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Abstract

A series of perylene tetracarboxylic diimides and monoimides have been
fabricated into Langmuir and Langmuir-Blodgett films. These films have been
spectroscopically characterized through UV-visible absorption, steady state fluorescence,
infrared and Raman techniques. Molecular exciton and excimer formation have been
observed for these films. The average molecular orientation of the chromophore was
deduced through infrared transmisson and reflection/absorption techniques. Electronic
spectroscopy revealed the nature of the packing of the materials. The role of
subphase/molecule and molecule/molecule interactions in the structure of the film were
discussed, as well as the role of the imide substitution. These materials were successfully
incorporated, as donors, into energy transfer systems with lutetium diphthalocyanine as
an acceptor. These monolayers were used to investigate surface enhanced infrared and
surface enhanced infrared reflecton/absorption. The distance dependence and angle
dependence of the enhancement in the infrared was simulated by using the Maxwell-
Garnett composite layer model.
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Chapter 1: Introduction

Perylene tetracarboxylic compounds represent a very interesting class of organic
compounds. Figure 1.1 illustrates the basic structure of perylene tetracarboxylic
monoimides (PTCOs, a) and diimides (PTCDs, b). There is growing interest in the
potential applicability of these materials in a wide range of technological applications.
Before presenting an overview of applications, a brief history and description of the title
compounds is presented.

History

The oldest member of the perylene family of chromophores is the parent perylene
compound itself, described as early as 1912 /1.1]. The perylene compounds are bright
orange to deep violet in colour and found their first use as colorants, initially as dyes,
then later as pigments. Dyes are solutions that impart colouration through absorption into
the host medium. Pigments are particle dispersions that provide colouration through
adsorption of the particles onto the surface of the host medium. Compounds, such as the
perylenes, can be either called dyes or pigments, depending on whether they are
delivered in solution (dyes) or as suspended particles (pigments). The dimethyl PTCD
was the first to be used as a vat dye in 1913. The diimides found application as pigments
in 1950. Commercial perylene pigments have excellent lightfastness, weatherability and
thermal stability. This makes them excellent for use in high-grade industrial paints such
as automotive finishes. Currently, there are slightly less than a dozen PTCD’s produced
on an industrial scale. Reference 1 is an excellent source regarding the industrial use of
perylene compounds as colourants. The earliest diimides were symmetric in nature. In
other words, there is identical substitution off the imide nitrogens. Much later,
asymmetric derivatives f1.2,3] and monoimides /1.4] were prepared.
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Figure 1.1:  The basic structure of the perylene tetracarboxylic monoimides, PTCO’s,
a), and diimides, PTCD’s, b).



Table 1.1:

Abbreviations for the perylene derivatives studied.

PTCD: R Groups:

PPTCDM R; = pentyl, R, = methyl

PPTCDE R, = pentyl, R, = ethyl
l PPTCDPr R; = pentyl, R, = propyl

HPTCDE R, = hexyl, R, = ethyl

HPTCNH R; = hexyl, R, = hydrogen

PTCO: R Group:

PrPTCO R; = propyl

PPTCO R; = pentyl

HPTCO R; = hexyl

PhPTCO R; = 2-phenylethyl

HOPTCO R; = 6-hydroxyhexyl




Applications

The PTCDs and PTCOs are an impoitant class of electroactive and photoactive
organic materials that may be applied as thin solid films in the development of new
technologies /1.5]. A variety of diimides have potential use in tuneable dye lasing media
[1.6,7]. Such systems have lasing ranges in the 555 to 587 nm range, depending on the
choice of materials. These systems also experience very little, if any, photodegradation
over a period of time. Xerographic applications [1.8] have also received significant
attention in recent years. Several PTCD’s were incorporated into photoreceptors and the
photosensitivity of these systems has been measured in the 400 to 800 nm region.
Electrolurninescent display devices f1.9-11] have also been fabricated from thin films of
perylene derivatives. These devices typically emit in the red spectral region and this
emission is believed to arise from excimer emission. PTCD’s and PTCO’s have
demonstrated their functionality as energy donors in energy transfer systems [1.12]. The
PTCD's and PTCO’s have a small band gap, making them potential organic
semiconductors f1.13,14] and have been studied in diode systems [1.5,15-18].

Analytical applications have been explored with their use in chemical sensc.
systems [1.19-21]. Changes in the fluorescence of these materials due to different gases
have been observed [1.19,20]. A more complicated system involved depositing a thin
film of perylene onto a quartz crystal oscillator so changes in fluorescence and mass
could be made during exposure to gases [I.21]. Moreover, the perylene diimide
chromophore has been incorporated into a novel class of molecular recognition molecules
[1.22].

As can be seen from this list, the range of applications is quite broad for PTCD
and PTCO materials. Moreover, such devices can make use of the PTCD’s and PTCO’s
as ultra-thin films. For application development, such miniaturization will result in
smaller devices and improved cost since very small quantities of materials are required.
One of the most successful techniques for fabrication of organized molecular structures
as thin solid films is the Langmuir-Blodgett (LB) method [1.23,24]. These films are
single monomolecular layers deposited onto solid substrates. A greater description of



these films can be found in Chaprer 2. The structure of the film plays an important role
in the potential application of the films. Therefore, there is strong motivation for
studying the physical and spectroscopic properties of LB monolayers fabricated from
perylene tetracarboxylics.

Synthesis

The synthesis of symmetric PTCDs has been reported in the literature f1.1,25],
as well as the asymmetric derivatives f1.2,3] and the monoimide derivatives [1.4,26]. A
summary of the general synthetic methods is presented here for the sake of completeness.
The typical starting material for the preparation of the diimides is perylene
tetracarboxylic dianhyride (PTCDA), which is prepared by the fusion of napthalimide
under basic conditions at elevated temperatures. The PTCDA is then reacted with
primary amines (aromatic or aliphatic) in a high boiling solvent to yield the symmetric
PTCDs. The route to the asymmetric PTCDs involves the preparation of a PTCO first,
then reaction with the appropriate primary amine to yield the desired PTCD [1.2,3].

There are two routes to the PTCO derivatives. The simplest involves reacting
PTCDA (in large excess) with the desired primary amine, then purified appropriately.
The second method involves synthesizing a symmetric PTCD and transforming it into a
PTCO. The PTCOs and PTCDs used in this thesis were provided by Prof. Y. Nagao of
the University of Tokyo and by Jim Duff at the Xerox Research Centre of Canada. The
different materials studied and their abbreviations are given in Table 1.1. The R groups
correspond to those in Figure 1.1.



Perylene and Perylene Tetracarboxylic Structure

The structure of these materals is very important. The PTCD and PTCO
materials can have widely differing colours ranging from bright orange to dark violet,
even though the parent chromophore is essentially the same for all the molecules in these
classes. Therefore, their intermolecular structure must play a large role in their optical
properties.

Structural characterizations of PTCDs and PTCOs are not common. The
robustness of the PTCDs and PTCOs is a useful property for devices fabricated from
these materials; but this same robustness makes them difficult to work with. Their
solubility is marginal at best, and growing crystals of these materials has only been
accomplished by two research groups [1.27-31]. The most successful crystals were
recrystallized from nitrobenzene or m-cresol and were of very low quality. Typically,
these crystals were needles about 1 mm in length. Scanning electron micrographs of 3000

A thick evaporated films also show the formation of needle-like microcrystals /1.32].
| From the crystal studies, the perylene tetracaboxylic chromophore is planar. The
nitrogen-nitrogen distance is between 1.134 and 1.143 nm. The width of the carbon
skeleton of the chromophore is between 0.480 and 0.484 nm [1.27-30].

On a molecular level, the chromophores are primarily arranged in parallel stacks,
with one molecule slightly off-centre from its neighbour. The chromophores are plane-
parallel to each other with separation distances between 0.341 and 0.348 nm. Ore
molecule is displaced from its neighbour in the stack by about 0.09 to 0.32 nm along the
length of the chromophore and by about 0.03 to 0.34 nm along the width of the
chromophore, depending on the substituents off the imide nitrogens [1.30]. The larger
separation distance corresponds with molecules that have hindered stacking due to bulky
substituents. The N, N’-diethyl PTCD (EPTCDE) has an anomalous crystal structure,
compared to the other PTCDs. The molecules are stacked, but they are twisted about 2
central axis, rather than laterally 'displaeed [1.30]. The N,N’-di(2,6-xylyl) PTCD
(XPTCDX) does not stack at all /1.28,30] since the phenyl ring is perpendicular to the
perylene chromophore and the rﬁethyl groups interfere with effective stacking.



Typical crystals of the symmetric PTCDs are primarily triclinic or monoclinic
[1.27,28]. When the substituents are ethers, such as ethoxyethyl or methoxypropyl, the
crystals are triclinic with one molecule per unit cell. When the substituents are alkyl
chains or branched alkyl chains, the crystals are monoclinic with 2 or 4 molecules per
unit cell. The only exception is EPTCDE, which is orthorhombic and with 8 molecules
per unit cell [1.28]. The N,N’-2-phenylethyl PTCO (PhPTCOPh) crystal is also
monoclinic and is dimeric with four molecules per unit cell. The dimers are arranged in
stacks.

It is believed that small differences iu chromophore overlap are responsible for
differences in observed colour. The greater the overlap, the darker the solid. It is the
different N substituents that control this overlap. To date, no clear patterns have emerged
that can be used to predict colour based on substituent effects.

It has been shown that the solubility of the materials in toluene, cyclohexanone
or cyclohexane (depending on the PTCD) correlates well with melting points and is 2
function of substituent chain length (for single chain alkyl substituents) f1.31]. Solubility
is highest and melting point is lowest for hexyl and pentyl substituents. For shorter chain
lengths, x-stacking is believed to be the dominant driving force behind the molecular
organization, For longer chains, the side-chain/side-chain interactions dominate and the
crystals begin to behave like a paraffin-like material. Also, the addition of r-butyl groups
to the N-substituents increases solubility by limiting the stacking abilities of the
chromophores. Since physically studying the structure of PTCDs and PTCOs is
extremely difficult, attempts are now being made to model structures using computer
simulations /1.33,34]. Molecular stacking occurs almost universally for the perylenes
simulated [1.34].



Objective of Thesis Work

Perylene tetracarboxylics form an interesting class of materials with many
potential applications in new technologies. The properties of these materials depends very
strongly on the intermolecular geometry present. Space and cost requirements for PTCD
or PTCO devices can be minimized by using these materials in ultra-thin film devices.
Langmuir and Langmuir-Blodgett monolayers provide model systems for the
characterization of these materials incorporated into a thin-film environment. Therefore,
a study of the formation of floating layers and LB films of these materials was
undertaken. The spectroscopic characterization of the bulk material, dispersed in KBr
pellets, and that of the fabricated thin solid films was performed. The spectroscopic
characteristics of these films was used to investigate their structure and film forming
properties. These monolayers were used as probes to investigate surface enhanced
infrared spectroscopy, and to explore energy transfer between monolayers.

Chapter 3 presents an overview of the observed spectroscopic characteristics of
these films and materials. Moreover, LB films serve as model systems for structural
determination through spectroscopic means. In Chaprers 4 and 5, the average molecular
orientation is determined via infrared spectroscopy. Chaprer 6 explores the intermolecular
geometry of some PTCOs and PTCDs and compares them to the previously mentioned
x-ray crystallography results. The roles of molecular amphilicity and N-substituents in
monolayer structure and stability are also discussed in detail. Chaprer 7 investigates two
compounds incorporated into energy transfer systems. The last chapter of this thesis is
an investigation into surface enhanced infrared spectroscopy. The perylene tetracarboxylic
that yelded the highest quality and most stable monolayers was used as a probe to
investigate this interesting phenomenon.

Overall, the objective of this thesis is to prepare Langmuir and Langmuir-Blodgett
films of perylene tetracarboxylic derivatives. Then the vibrational and electronic
spectroscopic characterization of these films is performed with the intent to deduce film
structure and stability. The functionality of these films is demonstrated via incorporation
into energy transfer systems and as probe molecules to investigate surface enhanced



infrared spectroscopy.
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Chapter 2 - Experimental and Instrumental Systems

The perylene derivatives studied differed in their physical properties. Hence, the
conditions used to study them will also differ. More information pertaining to specific
compounds and techniques are given in the appropriate chapters of this thesis. The
primary focus of this chapter is to impart a general understanding of the instrumentation
and techniques used for this thesis work.

Langmuir-Blodgett Film Concepts

The perylene derivatives studied were fabricated into Langmuir-Blodgett (LB)
films. The LB technique permits the preparation of unimolecular layers that float at an
air/liquid subphase interface. These layers may then be transferred to a solid subphase.
Successive transfers can result in multilayer structures.

The pioneers, and the namesakes, of Langmuir-Blodgett films are Irving Langmuir
and Catherine Blodgett. Langmuir designed and constructed the first LB trough [2.1].
The first report describing the transfer of monolayers to solid substrates [2.2] was read
by Langmuir to the Faraday Society, but the first formal paper describing LB film
preparation did not appear until 1935 {2.3]. Itis very interesting that Langmuir described
the size of fatty acids before the development of X-ray diffraction techniques /2.1]. The
term "Langmuir Blodgett film" (LB) describes a monolayer or multilayer prepared after
transfer to a solid substrate, Whereas the term “Langmuir film" refers to the monolayer
floating on a liquid subphase.

The liquid subphase, usually high purity water, is contained in a teflon coated
trough (see Figure 2.1). At either end are two barriers, one floating and one moveable.
In order to prepare LB layers, a solution containing the PTCD is spread dropwise over
the aqueous subphase. The spreading solvent is allowed to evaporate, leaving behind
PTCD molecules floating at the air/water interface. The moving barrier is shifted in
order to decrease the spreading area and thereby compress the floating PTCD molecules.
The floating barrier is fixed to a device that measures the surface pressure, II, of the
floating layer. The surface pressure is defined as the difference in surface tension
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Figure 2.1: Components of the LB trough: a) dipping arm, b) substrate, c) film
balance, d) teflon coated trough, ¢) aqueous subphase, f) floating
monolayer, g) moving barrier

13



between the monolayer covered surface and a clean, reference surface [2.4] and is given
by equation 2.1
D=v-7 @.1)

where v is the surface tension of the subphase without the monolayer and ¢, is the
surface tension in the presence of the floating monolayer. Water is the most common
subphase due to its high surface tension of 73 mN/m and that most organic compounds
are insoluble in water. For pure water, the maximum possible surface pressure would be
73 mN/m at 20°C. Non-aqueous subphases with even higher surface tensions have been
used, such as mercury [2.5].

By plotting the area per molecule, A, and the surface pressure at constant
temperature, a pressure-area isotherm is recorded. This isotherm is the two dimensional
analogue of a pressure-volume isotherm involving the compression of a gas in a cylinder.
In this case, the floating PTCD molecules can be viewed as a two dimensional gas
confined to the air/water interface. The compression of a monolayer ¢an result in the
formation of a variety of phases.

At very large surface areas, the spread molecules are far apart and interact
primarily with the subphase. This is analogous to a two dimensional gas. As the surface
area per molecule is diminished, the molecules begin to come into contact with each
other and a liquid phase results. Continued decreases in area per molecule will result in
a region of low compressibility. This is a solid phase, like a two dimensional crystal.
Figure 2.2 illustrates how these different phases would appear in 2 surface pressure/area
isotherm. This figure represents ideal features and does not represent one specific
compound. Note that two types of liquid phases can exist. A liquid expanded phase,
characterized by higher compressibility and non-linear region, and a liquid condensed
phase, lower compressibility as the expanded phase, but not as low as a solid phase,
exist. The linear portion of the isotherm related to the solid phase may be extrapolated
to the x-axis of the isotherm plot. This intercept is known as the limiting area of the
molecules spread. This value represents the area occupied by an uncompressed molecule
in the floating layer.
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Surface Pressure

Area per Molecule

Figure 2.2: Appearance of phases in the surface pressure/area isotherm for a
hypothetical monolayer. a) gas, b) liquid expanded, ¢} liquid condensed,
d) solid, ¢) monolayer collapse, f) limiting area.
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Careful choices must be made when selecting the materials used to prepare LB
layers. First of all, the LB forming material needs to be soluble in the spreading solvent,
yet must be insoluble in the subphase. Moreover, the spreading solvent needs to be
volatile and also insoluble in water. The most common LB forming materials are
amphiphiles, molecules with 2 hydrophobic portion and a hydrophilic portion. Classic
examples are fatty acids such as arachidic and stearic acids. Amphiphiles will spread with
the polar, hydrophilic end preferentially oriented toward the water subphase.

The PTCDs used in this work are of limited solubility. Chloroform (HPLC grade,
BDH) was the initial solvent choice. If this did not provide adequate solubility, then a
10% by volume solution of trifluoroacetic acid (TFA, spectroscopic grade, Aldrich) in
chloroform was used. The solid PTCDs appeared either reddish-brown or dark purple
in colour. Upon solvation, a brilliant, yellow solution resuited that became orange at
higher concentrations. Table 1 summarizes the solutions used in the preparation of PTCD
LBs. The only exception to this was HPTCNH. This material was the least soluble and
its solutions were dark purple in colour.

Once the compressed, floating morolayer is formed, it may be transferred, at
constant surface pressure, to a solid substrate for characterization. Transfer can be
performed through one of several techniques, the choice of which depends upon the
properties of the material spread and the substrate to which the film is to be transferred.
Figure 2.3 illustrates the four basic deposition technigues. Transfer resulting in X
deposition results from the downward dipping of 2 hydrophobic substrate into the
subphase. The hydrophobic end of the amphiphile interacts with a hydrophobic substrate
and permits transfer. Z deposition occurs when a hydrophilic substrate is withdrawn from
the subphase and the hydrophilic ends of the floating layer interact with the surface and
permit transfer. Quite often, X deposition will result in a new, hydrophilic surface on the
once hydrophobic substrate due to the fact that the polar ends of the amphiphile are now
facing away from the substrate. When the substrate is withdrawn, transfer again takes
place and a bilayer is formed. This forms an alternating LB bilayer structure and is
known as Y deposition. The last form of transfer is horizontal deposition. This is similar
to X deposition, except that the substrate surface is parallel to the floating layer. The
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Table 2.1:

Description of PTCDs used in monolayer fabrication

PTCD F.W. Colour of Solvent Spreading
(g/mol) Solid used Temperature (°C)
PPTCDM 474.5 red CHCl, 25 i
it PPTCDE 488.5 red CHCI, 25
H PPTCDPr 502.6 red CHC), 25
HPTCDE 502.6 red CHCI, 25
PrPTCO 4334 red 10% TFA 15, 25
PPTCO 461.5 red CHCL, 15, 25
10% TFA
HPTCO 476.5 red CHCl,, 15,25
10% TFA
PhPTCO 495.5 brown/ red 10% TFA 15,25
HOPTCO 491.5 brown/ red 10% TFA 15, 25
HPTCNH 475.5 dark CHCl, 25
purple I
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Figure 2.3: The four deposition techniques. 2) X, b) Y, ¢) Z, and d) horizontal.
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substrate is lowered until it makes contact with the film and transfer takes place through
hydrophobic-hydrophobic interactions. The primary difference between this and X
deposition is that there is no change in direction of the film during the transfer process.

The choice of substrate depends on the characterization technique used. Mono and
multilayers were transferred to Corning 7059 glass slides for electronic characterization.
Infrared transparent windows such as CaF,, Ge and ZnS (Wilmad) were used to
characterize the LB films in the infrared. Metal island films on glass were used for
surface enhanced Raman scattering (SERS), surface enhanced resonance Raman scattering
(SERRS) and for surface enhanced infrared reflection/absorption (SEIRRA) spectroscopy.
The details of monolayer transfer to different substrates is given in the appropriate
chapters of this thesis. Details such as the type of deposition, observed transfer ratios and
substrates used are also provided.

It is important to point out that most of the films could be transferred through Z
deposition. However, the PTCDs dissolved in the 10% TFA were very difficult to
transfer through vertical methods. Therefore, these films were transferred by horizontal
deposition. Only PPTCO was transferred by both techniques and were studied to see the
effects of the film deposition technique on the spectroscopy of the LB films.

Film quality was assessed from two methods. First of all, the transfer ratio for
each film was measured. The transfer ratio, TR, for a film is defined as the ratio of area
lost by the floating film during transfer to the area of the substrate that the film is
transferred onto. If the transfer ratio isl near unity, then a necessary, but not a sufficient,
condition for good film transfer has been met. After transfer to solid substrates, the films
were examined by optical microscopy. Overall, the films were fairly homogeneous on
this scale.
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Preparation of Langmuir Blodgett Films

The subphase used was double distilled water passed through a Milli-Q filtration
system and had a measured resistivity of 18.2 MQcm. The trough was a Lauda Langmuir
film balance equipped with an electronicaily controlled dipping device, a Lauda Filmlift
FL-1 and 2 temperature controlled circulating bath. Dipping speed was 0.06 mm/s and
film compression was 10° nm?molecule’s®. Typical transfer ratios were near unity.
Deviations from this are mentioned in the appropriate chapters. Generally, the spreading
solutions were in the 1x10* to 3x10 M range and spreading volumes were between 0.5
and 1.5 mL. The specific concentrations and volumes were carefully noted so the area
per molecule could be calculated at a specific surface pressure and so the surface
pressure/area isotherms could be appropriately calibrated. Before placing the subphase
in the trough, the edges of the trough and the barriers were wiped clean with acetone and
double rinsed with high purity water. The isotherms were recorded using an Xy chart
recorder and the data points were read from the chart paper and manually entered into
Sigma Plot, a commercially available scientific graphing software package from Jandel
Corporation. Glass slides and infrared windows were double cleaned ultrasonically in
chloroform for 30 minutes and dried in a stream of high purity nitrogen prior to use. In
order to render the glass hydrophilic, it was immersed in a 0.1 M NaOH solution for 30
minutes and rinsed in water. Hydrophobic slides were prepared from hydrophilic ones
by immersing them in a 5% dichlorodimethylsilane (Aldrich) solution in chloroform for
5 minutes and rinsing in methanol, then water. Transfer was performed under constant
surface pressure and the transfer ratio was measured for each film transferred.

Evaporated Films

This work makes use of a variety of surface enhancing substrates. Such substrates
are typically noble metal island films on glass slides. In order to prepare surface
enhancing substrates, the metal is evaporated, under high vacuum, to the desired
substrate. Substrates used in reflection/absorption experiments were prepared in a similar
manner. The most common material evaporated for SERRS work was silver. Gold,
copper, tin, indium and aluminum were evaporated in order to study SEIRRA
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spectroscopy. The specific choice of substrate is detailed in the appropriate chapters of
this thesis.

The films were prepared by thermal evaporation onto Corning 7059 glass slides
at 200°C and under pressures of 10 mbars. Island films were evaporated to a thickness
of 6 nm and smooth film, used in reflectance measuréments, were 110 nm. Evaporation
rates were 0.05 nm/s for island films and 0.5 nm/s for continuous films.

The evaporation apparatus was composed of commercial and home built
components. The vacuum system consisted of an Edwards E2M2 rotary vacuum pump
which functioned as the forepump for an Edwards diffusion pump. A jacket filled with
Tiquid nitrogen was used to reduce the pressure by an additional order of magnitude.
Pressures were measured using a Balzers IKR 020 cold cathode gauge (for pressures
<10° mbars) and a Balzers TPR 010 Pirani gauge (for pressures > 10°mbars). The
metals were thermally evaporated using a Balzers BSV 080 glow discharge/evaporatior.
control unit. Film thickness (by mass) and evaporation rate was monitored by a XTC
Inficon quartz crystal oscillator. Figure 2.4 is a schematic diagram of the evaporation
system used.

The same evaporation procedures were used to produce metal island films and
smooth metal films. The structure of the film depends on tr.c amount of metal evaporated
[2.6]. When the metal first begins to condense on the substrate, isolated atoms exist. As
the evaporation process continues, the metal atoms can migrate across the surface and
form nucleation sites that continue to grow into islands structures. As the island
structures grow, they begin to coalesce and eventually form a continuous film. The
cubstrate is heated in order to impart more energy to the metal atoms. This allows greater
diffusion across the surface and a more homogeneous particle distribution is obtained.
This process is illustrated in Figure 2.5.
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Figure 2.4:

Q)

Diagram of the evaporation system used. a) forepump, b) diffusion pump,
c) evaporation chamber, d) source, €) shutter, f) substrate, g) crystal
oscillator, h) pressure gauge, i)} film thickness monitor, j) pressure
monitor, k) evaporation current control, v) valves.



Figure 2.5: Schematic representation of the formation of a thin metal film. a)
nucleation, b) island growth, c) island coalescence, d) continuous film.




Spectroscopy - Instruments and Techniques

The primary goal of this research is to elucidate structure and properties of LB
films of various perylene tetracarboxylic derivatives. This is being accomplished through
spectroscopic means. Four fundamental forms of spectroscopy were used in this work:
infrared absorption, UV-visible absorption, Raman scattering and steady state
fluorescence. Each of these techniques can be used to characterize various aspects of the
systems studied. The instrumentation and techniques are described in this chapter.
Specific experimental details are left to the appropriate chapters of this thesis.

UV-Visible Absorption

The visible absorption of the PTCDs as LBs and in solutions were recorded using
a Response single beam spectrophotometer. An IBM PC was interfaced to this instrument
so spectra could be downloaded as ASCII files for import into Spectra-Calc, a
commercially available spectral analysis software package. The ultraviolet portion of the
spectrum was not investigated for two reasons. The glass slides are opaque below 300
nm and the interesting optical properties of these compounds are in the visible region of
the spectrum.

Infrared Absorption

The most powerful structural tool used in this work is infrared absorption. Since
molecular vibrations cause a change in dipole moment which can be represented as a
vector, infrared spectroscopy can be used to determine molecular orientation. In
particular, the orientation in LB films was probed by comparing reflection absorption
(RAIR) spectra with transmission spectra. The surface selection rules for these systems
are illustrated in Figures 2.6 and 7.

For RAIR speciroscopy, the sample LB is transferred to a 110 nm thick, smooth
silver surface, prepared by vacuum evaporation. The unpolarized infrared beam makes
a single reflection off the sample surface. The unpolarized beam can be broken into two
components, a p polarized and an s polarized component. The p-polarized component lies
in the plane of reflection and the s polarized component is perpendicular to the plane of
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Figure 2.6: The polarization effects associated with RAIR spectroscopy.



Figure 2.7:  The polarization effects associated with transmission infrared spectroscopy
of LB monolayers. The polarization always resides in the plane of the
monolayer.
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reflection. When the light beam is reflected off the surface, a 180° phase change in the
polarization takes place. For P polarized light, this results in constructive interference
on the surface, hence an increase in the magnitude of the electric field interacting with
the sample. For S polarized light, this phase change leads to the cancelling of the electric
field during reflection. Therefore, no electric field exists at the surface for s-polarization.
In the RAIRS experiments only the P-polarization component of the incident light can
interact with the adsorbate, and the surface selection rules lead to the observation of
molecular vibrations with a finite component of their dynamic dipole perpendicular to the
metal surface [2.7,8].

The reverse trend exists for the transmission geometry. Regardless of polarization,
the incident electric field always lies in the plane of the substrate. Only molecular
vibrations with a finite component of their dynamic dipole parallel to the metal surface
are detectable in this configuration. The net result of these selection rules is that strong
bands in one configuration, say RAIR, will be weak in the other configuration.

It should also be pointed out that the angle of incidence is critical in the discussion
of RAIR spectroscopy [2.9]. To maximize the electric field perpendicular to the substrate
surface, a high incidence angle is desirable. The optimum incidence angle is 88° for a
smooth metal surface [2.10,11].

The use of infrared spectroscopy allows the average molecular orientation in LB
films to be determined. This involves a quantitative comparison of RAIR and
transmission spectra, first demonstrated by Chollet /2.12] and improve by Takenaka
[2.13] using Hansen’s modification of the Fresnel equations as applied to stratified media
[2.14]. A more detailed discussion involving the determination of molecular orientation
and the enhancement factors associated with RAIR is given in Chaprer 4.
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Infrared Instrumentation

The infrared spectra were recorded using a Bomem DA3 Fourier transform
infrared instrument (FT-IR) interfaced, through a high speed vector processor, to a PDP-
11 minicomputer. The detector was a wide range MCD liquid nitrogen cooled detector.
The reflection spectra were recorded by using a Spectra-tech variable angle reflectance
accessory. Typical incidence angles were 75° and 80°. Angles slightly less than optimal
were used to improve throughput of the system in order to improve the signal-to-noise
ratio of the spectra. The infrared beam was polarized by using a Spectra-tech wire grid
polarizer.

The spectra of the LB films (reflection and transmission) were typically recorded
through the coaddition of 2000 interferograms, and processed using a fast Fourier
transform (FFT) and using a Happ-Genzel function (HAMMING) for apodization. The
selected apodization, one of seven choices in the Bomem software, provided the least
distorted bands and produced only slight baseline ripple. Spectral resolution was 4 cm.
Bulk samples were dispersed in KBr pellets for IR characterization. The spectra of the
KBr pellets were recorded through the coaddition of 128 scans and 1 ¢! resolution. The
sample box was purged with dry nitrogen, then evacuated to less than 1 torr before
spectra were recorded. The spectra were imported into Spectra-Calc for data analysis.

Raman Spectroscopy and Instrumentation

Three different Raman instruments were used in different portions of this thesis
work. Two spectrophotometers and a spectrograph were used to record Raman scattering
and fluorescence. A Spex 1403 double beam spectrophotometer eguipped with 1800
g/mm gratings and a water cooled Hamamatsu R928 photomultiplier tube interfaced with
conventional photon counting electronics to an IBM microcomputer. Also, a Ramanor
U-1000 spectrophotometer with similar photon detection electronics and equipped with
a microscope attachment and an IBM microcomputer was used. The 488 and 514.5 nm
laser lines of a Spectra-Physics argon ion laser was used as an excitation source. An §-
1000 spectrograph equipped with a holographic notch filter, a liquid nitrogen cooled
CCD detector and microscope attachment was also used. Typical recording conditions
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for Raman scattering were 5 cm band pass and 50 mW laser power on the sample. A
liquid nitrogen cooled cold cell was used to record spectra for samples at temperatures
as low as 92K. In order to prevent photodecomposition of LB samples, a spinning sample
holder was used.

Fluorescence Spectroscopy

Steady state fluorescence was recorded using the two Raman spectrophotometers.
Acquisition time was reduced and the spectral sampling interval was increased from 1
cm to 10 ecm™. The fluorescence of the LB films is sensitive to aggregation and the
fluorescence can be used to measure energy transfer in these layers (see Chaprer 7).

29



References - Chapter 2

2.1
2.2
2.31
R4

23]

2.6
2.7]

2.3

2.9

.10

Langmuir, 1.; J. Am. Chem. Soc., 1917, 39, 1848.

Langmuir, 1.; Trans. Faraday Soc., 1920, 15, 62.

Blodgett, K.; J. Am. Chem. Soc., 1935, 57, 1007.

Hann, R.H. in Langmuir-Blodgent Films, ed. G.G. Roberts, Plenum Press, New
York (1950) p 19.

Smith, T.; Adv. Colloid Interface Sci., 1972, 3, 161-221.

Eckertova, L.; Physics of Thin Films, Plenum, New York (1986).

Hayden, B.E. in Vibrational Spectroscopy of Molecules on Surfaces, Methods of
Surface Characterization, Yates, J.T.; Madey, T.E. Eds., Plenum Press, New
York, 1987, Vol. 1, p 267.

Bradshaw, A.M.; Schweizer, E.; Spectroscopy of Surfaces, Advances in
Spectroscopy, Clark, R.J.H.; Hester, R.E., Eds., John Wiley & Sons, N.Y.,
1988, Vol. 16, p 413. |

Greenler, R. in CRC Critical Reviews in Solid State Sciences, Schuele, D.E.;
Hoffman, R.W., eds, Chemical Rubber Co., Cleveland, May, 1974, pp 420-425.
Greenler, R.G., J. Chem. Phys., 1966, 44, 310.

[2.11] Pritchard, J.; Sims, M.L., Trans. Faraday Soc., 1970, 66, 427.
[2.12] Chollet, P.A.; Messier, J.; Rosilio, C.; J. Chem. Phys., 1976, 64, 1064.
[2.13] Umemura, J.; Kamata, T.; Kawai, T. Takenaka, T.; J. Phys. Chem., 1990, 94,

62.

[2.14] Hansen, W.N., J. Opt. Soc. Am., 1968, 58, 380.

30



Chapter 3: General Spectroscopic Characteristics

Electronic Spectroscopy

It is known that polyaromatic compounds form aggregates in solution and in the
solid state. Many such examples, such as naphthalene, anthracene, pyrene and perylene,
have been reported in the literature [3.1-4]. Dye molecules, such as merocyanines [3.5],
photo-merocyanines /3.6] and hemicyanines /3.7], also form aggregates. Aggregate
formation may be characterized by electronic spectroscopy. The effect of the formation
of ground state aggregates on the electronic spectra has been explained through molecular
exciton theory [3.8,9] and a detailed description of this theory can be found in Chaprer
6.

Molecular aggregates ¢can be formed in the ground state as well as in the excited
state. Such systems are called excimers when the aggregate consists of the same species
and exciplexes when the system consists of more than one species [3.10]. The excimer,
in the simplest case, can be considered an excited state dimer with no stable ground state.
Hence, no absorption spectrum exists for the excimeric species, and the emission
spectrum has unique characteristics. The excimer emission is characterized by a red
shifted, broad and structureless band. Typical spectral shifts are on the order of one to
two thousand wavenumbers with a bandwidth of a few hundred wavenumbers.

The early observations of excimer formation were made on solvated aromatic
systems, such as perylene and anthanthrene in benzene [3.4]. The excimer formation is
concentration an4 diffusion dependent. The higher the solute concentration or the lower
the viscosity of the solvent, the greater the excimer emission and the lower the monomer
emission [3.4,10].

Excimers have been observed for pyrene [3.11] and perylene crystals /3.1]. For
perylene crystals, two polymorphs exist, the a and the 8 forms. The excimer emission
is only observed for a-perylenc crystal. The structural differences between the two
polymorphs is quite distinct and is shown in Figure 3.1.-The S-perylene has two
molecules per unit cell with the ring planes at angles to each other. The a-perylene has
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\ a-perylene

K B-perylene

Figure 3.1: The two polymosphs of perylene crystals. a) a-perylene, b) S-perylene.
View is looking along the c-axis at the ab plane.
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two sandwich-pairs of molecules per unit cel!. The sandwiches are arranged with their
centres shifted by 0.09 nm along the long axis and 0.13 nm along the short axis f3.12].
It is this sandwich structure that facilitates excimer formation. Formation of excimers in
monolayers has also been studied. In particular, fatty acid derivatives of pyrene /3.13-16]
and perylene f3.17-19] have been transferred as LB monolayers and the excimer
formation has been characterized.

As described in Chaprer 1, X-ray crystal studies of symmetric PTCDs have
shown that virtually all PTCDs exist in stacks, with parallel ring systems in the solid
state and exhibit excimer-like emission /3.20-23]. The only exception to this trend is
N,N™-Di(2,6-xylyl) perylene tetracarboxylic diimide (XPTCDX) [3.20,23]. The steric
requirements of the methyl groups on the phenyl rings forces these rings to be nearly
perpendicular to the perylene chromophore and prevent molecular stacking. As a result,
only monomer-like emission is observed for crystals of this material. Therefore, the
excimer emission arises from a stacked form of the material and monomer-like emission
comes from non-stacked molecular arrangements.

Examples of the electronic spectra of PPTCDM and PPTCO are given in Figures
3.2 and 3.3. The top two spectra are of the material in solution and the bottom two were
obtained from the material dispersed in a KBr pellet. The solution spectra of the two
species are very similar and the fluorescence spectra are mirror images of the
corresponding absorption spectra. They show the same vibronic patterns, as is expected
for aromatic systems [3.10]. The spacing between the vibronic levels corresponds to the
1380 cm™ band seen in the resonance Raman scattering (RRS) of the perylenes. The
spectra of the same materials dispersed in KBr are dramatically different than those in
solution. The spectra are very broad and shifted compared to the solution spectra. The
fluorescence of the material dispersed in KBr pellats shows the characteristic excimer
fluorescence. The other PTCDs and PTCOs studied in this thesis were similar to these
examples. No excimer fluorescence was observed for the solution spectra, even when the
solutions were saturated.
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Figure 3.2: The electronic spectra of PPTCO: 2) absorption and b) fluorescence of
1.95 x10° M PPTCO in TFA/CHCI 5% and the ¢) absorption and d)
fluorescence of PPTCO dispersed in a KBr pellet.
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Figure 3.3: The electronic spectra of PPTCDM: a) absorption and b) fluorescence of
7.64 X137 M PPTCDM in CHCl, and the c¢) absorption and d)
fluorescence of PPTCDM dispersed in a KBr pellet.
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Samples of XPTCDX were purchased from Aldrich and were studied without
further purification. The electronic spectra for XPTCDX were recorded and are shown
in Figure 3.4. The solution spectra were not different from to the other PTCDs and
PTCOs in appearance. The spectra of the material in KBr pellets was a strong contrast
to the other pellet spectra. The absorption spectrum had the same vibronic structure as
the solution spectrum, but the spectrum was red shifted by about 700 cm’ and
broadened. The fluorescence of the pellet is very different from that of the other PTCDs.
The spectrum is red shifted like the absorption spectrum, however, it is not sufficiently
red shifted to be excimer emission. The fluorescence is also unusually structured
compared to the solution spectra.

In order to elucidate the solution-like nature of the unusual fluorescence of
XPTCDX seen in the pellet, an experiment in reabsorption of emitted Iight was
conducted and compared to the KBr spectrum and to the spectrum of XPTCDX
concentrated in CHCl,. The g, band in the absorption spectra partially overlap with vy,
band in the fluorescence so reabsorption is a likely phenomenon in this situation. Figure
3.5 shows the experimental setup to study reabsorption and Figure 3.6 shows the
resulting spectra. The first spectrum is of XPTCDX at 1.34 X10° M in chloroform. A
second sample cuvette was placed between the first cuvette and the collection optics of
the spectrophotometer. The excitation light (514.5 nm) probed the first cuvette oniy. In
the second case, the emitted light from the first cuvette had to pass through the same
sample solution in the second cuvette. Reabsorption caused the »op fluorescence band to
be reduced in intensity (refer to Figure 3.6b). A similar effect is observed when the
concentration of XPTCDX is 1.34 x10* M and is shown in Figure 3.6¢. This solution
was 00 concentrated to obtain absorption spectra. The fluorescence of XPTCDX
dispersed in KBr is shown for comparison. Based on these observations, the unusual
structure seen in the fluorescence of XPTCDX dispersed in KBr arises from a solution-
like emission distorted by reabsorption.
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Figure 3.4: The electronic spectra of XPTCDX: a) absorption and b) fluorescence of
4.02 x10* M XPTCDX in CHCl, and the ¢) absorption and d)
fluorescence of XPTCDX dispersed in 2 KBr pellet.
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Figure 3.5:

The experimental set up to test reabsorption. The exciting light, a), probes
one cuvette only. A second cuvette containing the same solution as the
first is placed between the first cuvette and the collection optics of the
instrument, forcing the emitted light, b), to pass through the second
cuvette. '
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Figure 3.6: The spectra of XPTCDX from the reabsorption experiment: a) the
fluorescence of 1.34 x10° M XPTCDX in CHCl,, b) same sample as a)
but with the intervening cuvette, ¢) the fluorescence of 1.34 X10* M
XPTCDX in CHCl,, d) the fluorescence from XPTCX dispersed in a KBr
pellet.
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When the PTCDs and PTCOs are incorporated into LB systems, monomer-like

emission and excimer emission can be observed. Virtually all the materials show excimer

emission. The implications for the structure of the film with respect to excimer emission

are discussed in Chaprer S and, to a lesser extent, Chaprer 6. A summary of excimer

emission energy is given in Zable 1. This table gives the position of the maximum of the

excimer emission band observed in neat LB monolayers. Some monolayers showed a

second excimer emission in the form of a shoulder at slightly higher energy than the

strongest excimer emission and this may correspond to a more loosely bound excimer
state [3.24]. LB fabrication was attempted for XPTCDX, however, this material did not
form quality monolayers. The material would not transfer to solid substrates and the

floating layer had 2 low collapse pressure.

Table 3.1:

Wavelength (nm)

Excimer Emission Wavelength for LBs of PTCDs and PTCOs.

Wavelength (nm)

PPTCDM 624.2, 665.1 PIPTCO 660.0 “

PPTCDE 669.8 PPTCO 664.7 “

PPTCDPr 671.4 HPTCO 634.8, 672.3 "

HPTCDE 641.0, 687.0 PHPTCO 659.8 “
649.0 HOPTCO




Vibrational Spectroscopy

The infrared spectra of the PTCDs and PTCOs were recorded for the materials
dispersed in KBr pellets and as LB films on the appropriate substrates. The IR spectra
of the LBs were used to determine the average molecular tilt of the chromophore. The
onentation studies are elaborated in Chaprers 4 and 5. Raman scattering of these
materials could only be measured from monolayers on surface enhancing substrates such
as silver island films [3.25,26]. The fluorescence of the perylenes overwhelms the
scattering of the molecules and surface enhancing substrates, such as silver islands,
quenches the fluorescence sufficiently for the SERRS to be recorded.

If the Nand N’ substituents are reduced to point-masses, then the point group of
the PTCDs and PTCOs is C,, [3.27]. This implies that all the bands, except the A,
bands, will be visible in the infrared spectra. All vibrations should be visible in the
Raman. Since the excitation wavelength used to obtain the Raman scattering is in
resonance with the optical transition of the perylene, vibrational modes associated with
the chromophore are selectively enhanced [3.26]. The observed infrared and SERRS
bands are tabulated in Appendix 1.

The most dominant features of the infrared spectra are the carbonyl stretching
modes. For the diimides, only two C=0Q stretches are observed at 1656 and 1695 cm
[3.28]. These two bands are present in the PTCOs, but two more bands at 1737 and 1770
cm® are also present. The four C=O stretches seen in the spectra of perylene
dianhydride (PTCDA) /3.29] are clustered closely together around 1770 cm™. When the
infrared spectra of the PTCOs in LB films are recorded in the transmission and reflection
geometries, the band at 1770 cm™ can be resolved into two components at 1764 and 1776
cm. Hence, these two bands correspond to the anhydride C=0 stretches. The 1737 cm™
band is not seen in the spectra of the PTCDs, nor in the spectrum of PTCDA. In
perylene itself, a combination band, arising from out-of-plane fundamentals, is present
at 1730 cm™ [3.30]. The band observed at 1737 cm™ may be a combination band with
increased intensity due to Fermi resonance with the C=0 stretches. The vibrational
assignment of perylene was used to help in assigning the vibrations of the PTCOs and
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PTCDs [3.30-32].

Low Temperature Spectra

It has been shown that the excimer emission depends on temperature where the
excimer fluorescence diminishes with decreasing temperature [3.33]. Spectra were
measured at room, liquid nitrogen and liquid helium temperatures and the effects upon
the monomer-like and excimer emissions were noted. The temperature dependence found
for the fluorescence of the monolayers was compared to that of the a-perylene crystal.
SERRS was also measured with laser excitation at 514.5 nm and 488 nm, in resonance
with the electronic absorption of both compounds. Comparative studies of bandwidth and
relative intensities of vibrational fundamentals were made to investigate the aggregation
in the mixed LB layers.
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Experimental Details for Low Temperature Studies

LB monolayers of HPTCO and arachidic acid were prepared at 25°C as per
Chapier 2. Mixed monolayers were prepared by mixing 10 equivalents of arachidic acid
(AA) with 1 equivalent of either HPTCO or HPTCDE in chloroform. Monomer-like and
excimer emissions of HPTCO and HPTCDE have been observed on LB layers of these
materials and mixing these materials with arachidic acid promotes monomer-like emission
[3.34,35]. In the mixed monolayers, isolated monomers may be considered to be
dissolved in the arachidic acid and islands of PTCD may also exist. The isotherms of the
mixed monolayers are given in Figure 3.7. In general shape, the isotherms resemble
those of arachidic acid f3.36], however, the liquid region of HPTCDE and the limiting
areas do not correspond to either the arachidic acid, or to the perylenes. The observed
isotherms are not the result of the weighted addition of the isotherms of the components.
Hence, mixing of the materials, to some degree, has occurred. Silver islands, 6 nm thick,
were prepared by vacuum evaporation. Low temperature measurements were carried out
in a liquid helium cryostat and in a liquid nitrogen variable temperature Raman cell,
Measurements at He, temperatures were carried using a 0.8 double monochromator, with
photomultiplier and multichannel analyzer detection systems. The photon counting
electronics were interfaced to an IBM personal computer. LB measurements were

-
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Figure 3.7: The isotherms of HPTCO (solid curve) and HPTCDE (dashed curve)
mixed in a 1:10 ratio with arachidic acid.



out using a 90 degree geometry. The diameter of the excitation beam spot on the sample
was 0.5 mm. No correction of the spectra for detection sensitivity was made. The 488
nm and 514.5 nm Lines of the Ar* laser were used. Raman shifts and fluorescence were
also measured with a Spex-1403 double monochromator and a Ramanor U-1000 with
microscope attachment. For data analysis, all files were imported to Spectra Calc™
software available from Galactic Industries Corp.

Fluorescence of LB layers at Low Temperature

‘The SERRS spectra of a mixed LB monolayer obtained at room temperature and
at 4.2 K are shown in Figure 3.8. These spectra contain strong fluorescence from the
LBs. At room temperature, two bands are evident and the high frequency component at
536 nm is attributed to the monomer emission. At temperatures below 35 K, a new band
appears in the emission spectrum of «-perylene £3.33]. This band has been named the
Y emission of perylene and is the precursor to excimer formation [3.19,33]. Typically,
this Y-state emission is only observed at very low temperatures and replaces the excimer
emission /3.1,33,37]. The excimer formation is a thermally activated process involving
configurational relaxation, originating from the Y-state /3.18,19,33].

The relative intensity of the monomer band decreases in the low temperature
spectra of mixed LB monolayers on Ag island films and a new band at 570 nm appears.
This new band may correspond to a state similar to the Y-state seen in a-perylene. As
discussed previously, the fluorescence spectrum of neat LB layers on glass (at 298 K) is
completed dominated by the excimer fluorescence. At liquid helium temperature, four
components can be used to fit the fluorescence background of the SERRS spectrum
shown in Figure 3.8. The four Gaussians used in the fitting were centred at 571, 622,
647 and 678 nm. Notably, after two freeze/thaw cycles, the strong bands centred at 622
nm and 570 nm was substantially reduced, and the fluorescence was mainly due to the
excimer formation (678 nm and 647 nm). Similar effects have been observed on annealed
LBs of PTCOs and are discussed in detail in Chapter 5. The fluorescence spectrum of
neat LB layers on glass and the spectrum showed in Figure 3.8 contain a
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Figure 3.8. Fluorescence spectra of a single mixed LB layer, arachidic acid:-HPTCO,
on a 6 nm Ag island film at 293 K and 4.2 K.



broad structureless band centred at 654 nm. The FWHH is 2400 cm?. The low
temperature spectra have shown that there are at least two overlapping emissions in this
signal, centred at 647 nm and 678 nm. Similar results were obtained for a mixed I.B
layer of HPTCDE on Ag. The SERRS spectrum of HPTCDE at 4.2 K and the SERRS
spectrum of HPTCO after two freeze/thaw cycles are shown in Figure 3.9. The
fluorescence of an LB of HPTCDE on glass at room temperature can be fitted with three
components centred at 534nm (monomer), 568 nm and a broad band at 661 nm
respectively. However, the low temperature spectrum at 4.2 K shown in Figure 3.9 was
well fitted with three Gaussians centred at 573 nm, 641 nm and 687 nm, in agreement
with the observed emissions of HPTCO. The broad band of the excimer emission at
room temperature was also resolved into two bands (641 nm and 687 nm) as in HPTCO
case. However, the relative intensity of the components was reversed.

Assuming that molecular arrangement and excimer formation in the solid is
favoured by a molecular arrangement that maximizes the stacking between two perylene
mngs, it is believed that the geometrical organization of aggregates facilitates the
formation of a Y-state (573 nm) and two distinct excimers (641 and 687) in both the
HPTCDE and HPTCO molecules. The latter interpretation was also supported by the
spectra of HPTCDE obtained at 4.2 K with the 488 nm excitation laser line. It was
found that the relative intensity of the two excimer bands was different from that obtained
with the 514.5 nm laser line. The results confirmed that the two bands originated from
different emitters.
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Figure 3.9. Fluorescence of a mixed LB of HPYCDE on Ag at 4.2 K, and of the
HPTCO mixed LB after two freeze/thaw cycles.
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Surface-Enhanced Resonant Raman Spectra

The SERRS spectra obtained at room temperature, liquid nitrogen and liquid
helium temperatures for the mixed HPTCO LB layer are given in Figure 3.10. The
discussion here is restricted to the characteristic bands in the region of ring stretching
vibrations as shown in Figure 3.11, and the 543 cm™ Raman band observed at liquid
helium temperature. The FWHH of the 543 e band decreased with temperature from
20 cm™ at room temperature to 12 cm™ at 93 K and 11 cm™ at liquid helium temperature.
The latter band is symmetric in shape and has only one component. SERRS spectra of
HPTCO on colloidal silver f3.38], which is probably due to monomers adsorbed on the
silver surface, gave a 540 cm™ band with a FWHH of 11 em™. The 1292 cm™ and 1306
cm? bands of HPTCO and HPTCDE, shown in Figure 3.11, were fitted using two
components for each case. Notably, the SERRS spectrum of HPTCO on Ag sols showed
two bands, at 1289 and 1306 cm™!, that were better resolved than in the low temperature
spectrum. Therefore, the FWHH obtained at the liquid helium temperature are probably
broadened as a result of aggregation in the monolayer. Two components centred at 1362
cm™ and 1385 cm™ were also required to fit the perylene stretching vibrational band (see
Figure 3.11). However, for HPTCDE the first component was very weak and the two
maxima were found at 1376 cm™ and 1385 cm™. The C=C stretching vibration was also
deconvoluted with two components at 1575 cm® and 1592 cm™ (1590 cm? for
HPTCDE). Notably, in the spectrum of the EPTCO on colloidal silver there is a strong
band at 1570 cm™ with a very weak shoulder at higher energy. Before drawing the
conclusions, it is helpful to point out the similarity between the above described spectral
changes and what is known from perylene spectra. The intensity of the two components
in the doublets of perylene (1369-1380 cm™ and 1574-1581 e¢m™) are comparable in
frozen solutions of perylene. Hochstrasser and Nyi [3.24] found that one of the
components became prominent in the low temperature spectrum of a-perylene crystal:
1574 cm was four time more intense than the 1581 em™ band, and the 1380 cm™ band
had twice the intensity of the 1369 ¢m™ vibration. In HPTCO the 1383 cm™ has about
three times the intensity of the 1362 ¢m™ band, and the 1575 cm™ is two times stronger
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than the 1592 cm™ component. The intensity pattern observed for HPTCDE bands does
not follow the perylene pattern of relative intensities. The similarity in the spectral
behaviour of HPTCO LB monolayers and the a-crystal of perylene support the
assumption of an LB structure with geometrically aligned dimer units. The fluorescence
spectra (Figures 3.8 and 3.9) also support the latter argument, and indicate that the
freeze/thaw cycling process helped to increased the alignment with 2 predominant
molecular organization (of the a-perylene type). However, the weak fluorescence band
from a second emitter (see Figures 3.8 and 3.9) is also indicative of at least a second
molecular arrangement in the monolayers. Fluorescence and SERRS spectra of HPTCDE
allow one to conclude that the molecular alignment of the a-perylene type is not
preferred in dimers and higher aggregates of the HPTCDE monolayer. It can be
concluded that the fluorescence spectrum of HPTCDE (see Figure 3.9) is brought about
by a distinct geometrical arrangement that favours the formation of a "second” emitter
given the band centred at 687 nm. A different molecular arrangement than in the o-
perylene crystal is partially supported by the crystal structure of EPTCDE /[3.21,23].
This molecule arranges in twisted stacks. It may be possible that the presence of the ethyl
group in HPTCDE may causes structural arrangements not seen in the other PTCDs or
PTCOs.
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Figure 3.10: SERRS spectra of one mixed LB of EPTCO at 298 K, 93 K and liquid
helium temperature.
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Figure 3.11: Low temperature SERRS spectra of 2) HPTCDE and b) HPTCO in the
region of the ring stretching vibrations.
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Chapter 4: The Effect of Intermolecular and Molecule/Subphase Interactions on
the Average Molecular Orientation of PTCDs in LB Films

Introduction

The structure of LB films can be influenced by several factors such as molecule-
molecule interactions, molecule-subphase interactions and molecule substrate interactions.
As discussed in Chapter 2, the classic molecules often used to prepare LB films are
amphiphilic molecules like long chain fatty acids. Amphiphiles interact with the water
subphase during the formation of the floating Langmuir layer, thereby reducing the
surface tension of water. The surface pressure/area isotherm (x-A) is the difference
between the surface tension of water and that of the water with the floating layer (4.2},
where A is the area per molecule on the water surface. Langmuir monolayers with well
defined surface pressure/area isotherms of non-amphiphilic molecules /4. 1] and polymers
[4.2] have also been obtained /4.3]/. For amphiphiles, the interaction of the molecular
hydrophilic end with the subphase would be a determining factor in the molecular
orientation of the Langmuir layer. For non-amphiphilic molecules the structure of the
organized floating layer would be largely determined by the intermolecular interactions
within the layer.

Six of the PTCDs studied may be described as having differing degrees of
relative amphiphilicity. The more 2mphiphilic perylenes will experience a greater
interaction with the aqueous subphase; the degree of this interaction could play a
significant role in determining the molecular alignment. For the chosen dyes, evidence
of =-x intermolecular interaction is present in their electronic absorption and emission
spectra. It was therefore important to examine the outcome of molecular orientation of
LB films formed under similar conditions for the perylene derivatives chosen. The
observation of meaningful results using transmission and reflection-absorption IR
spectroscopies was in itself evidence of organization in LB films fabricated on Ge, ZnS
and smooth silver films. Notabiy, the formation of an organized LB film on amorphous
surfaces has also been recently revealed by atomic force microscopy [4.4].
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Experimental Details

The starting materials were kindly provided by Professor Nagao from the
University of Tokyo. The six molecules, shown in Figure 4.1, were N-pentyl N*-R
perylenetetracarboxylic diimide [R = -CH, (PPTCDM), -C;Hs (PPTCDE) and -G;H,
(PPTCDPr)] and N-hexyl N'-ethyl perylenetetracarboxylic diimide. The two
monosubstituted molecules were N-hexyl, perylenetetracarboxylic monoimide (HPTCO)
and N-hexylperylenetetracarboxylic diimide (HPTCNH). LB monolayers of the various
perylene derivatives were prepared at 15°C using the procedures outlined in Chapter 2.
The spreading solvent was HPLC grade chloroform and Milli-Q purified water with a
measured resistivity of 18.2 Mflcm was used as the subphase. x-A isotherms were
recorded at a compression rate of 10° nm’molecule’s” and are given in Figure 4.2.
Multilayers were transferred to IR transparent substrates (ZnS, Ge) and smooth silver
films. The latter substrate was used for RAIR spectroscopy. The 110 nm thick smooth
silver films were also prepared as per Chapter 2. LB films were transferred at a constant
surface pressure of 25 mN/m. The substrate was moved vertically through the gas-liquid
interface at a rate of 0.06 mm/s. LB films of the more amphiphilic perylenes were
transferred via Y-deposition and transfer ratios ca. 1.2 were measured (to Ge, ZnS and
Ag). Only 1 LB was transferred to smooth silver for HPTCNH. Its low solubility
required the spreading of about 50 mL of solution in order to prepare 1 LB. Since the
infrared windows have considerably smaller area than glass slides, more monolayers
could be transferred to these substrates. For the other PTCDs, up to 4 monolayers were
transferred to smooth Ag substrates. 15-30 LBs were transferred to the IR transmission
substrates. For non-amphiphilic molecules, a multilayer assembly of PPTCDM on ZnS
was formed by Y-deposition with a nearly 1.0 transfer ratio. Acceptable transfer for
PPTCDE, HPTCDE and PPTCDPr to ZnS was attained exclusively by Z-deposition. The
Langmuir monolayer of all four compounds was transferrable to the smooth silver film
solely by Z-deposition.

Infrared spectra were obtained for LBs deposited on ZnS and Ge (transmission
geometry) and for LBs deposited on 110 nm Ag (reflection geometry). An incidence
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Figure 4.1.  Structure of the perylene derivatives studied in this chapter.
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Figure 4.2. A isotherms for five of the PTCDs. a) PPTCDM, b) PPTCDE, )
PPTCDPr, d) HPTCO, and ¢) HPTCNH. The isotherm of HPTCDE is
indistinguishable from that of PPTCDE.
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argle of 75° to the surface normal was used in all RAIR spectra.

Results and Discussion
Langmuir Monolayers

The x-A isotherms given in Figure 4.2 provide a striking illustration of the
difference in the formation of the compressed floating monolayer at the water subphase,
The isotherms for the four di-substituted imides (PPTCDM, PPTCDE, HPTCDE and
PPTCDPr) are dominated by the iow compressibility region, practically, the exclusive
formation of a solid phase. Moreover, the limiting areas associated with these molecules
increased by 0.06 to 0.07 nm? per molecule as the substituent’s length is increased by
one carbon atom. Therefore, the pressure sensed in recording these isotherms arises
primarily from the compression of any given molecule against its neighbours.

The isotherms for the two mono-substituted perylenes are a strong contrast to the
previous three molecules. These two molecules show a very evident liquid expanded
phase at low pressures. However, at higher pressures, a solid phase for all materials is
observed. The limiting area for this phase is about 0.06 to 0.07 nm? per molecule
smaller than the limiting area of PPTCDM. In other words, the limiting areas observed
for the mono-substituted chromophores are the same as the extrapolated limiting areas
for the di-substituted imide with a chain length of zero carbons. The presence of a hexyl
or a pentyl or hexyl group on the opposite end of the perylene chromophore does not
seem to influence the isotherms.

The fact that the di-substituted imides do not show any liquid expanded region
may be considered an indication of early molecular alignment of these molecules on the
water surface. HPTCNH interacis strongly with the water subphase. The pressure
associated with the liquid expanded region for these molecules could be due to strong,
amphiphilic interaction at the monolayer/water interface. Moreover, HPTCNH interacts
more than HPTCO since the onset of preésure for HPTCNH occurs at areas greater than
for HPTCO and that the imide hydrogen facilitates more hydrogen bonding to the water
subphase. ,

When the imide becomes substituted (which is the case for PPTCDM, PPTCDE
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and PPTCDPY), its hydrogen bonding ability is lost and the alkyl substituent shields the
imide nitrogen from the subphase. Therefore, only the solid phase is observed in their
isotherms and these materials may be considered less amphiphilic that HPTCNH and
HPTCO. The increase in the length of the carbon chain seems to change the packing
betwesn the molecules in the film, but does not seem to affect the area of the
chromophore. The presence of either a hexyl or a penty! group on the opposite imide
does not seem to affect the isotherms, presumably because these chains are pointing into
the air on the side of the molecules facing away from the subphase.

The solid phase limiting areas for the five perylenes is shown in Table 4.1. The
isotherm of BPTCDE is indistinguishable from the isotherm of PPTCDE and was
omitted for clarity. The small area per molecule obtained from the #-A isotherms
eliminates a flat-on molecular organization of the chromophore plane in the floating
layer. The chromophore plane could be in an edge-on or a head-on orientation. For
comparison with the observed limiting areas, the calculated area of the chromophore
projected onto the substrate plane (according to the angles found in the IR work which
is discussed in the next section) has been included in Table 4.1. Since the projected
areas do not include contributions from the alkyl chains in each molecule, it becomes
even more striking that the limiting areas are smaller than the projected areas. This
indicates that there must be significant chromophore overlap in the molecular

organization or molecular stacking due to aromatic-aromatic interaction.



Table 4.1.  Experimentally determined limiting molecular areas from =A

measurements and the corresponding projected molecular area given by

spectroscopic techniques.

Molecule Molecular
Projected Area
(nm®)
n PPTCDM
PPTCDE “ 0.38 0.89 ||
HPTCDE " 0.38 0.91
PPTCDPr “ 0.44 0.51
HPTCO “ 0.24 0.42
HPTCNH 0.27 0.77
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Molecular Orientation in the Langmuir-Blodgett Monolayers

First, a discussion of the vibrational assignment of the stretching vibrations
occurring in the plane of the chromophore is necessary. Characteristic in-plane
fundamental modes are: benzene C=C, carbonyl C=0 and imide C-N stretching
vibrations. In the parent perylene molecule, the highest C=C stretching frequency (1606
cm") changes the dipole moment along the short axis of the perylene chromophore, while
the stretching mode at 1592 cm™ changes the dipole moment along the long molecular
axis [4.5,6]. Similarly, the stretching vibrations of the two carbonyls of the imide group
at 1656 cm™ and 1696 cm™ correspond to the in-plane (chromophore plane) and were
assigned to the anti-symmetric carbonyl stretching and to the symmetric carbonyl
stretching, respectively. These stretching modes can be seen in Figure 4.3. To illustrate
the results, the spectra of all five molecules are given in Figures 4.4-8. The assignment
of the high frequency band to the symmetric stretching vibration is uncommon. In five-
membered ring compounds, such as phthalimide, the symmetric C=0 stretch is higher
than the anti-symmetric stretch /4. 7]. However, there is no evidence that the assignment
would hold for conjugated six-membered rings. The strong fluorescence of the PTCD
molecules, and the small scattering cross-section of the carbonyl stretching modes,
prevented 2 direct measurement of the depolarization ratio in solution. Searching for
supporting evidence, we use a naphthalene-1-8-dicarboxylic anhydride as a model
compound, and measured the depolarization ratios of the two carbonyl frequencies
observed in the Raman. Although the signals were very weak, it was clearly evident that
the high frequency band was polarized, thereby supporting its assignment to the
symmetric stretching vibration. The transition moment for the anti-symmetric vibration
is directed along the short axis of the chromophore, while that of the symmetric vibration
is along the long chromophore axis.

For HPTCO there are two distinct groups of C=0 frequencies. The carbonyl
stretching vibrations of the imide group are observed at lower frequencies and the C=0
stretches of the anhydride group /4.8] are seen above 1700 cm as shown in Figure 4.4.
The carbonyl modes have a large value of the dipole moment derivative.
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Figure 4.3. The wo imide carbonyl stretching modes and their respective net change
in dipole moments are iltustrated.
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Figure 4.4. FT-IR spectra of HPTCO in a) KBr pellet, b) LB film of 60 monolayers
on Ge, ¢) RAIRS of 3 LB monolayers on 110 nm Ag.
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Figure 4.5. Absorption FT-IR spectra of PPTCDM in a) KBr pellet, b) of 20 LB
monolayer on ZnS and c) of 4 LB layers on 110 nm Ag film.
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Figure 4.6.  Absorption FT-IR spectra of PPTCDE in a) KBr pellet, b) of 20 LB
monolayer on ZnS and c) of 4 LB layers on 110 nm Ag film.
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Figure 4.7. Absorption FT-IR spectra of PPTCDPr in a) KBr pellet, b) of 20 LB
monolayer on ZnS and ¢) of 4 LB layers on 110 nm Ag film.
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Figure 4.8.  Absorption FT-IR spectra of HPTCNH in a) KBr pellet, b) of 22 LB
' monolayer on Ge and c) of 1 LB layer on 110 nm Ag film.
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Correspondingly, they are observed with strong relative intensity in the infrared
spectrumn. The relative intensities of the C=0 stretches would provide information about
the molecular orientation of the perylene tetracarboxylic chromophore in LB films
deposited on Ge, ZnS and smooth Ag surfaces.

The infrared spectra of HPTCNH are shown in Figure 4.8. The imide carbonyl
region is identical with the other diimides, except for the appearance of a new band at
1679 cm. This band has been assigned the C=0 symmetric imide stretch due to
hydrogen bonding between the N-H carbonyl of one molecule and the N-H hydrogen of
a different PTCD. This band was not used in determining molecular orientation. Further
discussion of this hydrogen bonding is given in Chaprer 6.

For our discussion the substrate surface will be defined as the x-y plane. In
transmission IR, the propagation direction is along the z axis and the electric field
component is therefore parallel to the substrate surface. The IR spectrum of the sample
dispersed in a KBr pellet is shown at the top of Fitures 4.4-8. In the KBr pellet a
random molecular orientation is assumed. The transmission spectra of an LB film
deposited onto ZnS (less amphiphilic molecules) or Ge (amphiphilic molecules) are
shown as spectrtum b) in the Figures 4.4-8. The LB was transferred at 25 mN/m.
Assuming a molecular organization with the planar chromophore lying flat on the x-y
surface, a strong interaction between the electric field (E, or E,) and the transition
moments (u, and ) of both C=O0 stretching vibrations is expected. However, the
relative intensity of the higher frequency C=O0 stretching mode decreased in the
transmission spectrum of the LB samples. In HPTCO, as it can be seen in Figure 4.4-b,
two high frequency vibrations were seen with an increase in relative intensity in RAIRS,
while the opposite holds for the low frequency C=0 modes in the transmission
geometry. The results exclude a flat-on orientation of the chromophore moiety and may
be rationalised in terms of a tilted or head-on organization of the chromophore on the
Ag, ZnS and Ge surfaces. A perfect edge-on organization would lead to the
disappearance of the C=0 stretching vibration with a transition moment along the short
axis (since g, would coincide with the normal to the surface). The symmetric C=0
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vibration (the band observed at 1696 cm™) which generates a change in the dipole
moment along the long axis (parallel to substrate normal, z), appears greatly reduced in
the transmission LB spectra, evidence of an end-on orientation. The last spectrum (C)
in the Figures 4.4-8 illustrates the results obtained by a single reflection-absorption
infrared experiment recorded at an incident angle of 75°. In the RAIRS experiments only
the E, (P-polarization) component of the incident light can interact with the adsorbate,
and the surface salection rules lead to the manifestation of molecular vibrations with a
finite component of their dynamic dipole perpendicular to the metal surface [4.9,10].
The RAIRS spectra showed a reverse trend when compared to the transmission spectra.
In the frame of reference of the previous discussion, the relative intensity of the C=0
mode along the long axis (z) is enhanced in the RAIRS spectrum. The result supports
the end-on orientation, where the long axis also forms an angle ( < 90°) with the normal
to the metal surface. In conclusion, the transmission and reflection spectroscopic data
show that the tilted molecular orientation (that is implied at the transfer surface pressure
of 25 mN/m) was preserved during the transfer of the monolayer to all three solid
substrates.

Since different substrates were used in this work, it was necessary to examine the
effects that these different substrates have on the molecular orientation in the film. The
infrared spectra were recorded for a variety of multilayer thicknesses for LBs transferred
to the three different substrates used (Ge, ZnS and Ag). The absorbances of the peaks
in the 1550 to 1800 cm® range varied linearly with the number of transferred
monolayers. Moreover, the relative absorbances of these same peaks did not change with
respect to the number of monolayers transferred. The absorbances observed in the spectra
of LBs deposited on Ge were identical to those in the spectra of LBs deposited on ZnS.
Therefore, for the three substrates used here, the molecular orientation depends very little
on the nature of the substrate or on the number of layers in the LB film.
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Calculation of the tilt angles.

Molecular orientation in Langmuir-Blodgett multilayers can be determined from
the combined infrared spectral data obtained in a transmission geometry and in a
reflection-absorption geometry. This approach has been recently demonstrated by
Umemura et al. /4.11] using LB monolayers of cadmium stearate. The calculations are
based on the formalism developed for the optical properties of thin multilayer films
[4.12]. The quantity of interest that can be evaluated with this method is the tijt angle,
¢, formed between the direction of the dynamic dipole moment and the norma! to the
surface of the film. The angle can be extracted from Equation 1,

AdAg = sin’$ / (2m, cos’d + m, sin’p) . “.1)

where Ar and Ay are transmission and reflection absorbances, normalized with respect
to the number of LB layers, and m, and m, are the enhancement factors for light
polarized normal to the surface (z direction) and parallel to the surface (x or y direction).
In the RAIRS experiments, no detectable intensity was obtained for incident radiation
polarized parallel to the film surface. Therefore, m, < <m, is a reasonable assumption
- and (4.1) becomes:

AJAg = tan% / 2m, 4.2)

From this expression, the tilt angle can be readily calculated.

The most arduous task is the determination of m,. The value of m, is estimated
from the hypothetical ratio of Ay/Ar which is theoretically determined for isotropic LB
films according to Hansen's work f4.12]. The determination of the enhancement factors
was performed using Math-Cad for Windows, a commercially available mathematical
spreadsheet type program. A sample calculation using Math-Cad is given in Appendix I1.
The document is the hard copy of the actual spreadsheet used.

The value of m, depends on several factors including the incident angle of
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radiation, the thickness of the LB matrix, the complex index of refraction of the infrared
transparent substrate (transmission geometry) and that of the metal (reflection geometry).

Values for m, determined by Umemura er al. [4.11] were successfully verifled using
Mathcad for Windows. The same method was subsequently applied to calculate values
for m, involving our experimental conditions. The tilt of the carbon chain for arachidic
acid was determined experimentally and was similar to the tilt angles determined by
Umemura ef al. f4.11]. The calculated tilt angles (measured in degrees from the surface
normal) for all perylene derivatives studied here are listed in Table 4.2.

The first column of tilt angles corresponds to the high frequency C=C stretching
which, in the parent perylene, has a transition moment aligned parallel to the short axis
of the molecule /4.5]. Based on this assignment, any other vibration whose transition
moment is paralle] to the short axis of the molecule should produced similar tilt angles
to the ones observed for the 1593 c¢m™ band. As can be seen in Table 2, the 1656 cm’
band has comparable tilt angles to the 1593 cm™ band whereas the tilt angles for the 1696
cm band are considerably different from the other two bands. The calculations for the
C=0 stretching vibration at 1656 cm', with a dynamic dipole moment along the short
axis of the chromophore, give the angle between the short axis and the normal to the
surface. The third column gives the angle between the long axis of the chromophore and
the norma! to the surface. The spatial arrangement determined for PPTCDM on the
surface is depicted in Figure 4.9. The calculated angles indicate that the molecular
arrangements in the LB films are very similar. Therefore, molecule-subphase
interactions were not the dominant driving force behind the structure of the monolayers
studied. Instead, the results may be rationalized in terms of a predominant contribution
of the aromatic-aromatic interactions to the stabilization of the two dimensional layer.
Evidence for these interactions arises from the observation of excimer formation of these
and similar perylene diimides in LB films /4.13,14].



Table 4.2. Tilt angles (given in degrees) between the surface normal and the
transition moments of the 1593 em™, 1656 cm™ and 1696 cm™ bands.
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Figure 4.9. Representation of the molecular orientation determined by transmission
and RAIRS experiments for PPTCDM.
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Once ¢ was established, then the expected projected area occupied by a single
molecule on the substrate was calculated and listed in Table 4.1. Using the tilt angles
for the long and short molecular axes, the area of the projection of the chromophore onto
the substrate surface was estimated. PC model caiculations supplied a chromophore
geometry which was approximately rectangular with a length of 1.29 nm (distance
beiween nitrogens of the imide groups) and a width of 0.84 nm (distance between
hydrogens of the perylene moiety).

There are two serious concerns when applying this model to a determination of
molecular onientation. First of all, the orientation on the refiection absorption substrate
needs to be the same as the orientation on the transmission substrates. A qualitative
comparison of carbonyl bands seen in the reflection absorption and the transmission
spectra can be used as an indicator for different orientations in the different LB systems.
Weak bands in the RAIR spectra are relatively stronger in the transmission spectra and
weak bands in the transmission spectra are relatively stronger in the RAIR spectra.
According to our qualitative discussion preceding the calculation of molecular tilt angies,
these trends are observed. Therefore, it is sound to assume that the molecular orientation
is similar in the two systems.

Secondly, it should be emphasized that this work reports the average molecular
tilt in LB films. In order to achieve good signal to noise ratios for our LB systems, the
spectra of multilayers were recorded. However, the transfer ratios for the deposition of
each layer in the multilayered systems were identical. Therefore, we do not expect
significant deviation from the determined tilt angles.
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Chapter Summary

Floating and Langmuir-Blodgett monolayers of molecules with varying
amphiphilic character and with a common ¥ system chromophore were prepared.
Molecular orientation in LB films was similar for all six perylene tetracarboxylics
studied. The observed moiecular orientation for each material was independent of the
substrate (Ge, ZnS and Ag) used and the number of layers transferred. A nearly end-on
orientation with a long axis tilted angle of ca. 40 degrees was calculated. It is concluded
that molecular organization is mainly determined by -« interactions, given the similar
structures observed for the LB films of five different perylene derivatives studied and
regardless of substrates used. The influence of x-x interactions is explored in Chaprer
6.
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Chapter 5: Spectroscopic Properties and Packing of Langmuir-Blodgett
Monolayers of Perylene Tetracarboxylic Anhydrides

Imtroduction

In this chapter, a series of perylene tetracarboxylic anhydrides have been spread
as Langmuir monolayers and transferred as Langmuir-Rlodgett films to a variety of solid
substrates. The structures of the species studied are given in Figure 3.1. The substituents
on the imide nitrogen are R = propyl for PrPTCO, pentyl for PPTCO, 2-phenylethyl for
PRPTCO and 6-hydroxyhexyl for HOPTCO. The objectives of this work were the
spectroscopic characterization of these four PTCOs, the formation of floating Langmuir
Iayers and the fabrication of LB films of these materials by transferring the floating
Iayers to solid substrates. These materials are particularly interesting because this is the
first attempt at forming films of PTCOs with functionalized side chains. The ultimate aim
of this chapter is to determine the effect these side chains upon the film structure and
stability, and to resolve which derivative provides the best quality film. The only
perylenetetracarboxylic monoimide previously characterized as a LB film is N-hexyl
PTCO (HPTCO) /5.1], but this chapter represents the first comparison of a series of
PTCOs fabricated into LB films.

The structure of the film plays an important role in the potential application of
the films. Therefore, it is important to find derivatives of the perylene tetracarboxylic
chromophore that yield films with consistent and reproducible structure. For practical
applications, such structures should also be as durable and as simple to produce as
possible.

Perylene dyes are known to form aggregates in the ground and excited states
[5.2-4]. Hence electronic spectroscopy such as UV-visible absorption and steady state
fluorescence are ideal tools to study perylene aggregates. Transmission and reflection
absorption infrared (RAIR) spectroscopy supplements the observed electronic data by
providing insight into molecular orientation.
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Figure 5.1:

The structure of the four PTCOs studied. PrPTCO, R = propyl; PPTCO,
R = pentyl; PhPTCO, R = 2-phenylethyl, HOPTCO, R = 6-
hydroxyhexyl.
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It is of particular interest to study the effects of different side chains upon the
aggregation phenomenon. It has been learned that the colour of the solid material depends
upon intermolecular arrangement /5.5, 6] for N,N’ symmetric diimides and that theoretical
modelling of polymorphs of perylene tet-acarboxylics has been attempted /5.7]. The
substituents of the imide nitrogens influence intermolecular structure and ring system
overlap. The effect of deposition technique and film annealing were also studied.
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Experimental Details

The synthesis and purification of these perylene compounds were performed by
Dr. Jim Duff at the Xerox Research Centre of Canada. LB monolayers were prepared
as per Chapter 2. The spreading solvent was 10% Trifluoroacetic acid in chloroform.
Pure chloroform was attempted, but these perylene derivatives were exceptionally
insoluble in this solvent. Purified water was used as the subphase. Pressure/area
isotherms were recorded at a compression rate of 0.325 mm?s’. The isotherms were
recorded at 15 and 25°C. Monolayer transfer, through Z and Y deposition, was attempted
for these materials. However, the resulting floating layers (except for PPTCQO) were very
rigid and could only transferred via horizontal deposition. Transfer pressure was 20
mN/m in all cases. Muitilayers (up to 10 LBs) as well as single monolayers were
transferred. For all successful transfers, the transfer ratio was near unity. LB film quality
was assessed by optical microscopy using a x100 objective lens. On this scale, the films
appeared homogeneous. Only a few pinholes were observed, as well as cracks in the
films near the edges of the substrates.

For spectroscopic characterization, the LBs were transferred to appropriate
substrates. For visible absorption and fluorescence work, the substrates were Coming
7059 glass slides. For infrared characterization, the substrates were polished zinc
sulphide windows for transmission work and 100 nm of smooth silver on glass for RAIR
spectroscopy. Silver islands, 6 nm mass thickness, were also used for SERS, and
SERRS. The silver films were prepared as per Chaprer 2. Before transfer was attempted,
the substrates were cleaned ultrasonically in water, then chloroform and were dried in
a stream of high purity nitrogen. The spectroscopic instrumentation and techniques have
already been described in Chaprer 2.
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Results
Langmuir and Langmuir-Blodgett Layers
The isotherms were recorded at 15 and 25°C. Each perylene showad a slight
increase in limiting area with an increase in temperature. There was also a minor change
in collapse pressure with increasing temperature, The only exception was PhPTCO.
There was no change in limiting area and an increase in coliapse pressure with increasing
temperature. The shape of the x-A curves did not change within the 10°C temperature
interval. The pressure/area isotherms recorded at 25°C for the four perylenes studied are
shown in Figure 5.2 and the isotherm data is listed in Table 5.1.
Transfer of the floating layers was then attempted to a variety of solid substrates.
The only successful vertical transfer was achieved for PPTCO, by the Z deposition, to
glass slides and smooth silver at 25°C. Therefore, horizontal transfer was used for all of
the perylenes studied. Monolayers of PPTCO transferred by different methods were

compared spectroscopically in order to investigate the effect of deposition technique upon
the LB formed.
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Figure S.2: The pressure/area isotherms at 25°C of the four PTCOs studied.
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Table 5.1: Isotherm Data

i Molecule

15°C 25°C
Limiting Area Collapse Limiting Area | Collapse
(nm¥molecule) | Pressure (nm¥molecule) | Pressure
(mN/m) (mN/m) |
|
PrPTCO 0.28 50 0.32 a5 |
q
“ PPTCO 0.48 33 0.56 32 “
|| PHPTCO 0.31 43 0.31 47 “
“ HOPTCO 0.60 38 0.68 34 “




Electronic Spectra

The absorbance and steady state fluorescence spectra of dyes and pigments can
reveal much about the nature of the aggregation of such materials /5.8-10]. The visible
absorption of the PTCOs was recorded and were all virtually identical. They all exhibited
the characteristic vibronic structure associated with aromatic hydrocarbons, with a ¥,
transition at 529 nm. Since the solvent used (for LB work) is 10% TFA in CHCL,, the
spectra are red shifted compared to those obtained in pure CHCl, f5.11] due to the
increase in solvent polarity /5.12]. The fluorescence specta of the same solutions yielded
a mirror image of the absorption spectrum, giving mno indication of aggregation in
solution.

Once the PTCOs were transferred to solid substrates, the absorption and emission
spectra were dramatically different. Figure 5.3 illustrates the absorption and emission of
the solution and of 1 LB on glass for PPTCO. The absorption spectrum of 1 LB and that
of the material dispersed in a KBr pellet are similar, and are split into two broad peaks.
The blue shifted component, at 483 nm, is considerably stronger than the red shifted
component at 552 nm. Such a splitting pattern is generally indicative of H aggregation
for such chromophores [5.8-10]. The absorbance spectra of the four PTCOs studied show
the same splitting pattern. Moreover, the relative intensities of the twc components and
the magritude of the splitting are invariant for the four perylenes. The emission spectrum
of 1 LB of PPTCO contains two interesting features. First of all, the two bands at 542
and 586 nm correspond well with the bands of the solution spectrum, thereby indicating
the presence of a monomer-like emission of PPTCO in the LB. The broad, red shifted
band at 663 nm is characteristic of excimer formation in LB films of perylene
tetracarboxylic derivatives.

The emission spectra of the LBs are different from each other and are illustrated
in Figure 5.4. Each film exhibits’ different relative quantities of monomer-like and
excimer emission. The LB of HOPTCO shows primarily monomer-like emission and that
of PhPTCO contains mostly excimer emission. The spectra of PTPTCO and PPTCO show

a mixture of monomer-like and excimer emission.
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Figure 5.3: The electronic spectra of PPTCO: a) absorption in solution, b) emission
in solution, c) absorption of 1 LB, d) emission of 1 LB. Y axis units are
arbitrary.
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Figure 5.4: The emission spectra of 1 LB of each of the PTCOs studied. a) PrPTCO,
b) PPTCO, c) PhPTCO, d) HOPTCO.



Infrared Spectra

The observed fingerprint infrared frequencies for the PTCOs dispersed in KBr are
given in Appendix I and the spectra are shown in Figure 5.5. All four spectra differed
very little. The spectra of PPTCO and PrPTCO are virtually identical. PhPTCO can be
differentiated from the former two by the presence of the weak C=C aromatic stretch
at 1498 cm™ and the presence of a C-H aromatic stretch at 3624 cm™ that does not exist
in the other three spectra. The most distinguishable feature of the HOPTCO infrared is
the broad, hydrogen bonded O-H stretch at 3362 cm™.

The characteristic (in plane) benzene C=C stretching vibrations of the perylene
ring were observed for all four molecules at 1507, 1580 and 1595 cm™. In the parent
perylene molecule, the highest C=C stretching frequency at 1606 cm™ has a change in
dipole moment parallel to the short molecuiar axis /5.13]. Four strong carbonyl
stretching vibrations exist for each PTCO. At 1656 and 1696 cm™ are the anti-symmetric
and symmetric C=0 stretches, respectively. The anhydride C=0 stretches appear at
about 1764 and 1776 cm for the anti-symmetric and symmetric inodes, respectively.
The four anhydride C=0 stretches of the dianhydride, PTCDA, are also clustered close
together [5.14]. The two PTCO anhydride bands overlap significantly in the KBr
spectrum, but are revealed as two bands in the two LB spectra. The change in dipole
moment associated for these carbonyl stretches is parallel to the short molecular axis for
the antisymmetric modes and parallel to the long molecular axis for the symmetric
modes. Using this information as a frame of reference, it is now possible to elucidate the
average molecular orientation of the chromophore in the LB film by a comparison of
transmission and RAIR infrared spectra. The comparison of the imide C=0 stretches
have been used to qualitatively /5.15,16] and quantitatively /5.17] to evaluate orientation
for perylene teiracarboxylic diimides in LB films.

The average molecuiar orientation can be determined by inspecting changes in the
band intensities in the spectra of 1 LB in the transmission geometry and in the reflection
geometry. In the transmission case, the polarization of the incidert radiation is parallel
to the substrate surface. Therefore, only vibrations with a transition dipole moment
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Figure 5.5: The infrared spectra of the four PTCOs dispersed in KBr pellets. a)
PrPTCO, b) PPTCO, c) PhPTCO, d) HOPTCO.
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parallel to the substrate surface will be active. Vibrations perpendicular to the substrate
surface will be silent. The opposite case exists for the reflection geometry. Here, surface
selection rules operate /5. 18]. The intansities of vibrational modes with a dynamic dipole
perpendicular to the surface are enhanced and those modes parallel to the surface are
suppressed. The infrared spectra of the carbonyl region of PPTCO and HOPTCO are
given in Figures 5.6 and 7. Spectrum a) is the material dispersed in a KBr pellet, which
is assumed equivalent to a random spatial molecular orientation. Spectra b) and ¢) are
the transmission and reflection spectra, respectively. The orientation trends regarding the
imide carbonyl stretching intensities are the same for the four compounds studied. In the
transmission case, the 1656 cm band is more intense than the 1696 cm™ band. The
reverse trend is true for the RAIR spectra. Since the 1656 cm™ band is polarized along
the short molecular axis, then the short molecular axis must be ﬁltéd closer to the
substrate plane than the long molecular axis. Since both bands are visible in both spectra,
the short molecular axis is not parallel to the substrate surface, nor is the long molecular
axis completely perpendicular to the substrate surface.

The only unforeseen absorbance in the LB spectra is the appearance of an
additional band at 1788 cm™ in the two HOPTCO spectra. Since this band does not
appear in the LB spectra of the other three PTCOs and it is absent in the KBr pellet
spectrum of HOPTCO, it can be concluded that this is the TFA ester of HOPTCO. There
was some concern that in the TFA/CHCI, solvent system, the TFA could react with the
anhydride portion of the PTCO. No changes in the infrared spectra support this.
Moreover, it is also known that the perylene tetracarboxylic anhydrides are exceptionally
stable /5.12] due to conjugation with the perylene ring system. Hence, the LBs of
HOPTCO prepared are actually LBs of the HOPTCO-TFA ester, where the ester link is
through the hydroxy function on the hexyl side chain and this band corresponds to the
carbonyl of the ester of trifluorvacetic acid.

Average molecular orientation can be evaluated quantitatively by comparing the
transmission and RAIR spectra of the same material /5.19]. This approach has also been
used successfully on other perylene tetracarboxylic derivatives /5.1 7]. In order for this
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method to be successful, several criteria need to be met. First of all, uniaxial molecular
orientation must exist. This was demonstrated by measuring the transmission spectra at
various polarization angles. No change in intensity was observed. Secondly, the
orientation on the transmission substrate needs to be reproduced on the RAIR substrate.
Both the ZnS and the smooth silver are hydrophobic according to the contact angle the
air/water interface when the substrate is dipped perpendicular into the subphase. Since
horizontal deposition was performed, there is less likelihood of molecular rearrangement
upon transfer. The preceding qualitative discussion of molecular orientation is indicative
of similar, if not identical, average molecular orientation. The calculated tilt angles for
the long and short molecular axes are given in Table 5.2. As can be seen from the
calculated tilt values, the tilt angle of the short axis calculated from the 1595 and the
1656 cm™? bands are within a few degrees of each other. All four PTCO’s have the same
average molecular orientation.
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Table 5.2:

Average Chromophore Orientation for the PTCOs

Molecule o Chromophore Axis Tilt Angle (in ° from surface normal) |
Short Axis Short Axis Long Axis
(1596 cm™ band) | (1656 cm™ band) | (1696 cm™ band)
ILPrP"I'CO 77 75 57 i
| PPTCO 72 76 63
PhPTCO 77 76 61
HOPTCO 73 76 59
S I E——E———
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Raman Spectra

The strong fluorescence of PTCO compounds overwhelms the Raman spectrum
from bulk samples. Surface enhanced resonance Raman (SERRS) spectra was the only
Raman spectra obtained from the LB on silver islands. The resonance Raman effect
selectively enhanced vibrations associated with the chromophore several orders of
magnitude above that of other bands. In order to observe the weaker SERS bands,
different experimental conditions were needed so no direct comparison of band intensity
was possible. The observed SERRS frequencies for the four PTCOs studies gapé’ﬁsted in &—o
Appendix I, and Figure 5.8 shows the PPTCO SERRS spectrum. The SERRS spectra are
dominated by three very prominent bands in the 1300-1600 cm™. Most of the bands
listed in the SERRS table of PPTCOs in the Appendix are not discernible in Figure 5.8.
In order to observe these bands, large acquisition times were required and 50 spectra
were coadded. Even the carbonyl stretches, very weak in the Raman, were observed and
the correct stretching mode could be assigned based on intensity. Totally symmetric
vibrations are more intense than anti-symmetric ones. From our spectra, the 1696 cm
imide stretch and the 1770 cm® anhydride stretch are the more intense carbonyl
vibrations. Hence, these are the symmetric stretches.
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Figure 5.8: The SERRS spectra of PPTCO. Inset regions contain weaker bands that
could only be detected with different instrument conditions (see text).
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Comparison of Deposition Techniques z

PPTCO was the only material that could be effectively transferred by(@deposition d—
and horizontal deposition to glass slides. Important structural differences between films
transferred by these two techniques are expected. In Z deposition, the hydrophillic end
(presumably the anhydride portion of the PTCO) of the molecule faces toward the
substrate after transfer. For horizontal deposition, the hydrophilic portion faces away
from the substrate and when transfer takes place, the monolayer does not have to undergo
a 90° change in direction as in the case for vertical deposition techniques. The
horizontally deposited films should be inverted compared to the Z deposited films.
However, the RAIR spectra of the two films showed very little difference in relative
intensities, implying similar chromophore tilting.

The absorption and emission spectra of the two films gave the most contrasting
results. The absorption spectra are shown in Figure 5.9. The film deposited by horizontal
deposition has a lower absorbance than the film deposited by Z deposition. The Z
deposited film was normalized since this system had a monolayer on both sides of the
substrate and the horizontally deposited film had only 1 LB on one side only. Since the
transfer ratios were about unity in both cases, the same quantity of material was
transferred to a given substrate. The horizontally deposited film was annealed at 200°C
for one hour and the absorption spectrum was again recorded. After annealing, the
absorbance had increased and the spectrum became directly superimposible upon the
spectrum of the Z-deposited film, as can be seen in Figure 5.9. There was no change in
the absorption of the Z deposited film after annealing.

A similar trend can be seen in the fluorescence spectra of these two films. Figure
5.10 shows the emission spectrum of 2) the Z deposited film and b) the horizontally
deposited film. Both spectra show monomer-like and excimer fluorescence, indicating
structures with monomer-like emission and excimer emission exist in the films. The Z
deposited film has a stronger excimer emission than monomer and the horizontally
deposited film has a stronger monomer-like emission. Again, the Z deposited film was
normalized to account for the presence of a second LB on the backside of the slide. After
annealing, both samples showed a sharp reduction in the monomer-like emission, but a
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Figure 5.9:  The absorbance of 1 LB of PPTCO a) by horizontal deposition, b) by Z
deposition and ¢) by horizontal deposition after annealing.
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Figure 5.10: The emission of 1 LB of PPTCO a) by Z deposition and b) by horizontal
deposition.



negligible increase in excimer fluorescence. Figure 5.11 illustrates these changes in
emission after annealing.

The other PTCOs, transferred solely by horizontal deposition, were also annealed.
Two LBs, PrPTCO and HOPTCO, showed the same trends in their absorption spectra
as PPTCO. After annealing, the absorbance increased for these two compounds. On the
other hand, PhPTCO had the same absorption before and after annealing. Moreover, the
absorbance of PhPTCO before annealing was the same magnitude as the others after
annealing. Also, PhPTCO was the only PTCO that showed almost exclusively excimer
emission before annealing.

In order to investigate structural changes responsible for changes in the electronic
spectra, the RAIR samples were also annealed. Absorbances in the IR underwent very
small increases, but these changes were on the same scale as the signal to noise ratio for
the spectra, so nothing conclusive can be determined from these spectra. Essentially, the
IR spectra indicated that the average molecular tilt did not change after annealing.
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Figure 5.11: The emission spectra of 1 LB of PPTCO by different deposition
techniques. a) before annealing and b) after annealing.
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Discussion

Even though all four PTCOs share similar tilt angles, these angles are
considerably greater than those determined for the N-hexyl PTCO (HPTCO) [5.17].
However, HPTCO was spread from pure chloroform and was deposited through Z
deposition so it is not expected that the tilt angles should be the same. Also, the
absorption spectra of the PTCOs studied were remarkably similar. The splitting observed
is indicative of H-aggregate formation and can be explained through molecular exciton
theory using either the point dipole approximation f5.20] or the far more accurate
extended dipole approximation /5.8,9,2]]. The extended dipole model has been applied
to PTCDs in Chapter 6 in order to elucidate intermolecular geometry. Since the band
positions and splitting for all four PTCOs is identical, then it can generally be assumed
that all four chromophores exist in very similar electrostatic environments. This is also
supported by the similarity in chromophore it angles.

The changes in the absorption and fluorescence spectra reveal changes in the
structure of the LB films. The relationship between fluorescence and crystal structure of
perylene and perylene tetracarboxylics is given in Chaprer 3. The excimer emission
arises from a stacked form of the material and monomer-like emission comes from non-
stacked molecular arrangements. The emission spectra of the LB’s, as in Figure 5.4,
show a mixture of monomer-like and excimer emission. When these films are annealed,
there is a dramatic decrease in monomer-like emission, but a very small increase in
excimer emission. The monomer emission is known to have a quantum yield orders of
magnitude greater than aggregate emission [5.12]. Therefore, the transferred films
contain a mixture of two different film structures. The annealing of the films transforms
the non-stacked structure into the stacked structure. It has also been shown that excimer
formation in LB films of perylene derivatives is extremely sensitive to small changes in
intermolecular geometry /5.23,24]. Hence, it is possible to have similar absorption
spectra and different emission spectra.

The different deposition techniques performed for PPTCO also yield interesting
insights into the fabricated 1Bs. Each deposition technique results in a different mixture
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of stacked and non-stacked forms. However, the RAIR spectroscopy shows that the tilt
of the chromophore is similar in both films, yet one film is upside-down compared to the
other. Therefore, intermolecular interactions must play a significant role in determining
film organization. The greatest difference between these films is in their electronic
spectra. The Z deposited film shows a stronger absorbance and more intense excimer
emission than the horizontally deposited film. After annealing the horizontally deposited
film, its absorption spectrum became identical in absorbance to the Z deposited film.
Therefore, when a PTCO monolayer undergoes Z deposition, the change in film direction
during transfer results in a greater quantity of the material to be in a stacked form.
Annealing the horizontally deposited film transforms non-stacked structures into stacked
structures, thereby creating a film similar in structure to the film formed during Z
deposition. This means that the stacked form is thermodynamically more stable and that
the monomer emission has a higher quantum yield than the excimer.

Extending this reasoning to the other three PTCOs illustrates interesting properties
of these films. PrPTCO is similar to PPTCO in that a mix of two structures exist in the
film and annealing promotes stacking. On the other hand, HOPTCO monolayers (which
are really HOPTCO-TFA ester monolayers), exhibit strictly monomer-like emission, yet
maint2in the same absorption spectra as the other PTCOs. After annealing, the
absorbance increases, yet there is no decrease in monomer emission, nor is there the
appearance of excimers. The esterification of HOPTCO may have formed a molecule that
has difficulty forming stacked structures. Since HOPTCO exhibits similar tilt angles
compared to the other three PTCOs and the LB technique results in oriented films with
the hydrophilic, anhydride portion of the molecule facing toward the water subphase, the
molecules will be in an electrostatic environment similar to the other PTCOs and little
difference in the absorption spectra will be observed.

The most interesting result concerns PhPTCO. First of all, this PTCO experienced
the smallest changes in its isotherm with a change in temperature. Its absorption spectrum
before and after annealing was i&mﬁcal and as strong as the post-annealing spectra of the
other PTCOs. Before annealing, the emission spectrum of PhPTCO was dominated by
excamer fluorescence and virtually no monomer fluorescence was present. After
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annealing, there was no change in the emission spectrum. This indicates that PhPTCO
has the strongest preference for a stacked structure compared to the other three PTCOs
studied n this work. The presence of the phenyl group on the N substituent may provide
additional - interactions that help PhPTCO stack more efficiently than other PTCOs.
The X-ray determined structure for the analogous diimide, N,N'-di(2-phenylethyl)
perylene tetracarboxylic diimide (PhPTCDPh), shows the phenyl groups stacking as well
as the perylene chromophores /5.5].

Chapter Summary

The four PTCOs studied have been successfully spread as floating Langmuir
layers and transferred, via horizontal deposition, to solid substrates. Characteristic
vibrational frequencies were observed and assigned in the Raman and infrared spectra.
All LBs formed have similar average molecular orientation, bt the role of the N-
substituent played a significant role determining the structure of these films. The
HOPTCO-TFA ester was the most resistant to stacking and PhPTCO formed stacks most
readily. Annealing experiments have shown that the stacked structure is
thermodynamically preferred and that vertical deposition forces a molecular
rearrangement that also produces the favoured, stacked form. The PhPTCO derivative
yielded the most consistently stacked structure of the four LB films prepared.
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Chapter 6: Molecular Orientation and Stacking of Perylenetetracarboxylic
Diimide Derivatives in Langmuir-Blodgett Monolayers

Introduction

In the previous two chapters, the average molecular tilt of various PTCDs and
PTCOs was determined through infrared spectroscopy. The next step in elucidating the
structure of LB films of PTCDs involves determining intermolecular order. The degree
of molecular overlap in a series of PTCD derivatives can determined by using Kuhn’s
extended dipole model [6.1] and spectral data in the visible region. The structures thus
obtained were then compared with the x-ray structures of similar PTCDs reported in the
literature. '

The molecular structure /6.2,3] and crystal packing /6.4,5] of various symmetric
PTCD derivatives have been determined via X-ray crystallography. A qualitative
interpretation of colour f6.4,5] and fluorescence [6.6] based on molecuiar packing has
been attempted for some derivatives. No information about intermolecular packing for
PTCD’s in LB films has been reported to date. Since the optical and electronic properties
of PTCD’s can depend upon intermolecular arrangement, it is important to study the
structural characteristics of these materials incorporated into ultrathin films.

A brief overview of the previous spectroscopic characterizations of PTCD and
PTCO LBs described in Chapter 4 and 5 is presented here. In addition to the infrared
determination of chromophore tilting, intermolecular interactions leading to excimer
formation have also been observed for these materials /6. 7,8]. It is proposed that stacking
of PTCD’s is the primary intermolecular organization in the six PTCD’s deposited as LB
films. The species studied were PPTCDM, PPTCDE, PPTCDPr, HPTCO, HPTCNH
and HPTCDE. '

Information regarding intermolecular organization can be extracted from
intermolecular effects observed in the optical spectra of the PTCD's. All six PTCD's
exhibit exciton splitting with an intense hypsochromic component which indicates H
aggregate formation, possibly originating from §ome type of pin cushion arrangement of
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the transition dipoles in the LB films /6.9/. Since the long chromophore axis, which is
coincident with the transition dipole moment of the symmetric C=0 imide stretching
vibration of the PTCD systems, is not parallel to the plane of the film, a suitable
arrangement of transition moments permitting H aggregation is facilitated. Since all of
these films exhibit excimer emission, the chromophores must be arranged with parallel
and overlapping ring systems in a manner analogous with the excimer forming a-perylene
crystal f6.10]. The geometric constraints that exist in two dimensional system, such as
LB films, for perylene materials simplifies the determination of intermolecular geometry.
By applying the extended dipole model developed by Kuhn f6.1], the intermolecular
geometry for PTCD LB systems can be determined.
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Molecular Exciton Theory and Intermolecular Geometry

Application of molecular exciton theory to the observed visible absorption spectra
is used to elucidate molecular organization. Michael Kasha [6.11] introduced the point-
dipole approximation to describe the spectroscopic shifts and splittings observed for dye
aggregates. The point-dipole model represents the transition dipoles associated with the
optical transition as points. When two such point-dipoles are close together, they interact,
clectrostatically, and cause splitting of the energy levels of the involved transitions. This
model was subsequently applied to monomolecular lamellar systems [6.12]. Detailed
reviews of Xasha’s molecular exciton theory are an excellent summary of his work
[6.13,14]. Figure 6.1 is 2 simple energy level diagram representing the observed splitting
for a dimer system. Normally, one of the two states in Figure 6.1 is allowed and the
other is forbidden. In addition to the splitting, small van der Waals interactions can
provide some stabilization energy, so the splitting is not symmetrical about the unsplit
state.

The most interesting aspect of the point-dipole model is its ability to quickly but
qualitatively predict band shifts and splits. The point-dipole can be represented as a
vector (i.e. representing the direction and orientation of the transition dipole in question).
In order to predict band shifts and splits, two vectors (in the case of a simple dimer) are
arranged as the molecular system is arranged. Simple vector addition is then performed.
Figure 6.2 represents this concept. Here, the point dipoles are represented by arrows
with one end representing one charge, the other end the opposite charge. If a favourable
electrostatic arrangement exist (Figures 6.2a,d), like a head to tail arrangement, then the
observed band is red shifted. A blue shifted situation arises from an unfavourable
arrangement (Figures 6.2b,c). These are the extreme cases. Intermediary cases will result
in band splitting. Figure 6.2e illustrates one of many such arrangements. The intensity
of the observed transition can also be predicted via vector addition. The magnitude of the
resulting vector represents the magnitude of the observed intensity. For example, Figures
6.2b and d have no resuiting vector, hence the transition will be weak. These vector
concepts are also applicable to aggregates in monolayers. When describing the spectra
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Monomer Dimer

Figure 6.1:

Simple energy level diagram illustrating the molecular exciton splitting for
an isolated dimer.
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Figure 6.2: The vector aspects of the point-dipole approximation are illustrated here.
The absorption spectra are drawn so higher energy is on the left side of
the spectrum. The dashed curve represents the spectrum of the unsplit
transition.
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of aggregates, the terms J aggregate and H aggregate are frequently used. An H-
aggregate is an aggregate with a streng, broad blue shifted component in its absorption
spectrum. A J aggregate has a strong, red shifted component and the fluorescence from
this system nearly overlaps the shifted absorption band [6.15].

The point-dipole approximation is very good at predicting, qualitatively, shifts
and splits in visible absorption spectra. However, it lacks quantitative accuracy. At
molecular separation distances found in LB films, the extended dipole model offers
superior accuracy [6.16], with similar basic concepts as the point-dipole approximation.
Instead of using a simple vector to describe the transition dipole, a dipole is modeled by
separating partial charges, +¢ and -¢, by a distance, /. In addition to head to head and
tail to tail interactions, as in the point dipole model, the effect of cross terms is included
in the extended dipole model. Reference J6 also contains a comparison of the accuracies
of the point-dipole and the extended dipole models with computations using the one
dimensional electron gas model for branched x-electron systems [6.17]. From Kuhn's
work, the extended dipoie medel produced resuits very similar to those obtained from
quantum chemical calculations. The point dipole model produced poor results. At large
separation distances, around 50 A, the point-dipole and the extended dipole models give
similar results.

The extended dipole model, as described by Kuhn /6.1,16,18], determines the
transition energy for an intermolecular dimer as:

AE’ = AE + 27, (6.1)
where AE is the transition energy for the monomer, AE’ is the transition energy of the
dimer and J,, represents the interaction integral between two monomers. J,, can be

determined from the extended dipole model:

Jn = Gle(llal + llaz - lla; - lla‘) (6.2)
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where the molecule is embedded in a dielectric medium, D (assumed to be 2.5 for
hydrocarbons [6.19]). The geometric terms, a, through a,, are illustrated in Figure 6.3.

The molecule is considered to be a dipole of length ! and charges -+¢ and -¢. In
our case, the dipole length is assumed to be the length of the long chromophore axis.
Crystal data for several symmetric PTCDs indicates the distance between the two imide
nitrogens varies in the 11.34 to 11.43 A range [6.5]. At this time, no crystal data exists
for asymmetric PTCDs, so [ has been taken as 11.4 A. The transition dipole moment,
M, is given by / and charge, &:

M = ¢l 6.3)

The tilt angle of the long molecular axis for each PTCD was determined in Chaprer 4
and are repeated in Table 6.1. Since excimer emission is observed for all six PTCDs, a
parallel arrangement of the chromophore rings is 2 reasonable expectation. The
separation between the ring systems is taken to be about 3.45 A [6.4]. Based on these
geometric conditions and that the molecules are placed in an essentially 2 dimensional
arrangement, then the placement of one molecule with respect to the other can be
determined if the interaction energy (i.e. Jy;) is known. The structure must involve
parallel, overlapping ring systems where the rings are separated by a fixed distance.
Therefore, the intermolecular geometry calculations are reduced to determining the
displacement of one molecule, in the substrate plane, parallel to its neighbouring
molecule.

Thus far, the extended dipole model pertains to molecular dimers. It is important
to note that in an LB assembly molecules do not exist as isolated dimers. One molecule
will experience interactions from many neighbours. Therefore, it is necessary to sum the
Columbic interactions of all translationally equivalent dipoles /6.20]. Then, Equation 6.1
becomes:

AE’ = AE # 2%J,, ' 6.9
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Figure 6.3:

This figure illustrates the nature of the intermolecular geometry as
discussed in the text. The angle ¢ represents the average angle between
the long molecular axis and the normal to the substrate. The distances
between e+ and e (3, through a,) correspond to the geometric terms used
in Equation 6.2. The length of each dipole is . In this figure, the parent
chromophores are represented by parallel rectangles. This is a required
geometry due to the observed excimer emission. The assignment of + and
- to the shown dipoles is arbitrary. An accurate assignment (i.e. + up or
down with respect to the substrate) is not required in the calculations.
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Table 6.1: PTCD information used to calculate molecular organization
l Molecule ¢vl ¢nl Yoo f 2112

(degrees) (degreses) (cm™) (cm™) i

30 75 19030 39 1780

38 78 19030 43 1940

41 63 15030 44 1550

36 64 19170 .16 1330 "

36 85 19080 17 1810 “
80

60 19030 49 1760 l]
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A value for J;, can obtained from the visible absorption spectra of the LBs
deposited onto a transparent substrate. In order to deduce intermolecular geometry, the
geometric portion of Equation 2 must be solved. Normally, this would involve
determining four unknowns (a, through to a,), thereby requiring a system of four
equations. It is possible to reduce the dependence from four variables to one by applying
the three constraints imposed by the system studied. These three constraints are:

(1) the known tilt of the transition dipole moment with respect to the

substrate,

(2) parallel, overlapping ring systems dictated by observed excimer emission

and

(3) the LB film restricts the molecules to a two dimensional plane.

Based upon these constraints, the geometric terms in equation 6.2, a, through to a,, ¢an
be reduced to a single variable dependence. When a value for J,, is obtained, it will be
possible to use this derived expression to deduce the intermolecular geometry of the
PTCD chromophores.

Let the normal to the substrate plane be assigned the z axis and the substrate
surface be defined as the x-y plane. Let v, and u, be vectors representing the long and
short axes of molecule, M, respectively. The angles that v, and u, make with the z axis
are ¢,; and ¢,,, respectively. These are the tilt angles previously determined via FT-IR
spectroscopy. Now, let MI be placed on the surface such that v, lies in the y-z plane
(refer to Figure 6.4). Then place u, so that the x and y components of v, (u,, and u,,)
are less than zero (both molecular axes are drawn from the origin). The molecular plane,
defined by u; and v,, will intersect the x-y plane in a line defined as:

y=mx + b,. (6.5)
Since this line contains the origin, b,=0 and (5) becomes:

y = mx (6.6)
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Figure 6.4: The geometric quantities used to define equations 6.5 through 6.8 are

shown here.
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where m is the slope of the line. The second molecule, M2, also forms a line of
ntersection that is parallel to (6.6) and has the form:

y=mx +b, 6.7)

M2 is placed on the x-y plane so that b, < b, (i.e. b, < 0). By using the vectors u, and
¥, an expression for the slope, m, of these lines can be derived in terms of ¢, and ¢,,
and the form of this expression can be seen in the appropriate Math-Cad document in
Appendix II. Now, the four quantities 3, to a, can be expressed in terms of m and b,:

a,? =  x?+ (mx+b,)? (6.8a)
a’ = xX* + (mx+b,)? (6.8b)
a? = (v + X + (v + mx + b)? + v, (6.8¢)
a? = (v~ X + (v, - mx - b + v;;2 (6.8d)

When J, is determined experimentally, it is now possible to determine the placement of

one molecule with respect to the other by using equations 6.4 and 6.8a-d and solving for
X.
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Experimental Details

The six PTCD samples were kindly provided by Professor Nagao from the
University of Tokyo. A description of LB monolayer preparation of these perylene
derivatives can be found in Ckaprer 4. Preparation conditions are identical. Y-deposition
was attempted, but the transfer ratio (TR) in the downward dipping direction was nearly
zero, and the TR in the upward direction was slightly greater than unity. Therefore, the
films underwent Z deposition. Materials were transferred to clean, glass slides.
Multilayers of most of the materials could be prepared, except for HPTCDE. The first
layer lifted off the substrate when the slide was dipped downward the second time. Single
LB layers were investigated in this work in order to simplify the calculations by
eliminating contributions from adjacent layers. The quality of the LB films was inspected
by optical microscopy and, on this scale, no significant defects were visible. All of the
films appeared smooth and homogeneous. The visible absorption spectra were recorded
on a Response spectrophotometer interfaced to an IBM microcomputer. Math Cad for
Windows was used to deduce intermolecular geometry.

Molecular modelling of the chromophore was carried out using Hyper Chem on
a Silicon Grapkics Workstation. The structure was minimized using the MM2 program
and the orbital symmetry of the HOMO and LUMO of the chromophore was determined
through Extended Hiickel. Figure 6.8 represents the general shape of the HOMO of the
PTCD chromophore.
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Results
Visible Absorption Spectra

Figure 6.5 shows the visible 2bsorption spectra of five of the PTCD’s studied for
this chapter. Superimposed on the absorption spectra of the LB films is the solution
spectra of the same dye. The broad and intense blue shifted band observed in all six films
indicates H aggregate formation. The extended dipole model permits a splitting of the
observed absorption bands, with one component significantly more intense than the other
due to geometric considerations. In this work, a weaker, red shifted component is visible.
The value for 2J;, was measured from the visible absorption spectra of the LB films. The
value of 2J;, is one half the energy difference between the red shifted and blue shifted
maxima. The mid point between these two maxima does not correspond to the vgg
transition seen in the solution spectra. This apparent discrepancy arises from small
energy changes of the unsplit excited state due to Van der Waals interactions.

All of the observed spectra are similar except for HPTCNH. The observed
absorption spectrum of the LB shows an intense red shifted component in addition to the
blue shifted component seen in the other LB's. HPTCNH forms hydrogen bonded dimers
in solutions as dilute as 10° M. The effect of concentration upon this red shifted
component is shown in Figure 6.6. The absorbance of the dimer band drops much more
quickly with respect to the monomer bands. These hydrogen bonded dimers, formed
between the imide hydrogen of one molecule and a carbonyl of a second molecule, as
indicated by shifting in the C=0 stretching bands in the infrared (refer to Chaprer 4 for
spectra), are responsible for the red shifted absorption band. The hydrogen bonding is
also present in the LBs of HPTCNH since the 1679 cm™ band persists ir the transmission
IR and the RAIR spectra of the LB. Two bands can be curve fitted to this red shifted
component of HPTCNH, one of which corresponds to the weak red shifted component
seen in the other PTCD’s.In the LB layer, both red shifted and blue shifted bands are
present, indicating a mixture of aggregate and hydrogen bonded dimer forms. In our
analysis of HPTCNH, only data from the blue shifted band was used.
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Figure 6.5: The absorption spectra of the PTCD’s studied are displayed: PPTCDM
(a), PPTCDE (b), PPTCDPr (c), HPTCO (d), HPTCNH (¢). The solution
spectra are superimposed upon the LB spectra and the shift used for 2/,

is indicated.
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Figure 6.6: The absorption spectra of HPTCNH at various concentrations.
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The general structure of the LB film has been elucidated through infrared
spectroscopy f6.21]. The LB film shows no dichroism,-“when probed in the transmission
geometry. Therefore, on a macroscopic scale, a uniaxial molecular orientation exists.
Reflection absorption infrared spectra have revwled a mean molecular tilt in the LB
layers. The tilt angle of the long and short axes of the chromophore have been
determined and these values are listed in Table 6.1. The long molecular axis is coincident
with the electronic transition moment of the chromophore, hence the orientation of this
dynamic dipole is also known.

It is important to note that a mean molecular tilt exists in spite of the lack of
dichroism in the molecular plane. Therefore, any intermolecular organization is restricted
to patches of aggregation and each of these patches possesses a different axial orientation.

In order to utilize Equation 6.4, it is necessary to determine the magnitude, M,
of the transition dipole moment for the isolated chromophore. M can be calculated from
the chromophore’s oscillator strength, f.

f =433x10° J €, dv (6.9)

where ¢, is the extinction coefficient at frequency v. From this, M can be calculated:
M = f/(4.704 x 1029 »0-0) (6.10)

where vy, is the 0-0 transition energy (in cm™). Table 6.1 summarizes the data used to
determine the molecular organization.

By using this data and combining Equation 6.4 with 6.8a-d, a value for x is
found. Equation 6.7 will give the corresponding y value. These X,y values give the
translation of one molecule with respect to its neighbour. Equation 6.4 involves the
summation of all columbic interactions experienced by the molecule in question. In our
case, the columbic interactions of ten neighbours in a stack on either side of a PTCD
were included in the calculations. Table 6.2 lists the x,y displacement of molecule 2 with
respect to molecule 1. Simply changing the signs of these values would give the position
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Table 6.2:

Displacement of one molecule to its neighbour with respect to the

coordinate system used to describe the monolayer on the substrate, X and
Y values are those that were solved from Eq. 6.4 and 6.8a-d. Values are

given to the nearest 0.5 A.

Molecule X Translation Y Translation
A) (A)
| PPTCDM 25 35
I PPTCDE 5.0 4.5
| PPTCDPr 4.0 1.5
I HPTCO 3.0 2.0
| HPTCNH 45 3.0
HPTCDE 5.5 4.5

—
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of the neighbouring molecule on the other side of molecule 1.
Another useful way to display the intermolecular geometry involves the shift of
one molecule in the stack with respect to its neighbour. This is illustrated in Figure 6.7.
Molecule 2 is laterally displaced compared to molecule 1. The x and y shifts (with
respect to the plane defined by the short and long molecular axes, respectively) is given
in Table 6.3. The % overlap of the chromophores is also given.
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Figure 6.7. This figure shows the lateral shift of one PTCD with respect to its
neighbour. Values for the x and y shifts are given in Table 3.
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Table 6.3:  Shift of one molecular plane to that of the neighbouring plane. X and Y
shifts are given with respect to the molecular frame of reference as shown

in Figure 6.5. Values are given to the nearest 0.5 A.

I Molecule X Shift Y Shift % Overlap
A (A)

PPTCDM 1.5 2.0 60
PPTCDE 4.0 -3.5 10
PPTCDPr 2.0 -1.0 55

] HPTCO 1.0 -1.0 70
HPTCNH 3.0 -2.0 33
HPTCDE 4.5 -4.0 5.0
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Discussion

The displacement of one molecule with respect to its neighbour can be expressed
as % overlap. In this case, the % overlap refers to the ratio of the area overlapped on
one chromophore by its neighbour to the overall area of the chromophore. The
chromophore area is again approximated as a rectangle 11.4 A by 4.8 A [6.5]. The
length is taken as the imide nitrogen to imide nitrogen distance and the width as the
distance between opposite carbons across the perylene moiety.

The % overlap determined here compares favourably well with the molecular
overlap observed from X-ray data. For a series of symmetric PTCD’s, Graser and
Hadicke [6.5] report % overlap values ranging from 9.2 to 55.6 per cent. Most of our
PTCD’s fall into this range. Two molecules, PPTCDE and HPTCDE, yielded
exceptionally small molecular overlaps. Even though these geometric overlaps are small,
overlap between the conjugated = systems may still be large. Extended Hiickle
calculations for the HOMO were performed in order to gain some insight into the shape
and spatial distribution of this orbital. The crystal structure of EPTCDE indicates the
molecules are arranged in twisted stacks [6.3,5]. As discussed in Chaprer 3, the
molecular arrangement of HPTCDE in mixed LBs differs from that of an a-perylene type
of structure. Since both ethyl-containing PTCDs yielded such small overlaps, it is
possible that the long axes of the molecules are not parallel to each other. This would
cause the calculations used here to give spurious results.

The Extended Hiickel calculations revealed regions of one orbital phase imbedded
in a sea of opposite phase and were arranged in a hexagonal pattern. Figure 6.8 is a
cartoon of the HOMO that illustrates the general orbital phasing. Extended Hiickel was
performed for a variety of molecules. The relative orbital phasing is virtually identical
between the diimide and the imide/anhydride. Also, substitution on the imide nitrogens
did not alter the relative orbital phasing.

After a pictorial representation of the HOMO was deduced, the molecules were
overlapped as per the values in Table 3 and these results are shown in Figure 6.9. The
phase of the overlapping HOMOs was then examined and two patterns emerged. For
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Figure 6.8. The HOMO of the PTCD chromophore is shown here. Regions of
different shading indicate regions of opposite orbital symmetry.
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Figure 6.9. Overlap between two adjacent PTCD’s. PPTCDM (a), PPTCDE (b),
PPTCDPr (c), HPTCO (d), HPTCNH (e), HPTCDE (f) are shown here.
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PTCDM, an almost direct overlap of regions of equivalent phase occurred. This implies
a highly stable arrangement of chromophores. For the other derivatives, a diagonal
pattern of phasing appeared. The embedded phase regions of one molecule aligned, in
a alternating diagonal pattern, with the embedded phase regions of its neighbour. This
gives antibonding character to the system. However, the other symmetry region extends
beyond the embedded symmetry and forms the periphery of the chromophore system.
The net effect is a more favourable than non-favourable molecular overlap. Moreover,
the fact that the HOMO extends well past the carbon skeleton of the PTCD’s shows that
there is still significant overlap for the two ethyl diimides. The Extended Hiickle results
were also applied to the structures obtained from X-ray diffraction. The patterns of
HOMO overlap are virtually identical to those obtained from our experiments.

The greatest source of error in the calculations using the Kuhn’s extended dipole
model involves the summation of Coulumbic interactions (Equation 4). Only the
interactions between transition dipole moments in a single stack were included in the
computations. Interactions from dipoles in adjacent stacks were not included for two
reasons. First of all, the spacing between the stacks is unknown. Secondly, displacement
of one stack along its length to another stack is also unknown. However, in the LB film,
it is conceivable that there may be significant deviation in the lengthwise displacement
of one stack to another. This would lead to greater broadening in the observed absorption
spectra rather than to a change in the observed band shifts.

Imperfections in the film can also have a significant effect on the immediate
electrostatic environment of the PTCD’s. However, the area probed by the
spectrophotometer was several square centimetres. Hence, imperfections will not have
a measurable effect on the observed spectra.

Since there is a strong correlation between the stacking geometry determined in
this paper and the stacking observed from X-ray diffraction data, the suggested structures
are reasonable. The Hiickel calculations for the HOMO provide additional support for
favourable intermolecular interactions in the stacks.

Since the only significant difference between the PTCDs studied involves the alkyl
side groups, they must play a significant role in the packing of the materials. However,
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the geometry of these chains could not be accurately determined since these molecules
are asymmetric. Side chain orientation could not be obtained from FT-IR measurements
since the two side chains may have different orientations and their contributions to the
observable CH stretching modes could not be separated from each other.

A similar study of stacking of the PTCOs is described in Chapter 5.
Unfortunately, these materials did not exhibit pure excimer formation, so a plane parallel
arrangement could not be assumed. The calculations were attempted for these systems,

but the results were meaningless.

Chapter Summary

Langmuir-Blodgett films of perylene tetracarboxylic diimides were used as model
systems to study intermolecular packing. The molecular organization in two dimensional
systems was interpreted using Kuhn'’s extended dipole model. Observed exciton splitting
and molecular orientation in the LB films were used to deduce overlapping and
intermolecular structure. Present results compare favouratly with reported X-ray data of
similar compounds.
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Chapter 7: Energy Transfer Between Langmuir-Blodgett Monolayers of Organic
Dyes
Introduction

In the preceding chapters, the spectroscopic and structural properties of several
PTCD and PTCO species have been studied. As mentioned in Chaprer 1, these materials
have a wide range of potential applications. This includes a role in an energy transfer
system. In order to demonstrate this application, both a PTCO and a PTCD are
incorporated into energy transfer systems and the properties of these systems are
explored.

Langmuir-Blodgett monolayers of strongly absorbing and fluoresceat dyes
represent an important type of model svstem where the increase and direction of photon
absorption car: be studied. The non-trivial transfer of electronic excitation energy between
well separated molecules occurs beforc the emission takes place. Forster’s dipele theory
of energy transfer predicts that when the corresponding optical transitions in both
molecules are allowed, the probability of ET decreases with the sixth power of the
distance [7.1]. A parallel can be drawn between the trivial and non-trivial ET between
molecules and the transfer of power in the far zone and the near zone fields of oscillating
dipoles in classical electrodynamics /[7.2]. Hans Kuhn [7.3] applied the dipole-dipole
model to a number of practical systems with restricted geometries. In particular, he
derived the basic equations for the luminescence quenching of a dipole emitter by a
monolayer of oriented dipoles. The latter approach has been used by several groups to
explain the results for the distance dependence of non-trivial ET between well separated
monomolecular layers /7.4-6]. Recently, the dynamics of the Forster-type energy transfer
in organic systems of restricted geometries has been reviewed by Yamazaki et al.[7.7].
There exist, however, a very limited amount of data for energy transfer between neat
layers of strongly absorbing dye molecules. Only very recently, Penner reported steady
state energy transfer for donor and acceptor layers of concentrated J-aggregated cyanine
dyes [7.5]. In this chapter, the excimer emissions of two perylene derivatives
(HPTCDE and HPTCO) that were in resonance with the red absorption of lutetium bis-
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phthalocyanine (LuPc,), structure given in Figure 7.1, were used to study the distance
dependence of the energy transfer between LB layers. The separation between the two
dye layers was controlled by interposing fatty acid layers. A critical discussion of the
results and Kuhn’s model is presented. The possibility of a competitive quenching from
electron transfer processes has also been examined experimentally, and the perylene-
phthalocyanine interactions were followed for a two perylene derivatives.
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Figure 7.1:  The structure of LuPc,. Hydrogen atoms are omitted for clarity.
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Experimental Details

The spectroscopic characterization of LuPc, have been reported 7.8/ in the
literature and has not been repeated in this thesis. LB monolayers of HPCTDE, HPTCO
and LuPc, were prepared at 25°C, and transferred to Coming 7059 glass slides, and glass
slides coated with LB monolayers of arachidic acid. The arachidic acid was used as a
spacing layer between the perylene (donor) layer and the diphthalocyanine (acceptor)
layer. LB preparation was identical to that given in Chapter 2. Monolayers of arachidic
acid were transferred by Z or Y type deposition at constant pressure, to Corning 7059
glass slides. Monolayers of LuPc, were transferred at 10 mN/m. In all cases, the transfer
ratio was near unity.

Care was taken in the deposition order of the three materials used. LuPc, was the
first layer deposited. On top of that, the arachidic acid spacers were deposited and,
lastly, the perylene layer was transferred. The arez of the slide coated was different for
each layer as can be seen in Figure 7.2 so a step-like architecture is obtained. In this
figure, the perylene layer covers the greatest area of the slide. The portion where the
perylene is in direct contact with the substrate acts as a reference layer (I,, see below).
The next portion has the perylene and the LuPc; in direct contact and the two dyes are
separated by an arachidic acid spacer layer in the third portion of the sample slide.

Spectra Physics model 2020 Kr* and Ar™ ion lasers were used. Typical spectral
bandpass and laser power were 5 cm™ and 200 mW respectively. Raman shifts and steady
state fluorescence were measured with a2 Spex-1403 double monochromator and the
Ramanor U-100 with microscope attachment. Electronic absorption spectra were recorded
on a Response UV-VIS spectrophotometer interface with an JIBM PC computer.
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Figure 7.2: The architecture of the energy transfer system prepared by the LB
technique. The components of the system are the glass substrate a), the
perylene donor layer b), the LuPc, acceptor layer ¢), and an arachidic acid
spacer layer d).
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Results and Discussion
Electronic Spectra and Excimer Emission

The electronic absorption spectrum of LuPc, in a 1:1 molar ratio of HPTCDE
and LuPc, in CHCI,, and the fluorescence spectrum of HPTCDE in the same solution are
shown in Figure 7.3. A dip in the 650-680 nm region of the emission spectrum of
HPTCDE is due to trivial and non-trivial energy transfer between the two dye molecules.
It can be seen that the molecular monomer emission of perylene and perylene derivatives
does not have a strong fluorescence band in resonance with the absorption Q (666 nm)
band of the LuP¢,. However, perylene and perylene derivatives show the excimer band
about 5000 cm* to the red of the lowest absorption band /7.9,10]. The strong excimer
emission in the 650 nm region is observed in crystal, thin solid evaporated films, pellets
and LB layers of perylene derivatives [7.11].

It is the strong excimer emission of perylene derivatives in LB monolayers,
which is in resonance with the Q-absorption band of the LuPc, molecule, that was used
to monitor the energy transfer between the two LB monolayers. Typical results of steady
state measurements of the excimer fluorescence of an HPTCDE LB monolayer of the
neat material and separated from one LB of LuPc, by arachidic acid monolayers
(represented by AA) are illustrated in Figure 7.4. The emitter monolayer was facing the
collection optics to avoid the contribution of trivial emission-absorption transfer in the
intensity measurements.
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Figure 7.3:  Absorption spectrum (solid line) and fluorescence spectrum (dashed line)
of LuPc, and HPTCDE in a 1:1 molar ratio in CHCl,.
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Figure 7.4: Fluorescence intensity of the HPTCDE excimer emission in 2
HPTCO/AA/LuPc, energy transfer system. a) reference spectrum, b) 4,
¢} 3, d) 2 and e) 1 spacer layer of arachidic acid.
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Distance Dependence of the Energy Transfer

The LuPc, monolayer is the acceptor layer and the perylene derivative forms the
donor layer. The physical model in the Forster’s dipole theory of energy transfer is a
donor monolayer of point dipoles interacting with an acceptor layer of dipoles, in a case
where the corresponding electrenic transitions are allowed. The limitations of the model
have been recently discussed by Chang [7.12]. It was found that the Forster dipole
approximation for energy transfer would be applicable for donor-acceptor distances large
compared to their sizes and when an angular average of the dipolar orientations may be
taken. The latter condition implies that the approximation would not be suitable for
ordered layers if the rotational relaxation time is greater than the fluorescence lifetime,

The quenching of luminescence of a dipole emitter in the donor layer by
absorbing dipoles in the acceptor layer is proportional to the power of the electric field.
In Kuhn's model, the emitter is an oscillating dipole perpendicular to the donor layer
plane located at a distance d from the acceptor layer with dipoles paraliel to the layer
plane /7.3]. The power of the classical field contains three terms proportional to r?, r*
and r*, that after integration to calculate the power absorbed, produces Kuhn's equation
for the distance dependence of the energy transfer:

9/q = 1 + (d/d)* + 7(d/d)? (7.1)
where q is the quantum yield of the emitter in the absence of the acceptor layer, and q,
is the quantum yield for an acceptor layer at a distance d. d, is the critical transfer
distance, or distance where the energy transfer and deactivation through other paths are
equal. A simplification of the equation (7.1) is obtained by dropping the quadratic
dependence, and the energy transfer decreases as the fourth power of the interlayer
separation [7.5]. Application of the former equation to the interpretation of experimental
data has not always been successful and Fromherz and Reinbold [7.13] have found that
the dependence of the energy transfer on the distance of the dye layers, for their
experiments, was better fit by a cubic power.
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In summary, the information accumulated on ET between LB monolayers seems
to indicate:

a) the fourth power term in equation (1) may not provide a good fitting of

the experimental results,

b) the most significant ET between LB layers (d, values) take place on a

scale of 10 nm.

One set of LB samples for the present study were prepared by Z deposition of
the acceptor layer, spacer and donor monolayer. A second set of samples was prepared
by Z deposition of the acceptor and donor layer, and Y deposition of the spacer layer.
The thickness of one spacer layer was estimated to be 2.5 nm, and in the case of Y
deposition 5 nm. For the case of adjacent donor-acceptor layers a 1.2 nm separation
between the point dipoles was assumed. The resuits of the ET experiments for
HPTCDE/LuPc, and HPTCQ/LuPc, are presented in Figures 7.5 and 6 respectively. The
equation (7.1) gave the best fit for the present set of experimental points. The critical
distance values obtained are given in Table 7.1, where the results produced by the fourth
power fitting are aiso included for comparison.

The d, values given by Khun’s full equation gave results in agreement with
Formherz and Reinbold /7.13] who reported d, values between 6.2 and 6.4 nm for their
monomethin-oxacyanine-monomethin-thiacyanine system. The fourth power
approximation seems to overestimate the critical transfer distance. The » coefficient,
which depends strongly on molecular orientation, changes considerably for the two
molecules 1 for HPTCDE and 3 for HPTCO. In this respect it would interesting to carry
out experiments with LB monolayers fabricated with well defined molecular orientations
to study the orientational effect on the energy transfer measurements.

It would be very interesting to include a discussion of the role of molecular
orientation in energy transfer. However, the structural data regarding HPTCO and
HPTCDE do not reveal information regarding the orientation of the transition dipole
associated with excimer emission. Without this portion of critical information, it is not
possible to quantitatively involve chromophore orientation into Equation 7.1.
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Table 7.1: Energy Transfer Parameters

=]
Khun’s Full Equation Power = 4
(equation 7.1) term only
d, (A) 7 d, (A)
I HPTCDE 65 1 81
HPTCO 58 3 108
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Figure 7.5: Fluorescence intensity ratio I/I, of the HPTCDE excimer emission as a
function of the distance from one LB of neat LuPc¢,. Dashed curve, fitted
using power = 4 term only, solid curve fitted using equation 7.1
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Figure 7.6: Fluorescence'intensity ratio I/T, of the HPTCO excimer emission as a
function of the distance from one LB of neat LuPc,. Dashed curve, fitted
using power = 4 term only, solid curve fitted using equation 7.1
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Electron transfer versus energy transfer

In order to distinguish electron transfer from energy transfer, the G-band
absorption of LuPc, was studied. Solutions with different relative concentrations of
HPTCO, HPTCDE and LuPc, were prepared. The solution containing LuP¢, mixed with
HPTCDE showed no changes in any of the absorption bands of either component.
However, at a high relative concentration of HPTCO with LuPc,, a new band at 700 nm
appears (see Figure 7.7a). This new band corresponds to the Q-band of oxidized LuPc,
[7.14]. The 700 nm band was not observed for 2 HPTCO/LuPc, bilayer assembly or any
other LB assemblies used in this study of energy transfer. The latter results would
indicate that electron transfer complex formed between LuPc, and HPTCO has geometric
requirements which are not satisfied by the molecular arrangement in the LB films.

The mixed solution of HPTCO/LuPc, in CHCI, was unique in forming aggregates
that precipitated out of solution. This reaction is limited to the perylene derivatives
containing an anhydride group, and was not observed in a series of solutions of perylene
dicarboximide derivatives and LuPc,. The absorption spectra of the solution and that of
the precipitate are shown in Figure 7.7. In solution the absorptions of the HPTCO and
LuPc, are clearly observed. The Q-band of LuPc, showed the presence of the 700 nm
band which corresponds to the oxidized form of LuPc,. The spectrum of the precipitate
indicated the formation of an aggregate with very broad bands of the phthalocyanine unit
and an a weak absorption in the spectral region of the HPTCO. The nature of the
aggregate is not known.

In another set of experiments, an aliquot of an aqueous solution containing the
strong electron acceptor 1,1'-diheptyl-4,4’-bipyridinium dibromide (HBP) [7.15] was
spread over 1 LB of LuPc,. After the solvent had evaporated, the absorption spectrum
of this slide was recorded. Again, no bands corresponding to either the reduced or
oxidized form of LuPc, were observed. In conclusion, there was no evidence of electron
transfer for the HPTCDE/LuPc, system. The HPTCO and LuPc, formed, in solution,
aggregates or a charge transfer complex that contains oxidized LuPc,. However, the
formation of aggregates or the oxidation of LuPc, was not observed in LB bilayers with
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Figure 7.7:  Absorption spectrum of the HPFTCO-LuPc, mixture in CHCI;, a), and
absorption spectrum of the precipitate obtained from reacting mixture, b).

149



adjacent LB monolayer of each dye. Furthermore, the quenching of HPTCO for the latter
system was less effective than in the HPTCDE/LuPc, case (see Figures 7.5 and 6), ruling
out the extra quenching due to electron transfer.

Chapter Summary

An important new system of perylene-phthalocyanine dyes has been used for
energy transfer studies involving the excimer emission of the perylene derivative. The
critical distance observed for energy transfer in the new systems indicated that the ET
occurs mainly on the 10 nm scale, which is in agreement with previous observations with
different dyes. The possibility of electron transfer contributions to the fluorescence
quenching was found to be negligible. Further studies of energy transfer between LB
monolayers with well defined molecular orientation could help to clear up the limitations
of the dipole theory.
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Chapter 8: Surface Enhanced Infrared Spectroscopy of Monolayers

Introduction

Surface enhanced Raman scattering (SERS) is a well documented and investigated
phenomenon and is an established analytical technique for adsorbates on surfaces and
interfaces /8.1,2]. The nature of the enhancement mechanism has been firmly established
as electromagnetic in origin. In special circumstances, other effects, such as resonance
Raman scattering (RRS) /8.3] or chemisorption /8.4] can have a multiplicative effect
upon the SERS signal. The application of SERS to the study of Langmuir-Blodgett (LB)
monolayers in the visible region has also been extended to the near infrared region where
enhancement, using the 1064 nm laser excitation, has been observed in Fourier transform
Raman spectroscopy [8.5].

The surface enhancement of infrared spectra was first observed and investigated
by Hartstein [8.6] using gold or silver islands. This work centred on attenuated total
reflection techniques. Recently, Osawa er al. have reported surface enhanced infrared
in the reflection absorption geometry (SEIRRA) /8.7 and in the transmission geometry
(SEIR) /8.8,9], however, the nature and the mechanism(s) of this enhancement have not
been completely clarified.

In order to fully use the SEIR phenomenon and close the circle of Raman and
infrared enhanced vibrational spectroscopy, a study of the properties of the infrared
enhancement was initiated. This chapter contains the first set of experimental results in
the investigation of the distance dependence of the enhancement factor. The effects of the
incidence angle, the nature of the substrate and the enhancing metal are also investigated.
A brief discussion of physical models proposed in the literature is given in light of the
new information acquired. It is also demonstrated that the same substrates used in SEIR
and SEIRRA spectroscopy are enhancers of the Raman scattering.
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Physical model

The simulation of the observed SEIRRA and SEIR spectra was performed by
modelling the metal islands and LB layers as a composite film [8.7]. The sample,
modelled as a2 composite film, has a complex index of refraction, n, sandwiched between
two semiinfinite regions (n,=1, vacuum and n,, the support substrate of the composite
layer /8.7,8]).

In order to determine the spectroscopic behaviour of the composite layer, the
silver island films were modelled as oblate ellipsoids. The effective dielectric constant
for the composite layer could be determined by using the Maxwell-Gamett (MG) model:

&g = & (3 + 2Fa)/(3 - Fa) 8.1
or by the Bruggeman (BR) model:

ez = 6 [3('1-F)+Fa]/[3(1-f')-21"a] 8.2)
where ¢, is the dielectric constant of the host medium, F is the packing factor of the

metal island film defined as d,,.../d,, and « is the polarizability of the metal particles.
The polarizability is calculated according to Equation 8.3 /8.8/:

{[(erDleaLs + €a(1-L1)] + Qlenedle(l-Ly) + LylY/
(e, + €(1-L)] + Qleared(erDL1-La]}, (8.3)

al.l

Here, Q represents the volume ratio (V,/V.,) of the metal particles without and with the
LB film present. The depolarization ratios, L, and L,, depend upon the aspect ratios for
the metal particles /8.10]. The dielectric constants of the organic layer and the metal
particles are given by ¢, and ¢,, respectively. The dielectric constants for the silver
islands is
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given by [8.11]:
€ =1- [w,’l(w(m+ilr))] ‘ (8.4)

where w, is the plasma frequency (1.38 x 10" 5™) and ~ is the relaxation time (3.1 x 10"
s) of bulk silver.

The strongest band observed in the SEIR and SEIRRA spectra is at 1592 cm™ and
is the band model in this work. The absorbance calculations require the complex
dielectric constant of the organic monolayer. The values associated with the 1592 em™
band (between 1400 and 1800 cm™) were determined following the method used by
Osawa et. al. [8.8]. The SEIRRA spectra were simulated using the equations of
Mlelczarsk: and Yoon /8.12]. The optical constants for glass and silicon were taken from
reference [8.13].
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Experimental Details

The preparation of the monolayers of PAPTCO has been described in Chaprer 5
and is not repeated here. LB films were transferred to a variety of substrates in order to
explore the surface enhanced vibrational phenomena. The films deposited onto silver
island coated substrates were viewed through an optical microscope under x100 power.
The films appeared homogeneous and no large scale defects were visible at this
magnification.

In order to study SEIR spectroscopy in a transmission geometry, 6 nm (mass
thickness) of silver was evaporated onto polished CaF, windows (Wilmad). Substrates
used for SEIR reflection/absorption (SEIRRA) spectroscopy were similarly prepared by
vacuum evaporation of 6 nm of silver, gold or copper onto Corning 7059 glass slides
held at 200°C. The same silver coated glass slides were also used to investigate the SERS
spectra of Ph-PTCO.

The distance dependence of the SEIR and SEIRRA phenomena was investigated
by depositing spacer layers of arachidic acid (AA) between the metal film and the Ph-
PTCO monolayer. An initial Z-deposited AA film, with several subsequent Y-deposited
layers produced systems with 0, 1, 3, 5 and 7 spacer layers. The AA was transferred at
25°C, 30 mN/m and at 0.6 mm/s using a Lauda Filmlift FL-1. Transfer ratios were 1.0
in all cases.

Infrared spectra were recorded using a Bomem DA3 interferometer equipped with
a MCT wide range detector. A Spectra-tech variable angle reflectance accessory was
used to record SEIRRA spectra. Polarized spectra were obtained using a Spectra-tech
wire grid polarizer. All spectral data were transferred to an IBM microcomputer and
were analyzed using Spectra Calc. Math Cad for Windows was used to model
calculations of surface enhanced infrared spectroscopy using classical electromagnetic
theory and a Math Cad document for these calculations can be found in Appendix II.

In order to show that the prepared enhancing substrates were suitable for both
infrared and Raman work, the Raman scattering of 1 LB of PhPTCO on silver islands
was also recorded. Laser excitation at 514.5 nm was provided by an argon ion laser. The
spectra were recorded in the back-scattering configuration. '
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Resuits and Discussion
Langmuir and Langmuir-Blodgett Layers

The isotherm recorded for Ph-PTCO is shown in Figure 5.2 of Chapter 5. A
discussion of the x-A isotherms are also found in Chaprer 5 and are not repeated here.
The films were exceptionally rigid and could only be transferred through horizontal
deposition. A good transfer ratio, near one, was achieved in all cases.

The silver islands were characterized by atomic force microscopy. The silver
particles were sufficiently homogeneous so they could be approximated as oblate
ellipsoids with a 21 nm short axis parallel to the surface normal and a radius,
perpendicular to the substrate surface, of 46 nm. The mass thickness was 6 nm, thereby
yielding a packing factor of about 0.3. The AFM image of the silver particles on glass
is given in Figure 8.1.

Infrared and surface-enhanced infrared spectra

The infrared spectra of the 1500-1850 ¢cm™ region of Ph-PTCO dispersed in a KBr
pellet is shown in Figure 8.2. In this spectrum, five bands are dominant and their
assignments, based on previous work /8.14,15], are given in Table 8.1. It is changes in
relative intensity of these five bands that are used to investigate the SEIR and SEIRRA
phenomena. The shoulders seen in these spectra were not analyzed.

Table 8.1: Characteristic PTCO Bands in the 1550 to 1800 cm™ Region

Assignment

1592 naphthalene ring stretch

1656 antl-symmetric 1mide carbonyl stretch

symmetric imide carbonyl stretch

anti-symmetric anhydnde carbonyl stretch

II
|
|

symmetric anhydnde carbonyl stretch
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Figure 8.1: The AFM image of 6 nm (mass thickness) of silver evaporated onto
Corning 7059 glass slides.
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Figure 8.2: The IR of the carbonyl region of PAPTCO dispersed in a KBr pellet.
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The surface enhanced spectra were recorded in the reflection mode (SEIRRA) and
in the transmission mode (SEIR) for 1 LB of Ph-PTCO on silver islands on silicon
wafers (Ag/Si). The SEIRRA spectra were obtained for monolayers of this material on
Ag/glass, Aw/glass and Cu/glass. The SEIR spectra were obtained using Ag/CaF; and
Ag/Si.

In all cases, the observed reflectances (-log(R/R)) in SEIRRA were negative,
whereas SEIR spectra always yielded positive signals. Figure 8.3 shows the SEIRRA
spectrum of 1 LB of PhPTCO on Ag/glass superimposed on the reflection/absorption
spectrum of 2 LBs on smooth silver on glass. Based on the caiculations of Takenaka er
al. [8.16], the reflection/absorption spectrum has an enhancement factor of 4.6. The
magnitude of the enhancement factor for the SEIRRA spectrum, compared to an
unenhanced spectrum, is estimated to be about 30. Also note the negative glass bands
below about 1500 cm.

The effect of light polarization upon the excitation of the SEIRRA spectra was
investigated. In both S and P polarized spectra, the observed bands were negative. A
poor signal to noise ratio was obtained for S-polarization compared to P-polarization. The
P-polarized spectra were virtually superimposible upon the spectra obtained with natural
light.

Angle Dependence

The SEIRRA spectra were recorded at different angles of incidence for one LB
on Ag/glass and are plotted in Figure 8.4a. In these spectra, all of the observed bands
have negative reflectances and the magnitude of the reflectance increases with decreasing
angle of incidence, The spectrum recorded at an angle of incidence of 35° gave the most
intense signal, which was about 4.5 times as intense as the signal obtained at 75°
incidence. Based on the enhancement factor determined from the reflection/absorption
spectrum in Figure 8.3, the overall enhancement factor for this spectrum is about 135.

The angle dependence of the enhancement was also investigated for Ag/Si. Figure
8.4b illustrates these spectra. Again, the more intense signals were obtained far from
grazing angles of incidence, with maximum enhancement observed at 45°. The spectra
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Figure 8.3:

A comparison of SEIRRA (upper trace) of 1 LB and RAIR spectra (fower
trace) of 2 LBs of PhPTCO. Angle of incidence was 75°, and deposition
conditions were identical in both cases.
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Figure 8.4: The angle dependence of 1 LB of PhAPTCO on 6 nm silver islands a) on

glass b) on silicon.
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obtained of 1 LB on Ag/Si were about an order of magnitude weaker than the
comparable spectra obtained on Ag/glass.

The simulated angle dependent spectra in Figure 8.5 are similar to the results of
Nishikawa er al./8.8], but do not correspond well to the observed experimental resuits.
The simulated spectra all yield negative absorbances, except for the spectrum calculated
for 55° angle of incidence. The magnitude of the absorbances generally decreased with
increasing incidence angle. The only exception occurred between 35° and 45° where the
former was less intense than the latter. The simulated absorptions were similar in
magnitude to those of the observed spectra.

The relative intensities of the SEIR spectra were compared with the relative
intensities of the SEIRRA spectra. The transmission geometry spectrum and the SEIRRA
spectrum (35° incidence} of 1 LB of PhPTCO on silver islands are shown in Figure 8.6.
No change in relative intensities exists between the two spectra. The choice of silicon or
calcium fluoride did not significantly alter the observed absorbances for the transmission
case. The magnitude of the enhancement in the SEIRRA case are about 3.5 times the
enhancement of the SEIR spectra.

The reflection/absorption spectrum of a single LB of PhPTCO on glass or silicon
was attempted, as well as the transmission spectrum of 1 LB on calcium fluoride or on
silicon. The IR signals in the 1500-1850 cm™ region were not observed in any of these
cases, therefore, the presence of the metal island films is responsible for the observed
infrared intensities.

Metals other than silver also provided enhancement of the infrared absorption.
Metals island films of gold or copper, also gave SEIRRA‘spectra of PhPTCO. As with
the case of silver, all of the observed absorption bands were negative for PAPTCO on
gold or copper islands. The enhancement was an order of magnitude smaller in both
cases than it was for silver. There was a smaller variation of the absorption magnitude
in the angle dependence for these metals, but the same trends associated with silver held
for copper or gold.
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Figure 8.5:

The simulated angle dependent absorption of the 1592 cm™ band using the
Maxwell-Gamett model of the silver island film.
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Figure 8.6: Comparison of the magnitudes of SEIRRA (a) and SEIR (b) spectra.
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Distance dependence of surface-enhance infrared spectra

The distance dependence of the enhancement factor in SERS is a fundamental
property of the electromagnetic enhancement mechanism /8.3]. Therefore, the distance
dependence of the SEIR and SEIRRA phenomena was investigated. A varying number
of arachidic acid (AA) spacer layers were deposited onto the surface enhancing substrate
before deposition of the probe PhPTCO LB layer. Each arachidic acid layer provides a
2.5 nm (approx.) thick spacer separating the silver islands and the probe layer. By
plotting the magnitude of the absorbance in the SEIRRA and SEIR spectra versus the
number of AA spacer layers, the distance dependence of the surface enhancing
phenomenon can be observed.

The distance dependence of SEIRRA is illustrated in Figure 8.7. The region
above 1700 cm™ was omitted due to overlap with the arachidic acid carbonyl stretching
vibration. The integrated absorption intensity of the 1592 cm™ PhPTCO band is plotted
versus the number of arachidic acid layers in Figure 8.8b. The error bars associated with
each data point give the statistical uncertainties in determining the area of the 1592 cm™
band in each spectrum and the absorbances were multiplied by -1 to gave positive values.
From this data, the surface enhancing phenomenon is most efficient well within 5 nm of
the surface. Farther from the surface, the signal diminishes considerably. The distance
dependence SEIR spectra are given in Figure 8.9. The wavenumber region is broader
than in Figure 8.7 and the arachidic acid carbonyl band can be seen to grow in
absorbance with respect to the number of spacer layers. However, this increase is not
linear. Rather, absorbance increased more slowly with increases in the number of
arachidic acid layers. This occurs because the arachidic acid layers closer to the silver
islands experience greater enhancement than those farther away. At 7 spacer layers, the
arachidic acid carbonyl is the dominant feature of the spectrum.

The distance dependence for SEIRRA was also simulated using. the composite
layer model. The calculated spectra were determined for different layer thicknesses and
the difference between these two spectra was taken in order to determine the absorbance
of a single layer at various distances from the metal particles. The SEIRRA distance
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Figure 8.7: The distance dependence of SEIRRA spectra recorded at 45° incidence (n
is the number of AA spacer layers).
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Figure 8.8: 2a) The simulated distance dependence SEIRRA spectra of 1 LB of
PhPTCO on 6nm Ag on glass at 45° incidence angle; n is the number of
arachidic acid spacer layers. b) Plot of the simulated distance dependence
for the negative of the integrated absorbance for 1 LB of PhPTCO on
silver islands. The experimental negative of the integrated absorbances are
plotted for comparison with the theoretical curve (solid line).
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Figure 8.9:  The distance dependence of SEIR spectra (n is the number of AA spacer
layers) for 1 LB of PhPTCO on 6nm Ag on calcium fluoride.
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dependence was calculated for 1 LB of PhPTCO, separated from silver islands on glass
by various numbers of arachidic acid spacer layers. The simulated spectra are illustrated
in Figure 8.8a. As the number of spacer layers, n, increases, the magnitude of the
absorption decreases. Unlike the experimentally observed distance dependence, the
magnitude of the simulated absorbances decreases much more rapidly. The curve shown
in Figure 8.8b is a plot of the integrated absorbance for the simulated distance
dependence. The experimentally observed values also plotted for comparison. For no
spacer layers, the calculated integrated absorbance is virtually identical to the observed
value. As the number of spacer layers increases, the calculated values drop off much
more quickly than the experimental ones.

The most striking feature of the angle dependent spectra of 1 LB of PhPTCO on
silver islands on either glass or silicon, involves the relative intensities of the observed
carbonyl bands. Remarkably, the relative intensities are unaltered with changing angle
of incidence. Moreover, the pattern of relative intensities is very similar to that seen in
the KBr pellet. It has been established in previous chapters and in the literature that
perylene tetracarboxylics do form organized LB films on a variety of substrates
[8.14,15]. In such films, the short molecular axis is tilted much farther from the surface
normal than the long molecular axis. Moreover, the 1656 cm? and 1694 cm™ imide
stretches are polarized along the short and long molecular axes, respectively. Figure 8.10
is a comparison of transmission and reflection/absorption infrared of PhPTCO
multilayers. The spectra have been normalized with respect to the number of monolayers
present. A comparison of relative intensities between these two spectra clearly
demonstrate that some level of organization exists. A detailed evaluation of organization
is beyond the scope of this report. A quantitative evaluation of LB organization for
PhPTCO, and several other perylene imide/anhydride compounds, is currently under
preparation /8.17]. Since the SEIRRA and SEIR spectra do not show any change in
relative absorbance and closely resemble the relative absorbances of the spectrum of the
KBr pellet, the surface enhanced spectra must undergo a depolarization mechanism
similar to the SERS phenomenon. This is supported by the observation that these films
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Figure 8.10: The normalized transmission (a) and reflection/absorption (b) spectra of
PhPTCO. Y-axis units are absorbance for the transmission spectrum and -
log(R/R) for the reflection spectrum.
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do exhibit organization detectable by other infrared experiments.

A strong analogy with the SERS effect can be made with the SEIRRA and SEIR
phenomenon. It is likely that the local electromagnetic field associated with the metal
islands is responsible for the observed enhancements in absorbances. Since the plasmon
resonances in infrared region are very weak, the enhancement would be a smali fraction
of that expected in the visible region.

The observation of negative absorbances could be associated with emission
properties of the metal island film. If this were the correct mechanism, then all the
observed spectra should be negative and of similar magnitude when using the same metal
islands, however, the absorbances for the SEIR spectra are positive. Therefore, the
positive or negative absorbance must be a function of the substrate under the metal
islands. For example, the exact same metal islands and LB films were prepared on glass
and on silicon, however, there is an order of magnitude difference in the observed
SEIRRA spectra for these two substrates. Calculations simulating the SEIRRA
phenomenon also predict negative absorbances and the composite layer model does not
involve plasmon emission.

The angle dependence yielded interesting results. The calculated results give an
anomalous positive absorbance at 55°. This may have resulted since this incident angle
is near the pseudo-Brewster angle determined from the chosen optical constants [8.13]
for glass. The term pseudo-Brewster angle is used since glass is an absorbing medium
in the infrared spectral region. The actual slides, Corning 7059 glass, are specially
prepared to give very smooth surfaces. It is possible that these slides have a different
index of refraction that those published and that has lead to the discrepancies between the
observed and simulated spectra.

The distance dcpendence studies support an electromagnetic mechanism for
surface enhanced infrared spectroscopy. Further, the strongest absorbance is achieved
close to the metal islands, a clmf indication that the metal islands -are primarily
responsible for the observed enhancement. It should be pointed out that no spectra could
be obtained for a single LB without the presence of the metal islands. Finally, the surface
roughness plays a distinct role in the SEIRRA spectra and they differ remarkably from
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the RAIR spectra of a monolayer on smooth silver.

The composite layer model predicts the highest enhancement very near the metal
islands. As the distance between the metal islands and the probe monolayer is increased,
the predicted absorbance drops off much more quickly than the experimental values. At
large separations (7 arachidic acid spacer layers) the modeled abscrbance changes sign
from negative to positive. At this point, unenhanced absorption becomes a strong
competitor with the negative enhance signal. This causes the more rapid decrease in
absorbance magnitude in the modelled spectra. Moreover, the modelled spectra, at large
separations, are quite asymmetric and begin to gain a slight positive shoulder. This will
result in slightly lower integrated absorbances than those used to plot the curve in Figure
8.7.

The distance dependence results have implications regarding potential quantitative
analysis of samples using SEIR or SEIRRA techniques. At greater than monolayer
coverage, quantitative aspects of the signal intensity become compromised because
components far from the surface will contribute differently to the observed intensity thar
components directly adjacent to the enhancing metal.

The SEIRRA phenomenon was also observed for three other PTCOs on silver
islands on glass. Figure 8.11 shows the SEIRRA spectra of 1 LB of PrPTCO, PPTCO,
PhPTCO and HOPTCO on silver isiands at 75° incidence angle. The magnitude of the
observed absorbances and the relative intensities were similar.
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Figure 8.11: The SIERRA spectra of four PTCOs.



Raman Spectra

The substrates used in the SEIRRA experiments also produced surface enhanced
Raman spectra of these monolayers. Figure 8.12 shows the SERS spectrum of the
carbony! region of PhPTCO. Spectrum a) is the surface enhanced resonance Raman
(SERRS) spectrum of PhPTCO. In this case, the surface plasmons of the substrate and
the molecular absorption are in resonance with the excitation laser, causing enhancement
from surface and resonance effects. The bands observed in SERRS are associated
primarily with the chromophore portion of the molecule. Spectrum b) shows the carbony}
region of the same sample. Since the carbonyl bands are not associated with the
chromophore, they experience only surface enhancement and are about two orders of
magnitude weaker than the SERRS bands in a). The strong band at 1845 cm is an
overtone from a SERRS active band, hence is more intense than the carbonyl vibrations.
It should also be noted that this is the first direct observation of the carbonyl stretching
vibrations of perylene tetracarboxylic molecules in the inelastic light scattering spectrum.

174



1300 1400 1500 1600 1700

1650 1700 1750 1800 1850
AWavenumbers (cm™)

Figure 8.12: The Raman spectra collected from 1 LB of PAPTCO on 6 nm silver
islands on glass. a) the SERRS spectrum of the finger print region, b) the
SERS spectrum of the carbonyl region.
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Chapter Summary

The properties of the surface enhanced infrared effect have been studied using
Langmuir-Blodgett monolayers of a perylene tetracarboxylic diimide transferred to a
variety of substrates coated with metal island films. Out of gold, copper and silver, silver
islands on glass gave the greatest enhancement. The magnitude of the transmission SEIR
spectra was independent of the host substrate @i.e. calcium fluoride and silicon). The
observed SEIRRA spectra was simulated using a composite layer model and the angle
dependence of these spectra can be obtained. The distance dependence of the SEIRRA
spectra can also be modelled. The model seems to be reliable for distances close to the
enhancing media (within § nm), but becomes less reliable at large separations. Finally,
it has been shown that a single sample can be prepared to achieve the complete surface
enhanced vibrational characterization (SERS and SEIR) of a perylene tetracarboxylic
diimide.
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Conclusions

A selection of en perylene tetracarboxylic derivatives have been fabricated into
Langmuir-Blodgett monolayer assemblies. The vibrational and electror.ic spectroscopic
characterization of these monolayer systems was accomplished. This spectroscopic
information was used to help elucidate the average molecular orientation and molecular
structure. It was found, through infrared spectroscopy, that the short chromophore axis
was tilted more than the long chromophore axis. Molecular exciton theory accounted for
the observed spectral shifts in the LB films and the extended dipole model was used to
deduce intermolecular structure. The materials formed stacked structures in the LB films.
These stacks exist in patches since there is no observed dichroism in the plane of the
LBs.

The structure of the films plays a very significant role in the observed
spectroscopic properties. Even though the same chromophore moiety exists in each
material studied, the role of the imide nitrogen substituents plays a significant role in the
determination of LB structure. Hence, these substituents are the driving force behind
molecular organization in these systems. The 2-phenylethyl PTCO produced structures
that formed a structure that yields primarily excimer emission. The TFA ester of
HOPTCO formed a structure similar to S-perylene, since only monomer-like emission
was observed. The LBs of the other PTCOs and PTCDs exhibited varying quantities of
monomer-like and excimer emission.

Two materials, HPTCO and HPTCDE, were used to demonstrate energy transfer
in LB systems. The distance dependence of these systems was inspected and the energy
transfer, to a diphthalocyanine monolayer, occurs on the 10 nm scale. Even though redox
reactions can take place between diphthalocyanines and PTCOs, none was observed in
the LB systems, presumably because the required geometry does not exist in the LB
architecture.

The properties of the surface enhanced infrared effect have been studied using
Langmuir-Blodgett monolayers of N-2-phenylethyl perylene tetracarboxylic diimide
transferred to a variety of substrates coated with metal island films. The angle
dependence and distance dependence of surface enhanced infrared spectroscopy in the
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reflection and transmission geometries was investigated. Silver islands on glass provided
the strongest enhancement, with optimal enhancement occurring within S nm of the
enhancing media. Other metals, such as gold and copper, also exhibit surface enhancing
properties, but not nearly as strong as silver.
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Appendix I: Observed Vibrational Frequencies of PTCOs and PTCDs
Infrared Frequencies

The following tables of infrared frequencies were obtained from the material
dispersed in a KFr pellet. Frequencies are given in wavenumbers and relatiy 2 intensities
are given as a percentage of the intensity of the strongest band observed for the given
specics. Band assignements were made through comparison with previously published
analysis of the spectrum of perylene and perylene tetracarboxylics (see Chaprer 3 for
references).

Abbreviations ,
alk. = alkyl, anhvd. = anhydride, bend. = bending, per. = perylene, str. = stretching,

G 1
4 |
7 }
6ss | 2 h 67 | 18 | |
79 | s1 79 | o f 7s | s7§ 739 | 51§ Perwag
72 | 2 e | s o] of ) 70 H
769 | 5 i m | 4 i
5 | 2 776 | 10 ! 75 | 20 | |
% | 16 794 | 20 i 793 | 2u : 79 | 16 || Alkyl wag i
810 | 6 80 | 6§ 810 | 65} 810 57§ Pervag I
| s2] 9 “
845 | 1 83| M| ws| B3] 88 10 ’ Per. wag i
85 | S ) C-H bend (alk.) |
865 | 19 6 | 2 | 84| U 1 866 | 18 || Perwag  f




972 os1 | 3 9s0 | 7 980 Per. ring
989 | 11
1016 w7 | 4 1019 | 47 1017 C-H berd (alk.)
1031 1032 | 21 1033 I C-H bend (alk.)
{ 1084 1046 | 9 1046 C-H bend (alk.)
i 1670 1070 | 10 1068 | 10 1070 C-H bend (alk.)
B 1078 CH bend (alk.) ||
1087 | 18 1086 C-H bend (alk.)
uza | v C-H bend (per.) i
1126 127 | 18 us | 17 1127 C-H bend (per.) |
1143 nu | 16 1243 | 15 1143 C-H bend (slk.) |
1152 uss | .2 usz | 2 1153 C-H bead (slk.)
| 167 | 1 C-H bend (pa.)Jd
i 18 1nss | 3 C-H bend (per)) i
1231 , 1231 | 12 1232 C-H bend (alk.) |
1235 | 21 1236 | 15 C-H bend (alk)
1245 1243 C-H beod (alk.) |
1256 | 27 1261 | 22 C-H bend (per.) {
{1260 277} 5 1274 | 4 127 C-H bend (alk.) |
1298 1296 | 12 1205 | 10 1297 C-H bend (alk.) |
1323 1324 | @7 132 | so 133 C-N sir. 1
1338 | 6 f
1B4s | 13 1349 | 18 1349 C-N str.
1360 1354 | 13 <i
1371
1382 1381 | 8 1381 | 1§ 1382 per. ringstr. |
1387 1387 | 7 1388 C-H bend (alk.) |
1406 1406 | 35 1405 | 41 1406 per. ring str.
1435 1433 | 12 | 1435
1461 167 | 3 453 | 9 CH2 scissoring
“p | 6
1498 | 9 Cm=C pheayl str.
| 1506 1507 | 1 1506 | 12 1507 C=Cper.str. |
155 | 7 1556 C=Cper.str. |
1579 1580 | 36 1580 | 44 1579 C=C per. str.
1595 1595 { 100 1593 | 100 1554 C=C per. sir.
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615 | 7] €5 | 7 1617 | 12 ] 1615] 9 ]| C=Cper.stn. |
I | e8| 7 | i
H 1656 | 92 f 1656 | 84 } 1656 | 79 \ 1656 | 87 || C=0 imide str.
1694 | s4 i 1697 | S5 1694 | 55 1694 | 42 |f C=0 imidestr. ||
2l 2y 12| 27 ! 1724 | 28 | 1723 | 26 [f C=Oanhyd. H
| 1767 | 83 i 1766 | 58 ! 1773 % 1766 C=O anhyd. H
; !
1787 | 23 ‘! 1794 | 7 |
i 2853 | 4 2854 | 11 || cH2sr ||
| 4| 2814 | 3
Lzsgv 3 t | cHst. (a]k.) A“
2033 | sf| 22| 8 2028 | 15 || cH2 st
i 2956 | 8 } 2055 | 9 256 | S 2050 | 8 || CH St @ik)
H | 026 | 4 C-H str. JI
(pbenyl)
1 3067 | 4 l 3060 | 1 064 | 5 3070 | 5 || CHstr. (per) |
| 3098 | 4 3105 | 1 3105 | 3 ‘ 309 | 5 || cHstper) ||
i 3362 O-H str.
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743
ﬂ 746 8 749
i 75a | 13 |
| 759 6 756 I
t 769 8 i
i 794 34 795
i 810 | 100 811
843 15
ﬂ 854 7 853
867 | 2 860
S 6 982 |
| 1019 61 I
u 1032 | 33 )
1046 13 I
| 1om 13 !
1088 22 1090 I
1127 27 1129 i
i 1143 | 20
H us3 | 26
1159
| 1 3
i 1ss 4 1183 |
I 190 2 i
1212 3
L 1233 | 24 “
1250 | 42 1248 I
1273 13 I
1279 18 1276 ||
1207 | 14
133 | 52 ﬂ
1339 17 1342° |
i 1350 3 1349 !
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! C-H str., alk.

C-H str., alk.

C-H str., alk. ||

| C-H str., alk.

C-H str., aryl.

1359 | 20 136 | 35 1358 [ CN stretch
[ 1383 11 BR2| 20 1378 i CH bead, alk.
1387 15 | C-H bead, alk.
1406 | 45 403 | 26 1404 | 31 [ ringstr.
1424 2 | ring str.
1434 18 1439 14 1441 24 | sing str. I
1456 7 1457 8 B CH2 scissoring
1508 | 20 1509 6 1507 7 § C=C per. str. “
1580 | a1 s | 29 1579 | 27 Ji C=C per. str.
1505 | 82 1594 | 88 1594 | 81 [ C=Cper. str. u
i 1616 18 1615 7 1610 9 § C=Cper.str. |
i 1656 | 84 165 | 50 1657 | 100 [ C=Oimidestr. |l
ﬂ 1679 | S8 | C=0 imide str. l‘
| (H-bonded)
| 97| 1692 | 100 169 | 39 || C=0 imide str.
A - |
k 1742 | 34
i 1766 91 { C=0 anhyd. str. “
2854 13 2859 { 10 CHsr,ak. |
Bi 2873 8 C-E str., alk. I

C-H str., aryl.

i C-H str., aryl.

Ajlw|joo||w]|w]i~]|Wn
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PPTCDM PPTCDE PPTCDPr Assignment
Bod |  § Bewd _ll Band l
(cm™) (em™) (c™)

| 621 6 631
745 | 44 745 |- 62 747
4 | 15 794 17 793

H 802 1z~l
810 | ss ﬂ 810 81 810
847 8 847 17
852 1 850
863 7 864 10
] 874 7
918 | 3
1014 8 1012
1035 | n
1040 6
1057 | 15 1074 21 1079
1003 | 12 1091 1s 1089
1123 4 1124 7
1155 7 1155 7 1155
ums | 12 1177 17 177
1243 | 14 1245
1257 | 12 1254 33
1288 | 3t
1300 4
1345 | 54 1340 78 1341
135 | 39 1358 36
1372 2
1386 9 1379 18 1378
1403 | 40 1403 56 1404
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SERRS JFrequencies

The SERRS frequencies for HPTCO, HPTCDE, HPTCNH, PPTCDM, PPTCDE,
PPTCDPr were recorded using the 1403 Spex monochkromator and 514.5 nm Ar* ion
laser excitation. The measured Raman shifts were measured using Awavenumbers (cm™).
The SERRS of PrPTCO, PPTCO, PhPTCO and HOPTCO were measured using a S-
1000 spectrograph equipped with a liquid nitrogent cooled CCD detector. The superior
sensitivity of this instrument allowed the observation of very weak Raman bands not
detected with the other instrument. The 514.5 nm laser line was also used.
Abbreviations

vw = very weak, w = weak, m = medium, s = strong, vs = very strong, br = broad,
sh == shoulder

B [ prprco |
I Band lI_ Band
{cm™) (cm™)
m 59 | m 538
552 | sn 551 | sh 553
" 574 vw vw
I sso | ww 519 | ww 581
589 | ww
612 vw
u 615 w 615 v 616 vw
| 633 | ww 633 | ww 629 | ww
I 636 | ww 635 vw
683 | ww
5 725 | ww 724 | ww 725 vw ||
| 756 | ww 757 w |
787 | ww 787 | ww 786 | ww 787 w |
802 w 802 w 801 w 802 w “
819 | w I
828 w 829 w II
855 vw 849 vw 852 vw 852 vw
89G-] ww
P o9 [ w 936 | ww 936 | ww 931 vw H
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957

1000

1057

1055

1081

1191

1305

1333

1358

1379

1453

gls|sls|slslei=|m

1574

1615

1655

1697

1769
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1586 | sh,br
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gls|slele|s|s|ele]slg]e

elalslelels|s|e|zls]s]e
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Appendix II - Math Cad Documents

This Appendix is a compilation of the Math Cad documents used to perform the
calculations in this work. The items calculated were the reflection/absorption
enhancement factors used to calculate molecular orienta‘ion in Chapter 4 and S, the
intermolecular geometry from the extended dipole model in Chaprer 6 and the simulated
SEIRRA spectra in Chapter 8. These documents are hard copies of the actual
spreadsheets used and illustrate the calculations used in the respective chapters.
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ORIGIN=1
Reflection/Absorption Enhancement Factors: Determination

Definition of Variables
L

h2 = 17.5-10 —— Fim Thickness (cm)

v = 2900 — Wavenumber {cm-1)

nl:=1 — gir, refractive index

n2a = 1.5+0i — refersnce, refraciive index
n2b = 15+0.1 — sampile Tim, rafractive index
n3 = 2.455 , —— substrate, 2nS, refractive index
o1 := 0-deg — ncidence sngle

«rfefrgel]
o r{f22]

ql ::ﬁy

i
q2a = ;'d%]
Y
& = _.n[nz.-:[eu]
MEREES)
con = el



B2a = 2:3-v-h2'n2a-cos| Qa ]

Ma = cos(B2a) -[‘:T“].'intsh)

-i -q2a-sin(B2a) coz(B2a)
B2b := 2-2-v-h2'n2b- coef 625 ]

. cos{B2b) '[:Th]"i"(m)]

-3 -qu‘Sin(BZb) m(m)

Tranamittance of Fim

Ta = R"[ °°‘[nga‘1]][ I[ M'1.1’M‘1.a'q3']'2q.1q‘3|, Ma, y*Mag a°q3n]| r

Ta = 0.82298

Tb = Re “[935]]. | 291
n3 [Mb1.1*Mbg.a'q%]"ll‘lma.t‘ma.a'qsql

Th = 0.851844

g

At = 0.0024 —Absorbance of Fim
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Reflection from Fim Costed Substrate

nl ;= 1+0i
n2a = 1.5+0i
n2b = 1.5+.1i

n3 = 0.62+25.1i —_— etal substrate
81 = 85-deg
8] = 148353

Angle changes Bccording to Snell's Law

o = -h[nl':i:.[el |

@ = .h[m-n% 8] l?

o = m[ﬂ_n_rjall

op = a2l

Calcuiation of Qf's:
ql = 2[21
nl
q2a = ﬁ@
nZe
= cos{ )
o = =la]
qQ3a = S.;&]
q3b :ﬁ.;ﬂ]
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Determine M WWM(Q) “w (b) canes:

B2a = 2"'v‘h2'n2!‘cu[82¢]
B2b = 2.‘.".&.@':(‘[&;}

a -
Ma = cos(B2a) '[;i]‘m(szl)
| -i ‘q2a-sin(B2a)  cox(B2a)

X T
| (B [qu] sin(B2b)
| -i *q2b-gin{B2b) coz(B2b)

Reflectance of Fimn

Ra =[ [Mey y*Mn, ;g3 ]-qi-[Ma, \+Ma, 5'q3e]
[M“i.1"”‘1.3"*”]"‘”[M‘a.1’“‘a.a"*3'] .

Rb = [Mb‘-1’m1.a'q3b]°q1-[Mbad'ma.a“l%] :
: [Mbh‘l‘Mbi.a'q% ‘l.ql‘lmad*mﬂ.a'qm"l

The calculated reflsctances are:
Ra = 0.96899 Rb = 0.91245

Ra
-— = 106197
Rb

o]

Ar = 0.02611

%- 10-86399 -MMG?!N"I
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Exciion Spliting in Aggregsiss: Exisnded Dipole Approach
Parallel Dioples Confined 1o a Plane:

Molscule: PPFTCDM

§:=40-deg —8 Long Molacular Axds
v = L4107 lengh

= 75+deg —
v Short Moleculsr Axis

2 = 0.4836°10 — lengh

0
vl = v-tinh]] Vodurrop;ourﬁnglongmmonmd
v+ coe] §]

= (IRt

~|-{=H
¢ Vecior reprasenting short sds of

U] ey ] | Motease

“'m[']
3.837-10°
vixul = | _g¢s3.10°®
$.607-10
N =vlxul Vector noimal fo uv plane
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Other important Physical Guantites

M = 4319-107 >

<%

E := 7.0631-10 ©

x = 0-10 7

space := 3.45-10 °

Magnitude of the square of the
Transition Dipole Moment

Charge on Transiion Dipole {e.s.u.)

Dielectric constant of surrounding medium

Observed Splitling Enargy (ergs)
Infial Guesses forxand b

space betwaen neighbouring molecules

j=1.25 number of neighbouring maolecules
in the stack
Set Up Find routine
Given
2 .
8e 2
Em— 2 - -
H [ [N|*space-x*N_~m*x*N
(i-x)3+[--i-=+i- 2 ! r
N‘l
-0- 1
[ [N| *space -x*N_, -m*x*N
- @ e 0 1 .
V1, x] *| vl em-j-x*j { N ¢[v13.
* (1) —_—
|N| -space -x*N_-m-x-N
--. a - '.. -.‘ o 1
vi,-i x] +| vl -m-j-x-j N +[vla]:

z = Find(x)

IN| -space -z°Ng-m-z*N,

y= a-z+[
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Find tha distance, D, beiwssn molecuiar planes and

compare with given value:
IN| -spuce -z°N-m-z-N,
Ny
spacer := |z-Ng*y-Ny|
’ N

m = 0.761

z 2712-10°°

° 3
space = 3.45-10 ° spacer = 3.45:10 0

Datermine Displacement of one molectls with respeci to the cther:

. r-ul _rvl
xshift = T yahilt = T

xshilt w ~1L445°10 0 yahilt @ -2.162°10 °

J;hi!ta+ydﬂtaﬂpma - 432:10°°

|e] = a32-10°
27121078

£ 336310 °
0
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Calculation of Polarizability of Composits Layer

ORIGIN =1

b= 1.926 Set up wavenumber range

w, = b+1074

angle = 35'deg Incidence angle

naway = 15 ‘ rafractive index away from absorpiion band

read in disleclric constant of organic layer
reed, = READPRN ((reed) resl componant

mmed, = READPRN( imed) imaginary component

Plot of imaginary poriion of refractive indext of organic layer
1 T

1] recdy 3 ey [ o5 |- -

Load Dislectriic Consiants

reem = READPRN(reem) Raal and imaginary componets of
imen = READPRN(imem) $iVorbeingreadin

od = reed+i *imed

em, = manbﬂ-!-i 'T-eabd
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Aspect Rafios - Paraiel Polasization

11 = 421837
12 = 4177075
al = 46
bl =21

al
ml = —

b1
thick = 15
a2 = al+thick
b2 = bl+thick
ml = 219

a2
m2 = —

b2
mz = 2111
q = b1-a1®

b2-a2¥

N.B.: 1refers to paricies without organic leysr
and 2 refers to particles with organick isyer

— aspeci ralio

— thickness of organic im

[[ od, - 1][ cn -1ieed, (1-11) .q.[mb-edb]-[edb.(l-n) 4-12]]]

&y, = [uedb'l?‘“‘“’]’["’s'“'“‘b""m [*a]ome % [ %" 1[12:(1-12)

Caloulstion of composts Dislectric Constant

eh =1
t= 3

°zb:=°h

3+2-f0y
3-f-ay

- packing factor

— Mmcwel-Gamet modsl for dislectric constant
of composie layer
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Calculation of Refracive indems

=R ]
S FEN

T
. -
— ik _
E .
i
o [
000 1500 2000
“u
nl=1 ~— refractive index of vacuum
A2 = thick+10" Y — carwert thickness o om

reglass := READPRN(reglaes)

~— read in refractive index of giass

imglaes = READPRN(imglacs)

3, = regiem, 4% “imgla,
J

% = [[3, P-atsnteser ]

Calculaie Absorbances:

" = ["“""""] Ak,

=]
-16°x , cos{angle) l[ [eab]' -n -k h2w,

APX, =
= [—]:-'-m-(-na:le)a
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Perpendicular Polarirslion Caloulslions
11 = 156326
12 = .164585

[[54™t]{mtso4, (110 wa ey -y o, 1) w12 ]
% = [[r "Ze(1-R) [Temy, v ed  (1-11) [*q T emy, - ed, ' edy - 1}12(2-1

-3+2 frey,

o2, = eh 3-fa

n, = Rl o2,
Sl 15N

Calcuisie Absorbance:

=16,

cos( angle}
APZ,, = In( 10)

ﬁr-m(qﬂe)a

(=]
Plat Absorplion - unpolasized light

.__sin{ wo)a a‘nb.kb'hz.wb

([ ]

0.0t T
c
i i S W
— -001 | -
002 e 3000

"
Generaling Oulput Fiise
PRNPRECISION = §
PRNCOLWIDTH = 18
output = sugment(w ,Re(APZ+AFX +AS))
WRITEPRN (mgd5p) = output
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