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By
Troy S. Bergstedt
August, 1999

Chairman: Professor Kirk S. Schanze
Major Department: Chemistry

A photolithographic methodology has been employed to prepare thin polymer
films of electrochemically active materials on a conductive, optically transparent
substrate. These films are patterned within the plane of the substrate with feature
linewidths on the order of several microns. Three types of films are described, one
prepared from a polypyridyl ruthenium (II) monomer having acrylate functionality, one
employing a styrene-based viologen monomer, and the third comprised of a
polythiophene with pendant acrylate functionality.

Upon adsorption onto the electrode surface, these materials largely retain their
electrochemical and spectroelectrochemical characteristics. Grating-patterned arrays of

these electroactive materials possess an additional interesting characteristic, the ability to
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diffract light in a manner which can be reversibly controlled by a chemical or
electrochemical signal. The chemical synthesis, photolithographic film fabrication

technique, characterization, and diffraction experiments will be presented and discussed.

vii
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CHAPTER 1
INTRODUCTION

Objective and Introductory Concepts

Often, when one sets out in pursuit of a particular goal, the journey may be
sidetracked so that the final destination is quite different than had been initially projected.
With the intent of investigating materials to be employed for a photoinduced charge
transfer scheme, we (perhaps fortuitously) found that these polymers, when deposited
onto transparent electrodes in spatially addressable three-dimensional structures,
possessed unexpected optical properties. It was discovered that grating patterned arrays
of electroactive polymer stripes exhibited optical diffraction properties which could be
varied by a reversible electrochemical stimulus. The work detailed in the following
chapters chronicles our path along this tangent. While chapters 2-4 describe the
properties of differing materials, three key concepts remain common throughout, namely
the utility and electrochemical properties of chemically modified electrode surfaces,
photolithography, and optical diffraction gratings. Due to the importance of these
subjects to the discussion of the work to follow, a brief introduction of each is

appropriate.

Chemically Modified Electrodes

By deliberate adsorption of a chemical species onto an electrode surface, one can

produce a chemically modified electrode (CME) in which the chemical, electrochemical,
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optical, spectroscopic, and other properties are imparted to the electrode.l,2 By
appropriate selection of the adsorbed molecular species, the electrode can be made to
possess the selective characteristics suitable for a diverse range of specific applications.
For example, an electrocatalytic surface can be obtained by functionalization of the
electrode surface with molecules that can sensitize an oxidation or reduction of a
chemical species in the contacting electrolyte solution. By the same token, this type of
electrode can be employed rather in an analytical sense, to detect the presence and/or
concentration of a dissolved analyte by measurement of the current flow to or from the

electrode. Surface adsorption also allows for practical utilization of a material’s
spectroscopic properties, both absorptive and emissive.3 Potential real-world

applications in this regard include electrochromics,4>? photodetection,%7 and
electroluminescence.

In addition to consideration of the specific molecular species with which to
functionalize an electrode surface, one must determine the manner in which the material
is to be deposited. As the study of CMEs has grown, so has the number of surface
modification strategies. These can be categorized into two general classes, based on the
amount of material residing on the electrode surface: monolayer films and muitilayer or
polymer films. As the name implies, a single molecular layer of adsorbed or chemically
bound chemical species (essentially creating a two-dimensional molecular regime)

characterizes the former. Langmuir-Blodgett deposition techniques employ hydrophobic

ordering and adsorption effects to create well-ordered, compact films8-10 (by extension
of this procedure, multilayer films can be prepared as well by sequential depositions). A

second strategy for monolayer coverage is chemisorption, exemplified by the tendency of
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alkenes to irreversibly adsorb onto platinum,!1 as well as a similar affinity of aromatic &

systems for carbon surfaces.12 Self-assembled monolayers (SAMs) have been studied
extensively, and can also form very stable surface films. The self-assembly technique
relies on a reactive pendant tether which attaches molecules to the surface by covalent

bonding with the electrode material. The two most widely employed attachment

strategies are thiol self-assembly on gold surfaces13-17 and silane attachment to metal

oxide surfaces.6,18-26

While monolayer films are generally very well defined and can exhibit ideal
electrochemical behavior, the main drawback is the very small amount of material
deposited on the electrode surface, which precludes practical use in all but the most
sensitive analytical applications. This, in large part, has fueled the growth of films
comprised of multilayer quantities of adsorbed material. Here, again, several approaches
are possible. Polymers can be grown directly on the surface by means of
electropolymerization, or preformed polymers can be deposited by spin-casting, dipping,
or drop evaporation. The electrochemically active species can comprise the backbone
structure of the polymer as in the case of electronically conducting polymers (so-called
synthetic or plastic metals), it may be attached pendant to a nonconductive backbone
(redox-conductive polymers), or it may be electrostatically bound to an oppositely
charged host polymer (e.g. a cationic species ion-exchanged into polystyrene
sulfonate27-28). While there are benefits to be reaped in employing a polymeric CME
for a desired application, care must be taken in order to maintain favorable
electrochemical properties. As is often observed, multilayer quantities of adsorbed

material can inhibit the electrochemical response of the electrode in degrees ranging from
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trivial to severe in magnitude. In order to understand this, let us first look at an ideal
model, fully reversible cyclic voltammetry of a thin layer of a redox-active material. A
schematic representation of this is shown in Figure 1.1.1,2

For an ideal redox layer immobilized on an electrode surface, both transport of the
redox center to the site of the electron transfer reaction and the electron transfer step itself

are fast. The Ox/Red composition of the redox film maintains equilibrium with the
applied potential, which obeys the Nernst equation at all E,,,. For Ox +ne” — Red,29

E=g +XpCe (1-1)
nF C,

Both the reductive and oxidative current peaks are symmetrical about the peak current
and the same in both directions. For a reductive wave, the current is given by2,2%

_4ip exp[(nF/RTXE _E:urf )]

"~ T olor rRTNE- 23, ) 2

The current peak i, appears at the surface wave formal potential £, and is given by

i — (nF)ZArTv
P 4RT

(1-3)
where F is the Faraday constant, A is the electrode area, v is the potential scan rate, and
It is the total electroactive coverage of the film:

Iy =T + Iy =VC, (1-4)
Instead of calculating the surface coverage based on the resting-state film volume ¥ and
the concentration of oxidized species Cox, for which exact values can be quite uncertain,

it is more common to calculate I't by integration of the total charge Q under the current

wave shown by the shaded region in Figure 1.1 (Equation 1-5). Care must be taken to
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Figure 1.1. Characteristics of an ideal cyclic voltammogram for a surface-confined
redox species. (Reference 1)
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r,=-2 (1-5)

ensure that the proper baseline is established in order to properly determine the charge
under the current wave, as the wave is often superimposed atop a double-layer charging
current (the vertical displacement of the two surface waves shown in the figure).

The significant diagnostic features30 of the cyclic voltammogram shown in
Figure 1.1 are identical reductive and oxidative peak potentials (AE, = 0), symmetrical
shapes for both reductive and oxidative surface waves, proportionality between the peak
current i, and the potential sweep rate v, the integrated charge Q (and thus I'7) is constant
and independent of v, and a peak width Egwipv of 90.6/n mV.

In practice, however, fully ideal behavior is seldom observed. Compared to the
analogous description for solution-phase voltammetry, equation 1-3 lacks a term to
describe diffusion effects. This is appropriate for a thin-layer model, because since the
redox species is immobilized on the electrode surface, molecular diffusion to the
electrode surface is obviated. In the case of a thicker redox polymer film, though,
electron transfer occurs through site-site hopping and charge percolation to the more

remote regions of the film (see Figure 1.2). This requires molecular motion within the

= Red
ot de\ Ox Red Electrolyte
ectrode solution
Red

Red

Film

Figure 1.2. Charge percolation through a redox conductive film.
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constraints of the film so that the oxidized and reduced film species can come in close
proximity to facilitate electron transfer. In addition, charge neutrality must be maintained
within the film during the redox process, so charge-compensating electrolyte ions and
solvent molecules must diffuse into or out of the film. These combined effects can be
combined into a single charge transfer diffusion coefficient, Dcr. When Dcr is large, the
cyclic voltammogram appears quite like that shown in Figure 1.1. As diffusional effects
become more prominent, symmetry of the surface waves is lost as diffusional tails appear
and peak potentials start to separate, and deviations from the i, vs. v proportionality are
observed. In extreme situations in which Dcr becomes very small, diffusional tails and
peak separations become pronounced, and the voltammogram appears similar to that of
the dissolved redox species in solution. In fact, i, becomes proportional to v?and is
given by the same equation employed in solution linear sweep voltammetry:

i =(2.69x10° In*? AD2v'*C (1-6)
p CT Ox

Lithography

One way in which to maximize the potential of organic materials for device
applications is to spatially define how the material is deposited onto a substrate. Several
types of applications can greatly benefit from this, including organic semiconductor

technology, pixelation of displays based on electroluminescent materials (organic LEDs),

‘synthetic metal’ wires and interconnects,3 1 optical waveguides, and, in the case of the
work reported here, optical diffraction gratings. Patterning of films can be achieved in

one of two general ways, either by spatially controlling the initial deposition or growth of
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the film (such as electropolymerization or self-assembly onto a patterned electrode

surface),14:16 or by manipulation of the material once a film is cast (e.g. lithography).1

Lithography has been the workhorse of the semiconductor industry since the

invention of the integrated circuit in 1960.32 The process has undergone numerous
changes and enhancements during this time, aimed at the miniaturization of
microelectronics. The contact printing technique employed in the work to be described in
the subsequent chapters is the earliest form of photolithography, and is suitable for
fabrication of three-dimensional structures with feature dimensions on the order or
several microns. The premise of photolithography is to employ ultraviolet radiation to
transfer an image from an opaque, patterned mask to an underlying polymer film, called a
resist or photoresist, which coats an underlying substrate. Subsequent chemical
development of the film differentiates between the masked and irradiated regions of the
resist, selectively removing the more soluble material. The process is detailed
schematically in Figure 1.3. A substrate (a silicon wafer in the case of integrated circuit
fabrication) coated with a photoresist film is brought into direct contact with a mask
having opaque and transparent regions. Irradiation of the resist through the mask occurs
only in the transparent regions, which induces a photochemical change in the exposed
areas. If a positive photoresist is employed, this reaction may be a polymer cleavage, or a
similar reaction which increases its solubility relative to the non-irradiated material.
Development in a suitable solvent then produces a positive-tone lithographic image, in
which the features imparted to the resist match the opaque features of the lithographic
mask. Alternatively, if a negative resist is used in this process, irradiation leads to

polymer crosslinking, or some similar photochemical reaction which reduces the
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Mask application
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lithographic lithographic
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Figure 1.3. Lithographic patterning of a photoresist.
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solubility of the irradiated polymer. Solvent development in this case produces a
lithographic image which is a ‘negative’ of the pattern printed on the mask. In the
production of integrated circuits and other device fabrications, subsequent treatment not
shown in the figure involves either etching of the now-exposed regions of the substrate,
or deposition of another material (e.g. by vapor deposition) in these areas. In either case,
the final step in the process is to strip away any remaining resist material, leaving the
spatially modified substrate.

There are a few drawbacks and limitations to be considered when employing a
contact printing methodology. First, the hard physical contact between the lithographic
mask and the photoresist can damage both the mask and the film due to surface
roughness and particulate matter. In addition, adhesion of the resist to the mask can lead
to damage of both upon separation. Any modification to the lithographic mask, whether
by damage or adhesion of foreign material, will lead to image errors in all subsequent
uses of the mask. Feature size of an imparted image is highly dependent on the
wavelength of the irradiating light. As feature dimensions approach the wavelength of
the light source, nonideal image transfer can occur due to edge diffraction by the mask.
For this reason, the use of ultraviolet light is essential in order to minimize blurring of the
features transferred to the resist. Finally, positive photoresists provide inherently higher
resolution capabilities than negative resists due to swelling effects of the latter, which
reduce image transfer fidelity.

Diffraction Gratings
As light passes through a material, its velocity is diminished relative to the speed

of light in a vacuum. The ratio of the vacuum speed of light, c, to the velocity in a given
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material, v, is defined as the material’s refractive index, n. In the discussion to follow,
n=clv (1-7)
we will be concerned with the complex index of refraction, n(x,A), which consists of a
real component n(x,A) and an imaginary component k(x,A), each a function of the
position along the grating, x, and the probe wavelength, A.33.34 Aslight impinges upon
n(x,A) = n(x,\) + tk(x,A) (1-8)
a transmission grating, its speed is reduced upon passing through the grating material
relative to that of the light traveling through the grating gaps. This results in beams
emerging from the grating which differ in phase relative to each other. The spatially
periodic variation of the complex refractive index in a transmission grating leads to
constructive and destructive interference of these beams, producing the diffraction pattern
depicted in Figure 1.4. The various orders of diffraction (m = * 1,2 in the figure),
resulting from a monochromatic beam impinging at an angle 8 with respect to the z axis,
appear at angles ¢, as defined by the grating equation:33-37
bm = sin” [(mA/d) — sin 0], (1-9)
where A is the optical wavelength, d is the spacing between adjacent grating lines, and m
is the diffracted order. In the case where 6 = 0, this simplifies to
Om = sin” (mA/d). (1-10)
The imaginary component k of the complex refractive index is related to the

optical density, OD, by the equation34
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Figure 1.4. Representation of the diffraction pattern produced upon illumination of a
grating-patterned photopolymer film.
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_ 2.3A(OD)
42T

k (1-11)

It is clear, then, that variations in both the real (refractive index) and imaginary
(absorbance) terms can affect the diffractive properties of a transmission grating. This
dependence is shown in equation 1-12, the diffraction efficiency (DE, defined here as the

ratio of a first-order diffracted beam intensity to that of the zero-order undiffracted beam)

equation for a sinusoidal grating,33’34 where OD is the optical density of the grating

cosd Acosé Acosé

DE = exp[
material, 0 is the Bragg angle (8 = 0 in the experiments to follow), T is the grating
material thickness, A is the probe wavelength, and An and Ak are, respectively, the peak-
null variations of the real and imaginary complex refractive index components.
Diffraction by a transmission grating can arise by periodic variation of the optical density
only (i.e. Ak # 0, An = 0), in which case it is termed an amplitude grating. In this
instance, the second term of equation 1-12 dominates, while the contribution of the third
term is eliminated. On the other hand, a grating which possesses variations in An only is
described by terms 1 and 3 of the equation, and is said to be a phase grating. Quite often,
both Ak and An contribute to diffraction, so that a mixed grating is the result.

Fayer et al. have demonstrated the interrelationship of phase and amplitude
contributions in laser-induced excited state gratings.33-34 It has been shown that at a
probe frequency coincident to Amax of an excited state absorption band, diffraction is
governed by Ak only: under these conditions there is no phase grating contribution. As

the probe frequency is moved off-resonance with the absorbance, however, the phase
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grating contribution begins to play an important role. The induced variation of An
reaches a maximum at a wavelength corresponding to the half-height of the absorbance

band. As the probe frequency is moved farther off-resonance, the observed diffraction
efficiency drops as both Ak and An diminish. The former, however, falls off more
quickly than the latter, so that at wavelengths beyond the absorption band (Ak = 0), there
is still a significant contribution of An. In these studies, Fayer et al. have demonstrated
how a single grating can alternately exhibit amplitude, phase, or mixed characteristics,

depending solely on the wavelength to which the probe laser is tuned.
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CHAPTER 2
OPTICAL DIFFRACTION GRATINGS FABRICATED FROM A
POLYPYRIDYL RUTHENIUM(II) REDOX POLYMER

Introduction

The rich and varied chemistry of polypyridyl ruthenium(I) complexes has been

prevalent in the literature for many years, finding utility in areas such as photo- and

electrochemistry and electrocatalysis.38-41 These compounds exhibit several favorable
characteristics, including a stable metal-to-ligand charge-transfer (MLCT) excited state
which can be ‘tuned’ by appropriate ligand modification, several accessible redox states,
each with its own characteristic color, and the ability to make families of related

compounds for parallel studies.

Incorporation of these compounds into films on metal or semiconductor substrates
can provide a means of exploiting the desired properties to a much greater degree than
that possible in solution. Indeed, there have been numerous studies reported in the
literature involving fabrication of modified electrode surfaces which are comprised, at
least in part, of ruthenium complexes of this type (Figure 2.1).4,12,27,28,42,43
Fabrication of electrodes in this manner is potentially important for applications such as
molecule-based microelectronic device fabrication,44 photochemical synthesis,45:46
electrocatalysis,47 chemical sensing, and electrochromic devices.45 In order for the full

potential of these surfaces to be realized, spatial definition of the deposition of the films

15
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A B

Ru(NH,):2* n
\ 3/5

Ru(bpy),*

A/

\
7 “N—Ru(bpy),*

Figure 2.1. Examples of strategies for electrode surface modification with Ru(II)

complexes.

A: Chemisorption of a pendant phenanthrene onto a carbon electrode (ref. 12).

B: Pendant attachment to a preformed sulfonyl chloride-substituted polymer (refs. 27,
28).

C: Electropolymerization of vinyl-substituted pyridine ligands (refs. 4, 42).
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would be very beneficial. While the ability to establish structural control by buildup of

multilayer films is well established, there have been comparatively few examples of

spatial control of film deposition within the plane of the substrate.4,,42,48,49

S
H | \_
/\n,N ZNJ_ o o L
o /Ru" [PFG.]Z \A
o OO
@ p
. —J3
RuAAP2+ PETA BEE

Figure 2.2. Components of spin-cast films for photolithographic patterning.

Using the complex tris(5-acrylamido-1,10-phenanthroline)ruthenium(IT)
hexafluorophosphate (RuAAP2*) as a photocrosslinkable monomer, a comparatively
simple lithographic strategy to pattern redox-active films has been de:veloped.49'5 1
Irradiation of spin-cast films of the monomeric RuAAP2* complex in the presence of a
highly functionalized co-monomer (pentaerythritol tetraacrylate, PETA) and a
photoinitiator (benzoin ethyl ether, BEE) through a lithographic mask leads to efficient
formation of negative-tone images of the mask. Using this technique, patterned films
having features on the order of several pm can be routinely fabricated with the use of a
suitably patterned mask. Irradiation through a grating-patterned mask with relatively
high spatial frequency (100 lines/mm) produces films which behave as optical diffraction
gratings, splitting light from a laser probe into several diffractive orders. Interestingly,

the diffraction efficiency of these redox-active grating-patterned films can be reversibly
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modulated by an electrochemical signal. The fabrication of these films and the

electrochemical and optical properties of these films will be discussed.

Results

Photopolymer Film Fabrication

Film composition. These films are largely comprised of the redox-active
polypyridyl ruthenium(Il) complex RuAAP2*. The synthetic route employed for
preparation of the monomer is outlined in Figure 2.4 and described in detail in the
Experimental section. RuAAP2* possesses three acrylamide functional groups per
monomer molecule which serve as the active sites for the light-induced polymerization
and crosslinking process. The second film component, PETA, serves a twofold purpose.
The four acrylate groups per monomer provide extensive crosslinking to the resulting
polymer network, imparting stability and insolubility to the film. Also, the very high
viscosity and low volatility of this liquid make it an ideal solvent component, facilitating
the formation of homogeneous films. Films which do not contain PETA tend to give a
microcrystalline surface morphology which is not conducive to the lithographic process.
The final film component, BEE, is added in small proportion and serves as the

photoinitiator for the

O OEt 0] OEt

OO =

Figure 2.3. Norrish cleavage of benzoin ethyl ether to form benzoyl and benzyl ether
radicals.
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Figure 2.4. Synthetic route for preparation of RuAAP2*,
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free-radical polymerization process. Upon irradiation, BEE undergoes a Norrish Type I
cleavage to form a benzoyl and a benzyl ether radical (Figure 2.3),52 both of which are

capable of initiating the polymerization of acrylate monomers.>3

Lithographic technique. The general lithographic process employed for
fabrication of these patterned films is outlined in Figure 2.5. The substrate used for film
deposition is an indium-tin oxide- (ITO) coated glass optically transparent electrode
(OTE). In order to prepare thin polymer films having uniform thickness and distribution,
a spin-coating technique is employed. A concentrated solution of RuAAP2*, PETA, and
BEE is spin-cast onto the substrate and is allowed to dry briefly in ambient air. It is then
placed in direct contact with a chrome-on-glass lithographic mask and irradiated face-on
through the mask in a manner analogous to the contact printing technique described in
Chapter 1. In the film areas not covered by the mask, light-induced Norrish cleavage of
benzoin ethyl ether initiates the radical copolymerization of RuAAP2* and PETA. In
these regions, the film becomes highly crosslinked due to the multifunctional nature of
both PETA and the ruthenium complex itself, imparting insolubility to the film. In the
regions of the film where irradiation is blocked by the mask, photoinitiation by BEE does
not occur and the film remains unpolymerized and soluble in suitable organic solvents.
The final film development step consists of sequential immersion in a series of solvents
which selectively dissolve and rinse away the unpolymerized regions of the film,
producing a negative-tone lithographic image of the mask.

Table 2.1 lists the quantities of the three chemical components used during film
preparation. The most convenient way to prepare the monomer/initiator solutions used

for spin-coating is to directly weigh out the solid RuAAP2* monomer and dissolve it in
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Spin-cast film
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Figure 2.5. Lithographic procedure for fabrication of patterned photopolymer films.
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