
Synthesis, Design and Characterization of a Distributed Feedback

Grating Based Non-linear Optical Chemosensor

by

Aetna W. Wun

B.S. Chemistry

University of California, San Diego, 2000

SUBMITTED TO THE DEPARTMENT OF CHEMISTRY IN PARTIAL

FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY IN CHEMISTRY

AT THE

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

June 2005

© Massachusetts Institute of Technology, 2005

All Rights Reserved

A

MASSACHUSETS INSTITUTE
OF TECHNOLOGY

JUN 21 2005

LIBRARIES

Signature of Author:
Department of Chemistry

May 24, 2005
A

Certified by:
QF D anielG.Nocera

W. M. Keck Professor of Energy and Professor of Chemistry
Thesis Supervisor

Accepted by:
Robert W. Field

Haslam and Dewey Professor of Chemistry
Chairman, Departmental Committee on Graduate Studies

ARCHIVES

I -



This doctoral thesis has been examined by a Committee of the Department of Chemistry as
follows:

( 'StewIin J. Lippard
Arthur Amos Noyes Professor of Chemistry and Department of Chemistry Head

Committee Chairman

A

k. J M Eaniel G. Nocera
W. M. Keck Professor of Energy and Professor of Chemistry

Thesis Supervisor

Timothy M. Swag'r
Profe sor of Chemistry



Synthesis, Design and Characterization of a Distributed Feedback Grating

Based Non-linear Optical Chemosensor

by

Aetna W. Wun

Submitted to the Department of'Chemistr on
Mayv 24, 2005

in partial filfillment of the requirements for the
Degree of Doctor of Philosophyv in Chemistr.

ABSTRACT

Current optical chemosensors that operate by a 3R sensing approach - recognize, relay
and report -- generate a measurable luminescent signal in the presence of targeted analyte.
However, the advancement of chemical sensing into the micro- and nanoscale regimes
necessitates the development of new signaling transduction strategies. There are just too few
sensing active sites on the micro- and nano-pattemed structures to permit species detection,
resulting in the compromise of device sensitivity and performance.

This thesis work addresses these challenges by adopting a multidisciplinarv approach in
combining chemistry, materials and optical sciences in the development of a chemical and
biological sensor. The platform with which we have focused our efforts is the Distributed
Feedback (DFB) laser cavity. The waveguide materials synthesized are Si and Ti inorganic
matrices that were optimized for optical waveguiding by determining the appropriate film
thickness, refractive index and film smoothness. Amplified stimulated emission was achieved for
a Rhodamine 6G doped SiO,/TiO 2 slab waveguide. Imprinting of the DFB architecture onto
these thin films was successfully achieved using soft lithography techniques and lasing was
observed for these devices (Q-factor - 245). We have explored analyte detection capabilities of
these DFB structures by attempting to spoil the gain of the cavity, and by using them as simple
diffraction gratings for chemical sensing.

Optical sensors are not limited to chemical and biological sensing, and we have applied
the 3R approach to understanding the flow and transport properties in microdomains. In the final
Chapter, new optical probes for measuring slow flows in microchannels are discussed. This
thesis includes a detailed synthetic and photophysical study of reversible caged dye tracers with
a [Cp*Ru] + metal head group for the Molecular Tagging Velocimetry technique.

Thesis Supervisor: Daniel G. Nocera
Title: W. M. Keck Professor of Energy and Professor of Chemistry
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Chapter I

1,.1 Introduction

Chemosensors are molecular-scale structures that recognize and signal the presence of

analytes. 0l° Analyte detection is registered as a change in the structure's physical, optical or

magnetic properties. Many chemosensors operate by a "3R" sensing mechanism of recognize,

relay and report. The 3R method is depicted in Figure 1.1. A non-covalent molecular recognition

event is communicated by physical or chemical means to the reporter site, and produces a

measurable signal to indicate the presence of analyte. A rapid equilibrium between the analyte

and the reporter site affords the chemosensor a real time response, which is dependent on the

concentration of analyte. For any chemosensing application, the sensitivity and selectivity are

crucial and evaluated for its effectiveness. Selectivity is derived from the "lock and key"

association of the analyte to the reporter site, whereas the strength of this interaction (Ka)

determines the overall sensitivity and selectivity. Sensitivity is further enhanced by the efficiency

of the relay mechanism to communicate the binding event, and also by the competence of the

reporter site in conveying that event.

Owing to their diverse shapes and topologies, supramolecules have been extensively

surveyed as receptor constructs in chemosensor design. Functional requirements in the "lock and

Recognize Relay Report hvn 3R

| /--=---

-O '"-'~"%0 O e- oa
id

Recognize

Relay

Report

hvout

Figure 1.1. (left) Lock and key in 3R sensing. The presence of docked analyte is reported via a
relay mechanism to produce an optical or electrical signal from the reporter site. (right) Our design
of a supramolecular optical chemosensor that operates under the 3R scheme. (A = analyte)
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Chapter 1

key" mechanism described above can be fulfilled by supramolecules that form balls, bowls,

boxes, bracelets, buckets, chains, clamps, cubes, ladders, lariats, pagodas, saddles, starbursts and

tweezers. 11-13 They can be 10-100 nm in dimension and afford chemists with the non-covalent

receptor site for analyte to bind, and a scaffold upon which a reporter can be attached. ' 3'4 "l1'4 "5

Signaling may be accomplished by either electrical or optical methods, however the latter has

come to the forefront owing to its sensitivity and ease of implementation.16,17 Optical signaling

firom luminescence is preferred, which is usually initiated by a conformational change, energy

transfer, electron transfer, or a combination of these processes. This relay mechanism provides

the means by which the chemosensor communicates the non-covalent recognition of analyte,

under dynamic equilibrium with the supramolecular receptor site, to the reporter.

Previous work in our group has exploited the functional shape of the supramolecular

bucket in chemosensor design. 7 The buckets maintain a cylindrical cavity with structurally and

chemically well-defined upper and lower rims. One can imagine the size and shape of a bucket

being ideal as a docking site for many an analyte. However, without further adornment, the

supramolecular bucket is not a capable chemosensor since it cannot signal on its own. In the

simplest of designs, the analyte generates a signal upon association to the bucket, whereas in

more intricate designs, functionality at the rim of the bucket offers sites to attach a discrete

reporter site. In this Chapter, the concept of 3R sensing will be developed with supramolecular

buckets (depicted in Figure 1.1), highlighting the progression of molecular chemosensors to

microfluidic devices. It will conclude with the current limitations and challenges as we attempt

to advance chemical and biological sensing into even smaller length scales.

18



Chapter 1

1.1.1 Excited States and Photophysics of Optical Chemosensors

Chemosensors that operate by the emission or quenching of light have increasingly been

exploited in chemical and biological sensing applications. The light-emitting signal is superior

for chemosensor design because it can:

* report on nanometer length-scales with nanosecond time responses.'8 20

* permit analytes and their influences to be monitored continuously in real time and in

sitl. 2 1 24

* possess an inherently large bandwidth (and hence information capacity).

* feature intrinsic selectivity owing to flexible choices of wavelength and polarization.

* achieve sensitivity down to the single molecule limit. 25' 37

* be married to a variety of imaging technologies, including optical fibers and

waveguides.

These latter two issues have been especially prominent driving forces behind the emergence of

optical sensing schemes over the last two decades. 8 '38- 42 This section will elaborate on the

significant advantages (and challenges) of luminescence-based sensing, and the manipulation of

excited state chemistry involved in the field of chemosensing. To incorporate 3R" into sensing

schemes effectively, especially the relay mechanism, one must be well versed in the

understanding of how molecular photophysical properties govern luminescence events. In this

manner, novel and improved signaling transduction mechanisms can be incorporated with

chemosensor active sites and their detection schemes.

Photophysics of excited states involve numerous pathways for a molecule once it is

brought from its ground state to one of higher energy. As shown in Figure 1.2, a molecule

residing in an electronic excited state (M*) can decay back to the ground level (M) via numerous

intramolecular processes. Competing thermal relaxation and photon emission pathways are

described by their nonradiative (knr) and radiative (kr) rate constants, respectively.

19



Chapter 

RA* /C'\
vi M + 

kr M + hvems

h Vexc knrhve hVex
M > M* _ M + heat hvex

M+Q

M (GS P

Figure 1.2. Excited state (ES) diagram for both intramolecular (black lines) and
intermolecular (black + dashed lines) processes for a molecule M in its excited state M*,
where k, and kcr, are the radiative and nonradiative rate constants, respectively. Superscript M
delineates those molecules that return to the ground state (GS) without chemical change,
whereas P indicates the formation of a distinct product. Intermolecular rate constants depend
on the concentration of quencher molecule (Q).

The radiative rate constant, kr, is an intrinsic property of the molecule and represents the

probability that the molecule will emit a photon at a certain frequency (v). 4 3 4 5 As seen in eq.

(1.1), kr depends on the emission energy (Eem) and the transition dipole moment () of the

molecule.

kr = T3g,4" ('Jigs g I'es) T (1.1)
r 3h 2 : g es)|1

In this equation, the square of the transition dipole moment represents the transition probability

between the electronic ground state (gs) and excited state (es), and can be experimentally

measured as the absorption cross-section or extinction coefficient () of a molecule. Thus, kr

increases with larger Eem and e.

The nonraidiative rate, knr, describes all intramolecular deactivation pathways that do not

lead to the emission of a photon of light. The electronic energy of the excited state decays to the

high-energy vibrations of the ground state molecule. 46- 48 These vibrational pathways to the

equilibrated ground state molecule (M), or in the case of a photochemical process that forms

product (P), result in the nonradiative release of heat. The competitive interplay of kr and knr

directly affect the fundamental intramolecular photophysics of M - the photoefficiency of the

20



Chapter I

molecule once it is excited by an incident photon.49 '50 The resulting luminescence intensity (Io)

can be described by the following equation, 44 '45'49

k,
to ~ h- O k = k c. (1.2)

kr + knr

where the intensity is proportional to the quantum yield of emission (m) and is directly related

to the emission lifetime (To). The natural lifetime of an electronic excited state can be equated as,

,r (1.3)
k+ k,,r

In examining eq. (1.2), when knr >> kr, the nonradiative relaxation processes dominate and the

molecule remains dark upon excitation. While this represents a large percentage of what

molecules experience, the molecule can luminesce when the thermal decay is inefficient enough

so that kr >> knr. 'This represents one of the inherent challenges in the design of efficient optical

chemosensors - manipulating the excited state properties of the molecule so that the radiative

processes overtake the competing nonradiative vibrational relaxation channels.

Another crucial element that cannot be overlooked is the presence of quencher molecule

(Q) that can effectively modify the photophysical pathways of molecule M in Figure 1.2. The

luminescence intensity (I) and lifetime () are related to each other in bimolecular processes as

given by,'

i ~ =k = (1.4)
kr + knr + kq[Q] r

where kq is the quenching rate constant and [Q] is the concentration of quencher. The addition of

kj[Q] in the denominator is accompanied by the modified lifetime,

r =1 (1.5)
kikr +k + kq[Q]
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Chapter 1

c(* C*_-.1 -
hv

C.

hvems hVex

! LSq -

Cd

02
¢ <,2

kq

02

0 "-0

(a) (b)

Figure 1.3. (a) Emission from singlet excited state
when relaxing to the ground state. (b) With the
presence of a heavy atom, like 0,, the forbidden 3T
state is accessible now by intersystem crossing
(kiSc).

and it is apparent that a weak luminescence and shortened lifetime results from the bimolecular

reaction with Q. Both the luminescence intensity and lifetime, under quenching conditions, is

quantified by the Stern-Volmer relation, t

-1+ +rk [Q] (1.6)I r[
where I and 'r are the luminescence intensity and lifetime in the presence of Q and the subscript

indicates those values in the absence of Q.

Equations (1.2-1.6) indicate the ability of the molecule emission to be turned off and on

by changes in the rate constants kr, k and kq. The perturbation of these molecules by the

presence of quencher molecule Q can result in the shift in the intensity or energy of the

luminescence, thus signaling the presence of an intervening entity. One can conceivably design a

simple chemosensing scheme where the analyte (A) targeted for detection is the quencher. Since

excited states are highly reactive, the presence of A = Q will ultimately lead to deactivation

along the nonradiative pathway described by knr/q/lP[Q/P] in Figure 1.2. However, the

quenching-based chemosensing systems are not very discriminating because of the electronic

excited states' high reactivity, and therefore the presence of any interferent will be disabling. A
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Figure 1.4. (left) Chemosensing strategy where the analyte acts as a quencher,
turning off the reporter emission. This is difficult to detect against a bright
background. (right) "3R" strategy where the presence of analyte triggers the
fluorescence of the dark molecule.

prominent quencher for long-lived excited states is molecular oxygen, with its energetically

accessible singled excited state and its ubiquitous presence in the environment.49' - This heavy

atom effect is depicted in Figure 1.3, where the fluorescent molecule, in its singlet excited state

and in the presence of the 02, can access its triplet state and the luminescence is subsequently

quenched. Detection by quenching will be difficult because the decrease in luminescence must

be measured against a bright background. This quenching strategy is shown on the left side of

Figure 1.4. The reverse design can be achieved when the presence and recognition of analyte

causes an effective increase in kr, a decrease in knr, or a decrease in kq. In all of these cases, the

value of 0em will be approaching unity, and the increase in luminescence can be detected against

a dark background, as shown on the right side of Figure 1.4.

1.1.2 Cyclodextrins as Receptors for Optical Chemosensors

Previous work in the group involved using a cyclodextrin (CD) as the receptor site in the

3R chemosensor design.7 Both calixarenes and cyclodextrins are viable options due to their

funnel shaped cavity that can be readily functionalized to attach reporter sites. The host-guest

system can be optimized by simply fitting the size of the receptor opening to the targeted analyte.
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Chapter 1

Furthermore, the entrance and exit of the analyte can be manipulated by modifying the physical

properties rims of the buckets.

Cyclodextrins are chiral, cyclic oligosaccharides composed of six, seven or eight D-

glucose molecules (termed ct, 3, y-CD, respectively), which catenate via (x-(1,4) linkages to

produce the bucket-shaped cylindrical cavity of increasing diameters.'3- 5 At both the primary

(bottom) and secondary (top) rims are the sugar hydroxyl functional groups that impart solubility

in aqueous solutions. Additionally, the hydrocarbon rings of the D-glucose subunits define a

hydrophobic interior suitable for binding guests. With these contrasting characteristics, the

cyclodextrin buckets have the ability to dissolve in water and to also take-up aliphatic and

aromatic compounds including various polar compounds such as functionalized aromatics,

amines and alcohols. These inclusion complexes have been reviewed extensively.56 - 8 Binding

selectivity (and therefore selectivity in chemosensor function) at the first level of discrimination

can be achieved with the CD cavity size. Specifically, 3-CD will bind BTEXs (benzene, toluene,

ethylbenzene, xylene) but not large polyaromatics such as anthracenes or pyrene, which show an

affinity for y-CD. Cyclodextrins were then exploited for the detection of polyaromatic

hydrocarbons (PAHs).

The hydroxyl functional groups at the rims not only provide water solubility, but they

also allow chemical modification of the bucket to add attachment sites. Since the buckets

themselves cannot' signal the detection of analyte, a reporter must be appended to these receptors

in order to assemble an optical chemosensor. The primary rim's hydroxyl group provides an

accessible one-point modification position at the bottom of the CD cup. Rigid spacer groups

were used to connect opposing locations on the bottom rim and a series of members of this CD

design strategy were created, as shown in Figure 1.5. The reporter site, a Ln3 + = Eu3+ or Tb3 + ion,

was encrypted into these straps (reasons for picking these metal ions will be discussed below).

Initially an aza crown macrocycle (1,4,10,13-tetraoxa-7, 16-diazacyclooctadecane) strap was

attached to the CD. In construct 1, the aza ligand is only attached at one site, causing the strap

24



Chapter I

NH Nu HN NH
HN Nt N ' o [NH NH HN

o No2 3

1 2 3 4

Figure 1.5. A series of chemosensors where the cyclodextrin (CD) is the receptor site and
the metal ions Eu3+ and Tb3+ are the reporter sites. The neutral strap used in 1 and 2 was
upgraded to a trianionic ligand in 3 and 4.

with the Eu3+ ion to swing away from the bottom of the cup. The long distance from the reporter

site to the bucket was then shortened in 2 where both ends of the aza crown are attached to the

CD rim. However., efficient signaling is obviated by the presence of the 3+ cationic charge at the

bottom of the CD. The hydrophilicity attendant to the 3+ charge undermines association of PAHs

to the CD bucket thereby limiting the overall optical response from the chemosensor.' 9 The

problem is resolved by construct 3. With the 3+ charge of the ion reporter site neutralized by the

3-- charge of the diethylenetriaminepentaacetic acid (DTPA) strap, aromatics enter the CD

bucket of 3 with high association constants. Detailed mechanistic studies establish the signal

transduction in 3 to proceed via an absorption-energy transfer-emission (AETE) mechanism.

Lanthanide ions are weakly emitting upon direct excitation, due to the spin-forbidden 4f - 5d

transition. However, when aromatic hydrocarbons are present and in close proximity to the Tb 3+

ion of 3, absorption of excitation energy by the analyte to its 1Tclr* state is followed by the

intersystem crossing to the triplet state of the aromatic. Subsequent energy transfer to the nearby

emissive D4 state of Tb3+ results in the bright green luminescence of the metal ion.60 FOrster

energy transfer was ruled out as the relay mechanism because of negligible spectral overlap

between the absorption and emission profiles of the aromatic and the Tb3+ ion respectively. The

construction of 4 provided a means to systematically study the distance dependence of the metal

ion from the CD bucket (and the analyte), and Dexter energy transfer was confirmed as the relay
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mechanism. Analysis of time-resolved energy transfer kinetics data predicts the donor-acceptor

distance in 4 to increase by -2 A as compared to 3, which is in agreement with results from

energy minimized molecular modeling calculations.6 1

The above work presents the application of 3R to the design of an optical chemosensor

for the detection of environmental contaminants such as PAHs. Our interest in PAH detection

was motivated by a problem confronting the U. S. Air Force. Monocyclic BTEXs and bicyclic

(naphthalene and biphenyl) aromatic hydrocarbons compose jet fuels such as JP4. Leakage of

such fuels into the ground water supplies near Air Force bases and storage facilities can therefore

be assessed by monitoring PAH content. Before the development of these chemosensors,

detection of these aromatics was accomplished by direct excitation and measurement of the blue

fluorescence. This was problematic, however, because the laser induced fluorescence of the

aromatics must be deconvoluted from similar blue emission observed from other organic

interferents. The 3R scheme outlined above allows for us to choose the proper constituents that

meet the sensor design criteria for achieving a unique optical signal distinguishable from

aromatic fluorescence. In achieving these goals, the performance capabilities of these sensors

must be improved in order to maximize their sensitivity and selectivity.

1.1.3 A Microfluidic Optical Chemosensor

With the development of a successful "turn on" optical chemosensor such as 3, the

performance of the system can be immensely improved upon by integrating it with new

technologies. Such progressive sensors are needed for applications including monitoring

chemical levels in biological systems and environmental testing for the early detection of

hazardous chemicals. The challenge of forthcoming research will be to design portable, cost-

effective and reliable miniature chemical sensing devices capable of the same detection

specificity and sensitivity accomplished at the molecular level. Microfluidic platforms have

emerged as a valuable technology for chemical and biological sensing.62 The miniaturization

offered by microfluidic devices allows for the analysis of fluid samples to be performed on a
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Figure 1.6. A gF optical chemosensor where the active sites are composed of 3 embedded in
sol-gel films and patterned onto the serpentine channels. Blue squares are unpatterned and
green squares contain the supramolecular chemosensor.

chip, leading to advantages such as reduced sample volume, increased reaction speed, and the

possibility of massive parallelism. 2 64 The added advantages compelled the integration of the 3R

optical chemosensor 3 into one of these microfluidic devices.

As shown in Figure 1.6, chemosensor 3 was incorporated into the serpentine channels of

a microfluidic device by photo-lithographically patterning sensor-encapsulated thin films onto

the substrate surface. The device exhibits excellent optical response to PAHs; importantly,

time-resolved kinetics measurements on the sol-gel thin films established that the same 3R

mechanism observed in solution prevails in the film. A 45-fold enhancement of the Tb3

luminescence intensity was triggered when a 50 jtM solution of biphenyl contacts the patterned

microstructure. The Tb3 + luminescence enhancement proved to be concentration-dependent,

increasing monotonically with the concentration of biphenyl. A slow response time (-minutes),

owing to the micron thickness of the films, was a drawback of the device. Response times may

be increased by decreasing the thickness of the pads, but signal was eventually lost for PAH

concentrations <100 nM.
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1.2 Single Molecule Spectroscopy

Paralleling the development of chemosensors, the detection of molecules in the

nanodomain has become routine owing to advances in optical spectroscopy and microscopy.6 6 72

In the past decade, a variety of optical experiments has been designed for single molecule

detection in all types of environments, including solids, surfaces and liquids. Moerner and co-

workers used a doubly modulated absorption method to obtain the first optical detection of a

single molecule in a solid at low temperature. 73 Betzig and Chichester obtained the first room-

termperature images of single molecules immobilized on a surface with a scanning near-field

optical microscope;7 4 this research opened new potential avenues for single molecule

spectroscopy. A large scope of applications in biological imaging and analyte detection has

subsequently been developed from the advent of confocal microscopy and SMS.7 -81 Not only is

it possible to detect and identify freely diffusing and immobilized molecules, but recent advances

include spectroscopic measurements and the ability to monitor dynamic processes of single

molecules as well.

1.2.1 Single Molecule Spectroscopy Sensing Based on Fluorescence

Of the potential SMS sensing methods, fluorescence-based SMS has shown the greatest

promise for detection of analytes under ambient conditions. Single molecule spectroscopy (SMS)

has the ability to detect and monitor systems down to the sensitivity level of- 1.66 x 10 24

moles. Notwithstanding, the development of single molecule detection for routine sensing in the

condensed phase has lagged because the surrounding matrix or solvent causes a large

background emission, which can overshadow the single molecule signal unless the illuminated

area is severely reduced. The number of photons that are emitted from a single molecule can be

increased by integrating signal for repetitive excitation and emission. However, the overall

response is limited by the photostability of the (organic) chromophore (e.g., anthracene or

coumarin) at room temperature or by spectral jumps at low temperature.8 2 Along with the

photostability, the fundamental photophysics of the fluorophores (absorption cross-section,
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Figure 1.7. Schematic of the PET mechanism where the lone pair at the receptor
renders the chromophore non-emissive. Upon binding of analyte, the orbital of the
electron pair moves to higher energy, allowing access to the emissive excited state.
Such molecules are spincoated onto a glass substrate, and a fluorescence scanning
confocal image is shown (from Ref. 83).

fluorescence, triplet quantum yield) presents challenges to SMS sensing. The high excitation

intensities can result in population of non-emissive states, which are accessed by the absorption

of a second photon. This is especially prevalent with excitation in the UV region, where

additional photobleaching pathways exist by the formation of dye radicals and solvated

electrons.8 2

Other methods for using single molecule probes as sensors have been examined.7083

Prevalent among these new approaches is the use of photoinduced intramolecular electron

transfer (PET) as a signal transduction strategy. 84 In PET, a nonbonding electron pair efficiently

quenches the excited state of the chromophore, as shown in Figure 1.7. Reactions of this electron

pair with protons, metals, organic electrophiles, or surfaces lower its orbital energy below the

highest occupied molecular orbital (HOMO) of the chromophore, turning off PET and rendering

the chromophore emissive. Fluorescence scanning confocal images of these fluorescent PET

probes on various substrates, such as the one in Figure 1.7, demonstrate detection of single

binding events. This classical method of transducing a metal-binding event into an optical signal

relies on metal-binding-induced alterations of the redox potential of a receptor molecule
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covalently attached to a fluorophore. Further improvement of this system and other biosensors

will involve combining selectivity with new single molecule sensitive techniques such as

polarization or spectrally resolved fluorescence lifetime spectroscopy. This will facilitate the

specific detection of analyte in sub-picomolar concentrations with concurrent temporal resolution

of the molecular binding dynamics.

1.2.2 Single Molecule Spectroscopy Sensing Based on Conductance

Optical information on nanometer length scales may be obtained by combining

information from single molecule optical probes with physical characterization techniques based

on mechanical or electrical measurements. Most popular of these methods rely on conductivity

or piezoelectric properties of a nanodevice,8 ' 90 which is sensitive to the nature and concentration

of adsorbed species at the surface of the semiconductor oxide. Sensing at the single molecule

limit has primarily been attempted by using single-walled carbon nanotubes (SWVNTs)9 1 '92 and

semiconductor oxide "quasi-one dimensional" nanostructures, like nanowires and nanobelts for

signal transduction. 9 96 One-dimensional nanowires avoid the reduction in conductance charges

caused by lateral current shunting, which exists for two-dimensional field effect transistors

(FETs), so that single molecule detection is possible.

Biomolecule adsorption onto nanowire FETs can lead to considerable changes in the

electrical conductance of such devices, as depicted in Figure 1.8. This phenomenon can be

exploited for the development of miniaturized, label-free nanoprobes. Initial work with SWNTs

indicated a large conductance change in the presence of ammonia and NO,,97 ' 98 and the

demonstration of the nanotubes' gas-phase sensitivity fueled current research with small

biomolecule and protein detection. 899 2 Lieber and co-workers reported electrical detection of

single viruses, where they attempt to reach selective, single particle (stochastic) level sensing.8 6

Stochastic sensing 99" 00 offers fundamental advantages in that the selective detection is not

limited by the binding affinity as in other equilibrium measurements, and the single particle

sensitivity allows simple charge-based detection mechanisms.
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Figure 1.8. Schematic of single molecule detection on two nanowire FETs, where 1 and 2 are
modified with different receptors. Specific binding of the biomolecule to the receptors on nanowire
2 induces a conductance change (top). Nanowire 1 serves as a control channel.

The future of nanotube biosensors will require highly miniaturized arrays of SWNTs that

can be fnctionalized and monitored in multiplex. However, some fundamental challenges

remain, and a clear understanding of the effects of protein adsorption on the electrical

conductance of the FETs is necessary. Two possible proposals had been suggested: (I) surface

protein charges exert gating effects or charge transfer to SWNTs,90 and (2) protein adsorption

affects the dielectric constant of the electrical double layer in aqueous solution thereby changing

the gate efficiency of the electrolyte.9 2" 0'

Despite these tremendous advances in SMS, Dai and co-workers' recent measurements of

SWNT arrays connected in parallel with Pd electrodes have been troubling. They show that

much of the conductance changes upon protein binding to the FET devices instead originate from

the Pd-nanotube contact region. 10 2 It was concluded that the major contribution was not the

charge injection or field effects of protein adsorption; rather, the modulation of the metal work

function at the contact region dominates the conductance change. In order to quantify these

contact effects, new devices consisting of an individual SWNT, instead of an ensemble mixture

of nanotubes, must be fabricated. Next generation carbon nanotube FETs for biosensing will
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require the elucidation and separation of the complex relationship between SWNTs and metal

contacts and their respective interaction with biomolecules.

While these FET devices demonstrated the power of nanoengineering materials into

biosensors, the arduous fabrication of these arrays is limited by low throughput and limited

controllability. Manipulating individual nanotubes or wires onto pre-patterned electrodes by an

AFM,'0 3 random dispersion of suspended SWNTs onto electrodes, 1' 4 °'5 and lithographically

patterning nucleation sites onto electrodes are examples of techniques that generate potential

individual devices and not reproducible arrays.10 6 '107 More importantly, the biomodification of

the surfaces of SWNTs and nanowires are performed post-assembly, precluding the ability to

individually address each nanostructured sensing element with the desired receptor. Polypyrrole

polymers have recently been implemented into FETs and require only a one-step protocol for

synthesis, modification and contact positioning. 10 8 Although the nanomolar sensitivity of these

polymer-based wires is below that of the SWNT and semiconductor devices, the issues with the

"bottom-up" fabrication techniques are addressed.

In order to increase the selectivity, number of sensing elements, and detection limits (to

single molecule sensitivity) of the sensor, the actual sensitivity and specificity of the sensing

element must be amplified with the decrease in the active area and increase in proximity of

neighboring components. Most sensing studies with the nanostructures described above are

carried out in idealized environments, whereas in ambient conditions, the surfaces or its

junctions can adsorb reactive species capable of altering its device performance. The

performance of the metal oxide nanowires is extremely dependent on the fabrication, storage and

operation of the FETs. Even the most pristine sensing elements have memory or hysteresis

effects in the current measurements, and the origin of the current instabilities observed with

oxide nanowires are: (1) the aforementioned contacts effects, (2) adsorbed contaminants, and (3)

impurities in or on the support layer (often SiO,) in the proximity of the nanostructure. 88 For

carbon nanotubes, Schottky barriers formed at the contact-tube interface dominated the
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conductance changes. Research of oxide nanowires and carbon nanotubes as biosensors is

relatively new, and the goal of replacing large, macroscopic sensors with miniaturized nanoscale

devices requires overcoming the inherent challenges described above.

1.3 Scope and Motivation for Thesis Work

The conductance instabilities arising from contacts effects, adsorbed contaminants and

the presence of support oxides and its impurities 88 ' 09- 1 11 present significant challenges to

implementing nanodevices of the foregoing section for routine sensing applications. Therefore,

we have sought to develop methods to enable sensing on small length scales by combining the

3R chemosensing strategy of Section 1.1 with optical nanoscience. The payoff of such an

approach is the realization of widely distributed sensing networks that are inexpensive, easy to

implement and not encumbered by the intricacies and complications posed by single molecule

detection schemes.

The incorporation of optical chemosensor 3 into the microfluidic device of Figure 1.6

made apparent the tradeoff between signal intensity and response time. As the number of

receptor sites diminishes with decreasing thickness, device sensitivity and performance is

compromised because single molecule detection - single photon generation yields signals that

are too weak to be detected. The implementation of 3R sensing with nanoscience will require

new signaling transduction strategies because there are simply too few sensing active sites on the

micro- and nano-patterned structures to permit detection of species.

This thesis work addresses these challenges by exploring strategies to increase

chemosensor response by replacing the linear, single photon response of present chemosensors

with extremely nonlinear optical responses. To achieve this objective, a multi-pronged approach

is devised that combines photochemistry, materials synthesis and optical science. This strategy is

presented in Figure 1.9 in which the light emitting molecular centers of conventional optical

chemosensors are substituted with a mesoscopic optical laser cavity of a Distributed Feedback
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Figure 1.9. The single photon-emitting center of the linear
"'3R" chemosensing strategy is now replaced with a laser
cavity. The emission intensity should increase by 1 0
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(DFB) grating or a spherical cavity resonator. The successful integration of a DFB laser cavity

with the 3R sensing strategy is dependent on the development and optimization of the slab

waveguide upon which the DFB is built. Chapter 2 will be devoted to the fabrication and

characterization of these waveguide films, and their fundamental optical properties will be

discussed. In addition, the fabrication of the DFB device, its optical and physical

characterization, and investigation of resonance based sensing will be presented. We will then

explore the use of DFBs as sensors based on a simple diffraction grating in Chapter 3.

Implementation of 3R is not limited to chemical and biological sensing, and we have

applied the "turn on" approach to sensing physical phenomena such as turbulence and fluid

vorticity. In collaboration with the Koochesfahani Lab at Michigan State University, our group

has developed a diagnostic technique, Molecular Tagging Velocimetry (MTV), for measuring

the rate of fluid flow. However, as we attempt to measure very slow flows and in microchannels

at near surface boundaries, the fluorescent molecules used do not meet the proper photophysical

requirements. Therefore, Chapter 4 will discuss the synthesis and fundamental photophysics of

metal-caged dye complexes as new tracers for MTV measurements.
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2.1 Introduction

2.1.1 Laser Cavities

The motivation for using a laser cavity in 3R sensing schemes is driven by the nonlinear

signaling properties of such a device. The intensity of light can build exponentially as light

propagates in a cavity with an inverted excited state population. This exponential increase in

intensity is given by, 

I = IO e g(v 'z (2.1)

where I0 is the impinging intensity, I is the intensity at some distance z into the cavity, and g(v)

is the gain coefficient given by,

g(v) = hV[N,,Bu (v)- N,B, (v)] (2.2)
c

Nu,,ll) is the upper (lower) level population and B,,(l)(v) is the emission (absorption) probability at

frequency v. By separating the Einstein B,(l) coefficients from population inversion, eq. (2.2) can

be recast,

I = Ioe(v) NZu' (2.3)

where (v) is the stimulated emission cross-section. The term AN,LI is related to the population

inversion by AN,, = [Nu - (d,/d 1)N1], including a statistical weight factor, du/l, which accounts for

degeneracy.

The conditions associated with amplification that are necessary (but not sufficient) for

producing a laser are a population inversion, and sufficient gain to reach saturation intensity

(Isat). In examining eq. (2.3), if the value of the exponent is positive, then the light output will

increase in intensity and amplification will occur. Since the values of C(v) and z are always

positive, amplification will only occur if Nu > (g,/gl) N1. In tuning parameters of eq. (2.3), a

relatively large ANUI, is a necessity. 2 The stimulated emission cross-section is an intrinsic
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property of the specific transition in a particular gain medium and therefore offers little control.

The medium length, on the other hand, may be perturbed considerably by controlling the

architecture of the lasing cavity. High intensities, and thus the maximal response from the laser

cavity can most easily be achieved by confining light within the cavity of a laser resonator.

Confinement in conventional Fabry-Perot resonators is achieved by reflection of light off a front

and back mirror to increase the effective length (Leff) of the laser cavity as shown in Figure 2.1.

The addition of N mirrors to the cavity can result in an even greater increase of Leff as long as the

cavities are appropriately coupled.

In a Distributed Feedback (DFB) cavity, the "mirrors" are formed by a ruled grating. In

this architecture, the wavelength of light is on the same length scale as the individual cavities and

hence the conventional picture of Figure 2.1 does not hold. Rather, the effect of the "mirrors"

introduces a periodic modulation of the local refractive index along the path of light propagation.

This resonant increase of pathlength, or feedback, for both DFB and spherical cavities can result

in a sharp and intense amplification of light via stimulated emission processes. If an analyte can

affect ANU,, by removing ('turn off') or adding ("turn on") energy into the cavity, then the gain

coefficient will be perturbed, thus leading to an exponential change in the laser output. Of the

2 mirrors, _ I _ ,

12 1 -

I I

L

N mirrors, N scatterings

<=< I= 1 II I, ____ , I * > K=> I_ :>
1 2 I I

Leff # passes L

Figure 2.1. Increasing the number of mirrors in a laser cavity results in an exponential
increase in the intensity, due to the significant lengthening of Leff.
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two, a loss mechanism is the easiest to implement. The gain coefficient can be altered by

chemically functionalizing the DFB laser structure with molecular recognition sites, where

absorption of the propagating light by a specific analyte docked at the receptor site will turn the

laser off when the net gain drops below threshold.

2.1.2 Asymmetric Slab Waveguides

The DFB grating architecture is built upon an asymmetric slab structure, whose physical

and optical properties must be optimized to achieve the desired waveguiding abilities. As shown

in Figure 2.2, the slab waveguide consists of a dielectric film sandwiched between two cladding

layers of lower reftactive indices: air (n = 1.0) and substrate (n3=glass = 1.5). The synthesis of the

films was focused on the attainment of the following three parameters: () a smooth surface

morphology to minimize scattering at the surface of the waveguide, (2) a sufficient refractive

index mismatch between the waveguiding medium and substrate (n > 1.5), and (3) an

appropriate film thickness (d) to confine the waveguided light.

With the limiting conditions of a refractive index mismatch, light will propagate along

the lona axes as a result of total internal reflection (TIR) occurring at the interfaces provided that

the angle of incidence (0) relative to the interface normal is greater than the critical angle, 0,.

Z

inx
y

n1 = 1.0 (air)

n2 > 1.5 (thin film)

n 3 = 1.5 (glass)T
d
I

Figure 2.2. Schematic of an asymmetric slab
waveguide: the thin film (n2) has an index mismatch
with n1 and n3. Total internal reflection (TIR) occurs at
this interface. E(+) constructively interferes with E(-) at
allowed angles 0,n (m = mode).
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From Figure 2.2, the critical angle is defined by,'

n,

This describes the mode confinement, where the positive electric field (E+) constructively

interferes with the negative field (E-) only at discrete angles, m, provided the coherent waves

are traveling in the same direction with the same phase. The finite number of modes of an

asvmnnetric wave guide can be classified as tranverse electric (TE) and transverse magnetic (TM)

modes. We are simply interested in the TE modes, which do not have a component of the electric

field in the direction of wave propagation. The eigenvalue equation, describing the guided TE

modes for the asymmetric waveguide, stem from the solutions of Maxwell's equations and is

given by,'

tan = _,_ 2 ) (2.5)

where r= nlk sin, y (n - n)k= [(n 2 [(- n,3)k )k- [r]/2, and k = 2r/X = W/ c. For

a guided mode in the film, there is a propagation constant, , which is the x-component of the

wave vector. For a film with thickness c, there is an evanescent field phase shift pi at each of the

film's boundaries (i = 1, 3) and for self-consistency, the sum of all these phase shifts must be a

multiple of 2:. Therefore, the transverse resonance condition is given as, ' 3

2knd cos6 = 2mz + 2 + 2, (2.6)

For the transverse electric (TE) modes, the phase shifts pl and A are given by,'

1

i = tan (2.7)

where each allowed mode propagates with a particular phase velocity characterized by an

effective mode index, n.f = n2 sinec. The above eq. (2.6) is basically the dispersion relation of the
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waveguide, yielding the propagation constant f as a function of the frequency o and film

thickness d.

From the dispersion relation, one can obtain the minimum thickness () that will support

specific mode(s) of waveguided light. The cut-off condition occurs at the boundary when f3 = n,k

and y = . Therefore, the cut-off value of the film thickness for each mode (m = 0, 1, 2...) can be

obtained when the following equation is solved,'

=kd(n:-n2 (2.8)

The cut-off condition for asymmetric slab waveguides is identical to the loss of TIR for these

structures. Ideal waveguides demonstrate single mode emission, and therefore we limit the

thickness of our films to within the (m = 0) and (m = 1) cut-off thickness minima.

2.1.3 Distributed Feedback Structures as Laser Cavities

The DFB lasing architecture is produced by imposing on the slab waveguide a grating4 '5

of period (A) that satisfies the Bragg condition,

A = B (2.9)
2neff

where ,, is the Bragg wavelength that is supported by period A, m is the order of the grating""" O" "~'^"b """"3 ""'""f~'gzU , _"" , ' ""' ' ̀"^"" _1""
reflection, and neft is the effective refractive index. The lasing medium must have a gain profile

E(+) -- - E(-)

I
A

Figure 2.3. Schematic of the counter propagating
waves E(+) and E(-) along a DFB cavity with
period A. Oscillation occurs at the Bragg
wavelength XB.
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/top contact

cap layer

SiO2

cladding
layer

polyimide

1 st order

grating

active layer

Figure 2.4. Diagram of an example of a laterally coupled ridge
waveguide DFB laser using InGaAs/AlGaAs, InGaAsP/InP and
other similar materials. [Reft 10]

that is coincident with AB. As each wave travels in the periodic structure shown in Figure 2.3, it

receives light at each point by Bragg scattering from the oppositely traveling wave. This

distributes the feedback mechanism throughout the length of the periodic structure; the structure

should have gain so that with sufficient feedback, oscillation will occur. As the propagating wave

traverses the DFB grating, lasing can result when there is constructive oscillating feedback of the

stimulated emitted light. Referencing to Figure 2.1, we can imagine the distribution of reflection

(feedback) as the periodic modulation of the refractive index or gain of the medium, which is

effectively implementing N mirrors over the length of a DFB cavity device. Thus, the N

scatterings provide oscillation.

The ability to make optically robust thin film lasers has been a significant challenge,

although layered semiconductor DFB lasers have already been fabricated.Y-9 As shown in Figure

2.4, laterally coupled waveguide DFB laser consists of a substrate, cladding layer, active layer,

first order grating, silicon oxide, and upper cladding layers.' l Various methods for conventional

semiconductor DFBs have been demonstrated, including etching the gratings directly above the

waveguide and injecting the current from the side," or by etching the gratings through the upper

cladding layers to provide index guiding for selective feedback. 12 These fabrication methods are

demanding, with complicated etching processes and focused ion beam lithography. More

simplified processes have since been introduced, especially for the construction of optical DFB
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laser diodes that do not require wavelength modulation by the tuning of the laser injection

current. 3 16 First or second order Bragg surface emitting architectures can be constructed,

depending on whether the grating should or should not provide a means of out-coupling the

radiation. Laser action can be obtained by the interference of two pumping beams in the active

medium, and the technique of dynamic grating formation onto dye-doped polymer waveguides

was achieved with a frequency-doubled or tripled Nd:YAG laser. 7 Two methods were applied to

demonstrate DFB lasing action on poly(methyl methacrylate) (PMMA) films, both of which

involved photolitlhographically patterning the grating with interfering UV lasers. Lo and co-

workers demonstrated DFB laser action in sol-gel films, where the optical arrangement was in

the Bor configuration and required crossing beams of a frequency-doubled Nd:YAG laser at an

intersection angle of 20.1 8O

Distinct from traditional lasers based on bulk optics, waveguide lasers offer the option of

using distributed feedback (DFB) or distributed reflectivity (DBR). These configurations are

preferential to those resonators that are built strictly with localized reflectors.21-23 The use of

reflecting facets results in high power concentration at those points and limits the output power

due to the danger of damaging the emitting surfaces. In addition, the wide gain band of a

semiconductor laser medium and the weak frequency selectivity of a Fabry-Perot resonator result

in the excitation of multiple modes whose spectral envelope ranges from several nanometers.

With DFB structures, these problems are avoided by providing high wavelength selectivity and

the opportunity of distributed surface extraction of radiation through the grating. If using dye-

doped structures, the wavelength control advantages are further exemplified because of the larger

gain bandwidth of dye media.

2.1.4 Thin Film Distributed Feedback (DFB) Lasers

Planar waveguides are well adapted for evanescent wave sensing using grating couplers

and sensitive polymeric films. The basic planar devices shown in Figure 2.5 involve the

analyte/sample with refractive index (nA) deposited onto a prism or a plane surface (n,). There
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nA = sample/analyte

\ n2 = waveguide

n3 = substrate

Figure 2.5. Configurations of practical planar waveguides for chemical sensing: (a) prism or plane
surface with refractive index n, and analyte with nA, and (b) planar waveguide n2 that can adsorb
analyte in sample (nA) deposited onto a support substrate of n3.

are different configurations for planar devices with an embedded slab waveguide commonly

found in chemical sensors using spectroscopic techniques: a simple planar waveguide where the

light is totally reflected at the substrate interface (n / n3) and partially reflected at the sample

interface (nA / n,). If the waveguide consists of a thin film that adsorbs the targeted analyte, the

resulting change in film thickness or refractive index is monitored by shifts in the waveguide

propagation modes. Typical immobilization supports in these heterogeneous systems are

polymeric or silicate-based, where the reporter and/or recognition sites are either entrapped or

covalently attached to the matrix of choice. A large majority of the polymers (i.e., polystyrenes

and polyethylenes) and glass supports absorb UV wavelengths and their fluorescence upon

excitation produces a background that is disadvantageous for optical sensor applications.

Our application of a DFB cavity requires that it be sensitive to target analytes. In this

regard, conventional semiconducting DFB matrices are not attractive owing to the difficulty with

their modification. In our design, the DFB cavity must host molecular chemosensors, allow for

the penetration of analyte, and possess a surface that can easily be modified with a receptor site.

The material must also be "soft" enough to allow for lithographic imprinting of the grating

architecture, but stable enough to bear high energy excitation and its surrounding environment.

For these reasons, we turned our attention to the use of silicate glasses as a DFB medium.

Polysilicate gels, commonly known as sol-gels, are advantageous as the waveguide material

because their tunable porosity allows them to act as a host matrix for analyte and chromophores.

In addition, the surfaces of these materials are hydroxide and alkyl-terminated, allowing for
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facile chemical modification. They also exhibit appropriate spectroscopic properties to support

stimulated emission.24- Subsequent sections detail the development of the sol-gel derived thin

film waveguides as the foundation upon which a DFB cavity can be built.

A major challenge for the sol-gel thin films is the successful, facile incorporation of a

DFB grating to achieve narrow linewidth stimulated emission from these architectures. Recently,

nanocrystals (NCs) incorporated into thin films have been shown to achieve stimulated

emission.2 9 The NCs were stabilized within titania sol-gel matrices and ASE was achieved both

at 80K and at room temperature. 30 Nanocrystals are advantageous to organic laser dyes because

of their high photostability, broad absorbance, narrow emission linewidths, and color tunability.

However, with the variability and unpredictability of NC synthesis, where highly fluorescent and

low dispersion in the quantum dots are crucial, the facile incorporation of organic and other

c]hromophores into the waveguide films is one of the major advantages of the matrices.

Embossing strategies derived from literature methods can be implemented with the SiO / Ti02

films, where an elastomeric mold is used to transfer the DFB pattern onto the films. Using soft

lithography should simplify the preparation of thin film DFBs.

2.1.5 High Gain Sensing Strategies

The exponential dependence of the laser intensity on the gain coefficient, expressed in eq.

(2.3), emphasizes emphasizes two ways to generate an exponential response from a mesoscopic

laser cavity in the presence of chemical analytes:

(1) The excited state population may be reduced through resonance energy transfer loss

channels. We can fabricate non-linear photonic devices of a size similar to the sub-

micron length scale at which Frster energy transfer occurs.31 '32 Consequently, the

loss of the excited state concentration (decrease in AN) will represent a significant

portion of the total population inversion resulting in a large change in the amplified

laser intensity. Alternatively, we may also use an energy transfer mechanism to
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Figure 2.6. High gain sensing strategy involving a surface modified DFB laser cavity.
Upon binding of analyte to the receptor sites, absorption of the analyte at the lasing
wavelength perturbs the gain leading to the loss of lasing, as exemplified in eq. (2.3).

enhance the excited state population through direct excitation of the analyte. The

lasing wavelength (EL) of the DFB will be adjusted to overlap the absorption profile

of the analyte, thus enabling energy transfer to occur.

(2) The sensitivity of a non-linear device may be enhanced through the use of using

cavities with high quality (Q) factors. The Q of the cavity is the timescale that energy

is stored in the cavity compared to the rate of energy loss. Consequently, higher Q

cavities will have longer photonic storage times, thus increasing the effective length

scale over which the laser light is amplified. As a result, the change in intensity

(sensitivity) as a result of the loss or gain of excited state population is exponential

with respect to the length scale of laser light amplification. Additional sensitivity may

be incorporated into a cavity by the direct modification of the Q factor itself. In the

devised DFB sensor where laser amplification occurs, the presence of a receptor that

absorbs upon detection of analyte in the grooves of the functionalized device may

spoil the Q factor. Thus, the DFB device will show exponential sensitivity to target

analytes through the loss of population inversion as well as Q factor reduction.
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The surface modified laser cavity with receptor sites will be specific towards a targeted analyte.

Upon binding of analyte, as shown in Figure 2.6, the absorption by the analyte at or near the

lasing wavelength of the DFB cavity will perturb the gain and deactivate the laser cavity.

Although this will be in effect a "turn off' sensor, the dimming of an intense laser emission will

be readily detected against even a bright background. The extreme sensitivity of this non-linear

sensing strategy is similar in magnitude to the detection limits of the absorption techniques of

cavity ring-down (CRDS) and intracavity laser absorption (ICLAS) spectroscopies.

2.1.6 Parallels to Cavity Ring-down Spectroscopy

Single molecule detection requires highly sensitive quantitative techniques that can

discriminate the targeted analyte from ubiquitous contaminants. Absorption spectroscopy is an

attractive alternative for trace vapor detection; molecules absorb light at distinct, characteristic

wavelengths allowing for the unique spectral identification of a chemical by measuring its

absorption spectrum. However, traditional linear methods do not have the requisite sensitivity for

detecting ppb or less. For example, carbon dioxide has an absorption at 1572.66 nm with a line

strength of- 1.8 x 10 cm / molecule; 33 to detect 100 ppm with a 5 cm cell requires an absorption

measurement of 10 6, which is beyond the limit of current systems. Trace gas detection is

important for safety and environmental monitoring, and optical fibers and other types of micro-

olptic cells have made use of multi-pass techniques such as CRDS and ICLAS to increase the

sensitivity of the gas sensors.34 ICLAS and CRDS are related, powerful absorption techniques

that obtain its sensitivity from allowing the possibility of very long effective cell lengths.3 ' 6

CRDS involves placing a gas absorber in a cavity and monitoring the gas absorption via the loss

of the cavity, which is determined from the decay time of light injected into the cavity. A

simplified schematic of the detection setup is shown in Figure 2.7. Light from a pulsed or CW

laser source is injected into a stable optical cavity formed by two, or more highly reflective

mirrors. At the end of the laser pulse, or when the laser is turned off for CW radiation, the

intracavity radiation will decay exponentially with a time constant (r) that can be related as,37
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Figure 2.7. Simplified diagram of a setup for CRDS detection of trace vapor gas.

1 (A n(l- R) + A

cz L

where c is the speed of light, L is the roundtrip cavity length, and n is the number of cavity

mirrors. The decay time is dependent upon the reflectivity of the mirrors (R), the round-trip loss

due to scattering inside the cavity (A), and the wavelength dependent absorption of the

intracavity gas, ao). Once the baseline losses in an empty cavity are determined (from R and A),

the absolute absorption spectrum of the intracavity medium is immediately extracted by tuning

the laser source and plotting 1/(cr) as a function of wavelength. The intracavity sample

absorption per pass is obtained as a variation of cavity losses when the sample is admitted into

the cavity, or when the wavelength is tuned around an absorption line. Another advantage of

CRIDS is that the absorption measurement is insensitive to laser intensity fluctuations. 35 '38 The

cavity length L has a significant effect on the minimum absorption coefficient of the sample. For

a single pass technique, the minimum sample 10 3-10-4 cm 1 while for ICLAS or CRDS (-

100,000 passes), the minimum Usample - 10-6-10 -1 cm- . Steinfeld and co-workers have

demonstrated, using a CRDS set-up with a sensitivity of 2 x 10--8 cm-'and reduced pressures (100

torr) of gas, baseline detection limits of approximately 1.2 ppb of TNT and similar explosives

can be obtained.3 7
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The increase in sensitivity garnered with the CRDS instrument, however, requires

accompanying recognition algorithms to distinguish targeted analytes from the large number of

interferents. While the absorbance signatures for the gases are distinct, some spectra contain only

one feature that can overlap with peaks from interferents that absorb in the same region (e.g.,

water). The need to compile a spectral library of interferents and possible mixtures of

compounds is a disadvantage of this technique. In addition, the quick sampling time needed for

identification of explosives vapor (10 - 20 s) is too short to acquire a spectrum in the 2 m

window.

We seek to implement the approach of increased cavity path length of CRDS and ICLAS,

which can offer 7 orders of magnitude increase in detection limit relative to linear methods, to

our 3R sensing strategy with the hopes of extending detection to the single molecule limit. 9 This

Chapter will describe the fabrication of thin film DFB laser cavities on optimized SiO / TiO,

matrices using soft lithography techniques. These structures can enable non-linear sensing

through the expression in eq. (2.3) by perturbing the gain coefficient.
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2,,2 Results and Discussion

2.2.1 Synthesis of Thin Films

The matrix of choice for the slab waveguide was of a SiO / TiO: composition. These

films are attractive for waveguide construction because they are optically transparent through the

visible and UV spectra regions, exhibit high optical homogeneity, their surfaces may be

chemically modified, and their porosities can be tuned.4° '4 l Molecular doping into inorganic

media not only stabilizes the guest organic molecules in the thin-film state, but it also exploits

the optoelectronic potential of each "isolated" chromophore. The sol-gel technique for

encapsulating organic chromophores is advantageous because its low-temperature process

involving metal alkoxides allows for facile doping with less thermally stable molecules. Films

were synthesized, according to Scheme 2.1, via conventional acid-catalyzed hydrolysis and

condensation methods of sol-gel silicates prepared from Si(OEt)4 and Ti(OR)4 precursors (R =

Bu, Et). 24,40 42 After sufficient cross-linking, the sol-gel was then spin coated onto substrates and

annealed at a high temperature to cure the films for subsequent characterization. Long reaction

times resulted in the formation of either too viscous of a solution or a solidified gel, both useless

for thin film preparation.

Chromophores were incorporated into the thin films in order to study the waveguiding

Partial Hydrolysis
OH

Si(OR) 4 + H20 = Si(OR) 3 + ROH

RO OR OR ORHeterocondensation o 0 o/ 0 o 0
Ti Si Ti Si

OH OR s j
Si(OR) 3 + Ti(0R) 3 - (OR) 3Si-O-Ti(OR') 3 + ROH 

/Si%/T N Si xTi N
OR OR OR OR

Scheme 2.1. General sol-gel synthesis of the SiO2 / TiO2 matrix, where (R = Et) and (R' = Et, Bu). The
dye chromophore is introduced in the acid-catalyzed condensation reaction, and further cross-linking
formed the porous material.
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properties of the synthesized materials. Laser dyes of varying photophysical properties were

introduced at the condensation stage of the synthesis; these dyes included Coumarin 152 (C152;

Cabs = 397 nm; eres = 510 nm), Sulforhodamine B (,abs = 556 nm; Xems = 575 nm), Rhodamine B

(a;lbs = 552 nm; Xems = 580 nm), and Rhodamine 6G (R6G; abs = 530 nm; Xems = 556 nm). The

ability to dope the matrix with dyes of varying absorbance and emission properties (solution

values given above) indicates the tunability of this reaction. Initial characterization studies were

conducted on C152-doped samples, and the film's thickness and index dependence on the spin

coating rate, annealing temperature and time, dye concentration, and time, dye concentration, and [Si]:[Ti] were determined.

2.2.2 Composition Effects on Film Properties

Both the refractive index and smoothness of the films were tuned by varying the [Si]:[Ti]

composition. The addition of titania to the films was needed to increase the refractive index and

to facilitate thermal dissipation within the film (and thus prevent cracking under high light

excitation fluxes). However, films containing higher titania concentrations yielded surfaces that

were too rough and crystalline for proper waveguiding. Increasing the [Ti] also resulted in a

smaller porosity of the films, therefore rendering the films less permeable to analytes and

dopants.42 A systematic study of the film composition and its effect on the film's waveguide

properties was undertaken.

Examination of the 2:1 [Si]/[Ti] films with a FTIR-coupled microscope and Atomic

Force Microscopy (AFM) revealed extremely smooth surfaces. Films with mean surface

roughness (rms) values of less than + 0.5 nm are considered to be very smooth. The AFM of a

2:1 [Si]/[Ti] film is shown in Figure 2.8(top). The rms was found to be 0.311 nm. Increasing

the titania concentration produced samples that exceeded the 0.5 nm rms condition; some films

were visibly rough to the naked eye. An AFM image of one of these rougher samples (rms = +

0.602 nm) is shown in Figure 2.8 (bottom).

57



Chapter 2

5 C: u 1C. ir

c,: r-

- r L'; 1 rn

_O. C O. .r

A.I

_r

O.c 2 O. 5 0 ' 1.I. , pT,

Figure 2.8. (top) AFM image of a 5 m x 5 m area of a 2:1
[Si]/[Ti] film with a rms = 0.311 nm. (bottom) AFM image of
a rougher film with rms = 0.602 nm.
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The necessary optical constants and film thicknesses were obtained from optical ellipsometry

measurements, which give the phase difference (A) of light relative to the incident light, and the

angle () whose tangent is the ratio of the magnitudes of the total reflection coefficients. For the

spectroscopic ellipsometry measurements, A and T were fit to a regression algorithm to obtain

the Cauchy coefficients for n(A) and k(A), the real and imaginary refractive indices, respectively.

The equations for n(A) and k(A) are often approximated by,4 3

B C D E Fn(A)= A+ + k()= - + + (2.11)

where A, B, C are the Cauchy coefficients and D, E, F are the Cauchy extinction coefficients.

These Cauchy coefficients may be interpolated from the data to derive the film thickness (d) and

refractive index (n) as a function of wavelength.

Single wavelength ellipsometry experiments were conducted on first generation samples

(C152-doped). Discrepancies were found at differing single wavelengths. Such anomalies can

result from absorbance of the films at the excitation wavelength since the solution of the

instrumental solution parameters to generate the calculated refractive indices assumes film

transparency at exciting wavelengths. For films of smaller thicknesses, data was reliably

obtained and found reproducible for Xexc = 830 nm.

A more accurate solution of the refractive index and film thickness is achieved from

spectroscopic ellipsometry measurements. A plot of the refractive index as a function of the

propagating frequency for a typical synthesized thin film is shown in Figure 2.9. For this sample,

the thickness was calculated to be 349 nm and the refractive index at X = 585 nm (propagating

wavelength of light) was found to be -1.59. The average refractive index of the 2:1 [Si]/[Ti]

R6G-incorporated matrices is n = 1.6. Increasing the titania concentration to 1.72:1 [Si]/[Ti] gave

n: - 1.7, and films composed of 100% TiO, had a refractive index of approximately 1.92. It is

important to note that d and n are calculated values, and they are independently verified with

surface profilometry measurements of the film thickness.
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Figure 2.9. A plot of the calculated refractive
index as a function of wavelength, obtained from
spectroscopic ellipsometry measurements. For this
film sample, a thickness of 349 nm and n = 1.59 (X
= 585 nm) were obtained.
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Figure 2.10. The surface profilometer trace for the
sample whose ellipsometer data is shown above.
The film thickness is d = 318 nm.

60

1.8
C

x
a 1.75
r-
. 1.7

2 1.65
a)1
co
'5 1.6
co
)

E

r-

CL

l l l l l l l 

l

. ]~ J

vvv i . i .



Chapter 2

Table 2.1. Profilometry and Single Wavelength Ellipsometry Data for C 152 Samples

200 C, 3000 RPM [C152]tlm Profilometry Single k = 830 nm Single k = 830 nm
Annealin time (M) thickness Ellipsometry EllipsometryAnnealing time (M)

(min) (d, nm) (d, nm) (n)

1 0.0775 246.7 257 1.575

5 0.0897 233.6 245 1.588

15 0.0925 228.2 238 1.611

Profilometry is a less sophisticated technique, where a tip examines the film surface and the

resulting trace depicts the macroscopic surface morphology. The profilometry film thickness plot

corresponding to the above ellipsometry measurement is shown in Figure 2.10. A d = 318 nm is

measured and is in good agreement with the d = 349 nm measured by spectroscopic ellipsometry.

The thickness of the films can be tuned by controlling the reaction time for the acid-

catalyzed cross-linking of the precursors and the spin coating rate. For example, spin coating

films at 2000 RPM resulted in films 100 nm thicker than those spun at 3000 RPM. Spin coating

rates of 4000-5000 RPM yielded films that were visibly rough and not homogeneous at the

surface. The annealing temperature was increased from 150 °C to 200 °C to ensure effective

cluring of the titania in the films. Films annealed at 200 °C typically generated films with a

refractive index of 1.6. The annealing time also had no profound effect on the thickness of the

films and the refractive index, however it appeared that with increasing curing time, the effective

concentration of C 152 was augmented. Table 2.1 details film characteristics for a series of C 152-

doped films of the same initial solution concentration. An exhaustive study of film compositions

showed that a 2:1 [Si]/[Ti] oxide composition to possess ideal properties for waveguiding.

From eq. 2.8), the minimum cut-off thicknesses (with X = 600 nm) for a n = 1.6 film

sandwiched between nair = 1.0 and nsubstrate - 1.5, is calculated to be 190 nm (m = 0) and 730 nm

(m = ). We see that for the films prepared here, a single mode will propagate through the slab

waveguide. More generally, we find that the 2:1 [Si]/[Ti] films produced from our synthesis

possess d = 250 - 400 nm, and thus will routinely support a single propagating mode.
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2.2.3 Mesoporous Silica Cladding Layer

Maximal refractive index mismatch between the thin film and glass substrate was

attempted by synthesizing a mesoporous silica cladding layer of refractive index values n - 1.2.44

As demonstrated by Stucky and co-workers, well-ordered mesostructured silica films can be

prepared by employing a triblock copolymer, poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide) (PEO-PPO-PEO).4 s'4 6 The use of a copolymer directing agent controls

mesophase ordering and macroscopic morphology adopted by the silica. Because mesostructured

silica materials are generally produced under nonequilibrium conditions, similar to those used to

synthesize our SiO,/TiO 2 films, the synthesis of mesoporous silica cladding layers on the slab

waveguide was attempted.

Unfortunately, the synthesis of smooth films by "controlled" volume fractions of material

proved to be unsuccessful because of rough film morphologies. This was initially presumed to be

due to the presence of remaining block copolymer within the film that was not fully decomposed

and desorbed at the curing temperature of 150 C. Desorption of the polymer occurs at 190 OC;4 7

the existence of P123, which was likely present in the previous samples, was eliminated by

curing the subsequent films at 195 °C for 15 min. The annealed samples appeared smoother, but

the strong dependence of the surface morphology on the extent of Si hydrolysis makes this a

difficult reaction to tune. Complete homogeneity of the silica aqueous mixture is necessary, but

the presence of hydrophobic, non-hydrolyzed silicon alkoxides or 3D Si-O-Si networks (formed

by extended cross-linking) disrupts ordering of the SiO, by P123.

For the sake of completeness, the optical characteristics of the films were defined. The

calculated refractive index, as determined from single wavelength ellipsometry, was n - 1.45 -

1.58, far from the expected n = 1.2. For a sample spun at 3000 RPM, an average film thickness

of 182.4 nm was obtained, with n = 1.585.
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2.2.4 Optical Waveguiding of the Thin Films

The quality of the waveguide properties is demonstrated by the occurrence of amplified

stimulated emission (ASE) from the excited states of the incorporated chromophore, R6G. For

stimulated processes such as absorption and stimulated emission that occur at discrete states, the

energy (and therefore frequency) of the light must correspond exactly to that of the energy

difference between the two energy states. As shown in Scheme 2.2, stimulated emission results

in the release of an additional photon into the same mode as the initial photon (at exactly the

same energy (frequency), direction and polarization). 2 These two photons can each, in turn,

stimulate the emission of two other photons, preserve these properties, and result in coherent

light amplification. Because stimulated emission occurs when the photon energy is nearly equal

to the atomic transition, AE, the process is restricted to a band of frequencies determined by the

atomic linewidth.

Initial optical experiments with C 152-doped films did not result in waveguide

amplification, and only broad fluorescence was observed by excitation with X = 400 nm. Dyes

call undergo two major types of intermolecular photochemical reactions, oxidation and

dirnerization reactions, that will deactivate the radiative pathways. Thermal degradation

pathways are also common for coumarins, where high optical pump power can cause thermal

oxidation. Therefore, the next generation of prototypical film optical experiments relied on the

x
Upper- hv in _

1 hv 2 hv

0
Lower - -0- fit

SE out

-em

Scheme 2.2. (left) A molecule is excited to an upper energy level, and upon relaxation to
a lower level, two photons are emitted. (right) Schematic of dye molecules incorporated
into a thin film, and of the resulting ASE from the dye's broad fluorescence.
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Figure 2.11. (left) Solution UV-vis spectrum (dashed) and steady-state fluorescence spectrum (solid) of
R6G dye in ethanol, Xab, = 530 nm and hems = 570 nm. (right) Fluorescence spectra of a 2:1 [Si]/[Ti] film
with R6G ([R6G]tl - 0.095 M). At low pump power, the beginnings of ASE is observed; an increase to
3 m.J cm- 2 Nd:YAG excitation resulted in a pronounced narrowing and increase of the fluorescence.

laser (lye Rhodamine 6G (R6G) because of its exemplary lasing efficiency, 48 small absorption

cross-section at UV wavelengths and photostability when pumped with Nd:YAG lasers (Xexc =

532 nm). With an emission maximum close to 570 nm, R6G exhibits a broad fluorescence and an

extinction coefficient £ of l10 L mol-lcm-. 4 9 The concentration of R6G in the thin film state

was determined to be -0.095 M for a typical sample from solid-state UV-vis measurements.

ASE is established by the results shown in Figure 2.11. At very low pump power, only a

broad fluorescence of incoherent emission centered at -570 nm is detected from the 2:1 [Si]/[Ti]

films. When the film is pumped at 8 mW (1.6 mJ cm), a narrower band fluorescence is

observed that is characteristic of ASE. With increasing pump power of 15 mW (3 mJ cm- ), an

exponential increase in gain and spectral narrowing of the guided ASE is observed. The narrow

ASE linewidth (FWHM = 10 nm) is due to the finite linewidth of the gain function. It should be

noted that only a small fraction of the pump photons are absorbed by the film itself due to the

transverse pumpirng conditions, but there is a distinct red-shift of the Xmax for ASE relative to the

dye's broad fluorescence which is attributed to self absorption of the film (overlap of the short

wavelength region of the dye emission with the absorption band).
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2.2.5 Distributed Feedback (DFB) Grating Fabrication

Implementation of second order DFB grating architectures to the synthesized films

enables narrowing of the amplified stimulated emission (ASE) linewidth. Oscillation occurs in a

DFB grating of period (A) at the Bragg wavelength (AB) that satisfies the condition in eq. (2.9).

The periods of the master gratings, listed in Table 2.2, were fabricated for second order (m = 2)

emitting structures and matched specifically to the emission wavelengths of the chromophores.

As it is technically difficult to produce grating structures with periodicities A < 300 nm,

chromophores that emit at higher energies, like coumarin dyes, were not incorporated into these

structures. Rhodamine 6G (R6G) in the thin film state has an emission maximum approximately

at k, na = 580 nm; the ASE demonstrated for R6G films exhibits Xnax = 610 nm. For second order

DFB SiO / TiO, films with n - 1.6 - 1.7, the grating period can range from A = 360 - 382 nm,

therefire two master gratings of A = 360 and 385 nm were implemented.

Soft lithography techniques were employed to emboss the SiO / TiO: films with the

DFB grating pattern. The master DFB gratings were fabricated on a silicon wafer with 300 - 500

nm pitches by using reactive-ion etch and interference lithography.50 The quality of the master

gratings were verified by high resolution Scanning Electron Microscopy (SEM), and images of a

representative grating along with the removed photoresist are shown in Figure 2.12. The master

gratings with small A are difficult and expensive to fabricate, and therefore they are preserved by

pattern transfer to a poly(dimethyl)siloxane (PDMS) monolith. The troughs of the grating are

only 50 nm deep and the shallow wells have made imprinting of the films difficult. Freshly spin-

cast films are immediately pressed with the PDMS stamp at high temperatures, and the glassing

Table 2.2. DFB gratings specific for different
waveguide media.

A (nm) (nm) Waveguide medium
280 450 SiO:/TiO,/coumarin dye
315 560 CdSe nanocrystals
333 600 CdSe nanocrystals
360 590 SiO/TiO,/R6G dye
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Figure 2.12. (left) SEM micrograph of the removed photoresist from the master grating indicating the
50 nm depth of the troughs. (right) Top-view SEM micrograph of Si master grating with A = 360 nm.

of the thin film can interfere with successful pattern transfer. SEM images of initial attempts

indicated that the imprinting was slight, and modifications of the annealing temperature and

length of PDMS embossment time were investigated.

A comparison of a room temperature stamped/cured sample and a room temperature

stamped/high temperature cured sample is shown in the SEM micrographs of Figure 2.13. The

overnight stamping of the 2:1 SiO / TiO, films overnight with curing at room temperature

resulted in an overall distribution of the grating pattern (Figure 2.13a). This was further

confinned with atomic force profilometry (AFP), similar to atomic force microscopy (AFM),

which was conducted on room temperature stamping and cured samples. A representative trace is

shown in Figure 2.14. Both the contact and the surface sampling mode, which is equivalent to

the AFM tapping mode with no lateral motion, indicated that a grating impression was present on

the films. However, the contact mode profile of a 6 Cum x 6 tm area showed that the embossment

was uneven in distribution and the peak to trough height difference of the grating was measured

to be 1.13 nm. The shallow grating depth can be attributed to artifacts from the tip pendulum
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(a)

(b)

Figure 2.13. Scanning electron micrographs
of stamped SiO / TiO, films: (a) Room
temperature cured film with A = 360 nm
(3.0 kV, WD = 8 mm), (b) Room
temperature stamped and cured at 150 °C
for 2 min; A = 360 nm (5.0 kV, WD = 7

mm, 1° tilt).
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Figure 2.14. Atomic force profilometry (AFP) scan of a
room temperature stamped film with A = 385 nm.
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motion. Analysis of the surface sampling (tapping) mode profiles of the same sample resulted in

an average grating depth of 10.23 nm, as shown in Figure 2.15.

Optimized stamping was obtained ultimately with films of varying Si(OEt)4 / Ti(OBu)4

concentrations. A representative scanning electron micrograph is shown in Figure 2.16. In the

previous reactions, the Ti(OEt) 4 precursor produced 1:1 condensation products with Si(OEt)4

because the homocondensation of silicates is slower than the heterocondensation with titania.

The butoxide functionality of the Ti(OBu)4 precursor should slow down the rate of hydrolysis

and the overall kinetics of the sol-gel reaction. A summary of the profilometry and spectroscopic

ellipsometry characterization of these films with varying concentrations of [Ti] is shown in Table

2.3. With the increase in titania concentration, a large refractive index is obtained (similar to

olbservations of previous films).

Table 2.3. Profilometry
Films

and Spectroscopic Ellipsometry Data for Si(OEt)4 / Ti(OBu)4

69

195 °C for 2 min, Profilometry Spectroscopic Spectroscopic
3000 RPM thickness Ellipsometry Ellipsometry

[Si] : [Ti] (d, nm) (d, nm) (n)

2: 1 301.4 340 + 2 1.58
I

1.72: 1 222.6 252 1 1.70

only [Ti] 229.9 256 ± 1 1.93
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Figure 2.15. AFP profile (top = contact mode) of a room temperature stamped
film. Approximate height difference between grating peak and trough was found to
be 1.13 nm; (bottom = surface sampling / tapping mode) AFP of the same sample
with 10.23 nm peak to trough distance.
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Figure 2.16. SEM image of a [Ti] film stamped at 195 °C
(1 kV, WD = 8 mm).
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2.2.6 Optical Characterization of DFBs

Rhodamine 6G doped DFB samples with A = 360 nm were optically characterized with

the same detection setup used for the slab waveguides except the detector is now monitoring

emission off the front face of the cavity. Excitation with the 532 nm radiation of a Nd:YAG laser

resulted in stimulated emission. However, the Si(OEt)4 / Ti(OEt)4 films exhibited emission with

a fu]ll-width-half-maximum (FWHM) of 12 nm and a quality (Q) factor of 50; representative

spectra of these films are shown in Figure 2.17. The Q-factor of a laser cavity is calculated as the

ratio of XL / FWHM.51 These are not high quality devices and that is attributed to the poor

stamping of the films with the PDMS templates.
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Figure 2.17. Emission observed from 2:1 Si(OEt)4 / Ti(OEt)4
films with A = 360 nm upon excitation with X = 532nm.
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Figure 2.18. (left) Power dependent lasing emission observed from a 2:1 Si(OEt) 4 / Ti(OEt) 4 film with A =
385 nm upon excitation with X = 532nm. (right) Plot of relative intensity as a function of the power density.

New DFB films of R6G incorporated 2:1 Si(OEt) 4 / Ti(OEt) 4 were prepared in attempts

to optimize the TPDMS stamping technique. Emission off the front face of the second order

emitting DFB was detected and the power dependence spectra are shown in Figure 2.18. With 5

mW ( mJ cm-2) excitation, only broad dye fluorescence is observed. Doubling the pump power

to 10 mW (2 mJ cm 2 ), a narrowing of the fluorescence is observed with several modes of the

DFB. When the film is pumped at 20 mW (4 mJ cm ), a non-linear increase in intensity of one

of the modes is evident. The presence of several modes can be attributed to the discrepancies in

grating period distribution over the 1 cm length of the laser excitation beam. Stamping of

Si(OEt) 4 / Ti(OBu) 4 films resulted in fewer modes, and the laser emission spectrum of the pure

[Ti] is shown in Figure 2.19. Lasing emission is observed at 586 nm with a FWHM = 2.4 nm and

a Q-factor of- 245 nm.
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Figure 2.19. Lasing emission observed from a Ti(OBu)4 film with
A = 385 nm upon excitation with X = 532nm.
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2.2.7 Vita Blue Dye Inclusion

The stamping technique was optimized for the DFB fabrication process, and the optical

detection of laser emission from Rhodamine 6G was achieved. To transition these devices for the

ultimate goal of chemical sensing, a new chromophore must be incorporated into the matrices to

test its general application. A proof-of-concept experiment is to incorporate a laser dye that shifts

its absorbance maximum away from the excitation wavelength (exc = 532 nm) upon a chemical

reaction. The DFB no longer absorbs the pump beam and the lasing capabilities of the device are

presumably deactivated, as shown in Figure 2.6.

A prime example of such a chromophore is a pH indicator, where

deprotonation/protonation events alter the spectroscopic properties of the dye. Since we are using

green excitation light, there are few pH probes that absorb that far red in the visible region. One

literature example of an intracellular pH probe was found,i and the Vita Blue (VB) dye was

synthesized following Scheme 2.3. The low-yielding synthesis of the dye, even in larger scale

syntheses, is due to the deactivating character of the sulfonic acid groups in Friedel-Crafts

acylations.' This was a time-consuming disadvantage that was further exemplified with the

large concentrations needed to infuse into the thin films.

Vita Blue dye has two distinct deprotonated states, shown in Scheme 2.4, that are similar

Scheme 2.3.

0 0 Cl c COCI N 

PCI5 S 0 - NH40H S 2CIS03- NH4s A130-140 NO ,S 802
02 02

HOO 0AcO OAc
COCI OH (CH3C0)20 

xs ZnCI 2 A

HO'.. ' S H 1. NaOH / EtOH O2
2. H20 / HCI
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Scheme 2.4.

HO, 0O HO O _ O
N 0 - -H+ N' Ho w -H 0 

H - Ho 
N S, 3H OS 3 pK, - 7.6 SO 3-

to fluorescein. Both the monoanionic and dianionic forms of the sulfone naphthofluorescein

derivative are fluorescent, 52 however the contribution of the monoanionic state is minimal.

Titration studies 'were monitored by both absorption and emission spectroscopies. As seen in

Figure 2.20, the absorption maximum red-shifts upon deprotonation (pKa - 7.6),5- with a

concomitant increase in emission intensity at hems = 660 nm. At high pH, the absorbance

maximum of the dye shifts towards the laser excitation wavelength of 532 nm. Therefore, the

titration measurements can be carried out in a flow cell with the DFBs and only at slightly basic

pH will the lasing "turn-on". Initial optical characterization of these films did not even result in

the observation of' amplified stimulated emission. VB has a low quantum yield (0 = 0. 15) relative

to fluorescein s: and to that of R6G (q = 0.95),53 which indicates its lower photo-efficiency in our

thin film DFBs. The acid-base properties of the pH dye are also easily affected by the

microenvironmenlt, which is largely dependent on the concentration loading of the dye. With

larger concentrations, even in solution, the VB dye is noted to dimerize and possibly form

excimers. In addition, the local acidity of the matrix pores (due to the acid catalyzed hydrolysis

of the sol-gel) may affect the absorption spectrum of the dye.
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Figure 2.20. Titration of VB dye monitored by
(top) UV-vis and (bottom) emission (xc =
540 nm) spectroscopies. A red-shift in
absorbance and increase in fluorescence
results from an increase in pH.
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2.2.8 Covalent Attachment of Receptor Sites

The implementation of a signaling transduction mechanism for sensing into these laser

platforms will require the thin films to be responsive and permeable to analyte. Chemical

modification of these inorganic films is readily achievable and allows for the covalent

attachment of reporter molecules of the 3R sensing scheme. The tunability of the porosity of

these mixed silicate-titania films can also be exploited for the adsorbing of analyte into the

matrix, however the challenge with this method is controlling the loading concentration of the

clhromophores. In addition to the development of highly sensitive detection of molecules at very

low concentrations, the challenge of forthcoming sensing research is the design of portable and

cost-effective devices. Although binding reversibility of analyte to the chemosensor recognition

site has previously been emphasized, the construction of inexpensive sensing devices that can be

multiplexed and widely distributed is also an acceptable alternative.

Covalent immobilization of the receptor sites onto the waveguide surface increases the

overall stability and is preferred to electrostatic binding of charged groups. The receptor sites are

commonly incorporated in various ways: (1) immobilization of the polymer/sol-gel onto a

surface with the receptor incorporated in the waveguide by physical, physiochemical, or

el[ectrostatic binding methods; (2) the receptor is covalently grafted onto the polymer/sol-gel

surface. With the latter case being the most stable, it is important to maintain the functionality of

the receptor site upon binding, thus increasing the complexity of the chemistry.

The advantage of the sol-gel thin films is the facility of covalent attachment of receptor

sites to the surfaces. A whole host of modification chemistry exists for hydroxyl-terminated Si

surfaces4 0 and the representative silylation reaction and organic coupling agents are outlined in

Scheme 2.5. Silanization is an optimal surface immobilization reaction, where the hydrogen

atom bound to the hetero-atom of R-SiOH is substituted with a silyl group. The simplified

reaction is shown in Scheme 2.6, where X is a chlorine or a hydrolyzable group such as a

methoxy or ethoxy group, typically in an organosilane RSiX( 4-- z). The functional group R, can be
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Scheme 2.5.

3 SisOH + X 3SiR - -(Sis-0) 3-SiR + 3 HX

(X = OMe)

Organofunctional Groups Coupling Agents

vinyl CH2=CHSi(OCH 3) 3

chloropropyl CI(CH2)3Si(OCH3)3

/0\
epoxy CH2 CHCH2 0(CH 2)3Si(OCH3)3

methacrylate CH2=C-C(CH 3)00(CH 2) 3Si(OCH 3)3

primary amine H2N(CH2 )3Si(OC2H5 )3

methyl CH3 Si(OCH3)3

an acrylic compound for film polymerization, or an epoxy function oxidized in aldehyde for

antibody covalent grafting by amino groups of the protein in a Schiff base reaction.

Dimethylamine silanes are more reactive compared to chlorosilanes and alkoxysilanes, and

principal silanization agents include: aminopropyltriethoxysilane (APTES),

dimethyldichlorosilane and octadecyltriethoxysilane. Other techniques include activating the

surfaces by coupling to an amino group, which can then be attached to a receptor site with a

carboxylic acid functionality with either N-hydroxysuccinimide (NHS) or dicyclohexyl

carbodiimide (DCC) as a coupling agent.

One can envision the patterning of the silicate surfaces with various receptors specific for

different analytes that absorb at different wavelengths. An array of chemo- and bio-sensors can

be built on DFB laser cavities by incorporating reporter chromophores of varying emitting

wavelengths into specific areas of the cavity embossed with the respective grating period A. In

Scheme 2.6.

RSi-OH + RzSiX(4_z) ' R-Si-O-Si-Rz + HX

(X = Cl, OMe, OEt)
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Scheme 2.7.

Urethane linkage

0catalyst H
OH + (OEt)3Si-(CH 2)3-NCO -- a O-C-N-(CH 2 )3-Si(OEt) 3

THF, A

Propoxy linkage

O~)H + ;. Br MeOH, KOH (OEt)3SiH 
KBr, A H2PtCI6, A

Sillation via dehydrative coupling

(OEt)3Si-(CH 2 )3-NH 2 H H@'L + (}: N-=C= ~N-0 -0 ~+ Cy-N-C-N-Cy
COOH 2 CONH-(CH 2)3-Si(OEt) 3

order to move to the multiplexing of these high gain sensors, the covalent attachment chemistry

and the dependence on the concentration of receptors must be investigated.

To date, three methods of coupling chemistry have been explored as routes for attaching

dye chromophores to the silicate-based matrix synthesized in this Chapter. In following Scheme

2.7, the dye used was 7-hydroxy-4-methylcoumarin (Coumarin 4) with its hydroxyl functionality

appropriate for the coupling chemistry with the propoxy and urethane linkers.54'55 For the

propoxy linker chemistry, the intermediate allyloxycoumarin was crystallized as white needles

and characterized by H NMR. It was then treated with triethoxysilane in the presence of HPtC16

catalyst, and it took several days to go to completion. The use of the olefin hydrosilylation

catalyst HPtCl 6 resulted in the precipitation of Pt(O) and the need for oxygen as a co-catalyst

may have hindered the overall synthesis of the propoxy-linked coumarin.

The synthesis for the urethane linkage was monitored by FTIR and 1H NMR. The

disappearance of the isocyanate peak (2290 cm - ') and the increase of the urethane peak (1765

cmn') were monitored by FTIR (see Appendix). Isolation of the urethane-linked coumarin

allowed characterization by H NMR, UV-vis and emission spectroscopies. The solution

absorbance showed high energy dye transitions, and excitation at 375 nm resulted in
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Scheme 2.8. NH2 NH2 NH2 NH2
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fluorescence at X.max = 450 nm; this is consistent with the spectroscopic characterization of

C'oumarin 4. 56 Dehydrative coupling of a carboxylic acid group on a Rhodamine 610 dye and

APTES with the DCC coupling agent was also attempted. The Sulforhodamine B dye with a

sulfonyl chloride moiety was also coupled to APTES in pyridine. These preliminary reactions are

all viable methods for covalently linking a dye chromophore and relevant receptors with similar

finctionalities onto the SiO / TiO2 film surfaces.

Upon successful coupling, the silanes can be used in the hydrolysis and condensation

reactions of Section 2.2.1. The concentrations of the dye-attached silane relative to the silica and

titania precursors must be worked out in order to prepare optimized waveguiding samples.

Ultimately, biosensing can be performed with the SiO / TiO, DFBs by surface modification of a

biomolecule such as biotin, and subsequently flowing through various concentrations of the

glycoprotein avidin. APTES can also be used in the silanization of the surface with pendant

amino groups, and upon reaction with glutaraldehyde an active aldehyde is attached at the

surface, as shown in Scheme 2.8. Finally, the aldehyde can react with a primary amine of a

protein to form the final -CH=N-protein. 57 Optical performance of the modified waveguides

must be assessed and once they are optimized, the receptor-functionalized DFBs will be

generalized for highly specific and sensitive non-linear biosensing applications.
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2.3 Conclusions

The synthesis of thin films that have the proper physical and optical requirements for

DFB implementation has been achieved. Exhaustive compositional studies of the concentration

dependent synthesis of inorganic SiO / TiO, matrices for waveguiding were conducted. We find

that 2:1 SiO,/Ti(O) matrix composition with dye loadings of 102 M possess the desired

properties for optical waveguiding:

· A mean surface roughness of < ±0.500 nm as determined by AFM is obtained.

* A refractive index of n - 1.60 is deduced from spectroscopic ellipsometry

measurements.

* And a film thickness that falls within the range of the calculated minimum cut-off

thicknesses that will support the mth mode (d = 250 - 400 nm).

Optical characterization of these films indicated that they exhibit amplified stimulated emission

properties, a necessary condition for DFB lasing to be achieved.

In addition, we optimized the stamping of the thin films with a PDMS rendering of the

DFB grating. A narrowing of the stimulated emission modes off the front face of the second

order emitting DFB structures was observed, with a FWHM of 2.4 nm and a Q-factor of 245.

This is a relatively good quality laser device, considering the impregnated organic chromophore.

Numerous attempts to incorporate pH sensitive dye Vita Blue into the DFBs did not result in a

lasing cavity. These results indicated that the local environment was changing the spectroscopic

properties of the dye, and more studies must be carried out to stabilize the organic chromophore;

the low photoefficiency and stability of the dye may be circumvented by covalent attachment to

the film. Future investigations of the SiO / TiO, DFB cavities will require covalent modification

of the surfaces to provide further stability to the receptor and reporter sites.
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2.4 Experimental

2.4.1 General Methods

All synthetic manipulations were conducted under air and moisture-free conditions using

standard Schlenk-line techniques or a nitrogen-filled glove box.

Spin casting was carried out on a Headway Research spin coater and cured on a Coming

stirrer/hot plate, both located in the Bawendi Lab at MIT. Both the spin coater and the hot plate

were housed in a small, portable glove box to control the local environment. Prior to spin

casting; the box was purged with nitrogen until the humidity range was between 19 - 24%.

Surface profilometry was conducted on a Tencor P-10 (KLA-Tencor Corp.) instrument,

with a 2.0 m stylus tip. Single wavelength ellipsometry measurements with a Gaertner

Scientific Three Wavelength/Variable Angle Ellipsometer were made on first generation

samples. The Fink Lab at MIT generously allowed us to use their scanning wavelength SOPRA-

GES 5 spectroscopic ellipsometer. FTIR reflectance measurements were carried out on Si

substrate samples with a Nicolet Magna 860 spectrometer coupled with a Spectra Tech Nic Plan

FTIR microscope. Absorbance measurements on thin film samples were carried out on a Cary 5E

Dual Beam spectrophotometer. Steady state solution emission spectra were obtained (in a 1 cm

pathlength quartz cuvette) from a custom-built Photon Technology Instruments fluorometer

installed with a Hamamatsu R928 photomultiplier tube and a 150 W Xe excitation lamp. With

the exception of our fluorometer and the spectroscopic ellipsometer, all the instruments are

maintained in the Analysis Shared Experimental Facility at the MIT Center for Materials Science

and Engineering (CMSE).

All NMR spectra were collected at the MIT Department of Chemistry Instrumentation

Facility (DCIF) on a Varian Mercury 300 or Varian Unity 300 Spectrometer at 25 2 C.

Chemical shifts are reported using the standard 6 notation in ppm. 'H NMR spectra were

referenced to residual solvent peaks.
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2.4.2 Materials

Laser dyes were obtained from Lambda Physik Inc. Solvents for syntheses were of

reagent grade or better, and degassed prior to use. Water was OmniSolv (EMD Chemicals Inc.)

grade and also clegassed. Starting reagents were obtained from Aldrich Chemical Co., TCI

America, and Strem Chemicals, and all materials were used as received. NMR solvents

(Cambridge Isotope Laboratories) were either dried using appropriate agents or used as received

in glass ampoules. Glass substrates were cut from 25 mm x 75 mm microscope slides (VWR)

into approximately 1 cm x 0.25 cm pieces. Silicon substrates for profilometry, ellipsometry,

AFM and FTIR measurements were cut from 4 inch p-type (B-doped) <1,0,0> wafers, with p = 2

- 3.5 Q-cm and 500 - 550 ptm thickness (Silicon Quest, CA). Glass and silicon substrates were

cleaned using Pirahna solution (7:3 by vol. conc. HSO04 / H20 2) and subsequently with the RCA

SC-1 method (7:1:1 by vol. H0O / HO / NH4OH).58 They were then dried with a stream of

clean, pressurized nitrogen.

2.4.3 Synthesis of SiO2/TiO2 Matrix

The sol-gel matrices were prepared by the acid-catalyzed partial hydrolysis of Si(OEt)4

(99 .999%, Aldrichl Chemical Co.) and Ti(OR) 4 (R = Et; Strem Chemicals, PURATREM or R =

Bu; TCI America) at various concentrations (1:1, 2:1, 1.72:1, 4:1, 1:2, 100% [Ti]). The two

precursors were mixed under an inert nitrogen atmosphere (glove box conditions). The laser dye

solution of degassed, anhydrous ethanol (0.02 M) was then introduced, followed by the dropwise

addition of 0.2 mL 2 N HC1. Reactions were carried out at room temperature, under N.

atmosphere, and allowed to react from 1 hr to overnight.

Thin films were prepared by syringing the sol through an Acrodisc syringe filter (13 mm

with 0.2 [pm HT Tuffryn membrane) onto substrate and spin coating at 2000 - 5000 RPM to give

various thicknesses. The samples were subsequently cured at 150 - 200 °C for 2 min.
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2.4.4 Preparation of PDMS Stamps

The DFB master gratings were fabricated in the labs of Prof. Henry Smith at the MIT

Research Laboratory of Electronics (RLE) using the reactive-ion etch (RIE) method59 on silicon

wafers. The -1 cm2 templates were evacuated inside a vacuum chamber for 20 and 2 min

intervals, cycled twice, in the presence of tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane

(United Chemical Technologies). Poly(dimethyl)siloxane (PDMS) stamps of these master

templates were prepared using precursors obtained from Dow Coming Corp., where Sylgard 184

Silicone Elastomer base and Silicone Elastomer curing agent were mixed (10:1 ratio by weight)

and degassed in a vacuum chamber for 1-2 hours. The mixture was then poured onto the master

grating sample and allowed to cure for 2 days at room temperature, whereupon the PDMS was

removed from the master grating and cut into re-usable stamps.

2.4.5 Preparation of DFB Samples

The thin films upon which the grating pattern is embossed are prepared as described in

Chapter 2.4. The films are spin-cast at 3000 RPM for 1 min onto clean substrates at room

temperature in a controlled environment (low humidity, N2 purged). Freshly spun films were

embossed with the PDMS stamps with the appropriate grating period. The films were then cured

at high temperature on a heat plate at 200 C for 2 min, with even weight distribution placed on

the stamp. For room temperature stamped films, a heavier lead weight block was clamped

securely over the freshly spun films and left to cure for two days before removing the PDMS

stamp.

2,.4.6 Characterization Techniques

2.4.6.1 Surface Profilometry

Surface profilometry measurements were performed on a thin film spin coated on Si

substrates. A unifi:rm scratch along the thin film surface was generated, and the film depth was
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obtained with a 2.0 tm tapping tip. A thickness was obtained from an average of at least 3-5

separate measurements for each sample, upon leveling of the data.

2.4.6.2 Single Wavelength Ellipsometry

Single wavelength ellipsometry measurements were carried out on C152-doped samples,

where excitation with an Ar laser (X = 488 nm), a HeNe laser ( = 633 nm), or a diode laser ( =

830 nm) was dependent on the absorbance of the films. The angle of incidence was at 0 = 700

and the polarizer angle was set at 450. The default Si substrate n and k values are set by the

MULTFILM program, which used old retardation values from 1997 to generate T and A

parameters. New substrate parameters were subsequently generated with a reference sample for

each excitation wavelength: ( = 488 nm; n = 4.337; ks = -0.081), ( = 633 nm; n = 3.850; ks =

-0.020), and ( = 830 nm; n = 3.659; k = -0.004).

2.4.6.3 Spectroscopic Ellipsometry

The spectroscopic ellipsometer was scanned every 8 or 10 nm from X = 300 - 1800 nm,

with the analyzer angle at 450 and the incident angle stepped every 3 from 72 - 78°. Integration

time was set at 10 s or 20 s for more absorbing samples. The ellipsometric parameters were fit to

a Levenberg-Marquardt regression algorithm function: cos(2-) and sin(2T)cos(6), and in some

cases, absorption corrections were necessary to obtain a satisfactory fit (SOPRA-Winelli V4.07).

The regression analysis was performed using the Cauchy dispersion model, which yielded the

film thickness and the Cauchy coefficients. The Cauchy parameters were interpolated from the

data and the refractive indices and film thicknesses were then derived as a function of

wavelength.

2.4.6.4 Atomic Force Microscopy

The surface morphology was determined by Atomic Force Microscopy (AFM) using a

Nanoscope IIIa Scanned Probe Microscope housed at the CMSE. The mean surface roughness

(rn-ns) was determined from a roughness analysis and a plane curve correction routine.
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2.4.6.5 Atomic Force Profilometry

Atomic force profilometry (AFP) was conducted on a pilot instrument, KLA Tencor

Nanopics 2100, in both contact and surface sampling modes. Contact mode scans were

conducted on a 6 itm x 6 jpm area with 512 x 512 pixels/line resolution and a 1.33 Hz scan speed,

and are dependent on the tip motion (pendulum movements) throughout the measurement.

Surface sampling mode, similar to tapping mode of AFM, gave more accurate grating depth

measurements due to the lack of lateral motion of the tip as it traced the surface. Scans were

carried out at 0.67 Hz with 512 x 512 pixels/line resolution. AFP measurements were conducted

only on room temperature stamped and cured samples.

2.4.6.6 Scanning Electron Microscopy

Scanning Electron Microscopy (JEOL 6320FV Field-Emission High Resolution SEM) of

the films on Si substrates determined the confirmation of successful pattern transfer. The SEM is

maintained by the MIT CMSE Electron Microscopy Shared Experimental Facility. These

samples were found to easily charge under the electron beam, and contamination from the

sample was also observed at low voltages. Both backscattering and secondary electron setups

were also used with the BSE and SEI detectors, respectively, in hopes of obtaining higher

resolution images of the patterned thin films. Images of sufficient quality were eventually

obtained with either objective aperture 2 or 3, an accelerating voltage of I kV - 2 kV, a working

distance (WD) of 8mm, and a slight tilt of the sample (3 - 3.7°). The images were obtained by

integration of 100 - 198 snapshots, followed by image processing with the 2D Average, Cube,

and SQRT functions. The master gratings with A = 360 nm and 385 nm were also examined

using SEM, with an accelerating voltage of 5 kV, 8 mm WD, and no tilt angle.

2.4.7 Synthesis of Mesoporous Silica Layer

The incorporation of a cladding layer with a lower refractive index than substrate was

attempted with the synthesis of a mesoporous silica layer (n = 1.2). The synthesis required using
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the (ethylene oxide) 2o-(propylene oxide) 70-(ethylene oxide) 20 triblock copolymer series

(Pluronic P123, BASF) as the structure-directing agent.46 Using the pure tetraethyl orthosilicate

precursor, 3.5 g (3.75 ml) of Si(OEt) 4 was hydrolyzed with 1.3 g H20 (pH = 1.3, HC1, dropwise

addition) under nitrogen for 2 hrs until the solution was homogeneous. P123 (1 g) was

completely dissolved in 10 g anhydrous EtOH and added dropwise to the silica/water solution.

The reaction was stirred under nitrogen and allowed to age at room temperature for two days to

promote silica cross-linking.

Films were prepared by spin coating at 2000 - 3000 RPM onto glass substrates, and cured

at 150 C for 15 min. Subsequent syntheses shortened the room temperature aging of the

silica/P123 mixture to 1 hr and curing of the films to 195 C. Single wavelength ellipsometry

measurements were made for these samples at Xexc = 633 and 830 nm, and the calculated

thicknesses and refractive indices were too varied to be accurate. However, they were not close

to the expected value of 1.2, with refractive indices in the range of 1.45 - 1.55.

2.4.8 Optical measurements

Absorption spectra on thin films were obtained on a Cary 5E Dual Beam

spectrophotometer, with the subtraction of reference spectra taken of glass substrates. A

schematic of the optical detection setup is shown in Figure 2.21. Spectroscopic measurements

involved excitation with a 50 Hz Nd:YAG laser (Continuum NY60) using the 532 nm second

harmonic radiation which passed through a cylindrical lens to focus the beam to a stripe, and a

dichroic filter to pass the appropriate wavelengths. A filter wheel was placed in the incident

beam path to change the power of the excitation source. Samples were mounted in a cryostat

(Janis) evacuated to 10- 5 atm and cooled with liquid nitrogen down to 80 K. The cryostat was

rotated to position the sample about -450 to the incident beam to enable front-face detection of

second order laser emission, and in the case of ASE measurements, the fiber optic/detector was

placed -90 ° to the sample surface. The emission from the sample was fed through a fiber optic
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Figure 2.21. Schematic of the optical detection setup for a slab waveguide and for a DFB.

cable into a CCD spectrophotometer with an entrance aperture of 25 jgm and 600 /mm grating

blazed at 500 nm (Ocean Optics HR 2000). Integration times for data acquisition were set to be

300 - 1000 ms. Power dependence measurements were obtained at the same location for the

samples, and pump power readings were taken before and after each measurement.

2.4.9 Synthesis of Vita Blue (VB) Dye

The synthesis followed modified literature procedures.5 2 The starting material, 2-

chlorosulfonyl benzoylchloride, was synthesized by refluxing 2-sulfobenzoic anhydride (15.35 g,

0.083 mol) and PC15 (32 g, 0.154 mol) under nitrogen. The evolution of HCl and OPC13 was

observed, and the pale yellow solution was heated for 2.5 hrs. The hot solution was poured onto

ice and extracted with the slow addition of 100 ml ether; it was slightly exothermic and was

further quenched with the addition of more ice. Removal of the aqueous phase and drying the

ethereal fraction overnight with MgSO4 yielded a white solid.

All of the product from the above reaction was used without further purification, and was

added to a round bottom with 1,6-dihydroxynaphthalene (8 g, 0.05 mol) and ZnCl 2 (3.5 g, 0.025
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mol). The mixture was heated up to 90 - 95 °C and gas evolution was observed. A solution of

NaOH (6 g in 100 ml water) was added and the reaction stirred for 15 min. The solid was filtered

off and the dark green filtrate was acidified with concentrated HC1 until neutralized. Now murky

red-brown, the solution was filtered and the solid was dissolved in ethanol (150 ml). The ethanol

was brought to a boil and subsequently cooled to 4 C overnight. Dark red-brown solid was

obtained and characterized by negative-ion ESI-MS (Applied Biosystems Mariner Mass

Spectrometer) as the crude VB product.

The crude VB product was then converted to the diacetate (VB-ac) by dissolving the

solid (0.096 g, 0.2 mmol) in acetic anhydride (30 ml) and refluxing for 4 hrs. The orange-brown

solution was filtered hot and the acetic anhydride was removed by vacuum distillation. The

brown solid was recrystallized with ether at 4 C, and repeated multiple times to yield more

product. Finally, VB-ac was dissolved into an ethanolic solution of NaOH, which instantly

turned blue-green and solvent was stripped in vacuo. The pale green solid was dissolved in

degassed water and concentrated HC1 (- I ml) was added dropwise until the solution turned

purple with precipitate formation. The super fine magenta purple solid was then centrifuged to

remove the supernatant and recrystallized by layering methanol and ether at 4 °C. After multiple

recrystallizations, purple solid was obtained and characterized by ESI-MS to be the VB product.

ESI-MS m/-: [M I- H] 465.

2.4.10 Synthesis of Propoxy Coumarin Linkage

7-Hydroxycoumarin (1 g, 6 mmol) was added to a solution of KOH (0.36 g, 6 mmol) and

KBr (0.038 g, 0.3 mmol) in methanol (45 ml). The reaction was heated to 40 °C for 20 min under

nitrogen. Allyl bromide (0.61 ml, 7 mmol) was added dropwise, and the reaction was refluxed

for 6 hrs. After cooling the almost colorless solution to room temperature and with the addition

of water, white solid precipitated. The extraction of the product into diethyl ether and removal of

solvent resulted in a white solid. Recrystallization from methanol at 4 °C yielded white needles

of allyl coumarin, which were characterized by H NMR spectroscopy.
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Allyl cou-marin (0.5 g, 2.33 mmol) was dissolved in anhydrous toluene and

triethoxysilane (0.56 ml, 3 mmol) was added dropwise. The solution was heated to 50 C,

H2PtCl6 catalyst (8 wt. % in H20; 0.0011 g, 2.6 x 10-6 mol) was added, and the reaction was

brought up to 70 C. After reacting for 4 days, Pt(O) was filtered off and the remaining pale

yellow solution was stripped of solvent in vacIuo. The yellow oil was recrystallized with

dichloromethane and pentane. 'H NMR (300 MHz, CDC13) 6 / ppm: 7.52 (d, 1H, 9 Hz), 6.9 (qd,

2H, 8.7 Hz. 2.7 Hz), 6.15 (d, 1H, 1.5 Hz), 5.5 (q, 1H), 4.63 (dq, 4H, 5.4 Hz), 2.45 (s, 3H), 1.58

(s, 2H), 1.28 (m, 9H), 0.9 (t, 2H, 6.6 Hz).

2.4.11 Synthesis of Urethane Coumarin Linkage

7-hydroxycoumarin (1 g, 6 mmol) was dissolved in 40 ml anhydrous THF.

Isocyanatopropyltriethoxysilane (ICTES; 1.78 g, 7 mmol) was added dropwise to the reaction

mixture, stirring under nitrogen. Upon addition dibutyltin laurate, the reaction was refluxed

overnight. After cooling to room temperature and removal of solvent in vacuo, white solid was

obtained. H NMR of the crude product indicated the presence of ICTES starting material, which

needed to be removed by heating to high temperature under vacuum. The white solid was

washed with cold methanol (dry ice/acetone) and then with dry hexane to further remove starting

material. The product was then recrystallized from methylene chloride and pentane, and

subsequently characterized by 1H NMR with resonances that correspond to reported values. H

NMR (300 MHz, CDC13) 6 / ppm: 7.6 (d, 2H, 9.3 Hz), 7.15 (m, 2H), 6.25 (s, 1H), 5.6 (broad t,

1H), 3.9 (q, 6H, 6.9 Hz), 3.32 (q, 2H, 6 Hz), 2.45 (s, 3H), 1.75 (m, 2H), 1.29 (t, 9H, 6.9 Hz), 0.75

(t, 2H, 8.1 Hz).
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3.1 Diffraction Grating Response

3.1.1 Introduction to Diffraction Theory

The diffraction gratings of Chapter 2 may be used directly as sensing elements without

the need for resonant stimulated emission. In this experiment, light is simply diffracted off of the

grating. The intensity of the diffracted response can be variable to target analytes, thus

establishing this method for sensing applications. Before the chemoresponsive diffraction

measurement is presented, it is useful to review diffraction theory briefly. When a plane wave

monochromatic beam is incident on the grating normal to the substrate's surface, diffraction

occurs with a set of beams of order m (m = 0, +1, 2, +3...) depicted in Figure 3.1. The

diffracted beams appear at angles with respect to the normal, as defined by the equation,

sin Om =m (3.1)

where A is the optical wavelength, and A is the grating period. This spatially periodic contrast of

the complex index of refraction (), which is the sum of real (n) and imaginary (k) components,

is given by,

(x, A) = n(x, A) + ik(x, ) (3.2)

where n and k at position x along the grating are wavelength dependent. It is important to note

that k(x,2) is the absorptivity of the material at wavelength A and position x and is given by,

k(,A) =- 2 3A (A) (3.3)
4;d

where A(A) is the absorbance and d is the thickness of the material. A periodic contrast of either

n or k will result in diffraction, where phase grating behavior is a consequence of modulating the

former and amplitude grating behavior is caused by the contrast of the latter. Modulation of both

n and k in a grating is described as a mixed grating. When the grating material is non-resonant
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Figure 3.1. Using a DFB to obtain a diffraction
modes (m = 0, +1, ±2...) at angles O.

grating pattern of specific

(i.e., the lattice material does not absorb excitation light), the lattice exhibits pure phase grating

behavior. Under resonance conditions, the lattice behaves as a mixed grating so it requires

treatment of both n(A) and k(A) in detection studies.

It is assumed that in most experimental situations that the total diffraction efficiency is

low ( r < 0.01), so it is approximated for a grating produced by a sinusoidal variation of n and/or

k as,"

r(A) = expL osk ]( cosO + n)] (3.4)

where Ois the Bragg angle, and An(A) and Ak-(A) are, respectively, the difference in the peak-null

values of n and k at a specific wavelength. One can see from eq. (3.4) that r is proportional to

the square of the absorptivity and refractive index modulation terms.

3.1.2 Chemoresponsive Diffraction Measurements

Operationally, the diffraction efficiency is obtained as the ratio of the diffracted signal

intensity to the non-diffracted signal intensity (,0o / o0,o), as shown in Figure 3.2. The DFB
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architectures constructed in Chapter 2 are approximated as "thin" gratings, where there is little

variation in the thickness of these films. The diffraction efficiency for these samples is

approximated by, 4

710n = 1 t a s [(In)2 - (Ak )2] (3.5)

and is directly proportional to the square of the grating path length, d, and the square of the

difference in refractive index, An, between the chemoresponsive lattice and the surrounding

medium, An = nlattice - nmedium, at a constant probe wavelength A. When the grating is non-

resonant, Ak = 0, and therefore the change in 17 is simply a function of the index contrast before

and after analyte exposure.

If gratings exhibit electronic resonance, in conditions where the lattice material absorbs

the probe light, the changes in diffraction efficency can be significantly amplified and therefore

the detection limits of this signal transduction method will be increased. 4' This is shown in

Figure 3.2, where the sol-gel film that makes up the diffraction grating material is impregnated

with a molecule that absorbs at the excitation laser wavelength. To impart selectivity to this

technique, impregnation of the sol-gel matrix with a solvatochromic compound/dye will provide

analyte _ absorber

:0

lin,- 530 nm0 --

O. 0 O (0 O) (1,0)

; - A

Figure 3.2. Diagram of detection setup for diffraction gratings, where
the diffraction spot intensity (Il.o) is monitored relative to the
undiffracted spot intensity (o,o) as a function of An.
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both a chromophore and a chemoresponsive site in the grating. Bailey and Hupp have exploited

the vapochromic behavior for resonant gratings and find that the change in refractive index

induces a photonic lattice response to a representative analyte can be amplified by 3.5 orders of

magnitude.4 Examples of devices that employ similar detection methods relying on index

contrasts include optical fibers and waveguides, 6 8 thin-film interferometry from porous silicon, 9

I Bragg-reflector-based porous silicon microcavities,l3 Kretschmann geometry surface plasmon

resonance (SPR) spectroscopy, 14 15 and localized surface plasmon (LSPR) spectroscopy. 6

Analyte recognition can be introduced to the overall detection scheme by incorporating

chemically specific receptor sites to these sensors.' 0 3

Hupp and co-workers have constructed 2-D gratings or "photonic lattices" of

[Pt(CNC6H 4Clo0 H )4 ][Pd(CN)4] and polymers featuring nanoscale pores.4 '5 A hexane suspension

of the molecular squares is micropatterned using capillary action and a PDMS stamp with an

array of 5 x 5 Km:' features. With a lattice periodicity of -10 gm, these materials readily diffract

monochromatic visible light, generating a characteristic diffraction pattern that is related to the

physical pattern of the lattice by a Fourier transform. Upon exposure to volatile organic

compounds (VOCs) such as chloroform and methanol, the gratings with initial refractive index

(n) adsorb the VOCs. The uptake results in a change in the material's complex refractive index,

h, which is accompanied by a change in the degree of index contrast between the lattice and the

surrounding medium (in this case, air). This ultimately leads to a change in the diffraction

efficiency ( ) of the grating,'

f n= ~ (3.6)

where the diffraction efficiency of the mth order diffracted spot is the ratio of the intensity of that

spot (In) and the intensity of the incident beam (Ii). The presence of polarizable analyte species

in the material causes the refractive index of the lattice to increase, since the air (n = 1) or water

(n = 1.33) in the void space is replaced by an organic compound with higher n - 1.4 - 1.5. With
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the increased index of the porous material, a greater degree of index contrast with the

surrounding environment and an increase in diffraction efficiency is obtained. This method is

deemed general because all molecules contain polarizable electrons; therefore, all molecules

have the capability of inducing changes in refractive index and diffraction efficiency when

impregnated in porous host matrices. The major drawback to this transduction mechanism and

other similar schemes that rely on changes in refractive index is the lack of chemical selectivity

in signaling generation.

The porous "vapochromic" [Pt(CNC6H4CIoH,1)4 ][Pd(CN)4] compound is responsive only

to a range of volatile organic compounds at saturation vapor pressures. 17' The chemoresponse

depends on the molecule's adsorption of analyte and the ensuing change in the absorption

spectrum of the square lattice provides sensing amplification through resonance. In addition,

Hlupp used polymers (polyepichlorohydrin, polyisobutylene and polybutadiene) that act as a host

to organic solvents, limiting the chemoresponse of his diffraction gratings to the adsorption of

analyte with low selectivity. To impart targeted detection with a resonant response, the squares

(and its absorbance) must be modified for different analytes and this can prove to be

cumbersome for the countless number of environmental interferents. With the approach

described in this Chapter, the use of the SiO / TiO: DFBs fabricated in Chapter 2 separate the

resonant response from both receptor site and matrix porosity. A matrix with controlled porosity,

which can be augmented with a covalently attached receptor site for specificity and an external

dye for resonance, is advantageous to the polymer and molecular square devices. What is needed

are precisely the L)FBs already described in Chapter 2, only with a larger grating periodicity (A)

required for visible diffraction. The separation of the receptor site from the resident chromophore

imparts versatility to these diffraction gratings. Additionally, more complicated structures for

self-referencing and correction, as will be described below in Section 3.3, can be constructed.
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3.2 Results and Discussion

The diffraction sensor arrays of Hupp and co-workers motivated us to investigate whether

the SiO / TiO: DFB structures fabricated in Chapter 2 demonstrate similar responses to volatile

organic compounds. By impregnating the film with a dye that absorbs the excitation wavelength,

we can monitor the resonance amplified changes in the diffraction intensity. The porosity of the

films allow for diffusion of analyte and solvents into the matrix. Polar solvents are expected to

associate well with the surface and the pore walls of the sol-gel matrix because the pore

environment reflects that of an aqueous alcohol solvent.19 Solvents with higher dielectric

constants were also found to diffuse faster into porous sol-gel glasses than solvents with lower

dipole moments. 0 '' As a comparison, the bulk diffusion coefficients for acetonitrile 2 2 and

chloroform 23 are 4.04 x 10- 9 m2 /s and 2.44 x 10 9 m2 /s, respectively. When the solvents reside in

the sol-gel pores, the effective diffusion coefficients are significantly lower: 10.8 x 10 10 m2/s

and 4.1 x 10 0 m2/s for acetonitrile and chloroform, respectively. °0 Interestingly, the factor of

difference between the bulk and pore diffusion coefficients is much larger for chloroform and

other non-polar solvents. Polar solvents like methanol and acetonitrile can form stronger

hydrogen bonds wvith the surface silanol bonds, which is expected to immobilize the adsorbed

solvent molecules and slow down translational displacement. However, the polar molecules are

presumed to have faster adsorption and desorption processes at the surface, and higher mobility

within the pores of the sol-gel, resulting in a higher measured diffusion coefficient.: These

literature results prompted us to test the porosity and vapochromic diffraction response of the

DFBs in the presence of non-polar (chloroform) vs. polar (acetonitrile and methanol) vapors.

Initial experiments were conducted on a 2:1 SiO / TiO, film doped with 4-

di cyanmethylene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM), a laser dye that

exhibits spectral changes in the presence of different solvents. The DCM dye also absorbs at the

ex citation wavelength X = 532 nm, and thus can provide signal amplification as a resonant type

grating. A grating pattern, with A = 385 nm from the PDMS stamps described in Chapter 2, was
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Figure 3.3. (left) Monitoring the diffracted spot for a sol-gel DFB impregnated with DCM
dye. (right) Time trace of the intensity. Data collected every 300 ms.

imposed on the sample. One diffraction spot was observed, as expected from Bragg's law, and

the intensity of that beam was monitored with a CCD spectrophotometer. Excitation sources

included both a He-Ne laser and a green laser pointer, both of which were confirmed to have

stable radiation output before measurements. Time response and reproducibility are crucial

faictors for the vapor detection system studied here, and the introduction of solvents to the DFB

was repeated in monitoring film responses.

A control experiment monitoring the diffracted spot intensity (,, = 532 nm) upon

exposure of the film to pressurized air is shown in Figure 3.3. The trace on the right of Figure 3.3

plots the corresponding intensity as a function of time with the data collected every 300 ms. As

expected, the diffraction intensity remains relatively constant (+ 5.6 a.u.). Figure 3.4 shows the

time-resolved diffraction response of this test grating upon repeated exposure/pause cycles of

two polar organic solvents: acetonitrile and methanol. Upon exposure of the SiO / TiO, gratings

with acetonitrile vapor, possessing a dielectric constant £ = 38.8,24 the intensity of the monitored

diffraction spot changed dramatically. Over the course of 2 min, the vapor was cycled in and out,

and the traces in Figure 3.4a show the response of the grating as the acetonitrile solvent diffuses

in and out of the pores. The local refractive index mismatch is altered when there are resident
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Figure 3.4. (left) Monitoring the diffracted spot for a sol-gel DFB impregnated with DCM dye.
(right) Time trace of the intensity. Data collected every 300 ms. (a) Acetonitrile and (b) methanol
are compared here. Refractive index (n) and dielectric constant () are listed for each solvent.
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solvent molecules in the sol-gel matrix, resulting in a change in diffraction efficiency, as

explained by eq. (3.5). This qualitative contrast in intensity is mirrored in experiments where the

same sample is exposed to methanol ( = 33.62).4 As shown in Figure 3.4b, the intensity of the

diffracted spot decreases in the presence of methanol and recovery of the intensity is observed

when the solvent diffuses out of the pores.

In contrast, non-polar solvents have a smaller diffusion coefficient in sol-gels; therefore,

chloroform ( = 4.806)24 should not be able to penetrate pores as efficiently and the films should

not exhibit any response. As shown in Figure 3.5, the intensity remains relatively constant with a

standard deviation of+ 6.1 a.u. Although these are very preliminary results, they do indicate that

the prepared SiO / TiO2 films are porous to analyte and that the diffracted spot intensity is

affected by changes in the effective refractive index. These proof-of-concept experiments

demonstrate the ability of the sol-gel DFB gratings to signal (as a simple diffraction grating) the

presence of polar compounds (VOCs). Inclusion of an absorbing organic chromophore within the

pores serves to increase the index mismatch and thereby amplifying the diffraction grating

response by resonance.

rnn_

400-

> 300-
I,
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200-

100-

Ou -
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"5 300-
C

C 250-

200-

1500-

, , 100-
500 525 550 0 5 10 15 20

Wavelength / nm Time / s

Figure 3.5. (left) Monitoring the diffracted spot for the same sample as in Figure 3.4. Refractive
index (n) and dielectric constant (£) is listed for chloroform. (right) Time trace of the intensity.
Data collected every 300 ms.
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3.3 Future Directions

The preliminary experiments shown in Figure 3.4 and 3.5 did not measure the diffraction

efficiency of the grating, as related in eq. (3.6). To obtain 11, two photodetectors (monitoring 10,0

and Il1o) wired in a circuit to generate a signal output are required. The initial experiments were

conducted with the only available CCD detector at the time. Since then, we have been able to

construct a detector with two phototransistors wired in a Wheatstone Bridge configuration,

which is then connected to a voltmeter to obtain current ouput. The reading can then be digitized

by feeding the signal into a National Instruments Data Acquisition card interfaced with LabView

software. More photodiodes can then be added to the series for multiplex measurements.

For future experiments, the ability to monitor multiple diffraction spots requires gratings

with larger periodicities. One can envision positioning a photodiode at each higher order

diffraction peak to further ensure accuracy in measurements. The master gratings obtained from

RLE have spacings of A = 280 - 360 nm, which are too narrow to diffract visible light with more

than one mode. Ruled reflective gratings with 600 grooves/mm blazed for 500 nm light were

obtained, and were used to fabricate PDMS templates. Those stamps were then used to generate

efficient diffraction gratings on the thin films, and future sensing investigations should be

Double gratings

0 0 0 0 0 0
.{.S -V 1 7. T' r. aI Tr

ni

n /2 G

no s 7 - 7 -T -
O molecule responsive to "analyte" can monitor AL of DFB as well

Figure 3.6. Use of second grating (with nl or n2) allows it to act as a control channel in sensing
measurements. For a resonant grating with appropriate A, the lasing of the DFB (L) can also be
monitored.
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Figure 3.7. Reichardt's dye (pyridinium-N-phenoxide betaine) exhibits a hypsochromic
shift as shown in the absorbance spectrum on the right (from Ref. 25).

performed on these visible light diffracting platforms.

Use of a solvatochromic dye that is responsive to one solvent and not all others will

provide a useful proof-of-principle experiment to test the utility and amplification potential of

this technique to our films. An additional grating of the same material (i.e., with same refractive

index n l) or different material (n,) hosting the chemoresponsive chromophore can also be

imposed as the bottom "cladding" layer. This second grating, with its own diffraction pattern,

can serve as the control channel; the intensity of the monitored diffracted spot of the second

grating should not change in the presence of analyte. The index mismatch, a factor of the

diffraction efficiency, is not as drastic for the bottom layer as it is for the top grating, which

contrasts with air. The detection of analyte can be further confirmed by the parallel

measurements of both gratings, as depicted in Figure 3.6. If the diffraction grating has the

appropriate period to act as a DFB, then the emission (L) from the laser cavity can also be

monitored. A well-known solvatochromic dye is pyridinium-N-phenoxide betaine (Reichardt's

dye), which exhibits a hypsochromic shift in its absorbance spectrum.2 5 The range of its

absorption maximum from non-polar ethers to water is shown in Figure 3.7. What is ideal about
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this dye is its ability to shift its absorption peak off- and on-resonance in the presence of the

respective solvent. This will prove to be powerful because the diffraction efficiencies will vary

greatly between those two states of the grating.

3.4 Concluding Remarks

In this thesis, two possible and exciting avenues of future work for the DFBs are

described. The silica - titania films of our DFB lasers can easily be modified via silylation

coupling reactions. Execution of these surface functionalizations, the chemistry of which has

been previously explored, will result in numerous possibilities for chemo- and bio-sensing

applications. Immobilization of laser dye chromophores and indicators is just the beginning of

surface modification chemistry that can be utilized, and similar reactions can be carried out with

bioreceptors and silanes to provide receptor sites for targeted biomolecules.

Although a lot of work has been described in Chapter 2 regarding the optical

w aveguiding and emission properties of our DFB thin films, the diffraction grating itself can be

exploited in a much simpler manner. The diffraction grating, with the appropriate periodicity,

possesses a diffraction pattern upon probing with visible light. Its diffraction efficiency is a

function of the index contrast between the host material and its environment; the presence of an

organic analyte within the material induces a change in the index mismatch and ultimately the

intensity of the diffraction spots. Fortunately, our porous waveguide matrices are suitable for

adsorption of analyte and allow for the incorporation of a variety of chromophores to fabricate

resonant gratings. Especially with the incorporation of two gratings into one device, the

performance capabilities will be unprecedented, allowing for multiple measurements to be made

in parallel.
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3.5 Experimental

3.5.1 Materials

Glass and silicon substrates were cleaned using Pirahna solution and subsequently with

the RCA SC-i method. They were then dried with a stream of clean, pressurized nitrogen. Laser

dyes were obtained from Lambda Physik, Inc. Solvents are reagent grade or better. Film pre-

cursors were obtained from Sigma Aldrich, Strem Chemicals and TCI America. All materials

were used as received.

3.5.2 Preparation of PDMS Stamps

The DFB master template for these studies was a ruled grating blazed for 500 nm with

600 lines/mm obtained from Thor Labs. The grating was evacuated inside a vacuum chamber for

20 min and 2 min intervals, cycled twice, in the presence of tridecafluoro-1,1,2,2-

tetrahydrooctyltrichlorosilane (United Chemical Technologies). Poly(dimethyl)siloxane (PDMS)

stamps were prepared from mixing precursors Sylgard 184 Silicone Elastomer base and Silicone

Elastomer curing agent (Dow Coming Corp.) in a 10:1 ratio (wt. %). The degassed mixture was

then poured onto the template and allowed to cure for 2 days at room temperature. Although this

"master grating" is not fabricated on a silicon substrate, the PDMS preparation can be repeated

without destroying the grating.

3.5.3 Preparation of Diffraction Gratings

The sol-gel thin films are prepared as mentioned previously; the films are spin-cast at

2000 - 3000 RPM for 1 min onto clean glass substrates at room temperature in a controlled

nitrogen-purged environment of low humidity. Immediately after spinning, the PDMS stamp and

a 200 g weight are placed on top of the film to emboss the pattern. The films are then cured at

200 C for 2 min.
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A second method for the grating with larger periods was also used where the sol-gel was

syringed onto the substrate, and the PDMS stamp was subsequently placed onto the glass without

spinning. The film was then cured at 200 °C for 2 min with even weight distribution placed on

the stamp. Diffraction gratings were successfully transferred mainly at the two ends of the

substrate and less so at the middle where the pattern appeared to smear out.

3.5.4 Diffraction Grating Measurements

The light source utilized is a Helium-Neon laser (Melles Griot) or a diode laser pointer (X

= 532 nm). The samples were mounted so that the incident laser beam was normal to the sample.

The ditfracted beam was focused onto the fiber optic detector that fed into a CCD

spectrophotometer with an entrance aperture of 25 gtm and 600 lines/mm grating blazed at 500

nm (Ocean Optics HR 2000). Vapor from solvent was directed straight onto the sample and the

intensity of the ditffracted beam was monitored as a function of time (minutes).

A more elaborate setup was constructed so that both diffracted and undiffracted beams

are collected using infrared phototransistors (Radio Shack) powered by a 9V battery, and the

signal is digitized by a personal computer via a National Instruments DAQ card and Lab View

software. The sample can be mounted in a specially designed flow cell that was fabricated at the

MIT Central Machine Shop. Solvent and other organic analyte are injected through PTFE tubing

and constant gas pressures can be introduced with a simple aquarium pump.
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4.1 Introduction

4.1.1 Sensing Physical Phenomena

The previous chapters have focused on attempts to bring the 3R chemosensing strategy to

the nanoscale regime, where the challenge has been to amplify a fluorescent signal for detection

at small length scales. The ability to control and perform such physical and chemical

transformations over small spatial domains is an emerging theme of future chemical sciences.

The development of the chemical sciences in microenvironments, however, demands more than a

static architecture - it will also demand a fundamental understanding of flow and mass transport

over small length scales. With this understanding, the interaction of analyte with the micro-

fabricated devices of Chapters 2 and 3 may be controlled.

Microscopic flows are driven either electroosmotically or by a pressure differential.

Imrportant and unresolved issues are connected to the flow field generated in the microdomain

and the motion of' the various constituents carried by the fluid. In particular, the nature of the

boundary conditions at the wall of these devices, which is of fundamental importance to the

prediction of the flow, has eluded description. A variety of physical variables may impact these

boundary conditions, including the nature of the fluid (e.g., polarity), the wall surface charge

characteristics and surface roughness. To date, few diagnostic techniques permit this quantitative

information to be obtained. Current tools for mapping flow in small channels and determining

wall boundary conditions near their surfaces are largely accomplished with particle-based

techniques. These techniques become severely problematic when the size of the flow channels

shrink. As the size of the seed particles decreases, the reduction in their scattering efficiency

makes them unsuitable for detection. Even if fluorescent-coated particles are used, flow

measurements are always hampered by the potential interaction of particles with walls and by

complications arising from forces that act on the particles that do not originate from the fluid.

These constraints are eliminated when the particles are replaced with molecular markers, such as

the 3R optical supramolecules described in Chapter 1.
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A key feature of 3R system for chemical sensing, as described in Chapter 1, is that the

analyte is in direct equilibrium with the recognition site. The intensity of the signal is therefore

proportional to (dynamic communication with the analyte, and the success of the optical

supramolecules relies on the luminescence properties to be affected by analyte in the

environment. However, when the optical chemosensor is made insensitive to the environment by

eliminating this equilibrium, a bright, invariant emission is observed. Elimination of the

equilibrium between the analyte and the receptor minimizes external quenching mechanisms,

allowing the resulting phosphorescence to measure physical phenomena. Signals of this type

may be used to implement physical sensing techniques that are of particular utility to

understanding flows. Figure 4.1 illustrates the approach that we have used to transform the 3R

chemical sensors into physical sensors. By effectively capping the supramolecule to entrap the

lumophore inside the CD, ternary 3R active sites can maintain the long-lived signaling for

physical sensing applications.

Physical Chemical

irreversible euriilihriiim

hvi n

4-

hvir
t hvjf

hvout hvou t

Figure 4.1. Amended 3R scheme from Chapter to include physical sensing. The
ability to detect physical phenomena with molecules is currently an irreversible process.
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4.1.2 Molecular Tagging Velocimetry (MTV)

Turbulence is a fundamental phenomenon, and the use of optical techniques is central to

quantitatively measuring the motion of fluids. Particle Imaging Velocimetry (PIV)' is a state-of-

the-art optical technique for measuring fluid flow, where the fluid is seeded with particles like

polystyrene microspheres or metal particles. A section of the flow is illuminated with a sheet of

laser light, and the reflection identifies the positions of the particles. After a period of time (At), a

subsequent laser sheet records the positions, and the velocity of a defined group of particles can

be determined. Although this is a powerful technique because it can instantaneously measure the

velocity of a fluid at many points, there are many drawbacks to using particles. It is assumed that

the particles encompassed with the initial laser sheet remain in the same layer of fluid to be

illuminated again. However, with highly three-dimensional flows, this is not the case. In

addition, particles themselves possess inertia and may not necessarily track with the fluid flow,

especially when it changes suddenly. Finally, particles may not enter areas of interest for

measurement, especially at a critical boundary layer and at the core of strong, concentrated

vortices.

These limitations are overcome by the development of Molecular Tagging Velocimetry

(MTV),2 4 which incorporates the use of a soluble luminescent compound, such as the ones

shown in Figure 4.1, as an in situ probe of dynamic fluid flow. Since the molecules are part of

the flow, all problems associated with particles are eliminated in the MTV technique. In a typical

M TV experiment, laser excitation off a grating of the molecular probes within a fluid generates a

glowing grid. Distortion of this grid is monitored in real time by a CCD camera, and the velocity

vectors of the flow are then calculated from the time-resolved snapshots of the glowing grid. By

measuring the distance and direction each grid intersection travels and knowing the time delay

between each image, the two velocity components in the grid plane may be determined.

Bringing physical sensing to the microdimensions requires the development of new

optical diagnostic techniques to quantitatively measure both macroscopic and microscopic flows
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of interest to fundamental fluid physics and applied engineering. This Chapter reports on

progress towards the development of new molecular probes that incorporate this "turn-on"

approach for measuring turbulence in slow flow and microflow systems. It will be important to

elucidate the photophysical mechanism by which these sensors operate, as such evaluation is

necessary to optimize their detection capabilities.

4.1.3 Limitations of MTV in the Microdomain

The particle-to-molecule motivation that drove our group to create the MTV technique

for studies of macroscopic flows also presents itself in studies of microflows. The most

developed experimental tool for the in situ imaging of microflows is the recent PIV technique

(extension of Particle Image Velocimetry, PIV, to microfluidics). 5' 6 As is the case for

macroscopic measurements, several complications arise from the use of particle tracers in

microflow geometries. These complications are due to the fact that the fluid motion is not

measured directly but is inferred from the motion of particles. Particles in strong regions of

shear, such as those encountered near walls, move away from the wall due to an induced lift

force. As the size of seed particles decreases (200 nm particles are typical of high resolution

measurements), these shear-induced effects are minimized but at the expense of significant

reduction in scattering efficiency. The most challenging issues in interpreting solid particle

motion near boundaries and in microchannels is the need to account for the effect of

electrothermal, electrophoretic and dielectrophoretic forces, which must be determined in order

to isolate the particle motion that is due to motion of the fluid.

These complications are circumvented by molecular-based techniques. Preliminary

investigations to date have used caged-fluorescent dyes to image microflows. 7 Most of this work

was qualitative, and the uncaged dyes used so far are charged molecules. The motion of this

"charged tag" is significantly perturbed in electroosmotic flows (EOF) owing to the presence of a

strong external electric field. In these cases, the dye does not follow the motion of the carrier

neutral fluid. This problem is eliminated with the optical supramolecular approaches using
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neutral tracers. Nevertheless, the MTV approach as developed to date possesses one very

significant limitation for the measurement of microflows: the non-quenchable, emissive excited

states live for 10 ms. Since the CCDs that are used are sufficiently sensitive to detect

luminescence comfortably over 5 lifetimes, flows may be imaged over timescales of 50 ms.

Within these limits, tracers currently employed for MTV enable flows with speeds of 1 mm/s or

faster to be measured. However, the flow structures of pertinence to microflows can move as

slow as 0.001 mm/s. To advance the MTV technique by even one order of magnitude the

lutninenscence lifetime () of a tracer must be pushed to 100 ms. Unfortunately, most lifetimes

of phosphorescent molecules do not approach this limit and thus previous approaches developed

in our group are therefore inapplicable to the microflow problem. s In light of these limitations,

conceptually new tracers must be developed that can produce an image according to

photophysical principles other than direct phosphorescence. Additionally, there are several other

limitations in chemistry and photophysics of MTV tracers that will need to be overcome for the

measurement of microflows. The design of new molecules and materials demands the following:

* The luminescence must be intense (i.e., non-quenched) and long-lived.

* The tracers must be compatible with hydrophobic and aqueous solutions.

* The tracers must exhibit reversibility so multiple measurements can be made on the

same molecularly doped fluid.

This Chapter presents the development of new tracers that meet the foregoing criteria.

The chemical design of these new MTV tracers is motivated by the Photo-Activated Non-

intrusive Tracing of Molecular Motion (PHANTOMM) technique of Lempert, et al.9

PHANTOMM is based on tracers that would otherwise luminesce if not for the attachment of a

deactivating group. Current sensors for measuring slow fluid flows employ a laser dye appended

to a deactivating group to render a non-emissive assembly. This assembly is de-caged

photolytically by a laser pulse to free the luminescent sensor, which can then be tracked

indefinitely by simple fluorescence imaging techniques with a second interrogating laser pulse
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Figure 4.2. The design of reversible "caged" laser dye tracers for
application of MTV to very slow flows. The photophysics required for
photolytic de-caging of the laser dye is shown below the schematic.

(or other source to illuminate the flow field). Chromophores such as fluorescein and pyrene are

covalently appended with methoxynitroaromatic groups, which render the latent fluorescent dye

non-emissive. Although clever in design, these sensor systems have limitations including

irreversible de-caging that occurs in room light. The luminescent dye is generated by photolytic

cleavage of the covalent bond, and this irreversible reaction allows only one measurement per

de-activated dye. Moreover, generalization of the strategy to other laser dyes is difficult since the

dye functionalities must be compatible with the caging chemistry.

4.1.4 Reversible Caged-Dyes as Tracers for MTV

The problems of the PHANTOMM technique have been addressed by developing new

classes of reversibly photo-activated dyes that display the time-dependent luminescence needed

119

3

I
--



Chapter 4

for measuring slow fluid flows and that can be reversibly de-caged. In this design, a tracer dye is

freed upon excitation by a "write" laser. Once liberated, dyes can be imaged by its fluorescence,

produced upon the delivery of a second excitation pulse from a "read" laser to provide the crucial

velocimetry information. Reversible complexation of the dye permits the use of fluorescence

based emission, since the tracing is coupled to the photolytic de-caging of the dye.

A schematic representation of the desired photophysics for this system is depicted in

Figure 4.2: a metal-based head group (gray circle = Lhead) with non-emissive, ligand field d-d

states short-circuits the emissive -rn* excited state of the laser dye in the caged complex. The

dye complexed to the metal head-group will not luminesce because the excited state will decay

to these low-lying: ligand field states. However, if the d-d state is dissociative with respect to the

coordinated laser dye (i.e., a metal (dz)-dye 65* state), then laser excitation will free the dye

from the complex. Upon liberation from the metal head-group, the dye is able to emit upon

excitation from a second laser pulse. By uniting the PHANTOMM technique with MTV: (1) the

fluid is tagged by the fluorescence grid; (2) long emission lifetimes of the dye are not required

(i.e., only where the laser has written a pattern will emission be observed); and (3) oxygen

quenching is circumvented since the fluorescent excited state is too short-lived to react with

diffusing oxygen. In Figure 4.2, the dye can re-attach to the head group in solution by classical

substitution pathways to regenerate the tracer for subsequent measurements. The caging / de-

caging timescales may be controlled by varying the electronic properties of the head group and

the laser dye.

Of the various Lhead fragments shown in Figure 4.3, this Chapter will focus specifically

on the synthesis and reactivity of laser dye complexes of Cp*Ru. The Cp*Ru metal fragments

display the requisite arene binding and photophysical properties for such a strategy. The Cp*Ru

head group, comprising an anionic 6e donor ligand and a RuTl or Ru"i metal center, bind

aromatic substrates in an ri6 -coordination modeto form 17 and 18 electron species, respectively.

As shown in Figure 4.2, photolytic de-caging releases the free dye into solution and water
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Figure 4.3. Various metal head groups (Lhead) and laser dye systems that can be implemented in the
development of MTV tracers for very slow flows. This chapter will focus on Lhead = Cp* complexes with
Ru and its photochemical and thermal reactivity with a couple laser dyes.

(solvent) substitution occurs at the metal center to form a [Cp*Ru(OH) 3] n (n = 1,2) complex.

To reverse the de-caging, the re-attachment of the dye to the metal complex should occur

thermally in the absence of light.

The feasibility of the design of Figure 4.2 has previously been established by Mann and

co-workers with their studies of CpRu"-arene and aromatic dye complexes.' 5' In this work, the

photochemistry was performed in non-aqueous and weakly coordinating solvents. We have

found that the Mann chemistry does not translate to aqueous solution because the 18e- aquo

complex, [CpRuL(OH2) 3]+ , produced upon dye liberation is substitutionally inert. The water

ligands are inert to substitution by aromatic laser dyes, thus circumventing the regeneration of

the original complex. Thus we studied systems in which Lhead = Cp*, where the anionic ligand

affects the donor properties of the metal head group. Unlike Cp, the more electron rich Cp* will

serve to labilize the solvent (S) groups of a [LheadRu"(S)3]+ complex. Laser dyes are chosen to

possess a negative charge or to be neutral, allowing the effect of electric fields on EOF properties

to be examined. In addition, a head group attached to a remote part of the 7r-aromatic system of
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the dye will not deactivate luminescence. Thus in exploring the chemistry of Figure 4.2, we are

cognizant of the need to attach the deactivating metal head group to the dye's arene rings from

which luminescence originates. Spectroscopic studies will focus on the timescales for the de-

caging event in order to further understand the photophysical properties of these systems. A

thorough understanding of the fundamental photophysics leading to de-caging will permit the

development of new sensors for monitoring the slow fluid flows of the microdomain.
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4.2 Results and Discussion

4.2.1 Synthesis of Ruthenium Arene Complexes

Previous studies in the group using an aqueous solution of the [Cp*Ru"ll(OH2) 3] 2+ species

with PSA indicated that the reversible caging scheme was possible. The [Cp*Ru"'m(OH?)3]2+

species is formed by dehalogenation of [Cp*RuC11],2 in an acidic environment (pH = 2) to

prevent polymerization and formation of the hydroxide derivative, [Cp*Ru(OH)]2.16 A solution

of the purported [Cp*Ru'(OH 2) 3] 2+ species, in the presence of excess PSA, is heated to form the

'caged" complex assumed by the absence of dye emission. This solution was photolyzed and

subsequently heated again, and these studies indicated that the caging process was reversible, as

shown in Scheme 4.1. The complexes involved in these experiments were not well-characterized

and hard to isolate. This is possibly due to the greater Lewis acidity of RuI"-aquo complexes,

which are prone to polymerization. 7' l S These initial studies suggested that stable model

complexes of Ru" can be synthesized since the Ru... species were unstable in solution and tended

to oli-omerize. In order to ascertain whether the active species involved Ru" or Ru TM , [Cp*Ru n -

dye]+ complexes were prepared and isolated for detailed spectroscopic and photochemical

studies in both aqueous and non-aqueous media.

Ru Ru

Ru a H.2 0 I '""OH2
/' .. . , 2

Scheme 4.1. General reaction of the reversible
caged dye system where the complexed dye is
non-emissive and upon photolysis, the dye is
fluorescent upon excitation.

123



Chapter 4

4.2.1.1 [Cp*Ru(NCMe) 3]PF6 (5)

The [Cp*Ru(NCMe) 3]PF6 (5) synthon was chosen as the precursor for the Ru"I-arene

complexes because the acetonitrile ligands are considerably photolabile. Electrophilic solvento

(S) complexes of the [Cp*Ru(S)]+ fragment have been prepared from a variety of precursors;

these cations are potent but soft electrophiles that are prone to complex to virtually any six

electron ligand.19 Initial syntheses involved stirring the commercially available polymeric

precursor [Cp*RuCI]4 in acetonitrile with AgOTf. The product was a mixture that included a

black solid, which was presumed to be due to the reaction between the starting material and trace

H0, to form the cubane [Cp*Ru(OH)] 4 complex. 19 The commercial starting material was

determined to be wet, so it was independently synthesized from the reduction of commercially

available [Cp*RuCl1]n with Super-Hydride. The orange-brown product was then refluxed in

acetonitrile with AgOTf, and AgCl was observed to precipitate. However, the desired compound

5 could not be isolated from the brown mixture.

The failure of the above methodology stressed the importance of freshly prepared

[Cp*RuCl 2]n polymer (n = 2) to prevent extended cross-linking over time. Refluxing RuC13.H2 O

and Cp*H in ethanol was the preferred route to make the extremely hygroscopic [Cp*RuC1212

starting material.: " Coordinatively unsaturated Ru"' species, like [Cp*RuC12],, are valuable

synthons for the generation of Cp*Rul' complexes under mild conditions.' 19' 2 The [Cp*RuCl]12

complex typically undergoes ligand substitution reactions at room temperature. However, it

appeared from the previous reactions that the polymer precursors were not completely reduced to

generate in high yield. A modified preparation of 5 involving Zn as the reducing agent and salt

metathesis with TlPF6 was used.22 The NMR spectrum of the resulting product showed the

characteristic broad singlet for acetonitrile protons.

The reactivity of the synthon with simple arenes was tested by adding benzene to a

CIHC1, solution of 5, since thermally more stable metal-arene bonds are formed in the presence

of aromatics. Characterization of this reaction by 'H NMR indicated complete conversion of 5 to
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the [Cp*Ru(C 6H 6)]PF6 product.' 5 Ligand exchange studies of 5 in CD3CN were conducted at

room temperature over the course of hr and were monitored by H NMR. The spectra, obtained

every 10 min, indicated that the CH 3CN ligands were freely exchanging with the CD 3CN

solvent; the acetonitrile lability precluded obtaining a crystal structure of 5.

4.2.1.2 ICp*RuJ+ Laser Dye Complexes

Scheme 4.:2 summarizes the synthesis and reaction chemistry of the [Cp*Ru]+ complexes

detailed below. The clean reaction of benzene with 5 indicated the facile rj6 -coordination of

arenes to the [Cp*Ru] + fragment. Initial laser dye reactivity studies were conducted with the

commercially available 7-diethylamino-4-methylcoumarin (Coumarin 460; C460). Mann and co-

workers have synthesized a range of [CpRu(coumarin)] + compounds and it was found that the

photolysis of these compounds in acetonitrile generated CpRu(NCMe)3+ and free coumarin

dye.23 Kinetic measurements of arene displacement of [Cp*Ru(rl6-anthracene)]+ vs. [CpRu(rl 6-

anthracene)] + compounds with acetonitrile resulted in a pseudo-first-order rate constant

approximately a factor of 5 smaller for the Cp* ligated compounds.' 3 An increase in the Ru-

arene bond strength or the greater steric restriction of the methyl groups in the Cp* complexes is

probably the cause for the decrease in reactivity (similar for photochemical reactions which is
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due to the electronic effects not steric). Therefore, [Cp*Ru(C460)]PF 6 (6) compound was

synthesized from the reaction of 5 with C460 in dichloromethane. The structural characterization

by x-ray diffraction studies shown in Figure 4.4 shows the [Cp*Ru]+ fragment bound with r16-

coordination to the benzenoid ring of the dye. Selected bond distances for the carbons of the

arene ring are listed in Table 4.1, which indicate that the aromaticity is maintained in the solid-

state structure (complete ORTEP labeling and structure tables are compiled at the end of this

Chapter). The facile replacement of the acetonitrile ligands by the polyaromatic compound

required no heal: and short reaction times. Complex 6 was also found to be stable in

dichloromethane, which is a significantly less donating solvent than CH3CN. Purification of the

compound on diatomaceous earth columns provided successful removal of decomposition

products and unreacted starting materials. The H NMR spectrum for compound 6 revealed a

characteristic upfield shift of the aromatic protons in C460, allowing complexation to be

determined by NMR. The aliphatic protons of the laser dye were slightly shifted (6 < 0.1 ppm),

but the aromatic protons were shifted upfield by 0.53 - 0.9 ppm. This net shielding of the arene

protons is characteristic of coordination with a [Cp*M]+ group.

Complexes of propylsulfonated acridone (PSA) was subsequently targeted because of the

dye's water solubility, which is appropriate for MTV studies in aqueous solutions. The

commercially available 9(10H)-acridone was sulfonated in a single step reaction with neat

propane sultone, a useful reagent for the derivatization of aliphatic and heterocyclic aromatic

amines. 4 '5 The cleanly synthesized PSA was characterized by both 1H NMR and UV-vis

(Figure 4.6b) spectroscopies in aqueous solutions (abs = 390, 410 nm; £ = 4.86 x10 4 M' cm l).

PSA has two potential arene rings to which the [Cp*Ru]+ fragment can bind.

The room temperature reaction of 5 and PSA yielded [(Cp*Ru)2(PSA)](PF6) (7) whose

structural characterization is shown in Figure 4.5. The thermal ellipsoid plot clearly shows T16-
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Ru

Et 2N -- O

CH3
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Figure 4.4. Thermal ellipsoid plot (50% probability) of [Cp*Ru(C460)]- (6-PF 6).
Solvent molecules, counter anion and hydrogen atoms have been omitted for
clarity.

Table 4.1. Selected bond lengths (A) of the arene (Ar)
and Ru-arene of [Cp*Ru(C460)] (6-PF6).

carbons, Cp*-Ru,

C-C Bond Distances in Ar of (6-PF6) / A
C(1)-C(2) 1.429(8) C(3)-C(4) 1.393(8)
C(l)-C(6) 1.431(8) C(4)-C(5) 1.399(8)
C(2)-C(3) 1.432(8) C(5)-C(6) 1.399(8)

Ru-Centroid Bond Distances of (6-PF 6) / A
Cp*-Ru 1.78(3) Ru-Ar 1.68(3)
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coordination of the polyaromatic dye to two [Cp*Ru]+ fragments. Formation of a dinuclear

species is common as evidenced by the formation of [(Cp*RuHl)2(arene)] 2+ (arene = anthracene,

phenanthrene, pyrene) complexes, which were only characterized by NMR.26 The carbon bond

lengths of both arene rings of PSA, along with the Ru-arene and Cp*-Ru distances are listed in

Table 4.2, which show that the aromaticity in the arene rings are retained upon coordination. In

the aromatic region of the 1H NMR spectrum of 7, all four resonances are shifted upfield (- I

ppm) relative to free PSA, allowing spectroscopic confirmation of bound arene. These upfield

shifts result from large changes in the It-system of the dye arene rings. Monitoring of the reaction

by 1H NMR showed that dinuclear 7 is preferentially formed. No evidence of the formation of a

mono-Cp*Ru analogue of 7 was obtained even when excess dye was present.

128



Chapter 4
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Figure 4.5. Thermal ellipsoid plot (50%/ probability) for
For clarity, solvent molecules, counter anion and hydrogen

[(Cp*Ru) 2(PSA)] (7-PF 6).
atoms were omitted.

Table 4.2. Selected bond lengths (A) of the arene (Ar) carbons, Cp*-Ru, and
RuI-arene of [(Cp*Ru)2(PSA)] ~(7-PF 6 ).

C-C Bond Distances in Ar of (7-PF 6) / A
C(11)-C(12) 1.403(5) C(13)-C(14) 1.426(5)
C(ll)-C(16) 1.404(5) C(14)-C(15) 1.428(5)
C(12)-C(13) 1.404(5) C(15)-C(16) 1.433(5)

C(18)-C(23) 1.426(5) C(20)-C(21) 1.409(5)
C(18)-C(19) 1.430(5) C(21)-C(22) 1.414(5)
C(19)-C(20) 1.426(5) C(22)-C(23) 1.397(5)

Ru-Centroid Bond Distances of (7-PF 6) / A
Cp*-Ru(1)
Cp*-Ru(2)

1.80(2)
1.80(3)

Ru(l)--Ar
Ru(2)-Ar

1.69(2)

1.70(2)
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4.2.2 Electronic Absorption Spectra of Compounds 6 and 7

The electronic structure of free laser dye provides a reference for interpreting the

photophysics of 6 and 7. The UV absorption band of coumarin dyes is assigned as the r-rr*

transitions of the aromatic ir system, which includes both the pyrone moiety and arene of the dye.

C460 has a substituted amino group in the 7-position and the chromophore originates from a

polar, intramolecular charge transfer (ICT) excited state.27 This lowest singlet excited state has a

large dependence on solvent polarity and the nature of the alkyl substituent on the amine. The

ICT transition has a Xmax = 370 nm in the absorbance spectrum of free C460 in dichloromethane,

and the fluorescence maximum is observed at Xmax = 425 nm. For unbound PSA in acidic

aqueous solution, the room temperature UV-vis spectrum exhibits 7r-ir* transitions at abs = 395

and 410 nm. A higher energy dye transition is located at 260 nm.

The room temperature UV-vis spectrum of 6 in Figure 4.6a shows one broad transition in

the ligand field region with a metal-to-ligand charge transfer (MLCT) band. The MLCT can be

described as a drr(Ru)-7r*(pyrone) transition, and is partially obscured because it occurs at

energies similar to other i-Zr* transitions of coordinated dye. The higher energy spectral features

present for free dye (abs = 250 - 260 nm) are also evident in the spectrum of 6; a shoulder is

present at 270 nm which can be assigned to a dye based rt-7r* transition. No d-d bands of the Ru

center were observed, most likely because the weak transitions are obscured by the more intense

r-re* and MLCT bands. Complexation of the C460 benzenoid site to the metal center results in

the disappearance of the ICT band at 370 nm, as shown in Figure 4.6a. This is attributed to the

partial localization of the r-electrons to form the Ru-arene 6 bonds, which destabilizes the polar

charge transfer state and disrupts the aromatic conjugation of the dye. The pyrone moiety is now

isolated from the t-aromatic interaction and the ICT chromophore is basically replaced by an

unsubstituted pyrone that absorbs at 305 nm. 28 The extinction coefficient for 6 was determined to

be E = 1128 L mol-lcm - 1 (abs = 377 nm). The room temperature steady state emission spectrum

of 6 has relatively no C460 emission at 425 nm (baseline spectrum in Figure 4.7b).
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Figure 4.6. (a) UV-vis spectra of free C460 (-); (,rma =
370 nm) and 6 ( ); ( 2max = 270, 305 rinm) in
dichloromethane. The step in the dye spectrum is due to
the lamp crossover at 460 nm. (b) UV-vis spectra of free
PSA (-) in acidic aqueous solution (?,,x = 260, 395,

410 nm), and 7 (----); (Xm,, = 260, 285 nm).
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The room temperature absorbance spectra comparing bound PSA (black) and free dye (red) are

shown in Figure 4.6b. For 7, complexation of PSA results in the disappearance of the low energy

dye transitions at kabs = 395 and 410 nm, again indicating that the [Cp*Ru]+ fragments strongly

interfere with the dye chromophore. The room temperature UV-vis spectrum of 7 shows a high

energy dye-based transition at 260 nm and a weak MLCT band at 285 nm that is not present in

the free PSA spectrum. Steady state emission spectra of the complex exhibit relatively weak r-

n* bands of PSA at the dye-localized transitions of 425 and 450 nm. This is likely due to the

presence of the laser dye as an impurity, as a very small amount (0.0001%) in each complex

would be sufficient to cause emission to be observed. 23

4.2.3 De-caging Photochemistry of [Cp*Ru(C460)IPF 6 (6)

Irradiation of acetonitrile solutions of 6 with UV-vis white light leads to rapid changes in

the absorption spectrum, as shown in Figure 4.7a. The photolysis of 6 at the high energy ligand

field region (ex 2 = 305 nm) was monitored by both UV-vis and steady state emission

spectroscopies. Displacement of C460 was confirmed by the decrease in the absorbance at 270

and 305 nm and concomitant growth of free dye absorbance at 370 nm. The non-existent dye

emission bands in Figure 4.7b are observed to grow in immediately upon photolysis. The

absorption and emission spectra in Figure 4.7 were taken at various time intervals (t = 0, 1, 2, 4

and 15 min), where decomposition was observed at t = 15 min with the decrease in free dye

transitions. The decomposition is not surprising because of the high flux of UV energy excitation

and it is important to note that MTV experiments do not require such long exposure times for

flow measurements. These results indicated that the de-caging of the laser dye occurs upon

photolysis at the metal centered transition and ligand substitution with the CH3CN solvent

occurs. The quantum yield (p) determination of the photo-decaging event involved irradiation

with lower energy photons to avoid decomposition during photolysis; excitation with 365 nm

yielded = 8.6 x 104 for the photoreaction. Shifting the excitation wavelength to even lower
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Figure 4.7. (a) Absorbance spectra monitoring photolysis of 6.
Initial spectrum (----) has abs ~ 310 nm. Upon bulk photolysis
with Xexc > 305 nm at t = 1, 2, and 4 min, absorbance of free
C460 (abs = 370 nm) appears (-). After t = 15 min irradiation
(O), decomposition is observed. (b) Accompanying emission
spectra of the above photolysis of 6. Initial spectrum (----) has
no C460 emission and upon photolysis, emission at Xems = 425
nm is observed (-). After t = 15 min irradiation (O), decrease
in C460 emission intensity is apparent.
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energy (Xexc = 405 nm) did not result in the formation of any observable photoproduct as the

absorbance spectrum did not change over the course of 30 hours.

4.2.4 De-caging Photochemistry of [(Cp*Ru) 2(PSA)IPF 6 (7)

Photochenmical studies were conducted with white light on samples of 7 in acidic aqueous

solutions. Both absorption and emission spectra were taken at one minute intervals to monitor

the photoreactions, as shown in Figure 4.8. Immediately upon photolysis with either Xexc = 305,

400 or 435 nm, the MLCT band at 285 nm decreased in absorbance with the concomitant

increase in free PSA absorbance features centered at 260, 395 and 410 nm. Isosbestic points are

maintained in the duration of the photoreaction, indicating clean conversion of 7 to PSA. These

results along with the increase in fluorescence intensity in the emission spectra indicate the

photolytic de-caging of the dye. Heating of the solutions in the dark at temperatures ranging from

30 - 60 °C did not result in re-complexation of the dye to the [Cp*Ru] + group. The photolytic

decaging of this system appeared to be irreversible, with the presumed formation of a

stable[Cp*RuT(OH,)3] + complex.

4.2.5 Reactivity of the [Cp*Ru1 l12+ Fragment

The studies mentioned in Section 4.2.1 indicated that the reversible caging process was

possible, and thus the initial experiments with Rul' were repeated to determine the active

species. It must be emphasized that the aqueous chemistry of [Cp*Ru(OH) 3] n+ is complex

because of competing oligomerization reactions that form hydroxide-bridged species. The aquo

species are also difficult to isolate because of their relatively fast exchange rates in solution.

Free PSA dye was added to an aqueous solution of freshly prepared [Cp*Ru"(OH 2)3 ] 2+

with concentrations ranging from 3:1 to 10:1 (Ru: PSA). The absorbance spectrum of the initial

mixture is shown in Figure 4.9a (black), and both free dye and MLCT bands are present. Heating

these solutions in the dark to 45 °C resulted in a change in the absorbance spectrum shown in
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Figure 4.8. (a) Absorbance spectra upon photolysis of 7 at
Xexc = 395 nm. Initial spectrum (----) exhibits no dye based
transitions (1) and has a MLCT transition (2). Subsequent
spectra (-) taken at lmin intervals show growth in (1).
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photoreaction. Initial spectrum (----) of 7 with growth of PSA
fluorescence intensity upon photolysis (-).
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Figure 4.9a (red), where the absorption bands at -400 nm attributed to free PSA are not

distinguishable from the baseline of the spectrum. Subsequent photolysis of this solution with

e,:,c = 435 nm regenerates the tris-aquo complex and free PSA in solution, as shown in Figure

4.9b. The absorption spectra maintain clean, isosbestic behavior as the PSA transitions increase

in absorbance. This heating and photolysis cycle can be repeated to generate Ru'Tl photoproducts,

which contrasts with the behavior of the Rul complex 7. Difference absorbance spectra of these

reactions with excitation at Xexc = 395 nm (Figure 4.10a) and ,exc = 435 nm (Figure 4.10b)

exhibit isosbestic points and further exemplify a clean photolytic de-caging of the PSA dye. The

ability to thermally re-complex the laser dye to the metal in this reversible system can be

explained by the greater Lewis acidity of the Rull center.' 8 2. 9 The aromatic dye is a better ligand

than water for the electron deficient [Cp*Ru 11[]+ fragment, thereby forming a more stable

[Cp*Ru"'(PSA)] > complex in solution. Conversely, the [Cp*Ru"]+ fragment reacts with water to

form the more stable tris-aquo complex, rendering the Ru" de-caging system to be irreversible

for 6 and 7.

The reduction potential of the Ru(OH 2)63 +'- + couple is 0.21 V (vs. SCE).30 The solutions

of the [Cp*Ru(C)H2) 3] 2+ ion show a reversible signal in the cyclic voltammogram with a

reduction potential of roughly 0.07 V (vs. SCE), which correlates well with a reported value.'6

The solutions being slightly more difficult to reduce can be explained by the added electron

density from the Cp* ligand to the metal center. The more electrophilic Ru"T metal center and the

higher water exchange rate for Ru"' cations can explain the ability of PSA to re-complex to

Cp*RuI in solution.
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Figure 4.9. (a) Initial UV-vis spectra of a solution of
[Cp*Ru(OH:)3]> + PSA (----), and upon heating of the
solution for 30 min at 45 C (-). (b) Subsequent
photolysis Xexc of the heated solution is monitored by UV-
vis absorption, and an increase in absorbance of PSA-
based transitions is observed.

137

2

1.5

'a)

Co

-0
(n

1

0.5

nu00
200

2

1.5

Q)

C

n0
C/)
-o

1

0.5

n



Chapter 4

R. i
Xexc= 395 nm

(a)

0

50W300 400

Wavelengthnm

0
h

I I1

i1 -?
11 

Xexc= 435 nm
(b)

300 400 500

Wavelength/nm

Figure 4.10. (a) Difference absorption spectra for the photolysis of

[Cp*Ru(OH)3]2 - + PSA with Xexc = 395 nm, and (b) Xexc = 435 nm.
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4.2.6 Electronic Structure Calculations

Density functional calculations were performed on a simplified model of 6-PF6 (Cp* =

Cp; Et = Me) in order to support the electronic structure description of Section 4.2.1, the

tentative assignments of the electronic absorption spectrum presented in Section 4.2.2 and the

observed photochemistry. As depicted in Figure 4.1 1, the HOMO consists of M (dxy/dx2_--) r-

bonding interaction with Cp and electron density localized on the nitrogen atom of the dye. This

is consistent with the ground state picture of coumarin, where the lone pair resides on the

nitrogen. The LUMO corresponds to the resonance structure with r-bonding on the pyrone ring

and electron density localized on the negatively charged oxygen. The HOMO-LUMO pair

complements the photoreactivity of 6. Photolysis at the ICT transition results in the decay of the

excited state to the lower-lying d-d state, as illustrated in Figure 4.2. The LUMO + 1 and LUMO

+ 2 orbitals also possess predominantly antibonding interaction between the metal d orbitals and

it-orbitals of both the Cp and arene of the dye. The degenerate HOMO - and HOMO - 2

orbitals also show significant -interaction between the metal d-orbitals and the Cp head group,

rendering the RuI center less electrophilic for re-complexation to the aromatic ring of the

coumarin dye.

Relevant orbitals from the computational studies of a simplified 7-PF 6 (Cp* = Cp; -

N(CH) 3SO 3 = -NCH 3) are displayed in Figure 4.12. The localization of the electron density on

the nitrogen in the HOMO and the oxygen in the LUMO also indicates the excitation into the

ICT of the PSA dye upon photolysis.The HOMO consists of a strongly anti-bonding interaction

between the two u d2y2/y orbitals and the nitrogen p-orbital of PSA. The LUMO also exhibits

strong anti-bonding interaction between the Ru dz2 orbital and delocalized rt-bonding on the

central PSA ring. About 0.755 eV higher in energy is the LUMO + 1 that also has anti-bonding

interaction between the metal dxzyz and -orbitals of the central aromatic ring. These electronic

structure calculations confirm the photophysics described in Figure 4.2, where the low-lying

M[ICT states are qualitatively described by the LUMO orbitals.
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Figure 4.11. Representative orbitals for density functional calculations of 6-
PF 6. Schematic of the ICT for C460 dye is shown.
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Figure 4.12. Representative orbitals from electronic
structure calculations for 7-PF6.

141

-4
I.



Chapter 4

4.2.7 Time Resolved Spectroscopy

The photochemical experiments imply that Rul is not likely to be the reactive species in

the reversible caged dye system and that RuT ' is the active species in the de-caging event. In

order to understand these results, ultrafast time-resolved spectroscopy was used to determine the

lifetime (,,) of the excited states of 7. An aqueous solution of 7 had a % = 15 ns, which is

comparable to the lifetime measured for free PSA alone in aqueous solution. Since there appears

to be no power dependence on the pump beam and two Cp*Ru+ groups bind to PSA, complex 7

requires two photons to de-cage the dye. Two pulse experiments conducted on the picosecond

laser system resulted in a similar lifetime to that from the single pulse measurement ( = 16 ns).

Comparison of the lifetime decay in single pulse vs. two pulse experiments is shown in Figure

4.11a. The time delay between the two laser pump pulses (2 ns) may be too short on the

dissociation timescale.

Time-resolved spectroscopic studies of an acidic aqueous solution of [Cp*Ru'(PSA)] +

yielded a o = 5.6 ns. Initial investigations of the kinetics of the reversible Ru"' system using

both nanosecond and picosecond transient absorption (TA) spectroscopies have been

unsuccessful to date. No change in absorbance was observed in the nanosecond experiments. A

signal within the :200 - 400 ps range was observed in the picosecond TA studies, but we cannot

distinguish between a bleach and photoinduced absorbance. Future picosecond TA experiments

will require a good reference standard with an observable transient absorption at 400 nm, and a

flow cell so that the sample will not photobleach.
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Figure 4.13. (a) Time resolved data for single pulse (left; 'c =
15.7 ns) and two pulse (right; t = 16.2 ns) experiments of 7. (b)
Single pulse time resolved measurement of [Cp*Ru(OH)3 +]2 +
PSA with z = 5.6 ns.
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4.3 Conclusions

The syntheses of two laser dye complexes of the [Cp*Ru"]+ fragment have successfully

been isolated and crystallographically characterized. The arene rings of the C460 and PSA dyes

exhibit r16-coordination to RuT. Both compounds 6 and 7 serve as models in the investigation of

the de-caging photochemistry of the [Cp*Ru] n+ dye complexes. When 6 and 7 are photolyzed in

a coordinating solvent, the de-caging of the dye is observed. Isosbestic points in the absorbance

and difference absorption spectra indicate clean conversion to the photoproducts. However,

attempts to re-complex the dye thermally for photoreactions of 7 were unsuccessful, thus

prompting the photochemical investigation of solutions of [Cp*Rul"(OH2) 3] 2+ and PSA. The

cycle of heating (complexation) / photolysis (de-caging) was repeated for the same samples, and

the results indicated that the thermal recombination of the [Cp*RuTJ]2+ fragment and dye was

possible. The reversibility of the Rumt system is attributed to the quenching of the metal Lewis

acidity by the aromatic laser dyes, thus forming more stable dye complexes in situ relative to

tris-aquo compounds. Future work will require an intensive time-resolved spectroscopic study of

Cp*Ru" and Cp*Ru"l PSA reactions in order to further elucidate the photophysical mechanism

by which these systems operate. In addition, the difficulties in isolating Ru"' complexes and

preventing polymerization in acidic solution can be alleviated by perturbing the steric and

electronic influence of the metal head group (Lhead). Chirik and co-workers have synthesized a

family of silylated and alkylated indenyl ligands and studied the steric and electronic effects on

Zr and Fe sandwich complexes relative to Cp2Zr and Cp2Fe. 3 1 The effects on ferrocene potentials

by Cp replacement with either a silylated indenyl (formally electron withdrawing) or alkylated

indenyl (electron donating) are largely dominated by steric bulk of the head groups. Isolation of

[(Lhead)Ru"(PSA)]+ complexes can be attempted by preparing tri-substituted indenyl Ru"'

compounds that have similar inductive effects as Cp*, where the bulky ligand prevents

association with other species in solution and the electronic effects of the head group allows for

the isolation of a stable [LheadRumi(dye)]n+ complex.
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4,.4 Experimental

4,.4.1 General Synthetic Procedures

All synthetic manipulations were conducted under air and moisture-free conditions using

standard Schlenk--line techniques or a nitrogen-filled glove box. Reagent grade solvents were

dried by following standard procedures, and degassed OmniSolv water was used to prepare

aqueous solutions. NMR solvents (Cambridge Isotope Laboratories) were either dried using

appropriate agents and degassed by freeze-pump-thaw cycles, or used as received in glass

ampoules. The Ru precursors were obtained from Strem Chemicals, and all other starting

materials were from Sigma Aldrich. All materials were used as received.

4,,4.2 Physical Methods

All NMR spectra were collected at the MIT Department of Chemistry Instrumentation

Facility (DCIF) on a Varian Mercury 300 or Varian Unity 300 Spectrometer at 25 2 C.

Chemical shifts are reported using the standard 6 notation in ppm. H spectra were referenced to

residual solvent peaks. Electrochemistry was performed on a standard three-electrode

configuration using a CV-50W potentiostat (Bioanalytical Systems). The working electrode was

Pt, the auxiliary electrode was a Pt wire, and the reference was an Ag/AgC1 electrode that was

externally referenced to saturated KC1 (E = 0.197 vs NHE).

4.4.3 Photochemical Procedures

Photochemistry was performed on samples contained within cells equipped with a

solvent reservoir and a 1 cm clear fused-quartz cuvette (Starna Cells). These cells allowed

isolation of solvent from the sample with Teflon valves, and were adapted to be evacuated on a

high-vacuum line. The excitation source was an Oriel 1000-W Hg/Xe high-pressure lamp. The

two inch collimated irradiation beam passed through a distilled water filter to remove the

infrared wavelengths and longpass wavelength filters prior to focusing and collimation of the
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light onto the sample. Photoreaction progress was monitored by absorption spectra recorded on a

Spectral Instruments CCD Array UV-vis instrument or on an OLIS-modified CARY-17

Spectrophotometer. The cut-off filters were replaced with 10 nm bandpass Hg line interference

filters to select specific light energies for quantum yield measurements. The light flux used for

quantum yield determination at a given wavelength was taken as the average of measurements

taken using the standard ferrioxalate actinometer before and after sample irradiation.32

Photoreaction progress for quantum yield experiments was monitored on a scanning wavelength

Aviv 17DS Spectrophotometer.

4,4.4 Spectroscopic Methods

Steady-state emission spectra were recorded on a custom-built, high-resolution

spectrometer at MIT. A 200 W Hg-Xe arc lamp (Ushio) mounted in an Oriel 60100 lamp

housing (f/4) is focused on the entrance slit of a Spex 1680 double monochromator (0.22 m, f/4).

The excitation light is collimated by a f/4 fused silica lens, then focused onto the sample with a

f/2 fused silica lens. The emitted light is collected at 90 ° to the excitation beam with a f/2 fused

silica lens, then focused by a second lens (f/8) through a Corion colored glass long-pass cut-off

filter onto an entrance slit of a Spex 1870B scanning monochromator (f/8). The dispersed

emission is detected by a blue-sensitive R943-02 PMT (Hamamatsu), cooled to -40 C in a

Products for Research TE241RF housing powered by a Bertan Associates model 215 high

voltage power supply. The signal from the PMT is then passed to a Stanford Research Systems

SR400C two-channel photon counter phase-matched to a reference signal generated by a light

chopper placed between the excitation monochromator and the sample that is controlled by a

Stanford Research Systems SR540, and runs at a frequency of 13 Hz or 338 Hz (short-lived

emission). The output from the photon counter is fed through a GPIB interface to a computer,

where emission spectra are corrected as a function of wavelength sensitivity for the PMT and

instrument response using a point-by-point multiplication of the raw data with a correction data

file generated using a NBS standard lamp. The emission spectrometer was scanned across the
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width of the emission spectra at a rate of approximately 1 nm per second. Data acquisition is

performed using LabView 5.0 software. All spectra and measurements were obtained at room

temperature (25 ± 2 C).

Nanosecond transient absorption (TA) spectra were collected for samples excited with

the output from a Coherent Infinity XPO tunable laser source with a 7 ns bandwidth. The Infinity

Nd:YAG laser system consists of an internal diode pumped, Q-switched, oscillator, which

provides the seed pulse for a dual rod, single lamp, amplified stage. The pump beam was

doubled to 400 nm. Absorption spectra were then recorded by passing white light through the

excited sample, which was then collected by an intensified CCD camera.

Data collection for timescales < 7 ns required use of a sub-picosecond laser system,

where the excitation pulses are generated from the second harmonic of a 1 kHz Ti:Sapphire

regenerative amplifier system (Alpha 1000S, BM Industries). The amplifier is seeded by 130 fs

pulses from a 76 MHz passively mode-locked Ti:Sapphire oscillator (Mira 900-F, Coherent)

pumped with second harmonic radiation from a solid state diode-pumped YAG laser at 532 nm

(Verdi, Coherent). The regenerative amplifier is pumped with 400 ns pulses at 1 kHz from a

Nd:YLF laser (BfMI 62 I1-D). Chirped pulses from the oscillator are injected into the regenerative

amplifier cavity where they are amplified over several passes. Pulses are then compressed in a

grating compressor to 100 - 200 fs pulses at ca. 800 nm. In this case, both pump and probe

beams derive from the doubled 800 nm source output of the Nd:YLF. Time resolution was

obtained by delaying the probe beams with an optical delay stage. Time-resolved fluorescence

spectroscopy also required use of the same sub-picosecond laser instrument coupled to a

Hamamatsu Streak Camera capable of 50 ps resolution and a Triax 320 monochromator. Single

pulse experiments used 400 nm pump beams and two pulse experiments used 305 and 400 nm

pump beams. Time-resolved data was fit with Origin 6.0.
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4.4.5 Crystallographic Procedures

Crystals were removed from the supernatant liquid and transferred onto a microscope

slide coated with Paratone N oil. X-ray diffraction data were collected on a Siemens 3-circle

platform diffractometer equipped with a CCD detector. Measurements were carried out at -90 °C

using Mo Kuc ( -= 0.71073 A) radiation, which was wavelength selected with a single crystal

graphite monochromator. Four sets of data were collected using C0 scans and a -0.3 ° scan width.

The data frames were integrated to hkl/intensity and final unit cells were calculated by using the

SAINT program v4.050 (Siemens Industrial Automation, Inc.) in conjunction with standard

difference Fourier techniques. The structures were solved and refined by direct methods

(SHELXTL v6.10, Sheldrick, G. M.; Siemens Industrial Automation, Inc., 2000).

4,,4.6 Computational Details

Calculations were performed within the Gaussian 98 program suite.3 3 DFT calculations

were carried out using the three parameter hybrid functional of Becke along with the correlation

functional of Lee, Yang, and Parr (B3LYP).34-36 The default "extrafine" grid was used

throughout. All models were geometrically optimized to self-consistency. Relativistic effective

core potentials were used for Ru along with the standard Hay-Wadt 37 double-; basis set,

augmented by the optimized Ru 5p-function of Couty and Hall.38 The 6-3 1G(d,p) basis of Pople

and co-workers 39,40 was applied to all other atoms. No attempts have been made to correct for

effects of solvation. All calculations were spin-restricted, and geometry optimizations proceeded

without imposed symmetry. Canonical Kohn-Sham orbitals were imaged with the program

Mlolekel;4 ,42 default isodensity values were applied.

4.4.7 Preparation of Propylsulfonated Acridone (PSA)

The sulfonated acridone dye was synthesized by stirring 9(10H)-acridone ( g, 5.12

mmol) and NaH (0.25 g, 10.24 mmol) in 25 ml DMF for 2 hrs at room temperature. Excess

propane sultone (1.5 g, 12.28 mmol) was then added and the orange-yellow reaction mixture was
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heated at 60 °C for 5 hrs. After rotary evaporation, the oily residue was recrystallized from 95%

ethanol as a pale yellow microcrystalline solid (1.45 g, 86% yield). H NMR (300 MHz, D20) 6 /

ppm: 7.74 (dd, 2H, 8.1 Hz, 1.8 Hz, Ar-H), 7.45 (td, 2H, 3.3 Hz, 1.8 Hz, Ar-H), 7.20 (d, 2H, 8.7

Hz, Ar-H), 6.95 (t, 2H, 7.8 Hz, Ar-H), 3.89 (br t, 2H, N-CH 2 ), 2.80 (t, 2H, 6 Hz, -CH2CHCH2-

), 1.80 (br t, 2H, -CH 2CH 2CH,-).

4.4.8 Preparation of [Cp*Ru(NCMe) 31PF6 (5)

Initial attempts to synthesize the [Cp*Ru(NCMe)3]PF6 synthon involved refluxing the

commercially available [Cp*RuCI] 4 starting material (Strem Chemicals) in acetonitrile for 2 hrs.,

followed by salt metathesis with AgPF 6 or AgOTf. The product was recrystallized multiple times

with ether to yield an impure brown-yellow solid. The [Cp*RuCl] 4 starting material was dark

red-black indicating water initiated polymerization. Attempts to synthesize the [Cp*RuCI]4

precursor from the reduction of [Cp*RuC 2],n (0.5 g) with LiB(Et) 3H (1.63 ml) in 5 ml THF

yielded impure dark red-brown solid.

The starting material [Cp*RuCl] 2 was prepared by reacting Cp*H (1.5 g, 11.09 mmol)

with RuC13 · n H,O) (1 g, 4.82 mmol) in 60 ml refluxing methanol.43 The reaction went through a

mixed valent blue-green intermediate, and upon completion, the mixture was chilled to -80 °C

before being filtered. The obtained solid was dried in vacuo and washed twice with cold pentane

to remove Cp*:Ru. Characterization of the paramagnetic compound (31% yield) by IH NMR in

C]D2CI, indicated the presence of a broad singlet resonance at 6 = 6.8 ppm.

Following a modified literature preparation, [Cp*Ru(NCMe)3]PF 6 was prepared by zinc

(0.1 g) reduction of [Cp*RuC, 2] 2 (0.25 g) in 25ml acetonitrile, followed by salt metathesis with

TIPF 6 (0.43 g). The solvent was removed in vaczto, and the yellow-brown solid was extracted

with CH2C2 and filtered through a Celite column. The solvent was stripped and the product was

recrystallized from methylene chloride and diethyl ether to afford the product as a mustard

yellow solid. To further purify the compound, it was suspended in hexanes and the solution was
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sonicated. It was subsequently washed with rigorously dried THF and hexane to yield a bright

yellow microcrystalline solid. 1H NMR (300 MHz, CD2C12) 6 / ppm: 2.3 (br s, 9H, CH 3CN), 1.6

(s, 15H, 5H, CMe 5).

4.4.9 Preparation of [Cp*Ru(C 6H 6)IPF 6

Three drops of benzene was added to a dichloromethane (2 ml) solution of 5 (0.02 g).

The reaction was stirred at room temperature for 3 hours, and the pale yellow solution was

filtered and recrystallized with diethyl ether to yield a white solid. The product was characterized

by H NMR spectroscopy and the resonances correspond to literature values. H NMR (300

MHz, (CD3,)CO)S / ppm: 6.06 (s, 6H, C6H6), 2.08 (s, 15H, C 5Me).

4.4.10 Preparation of [Cp*Ru(C460)]PF 6 (6)

Arene complexation was carried out using modified literature procedures. 23 '4 The

synthon [Cp*Ru(NCMe) 3]PF 6 (40 mg) was dissolved in methylene chloride in a foil-wrapped

scintillation vial to prevent dissociation in room light. A coumarin dye, 7-diethylamino-4-

methylcoumarin (C460; Lambda Physik) was dissolved in 5 ml CH:C1, and was added dropwise

to 5 at room temperature. The orange-brown reaction mixture was stirred at room temperature

for 2 hrs, filtered and stripped of solvent. The crude product was redissolved in CHC1, and

equilibrated onto a Celite pipet column. After elution with pentane, the remaining compound was

washed down with methylene chloride. The methylene chloride fraction was concentrated, and

upon slow diffusion of diethyl ether, yellow crystals were obtained. H NMR (300 MHz,

CD2CI::) 6 / ppm: 6.45 (q, H, 1.5 Hz, ArH), 6.07 (d, H, 6.3 Hz, ArH), 5.57 (d, IH, 1.8 Hz,

ArH), 5.42 (dd, 11-I, 6.6 Hz, 1.8 Hz, ArH), 3.35 (q, 4H, 7.2 Hz, N-CH 2), 2.35 (d, 3H, 1.5 Hz,

C-I 3), 1.78 (s, 15H, CsMe), 1.26 (t, 6H, 7.2 Hz, N-CHCH 3).
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4.4.11 Synthesis of [(Cp*Ru) 2(PSA)]PF 6 (7)

PSA (0.1 g, 0.3 mmol) was added to a methylene chloride solution of

[Cp*Ru(NCMe) 3]PF 6 (0.15 g, 0.3 mmol) at room temperature and in the dark to prevent dye

dissociation. PSA is relatively insoluble in methylene chloride, but the reaction time was

extended until the solution turned yellow-brown in color. The unreacted dye was filtered off and

the solvent was stripped to yield yellow-brown solid. A water solution of the crude product was

then eluted down a diatomaceous earth column. After equilibration for an hour, the caged-dye

complex was obtained by eluting with methylene chloride and ether. The PSA complex was

recrystallized from 95% ethanol to obtain yellow crystals. H NMR (300 MHz, CDC1) 6 / ppm:

6.55 (d, 2H, 6.52 Hz), 6.47 (d, 2H, 6.19 Hz), 6.15 (t, 2H, 6.19 Hz, 5.87 Hz), 5.97 (t, 2H, 5.87

Hz), 2.98 (t, 2H, 6.84 Hz, 5.54 Hz), 2.8 (bs, 2H), 2.65 (bs, 2H), 1.54 (s, 30H, C5 Me5).

4.4.12 Preparation of [Cp*Ru(OH 2) 31(PF 6) 2 Solutions

The [Cp*RuCl,]2 starting material was synthesized following the procedure stated above

in Sect-ion 4.4.8. The dimer (0.1 g, 0.163 mmol) and T1PF6 (0.113 g, 0.323 mmol) were dissolved

in -50 ml of H2 O/HSO 4 (pH = 2) and the orange solution was stirred at room temperature for 2

days until the precipitation of TIC1 was observed. The solution was filtered and used as

prepared. 16
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Appendix

7

Figure A.3. Full labeling for thermal ellipsoid plots (50% ellipsoids)
for [Cp*Ru(C460)] t (6-PF 6) and [(Cp*Ru)2(PSA)]' (7-PF 6 ) for tables
of x-ray diffraction structural information.
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Table A.1. Crystal data and structure refinement parameters for [Cp*Ru(C460)]+ (6-PF6), and
[(Cp*Ru) 2(PSA)] - (7-PF 6).

6-PF6 7-PF6

Empirical formula
Formula weight
Crystal system
Space group
Unit cell dimensions

C24 H32 F6 N 02 P Ru
612.55

Monoclinic

P2 1/n
a = 9.0565(18) A

b = 19.892(4) A
c= 14.231(3) A

b= 93.9°

Volume
Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size (mm)

0 min for data collection

0 max for data collection

Index ranges

Reflections collected
Independent reflections
Absorption correction
Data / restraints / parameters
Goodness-o'f-fit on F2

Final R indices [I > 2¢(I)]

R indices (all data)

Largest diff. peak
Largest diff. hole

2557.6(9) iA3

4

1.591 Mg/m 3

0.741 mm'

1248

0.16 x 0.05 x 0.05

2.48 °

23.270

-10<h<7
-22 < k < 20

-151< 15
10233

3668 [Rint = 0.0450]

Empirical SADABS
3668/0/324

1.121

R1 = 0.0555

wR2 = 0. 1150

R1 = 0.0767

wR2 = 0.1227

0.686 eA 3

-0.502 eA 3

C4o H 56 F6 N 06 P Ru S

1026.03

Triclinic

P1

a = 11.1969(6) 
b= 12.0503(6) A
c = 16.7333(9) A

a = 72.1990(10)°

,= 81.1420(10)°

y= 85.2830(10)o

2122.54(19) A3

1.605 Mg/m 3

0.871 mm-

1048

0.14 x 0.09 x 0.09

2.390

23.280

-12 <h< 12

-13 < k< 13

-8<1< 18

8614

5982 [Rin, = 0.0161]

Empirical SADABS
5982/0/530

1.027

R1 = 0.0306

wR2 = 0.0706

R1 = 0.0370

wR2 = 0.0735

0.785 eA 3

-0.561 eA 3
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Table A.2. Atomic coordinates (x 10 4 ) and equivalent isotropic displacement
parameters (A 2 x 103) for [Cp*Ru(C460)] + (6-PF 6). U(eq) is defined as one third
of the trace of the orthogonalized Ujj tensor.

x y z U(eq)

Ru(l) 6815(l) 566(1) 2376(1) 33(1)
N(l) 8277(6) 1740(2) 947(4) 49(1)

0(1) 3677(4) 568(2) 1128(3) 48(1)

0(2) 1521(5) 67(3) 1185(4) 76(2)

C(1) 5936(7) 1150(3) 1131(4) 41(2)

C(2) 7499(7) 1171(3) 1044(4) 38(2)

C(3) 8236(7) 536(3) 1147(4) 43(2)

C(4) 7489(7) -73(3) 1215(4) 41(2)

C(5) 5944(7) -97(3) 1205(4) 36(1)

C(6) 5188(6) 517(3) 1153(4) 36(1)

C(7) 5035(7) -711(3) 1307(4) 42(2)

C(8) 3587(7) -639(4) 1300(4) 49(2)

C(9) 2810(8) -13(4) 1217(5) 50(2)

C(10) 5841(7) -1366(3) 1421(5) 53(2)

C(11) 8258(8) 559(5) 3644(5) 62(2)

C(12), 7462(10) 1185(4) 3580(5) 60(2)

C(13) 5973(10) 1027(4) 3604(4) 56(2)

C(14) 5777(8) 346(4) 3679(4) 52(2)

C(15) 7160(9) 44(3) 3707(4) 53(2)

C(16) 9906(10) 469(7) 3690(7) 124(4)

C(17) 8128(14) 1874(4) 3542(6) 114(4)

C(18) 4708(13) 1533(6) 3596(7) 124(5)

C(19) 4320(10) -34(6) 3726(6) 110(4)

C(20) 7478(15) -708(4) 3845(7) 116(4)

C(21) 7555(9) 2402(3) 896(5) 58(2)

C(22) 6890(9) 2570(4) -58(6) 71(2)

C(23) 9886(8) 1725(4) 881(6) 66(2)

C(24) 10360(9) 1533(4) -69(6) 84(3)

P(1) 8294(3) 1833(1) 6634(2) 72(1)

F(1) 6783(6) 1732(3) 6064(5) 134(2)

F(2) 8241(7) 1097(3) 7045(4) 113(2)
F(3) 9879(7) 1922(4) 7172(5) 136(2)

F(4) 8411(7) 2554(3) 6208(5) 132(2)

F(5) 9124(7) 1532(3) 5780(4) 113(2)

F(6) 7530(10) 2103(4) 7485(5) 169(3)
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Table A.3. Bond lengths (A) and angles (

(A)

N(1)-C(2)

N(1)-C(23)
N(1)-C(2 1)

0(1)-C(6)
0( 1)-C(c )
0(2)-C(9)
C(1)-C(2 )
C(1)-C(6)
C(2)-C(3)

C(3)-C(4)

C(4)-C(5)

C(5)-C(6,)

C(5)-C(7)
C(7)-C(8)

C(7)-C(10)
C(8)-C(9)

C(1 l)-C(15)
C(11)-C(12)
C(1 1)-C(16)

C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(14)-C(19)
C(15)-C(20)
C(21)-C(22)
C(23)-C(24)
P(1)-F(6"}

P(l)-F(1)

P(I)-F(4 )
P(Il)-F(2')
P(1)-F(3)

P(1)-F(5')

1.345(7)

1.467(9)

1.470(8)

1.370(7)

1.408(8)

1.175(8)

1.429(8)

1.431(8)

1.432(8)

1.393(8)

1.399(8)

1.399(8)

1.487(8)

1.319(9)

1.496(8)

1.430(9)

1.434(10)

1.439(10)

1.500(11)

1.388(10)

1.501(10)

1.371(10)

1.524(11)

1.388(10)

1.527(10)

1.534(10)

1.485(10)

1.496(10)

1.533(6)

1.555(6)

1.563(6)

1.579(5)
1.588(6)

1.589(5)

) for [Cp*Ru(C460)] (6-PF 6).

( )

C(2)-N(1)-C(23)
C(2)-N(1)-C(21)
C(23)-N(1)-C(21)
C(6)-O(1)-C(9)
C(2)-C( l)-C(6)
N(1)-C(2)-C(I)
N( l)-C(2)-C(3)
C( )-C(2)-C(3)

C(4)-C(3)-C(2)
C(3)-)-C(-C(5)
C(6)-C(5)-C(4)
C(6)-C(5)-C(7)
C(4)-C(5)-C(7)
0(1)-C(6)-C(5)
0( l )-C(6)-C( )
C(5)-C(6)-C(1)
C(8)-C(7)-C(5)
C(8)-C(7)-C(1O)

C(5)-C(7)-C(10)
C(7)-C(8)-C(9)
0(2)-C(9)-O(1)
0(2)-C(9)-C(8)
O(1)-C(9)-C(8)
C(15)-C(1 )-C(12)
C(15)-C( 1)-C(16)
C(12)-C1 I)-C(16)
C(13)-C(12)-C(1 1)

C(13)-C(12)-C(17)
C(1 )-C(12)-C(17)
C(14)-C(13)-C(12)
C(14)-C(13)-C(18)
C(12)-C(13)-C(18)
C(13)-C(14)-C(15)
C(13)-C(14)-C(19)
C(15)-C(14)-C(19)
C(14)-C(15)-C(1 1)

121.3(5)

121.6(5)

117.1(5)

119.9(5)

120.0(5)

124.2(6)

120.6(6)

115.0(5)

123.2(6)

121.3(6)

117.2(6)

116.8(5)

126.0(5)

123.4(6)

114.0(5)

122.5(5)

117.8(6)

125.1(6)

117.2(6)

125.4(7)

116.3(6)

127.1(7)

116.6(6)

106.0(6)

127.2(9)

126.8(9)

106.7(6)

127.0(9)

126.3(9)

110.9(7)

123.5(9)

125.6(8)
108.0(7)

127.6(8)

124.4(8)

108.5(6)
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C(14)-C(15)-C(20)
C(1 l)-C(15)-C(20)
N(l)-C(21)-C(22)
N(1)-C(23)-C(24)
F(6)-P(1)-F(1)
F(6)-P(1)-F(4)
F(l)-P(i)-F(4)
F(6)-P( )-F(2)
F( )-P( )-F(2)
F(4)-P( 1 )-F(2)

F(6)-P( )-F(3)
F( )-P(1)-F(3)

F(4)-P(1)-F(3)
F(2)-P(1)-F(3)
F(6)-P(I)-F(5)
F(1)-P(1)-F(5)

F(4)-P( l )-F(5)
F(2)-P( I )-F(5)
F(3)-P( 1 )-F(5)

126.0(8)

125.4(8)

113.5(6)

114.3(7)

91.6(5)

91.8(4)

89.8(4)

90.3(4)
91.5(3)

177.5(4)

91.3(4)
177.1(4)

90.1(4)
88.6(4)

177.7(5)

89.9(4)

90.0(3)

87.8(3)

87.2(4)
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Table A.4. Anisotropic displacement parameters (A2 x
(6-PF 6). The anisotropic displacement factor exponent
UtI + ... 2hkab U2].

103) for [Cp*Ru(C460)]-
takes the form: -2n[h-a 2

U 11 U2 2

32(1)

30(3)

58(3)

88(4)

48(4)

35(4)
40(4)

43(4)
36(3)

57(4)
40(4)
61(5)

61(5)

44(4)
97(6)

42(4)

50(5)
68(5)

32(4)

223(14)
71(6)

135(9)

193(12)

58(6)

34(4)

55(5)
41(4)

75(6)

69(1)

87(4)

86(4)
171(6)

62(3)

128(5)

137(6)

U3 3

33(1)

70(4)

51(3)

107(5)

32(4)

37(4)
51(4)

42(4)

29(3)

26(3)

32(3)

42(4)

46(4)
68(5)

40(4)
32(4)

27(4)

29(4)

31(4)

85(7)

63(6)

73(6)

51(5)

68(6)

70(5)

75(6)
103(6)

109(7)

80(2)

220(7)

124(5)
131(5)

203(7)

84(4)

U 23

-3(1)

3(3)
3(2)

7(3)

0(3)

0(3)
-5(3)

-5(3)
-12(3)

-6(3)

-7(3)
-6(3)

-4(3)

-3(4)

-5(4)
-3(3)
- 10(3)

2(3)

3(3)
6(8)

-4(5)
-18(6)
-4(6)

14(5)

0(4)
-1(4)

0(4)

3(5)
-1(1)

-19(4)

21(3)
-14(5)

25(4)
6(3)

U13

1(1)

18(3)

2(2)

12(3)

4(3)

6(3)

14(3)

10(3)

2(3)

0(2)

5(3)

7(3)
2(3)

2(4)

-12(3)

-10(4)

2(4)

3(3)
-12(4)

-19(5)

-10(7)

20(7)

16(5)

-14(7)

10(4)

13(5)

25(5)

44(5)
26(1)
-24(4)

51(4)
-3(4)

44(5)
39(4)

171(7) -50(5) 129(6) -37(6)
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Ru( 1)

N(1)

0(1)
0(2)
C(1)

C(2)

C(3)

C(4)

C(5)

C(6)
C(7)

C(8)

C(9)
C(10)

C(ll)
C(12)
C(13)

C(14)

C(15)
C(16)

C(17)

C(18)

C(19)

C(20)

C(21)

C(22)

C(23)

C(24)

P(1)

F(I)
F(2)
F(3)

F(4)

F(5)

F(6)

35(1)
48(3)

37(2)

33(3)

43(4)
42(4)

40(3)

41(4)

42(4)

26(3)

53(4)

45(4)
42(4)
46(4)
48(4)

103(7)

91(6)

59(5)
94(6)

62(6)

206(12)
165(11)

87(7)

219(14)
72(5)

83(6)

56(5)

74(6)

71(2)

88(4)

134(5)

106(5)

135(5)

133(5)

215(7)

Ul2

1(1)

0(3)

10(2)

3(3)
11(3)

0(3)

-1(3)

7(3)

6(3)
0(3)

-2(3)

-8(4)

-2(4)

-7(3)

1(5)

-25(4)

18(4)

-3(4)
0(4)

8(7)

-66(7)

93(9)

-66(7)

25(7)

3(4)

6(4)
-13(4)

5(5)
-19(1)

-9(3)
-12(4)

-46(4)

-16(3)

31(4)
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Table A.5. Hydrogen coordinates (x 104 )

(A2
x 103) for [Cp*Ru(C460)] (6-PF 6).

x

H(1)

H(3)

H(4)

H(8)

H(10A)
H(1013)

H(1OC)

H(16A)

H(16B)
H(16C)

H(172-A)

H(1713)

H(17(:C)

H(18A)
H(1813)

H(18(C)

H(19A)
H(193B)

H(l9C()

H(20A)
H(2013)

H(20C)
H(21 -A)

H(21B)
H(22A)

H(22B)

H(22C)

H(23A)

H(23B)

H(24A)
H(24B)
H(24C)

5394

9287

8039

3012

5149

6633

6270

10143

10302

10350

7412

9023

8385

4382

3880

5049

4384
3511

4130

7575

8400

6661

8295

6771

7658

6452
6119

10321

10291

9981

11444

9968

y

1556

529

-479

-1034

-1718

-1324

-1483

32

489

827

2182

1856

2034
1582

1374

1969

-465

233

-115
-811

-823

-970

2750

2412

2560

3020

2241

1401

2175

1085

1530

1860

and isotropic displacement parameters

z

1174

1169

1270

1354

1586

1923

829

3421

4348

3330

3224

3193

4184

4235

3175

3374

3397

3424

4386

4520

3561

3543

1092

1347

-510

-50

-245
1352

1047

-236

-55

-538

U(eq)

49

51

50

59

79

79

79

186

186

186

171

171

171

186

186

186

165

165

165

174

174

174

70

70

106

106

106

79

79

126

126

126

164
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Table A.6. Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2

x 103) for [(Cp*Ru) 2 (PSA)] + (7-PF 6 ). U(eq) is defined as one
third of the trace of the orthogonalized Uij tensor.

x y z U(eq)

C(2S) 5029(6) 8104(6) 5795(4) 105(2)
Ru(1) 250(1) 9998(1) 2635(1) 23(1)
Ru(2) 4504(1) 6864(1) 2098(1) 23(1)

S(1) -96(1) 6516(1) 5859(1) 36(1)

N(1) 1919(2) 7508(2) 3199(2) 24(1)

0(1) 2610(2) 9654(2) 759(2) 40(1)
0(2) 196(3) 7729(2) 5628(2) 51(1)

0(3) -975(2) 6313(3) 5367(2) 49(1)
0(4) -445(3) 5994(3) 6763(2) 61(1)
C(1) -940(3) 9570(3) 1857(2) 28(1)

C(2) -1017(3) 10798(3) 1726(2) 30(1)
C(3) -1457(3) 10999(3) 2519(2) 30(1)

C(4) -1648(3) 9884(3) 3145(2) 31(1)
C(5) -1330(3) 9002(3) 2733(2) 28(1)
C(6) -1443(4) 7713(3) 3126(3) 41(1)

C(7) -561(4) 8987(4) 1180(3) 41(1)
C(8) -745(4) 11717(4) 891(2) 44(1)

C(9) -1738(4) 12161(3) 2667(3) 43(1)

C(10) -2125(4) 9694(4) 4063(3) 47(1)

C(ll) 1231(3) 10417(3) 3551(2) 31(1)

C(12) 1615(3) 11176(3) 2746(3) 33(1)

C(13) 2048(3) 10715(3) 2075(2) 31(1)

C(14) 2138(3) 9484(3) 2220(2) 24(1)

C(15) 1808(3) 8707(3) 3048(2) 24(1)
C(16) 1300(3) 9202(3) 3708(2) 27(1)

C(17) 2514(3) 9030(3) 1487(2) 28(1)

C(18) 2781(3) 7762(3) 1712(2) 25(1)

C(19) 2499(3) 7040(3) 2565(2) 23(1)

C(20) 2885(3) 5841(3) 2769(2) 27(1)

C(21) 3450(3) 5368(3) 2127(2) 31(1)

C(22) 3681(3) 6075(3) 1277(2) 33(1)
C(23) 3356(3) 7263(3) 1074(2) 31(1)
C(24) 5758(3) 6594(3) 3022(2) 28(1)
C(25) 5490(3) 7811(3) 2688(2) 28(1)
C(26) 5900(3) 8148(3) 1793(2) 28(1)
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C(27)
C(28)

C(29)
C(30)

C(31)

C(32)

C(33)

C(34)
C(35)
C(36)
P(1)
F(1)

F(2)
F(3)

F(4)

F(5)

F(6)

O( IS)l

0(2S)
C(1S)

C(4S)

C(3S)

6417(3)

6326(3)

5547(4)
4970(4)
5835(4)
7016(4)

6853(4)

1293(3)

2002(3)

1266(3)

5029(1)

4767(4)
4696(3)

6362(3)

5355(2)

3651(2)
5192(5)

6569(3)

122(5)

6208(5)

1058(7)

318(7)

7132(3)

6172(3)

5889(4)

8613(4)

9360(3)

7086(4)
4968(3)

6732(3)

6427(3)

5761(3)

2601(1)

1438(2)

1975(2)

2177(4)

3215(2)

2997(3)

3767(3)

6784(4)
5897(3)

7535(6)

4679(6)
5611(7)

1584(2)

2344(2)
3940(2)

3196(3)

1194(3)

725(3)

2410(3)

3990(2)

4740(2)

5569(2)
1384(1)

2120(2)
746(2)

1214(3)

2033(2)

1579(2)

661(2)

5461(3)

1844(3)

5958(3)

989(5)

1131(4)

29(1)

30(1)

43(1)
43(1)
45(1)
44(1)
44(1)
25(l)
31(1)

36(1)

34(1)
93(1)
72(1)

111(2)

65(1)
83(1)
123(2)

94(1)
101(2)

84(2)

102(2)

109(3)

166
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Table A.7. Bond lengths (A) and angles (

(A)

C(2S)-C(1S)
S(1)-0(2)
S(1)-0(4)
S(l)-0(3)
S(1)-C(36)
N(l)-C(15)
N(1)-C(19)
N(1)-C(34)
O(1)-C(17)

C(1)-C(2)
C(1)-C(5S)

C(1)-C(7)
C(2)-C(3)
C(2)-C(8)

C(3)-C(4)
C(3)-C(9)
C(4)-C(5)
C(4)-C(10)
C(5)-C(6)
C(11)-C(12)
C(l l)-C(16)
C(12)-C(13)
C(13)-C(14)
C(14)-C(15)
C(14)-C(17)
C(15)-C(16)
C(17)-C(18)
C( 18)-C(23)

C(18)-C(19)
C(l 9)-C(20)
C(20)-C(2 1)

C(2 )-C(22)
C(22)-C(,23)

C(24)-C(25)
C(24)-C(28)
C(24)-C(29)

1.461(8)

1.444(3)

1.454(3)

1.455(3)

1.790(4)

1.388(4)

1.398(4)

1.478(4)

1.214(4)

1.425(5)

1.432(5)

1.499(5)

1.428(5)

1.500(5)

1.437(5)

1.496(5)

1.429(5)

1.501(5)

1.497(5)

1.403(5)
1.404(5)

1.404(5)

1.426(5)

1.428(5)

1.482(5)

1.433(5)

1.474(5)

1.426(5)

1.430(5)

1.426(5)

1.409(5)

1.414(5)

1.397(5)

1.425(5)

1.425(5)

1.502(5)

o ) for [(Cp*Ru)2(PSA)]* (7-PF 6).

( )

0(2)-S(1)-0(4)
0(2)-S(1)-0(3)
0(4)-S(1)-0(3)
0(2)-S(I)-C(36)
0(4)-S( I )-C(36)
0(3)-S(1)-C(36)
C(15)-N(1)-C(19)
C(15)-N(1)-C(34)
C( 9)-N( I )-C(34)
C(2)-C(1)-C(5)
C(2)-C(1)-C(7)
C(5)-C(1)-C(7)
C(l)-C(2)-C(3)
C( )-C(2)-C(8)

C(3)-C(2)-C(8)
C(2)-C(3)-C(4)
C(2)-C(3)-C(9)
C(4)-C(3)-C(9)
C(5)-C(4)-C(3)
C(5)-C(4)-C(10)
C(3)-C(4)-C(10)
C(4)-C(5)-C(1)
C(4)-C(5)-C(6)
C(1)-C(5)-C(6)
C(12)-C(I 1)-C(16)
C(1 )-C(12)-C(13)

C(12)-C(13)-C(14)
C(13)-C(14)-C(15)
C(13)-C(14)-C(17)
C(15)-C(14)-C(17)
N(1)-C(15)-C(14)
N(1)-C(15)-C(16)
C(14)-C(15)-C(16)
C(l 1)-C(16)-C(15)
O(1 )-C(17)-C(18)
O(1)-C(17)-C(14)

113.79(18)

112.60(19)

111.7(2)

105.93(18)

106.73(18)

105.36(18)

120.2(3)

119.6(3)

119.8(3)

108.3(3)

125.4(3)

126.3(3)

108.1(3)

125.7(3)

126.0(3)

107.8(3)

126.3(3)

125.8(3)

108.0(3)

126.5(4)

125.5(4)

107.8(3)

126.8(3)

125.3(3)

121.5(3)
119.5(3)

120.2(3)

120.5(3)

118.7(3)

120.7(3)

120.9(3)

121.0(3)
118.0(3)

120.1(3)

122.6(3)

122.7(3)
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C(25)-C(26)
C(25)-C(30)
C(26)-C(27)
C(26)-C(31)
C(27)-C(28)
C(27)-C(32)
C(28)-C(.33)

C(34)-C(35)
C(35)-C(36)
P( 1 )-F(3)

P(1)-F(61)

P(1)-F(2'
P(1)-F(4)
P( )-F(5)

O(1 S)-C(1 S)

0(2S)-C(3S)
C(4S)-C(3S)

C(18)-C(17)-C(14)
C(23)-C(18)-C(19)
C(23)-C(18)-C(17)
C( 19)-C(I 8)-C(17)
N(1)-C(19)-C(20)
N(l1)-C(19)-C(18)

C(20)-C(I 9)-C(18)
C(21)-C(20)-C(19)
C(20)-C(21)-C(22)
C(23)-C(22)-C(21)
C(22)-C(23)-C(18)
C(25)-C(24)-C(28)
C(25)-C(24)-C(29)

1.437(5)

1.501(5)
1.429(5)

1.501(5)

1.430(5)

1.503(5)

1.499(5)

1.523(5)

1.524(5)

1.550(3)

1.551(3)

1.571(3)

1.584(3)

1.587(3)

1.592(3)

1.404(7)

1.323(7)

1.398(8)

(0)

114.7(3)

120.0(3)

119.4(3)

120.6(3)

120.5(3)

121.0(3)

118.5(3)

120.3(3)

120.9(3)

119.4(3)

120.7(3)

108.2(3)

126.0(3)

C(28)-C(24)-C(29)
C(24)-C(25)-C(26)
C(24)-C(25)-C(30)
C(26)-C(25)-C(30)
C(27)-C(26)-C(25)
C(27)-C(26)-C(31)
C(25)-C(26)-C(31)
C(26)-C(27)-C(28)
C(26)-C(27)-C(32)
C(28)-C(27)-C(32)
C(24)-C(28)-C(27)
C(24)-C(28)-C(33)
C(27)-C(28)-C(33)
N(1)-C(34)-C(35)
C(34)-C(35)-C(36)
C(35)-C(36)-S(1)
F(3)-P(I)-F(6)
F(3)-P(1)-F(1)
F(6)-P(1)-F(1)
F(3)-P(1)-F(2)
F(6)-P(1)-F(2)
F(1)-P(1)-F(2)
F(3)-P(1)-F(4)
F(6)-P(1)-F(4)
F(1)-P( )-F(4)
F(2)-P(1)-F(4)
F(3)-P( )-F(5)

F(6)-P( 1)-F(5)

F( l)-P(lI)-F(5)

F(2)-P(1)-F(5)
F(4)-P( I)-F(5)
O(1 S)-C(I S)-C(2S)

0(2S)-C(3S)-C(4S)
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125.6(3)

107.9(3)

125.7(4)

126.2(3)

107.7(3)

126.3(3)

126.0(3)

108.0(3)

126.2(3)

125.7(3)

108.1(3)

126.8(4)

124.9(3)

114.3(3)

112.8(3)

114.2(3)

93.7(3)

90.2(2)

176.1(3)

88.61(17)

90.8(2)

88.54(17)

91.54(17)

90.0(2)

90.73(17)

179.25(19)

178.2(2)

88.1(2)

88.0(2)

91.09(16)

88.74(15)

111.5(6)

125.9(5)
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Table A.8. Anisotropic displacement
[(Cp*Ru)2 (PSA)] (7-PF 6). The anisotropic
the form: -2m2[h2a 2 U1 + ... 2hkab U12].

U 1

C(2S)

Ru(l)
Ru(2)

S(l)
N(1)

0(1)
0(2)
0(3)
0(4)
C(1)

C(2)

C(3)
C(4)

C(5)
C(6)

C(7)
C(8)

C(9)
C(10)

C(11)

C(12)

C(13)

C(14)

C(15)
C(16)

C(17)

C(18)

C(19)
C(20)

C(21)

C(22)
C(23)

C(24)

C(25)
C(26)

88(5)

21(1)
21(1)

46(1)

24(2)

45(2)

72(2)

39(2)

77(2)

21(2)

25(2)

20(2)

18(2)

20(2)

34(2)

43(2)

48(3)

41(2)

33(2)

29(2)

29(2)

21(2)

17(2)

17(2)

25(2)

21(2)

19(2)

17(2)

24(2)

27(2)

27(2)

26(2)
24(2)

22(2)

21(2)

U22

119(6)

21(1)

24(1)
37(1)

24(2)

37(2)

38(2)

65(2)

63(2)

33(2)

36(2)

36(2)

43(2)

32(2)

38(2)

46(2)

42(2)

43(2)

67(3)

30(2)

24(2)

26(2)

26(2)

26(2)

32(2)

31(2)

30(2)

28(2)

23(2)

27(2)

41(2)

44(2)

34(2)

33(2)

31(2)

U 33

75(4)
26(1)

25(1)
24(1)

24(2)

25(2)

43(2)

48(2)

29(2)

34(2)

29(2)

35(2)

30(2)

34(2)

52(3)

40(2)

34(2)

49(3)
35(2)

40(2)

50(3)
40(2)

30(2)

28(2)

28(2)

28(2)

26(2)

26(2)

34(2)

46(2)

40(2)
25(2)

29(2)

37(2)

34(2)

parameters (A2 x 103) for
displacement factor exponent takes

U 23

1(4)

-8(1)

-11(1)

-11(1)
-9(1)

0(l)
-21(1)

-28(2)

-7(2)

-12(2)

-10(2)

-12(2)

-9(2)
-10(2)

-5(2)
-22(2)

-2(2)

-23(2)

-10(2)

-19(2)

-14(2)

-5(2)
-8(2)

-8(2)

-15(2)

-6(2)

-11(2)

-12(2)

-9(2)

-20(2)

-26(2)
-14(2)
-9(2)

-19(2)

-11(2)

U1 3

8(4)
-1(1)

-4(1)

3(1)

0(1)

5(l)
11(2)

-1(1)

10(2)

-10(2)

-9(2)

-7(2)

-3(2)

-8(2)

-17(2)

-10(2)

-7(2)

-11(2)

5(2)

-9(2)

-9(2)

0(2)

-4(2)

-4(1)

-5(2)

-2(2)

-5(2)

-5(1)

-3(2)

-9(2)

-5(2)
-7(2)
-9(2)

-6(2)

-3(2)

U 12

33(4)
1(1)

3(1)

1(1)

1(1)

7(1)

0(2)

4(1)

3(2)

4(2)
6(2)

10(2)

2(2)

-2(2)

-8(2)

3(2)

7(2)

17(2)

-3(2)

0(2)

-3(2)

-3(2)

4(1)

2(1)

3(2)

3(2)

2(1)

2(1)

-1(2)

3(2)

2(2)
3(2)

-1(2)

-1(2)

-2(2)
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C(27) 20(2) 37(2) 34(2) -14(2) -6(2) 2(2)
C(28) 19(2) 31(2) 42(2) -14(2) -10(2) 2(2)
C(29) 39(2) 55(3) 33(2) -5(2) -13(2) -6(2)
C(30) 37(2) 53(3) 52(3) -33(2) -8(2) 2(2)
C(31) 40(2) 30(2) 55(3) -3(2) -2(2) -2(2)
C(32) 32(2) 62(3) 42(2) -24(2) 1(2) 6(2)
C(33) 37(2) 33(2) 64(3) -16(2) -16(2) 8(2)
C(34) 25(2) 24(2) 23(2) -4(2) 1(2) -3(1)
C(35) 29(2) 33(2) 29(2) -5(2) -7(2) 5(2)
C(36) 41(2) 33(2) 29(2) -3(2) -8(2) 4(2)
P(1) 38(1) 30(1) 35(1) -14(1) -2(1) 1(1)
F(1) 175(4) 42(2) 52(2) -8(1) 3(2) -2(2)
F(2) 99(2) 67(2) 73(2) -46(2) -41(2) 24(2)
F(3) 39(2) 152(3) 193(4) -132(3) -10(2) 20(2)
F(4) 58(2) 72(2) 92(2) -60(2) -22(2) 7(1)
F(5) 45(2) 86(2) 141(3) -72(2) -14(2) 11(2)
F(6) 235(5) 46(2) 63(2) 1(2) 27(3) -17(2)
O(IS) 51(2) 138(4) 124(4) -86(3) -10(2) 0(2)
O(2S) 159(5) 58(2) 79(3) -14(2) -24(3) 30(3)
C(1S) 77(4) 116(5) 42(3) -16(3) 9(3) 21(4)
C(4S) 116(6) 104(5) 116(6) -65(5) -49(5) 18(4)
C(3S) 110(5) 142(6) 47(4) -5(4) -17(3) 65(5)
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Table A.9. Hydrogen coordinates (x 104) and isotropic displacement parameters
(A 2 1l0)3) for [(Cp*Ru) 2(PSA)] ~ (7-PF 6 ).

x y z U(eq)

H(2S 1) 5097 8641 5218 157

H(2S2) 4755 8540 6201 157

H(2S3) 4443 7512 5856 157

H(6A) -1472 7520 3741 62

H(6B) -744 7305 2897 62

H(6C) -2186 7471 2995 62

H(7A) -366 8160 1442 61

H(7B') 153 9360 810 61

H(7C) -1223 9059 844 61

H(8A) -1438 11831 577 65

H(8B') -29 11468 562 65

H(8C') -591 12451 988 65

H(9A') -1197 12738 2265 64

H(9B') -1622 12105 3247 64

H(9C) -2579 12403 2586 64

H(l OA) -3009 9672 4141 71

H(IOB) -1887 10332 4246 71

H(10() -1791 8952 4401 71

H(11) 917 10733 3999 37

H(12) 1582 11995 2655 40

H(13) 2282 11225 1524 37

H(16) 1009 8707 4254 33

H(20) 2761 5359 3340 32

H(21) 3679 4562 2267 37

H(22) 4054 5746 847 40

H(23) 3520 7743 504 37

H(29 A) 5330 5098 3984 65

H(29B) 4888 6258 4238 65

H(29C) 6287 5849 4195 65

H(30A) 5597 8781 3486 65

H(30B) 4298 8239 3615 65

H(30C) 4673 9342 2817 65
H(3 IA) 6509 9801 1235 67

H(31B) 5067 9750 1343 67

H(31C,) 5885 9320 614 67

H(32A) 6729 7757 288 66
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H(3213)

H(32C)

H(33A)

H(33B3)

H(3 3C)

H(34A)
H(3413)

H(35A)
H(35B3)

H(36A)

H(36B)
H(LS)

H(2S)

H(I S 1)

H(1S2)

H(4S 1)

H(4S2)

H(4S3)

H(3St1)

H(3S2)

6813

7894
7708

6782

6414
1117

509

2271

2733

1776

1055

7311

259
6818

6167

1565

1575

553

628

-489

6363

7109

4936
4774
4406
6001

7113

7155

5949

5592

5005

6614

5311

8137

7085

4381

4946

4057

6316

5494

633

696
2484
1892

2898

3885

4140
4802
4625
6028

5519

5465

2250

5833
6565

1443

443

980

686

1005

66

66

66

66

66

30

30

37

37

43

43

141

152

100

100

153

153

153

130

130
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