 129.79, 129.73, 129.59, 129.55,

127.72, 126.59, (126.42, 126.33), 124.27, 123.63, (122.95, 122.89), 121.90 (Q, 1JCF=285

Hz), 120.52, (120.18, 120.10), 119.68, 116.87, 111.56, 111.32, 111.17, 110.66, 109.92, 95.83

(Q, 2JCF=32.0 Hz), 95.58, 60.36, 57.95, 52.71, 40.38, 40.14, 31.02, 28.82, 28.29, 26.78, 19.01.

2.5.5 Carbazole-isophorone

2-(carbazol-9-yl)-3,5,5-trimethylcyclohex-2-en-1-one (S-2b): 4-bromoisophorone was

prepared according to previously published methods. [30,84,85] SN2’ nucleophilic substitu-

tion is then carried out to complete the carbazole substituted bridge unit. Carbazole was

first purified via recrystallization in ethanol and dried under vacuum. A clean dry round

bottom flask is charged with sodium hydride suspension (60%) (6.3 g / 0.26 mol) and THF

under the protection of nitrogen at 1 atm constant pressure. The flask is lowered into an ice

bath and a solution of slight excess carbazole (29.2 g / 0.17 mol) in THF is added dropwise.

Bubbles of hydrogen gas were observed. 4-bromoisophorone (1.0 Meq) was then added and

a distinct color change was observed. The reaction was allowed to stir at room temperature

overnight. The reaction was quenched with water, diluted with EtOAc, washed with brine in

a separatory funnel, dried with magnesium sulfate, and filtered through a fritted funnel. The

residual solvent was then removed and via rotary evaporation and the remaining material
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Figure 2.8: FCrystal Structure of JRD5 Bridge Unit.

was purified by flash chromatography and recrystallized in EtOAc. The major product of

the reaction was that of isophorone with carbazole substituted at the 2 position, confirmed

by x-ray crystallography (Figure 2.8). A minor product was also observed by GCMS (Fig-

ure 2.9). The minor product was confirmed to be that resulting from substitution at the 6

position. The minor product was also confirmed via X-ray crystallography, with ambiguous

chirality. While the minor product was not reported in previous research, a similar minor

peak of identical mass to the primary peak was observed in the gas chromatogram of bridge

unit materials used for IKD-1-50. [24] 1H-NMR (300 MHz, CDCl3): δ 8.108 (d, J = 7.8, 2

H), 7.386 (t, J = 7.6, 2 H), 7.239 (t, J = 7.2, 2 H), 7.000 (d, J=8.0, 2H), 2.652 (s, 2 H), 2.591

(s, 2 H), 1.724 (s, 3 H), 1.291 (s, 6 H). 13C-NMR (125 MHz, CDCl3): δ 193.937, 159.503,

140.870, 130.454, 126.123, 126.055, 123.519, 120.779, 120.631, 119.975, 119.781, 109.769,

109.675, 51.845, 46.732, 33.360, 28.651, 20.893.



30

N1

C1

C2

C3C4

C5

C6

C7
C8

C9
C10

C11

O1
C14

C13
C18

C21

C17

C20 C16

C15 C19

Figure 2.9: Crystal Structure of JRD5 Bridge Unit (Minor Product).

2.5.6 KRD1

Figure 2.10: Synthesis of KRD1.
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2-[4-(2-[5-[2-(4-[Bis-[2-(tert-butyl-diphenyl-silanyloxy)-ethyl]-amino]-phenyl)-vin

yl]-thiophen-2-yl]-vinyl)-3-cyano-5-phenyl-5-trifluoromethyl-5H-furan-2-ylidene]-

malononitrile: KRD1 was synthesized from precursor materials (aldehyde S-8) previously

prepared for YLD156. [63] Hydrolysis of the tert-butyl dimethyl silyl protecting groups was

followed by re-protection with that of diphenyl. Condensation of S10 (1.4 g, 1.7 mmol) with

the CF3-Ph-TCF acceptor (0.6 g, 1.9 mmol) was then carried out by reflux in ethanol for 20

minutes. Desired product was purified by flash chromatography. Yield 38%. MS (ESI) (M+,

C65H61F3N4O3SSi2): calcd, 1090.3950; found, 1090.3934. 1H NMR δH(300 MHz; CDCl3;

Me4Si) 7.77 (1 H, d, J=15.1 Hz, C-H), 7.62 (8 H, d, J=6.5 Hz, Ar-H), 7.55-7.52 (5 H, m,

Ar-H), 7.43 (4 H, t, J=7.3 Hz, Ar-H), 7.35 (8 H, t, J=6.9 Hz, Ar-H), 7.30 (1 H, d, J=4.2

Hz, C-H), 7.17 (2 H, d, J=8.9 Hz, Ar-H), 7.07 (1 H, d, J=15.7 Hz, C-H), 7.01 (1 H, d,

J=4.1 Hz, C-H), 6.93 (1 H, d, J=15.7 Hz, C-H), 6.60 (1 H, d, J=15.3 Hz, C-H), 6.30 (2 H,

d, J=8.9 Hz, Ar-H), 3.75 (4 H, t, J=5.9 Hz, C-H2), 3.50 (4 H, t, J=5.9 Hz, C-H2), 1.04 (18

H, s, C-H3). 13C NMR δC(125 MHz; CDCl3; Me4Si) 175.31, 162.05, 157.27, 149.40, 143.74

141.75, 137.98, 136.38, 135.57, 133.24, 131.57, 129.80, 129.61, 129.26, 127.75, 127.53, 126.83,

123.17, 115.5, 111.79, 111.67, 111.04, 110.61, 96.85, 96.70, 60.76, 58.34, 52.90, 26.81, 19.07

(CF3 carbon too weak to observe).

2.5.7 JRD2

Figure 2.11: Synthesis of JRD2.

2-[4-[2-(4-[Bis-[2-(tert-butyl-diphenyl-silanyloxy)-ethyl]-amino]-phenyl)-vinyl]-3-

cyano-5-phenyl-5-trifluoromethyl-5H-furan-2-ylidene]-malononitrile: JRD2 was re-
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Figure 2.12: Synthesis of HD-BB-MOM.

covered as a byproduct of the synthesis of JRD1. Test reactions confirmed that the product

could be synthesized through condensation of CF3-Ph-TCF acceptor and the correspond-

ing donor. MS (ESI) (M+, C59H57F3N4O3Si2): calcd, 983.3994 [M+H]+; found, 983.3977

[M+H]+. 1H NMR δH(300 MHz; CDCl3; Me4Si) 7.69 (1 H, d, J=15.3 Hz, C-H), 7.52-7.58

(12 H, m, Ar-H), 7.38-7.43 (5 H, m, Ar-H), 7.30-7.34 (8 H, m, Ar-H), 7.21 (2 H, d, J=9.0

Hz, Ar-H), 6.69 (1 H, d, J=15.3 Hz, C-H), 6.39 (2 H, d, J=9.0 Hz, Ar-H), 3.77 (4 H, t, J=5.4

Hz, C-H2), 3.55 (4 H, t, J=5.7 Hz, C-H2), 1.02 (18 H, s, C-H3). 13C NMR δC(125 MHz;

CDCl3; Me4Si) 175.99, 163.01, 153.65, 151.08, 135.49, 134.78, 132.84, 131.32, 130.14, 129.92,

129.61, 127.8, 127.68, 126.84, 122.55, 112.72, 111.5, 111.06, 108.71, 96.05 (Q, 2JCF=30.4

Hz), 94.13, 60.69, 56.71, 53.07, 26.77, 19.02, (CF3 carbon too weak to observe).

2-([4-[(E)-2-[(5E)-5-[(2E)-3-[4-cyano-5-(dicyanomethylidene)-2-[4-(methoxym

ethoxy)phenyl]-2-(trifluoromethyl)-2,5-dihydrofuran-3-yl]prop-2-en-1-ylidene]-4-

(naphthalen-1-yl)spiro[cyclohexane-1,9’-fluoren]-3-en-3-yl]ethenyl]phenyl](meth

yl)amino)ethyl 3,5-bis(benzyloxy)benzoate (HD-BB-MOM): Aldehyde S-12 (4.1 g,

4.6 mmol, orange solid) and acceptor S-13 (2.60 g, 6.93 mmol, light green powder) were

charged to a flask, purged with nitrogen, and 12.0 mL ethanol was added. After heating to

70◦C for 10 min, solubility was not very good, so 8 mL chloroform was added and heating

under nitrogen was resumed for 2 hr resulting in a dark green solution. Solvent was stripped

off by rotovap, and the product was purified by silica gel chromatography using gradient

elution from 100% DCM to 15:1 DCM: EtOAc. Yield = 5.16 g (90%). HRMS (ESI) (M+

C80H61F3N4O7): calcd, 1246.4492; found, 1246.4463. δH(300 MHz; CDCl3; Me4Si) 8.03 (2
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H, m), 7.86 (2 H, m), 7.43-7.72 (11 H, m), 7.28-7.39 (10 H, m), 7.16 (2 H, d, J=2.4 Hz), 7.12

(2 H, dd, J=8.8 Hz, J=2.4 Hz), 6.90 (1 H, d, J=9.0 Hz), 6.85 (2 H, d, J=8.8 Hz), 6.79 (1 H,

d, J=9.2 H), 6.77 (1 H, t, J=2.4 Hz), 6.65 (1 H, br d, J=15.9 Hz), 6.52 (2 H, d, J=9.0 Hz),

6.37 (1 H, dd, J=15.5 Hz, J=3.5 Hz), 5.99 (1 H, dd, J=14.7 Hz, J=7.9 Hz), 5.92 (1 H, dd,

J=12.3 Hz, J=5.9 Hz), 5.14 (1 H, s), 5.07 (1 H, s), 4.97 (4 H, s), 4.37 (2 H, t, J=5.7 Hz),

3.65 (2 H, t, J=5.5 Hz), (3.49, 3.48) (3 H, s), 3.35 (1 H, dd, J=18.0 Hz, J=5.3 Hz), 3.22 (1

H, dd, J=31.7 Hz, J=17.3 Hz), 2.99 (1 H, dd, J=18.2 Hz, J=9.0 Hz), 2.95 (3 H, s), 2.77 (1

H, dd, J=24.0 Hz, J=15.8 Hz).
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2.6 NMR Spectra

2.6.1 JRD1

Figure 2.13: Proton NMR Spectra of JRD1.
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Figure 2.14: Carbon NMR Spectra of JRD1.
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2.6.2 JRD5

Figure 2.15: Proton NMR Spectra of JRD5.
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Figure 2.16: Carbon NMR Spectra of JRD5.
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2.6.3 KRD1

Figure 2.17: Proton NMR Spectra of KRD1.
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Figure 2.18: Carbon NMR Spectra of KRD1.
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2.6.4 JRD2

Figure 2.19: Proton NMR Spectra of JRD2.
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Figure 2.20: Carbon NMR Spectra of JRD2.
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2.6.5 HD-BB-MOM
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Figure 2.21: Proton NMR Spectra of HD-BB-MOM.
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2.7 UV-visible Absorbance Spectra

UV-visible absorbance spectra were measured from both the chloroform solution and thin

films for the series of chromophores studied herein. The solution phase absorbance spectra

(Figure 2.22) for YLD-124 and JRD1 in chloroform are nearly identical; the main absorption

bands are at 786 nm and 788 nm, respectively. Molecular substitution at the bridge led JRD5

to a slight hypsochromic shift from that of YLD-124 and JRD1. In general, λmax for YLD-

124, JRD1 and JRD5 in chloroform solution are very similar. However, bridge size and

types showed great influence on the optical properties. The absorbance spectra of KRD1,

the chromophore with a thiophene bridge, showed hypsochromic shift compared to that of

JRD5. Without a bridge, the main absorption band for JRD2 further hypsochromic shifted

to 630 nm. Figure 2.23 shows UV-vis spectra as a dependence of the molar absorptivity (ε)

on the wavelength in chloroform. The normalized thin film absorbance spectra are shown

in Figure 2.24. The tendency of the absorption behavior is similar in thin films as in the

solution.
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2.7.1 Solution Phase Spectra

Figure 2.22: Normalized UV-vis spectra in chloroform for YLD-124 (blue solid line), λmax
= 786 nm; JRD1 (red dash line), λmax = 788 nm; JRD5 (magenta triangles), λmax = 778
nm; KRD1 (black circles), λmax = 762 nm; and JRD2 (green crosses), λmax = 630 nm.
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Figure 2.23: UV-vis spectra as a dependence of the molar absorptivity (ε) in chloroform for
YLD-124 (blue solid line), ε = 6.61 × 104; JRD1 (red dash line), ε = 6.89 × 104; JRD5
(magenta triangles), ε = 6.86 × 104; KRD1 (black circles), ε = 5.98 × 104; and JRD2 (green
crosses), ε = 1.02 × 105.
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2.7.2 Film Phase Spectra

Figure 2.24: Normalized UV-vis thin film spectra for YLD-124 (blue solid line), λmax = 783
nm; JRD1 (red dash line), λmax = 800 nm; JRD5 (magenta triangles), λmax = 795 nm;
KRD1 (black circles), λmax = 737 nm; and JRD2 (green crosses), λmax = 652 nm.

2.8 Glass Transition Temperatures

Glass transition temperature (Tg) was measured by Differential Scanning Calorimetry (DSC).

A three cycle heat/cool loop was run for each sample under nitrogen at a rate of 10 ◦C/minute

from 0 ◦C to 150 ◦C 0 ◦C to 180 ◦C, and 0 ◦C to just under the temperature of decompo-

sition using a TA Instruments Q100 calorimeter with a refrigerated cooling system (RCS).

Data were analyzed using TA Instruments Universal Analysis software. Without a polymer

host, the Tg values for YLD-124 and JRD1 reduced to 81 ◦C and 82 ◦C respectively, which

agrees well with other neat chromophores reported so far. [22,45,48] This is a disadvantage

for neat chromophores in applications since Tg is tightly related to the thermal stability.

However, the Tg of JRD5 gained a remarkable increase to 101 ◦C, which is comparable to
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the guest/PMMA material system. Such increase could be attributed to the large, rigid,

fused ring moiety carbazole introduced to the bridge for reducing the possibility of lowering

Tg due to the additional chromophore substituents with high flexibility and many degrees of

rotational freedom. This exploration opens a new avenue to increase Tg for the neat materi-

als with incredible EO performance and calls for further studies. Figure 2.25-3.13 shows the

DSC plot of this series of chromophores. Figure 2.30 shows the DSC plot of the comparative

choromophore HD-BB-MOM.

2.8.1 YLD-124

Figure 2.25: DSC plot of YLD-124. Tg = 80.67 ◦C.
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2.8.2 JRD1

	
Figure 2.26: DSC plot of JRD1. Tg = 82.26 ◦C.



49

2.8.3 JRD5

	
Figure 2.27: DSC plot of JRD5. Tg = 100.57 ◦C.
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2.8.4 JRD2

	
Figure 2.28: DSC plot of JRD2. Tg = 60.28 ◦C.
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2.8.5 KRD1

	
Figure 2.29: DSC plot of KRD1. Tg = 74.89 ◦C.
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2.8.6 HD-BB-MOM

Figure 2.30: DSC plot of HD-BB-MOM. Tg = 100.72 ◦C.
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2.9 The Decomposition Temperature

The decomposition temperatures (Td) was measured by thermogravametric analysis (TGA).

TGA samples were prepared by placing over 1 mg of sample onto a platinum TGA pan. The

samples were scanned at a rate of 20 ◦C/minute from room temperature up to 400 ◦C. The

Td of YLD-124 is 208 ◦C. The other four chromophores have increased Td compared to that

of YLD-124. The Td of JRD1, JRD5, JRD2 and KRD1 is 226.18 ◦C, 233.07 ◦C, 271.82 ◦C,

and 239.87 ◦C, respectively.

2.9.1 YLD-124

	
Figure 2.31: TGA plot of YLD-124. Td=207.53 ◦C.
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2.9.2 JRD1

	
Figure 2.32: TGA plot of JRD1. Td=226.18 ◦C.
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2.9.3 JRD5

	
Figure 2.33: TGA plot of JRD5. Td=233.07 ◦C.
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2.9.4 JRD2

	
Figure 2.34: TGA plot of JRD2. Td=271.82 ◦C.
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2.9.5 KRD1

	
Figure 2.35: TGA plot of KRD1. Td=239.87 ◦C.
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2.10 Crystal Structure of YLD-124

(a)

(b)

Figure 2.36: YLD-124 Crystal Structure, 2 molecules per unit cell, View (a) and (b).
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2.10.1 Crystallization of YLD-124

Purified YLD-124 is dissolved in a minimal amount of DCM to form a concentrated ink. The

ink is dropped into a scintillation vial which is then filled with cold methanol. The vial is

fitted with a rubber septum and narrow gauge needle is placed in the septum such that the

DCM can escape as it evaporates from the methanol solution. The vial is placed in a dark

dry area. As the DCM evaporates, the molecules dimerize into a non-polar supermolecular

structure that is insoluble in methanol and then further undergo polymerization. This

process is competing with another process that degrades the chromophore. [30, 86, 87] A

shiny, dark-copper colored, and delicate crystalline precipitate is formed over the course of

several days. The degraded material is highly soluble in cold methanol and can be washed

away without disturbing the crystalline material. The crystals are ribbon like and sub mm

in size. The precipitate is filtered from the remaining methanol and washed with additional

cold methanol.

2.10.2 Crystallographic Information

The crystal structure data of YLD-124 was collected at -173 ◦C on a Bruker APEX II single

crystal X-ray diffractometer, Mo-radiation. A lustrous, violet ultra-thin plate, measuring

0.30 × 0.15 × 0.01 mm3 was mounted on a loop with oil. Crystal-to-detector distance was

40 mm and exposure time was 120 seconds per frame for all sets. The scan width was 1◦.

Data collection was 97.1% complete to 25◦ in θ. A total of 14385 reflections were collected

covering the indices, h = -9 to 9, k = -16 to 16, l = -24 to 27. 8740 reflections were symmetry

independent and the Rint = 0.1251 indicated that the data was of lesser than average quality

(0.07). Indexing and unit cell refinement indicated a triclinic lattice. The space group was

found to be P1̄ (No.2).

The data was integrated and scaled using SAINT, SADABS within the APEX2 software

package by Bruker.

Solution by direct methods (SHELXS, SIR9711) produced a complete heavy atom phasing

model consistent with the proposed structure. The structure was completed by difference

Fourier synthesis with SHELXL97. [88,89] Scattering factors are from Waasmair and Kirfel.
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[90] Hydrogen atoms were placed in geometrically idealised positions and constrained to

ride on their parent atoms with C—H distances in the range 0.95-1.00 Angstrom. Isotropic

thermal parameters Ueq were fixed such that they were 1.2 Ueq of their parent atom Ueq for

CH’s and 1.5 Ueq of their parent atom Ueq in case of methyl groups. All non-hydrogen atoms

were refined anisotropically by full-matrix least-squares. The structure is of high quality and

ready for publication. Table 2.3 summarizes the data collection details. Atomic coordinates

and equivalent isotropic displacement parameters are listed in Table 2.4. Information about

bond lengths and angles could be found in Table 2.5. Figure 2.36 shows YLD-124 crystal

structure.

Table 2.4: Atomic coordinates ( × 104) and equivalent isotropic displacement parameters

(Å2 × 103) for yld1240m. U(eq) is defined as one third of the trace of the orthogonalized

Uij tensor.

x y z U(eq)

C(1) -5875(13) 13184(8) 6282(5) 35(3)

C(2) -5120(12) 12569(7) 5793(5) 33(3)

C(3) -4349(13) 11800(8) 5978(5) 36(3)

C(4) -4527(13) 11972(7) 6670(5) 30(2)

C(5) -2920(12) 12298(7) 7121(6) 35(3)

C(6) -1324(13) 12109(8) 6929(6) 39(3)

C(7) 93(14) 12525(9) 7332(7) 49(3)

C(8) -21(14) 13043(9) 7920(6) 43(3)

C(9) -1617(16) 13258(9) 8102(6) 50(3)

C(10) -3032(14) 12850(9) 7697(6) 43(3)

C(11) -5607(15) 11143(8) 6805(5) 37(3)

C(12) -6734(13) 14027(7) 6336(5) 36(3)

C(13) -7308(14) 14516(8) 6924(6) 39(3)

C(14) -7028(13) 14424(8) 5848(5) 32(2)

Continued on next page
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Table 2.4 – Continued from previous page

x y z U(eq)

C(15) -5137(12) 12712(8) 5196(6) 31(2)

C(16) -3575(13) 11035(7) 5587(6) 37(3)

C(17) -2765(13) 10230(7) 5713(6) 37(3)

C(18) -2042(12) 9553(8) 5268(6) 42(3)

C(19) -1218(13) 8737(8) 5343(5) 36(3)

C(20) -1089(14) 8433(8) 5949(5) 42(3)

C(21) 530(13) 7845(7) 6028(5) 32(2)

C(22) 511(12) 6976(8) 5455(5) 32(2)

C(23) 274(12) 7254(8) 4858(5) 38(3)

C(24) -553(13) 8095(7) 4836(6) 36(3)

C(25) 2117(13) 8523(9) 6136(6) 43(3)

C(26) 411(14) 7408(9) 6590(5) 41(3)

C(27) 808(12) 6667(7) 4312(5) 30(2)

C(28) 1689(12) 5821(7) 4281(5) 33(2)

C(29) 2303(12) 5230(7) 3747(5) 31(2)

C(30) 1947(13) 5301(8) 3148(5) 34(2)

C(31) 2523(15) 4710(9) 2657(6) 43(3)

C(32) 3609(14) 3902(8) 2730(6) 40(3)

C(33) 3945(13) 3795(8) 3324(5) 37(3)

C(34) 3302(13) 4434(7) 3828(6) 37(3)

C(35) 5256(15) 2508(8) 2299(6) 48(3)

C(36) 4130(20) 1591(10) 2309(6) 63(4)

C(37) 1980(18) 225(11) 542(7) 71(4)

C(38) 3650(20) -803(10) 1451(7) 73(4)

C(39) 133(19) -52(11) 1630(7) 64(4)

C(40) -970(20) 802(14) 1563(9) 95(6)

C(41) 410(20) -59(12) 2308(7) 81(5)

Continued on next page
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Table 2.4 – Continued from previous page

x y z U(eq)

C(42) -770(20) -1014(14) 1231(8) 87(5)

C(43) 3771(15) 3373(9) 1627(6) 50(3)

C(44) 5000(20) 4105(12) 1441(7) 72(4)

C(45) 5390(30) 1984(15) 233(10) 118(7)

C(46) 5070(20) 3511(13) -453(7) 84(5)

C(47) 8124(19) 3617(14) 464(8) 80(5)

C(48) 9050(30) 3164(16) -90(10) 113(7)

C(49) 8820(50) 3320(30) 1008(15) 203(14)

C(50) 8470(40) 4710(20) 647(14) 167(10)

N(1) -7714(13) 14878(8) 7378(6) 48(3)

N(2) -7343(11) 14795(7) 5452(5) 43(2)

N(3) -5146(10) 12761(7) 4708(5) 40(2)

N(4) 4157(12) 3302(7) 2236(5) 42(2)

O(1) -5623(8) 12801(5) 6786(3) 37(2)

F(2) -7007(7) 10912(5) 6407(3) 49(2)

F(1) -6105(7) 11419(4) 7366(3) 44(2)

F(3) -4765(7) 10335(4) 6781(3) 44(2)

O(2) 3129(14) 1262(7) 1735(5) 75(3)

O(3) 4736(13) 4026(7) 787(4) 68(3)

Si(1) 2217(5) 180(3) 1360(2) 58(1)

Si(2) 5882(6) 3310(3) 286(2) 66(1)
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Table 2.3: Crystallographic data for YLD-124.

Empirical formula C50H63F3N4O3Si2
Formula weight 881.22

Temperature 100(2) K

Wavelength 0.71073 Å

Crystal system Triclinic

Space group P -1

Unit cell dimensions a = 7.905(7) Å α = 105.216(17)◦.

b = 13.915(13) Å β = 95.622(15)◦.

c = 22.51(2) Å γ = 91.927(16)◦.

Volume 2373(4) Å3

Z 2

Density (calculated) 1.233 Mg/m3

Absorption coefficient 0.132 mm−1

F(000) 940

Crystal size 0.30 x 0.15 x 0.01 mm3

Theta range for data collection 2.59 to 25.86◦

Index ranges -9<=h<=9, -16<=k<=16, -24<=l<=27

Reflections collected 14385

Independent reflections 8740 [R(int) = 0.1251]

Completeness to theta = 25.00◦ 97.10%

Max. and min. transmission 0.9987 and 0.9615

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 8740 / 66 / 573

Goodness-of-fit on F2 1.102

Final R indices [I>2sigma(I)] R1 = 0.1447, wR2 = 0.3453

R indices (all data) R1 = 0.2679, wR2 = 0.4199

Extinction coefficient 0.025(5)

Largest diff. peak and hole 0.591 and -0.439 e.Å−3
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Table 2.5: Bond lengths Å, and angles ◦, for yld124 0m.

C(1)-C(12) 1.360(14)

C(1)-O(1) 1.373(13)

C(1)-C(2) 1.404(15)

C(2)-C(3) 1.385(14)

C(2)-C(15) 1.407(16)

C(3)-C(16) 1.392(14)

C(3)-C(4) 1.535(15)

C(4)-O(1) 1.450(11)

C(4)-C(5) 1.521(15)

C(4)-C(11) 1.524(15)

C(5)-C(10) 1.334(16)

C(5)-C(6) 1.385(14)

C(6)-C(7) 1.376(16)

C(6)-H(6) 0.95

C(7)-C(8) 1.344(17)

C(7)-H(7) 0.95

C(8)-C(9) 1.383(17)

C(8)-H(8) 0.95

C(9)-C(10) 1.375(17)

C(9)-H(9) 0.95

C(10)-H(10) 0.95

C(11)-F(3) 1.317(11)

C(11)-F(1) 1.323(13)

C(11)-F(2) 1.327(12)

C(12)-C(14) 1.357(16)

Continued on next page
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C(12)-C(13) 1.446(18)

C(13)-N(1) 1.097(14)

C(14)-N(2) 1.152(13)

C(15)-N(3) 1.119(13)

C(16)-C(17) 1.388(14)

C(16)-H(16) 0.95

C(17)-C(18) 1.368(15)

C(17)-H(17) 0.95

C(18)-C(19) 1.368(15)

C(18)-H(18) 0.95

C(19)-C(24) 1.411(15)

C(19)-C(20) 1.526(16)

C(20)-C(21) 1.563(14)

C(20)-H(20A) 0.99

C(20)-H(20B) 0.99

C(21)-C(25) 1.504(15)

C(21)-C(22) 1.518(15)

C(21)-C(26) 1.550(15)

C(22)-C(23) 1.490(15)

C(22)-H(22A) 0.99

C(22)-H(22B) 0.99

C(23)-C(24) 1.369(14)

C(23)-C(27) 1.398(15)

C(24)-H(24) 0.95

C(25)-H(25A) 0.98

C(25)-H(25B) 0.98

C(25)-H(25C) 0.98

Continued on next page
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C(26)-H(26A) 0.98

C(26)-H(26B) 0.98

C(26)-H(26C) 0.98

C(27)-C(28) 1.377(13)

C(27)-H(27) 0.95

C(28)-C(29) 1.407(15)

C(28)-H(28) 0.95

C(29)-C(30) 1.381(15)

C(29)-C(34) 1.422(14)

C(30)-C(31) 1.323(15)

C(30)-H(30) 0.95

C(31)-C(32) 1.471(15)

C(31)-H(31) 0.95

C(32)-N(4) 1.323(14)

C(32)-C(33) 1.386(16)

C(33)-C(34) 1.397(15)

C(33)-H(33) 0.95

C(34)-H(34) 0.95

C(35)-N(4) 1.455(13)

C(35)-C(36) 1.535(19)

C(35)-H(35A) 0.99

C(35)-H(35B) 0.99

C(36)-O(2) 1.403(15)

C(36)-H(36A) 0.99

C(36)-H(36B) 0.99

C(37)-Si(1) 1.851(16)

C(37)-H(37A) 0.98

Continued on next page
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C(37)-H(37B) 0.98

C(37)-H(37C) 0.98

C(38)-Si(1) 1.844(14)

C(38)-H(38A) 0.98

C(38)-H(38B) 0.98

C(38)-H(38C) 0.98

C(39)-C(42) 1.51(2)

C(39)-C(41) 1.52(2)

C(39)-C(40) 1.53(2)

C(39)-Si(1) 1.857(15)

C(40)-H(40A) 0.98

C(40)-H(40B) 0.98

C(40)-H(40C) 0.98

C(41)-H(41A) 0.98

C(41)-H(41B) 0.98

C(41)-H(41C) 0.98

C(42)-H(42A) 0.98

C(42)-H(42B) 0.98

C(42)-H(42C) 0.98

C(43)-N(4) 1.405(16)

C(43)-C(44) 1.548(19)

C(43)-H(43A) 0.99

C(43)-H(43B) 0.99

C(44)-O(3) 1.443(17)

C(44)-H(44A) 0.99

C(44)-H(44B) 0.99

C(45)-Si(2) 1.84(2)

Continued on next page
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C(45)-H(45A) 0.98

C(45)-H(45B) 0.98

C(45)-H(45C) 0.98

C(46)-Si(2) 1.817(18)

C(46)-H(46A) 0.98

C(46)-H(46B) 0.98

C(46)-H(46C) 0.98

C(47)-C(49) 1.46(3)

C(47)-C(50) 1.47(3)

C(47)-C(48) 1.51(2)

C(47)-Si(2) 1.791(16)

C(48)-H(48A) 0.98

C(48)-H(48B) 0.98

C(48)-H(48C) 0.98

C(49)-H(49A) 0.9801

C(49)-H(49B) 0.9801

C(49)-H(49C) 0.9801

C(50)-H(50A) 0.98

C(50)-H(50B) 0.98

C(50)-H(50C) 0.98

O(2)-Si(1) 1.625(10)

O(3)-Si(2) 1.659(11)

C(12)-C(1)-O(1) 119.0(10)

C(12)-C(1)-C(2) 132.9(11)

O(1)-C(1)-C(2) 108.2(9)

C(3)-C(2)-C(1) 110.6(10)

Continued on next page
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C(3)-C(2)-C(15) 124.5(9)

C(1)-C(2)-C(15) 124.9(9)

C(2)-C(3)-C(16) 124.3(11)

C(2)-C(3)-C(4) 107.0(8)

C(16)-C(3)-C(4) 128.7(9)

O(1)-C(4)-C(5) 106.7(8)

O(1)-C(4)-C(11) 102.5(8)

C(5)-C(4)-C(11) 113.3(8)

O(1)-C(4)-C(3) 102.0(7)

C(5)-C(4)-C(3) 117.4(9)

C(11)-C(4)-C(3) 112.8(9)

C(10)-C(5)-C(6) 118.9(11)

C(10)-C(5)-C(4) 119.8(9)

C(6)-C(5)-C(4) 121.1(11)

C(7)-C(6)-C(5) 118.9(11)

C(7)-C(6)-H(6) 120.6

C(5)-C(6)-H(6) 120.6

C(8)-C(7)-C(6) 122.0(11)

C(8)-C(7)-H(7) 119

C(6)-C(7)-H(7) 119

C(7)-C(8)-C(9) 118.6(11)

C(7)-C(8)-H(8) 120.7

C(9)-C(8)-H(8) 120.7

C(10)-C(9)-C(8) 118.9(12)

C(10)-C(9)-H(9) 120.6

C(8)-C(9)-H(9) 120.6

C(5)-C(10)-C(9) 122.3(11)

Continued on next page
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C(5)-C(10)-H(10) 118.8

C(9)-C(10)-H(10) 118.8

F(3)-C(11)-F(1) 106.4(9)

F(3)-C(11)-F(2) 109.3(9)

F(1)-C(11)-F(2) 106.9(9)

F(3)-C(11)-C(4) 112.1(9)

F(1)-C(11)-C(4) 111.5(9)

F(2)-C(11)-C(4) 110.4(9)

C(14)-C(12)-C(1) 120.9(10)

C(14)-C(12)-C(13) 119.8(9)

C(1)-C(12)-C(13) 119.4(10)

N(1)-C(13)-C(12) 178.3(13)

N(2)-C(14)-C(12) 176.1(11)

N(3)-C(15)-C(2) 175.5(11)

C(17)-C(16)-C(3) 129.9(11)

C(17)-C(16)-H(16) 115

C(3)-C(16)-H(16) 115

C(18)-C(17)-C(16) 121.8(11)

C(18)-C(17)-H(17) 119.1

C(16)-C(17)-H(17) 119.1

C(19)-C(18)-C(17) 126.5(12)

C(19)-C(18)-H(18) 116.7

C(17)-C(18)-H(18) 116.7

C(18)-C(19)-C(24) 120.1(11)

C(18)-C(19)-C(20) 122.6(10)

C(24)-C(19)-C(20) 117.1(9)

C(19)-C(20)-C(21) 111.7(9)

Continued on next page
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C(19)-C(20)-H(20A) 109.3

C(21)-C(20)-H(20A) 109.3

C(19)-C(20)-H(20B) 109.3

C(21)-C(20)-H(20B) 109.3

H(20A)-C(20)-H(20B) 107.9

C(25)-C(21)-C(22) 112.3(9)

C(25)-C(21)-C(26) 109.7(9)

C(22)-C(21)-C(26) 107.7(8)

C(25)-C(21)-C(20) 110.5(9)

C(22)-C(21)-C(20) 108.0(9)

C(26)-C(21)-C(20) 108.5(9)

C(23)-C(22)-C(21) 114.6(9)

C(23)-C(22)-H(22A) 108.6

C(21)-C(22)-H(22A) 108.6

C(23)-C(22)-H(22B) 108.6

C(21)-C(22)-H(22B) 108.6

H(22A)-C(22)-H(22B) 107.6

C(24)-C(23)-C(27) 118.6(11)

C(24)-C(23)-C(22) 119.0(10)

C(27)-C(23)-C(22) 122.4(10)

C(23)-C(24)-C(19) 124.9(11)

C(23)-C(24)-H(24) 117.6

C(19)-C(24)-H(24) 117.6

C(21)-C(25)-H(25A) 109.5

C(21)-C(25)-H(25B) 109.5

H(25A)-C(25)-H(25B) 109.5

C(21)-C(25)-H(25C) 109.5

Continued on next page
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H(25A)-C(25)-H(25C) 109.5

H(25B)-C(25)-H(25C) 109.5

C(21)-C(26)-H(26A) 109.5

C(21)-C(26)-H(26B) 109.5

H(26A)-C(26)-H(26B) 109.5

C(21)-C(26)-H(26C) 109.5

H(26A)-C(26)-H(26C) 109.5

H(26B)-C(26)-H(26C) 109.5

C(28)-C(27)-C(23) 123.7(10)

C(28)-C(27)-H(27) 118.1

C(23)-C(27)-H(27) 118.1

C(27)-C(28)-C(29) 125.6(11)

C(27)-C(28)-H(28) 117.2

C(29)-C(28)-H(28) 117.2

C(30)-C(29)-C(28) 126.8(9)

C(30)-C(29)-C(34) 116.7(10)

C(28)-C(29)-C(34) 116.4(10)

C(31)-C(30)-C(29) 124.6(10)

C(31)-C(30)-H(30) 117.7

C(29)-C(30)-H(30) 117.7

C(30)-C(31)-C(32) 119.9(11)

C(30)-C(31)-H(31) 120

C(32)-C(31)-H(31) 120

N(4)-C(32)-C(33) 123.6(10)

N(4)-C(32)-C(31) 119.7(11)

C(33)-C(32)-C(31) 116.7(10)

C(32)-C(33)-C(34) 121.4(10)

Continued on next page
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C(32)-C(33)-H(33) 119.3

C(34)-C(33)-H(33) 119.3

C(33)-C(34)-C(29) 120.6(11)

C(33)-C(34)-H(34) 119.7

C(29)-C(34)-H(34) 119.7

N(4)-C(35)-C(36) 108.5(10)

N(4)-C(35)-H(35A) 110

C(36)-C(35)-H(35A) 110

N(4)-C(35)-H(35B) 110

C(36)-C(35)-H(35B) 110

H(35A)-C(35)-H(35B) 108.4

O(2)-C(36)-C(35) 108.2(11)

O(2)-C(36)-H(36A) 110.1

C(35)-C(36)-H(36A) 110.1

O(2)-C(36)-H(36B) 110.1

C(35)-C(36)-H(36B) 110.1

H(36A)-C(36)-H(36B) 108.4

Si(1)-C(37)-H(37A) 109.5

Si(1)-C(37)-H(37B) 109.5

H(37A)-C(37)-H(37B) 109.5

Si(1)-C(37)-H(37C) 109.5

H(37A)-C(37)-H(37C) 109.5

H(37B)-C(37)-H(37C) 109.5

Si(1)-C(38)-H(38A) 109.5

Si(1)-C(38)-H(38B) 109.5

H(38A)-C(38)-H(38B) 109.5

Si(1)-C(38)-H(38C) 109.5

Continued on next page
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H(38A)-C(38)-H(38C) 109.5

H(38B)-C(38)-H(38C) 109.5

C(42)-C(39)-C(41) 111.5(14)

C(42)-C(39)-C(40) 107.6(15)

C(41)-C(39)-C(40) 109.7(12)

C(42)-C(39)-Si(1) 111.3(10)

C(41)-C(39)-Si(1) 109.2(11)

C(40)-C(39)-Si(1) 107.3(11)

C(39)-C(40)-H(40A) 109.5

C(39)-C(40)-H(40B) 109.5

H(40A)-C(40)-H(40B) 109.5

C(39)-C(40)-H(40C) 109.5

H(40A)-C(40)-H(40C) 109.5

H(40B)-C(40)-H(40C) 109.5

C(39)-C(41)-H(41A) 109.5

C(39)-C(41)-H(41B) 109.5

H(41A)-C(41)-H(41B) 109.5

C(39)-C(41)-H(41C) 109.5

H(41A)-C(41)-H(41C) 109.5

H(41B)-C(41)-H(41C) 109.5

C(39)-C(42)-H(42A) 109.5

C(39)-C(42)-H(42B) 109.5

H(42A)-C(42)-H(42B) 109.5

C(39)-C(42)-H(42C) 109.5

H(42A)-C(42)-H(42C) 109.5

H(42B)-C(42)-H(42C) 109.5

N(4)-C(43)-C(44) 113.8(10)

Continued on next page
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N(4)-C(43)-H(43A) 108.8

C(44)-C(43)-H(43A) 108.8

N(4)-C(43)-H(43B) 108.8

C(44)-C(43)-H(43B) 108.8

H(43A)-C(43)-H(43B) 107.7

O(3)-C(44)-C(43) 111.6(11)

O(3)-C(44)-H(44A) 109.3

C(43)-C(44)-H(44A) 109.3

O(3)-C(44)-H(44B) 109.3

C(43)-C(44)-H(44B) 109.3

H(44A)-C(44)-H(44B) 108

Si(2)-C(45)-H(45A) 109.5

Si(2)-C(45)-H(45B) 109.5

H(45A)-C(45)-H(45B) 109.5

Si(2)-C(45)-H(45C) 109.5

H(45A)-C(45)-H(45C) 109.5

H(45B)-C(45)-H(45C) 109.5

Si(2)-C(46)-H(46A) 109.5

Si(2)-C(46)-H(46B) 109.5

H(46A)-C(46)-H(46B) 109.5

Si(2)-C(46)-H(46C) 109.5

H(46A)-C(46)-H(46C) 109.5

H(46B)-C(46)-H(46C) 109.5

C(49)-C(47)-C(50) 103(2)

C(49)-C(47)-C(48) 111(2)

C(50)-C(47)-C(48) 109.1(19)

C(49)-C(47)-Si(2) 112.0(19)

Continued on next page
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C(50)-C(47)-Si(2) 110.3(15)

C(48)-C(47)-Si(2) 110.6(12)

C(47)-C(48)-H(48A) 109.5

C(47)-C(48)-H(48B) 109.5

H(48A)-C(48)-H(48B) 109.5

C(47)-C(48)-H(48C) 109.5

H(48A)-C(48)-H(48C) 109.5

H(48B)-C(48)-H(48C) 109.5

C(47)-C(49)-H(49A) 109.3

C(47)-C(49)-H(49B) 109.5

H(49A)-C(49)-H(49B) 109.5

C(47)-C(49)-H(49C) 109.7

H(49A)-C(49)-H(49C) 109.5

H(49B)-C(49)-H(49C) 109.5

C(47)-C(50)-H(50A) 109.5

C(47)-C(50)-H(50B) 109.5

H(50A)-C(50)-H(50B) 109.5

C(47)-C(50)-H(50C) 109.4

H(50A)-C(50)-H(50C) 109.5

H(50B)-C(50)-H(50C) 109.5

C(32)-N(4)-C(43) 124.4(10)

C(32)-N(4)-C(35) 120.6(11)

C(43)-N(4)-C(35) 115.0(9)

C(1)-O(1)-C(4) 111.6(8)

C(36)-O(2)-Si(1) 132.2(8)

C(44)-O(3)-Si(2) 121.9(9)

O(2)-Si(1)-C(38) 109.1(6)

Continued on next page
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O(2)-Si(1)-C(37) 104.0(6)

C(38)-Si(1)-C(37) 109.6(7)

O(2)-Si(1)-C(39) 112.3(6)

C(38)-Si(1)-C(39) 109.8(7)

C(37)-Si(1)-C(39) 111.9(7)

O(3)-Si(2)-C(47) 113.1(6)

O(3)-Si(2)-C(46) 103.6(7)

C(47)-Si(2)-C(46) 112.1(9)

O(3)-Si(2)-C(45) 110.2(7)

C(47)-Si(2)-C(45) 110.7(10)

C(46)-Si(2)-C(45) 106.8(9)
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Table 2.6: Dipole moments, polarizabilities, and hyperpolarizabilities calculated using LC-
BLYP/6-31+G* in vacuo; given according to the perturbation convention. Frequency-
dependent properties are computed at 1310-nm.

Structures µz αzzz(−ω;ω) βzzz(0) βzzz(−ω;ω, 0)

(D) ×10−24 esu ×10−30 esu ×10−30 esu

JRD1 21.4 308 483 680

YLD124 22 171 460 641

AJY1 22.6 248 444 623

JRD2 17.6 151 87.9 108

KRD1 20 190 341 463

JRD5 20.3 304 476 664

2.11 Theory

2.11.1 Donor Study

All calculations were performed with the Gaussian-09 Rev D.01 electronic structure package

(Frisch 2013). [91] The molecular geometries were optimized in vacuum at the B3LYP/6-

31+G* level of theory using an “ultrafine” integration grid and tightened convergence settings

(i.e., “Opt=Tight”), which choose the RMS force on all atoms to converge at a threshold of

1 × 10−5 au or less. All calculations were carried out according to default SCF convergence

criteria, requiring density matrix convergence at least 10−8 au. Dipole moments and static

and frequency-dependent (hyper)polarizabilities were computed with a long-range corrected

(LC) functional, LC-BLYP (Iikura 2001). [92] Static hyperpolarizability, βzzz(0), and Pock-

els hyperpolarizability consistent with measurements of poling efficiency, βzzz(−ω;ω, 0), at

1310-nm were computed via analytic differentiation by the coupled-perturbed Kohn-Sham

(CPKS) method (Kamiya 2005). [93] Changes in computed electronic and optical properties

as a result of changing dielectric environment were also studied using the polarizable con-

tinuum model (PCM). See Tables 2.6-2.8. Excitation energies were computed with B3LYP

with 6-31+G* basis set using the linear response time-dependent DFT formalism in solvent
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Table 2.7: Dipole moments, polarizabilities, hyperpolarizabilities, and wavelength of maxi-
mum absorption (λmax) calculated using LC-BLYP/6-31+G* in acetonitrile; given according
to the perturbation convention. Frequency-dependent properties are computed at 1310-nm.

Structures µz αzzz(−ω;ω) βzzz(0) βzzz(−ω;ω, 0) λmax (nm)

(D) ×10−24 esu ×10−30 esu ×10−30 esu λmax (nm)

JRD1 26.1 398 1245 1567 731.01

YLD124 27.1 210 1231 1536 729.74

AJY1 28.3 342 1334 1659 738.14

(structure of AJY1)

media (chloroform and acetonitrile) with PCM.

In the HOMO-LUMO structures, you can see that the TBDPS and TBDMS groups do

not participate greatly in the electronic structures. The HOMO-LUMO structures are similar

for the series, based both on MO visualization and energy levels. Figures 2.37-2.39 show the

HOMO and LUMO structures according to B3LYP/6-31+G* and wB97xD/6-31+G*. The

HOMO structures are qualitatively similar across the DFT methods; however, LUMO for

wB97xD is much less localized on the donor phenyl ring than shown in B3LYP. Nevertheless,

the LUMO structures are similar for AJY1, JRD1, and YLD124 within a given DFT method

(wB97xD or B3LYP).

The frontier molecular orbitals of JRD1 and JRD5 are shown in Figure 2.40, according to

wB97D/6-31+G*//B3LYP/6-31+G* in chloroform (PCM). The highest occupied molecular

orbitals (HOMO) of the two species are generally similar and are delocalized over the length

of the π-conjugated bridge, however the visualization shows that the carbazole in JRD5

offers a small electron-donating contribution. The lowest unoccupied molecular orbitals

(LUMO) are similar for both structures and have only approximately 0.04 eV energy differ-
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Table 2.8: Dipole moments, polarizabilities, hyperpolarizabilities, and wavelength of maxi-
mum absorption (λmax) calculated using LC-BLYP/6-31+G* in acetonitrile; given according
to the perturbation convention. Frequency-dependent properties are computed at 1310-nm.
*Note that βzzz(−ω;ω, 0) < βzzz(0); this commonly occurs with highly polar solvents.

Structures µz αzzz(−ω;ω) βzzz(0) βzzz(−ω;ω, 0) λmax (nm)

(D) ×10−24 esu ×10−30 esu ×10−30 esu λmax (nm)

JRD1 27.7 398.7 1768 1695* 729.09

YLD124 29 209 1782 1695* 729.71

AJY1 30.3 343 1980 1840* 737.99

B3LYP	 wB97xD	

	
LUMO	

LUMO	

	

	
HOMO	

HOMO	

	

	Figure 2.37: JRD1 Molecular Orbital structures DFT/6-31+G*//B3LYP/6-31+G* in Chlo-
roform (PCM).
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B3LYP	 wB97xD	

LUMO	
LUMO	

	
HOMO	

	
HOMO	

	Figure 2.38: YLD124 Molecular Orbital structures DFT/6-31+G*//B3LYP/6-31+G* in
Chloroform (PCM).

B3LYP	 wB97xD	
	

LUMO	

	
LUMO	

	
HOMO	

	
HOMO	

	Figure 2.39: AJY1 Molecular Orbital structures DFT/6-31+G*//B3LYP/6-31+G* in Chlo-
roform (PCM).
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JRD5	 JRD1	

LUMO	

εLUMO	=	-2.2773	eV	

LUMO	

εLUMO	=	-2.2351	eV		

HOMO	

εHOMO	=	-6.9841	eV		

	

HOMO	

εHOMO	=	-6.9046	eV		

(Approx.	0.08	eV	higher	than	JRD5	εHOMO)	

	

Figure 2.40: Side-by-side comparison of JRD5 and JRD1 molecular orbital structures ac-
cording to wB97xD with 6-31+G* basis set and B3LYP/6-31+G* optimized geometry in
Chloroform (PCM).
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ence between JRD1 and JRD5. It follows that the intramolecular charge transfer transition

energies (∆EHOMO−LUMO) from HOMO-LUMO are similar between JRD1 and JRD5 with

approximately 0.04 eV difference. It is important to note that the HOMO-LUMO energy

difference, ∆EHOMO−LUMO, is not equal to the peak vertical excitation energy (i.e., λmax)

which involves a mixing of contributions from various excited states.

The frontier molecular orbitals of JRD1 and JRD5 according to B3LYP/6-31+G*/

/B3LYP/6-31+G* in chloroform (PCM) are shown in Figure 2.41. Similar to the long-

range corrected method results (wB97xD; Figure 2.40), the HOMO visualization shows

that the carbazole in JRD5 offers a small electron-donating contribution. The HOMO and

LUMO energy values of JRD1 are shifted approx. 0.07 eV higher than those of JRD5. Con-

sequently, the intramolecular charge transfer transition energies (∆EHOMO−LUMO) from

HOMO-LUMO are practically identical.

The frontier molecular orbitals of KRD1 according to different DFT methods: B3LYP

and wB97xD, both with 6-31+G* basis set and B3LYP optimized geometry in chloroform

(PCM) are shown in Figure 2.42. As expected with the inclusion of long-range (LR) Hartree

Fock (HF) exchange in wB97xD, the predicted intramolecular charge transfer transition

energy (∆EHOMO−LUMO) from HOMO-LUMO is significantly larger (blue-shifted) in com-

parison to B3LYP which has no LR HF exchange correction. Within a given DFT method,

the energy results for KRD1 are similar to JRD1 and JRD5. The frontier molecular orbitals

of JRD2 according to different DFT methods: B3LYP and wB97xD, both with 6-31+G*

basis set and B3LYP optimized geometry in chloroform (PCM) are shown in Figure 2.43.

The smaller bridge structure results in an overall larger energy CT transition (blue shift)

than predicted for JRD1, JRD5, or KRD1.

2.12 Device Fabrication

ITO/glass substrates were scrubbed with a cotton swab and multi-purpose detergent. Then

slides were rinsed with deionized water, and fixed vertically on a polyethylene block where

they were first immersed in acetone and sonicated for 5-10 minutes followed by immersion in

isopropanol and another sonication for 5-10 minutes. Solutions of 9-12% w/w EO material

in TCE were filtered through a 0.2 µm PTFE filter and spin cast on ITO/Glass substrates
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JRD5	 JRD1	
LUMO	

	
εLUMO	=	-3.5944	eV	

LUMO	

	
εLUMO	=	-3.5353	eV		

HOMO	

	
εHOMO	=	-5.4292	eV		
	

HOMO	

	
εHOMO	=	-5.3560	eV		
(Approx.	0.07	eV	higher	than	JRD5	εHOMO)	

	

Figure 2.41: Side-by-side comparison of JRD5 and JRD1 molecular orbital structures ac-
cording to B3LYP with 6-31+G* basis set and B3LYP/6-31+G* optimized geometry in
Chloroform (PCM).
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B3LYP	 wB97xD	
LUMO	

	
εLUMO	=	-3.6031	eV	

LUMO	

	
εLUMO	=	-2.2553	eV		

HOMO	

	
εHOMO	=	-5.4298	eV		

HOMO	

	
εHOMO	=	-7.0077	eV		

	

Figure 2.42: Side-by-side comparison of B3LYP and wB97xD results for molecule KRD1:
Molecular Orbital structures.
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B3LYP	 wB97xD	
LUMO	

	
εLUMO	=	-3.4246	eV	

LUMO	

	
εLUMO	=	-1.9633	eV		

HOMO	

	
εHOMO	=	-5.8834	eV		

HOMO	

	
εHOMO	=	-7.5316	eV		

	

Figure 2.43: Side-by-side comparison of B3LYP and wB97xD results for molecule JRD2:
Molecular Orbital structures
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to form neat thin films. EO films were spin cast in three stages, 500 rpm for 5 seconds, 850

rpm for 30 seconds, followed immediately by 2000 rpm for 30 seconds. The films were then

dried on a hot plate at 65 ◦C for half an hour, and then further cured in a vacuum oven at

65 ◦C overnight. The thickness of the EO film was then measured to be around 1-2 µm via

optical profilometry. Gold electrodes (∼60 nm thick) were deposited on top of the films by

sputter coating.
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[!h]

Figure 2.44: The average conductance (G) during the poling process of JRD1-based devices
(red square, G = 1.37 ± 0.35 µS), YLD-124-based devices (blue dot, G = 1.13 ± 0.40 µS),
and JRD5-based devices (green triangle, G = 0.73 ± 0.36 µS). Red, green, and blue bands
represent the 95% confidence intervals of the mean conductance.

2.13 Results and Discussion

2.13.1 Device conductance

High device conductance caused by chromophore conductivity at elevated temperature dur-

ing poling limits the EO activity and needs to be controlled. There have been previous

efforts to control this by introducing barrier layers, [2, 94] but certain barrier layers (e.g.

solvent cast) are not easy to apply to device structures with vertical electrode walls, such as

silicon slot waveguides used in SOH modulators. We found in our research that molecular

modification might help to reduce poling-induced conductance in high ρN chromophores.

The conductance of YLD-124, JRD1 and JRD5 devices were calculated from the measured

current and voltage as a function of the average poling field during the poling process (Figure

2.44). JRD5 devices showed relative low conductance, while JRD1 and YLD-124 devices had

similarly high conductance behavior. This figure indicates that the conductivity of mono-

lithic materials can be affected by tuning of the bulk electronic mobility through bridge

modification. This could be a noteworthy area for future study to solve the high conduc-

tivity problem of high number-density materials, in addition to the current barrier layer
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solution.

2.14 Additional Information for Poling Results

Table 2.9: Average electric field during poling for the max r33.

EO material Barrier layer Electric field Ep Max r33
¯r33/Ep

/(V µm−1) /(pmV −1) /(nm/V )2

YLD-124 With BCB 75 242 3.2

No barrier 57 118 2.1

JRD1 With BCB 85 556 6.5

No barrier 77 343 4.5

JRD5 With BCB 75 214 2.9

No barrier 65 188 2.9

JRD2 No barrier 54 22 0.4

KRD1 No barrier 110 155 1.4
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Figure 2.45: Poling curves for JRD5, JRD2 and KRD1.
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Figure 2.46: poling field plot for H vs. poling field plot for HD-BB-MOM.
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For more detailed information about statistical analysis, analysis of average electric field

strength during poling, and the calculation of the device conductance, please see reference [2]

and its supporting information.
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Chapter 3

BENZOCYCLOBUTENE BARRIER LAYER FOR SUPPRESSING
CONDUCTANCE IN NONLINEAR OPTICAL DEVICES DURING

ELECTRIC FIELD POLING [2]

3.1 Abstract

We measured the electro-optic (EO) coefficients (r33) of thin-film devices made from sev-

eral monolithic, high number density organic EO chromophores with and without addi-

tional charge barrier layers. We found that a cross-linkable benzocyclobutene layer was

very effective in suppressing unwanted, leakage current, keeping the effective poling volt-

age nearly identical to the applied voltage. This barrier layer proved to be superior to

a titanium dioxide (TiO2) barrier layer. The suppression of the leakage current in com-

bination with a new chromophore enabled the construction of EO devices that had r33

values - 400−500 pm V −1 with poling fields 85 V µm−1. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4884829]

3.2 Introduction

Organic nonlinear electro-optic (EO) materials have demonstrated substantial promise as

components in a variety of photonics applications, including EO modulation and terahertz

generation and detection. [34,95–98] For 2nd order organic EO materials, three parameters

ultimately define material performance: molecular hyperpolarizability (β) of the EO chro-

mophore, number density (ρN ) of active molecules that interact with the incident optical

field, and acentric order (〈cos3θ〉), which is generally generated by an electric field to induce

chromophore order, a process known as “poling.” [14,19,38] Optimization of these three pa-

rameters, as they relate to r33 according to the proportionality r33 ∝ ρNβ〈cos3 θ〉, is required

to improve EO performance. [24]

Previous studies of guest-host EO materials have established that EO coefficients (r33)

approaching 200 pm V −1 can be routinely achieved. [99,100] High number density materials,
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including monolithic films and binary-chromophore molecular glasses have demonstrated

increased EO activity with r33 values approaching 400 pm V −1. [49, 52, 101] One challenge

in the fabrication of devices from these materials is the significant leakage current that

occurs during poling. The increase in conductivity of the electro-optic material at the glass

transition temperature during the poling process either reduces the magnitude of the electric

field that can be sustained during poling or increases leakage current, which in turn limits

the amount of acentric order that is induced. To achieve greater acentric order in these

materials, the extent of leakage current or the conductance of the device must be reduced.

Reducing device conductance requires understanding the nature of the interface-limited

current and judicious modification of the interface between the electrode and the EO material

to prevent charge injection. [15,102] Ideally, the device architecture should include a “barrier”

layer having significantly mismatched highest-occupied molecular orbital (HOMO)/lowest-

unoccupied molecular orbital (LUMO) energies properly tuned relative to the electrode and

the EO material. The introduction of an appropriate charge injection barrier layer enables

larger poling fields across EO materials resulting in larger r33 values.

Previous barrier layer materials include metal-oxides, organic monolayers, conductive

polymer blends (e.g., poly (ethylene dioxythiophene)/poly (styrenesulphonic acid) in poly

(vinylalcohol)), and non-conductive polymers (e.g., poly(4-vinylphenol), the ferroelectric

polymer poly(vinyli- dene fluoridetrifluoroethylene), and cyclic olefin copolymer TOPAS R©).

Among these, TiO2 has emerged as one of the most successful barrier layer materials to ad-

dress high conductance problems. [15,94,102–106] However, even with a TiO2 layer, current

leakage remains one to two orders of magnitude larger than the baseline current prior to

poling. [94] This implies that the poling field is reduced during the poling process in spite

of the TiO2 layer, leading to less than optimal r33 values. The large conductivity associated

with high number density organic EO materials (> 3×1020 molecules/cm3), [107] even with

state-of-the-art TiO2 as a charge-blocking layer, motivates further research into alternative

barrier layer materials.

Herein, we demonstrate that the electric field applied to monolithic EO materials can be

increased by incorporating a barrier layer of benzocyclobutene (BCB). Thermally crosslinked

BCB was selected for this study because it has a large HOMO/LUMO gap that generates
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a charge injection barrier. Upon crosslinking, BCB becomes quite mechanically stable and

insoluble, will not wash away, crack, or swell significantly, an advantage over non-crosslinked

organic barriers. Also, BCB has other excellent properties, including high optical trans-

parency, easy solution processing, and long-term stability when exposed to air before and

after cross-linking, which are advantages over TiO2.

3.3 Experimental

To measure EO coefficients, indium tin oxide (ITO)/EO material/gold or ITO/barrier lay-

er/EO material/gold devices were fabricated on glass substrates (figure 3.1). ITO (45 nm

thick, resistivity ≤ 100 Ω/sq.) was purchased coated on glass from Thin Film Devices. The

TiO2 barrier layer was spin cast and annealed following the standard sol-gel derived method

previously reported resulting in 40−70 nm films. [108] The BCB barrier layer was fabricated

from commercially available BCB polymer (Cyclotene 3022-46, from Dow Corp.). The op-

timum thickness of the BCB layer ranged from 60 to 100 nm (see Appendix 1). When BCB

was used as a barrier layer, a ∼20 nm poly(methyl methacrylate) (PMMA) film was spun

cast as an adhesion layer; control studies showed that the PMMA layer had no additional

charge barrier benefits beyond BCB alone (see Appendix 1). EO chromophore was spun

cast from 1,1,2-trichloroethane solvent, resulting in 1-2 µm thick monolithic films. A 60 nm

thick gold layer was sputter coated as the top electrode.

The effect of the BCB layer was examined for three monolithic chromophores: JRD1,

YLD-124, and JSLD5 (figure 3.3). These structures were developed to illustrate the effect

and importance of both increasing number density and tuning intermolecular interactions

by variation in molecular size and structure on a shared EO motif. These molecules display

similar optical properties (e.g., molar absorptivity, wavelength of maximum absorption, and

presumably first-hyperpolarizabilities); however, as shown later, small structural differences

give rise to large and unexpected differences in EO performance.

During electric field poling, the current and voltage across the device were measured

along with an in situ r33 analysis at 1310 nm by the Teng-Man ellipsometric method. [13,21]

Samples were poled under DC electric fields ranging from 40 to 105 V µm−1 while being

heated at a rate of 10 ◦C/min. Poling started near the material glass transition temperature



95

Figure 3.1: Addition of barrier layers to the standard poling prototype from left to right:
A device with no barrier layer, a device with a titanium dioxide (TiO2) barrier layer, and
a device with a benzocyclobutene (BCB) barrier layer. Polymethyl methacrylate (PMMA)
was used as an adhesion layer in the devices containing a BCB barrier layer to improve film
quality. ITO and gold (Au) were the bottom and top electrodes, respectively.

(Tg, table 3.1) and continued at the Tg for 1−2 min. Then, the sample was cooled while

maintaining the poling field until the sample was well below the Tg.

3.4 Results and Discussion

The addition of a BCB layer to the devices significantly reduced device conductance through-

out the poling process. The conductance of two representative JRD1-based devices (with

and without BCB layer) at identical applied poling fields of 95 V µm−1 is shown in figure

3.2(a).

The conductance was estimated from the voltage and current of a simple two-probe

measurement. Conductance of the JRD1-based device in the absence of a BCB layer was

observed to sharply increase as the temperature approached the Tg (red curve), from 0.12

µS before poling to a maximum of 4.62 µS during poling. However, in the presence of the

BCB layer (blue curve), conductance increased only slightly from 0.106 µS before poling to

a maximum of 0.142 µS during poling. The conductance of a BCB-containing device at the

EO poling temperature is consistently 0.1 µS. Therefore, the reduced device conductance,

due to the BCB layer, is consistent with a reduction in current due to dramatically reduced
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Table 3.1: Summary of the number density, Tg and poling results of JRD1, YLD-124, and
JSLD5. ρN calculations assume a material density of 1 gcm−1. The ratio, r33/r0

33, represents
the maximum r33 measured with a barrier layer over that measured without a barrier layer.

ρN Tg r33/ pmV −1 r33/Ep

EO Material molx/cm−3 /◦C Barrier (best) r33/r0
33 /(nm/V )2

JRD1 5.33×1020 93 none 343±55 ... 3.1±0.1

BCB 556±90 1.6 ±0.04 3.4±0.1

TiO2 277±54 0.08 ±0.02 2.6±0.2

YLD-124 6.83 ×1020 83 none 118±29 ... 1.4±0.1

BCB 242±37 2.0±0.6 1.9±0.2

JSLD5 3.07 ×1020 73 none 89±11 ... 0.98±0.07

BCB 177±18 2.0±0.3 1.8±0.1

charge injection. [109] The conductivity calculation of JRD1 and BCB is shown in Appendix

1.

Because of the large band gap of the general class of non-conjugated polymers, [110,111]

BCB performs well as a charge barrier. The best results were obtained with ITO as the

negative electrode and gold as the positive electrode (work functions −4.8 eV and −5.2

eV, respectively); this was true for both BCB and TiO2 barriers. According to theoretical

calculations on BCB model compounds, HOMO and LUMO levels for BCB were −5.7 eV and

−0.9 eV, respectively (B3LYP DFT method, 631 G* basis set; see Appendix 1). Therefore,

there is a 3.9 eV barrier to electron injection from the negative ITO electrode to the BCB

LUMO, compared to a 0.9 eV barrier to charge injection directly to the JRD1 LUMO

without a barrier layer (JRD1 HOMO = −5.0 eV, LUMO = −3.9 eV, determined by cyclic

voltammetry). BCB also provides a larger barrier than the ∼ 3 eV barrier to charge injection

provided by TiO2. [94]

The average conductance during the poling process, calculated from the measured current

and voltage as a function of the average poling field during the poling process is shown in

figure 3.2(b). The mean of all conductance measurements on JRD1-based devices (with no
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Figure 3.2: (a) Conductance (G) of a JRD1-based device as a function of time during poling
at identical applied poling fields of 95 V µm−1 with (blue) and without (red) a BCB barrier
layer. The shaded region represents the duration of the poling process (the period of time
that the sample is at Tg). (b) The average conductance during the poling process of JRD1-
based devices with no barrier layer (red squares, G = 1.37 ± 0.18 µS), with a TiO2 layer
(green triangles, G = 1.18± 0.22 µS), and with a BCB layer (blue dots, G = 0.142± 0.008
µS). Red, green, and blue bands represent the 95% confidence intervals around the mean
conductance.

barrier layer, with a TiO2 layer, and with a BCB layer) were plotted at the 95% confidence

level as shaded regions. The figure illustrates that the presence of the BCB layer (blue dots)

decreased the conductance by one order of magnitude relative to the other two devices. The

TiO2 layer did not produce a statistically significant change in conductance relative to the

device with no barrier layer.

Our results indicate that the actual poling field across the EO layer during the poling



98

N

O
Si

O
Si

O

CN

NC
CN

F3C

JRD1

JSLD5
N

O
Si

O
Si

O

CN

NC
CN

F3C

YLD-124

N

OO

OO

O

O

O

CN
CN

CNF3C

TBDPSO
TBDPSO

OO

O O

OO

O

O

O O

Figure 3.3: Three EO chromophores utilized in this study.

Figure 3.4: The r33 values of JRD1-based devices are plotted, as measured by attenuated
total reflection (ATR) with no barrier layer (yellow dots) and by Teng-Man with no barrier
layer (red squares), with a TiO2 layer (green triangles), and with a BCB layer (blue dots), as
a function of the average electric field during poling. Poling efficiencies are plotted as black
lines (values listed in Table 3.1). Orange, red, blue, and green shaded wedges represent the
error in the poling efficiency at the 95% confidence level.
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process is substantially improved when a low conductivity layer is present. Conversely, in

poling situations without a barrier layer, high leakage current results in a corresponding drop

in poling field that limits r33. To show this, the r33 values of JRD1-based devices with no

barrier layer (red squares), with a TiO2 layer (green triangles), and with a BCB layer (blue

dots) were plotted as a function of the average poling field across the EO core during poling.

The average electric fields during poling on JRD1-based devices with no barrier layer or

with a TiO2 layer were limited to ≤ 80 V µm−1. Higher average electric fields during poling

(between 80 and 105 V µm−1) were only achieved across the EO layer on devices containing

a BCB layer. The change in voltage from the applied voltage during poling was limited to

below 1% by the BCB layer; this is contrasted with a 20% on aver- age change without the

BCB layer (see figure A9 in Appendix 1). This result leads us to the conclusion that the

presence of the BCB layer permits access to higher poling fields; and BCB is an essential

tool in the screening of novel high number density materials that display high conductivity

at the Tg.

Access to higher poling fields afforded by the BCB layer led to maximal EO coefficients;

r33 values higher than 400 pm V −1 were observed in multiple experiments on JRD1-based

devices at poling fields ≥ 85 V µm−1. In one device an r33 value of 556 ± 90 pm V −1

was obtained at a poling field of 85 V µm−1. This impressive measurement corresponds to

exceptionally low current during poling, suggesting that further optimization of the device

architecture could lead to real devices with similarly large r33 values. From over 40 poling

experiments of the BCB-containing devices, we found the mean poling efficiency, r33/Ep, was

3.4 ± 0.2 (nm/V )2, which agrees with results found by attenuated total reflection (ATR)

methods, within experimental error. [112, 113] Eliminating leakage current during poling

resulted in a factor of 1.6 ± 0.4 increase in the maximum observed r33 for JRD1. Use of

a BCB layer resulted in a similar increase in the maximum r33 observed for chromophores

YLD-124 and JSLD5 (table 3.1). Here, YLD-124 was examined as a monolithic system,

whereas previously it had only been used in a guest-host system. The poling efficiency

of 25% w/w YLD-124 in PMMA was previously determined to be 1 (nm/V )2 under ideal

conditions and would therefore require substantially higher fields to obtain r33 values that

could compete with monolithic YLD-124. [114]
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While this paper focuses on simple device structures for measuring EO coefficients, charge

barrier layers are also important in more complex waveguide EO devices, such as Mach-

Zehnder, that depend on parallel plate or coplanar electrode configurations. BCB has in

fact been used for decades in microfabrication facilities and has standard recipes for etching

that are compatible with microscale or nanoscale patterning such as lining the walls of silicon

rail waveguides. The low dielectric constant of BCB (ε = 2.65) makes it less than ideal as

a cladding layer during operation of an EO device, though it is still desirable as a charge

barrier during poling. [115,116] What we have demonstrated in these experiments could be

utilized by device engineers as a conceptual starting point for integrating BCB barrier layer

into nanoslot silicon photonic devices; however, it is critical that a successful charge barrier

layer like BCB be used in simple devices for accurately evaluating the EO performance of

high performance, high number density chromophores.

3.5 Conclusion

In conclusion, BCB was employed as a barrier layer material for EO devices to reduce

conductance during electric field poling. The BCB layer was more effective at reducing

conductance in comparison to a sol-gel derived TiO2 layer that has been one of the most

widely employed materials for barrier layers. The maximum observed EO coefficients of three

high number density EO materials (including the new chromophores JRD1 and JSLD5)

were significantly improved by incorporating a 60−100 nm thick BCB layer between the

ITO electrode and the EO layer. The efficacy of BCB as a barrier layer to prevent current

leak-through shows great potential for a wide-range of photonics applications.
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3.6 General Information

Benzocyclobutene (BCB) was purchased from Dow Corporation as a solution in mesitylene

(Cyclotene 3022-46). Mesitylene and 1,1,2 trichloroethane (TCE) was purchased from Sigma

Aldrich. TCE was purified via vacuum distillation prior to use. Indium tin oxide (ITO)/glass

slides were purchased from Thin Film Devices, Inc. Variable angle spectroscopic ellipsometry

(VASE) was carried out on an ellipsometer purchased from J. A. Woollam Co., Inc. Optical

profilometry measurements were carried out on an NT-2000 model profilometer, provided

by WYKO Corporation. In situ Teng-Man ellipsometry was carried out on a home built

device. [21]

The IUPAC names (followed by their common monikers in parenthesis) of the three high

number-density, monolithic chromophore systems (Figure 3.3) examined in the study are 2-

[4-(3-[3-[2-(4-[Bis-[2-(tert-butyl-dimethyl-silanyloxy)-ethyl]-amino]-phenyl)-vinyl]-5,5-dimet-

hyl-cyclohex-2-enylidene]-propenyl)-3-cyano-5-phenyl-5-trifluoromethyl-5H-furan-2-ylidene]-

malononitrile (YLD-124), 2-[4-(3-[3-[2-(4-[Bis-[2-(tert-butyl-diphenyl-silanyloxy)-ethyl]-ami-

no]-phenyl)-vinyl]-5,5-dimethyl-cyclohex-2-enylidene]-propenyl)-3-cyano-5-phenyl-5-trifluoro-

methyl-5H-furan-2-ylidene]-malononitrile (JRD1), and 1-[2-[(6E)-4,4-bis([[(tert-butyldiphen-

ylsilyl)oxy]methyl])-6-[(2E)-3-[4-cyano-5-(dicyanomethylidene)-2-phenyl-2-(trifluoromethyl)-

2,5dihydrofuran-3-yl]prop-2-en-1-ylidene]-2-[(E)-2-[4-[methyl(2-[[6-oxo-6-(4-[[(2-oxo-2H-chro-

men-7-yl)oxy]carbonyl]phenoxy)hexanoyl]oxy]ethyl)amino]phenyl]ethenyl]cyclohex-1-en-1-yl]

ethyl]4-[[(2-oxo-2H-chromen-7-yl)oxy]carbonyl]phenyl hexanedioate (JSLD5). (see figure

3.3)

Device Fabrication: ITO/glass substrates were scrubbed with a cotton swab and multi-

purpose detergent. Then slides were rinsed with deionized water, and fixed vertically on a

polyethylene block where they were first immersed in acetone and sonicated for 5-10 minutes

followed by immersion in isopropanol and another sonication for 5-10 minutes.

BCB solution was diluted to 20% w/w in mesitylene and filtered through a 0.45 µm
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PTFE filter via syringe and applied directly to a clean ITO/glass substrate and spin cast

at 4000 rpm for 60 seconds. The resulting films were dried on a hot plate at 120 ◦C for 10-

20 minutes to remove residual solvent prior to curing according to the procedure provided

by Dow Corp. [117] The thickness of the BCB layer was then confirmed by VASE in the

wavelength range of 300-1700 nm prior to adding the electro-optic (EO) layer. A 2% w/w

solution of polymethyl methacrylate (PMMA) in TCE was spin cast onto devices over the

BCB layer at 4000 rpm.

Titanium dioxide (TiO2) barrier layers were fabricated according to previously published

methods. [108]

Solutions of 9-12% w/w EO material in TCE were filtered through a 0.2 µm PTFE filter

and spin cast on ITO/Glass substrates, with and without barrier layers. EO films were spin

cast in three stages, 500 rpm for 5 seconds, 850 rpm for 30 seconds, followed immediately by

2000 rpm for 30 seconds. The films were then dried on a hot plate at 65 ◦C for half an hour,

and then further cured in a vacuum oven at 65 ◦C overnight. The thickness of the EO film

was then measured to be around 1-2 µm via optical profilometry. Finally, gold electrodes

were deposited on top of the films by sputter coating, thus completing a prototype device.

3.7 Statistical analysis [4]

: The analysis of the EO coefficients, r, as a function of the poling field, E, provides a

measure of the efficiency m = r/E. For the purposes of data analysis we assume that the

model for the relation of r to E is proportional, r = mE, Furthermore, we assume there is

no error in any of the E values. However there are concerns about how the data should be

weighted: specifically, it is possible that the larger field values produce larger errors in the

r-values. We therefore start with a robust model that will encompass the various possible

ways the data might be analyzed. Our conclusion, at the end of the analysis is that the

various methods give essentially the same answers within experimental error and therefore

any of the methods can be relied upon. Therefore, a weighted least-squares analysis of the

data is the starting point: the standard error of any quantity, q, is given as,σq and the
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variance of the quantity is σ2
q .The standard error of r, σ2

r , defined as:

σ2
r =

1

N

N∑
k=1

(w2
k)(r − r̂)2 (3.1)

There are N data points enumerated by k = 1, 2LN . For each of the data points, {Ek, rk},

the individual weights,wk, must be given apriori and should depend on E. A general re-

quirement of the weights is that
∑N

k=1(w2
k) = N . In general, the weights are taken to be

related to the errors of the individual measurements, σk ≡ σrk , where wk ∝ σ−1
k , and this

analysis is closely related to a chi squared analysis. Given the model, which depends upon

a single parameter, m, the equation for the optimum efficiency or slope is dσ2
r

dm , and yields

the expression:

0 =
N∑
k=1

(w2
k)(rk − r̂k)

(
dr̂k
dm

)

=

N∑
k=1

(w2
k)(rk −mEk)Ek

m =

∑N
k=1(w2

k)(rkEk)∑N
k=1(w2

kE
2
k)

(3.2)

The variance of the slope, m, may be found from the variance of the data given above:

σ2
m =

N∑
k=1

(
dm

drk

)2

σ2
k =

N∑
k=1

(
(w2

kEk)∑N
k=1(w2

kE
2
k)

)2

σ2
k =

∑N
k=1

(
(w2

kEk)σk
)2(∑N

k=1(w2
kE

2
k)
)2 (3.3)

Method 1: The simplest analysis is to assume that all of the weights are the same:

wk = 1∀k. This implies that the error in the r values is independent of E, or that σr = σk∀k.

Then the slope, the variance in r and the variance of the slope m are:

m =

∑N
k=1(rkEk)∑N
k=1(E2

k)
σ2
r =

1

N

N∑
k=1

(rk −mEk)2 σ2
m =

σ2
r∑N

k=1(Ek)2
(3.4)

This form of the variance in the slope demonstrates that as one accumulates more data, the

error in the slope will decrease, and will decrease approximately as 1/
√
N .This form also

demonstrates that data collected at larger field values will be better at reducing the error

estimate.
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Method 2: It is not known whether the error will increase with increasing E or be

rather constant. So far we have assumed (in method 1) that the error in r is independent

of E. However, if the error in r is proportional to the field then we should assume that

w−1
k ∝ σk ∝ Ek. Data points with larger E then are weighted less in the averaging. Using

the constraint on the weights that they must sum to give us a complete description of the

weights:

wk =
α

Ek
α2 =

N∑N
k=1

(
1
E2

k

) (3.5)

In this case, the equation for the mean is (using the above general forms):

m =

∑N
k=1

(
rk
Ek

)
N

(3.6)

Using the normalized weights, we can obtain an expression for the variance of r:

σ2
r =

1

N

N∑
k=1

(w2
k)(r − r̂)2 =

α2

N

N∑
k=1

(
rk
Ek
−m

)2

=

∑N
k=1

(
rk
Ek
−m

)2

∑N
k=1

(
1
E2

k

) (3.7)

If we assume the variance in is the average of the individual variances then we find:

σk = α

(
rk
Ek
−m

)
(3.8)

The combination of these two expressions gives us an estimator to the variance of the

slope.

σ2
m =

N∑
k=1

(
dm

drk

)2

σ2
k =

N∑
k=1

(
α

NEk

(
rk
Ek
−m

))2

=
σ2
r

N
(3.9)

Method 3: We continue with the weighting assumed in Method 2, which is that the

weights are proportional to E−1
k . Eqn 3.9 makes it clear that E−1

k act as weights in the

variance of the slope. If we assume that the σ2
k can be replaced by the average variance of

r, σ2
r , from Eqn 3.7 into Eqn 3.9, then we find the simplified equation for the variance that

does not contain any additional weights for each of the deviations:

σ2
m =

1

N

N∑
k=1

(
rk
Ek
−m

)2

(3.10)
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This is the same expression for the slope (3.6) and the variance in the slope (3.10) that

one would obtain if one assumed uniform weighting and that the fundamental model was

m = r̂/E. We can use the data set for r as a function of E for the case of JRD1-based

devices that include the BCB layer. The analysis of the slope and the error in the slope is

given for each of the three methods:

Table 3.2: Comparison of mean and standard error across three methods of analysis.

Method 1(eqn 3.4) 2(eqn 3.6, 3.9) 3(eqn 3.6, 3.10)

Mean: m[nm/V ]2 3.4162 3.3410 3.3410

Error:σ[nm/V ]2 0.1899 0.1622 0.1848

The numbers are shown beyond significance to illustrate the differences as a result of the

various methods used to compute them. The comparison of the three methods shows that

one obtains nearly the same means and the same errors. The weighted method (method 2)

gives the lowest error but as all errors must be rounded to 0.2 it is clear any of the three

methods will give the same error. Therefore we have confidence that the method of analysis

is sufficient for the data at hand, and the results are robust.
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Figure 3.5: Energy level diagram of materials used in device fabrication.

3.7.1 HOMO-LUMO Level Analysis

HOMO (highest-occupied molecular orbital) and LUMO (lowest-unoccupied molecular or-

bital) energy levels for materials used in this study were determined by various methods.

Energy levels for TiO2 were taken from the literature, as were work functions for gold and

ITO electrodes. [118–120] HOMO-LUMO energy levels of BCB were calculated by density

functional theory. Geometry and energy levels of the BCB model compound in figure 3.6

were calculated using the B3LYP method with a 631G* basis set.

Band gap energy was estimated using cyclic voltammetry and carried out on 2.0 mM

solutions of JRD1 in dry dichloromethane (DCM) previously purged with nitrogen (figure

3.7). Red-ox potentials were referenced to a solution of freshly sublimed ferrocene (2.0 mM

in DCM). Tetrabutylammonium hexafluorophosphate (Bu4NPF6) was used as the support-

ing electrolyte at 0.1 M concentration. The bandgap energy of JRD1 in thin films was also

estimated as the onset of absorption using normalized spectral data (figure 3.7). The wave-

length of maximum absorption (λmax) was measured in solutions of chloroform and from

films cast with 1,1,2 trichloroethane.
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Figure 3.6: Structure of BCB model compound used for HOMO-LUMO calculations.

λmaxCHCl3
λmaxFILM ε−1

CHCl3
× 104 ∆E(UV ) Eox Ered ∆E(CV )

/nm /nm /Mcm−1 /eV /V /V /eV

JRD1 780 800 6.89 1.14 0.395 −0.888 1.11

3.7.2 Conductivity Calculation for JRD1 and BCB

The conductivity of EO material and BCB can be calculated according to the current

and voltage of ITO/EO material/gold and ITO/BCB/gold devices via wire model: σi =

(Ii/Vi)(di/Ai), where Ii is the current across the layer i (A), Vi is the voltage across the layer i

(V), di is the thickness of the material (m), A is the area of the poling area (∼ 9.36×10−6 m2).

As the result, the average conductivity at the glass transition temperature of EO material is

2.1×10−7 ± 5.7×10−8 Sm−1. And the conductivity of BCB is estimated as 1.5×10−8 Sm−1

based on the measurement of a 1.5 µm film.

3.8 Results & Discussion

Solubility of the BCB layer: Fully cured BCB films are highly robust and orthogonal to

TCE and other common solvents used in device fabrication. To demonstrate this, neat TCE

was dropped onto the BCB films and spin cast immediately at room temperature under

ambient pressure. The thicknesses of the BCB layer before and after exposure to TCE are

compared in Table SÐĘ. No significant change in the thickness of BCB layer was observed,

it was therefore assumed that spin casting EO material on top of the BCB layer using TCE
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Figure 3.7: The absolute HOMO and LUMO energies and band gap of JRD1 were estimated
from cyclic voltammetery and optical absorption according to a previously published proce-
dure. [63] Potentials are plotted relative to Ag/Ag+ reference electrode (0.01 M AgNO3 in
acetonitrile with 0.1 M Bu4NPF6 electrolyte).
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as the solvent had no significant effect on the thickness of the BCB layer.

Table 3.3: The thicknesses of fully cured BCB films before and after exposure to TCE

Average Thickness Average Thickness

Sample Number before exposure to TCE / nm after exposure to TCE / nm

A 114.2 ± 0.3 116.3 ± 0.3

B 94.8 ± 0.4 95.6 ± 0.4

C 77.7 ± 0.6 81.7 ± 0.5

3.8.1 The effect of an adhesion layer

Surface energy mismatch of the EO material and BCB frequently occurred during the spin

casting process, resulting in textural inconsistencies in the EO film (i.e., “pinholes”. The

appearance of pinholes in the films substantially reduced the number of measureable devices

in a given batch of samples. PMMA was therefore utilized as an adhesion layer between the

BCB layer and the EO layer to improve EO film quality. The thicknesses of the PMMA

adhesion layer before and after exposure to TCE are shown in Table SII. The final thickness

of the adhesion layer after being exposed to the EO solution (roughly 90% TCE) during

spin casting was presumed to be around 20−30 nm; however, the additional PMMA layer

was not observed to affect poling efficiencies. To verify this, a batch of samples having

acceptable film quality without a PMMA layer between the BCB layer and the EO layer

were fabricated and poled. A comparison of the r33/Ep measured on JRD1-based devices

with BCB but without a PMMA layer and those with BCB and a PMMA layer shows that

the poling efficiencies of these two types of devices were essentially the same (Figure 3.8

Left). To further verify that the increase in observed EO activity could not be attributed to

the PMMA layer, the r33/Ep of JRD1-based devices was examined with the PMMA layer

directly on top of the ITO/glass substrate (Figure 3.8 Right). The poling efficiencies of

samples without a barrier layer were not significantly different than those with a PMMA

layer. Finally, to verify that the reduction in device conductance could not be attributed to



110

the PMMA layer, the change in current and the maximum current were plotted as a function

of Ep (Figure 3.9). The PMMA layer only served to improve film quality.

Table 3.4: The thicknesses of PMMA adhesion layer before and after exposure to TCE

Average Thickness before Average Thickness after

Sample Number exposure to TCE / nm exposure to TCE / nm

A 137.8 ± 0.9 23.6 ± 1.4

B 112.5 ± 1.2 21.8 ± 2.2

3.8.2 Current during poling

The in situ elipsometric technique (Teng-Man) employed to measure r33allows for monitoring

of optical and electrical information during the electric field poling process. [13, 19, 21] A

typical in situ poling electrical trace generated during poling of an individual JRD1-based

device without a barrier layer is shown in Figure 3.10 Left. It can be observed that current

increased dramatically after the onset of the glass transition temperature (time ∼350s), from

17.1 µA before poling to a maximum of 336 µA during poling. The r33of this particular

device was 125 ± 44 pm V −1. In the presence of the BCB layer, the current only slightly

increased from 16.4 µA before poling to a maximum of 23 µA during poling (Figure 3.10

Right). This dramatic drop in current resulted in an r33of 556 ± 90 pm V −1. To evaluate

the current suppression in the devices with the BCB layer, we plot the max current and

∆current denoted in Figure 3.8 against the average electric field during poling (Figure 3.11).

Reduced device conductance and background current resulted in a higher electric field

during poling. Figure 3.12 shows the average electric field during poling as a function of

the applied electric field on three different types of JRD1-based devices: with no barrier

layer, with a TiO2 layer and with a BCB layer. A perfect correlation between the average

electric field during poling and the applied electric field prior to poling would mean that the

difference in electric field before poling and during poling was zero. This is clearly not the

case for devices without a barrier or those with a TiO2 barrier; however devices containing a
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Figure 3.8: Left: The EO coefficient (r33) of JRD1-based devices with a BCB blocking layer,
without a PMMA layer (black dot) and with a PMMA layer (blue triangles) is plotted as a
function of average electric field strength during poling. Right: The EO coefficient (r33) of
JRD1-based devices without a barrier layer, without a PMMA layer (black dots) and with a
PMMA layer (blue triangles) is plotted as a function of average electric field strength during
poling.
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Figure 3.9: The change in current (∆current, left) and the maximum current (right) are
plotted as a function of the average electric field strength during poling. Black dots represent
samples with a PMMA layer, and blue triangles represent samples without a PMMA layer.
The mean and 95% confidence levels are shown in a black line and a grey shaded region for
samples with a PMMA layer, and shown in a blue line and a blue shaded region for samples
with no PMMA layer. The blue band is wider than the grey band simply because fewer
samples are available.

Figure 3.10: Electric field (red dash line) and current (solid line) during the poling process
in individual JRD1-based devices Left: without a BCB layer (r33= 125 ± 44 pm V −1) and
Right: with a BCB layer (r33= 556 ± 90 pm V −1) are plotted as a function of time. Poling
occurred between 350 and 600 seconds.
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Figure 3.11: The change in current (∆current, left) and the maximum current (right) are
plotted as a function of average electric field during poling with no barrier layer (black
dots), and with the BCB barrier layer (blue triangles).The statistical mean of each data set
is plotted as a solid line and the error in the mean is plotted as a shaded region at the 95%
confidence level.

Figure 3.12: The applied voltage and the average voltage during poling from JRD1-based
devices with no barrier layer (red squares), with a TiO2 barrier layer (green triangles) and
with a BCB barrier layer (blue dots). The solid line (in all 3 figures) indicates a perfect
correlation, ∆ E=0.
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BCB layer approached a difference of zero. Further optimization of the fabrication process

could result in an even better correlation. To quantify this discrepancy for each device

architecture the root mean squares of the change in electric field (σ∆E) were determined to

be 18.53 pm V −1, 14.47 pm V −1, and 1.18 pm V −1, for no barrier, a TiO2 barrier, and a

BCB barrier layer respectively.

3.8.3 Analysis of average electric field strength during the poling process

The sample temperature is recorded as a function of time (Figure 3.13). The first 30 seconds

of the acquisition are discarded. The average (or effective) voltage, 〈V 〉, current, 〈I〉, and

resistance 〈V/I〉 are calculated from the voltage and current (both functions of time) only

over the time window when the sample is at its maximum temperature (just under the glass

transition temperature). The poling starts at time ts (for start time) and ends at time te

(for end time). The fitting determines ts and te: The temperature profile is fit to a model

consisting of three piecewise curves. The first part of the temperature curve is fit to a linear

function as the temperature increases at a linear rate up to when it is switched off at time

ts. The second part of the curve is fit to a straight line whose slope, m, is constrained,

0.01 < m < 0 degrees/sec, until time te, when the sample is allowed to cool. The third

region of the curve is fit to an exponentially decaying function. The fitting is done by a

Marquard-Levenberg least squares procedure, where the start and end times (ts and te)

are adjustable parameters found by the fitting. The actual time window over which the

averaging takes place is from ts+16 sec to te+16 seconds. The 16 second delay accounts for

some settling time. The set poling voltage is determined as the average voltage well within

the first temperature region and well before the maximum temperature is reached.

3.9 The effect of barrier layer thickness

Previous research has shown that current reduction is largely dependent on the thickness of

the barrier layer. [102] To optimize the effect of the BCB layer, experiments were conducted

on JRD1-based devices with a BCB layer at different thicknesses. No clear correlation with

conductance and BCB layer thickness was observed. All devices that survived the poling

process showed similarly low conductance.
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Figure 3.13: The temperature (red solid line), voltage (blue solid line) and current (green
solid line) during the poling process with the fit to the temperature (black dash line) on
representative JRD1-based devices without a BCB layer (bottom) and with a BCB layer
(top) are plotted as a function of time. The fit to the temperature is overlaid on the
experimental temperature curve. The fitting times are from ts + 16 sec to te + 16 seconds
where ts = 5.75 min and te = 6.45 min for the BCB based device and ts = 5.65 min and
te = 10.52 min for the device without a barrier layer.
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Figure 3.14: Poling efficiency (r33/Ep) of JRD1-based devices with a BCB layer is plotted
as a function of BCB layer thicknesses. The blue solid line is the mean value for the samples
in the specified thickness range. The blue shaded region is the error reported at the 95%
confidence level.

Some data collected from devices that were not structurally sound were discarded. Specif-

ically, a total of 27 samples were fabricated at thicknesses ranging from 40-60 nm, of which

only 5 appeared to pole according to the optical data recorded by the Teng-Man instru-

ment. Similarly, large failure rates of 70% were observed on devices with thicknesses above

120 nm. It is not uncommon for samples to fail during poling. In some cases failure could

be directly attributed to short-circuiting of the device prior to poling, poor adhesion of the

gold electrode or poor adhesion of the lead wires and these data are discarded for all device

architectures regardless of thickness measurements. Failure rates for devices in the thickness

range of 40-60 and 120-200 nm greatly exceeded the typical failure rate of 30-50% observed in

devices without a barrier. Devices with a 60-100 nm BCB layer fell within the typical failure

rate of 30-50% and for this reason we assume that this is the ideal thickness for the BCB

layer Beyond that, comparing poling data showed that optimal poling efficiency might also

be attributed to BCB layer thickness (Figure 3.14). The 60-100 nm window was observed to

be significantly more favorable in terms of EO activity. Thus, data in this thickness range

was reported in the main text as the optimal barrier layer thickness.
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Chapter 4

40 GBD 16QAM SIGNALING AT 160 GB/S IN A SILICON-ORGANIC
HYBRID MODULATOR [3]

4.1 Abstract

We demonstrate for the first time generation of 16-state quadrature amplitude modulation

(16QAM) signals at a symbol rate of 40 GBd using silicon-based modulators. Our devices

exploit silicon-organic hybrid integration, which combines silicon-on-insulator slot waveg-

uides with electro-optic cladding materials to realize highly efficient phase shifters. The

devices enable 16QAM signaling and quadrature phase shift keying at symbol rates of 40

GBd and 45 GBd, respectively, leading to line rates of up to 160 Gb/s on a single wave-

length and in a single polarization. This is the highest value demonstrated by a silicon-based

device up to now. The energy consumption for 16QAM signaling amounts to less than 120

fJ/bit-one order of magnitude below that of conventional silicon photonic 16QAM modula-

tors.[http://dx.doi.org/10.1109/jlt.2015.2394211]

4.2 Introduction

Fast and efficient in-phase/quadrature-phase (IQ) modulators are key elements for high-

speed links in telecom and datacom networks. [121] To maximize the data rate that can be

transmitted on a single wavelength channel, both large symbol rates and the ability to use

higher-order modulation formats are essential. [122] At the same time, minimizing the power

consumption of the devices is of utmost importance regarding high-density integration and

scalability of interconnect counts.

Silicon photonics is a particularly attractive platform for realizing electro-optic (EO)

modulators, leveraging mature complementary metal-oxide-semiconductor processing and

enabling high-density integration of photonic devices along with electronic circuitry. How-

ever, the inversion symmetry of the silicon crystal lattice inhibits EO effects, thereby mak-
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ing high-performance IQ modulators challenging. As a consequence, conventional silicon

modulators have to rely on carrier depletion or carrier injection in p-n, p-i-n or metal-oxide-

semiconductor structures [123–126]. Using a depletion-type device, generation of quadra-

ture phase shift keying (QPSK) signals was recently shown at a symbol rate of 56 GBd

resulting in a total line rate of 112 Gb/s. [127] However, when using more advanced modu-

lation formats, the achievable symbol rates are still significantly lower-record values amount

to 28 GBd demonstrated for dual-polarization 16-state quadrature amplitude modulation

(16QAM) [128], which leads to a line rate (net data rate) of 112 Gb/s (93.3 Gb/s) en-

coded on each polarization. The performance of these devices is inherently limited by the

underlying depletion-type phase shifters, which exhibit rather low efficiencies with typical

voltage-length products UπL of 10 Vmm or more. As a consequence, large drive voltages, on

the order of several volts, have to be used, leading to high energy consumption-for 16QAM

modulation at 28 GBd, the modulation energy amounts to approximately 1.2 pJ/bit at a

peak-to-peak drive voltage of 5 Vpp. [128] In addition, phase modulation based on the plasma

dispersion effect is inevitably linked to amplitude modulation due to free-carrier absorption.

This may eventually hamper the generation of advanced modulation formats with high or-

der, where phase and amplitude of the signals have to be controlled independently of one

another.

In this paper we show that silicon-organic hybrid (SOH) integration can overcome these

limitations. We use silicon-on-insulator (SOI) slot waveguides [129] and combine them with

EO cladding materials to realize Pockels-type phase shifters [74, 130–132]. SOH integration

enables remarkably small voltage-length products of down to 0.5 Vmm measured at dc [133],

and at the same time avoids unwanted amplitude-phase coupling and thereby enables higher-

order modulation formats. [134,135] We demonstrate 16QAM and QPSK signaling at symbol

rates of 40 and 45 GBd, respectively, leading to line rates (net data rates) of up to 160 Gb/s

(133.3 Gb/s) on a single polarization. [136] This is the highest value achieved by a silicon-

based modulator up to now. The energy consumption of our 16QAM device is estimated

to be 120 fJ/bit at 40 GBd-one order of magnitude better than for best-in-class 28 GBd

16QAM all-silicon modulators. The work builds upon and expands our earlier experiments,

where we have demonstrated energy-efficient on-off-keying [137], generation of multi-level
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amplitude modulation at symbol rates of up to 84 Gb/s [134] and 16QAM modulation at

28 GBd. [138]

4.3 SOH Modulator

SOH modulators exploit interaction of the guided light with the EO cladding material under

the influence of a modulating RF field. A cross section of an SOH Mach-Zehnder modulator

(MZM) is depicted in Fig. 4.1(a). Each phase shifter consists of a silicon slot waveguide

which is covered by the organic EO material. Fig. 4.1(b) and (c) show the optical Ex

field. The discontinuity and the high refractive index contrast at the silicon-slot interface

leads to a field enhancement within the slot and therefore to a large interaction of the

light with the organic EO material. [131] The rails of the slot waveguide have a width of

wrail = 240 nm and are connected to a coplanar ground-signal-ground (GSG) transmission

line via thin (hslab = 70 nm), slightly conductive, n-doped silicon slabs. A voltage applied

to the transmission line will drop predominantly across the wslot = 80 nm wide slot, thereby

generating a large electric field. A plot of the Ex component of the electrical field can be

seen in Fig. 4.1(d). This configuration ensures excellent overlap between the modulation

field and the optical fields, leading to high modulation efficiency. The RF transmission

line comprises the metal traces and the silicon slot waveguides and is designed for a wave

impedance of 50 Ω. This is confirmed by measurements-at RF signals of up to 40 GHz, we

find wave impedances of 50 ± 5 Ω.

The device was fabricated on an SOI wafer with a 220 nm-thick device layer and a 3

µm-thick buried oxide using electron beam lithography for defining the silicon waveguides

and optical lithography for the metallization. The chip is coated with a mixture of the EO

multi-chromophore dendritic molecule PSLD41 (75 wt.%) and the chromophore YLD124

(25 wt.%). [5, 133] The cladding material is poled by heating it close to its glass transition

temperature while applying a poling voltage across the two floating ground electrodes of

each MZM. Half of the voltage drops across each slot, resulting in an orientation of the

chromophores in the slot which is antisymmetric with respect to the signal electrode, as

indicated in Fig. 4.1(a) by green arrows. The blue arrows indicate the RF field applied

to the GSG electrodes after poling, which results in opposite phase shifts in the two arms
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Figure 4.1: SOH modulator. (Continued on the following page.)
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Figure 4.2: (a). Schematic of the IQ modulator and cross-section of a single SOH MZM.
The slot waveguides have a rail width of wrail = 240 nm and a slot width of wslot = 80
nm. As an EO cladding, a mixture of the chromophores YLD124 (25 wt.%) and PSLD41
(75 wt.%) is deposited via spin coating. Thin n-doped silicon slabs with (hslab = 70 nm)
are used to electrically connect the rails to the metal strips of an RF transmission line in a
GSG configuration. A poling process is used to align the chromophores in both waveguides
along the same direction. Operating the device via the GSG transmission line results in
opposite phase shifts in the two arms of the MZM (push-pull operation). The π-voltage at
dc is Uπ = 0.9 V. A gate voltage Ugate between the Si substrate and the SOI device layer
improves the conductivity of the silicon slab, resulting in an EO bandwidth of the device
of 18 GHz. (b) Contour plot of the normalized Ex component of the optical field in the
slot waveguide. (c) Plot of the Ex-component of the optical mode field as a function of
the horizontal position x at half the waveguide height (y = 110 nm). Discontinuities of the
Ex-component at the slot sidewalls lead to strong field enhancement in the slot. (d) Ex
component of the electrical RF drive signal below the RC limit. The silicon slabs are doped
such that the applied RF voltage drops predominantly across the slot. As a consequence,
the RF mode and the optical mode are both well confined to the slot, resulting in strong
interaction and hence in an efficient modulation. (e) Measured frequency response of a 1.5
mm-long MZM. The 6 dB electrical-optical-electrical (3 dB EO) bandwidth amounts to 18
GHz.

of the MZM and enables push-pull operation. For dc fields, the π-voltage of one push-pull

MZM amounts to 0.9 V. Taking into account the device length of 1.5 mm, this corresponds

to a voltage-length product of UπL = 1.35 Vmm. This is higher than previously published

values of SOH devices [133] and is attributed to different device geometry and the resulting

difference in poling efficiency. The bandwidth of the SOH devices is dictated by the RC

time constant of the slot waveguide: The slot corresponds to a capacitor which is charged

and decharged via the resistive silicon slabs. To increase the conductivity of the slab by

a charge accumulation layer and hence to increase the bandwidth, a static gate voltage

Ugate is applied between the substrate and the top silicon layer [139], Fig. 4.1(a). A

bandwidth measurement of the current MZM results in a 6 dB electrical-optical-electrical

(3 dB electro-optical) bandwidth of 18 GHz, see Fig. 4.1(e), with significant potential for

further improvement. [140] The roll-off is relatively smooth and resembles that of an RC

low-pass, thereby still allowing 40 GBd 16QAM and 45 GBd QPSK signaling using root-

raised-cosine Nyquist pulses.
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Figure 4.3: Schematic of the experimental setup. Two nested MZM form an IQ modulator.
An intentional imbalance allows for adjusting the π/2 phase offset of the in-phase (I) and the
quadrature-phase (Q) component by wavelength tuning. Electrical multilevel drive signals
are generated by a Keysight M8195A AWG operating at 65 GSa/s, the outputs of which
are amplified and coupled to the silicon chip via RF probes. Bias-Ts are used to connect a
dc voltage for controlling the operation point. The optical output is amplified by an EDFA,
bandpass filtered and subsequently fed into an OMA for intradyne detection. Standard
digital post processing is performed at the OMA for equalization.

For practical applications of SOH devices, the long-term stability of the organic cladding

is of high importance. Recently novel materials have become available, featuring glass tran-

sition temperatures of more than 130 ◦C while maintaining EO coefficients in excess of 100

pm/V. [141] The investigation of aging and temperature stability of organic EO materials

is subject to ongoing research. It can be expected, that the stability of the materials can

be further improved by synthetically modified chromophores that bear specific crosslinking

agents for post-poling lattice hardening or by increasing the molar mass of the chromophores.

The viability of the first approach has been demonstrated for similar EO compounds [36,142]

where material stability of up to 250 ◦C has been achieved.
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4.4 Experiment

The setup for the modulation experiments is depicted Fig. 4.3. Two MZM are nested in an

on-chip IQ configuration. The parent Mach-Zehnder interferometer features a path length

imbalance, which is used to adjust the π/2 phase shift between the I and the Q signal via

wavelength tuning. The drive signals for QPSK and 16QAM modulation are generated by

a Keysight M8195A arbitrary waveform generator (AWG) operated at 65 GSa/s. We use

root-raised-cosine pulses with a roll-off factor of β = 0.35 to reduce the occupied spectral

bandwidth and to exploit the benefits of a matched filter at the receiver. The transmitted

data are derived from a pseudo-random bit sequence with a length of 211 − 1. After the

AWG, the analog signals are amplified to peak-to-peak voltages of approximately 1.8 Vpp by

two linear RF-amplifiers, which drive the GSG-electrodes of the on-chip IQ-modulator via

microwave probes. A 50 Ω termination is used at the end of each transmission line to avoid

back-reflection of the RF signal. For each MZM a dc voltage is applied to the device via bias-

Ts to set the operating point of the modulator. To improve the bandwidth of the device, a

static gate field of Egate = 0.1 V nm−1 is applied between the silicon substrate and the device

layer. Grating couplers are used to couple laser light at λ = 1550 nm from an external cavity

laser (ECL) to the silicon waveguide. After the device, the light is amplified by an erbium

doped fiber amplifier (EDFA), followed by an optical band-pass filter (2 nm passband)

to suppress out-of-band amplified spontaneous emission. An optical modulation analyzer

(OMA) with two real-time oscilloscopes (80 GSa/s) serves as a receiver. A second ECL is

used as a local oscillator (LO) for intradyne reception. Digital post-processing comprising

polarization demultiplexing, phase recovery, compensation of the frequency offset between

signal and LO, and channel equalization is performed by the OMA. The insertion loss of

the silicon chip amounts to 27 dB, where 10-12 dB are caused by fiber-chip coupling losses.

This rather high loss can be significantly reduced in future devices: By employing optimized

grating coupler [143] or photonic wirebonds [144,145] the coupling loss to the fibers can be

reduced from 10 dB to less than 4 dB. The current losses of 5 dB in the 9 mm long access

strip waveguide can be reduced to below 1 dB by improving the sidewall roughness and

reducing the length. The strip-to-slot converters and multimode interference couplers are
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already optimized and contribute only 1 dB to the total loss. To reduce the 11 dB losses

of the 1.5 mm long slot waveguide to below 3 dB, asymmetric slot waveguide geometries

can be used [146] together with an optimization of the doping profile of the phase shifter

sections. We estimate that these measures will permit reducing the total on-chip excess loss

of the device to less than 5 dB and the fiber-fiber insertion loss to less than 9 dB.

For testing the performance of the devices, we use QPSK signals up to a symbol rate of 45

GBd and 16QAM signals up to 40 GBd. Measurement of the bit error ratio (BER) allows for

direct assessment of the signal quality. However, within our memory-limited record length

of 62.5 µs, we can only measure a maximum of 2.8 × 106 symbols, which does not allow

a measurement of BER smaller than 1 × 106. As a complementary measure of the signal

quality, we therefore use the error vector magnitude (EVMm), which describes the effective

distance of a received complex symbol from its ideal position in the constellation diagram,

using the maximum length of an ideal constellation vector for normalization. The EVMm

can be directly translated into a BER assuming the signal is impaired by additive white

Gaussian noise only. [147] In our experiment we find a very good agreement between BER

values calculated from the EVMm and the measured BER, supporting our assumption that

the channel is limited by Gaussian noise.

Fig. 4.4 shows constellation diagrams for the various generated signals. In Fig. 4.4(a)-

(d), received QPSK constellation diagrams at data rates between 30 GBd and 45 GBd are

depicted. At 45 GBd the EVMm amounts to 23% and the measured BER is 1.5× 10−5, well

below the limit of 4.5 × 10−3 for second-generation hard-decision forward error correction

(FEC) with 7% overhead. [148] At 40 GBd the number of measured errors was not sufficient

for a reliable BER estimation. At symbol rates of 35 GBd and below, the QPSK signals can

be considered error free: No errors were measureable, and the EVMm corresponds to a BER

well below 1 × 10−9. The constellation diagrams for 16QAM are depicted in Fig. 4.4(e)-

(g). 16QAM signaling is demonstrated up to a symbol rate of 40 GBd. At symbol rates

of up to 35 GBd, the measured BER is below the threshold for hard-decision FEC. For 40

GBd, the BER increases significantly, but is still below the threshold of 2.4×10−2 for third-

generation soft-decision FEC with 20% overhead. [149] The results of the signal generation

experiments are summarized in Fig. 4.5, where the EVMm is plotted for different symbol
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rates. The horizontal dashed lines in Fig. 4.5 indicate the calculated EVMm [147] of the

various BER threshold levels. For QPSK signals in Fig. 4.5(a), the dashed line corresponds

to the BER of 1× 10−9, below that the signals can be considered error free. This applies to

the signals measured at 30 and 35 GBd. All other measured QPSK signals are well below

the hard-decision FEC limit which corresponds to an EVMm of 38.3% and is outside the

scale of the vertical axis. For 16QAM signals in Fig. 4.5(b), the horizontal lines indicate

the EVMm corresponding to the BER thresholds for hard-decision and soft-decision FEC,

requiring 7% and 20% overhead, respectively. For symbol rates up to 35 GBd the EVMm

is below the threshold for hard-decision FEC; for 40 GBd it is still below the soft-decision

threshold, consistent with the directly measured BER indicated in Fig. 4.4(e)-(g). Using 35

GBd 16QAM signals with hard-decision FEC, the line rate amounts to 140 Gb/s, and the

net data rate amounts to 130.8 Gb/s. For 16QAM at 40 GBd, the line rate is 160 Gb/s-the

highest value hitherto achieved by a silicon photonic modulator on a single polarization with

measured BER figures comparable to those achieved in reference experiments. [128] Taking

into account the 20% overhead for soft-decision FEC coding, the net data rate amounts to

the record value of 133.3 Gb/s. The signal quality in the 40 GBd experiment is limited

by the device bandwidth of 18 GHz. We expect that by optimization of the waveguide

geometry and of the doping profile in the slabs, the bandwidth of future SOH devices can

be significantly increased [140], leading to considerably lower BER.

When using a short SOH modulator at low symbol rates, the device can be operated

without a terminal resistance and hence treated as a lumped capacitive load. [25] This is not

possible for the high-speed data signals investigated here, for which the symbol duration is of

the same order of magnitude as the propagation delay of the RF wave in the device. In this

case, we need to model the modulator as a transmission line with a 50 Ω wave impedance,

which is fed by a 50 Ω probe and terminated by a matched 50 Ω resistor, Fig. 4.6. This

configuration is equivalent to a single 50 Ω load resistor, which is directly connected to

the drive amplifier. The power consumption of a single MZM is then given by the power

dissipation in this resistor. The output port of the drive amplifier is represented by an ideal

voltage source with an internal generator impedance of 50 Ω. The energy per bit for the IQ

modulator is obtained by adding the power consumptions of the two MZM and dividing by
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Figure 4.4: Optical constellation diagrams. (a)-(d) QPSK signals at 30, 35, 40, and 45 GBd.
No bit errors were detected within our record length of 62.5 Îĳs for symbol rates of 30 and
35 GBd, and the EVMm indicate error free signals with BER < 10âĹŠ9. QPSK signals at
40 and 45 GBd are well below the threshold for hard-decision FEC with 7% overhead. At
40 GBd the number of measured errors was not sufficient for a reliable BER estimation, at
45 GBd the measured BER amounts to 1.5 ÃŮ 10-5. (e)-(g) 16QAM signals for 30, 35, and
40 GBd. At data rates of up to 35 GBd the measured BER is below the hard-decision FEC
threshold. For 40 GBd 16QAM signals, the BER is below the threshold for soft-decision
FEC with 20% overhead.
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Figure 4.5: EVMm plotted over the symbol rate, in red the corresponding BER [5] is indi-
cated. (a) Plot for QPSK signals. Up to 35 GBd the signal can be considered error free
with a corresponding BER < 109. The BER limit for hard-decision FEC corresponds to an
EVMm of 38.3%, outside the range of the plot. (b) Plot for 16QAM signals. The horizontal
dashed lines indicate the EVMm that correspond to the BER thresholds for soft-decision
and hard-decision FEC in the case of 16QAM.

the total data rate. For 16QAM generation, the electrical drive signal for each MZM consists

of two amplitude levels, which differ by a factor of 1/3. Assuming equal probability of the

various symbols, the mean power consumption for each MZM can be calculated by averaging

over the dissipated power of both amplitude levels. The energy per bit Wbit,16QAM is then

obtained by taking into account the power consumption of both MZM and by dividing by

the data rate. Denoting the peak-to-peak voltages at the input of the R = 50 Ω device as

Ud, this leads to

Wbit,16QAM = 2× 1

2

[(
Ud

2

)2 1

R
+

(
1

3

Ud

2

)2 1

R

]
1

r16QAM
. (4.1)

For Ud = 1.80 V and a data rate of r16QAM Gb/s, the energy consumption of the

modulator is hence found to be 113 fJ/bit. This is one magnitude below current all-silicon

16QAM modulators [128], but still significantly higher than the energy consumption of a

28 GBd, 16QAM SOH device, for which 19 fJ/bit have been demonstrated. [138] It is the

goal of ongoing research activity to further decrease the power consumption at high symbol
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Figure 4.6: Equivalent-circuit diagram of one MZM for calculation of the energy consump-
tion. The AWG which drives the MZM is represented by an ideal voltage source and an
internal resistance of 50 Ω. The GSG line of the MZM is matched to the 50 Ω output of the
DAC and terminated by an external 50 Ω impedance. To estimate the energy consumption,
the transmission line and its termination is replaced by an equivalent resistor of R = 50 Ω.

rates.

4.5 Summary

We experimentally demonstrate that SOH integration is capable of boosting data rates and

energy efficiency of silicon-based IQ modulators to unprecedented values. We show 16QAM

modulation at 40 GBd, resulting in line rates (net data rates) of 160 Gb/s (133.3 Gb/s),

and QPSK modulation at 45 GBd, leading to 90 Gb/s (84 Gb/s). For 16QAM, the energy

consumption is as low as 113 fJ/bit-an order of magnitude below that of comparable all-

silicon devices.
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